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The conversion of AlGaAs alloys to Al,OI has re- 
ceived much attention for a wide variety of appli- 
ca t ion~ ."~ '  Rarely, however, d o  such applications 
require large-scale lateral oxidation (i.e 100s of  
microns). The poster will describe oxidation of  

to AlxOy for use as a broadband saturable 
Bragg reflector (SBR) where an AI,OJGaAs mir- 
ror with lateral dimensions >300 p m  is required. 
For the SBR structure described below, the simu- 
lated bandwidth extends from 1200 nm to 1800 
nm with greater than 99.5% reflectivity. 

The layers within the SBR are grown using 
gas-source molecular beam epitaxy and are 

" 
shown in Figure la. The SBR structure contains ~ ~ 4 3  ~ i ~ .  2. a) SEM cross-section of SBR 
an 8 period GaAsIAlAs quarter-wave stack grown strucmre o ~ d i z e d  at 4 0 0 0 ~ .  b) of  xi. 
on  a GaAs substrate. The A1 0 layer is initially dation Front in one SBR period. 
grown as AlAs and later oxi$zzeYd. The AlAs layer 
is relatively thick (240 nm) to correspond to a 
quarter wavelength in AI,OY (n = 1.66) minus a 
10% shrinkage upon oxidation. The active region process for highly lattice-mismatched epitaxy. 
consistsof an InPIInGaAs quantum well emitting The effects of the SBR for self-starting the laser 
near A = 1550 nm. The InPIInGaAs active region cavity will be detailed. 
is not lattice-matched to the GaAs substrate and 
hence a defective interface exists between the ac- 
tive region and the Bragg reflector. 

The AlAs is converted toAlxOy usinga thermal 
oxidation process (Figure Ib). The structure was 
oxidized using a constant flow o f  N1 bubbled 
through deionized H 2 0  maintained at a constant 
temperature of 90°C. The oxidation was per- 
formed at several different furnace temperatures. 
From 435°C ro 415°C delamination of the active 
region occurs due to high interfacial stress upon 
oxidation. Sufficient lateral oxidation depths of 
over 300 p m  are achieved, however, when the 
temperature is reduced to 400°C (Figure 2a). As 
an example for application of the broadband 
SBR, thestructure was utilized to initiate lasing in 
a C~'+:YAG laser. High-reflectivity, wide stop- 
band, and low loss are required for the Cr4+:Y~G 
laser cavity. With the oxidized SBR as an end mir- 
ror, self-starting with pulses as short as 35 fs was 
achieved with Kerr lens mode-locking.' 

The poster will describe the oxidation process 
used to achieve long-range oxidation for robust 
saturable reflectors in addition to the growth 
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1. lntroductlon 
Additional confinement in scmiconductor quan- 
tum wires is expected to significantly improve the 
performances of semiconductor devices due to 
the increased density of states at the band edge.' 
During this talk, we report our result on  the fab- 
rication of self-assembled InAslInP quantuni 
wires (QWRs) with single and 10 vertical-peri- 
ods. The photoluminescence (PI.) spectra and PL 
polarizations of the two samples were investi- 
gated at different pump wavelengths, different 
pump intensities and sample temperatures. Our 
results exhibited unique behaviors, especially on 
the stacked quantum wires. Following our de- 
tailed analyses, we determined the structure of 
the stacked quantum wires from the bottom to 
the top, which is different from the dcsigned one. 
Furthermore, we have provided a new design that 
will result in the narrowing of the PL linewidth 
for the stacked self-assembled quantum wires. 

2. Sample  growth and s t ruc tu res  
Our lnAs QWRs were grown on InP (001) sub- 
strates in a Piber 32 MBE system at the tempera- 
ture of 430°C and a growth rate of 0.3 MLls. The 
deposition thicknessof each lnAs layer is 3.8 ML. 
Due to the large lattice mismatch between InP 
and InAs, there is a phase transition From the de- 
posited lnAs layer to quantum wires. The average 
height, width and length of the InAs quantum 
wires are 23 A, 150.4 and 1 pm, respectively.2 The 
single-period structure consists of one vertical 
unit of  the InAs array (formed in the plane nor- 
mal to the growth direction) and a 20 nm-thick 
InP cap layer, while the stacked structure consists 
of 10 vertical-periods of  the InAs wires with the 
30 nm-thick InP barriers isolating the adjacent 
units, and a 30 nm-thick cap layer. 

3. Experiment a n d  dlscusslon 
A Tisapphire laser with the wavelength tuning 
range of 700-960 nm is used in aU the PL mea- 
surements as a pump source. Our experimental 
results in Fig. 1 show that in the stacked structure 
the higher energy edge of the PL is significantly 
reduced when the pump wavelength is changed 

C h K 4 4  Fig. 1. PL spectra of  single-period 
and 10-period stacked InAsIlnP QWRs at 4.3 K 
and pump wavelengths of 845 n m  and 925 nm. 
The pump intensity is 0.25 kw/cm2. 
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low. To overcome these difficulties, we propose 
using the optical near-field as a carrier for signal 
transmission, since it does not have to follow the 
wavevector conservation law. Consequently, an 
increase in the PL quantum efficiency is expected. 

To evaluate the near-field components of the 
PL, we compared the PL spectrum using the con- 
ventional diffraction-limited optical method 
with that obtained using an illumination-collec- 
tion mode near-field optical microscope (Fig. I )  
at 10 K. For the near-field measurement, we used 
a fiber probe with an aperture diameter of 140 
nm. Free-standing Si nanocrystals in the range of 
5-10 nm were fabricated by wet etching (10 ml 
HF + 30 ml HNO, + 50 ml CH,COOH). 

As shown in Fig. 2, the emission peak energy 
for the far-fieldmeasurement was close to 1.53 eV 
( h  = 800 nm), which corresponds to the lumines- 
cencc from the luminescence center. Further- 
more, the emission peak energy for the near-field 
measurement was close to 2.1 eV (h = 530 nm), 
which corresponds to the luminescence from the 
quantum-confinement state of Si nanocrystals 
with a diameter of 2.5 nm." 

Since visible PL in the near-field measurement 
was observed only when the fiber probe was in 
close proximity to the sample surface (-10 nm), 
the spectral shift is believed due to the near-Aeld 
coupling of the probe and Si nanocrystals. Figure 
3 illustrates the energy diagram of Si nanocrys- 
tals.' The PL from the quantum-confinement 
state of Si nanocrystals is subjected to both the 
charge transfer (denoted a1 and recombination 
(denoted B) mechanisms. In the case of free- 
standing Si nanocrystals, the charge transfer rate 
of a is larger than the decay rate of B . ~  Conse- 
quently, wc detect the PL from the luminescence 
center (denoted A) in the far-field measurement. 
However, the spectral shift of the PL in the near- 
field measurement implies that the charge trans- 
fer rate of p increases in comparison with that of 
a due to the near-field coupling of the Si 
nanocrystals and the probe. 

Wavelength [nm] 

CTuK67 Fig. 2. PL spectrum of Si nanocrys- 
tals at 10 K. 

CTuK67 Fig. 3. Three-level-state model for 
free-standing Si nanocrystals.' QC-Y: quantum- 
confinement state of Si nanocrystals. 

Furthermore, considering the throughput of 
the fiber probe (- 10.~) and the respective peak 
PL intensities, the PI. intensity for near-field 
measurement was 5 times larger than that for far- 
field measurement. This implies that the increase 
in the quantum efficiency is due to its wavevector 
non-conservation. 
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In integrated optics, most of the developmental 
efforts have centered on the use of LNbO, and 
LiTaO, crystals primarily because of their ready 
commercial availability and well established tech- 
niques for fabricating optical waveguides. Signif- 
icant interest however, lies in producing optical 
waveguide devices in materials with a higher elec- 
tro-optic coefficient which could be used for 
making compact low-voltage electro-optic mod- 
ulators and switches. A suitable choice for this is 
strontium-barium niobate crystal (such as 
SBN:75),The crystal exhibits a very large electro- 
optic coefficient. which is more than one order 
higher than that of LiNbO,. In this paper we dis- 
cuss how to fabricate an electro-optic modulator 
in SBN using a permanent two-dimensional sin- 
gle-mode waveguide impressed into a crystalline 
lattice by a real-time photorefractive soliton. 

Photorefractive solitons have been observed at 
low light powers and exhibit robust trapping in 
both transverse dimensions. Sol~ton self-induced 
waveguides can he engineered by use of the soli- 
ton existence curve. Such soliton-induced wave- 
guides can be used in various waveguide applica- 
tions and in multipleconfigurations.'" Although 
the self-induced and easily erascd nature of pho- 
torefractive soliton-induced waveguides is anrac- 
tive for dynamic applications, for many applica- 
tions it is advantageous to impress waveguides 
into the crystalline structure permanently, that is, 
to have the induced w a ~ g u i d e  last indefinitely 
without an a plied field. Recently, Klotz et ? DelRe et 01.' and A. Guo el al." demonstrated 
how to transform a "real-time" screening soliton 
into one or multiple permanent waveguides by 
means of ferroelectric domain reversal. This re- 
port shows, by using a similar procedure as,9." 
the fixed waveguide can be used as a modulator. 

We use the standard setup for formingand fix- 
ing screening so~itons.'.""~ The crystal is a I-cm 
cube of SBN:75 doped with 0.02% cerium by 
weight. An argon laser beam oscillating at 514.5 
nm provides the input sol~ton beam (about 12 
pm FWHM diameter ordinary-polarized beam) 
into the crystal. Normally, the incident beams, 
which propagate along an a-axis, diffract to about 
100 pm at the exit face. When an electric field is 
applied along the c-axis, the beams self-trap. 
Once the beam self-focuses to its initial width 
(soliton formed) at 3 kV/cm, we switch off the 
laser light and the applied electric field sequen- 
tially. At this stage, a space-charge field (which is 
responsible for screening the external applied 
field before switch off) within the soliton region 
has formed. When the space-charge field is 
greater than the crystal'coercive field (in our ex- 
periment case), the domains will flip in the soli- 
ton &gain. After the domains flip, the soliton and 
background beams are switched back on and 
space charge redistributes back to the equilib- 
riunl state. Finally a permanent waveguide left. 

After furing the waveguide, we investigate the 
effect of the induced waveguide on the soliton 
polarization by using an 840-nm probe laser 
beam. An ordinary-polarized probe beam is 
launched to the SBN crystal. At the output side a 
polarizer at the crossing position is set so that the 
output beam is almost completely blocked with- 
out applying an external voltage. This configura- 
tion serves as the basis of the electro-optic ampli- 
tude modulation of light. After the output 
polarizer, a CCD camera or a photo-detector is 
used to record to beam shape, intensity distribu- 
tions and intensity response with respect to the 
applied electric field. Figure I shows the output 
intensity [(a)] and photographs [(b)] of the out- 
put probe beam as a function of the applied ex- 
ternal DC field. Both (a) and (b) are periodic 
functions with DC voltage. The half-wave voltage 
is l I0 V. Figure 2 shows the result for an AC ap- 
plied voltage as a function of time [(a)] and the 
corresponding transmitted intensity rrsponse 
[(bl and (c)] of the output probe beam with re- 
spect to the applied AC voltage. In Fig. 2 (c) a low 
frequency chopper was put between output po- 
larize~ and photo-detector so that one can calcu- 
late the modulation depth. The modulation 
drpth l ~ r r r  is about 65% and the modulation fre- 
quency is about 1.4 KHz. Consider the confine- 
ment of the experiment conditions (the size of 
the crystal and the high voltage amplifier), there 
are a lot of rooms to optimize above results. 
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Photoluminescence (PL) properties of self-organized quantum dots (QDs) in a vertically aligned 
double-layer 111AsIGaAs QD structure arc studied as a function of tcmperaturc from 10 to 290 K. 
The QDs in a sample with a 1.8 ML InAs seed layer and a second 2.4 ML InAs layer are found to 
self-organize in pairs of unequal sized QDs with clearly disccrnible ground-states transition energy. 
The unusual temperature behavior of the PL for such asymmetrical QD pairs provides clear evidence 
for cal~ier  transfcr from snlaller to largcr QDs by means of a nonrcsonant multiphonon-assisted 
tunneling process in the case of interlayer transfer and through carrier thermal emissioil and 
recapture within one layer. O 2002 American Instit7ite of Physics. [DOI: 10.1063/1.1510157] 

The effect of temperature on both energy relaxation and 
carrier transfer mechanisms in semiconductor quantum dots 
(QDs) has been a subject of extensive investigations.'-6 In 
general, it is reported that, as expected, the QD photolun~i- 
nescence (PL) intensity decreases with increasing tempera- 
ture due to carrier escape from the dot.' However, these in- 
vestigations also report, rather unexpectingly, a redshift of 
the PL peak position and a decreasing PL linewidth with 
increasing tenlperature.',"' This unusual and interesting be- 
havior has been explained by enhanced carrier relaxation be- 
tween QDs due to several reasons includiilg cal~ier  thermi- 
onic emission,' carrier transport through the wetting layer 
( w L ) , ~  and tunneling mechanisn~s.' The effect of tempera- 
ture can get even more interesting when the QD array exhib- 
its a size distribution that shows more than one maximum, 
e.g., a bi- or  multimodal QD sizc distribution cither within 
one or across ini~ltiplc layers."312 Despitc such in- 
teresting possibilities and significant potential applications a 
con~plete picture of the energy and carrier transfer in such 
inultimodal systems is still not a ~ a i l a b l e . ~ . ' ~  

In this letter we present a detailed study of the carrier 
transfer between two InAs QD families with different size 
distribution but separated from each other by a thin layer of 
GaAs. The particular QD system under investigatioil is a 
vertically aligned double-layer InAsIGaAs QD structure with 
different sized QDs in the first layer compared to the second 
layer. 

Our samples were fabricated using a solid-source mo- 
lecular beam epitaxy chamber coupled to an ultrahigh 
vacuum scanning tunneling microscope (STM). The growth 
structure consists of two I iAs layers containing QDs, which 
was repeated eight times, in a GaAs matrix. All samples were 
grown on GaAs (100) substrates, followed by a 0.5 pnl  
GaAs buffer layer and 10 lnin annealing at 580 "C to provide 
a nearly defect free atonlically flat surface. The first QD 
layer was then added by depositing I .8 ML of InAs with a 

"'Electronic mail: mxiao(~mail.uark.edu 

growth rate of 0.1 MUs, an As4 partial pressure of 8 
x 10-"orr, and a substrate temperature of 500 "C. This was 
followed with 16 nm of GaAs depositcd on top of the first 
QD layer while the growth temperature was changed from 
500 to 520°C. The second QD laycr was then added by 
depositing 2.4 ML of InAs. The resulting samples are verti- 
cally correlated double-layer QD structures with different 
QD sizes in each ~ a ~ e r . ' ~ . ' ~  The substrate temperature was 
then reduced from 520 to 500°C during a 40 nnl GaAs 
growth, which was used to separate the pair of QD layers 
fionl sevcn additional pairs.'5 As seen by STM, thc dot dcn- 
sity in the bottom layer of the pair is about 4.5 
x 101° cm-' while the dcnsity in the second layer is about 
2.5X 10" cm-'. Meanwhile, the top islands are nearly 
double the size of the bottom islands due to the additional 
deposition and higher growth temperature. 

The PL was excited by the 514.5 nm line of a continuous 
wave Ar' laser. We applied excitation densities in the range 
0.01 -20 ~ l c m ~ .  The samples were mounted in a close-cycle 
cryostat, which allows measurements in the temperature 
range from 10 to 300 K. The PL signal was detected with a 
LN, cooled Ge photodiode using phase-sensitive detection. 

Figure 1 shows the low-temperature PI. spectrum from 
the 8X double-layer sample A. Also shown in the same fig- 
ure are the PL spectra of two reference samples B and C 
containing multiplc layers of only onc of the two lnAs QD 
double-layers, i.e., either sample B (2.4 ML) or sample C 
(,1.8 ML). For samples B and C. the main PL peak can bc 
fitted by a single Gaussian, indicating that the observed dot 
formation has only one dominant size. Sa~nplc B shows a 
single PL peak at an energy of 1.16 eV with the full width at 
half maximum (FWHM) of 50 mcV while for sample C, the 
PL peak is at 1.27 eV with FWHM - 120 nieV. These data 
arc in agreement with expected values for the given growth 
conditions.? 

The PL spectrunl from the double-layer stacked InAsl 
GaAs QDs (sample A) shows a pronounced double-peak 
structure. This call be attributed to the total contribution in 
PL signal from QD ensembles of both layers. Indeed, a line 

0003-6951/2002/81(13)12469/31$19.00 2469 0 2002 American Institute of Physics 
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Coherent Microwave Generation ill 
a Nonlinear Photonic Crystal 

Yan-qing Lu, Min Xiao, and Gregory J. Salamo 

Abstract-We propose a new approach for generating coherent 
microwaves in a nonlinear photonic crystal through optical rectifi- 
cation. In a photonic crystal, the reciprocal vector and dispersion 
of the group velocity can be used to both compensate for the ve- 
locity mismatch between the generated microwave and the pump 
light. We show that coherent microwave radiation from kilohertz 
to terahertz can be generated through this approach by designing 
a suitable structure. 

Index Terms-Coherent microwave, nonlinear photonic crystal, 
optical rectification, quasi-phase-matching. 

I .  INTRODUCTION 

0 VER the last few decades, a great deal of attention has 
been given to materials with artificial periodic structures 

[I], i.e., superlattices. Among them are photonic crystals and 
quasi-phase-matched (QPM) materials. In a photonic crystal, 
the dielectric constant is varied periodically resulting in a dis- 
persion relation that exhibits a band structure [2]. As a result, 
the propagation of light with a frequency in the band gap is sup- 
pressed. Some novel laser geometries [3], [4] and waveguide 
devices [5] have being constructed by making use of this fre- 
quency selectivity. Recent work on nonlinear photonic crys- 
tals has focused on the third-order nonlinearity [6]-[8]. While 
second-order nonlinear optical frequency conversion has not 
been well studied in such a structure [9], QPM materials-es- 
pecially their most famous representative, periodically poled 
LiNb03 (PPLN)-have been carefully investigated [ 101, [ 1 11. 
In PPLN or its analogs, the second-order nonlinear optical co- 
efficient is periodically modulated, while its dielectric constant 
is uniform, leading to compensation of the phase mismatch be- 
tween the input and the generated beams [ l  l l .  Due to the sim- 
ilarities in structure and some of the physical principles gov- 
erning photonic crystals and QPM materials, a QPM material 
could be viewed as a special case of a nonlinear photonic crystal 
1-12]. . - 

Among second-order nonlinear optical effects, optical recti- 
fication has been known for decades [13], but it has not been 
as widely studied as other nonlinear effects, such as second 
harmonic generation (SHG), difference-frequency generation 
(DFG), or optical parametric oscillation. However, recent 
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reports show that optical rectification can be used to generate 
ultra-short electrical pulses with a high repetition rate [14], and 
terahertz radiation [15], [16]. 

In this paper, the optical rectification effect in a nonlinear 
photonic crystal is investigated. It is shown that coherent mi- 
crowaves can be efficiently generated in a nonlinear photonic 
crystal through optical rectification. In addition, an intrinsic 
relationship between a nonlinear photonic crystal and a QPM 
material is established by considering optical rectification. The 
structural parameters of several coherent microwave sources 
are also calculated. 

Although there is progress in generating coherent mi- 
crowaves [17], [18], pursuing a highly efficient and simple 
coherent microwave source with good spatial and spectral 
characteristics is still a large challenge. Here, we consider 
optical rectification of a modulated light beam as a source 
of coherent microwaves. For a modulated light beam propa- 
gating through a nonlinear crystal, a modulated electric field 
is generated through optical rectification [14], so that every 
point where the pump light passes is a source of microwaves, 
where the frequency of the microwaves is determined by the 
repetition rate of the pump light. The generated microwaves 
will interfere with each other in any arbitrary direction, and the 
final microwave intensity along a specific direction depends 
on the relative phase difference between the microwaves. 
Obviously, if the light pulse's velocity is equal to the velocity 
of the microwave, all generated microwaves will interfere 
with each other constructively in the forward direction, and 
efficient coherent microwaves will be generated. Here, we 
should point out that it is the group velocity not the phase 
velocity of the pump light that should match the microwave's 
phase velocity, because it is the light pulses, and not the 
continuous wave (CW) light, that excites microwaves. Velocity 
matching is the prerequisite condition for coherent microwave 
generation through optical rectification. Unfortunately, for 
most materials, the optical refractive index  is different from 
that of a microwave frequencies. The constructive interference 
condition thus cannot, in general, be fulfilled, making effective 
microwave generation difficult. 

Two methods can be used to solve the velocity-matching 
problem: control of the group velocity of the pump light or 
control of the phase velocity of the microwaves. In this paper, 
we demonstrate that these two approaches can both be realized 
in a nonlinear photonic crystal. 

001 8-9197/02$17.00 0 2002 IEEE 
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Self-assembled lnAs quantum wires on lnP(001) 
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We report a study on self-assernbled InAs quantum wires on a planar surface of InP(OOI), grown 
by molecular-beam epitaxy and exanlined by in sitti scanning tunneling microscopy and 
photoluminescence (PL). The detailed 1110rphology of the quanhlm wires including width and height 
distributions is presented. The quantum wires cover more than 95% of the surface area. The spectral 
range of the PL emission includes the technologically important 1.55 p111. In the PL emission, high 
optical anisotropy of more than 50% has been observe11 at 4.2 K and at room temperature indicating 
strong confinement. Cc:' 2002 American Institute of Ph.vsic.s. [DOI: 10.106311.3448862] 

Applications of quantum-well structure have resulted in 
the improved performance of optical devices such as light- 
emitting diodes, lasers, and infrared detectors. The success of 
thcse q~lantunl-wcll structures is due to the discrcte energy 
states inside the well resulting from the one-dimensional 
collfinement of carriers. The promise of even greater benefits 
of confinement in two or three dimensions' have driven the 
fabrication of the corresponding quantum wires and dots. 
Early attempts at two-dimensional confinement were based 
on the etching of a quantum-well structure to add lateral 
confinement in one of thc planar directions in addition to the 
vcrtical confinement of the quanhlm well. This effort, how- 
ever, has not been very successful due to the damage induced 
by the etching process.' However, two-dimensional confine- 
ment has been realized by self-assembled growth. This ap- 
proach utilizes strain energy relaxation of lattice-misnlatched 
epilayers, i.e., Stranski-Krastanow growth method, to form 
wire-like islands. In particular, sclf-assembly growth on 
V-groovcs sub~t ra tcs ,~  lateral ordering,," and growth on 
highly stepped substrates6 have all been successfully utilized 
to fonn quantum-wire structures. 

Meanwhile, self-assembled qnantum wires: without 
seeding, has bccn difficult to obscrve and the challenge has 
been in the growth of an acceptable quality of quantum wire 
s t n ~ c h ~ r e s . ~ ~ ~ e c e n t l ~ ,  however, self-assembled quantum 
wircs have bccn reported on an InGaAs matrix lattice 
matched to InP(001)  substrate^.^ In particular, the optical 
characteristics and height variation of stacked quantum wires 
havc bccn investigated using both photolun~incscence (PL) 
and high-resolution transmission electron microscopy 
(HRTEM). In addition, atomic force n~icroscopy (AFM) and 
HRTEM have been cnlploycd to study lnAs quantum wircs 
on InP(001) ~ubstrates.'"~" However, detailed correlation be- 
tween the morphologies of InAs quantum wires on InP(001) 
substrates and thc PL is still lacking due to limitations of the 
investigation tool (AFM) employed.'' Since the PL spectrum 
is directly correlated to the confinement, an accurate deter- 
mination of the dimension will make it possible to under- 
stand and predict optical properties better. 

In this article, we report on the ~norphology of self- 
assembled InAs quantum wires grown on a planar InP(001) 
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and the correlation to the PL spectra, PL measurements show 
that the emission from the quantum wires is both anisotropic 
and temperature insensitive. 

The growth of the self-assembled InAs wire is carried 
out ill a molecular-beam epitaxy (MBE) chamber (Riber 
32P) with solid sources of arsenic and pl~osphorous which 
are equipped with valves to provide control over fluxes. The 
substrate temperature is measured using optical transmission 
thermonletry for reproducibility and absolute measurement 
to within ?2 'C.I3 Commercial 11-typc, planar (miscut within 
0.05") InP (001) wafers were loaded and degassed bcfore the 
MBE growth. Aftcr a smooth InP buffer laycr growth. 
InP(OO1)-2 X 4 sllrfacc was stablc evcn after annealing at 
480 "C for 3 min with no phosphoro~~s flux in ultrahigh 
vacuum (high 10-lo Torr). A more detailed description of the 
starting surface, including scanning, tunneling microscopy 
(STM) images, is described e~sewhere . '~  

Immediately after the 3 min period of pl~osphorous pum- 
pout, we deposited about 3.8 ML of lnAs on the InP buffcr 
surface with an As, beam equivalent flux of Torr at a 
growth rate of 0.3 MLls. The InAs layer was then capped 
with an InP layer of 30 nm. The samples (either just after the 
InAs deposition or after the InP capping) were rapidly cooled 
down below 250°C and removed from the MBE chamber. 
Uncapped samples were transferred to the STM chamber 
through the ultrahigh vacuum modutrack for surface imaging 
whilc capped ones were taken out to air for PL measurc- 
mcnts. STM images arc takcn for filled states (-3 V on thc 
sample) with tunneling curreilt around 100 pA. The PL mea- 
sureinent has been carried out using lock-in techniques with 
a Coherent Mira Ti-Sapphire laser as an excitation (845 nm) 
source. The PL emission was guided to a monochrometer 
and detected either by an InGaAs photodiode at room tenl- 
perature or by a Hamamatsu photonlultiplier tube (model 
5509-72). The PL emission was measured with the sample at 
soon1 temperature (295 K) and at 4.2 K (liquid helium). 

An STM image (Fig. 1) indicates that very high-density 
InAs nanowires have formed on the InP substrate, covering 
over 95% of the substrate. The high-resolution image along 
with the typical cross sectional line profiles along the [loo] 
direction shows that the top surface is flat. The line profile 
indicatcs symmetric sidc facct planes with well-dcfincd 
trenches betwcen wires. The averagc slopc angle 11lcasurcd 
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Graduate Physics Education - Industrial Style 

Ken Vickers, Greg Salamo, Ronna Turner 
University of Arkansas 

Abstract 

The education and training of the workforce needed to assure global competitiveness of American 
industry in high technology areas, along with the proper role of various disciplines in that 
educational process, is currently being re-examined. Several academic areas in science and 
engineering have reported results from such studies that revealed several broad themes of 
educational need that span and cross the boundaries of science and engineering'-5. They included 
greater attention to and the development of team-building skills, personal or interactive skills, 
creative ability, and a business or entrepreneurial where-with-all. 

While many engineering programs around the country have embraced some of these needs with 
unique programs, physics has lagged far behind and has tended to maintain its traditional basic 
science education. Rather than these needs being a goal of a traditional physics graduate program, 
we tend to instead produce students trained in the conventional sense. Students strong in basic 
understanding but with little or no interpersonal skills. Students ignorant of business related 
issues, yet with problem solving skills needed by business. And, above all, students very 
comfortable in an academic environment, but unsure of how to effectively use their academic 
expertise in a non-academic arena. 

The University of Arkansas in the fall of 2000 received a Department of Education Fund for 
lmprovement of Post Secondary Education (FlPSE) grant to implement changes in its graduate 
physics program to address these issues. The proposal goal is to produce next-generation physics 
graduate students that are trained to evaluate and overcome complex technical problems by their 
participation in courses emphasizing the commercialization of technology research. To produce 
next-generation physics graduates who have learned to work with their student colleagues for their 
mutual success in an industrial-like group setting. And finally, to produce graduates who can lead 
interdisciplinary groups in solving complex problems in their career field. 

In this paper we will present the evidence that led to the specific strategic plans that were proposed 
to the department of education, strategic plans that will be used to achieve the goal of physics 
graduates from the University of Arkansas with enhanced technology implementation skills. The 
early implementation status through March 2001 will also be discussed, along with specific near 
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University of Arkansas Innovation Incubator: 
Flaming the Sparks of Creativity 

Ken Vickers, Greg Salamo, Otto Loewer, and John Ahlen 
University of ArkansasIArkansas Science and Technology Authority 

Abstract 

One significant area for small business development is in science and technology. In this area, 
research universities have played a significant role through the students and faculty in establishing 
start-up companies. For example, many universities have developed small business incubators 
designed to provide operating space and secretarial support at minimum costs for start-up 
companies. Many of these small business incubators bring the universities' intellectual resources 
to arms length of start-ups. What they do not do is nurture ideas. They do not bring together talent 
to explore, to inquire, to innovate. 

The University of Arkansas, in partnership with the Arkansas Science and Technology Authority, 
has created a new partnership to fill this innovation gap. A partnership that will nurture new ideas 
by providing the resources needed to move Arkansas into the high technology of today's 
economies and reaping the benefits of its intellectual capital. And in doing so, this partnership will 
result in opportunities for University of Arkansas researchers to work with Arkansas businesses, in 
an increased number of technology business start-ups, in the establishment of an "innovation" 
culture with students and faculty, in identification of many valuable problems suitable for student 
research theses, and in demonstrations of the difference the university enterprise can have on the 
economic well being of the state. 

This partnership, known as the lnnovation lncubator (12), has won funding through the IVSF 
Partnership for lnnovation program in fa11 2000. While 1' will focus initially on the expanding 
field of nano to micro electronics-photonics, it will rapidly grow to encompass all areas of the 
University. This paper will describe the methods by which this partnership will identify and 
manage applied on-campus research for small industrial companies, research intended to provide 
the proof of concept necessary to secure larger developmental funding or private capitalization. 
Finally, the paper will discuss the early implementation current status of program elements 
through March 200 1. 

1. Introduction 

The National Science Foundation in fall 2000 funded the University of Arkansas under the 
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Experimental observation of chirped continuous 
pulse-tr ain soliton solutions to the Maxwell- 

Bloch equations 

Shihadeh M. Saadeh, John L. Shultz, and Gregory J. Salamo 
Department of Physics, University of Arkansas, Fayetteville, Arkansas, USA 

Abstract: A frequency chirped continuous wave laser beam incident upon a 
resonant, two-level atomic absorber is seen to evolve into a Jacobi ellipticpulse- 
train solution to the Maxwell-Bloch equations. Experimental pulse-train 
envelopes are found in good agreement with numerical and analytical 
predictions. 
02000 Optical Society of America 
OCIS codes: (190.5530) Pulse propagation and solitons, (190.5940) Self-action effects 
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Coherent propagation of trains of optical pulses through atwo-level absorber has beeninvestigated, 
from a theoretical viewpoint, by many researchers. These investigations have been based on the 
self-induced transparency (SIT) equations [I], both with [2-51, and without [6], the assumption of 
zero relaxation. Recently, theoretical predictions have been supported by experimental 
observations of the Jacobi elliptic dn solution [7]. In particular, experiments demonstrated the 
evolution of an arbitrarily shaped input optical pulse train into the analytic shape-preserving Jacobi 
elliptic pulse train solution to the Maxwell-Bloch equations [8]. A special feature of the observed 
solution was that the chirp in the optical frequency of the pulse train was zero. In this paper we 
report the experimental and numerical demonstration of the evolution of a continuous wave laser 
beam into an analytic shape-preserving pulse train solution. In this case, the analytic solution to 
the Maxwell-Bloch equations is a Jacobi elliptic function with a nonzero frequency chirp. 

The interaction of a plane-wave optical field with an inhomogeneously broadened two-level 
absorber can be described by two sets of equations. The Bloch equations describe the effect of the 
optical field on the atom while the reduced Maxwell equations describe the effect of the atom on 
the optical field. For significant absorption, self-consistent solutions to both equations describe the 
propagation of the optical field through the two-level absorber. Together, the two sets of equations 
are known as the reduced Maxwell-Bloch equations. 

For circularly polarized light traveling in the z-direction, the electric field at the position of the 
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Theory of self-focusing in photorefractive InP 
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We present a theory of self-focusing and solitons in photorefractive InP, including the previ- 
ously unexplained intensity resonance and the resonant enhancement of the spacecharge field. 
O 2001 Optical Society of America 
OCIS codes: 190.5530, 190.5330. 

Self-trapping of optical beams in photorefractive 
(PR) InP was observed in 1996.1a2 Self-trapping of 
beams in such PR semicondudors offers attractive 
features: operation at  communications wavelengths, 
fast response times (microseconds), and low power 
level   micro watt^).'^^ These properties suggest ex- 
citing applications, such as reconfigurable switches, 
interconnects, and self-induced waveguides. Un- 
fortunately, PR semicondudors tend to have tiny 
electrogptic coefficients (1.5 pm/V), and thus a con- 
ventional screening soliton in such materials would 
require applied fields of 50 kV/cm and higher,3 too 
large for most applications. Fortunately, Fedoped 
InP crystals offer an exception to this rule. When the 
photoexcitation rate of holes is comparable with the 
thermal excitation rate of electrons, the spacecharge 
field is resonantly enhanced by more than tenfold. 
That is, the internal photoinduced field exceeds 
50 kV/cm when the applied field is 5 kV/cm. This 
enhancement, and other peculiar phenomena, appears 
only in the vicinity of a particular intensity of the 
beam.',' These features cannot be explained by the 
theory of screening  soliton^,^-^ as that theory does not 
show a resonance of any sort. Furthermore, despite 
the experimental ob~ervations,'.~ thus far there is no 
proof that self-trapped beams exhibiting stationary 
propagation can form in this nonlinearity. 

Experimentally, when a beam is launched into an 
W:Fe crystal under various applied fields Eo and in- 
tensity conditions, the main features observed are the 
following1: 

1. For Eo < 0 and I,., - I,,. (the resonance in- 
tensity), self-focusing occurs, and the peak of the inten- 
sity structure, I,,,, is shifted from the center (of the 
normally diffracted beam a t  Eo = 0). 

2. For EO > 0 and I,., < I,., the beam self- 
focuses, but a t  the resonance itself (I,, = I,,,) the 
beam breaks up. 

3. Irrespective of the polarity of Eo, for high 
enough intensity, I,,, >> I,,,, the beam goes through 
the crystal almost unaffected, that is, diffracting 
normally as if Eo = 0. 

The first feature highlights the unique property 
of this nonlinearity: the pronounced intensity reso- 

nance at  which the spacecharge field is enhanced. 
Slightly below resonance, self-focusing occurs at 
Eo < 0. The first and second features inlply that 
self-focusing occurs at  both field polarities (at different 
intensity regimes), whereas in other PR media the 
sign of the nonlinearity is determined by the polarity 
of Eo and does not depend on I,,,. The second and 
third features suggest that this nonlinearity not only 
saturates but also decreases with intensity as I,,, 
exceeds I,,. 

Here we present a theory describing resonant self- 
focusing effects in PR semiconductors. We explain the 
main features of the theory, extract new predictions, 
and show that, in at least one parameter regime, sta- 
tionary self-trapped beams (spatial solitons) do exist 
in such media. The theory is based on a moc;e16 with 
two levels of dopants, one deep Fe-trap level and con- 
duction of both electrons and holes. " :. ~rlode; ,> 
successful in explaining two-wave mixi~ig b u ~  :i Lart- 
not explain self-focusing, because it relies on a peri- 
odic grating at  low visibility. Even a superposition 
of gratings cannot be used to treat localized beams. 
Yet the assumptions about the rate equations hold fq 
a localized beam and serve as a starting polnt. We 
start with the standard set of equations6 in temporal 
steady state: the continuity equations for electrons 
and holes, the rate equation for the Fe traps, the trane-, 
port equations, and Gauss's law: 
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'Thermal annealing effect on the intersublevel transitions 
in lnAs quantum dots 
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(Received 4 January 200 1 ; accepted for publication 14 February 200 1) 

Isochronal thermal annealing effect on the photolurnmescence (PL) spectra of lntersublevel 
transltlons in InAs self-assembled quantum dots was investigated. Several peaks due to intersublevel 
transitions in the quantum dots were observed in the PL spectra of two samples consisting of 10 
stacks of InAs quantum dots and InP barriers. Isochronal hrnace annealing in the temperature range 
of 500-800 "C was conducted on thc two san~plcs. The results show that the intensity of the PL 
peaks was dramatically reduced, and a new peak attributed to the wetting layer was observed after 
thc samples were thermally annealed above 550 "C. A small blue shift of thc PL peaks duc to 
intermixing was observed. O 2001 Arnericail Institute of'Physic\.. [DOI: 10 1063/1.1363693] 

Recent progress on the epitaxial growth of self- 
assen~bled quantum dots, which are also called atomic de- 
signers, open the door for many basic and applied investiga- 
tions. This is due to the fact that the growth of these 
structures has progressed to the point where a good degree of 
control on thc size and shape of the quantum dots can be 
achieved. With this growth control, one can design a struc- 
ture with a specific interband or intersubband transitions that 
could be utilized for a practical application. Recent applica- 
tions of quantum dots include lasing1-' and infrared 
detectors.'-' Thermal annealing and intermixing effects on 
the emission energies of quantum dots have been 
reported."-" In this letter, we report on some results of re- 
cent investigation of isochronal hrnace thermal annealing 
effect on the photoluminescence (PL) spectra, obtained for 
self-assembled InAs quantum dot structures. The PL spectra 
exhibit several peaks due to intersublevel transitions in the 
quantunl dot structures, as predicted by a model proposed by 
Raymond et al. '"he observed PL peaks are not at a fixed- 
energy spacing. However, several additional peaks with 
fixed-encrgy spacing appcarcd in one samplc after annealing 
at 500 OC. The emission from the wetting layer (WL) was 
obscrved after thc samplcs were thermally annealed at or 
above 500 OC. The intensities of the PL pcaks werc dramati- 
cally reduced as the annealing temperature is increased. A 
blueshift of the PL peaks energy positions, due to intermix- 
ing, is observed to be significant at annealing temperatures 
above 600 "C. 

The InAs quantum dots were grown in a solid source 
molecular beam epitaxy system in conjunction with a scan- 
ning tunneling microscope. The substrate temperature was 
maintained at 480 OC during growth with an accuracy of 
+2 OC." The growth rate was -0.3 monolayer/s. Two 
samples were chosen for the present study and their charac- 
teristics are shown on Table I. The PL spectra were mea- 
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sured using a BOMEM Fourier-transform interferolnetsl. 
with a PL attachment in conjunction with a contjnuous Row 
cryostat. The temperature was controlled within z l .(J K and 
the spectra were measured at 77 K. Furnace isocl,~.onal thsr- 
ma1 annealing was performed in a continuous flow of nittb- 
gen gas in thc annealing temperature (T,)  rangc of 500- 
800 "C. The samples were sandwiched betu.:.cn semi- 
insulating GaAs wafers during annealing ;: . -J;,.t the Icss 
of As. The annealing timc at each temperature w,rs I- ,I]; I -  

utes. 
Selected PL spectra of intersublevel transitit)rls in ,ihe 

two InAs quantum dot samples beforc and aftel. :i;errnal ail; 
nealing at different temperatures are plotted in F~gs.  1 and 2. 
In both samples, the PL peakfrom the WL is ob>~rved only 
aftcr annealing at 550 "C (sample A) or 500 "C (sa:l?plc B)  at 
around 1.4 eV. The PL spectra show a series of pcqks labeled 
1 to 6 in sample A and 1 to 5 in sample B. These peaks are 
due to intersublevel transitions within the quantum dots. The 
energy spacing between these. peaks is not fixed. but it is 

' 

ranging between 32 and 56 nieV. This is in disagreenlent 
with previous which indicates that thc cner:gy '.: 

spacing between the peaks is fixed. This discrepa~icv !nay P@ 
due to the fact that the thickness and the size of tl;: quaiinlrn 
dots used in the present study are not quite unifhnl~. Mme- 
ovcr, the prcscnt sa~nplcs are composed of 10 stack of quiiii-':. 
tum dots, while the previous measurements (Refs S and 15) 
were made on single layer of quantul;l i[~ii,:c c::e 
would expect to see more variation in the enrig) I;~!-L:I,:? 

betwccn peaks in sanlples with lnultistacks as comparcd toaii 
' 

. . 
single layer of quantum dots. 

Fixed-energy spacing between intcrsublevcls i : )  q l ~ a ~ ~ i h n  
' 

dots was proposed in a model16 to explain excited.-state.r;l- 
diativc lifetimes in sclf assembled quantum dots Howevil. 
fixed-energy spacing is not common in conventional qnin- 
turn wells.1R20 On the other hand, we have obssr~cd peaks 
in sample B with tixed-energy spacing that may s~ipport Ray: 
inond et 01. inodel. '"~ spectra with additiotlal sebsral peak 
between 0.6-0.8 eV were observed after annealing s3nlplq'B, 
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Control of size and density of InAs/(AI,Ga)As self-organized islands 
P. Ballet, J. 6 .  Smathers, H. Yang, C. L. Workman, and G. J. salamoa) 
Department of Physics, University of'Arkansas, Fayetteville, Arkansas 72701 

(Received 19 July 2000; accepted for publication 29 January 2001) 

We report on the influence of the chemical composition of the (Al, Ga)As surface on the forniation 
of strain induced three-dimensional (3D) InAs islands. Thc expcriments havc bcen carried out using 
a molecular beam epitaxy facility combined with a scanning tunneling ~nicroscope enabling in situ 
surface characterization. The evolution of the dcnsity and nlorphology of these islands is 
investigated as a function of the Al composition. The InAs deposition, substrate temperature, and 
annealing time cffccts on the island foln~ation and nlorphology are studied. The morphologies of the 
(Al, Ga)As surface as well as that of the reconstructed InAs "wetting layer" are also described. 
Rcsults indicate that there are major differences between the InAsIGaAs and the lnAs/AIAs systems 
despite the same lattice mismatch. We observe these differences varying the aluminum content in 
the starting (Al, Ga)As surface. We show that control of the A1 fraction leads to control of the size 
and density of the 3D islands. The control of island density and size as well as the growth mode of 
these islands is explained by considering the difference in surface mobility and cation intermixing 
between these two systems. Our observation is that strain energy is not the only parameter 
goveining the fonnation of 3D islands but the chemical nature of the different layers involved is 
proved to significantly affect island properties. 0 2001 An~erican Institute oJ'Physics. 
[DOI: 10.1063/1.1357784] 

I. INTRODUCTION 

Strain induced self-assembled three-dimensional (3D) is- 
lands have been studied extensively during the past few 
years. Both the electronic and optical properties of quantum 
dots obtaincd by capping thesc islai~ds with a higher band- 
gap material have also been the subject of numerous experi- 
mental and theoretical works.'--"his intense interest has 
been driven by the quantum dot unique properties, such as, a 
discrete atomic-like energy level structure, due to carrier 
confinement. For cxample, the atomic-like structure, and its 
consequence in the form of a "phonon bottleneck" effect, 
has the potential to significantly impact optoelectronic de- 
vices through the lengthening of carrier ~ifetiines."~ The ex- 
perimental report of Guyot-Sionllest et nl. on the intraband 
relaxation time in CdSe colloidal quantum dots shows what 
is evidence of this effect with decays on the order of 200 ps.9 
Longer lifetimes can result in lower laser thresholds and 
highly sensitive detectors. Despite many exciting possibili- 
ties, howevcr, the inhoinogeneous broadening resulting froin 
size fluctuations can be seen as a serious obstacle. The size 
inhomogeneity causes the emission linewidth of an ensemble 
of quantum dots to be typically 2 orders-of-magnitude larger 
than that of a single dot.",' While relatively narrow photo- 
luminescence linewidths, on the order of 20-30 meV, have 
recently been reported, these results have not been achieved 
by reducing the size inhomogeneity. Rather, the narrow line- 
widths have been cleverly achieved by either growing large 
dots, leading to decreased sensitivity of the emission energy 

to the size of the dots, or by growing layers of dots and 
enhancing carrier tunneling to the biggest neighbor prior tc) 
recombination. '"I3  

Even with the difficulty of the size inhomogeneity, sig- 
nificant applications have been demonstrated using quantum 
dots as active layers and recombination centers. These in- 
clude light emitting diodes (LEDS)" and room teinperaturc 
lasers oscillating at 1.3 pnl using either thc classical cdgc 
emitting design1' or the VCSEL configuration.'%ore re- 
cently, lasing from excited states has been evidenced." 
Other demonstrated applications use the confinement en- 
hanced optical nonlinearity for inidinfrared second and third- 
harmonic enhanced carrier trapping effi- 
ciency for photorefraction20 and the mid- and far-infrared 
~onduc t iv i ty ' ' .~~  for the fabrication of quantum dot infrared 
photodetectors.23-25 In some cases some very tantalizing 
suggestions to make use of the size inhomogeneity may even 
lead to applications.2h 

During the last several years research carried out on 
quantum dot structures in 111-V seniiconductors has focused 
on Stranski-Krastanov (SK) growth inodcs. The SK growth 
Inode takes place during the growth of lattice-mismatched 
systems and has been shown to produce narrow size distri- 
butions of 3D isla~lds. For this growth mode, i.e., small in- 
terface energy but large lattice mismatch, initial growth is 
layer by layer. As a result, deposited materials first fosnl a 
two-dimensional (7D) wctting laycr on the substrate. As ma- 
terial continues to be deposited it is energetically favorable 
for material to add to the step edges of the 2D islands as 
opposed to adding to the top to begin 3D island formation. In 
this way, the 2D islands grow laterally in size. However, this 
is done at energy cost as the strain energy continues to in- 
crease due to the lattice n~isn~atch. Soon it bccomcs cnergeti- 
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Wide-bandwidth high-frequency electro-optic modulator based 
on periodically poled LiNb03 
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We propose a high-frequency traveling-wave integrated electro-optic lnodulator based on a 
periodically poled LiNb03. The traveling velocity of the optical wave and the electrical wave 
velocity in the waveguide can be qirasin~atched due to the periodic stnlcturc. Using this design, a 
n~odulation frequency of several hundred GHz can be realized. Wide-bandwidth modulation is also 
achievable by employing an aperiodic domain grating. 0 2001 An~erican Institute of Physics. 
[DOI: 10.106311 . I  3504261 

As an outstanding nonlinear optical material, periodi- 
cally poled LiNb03 (PPLN) is attracting more and more 
attention.'-5 In PPLN, the spontaneous polarization is peri- 
odically reversed, resulting in nonlinear optical properties. 
For example, the quasi-phase-matching (QPM) technique 
can be used instead of birefringence phase matching for non- 
linear frequency conversions.' The physical mechanism of 
QPM is that the nonlinear optical coefficient periodically 
challges its sign duc to the periodic domains. As a result, the 
excited parametric wave will have a nphase shift when pass- 
ing through the domain boundary. If each domain thickness 
is equal to the coherence length, the excited parametric wave 
from each domain will interfere constructively. In addition to 
frequency conversion, LiNbO, (LN) is also widely used in 
pizeoelectric and electro-optic (BO) processes. Thc piezo- 
electric and EO coefficients also change their signs periodi- 
cally in a PPLN and yield interesting effects.'-' 

A popular application of the EO effects of LN is the 
integrated EO n~odulator (EOM) that has important applica- 
tions in signal processing and optical communications.10~'2 
Driven by the demands of high-speed devices, the modula- 
tion frequency of EOM has been increasing. However, high- 
speed modulation is limited due to the velocity mismatch 
between the electrical wave and the optical wave.10." To 
increase the n~odulation speed, several effective methods 
have been proposed.'2-'4 Since PPLN has enhanced EO 
properties,8 and PPLN wafers are now comrnercially avail- 
able, the application of PPLN for high frequency EOM is a 
very attractive option. 

Before studying EOM in PPLN, let us look back to the 
ordinary traveling wave n~odulator. Since the Mach-Zehnder 
modulator is based on phase modulation. We can study the 
phase modulating properties first. For simplicity, we assume 
the electrode to be impedance matched to the drive cable and 
tellination. The microwave loss is also ignored. 

We consider a single frequency ( o m )  drive electrical 
signal. which propagates in the waveguide along the x direc- 
tion with the velocity u,,=cln,. c is the light velocity in 
vacuunl and n, is the refractive index of the waveguide at 

"Electronic mall: lyqzf@~sa.com 

the drive frequency. The voltage of the drive signal in the 
waveguide then could be written as: 

where k, is the wave vector of the electrical wave; L is the 
total interaction length. The optical wave that enters the in- 
teraction zone (x=  0) at t = to ,  meets the drive voltage 
u(x,to).  When t=to-tAt ,  thc optical wave has traveled a 
distance x with the velocity of u ,=cln, ,  which takes the 
time At=xlu, ,  where no is the refractive indcx for thc op- 
tical wave. Thus, the applied voltage that the optical wave 
actually sees is 

where a=  1 - urn lu, . For an ordinary medium, due to the 
velocity difference between the optical wavc and tbe electri- 
cal wave, the voltage changes along the waveguide. We can 
easily build this physical image with the hclp of the Fig. I .  

From Fig. 1, the wavefront of the optical wave meets a 
different drivc voltage at a diffcrent point. Thc changing pe- 
riod A of the actual voltage is the distance for the optical 
wave to catch up with thc electl.ica1 wave with 2 n  phase 
difference, where .A is given by: 

L.4 
Wavefront qf optic 

L 

- Electrical 

X 
t l  i 

FIG. 1. Velocity mismatch between input optical wave and drive electrical 
signal. 
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Reflection-second-harmonic generation from GaAs/AlAs and 
GaAs/AlGaAs multilayers 
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ABSTRACT 

We have observed first-, second- and third-order quasi-phase-matched second-harmonic generation in the reflection geometry 
from GaAsIAlAs multilayers. We have measured phase-matching curves and identified all the peaks. The linewidth for the 
first order is limited only by wave-vector mismatch. We have demonstrated two-order-of-magnitude enhancement solely 
using quasi-phase-matched multilayers. We have also achieved cavity-enhanced quasi-phase-matched second-order and non- 
phase-matched second-harmonic generation from GaAs/Alo,sGa,,zAs multilayers. We have determined the element of the 
second-order susceptibility tensor used for quasi-phase matching. We have measured the conversion efficiencies and 
discussed possibilities for further enhancements. 

Keywords: reflection second harmonic generation, multilayers, cavity enhancement, frequency conversion, Bragg reflection. 

1. INTRODUCTION 

GaAs and AlGaAs have very large second-order susceptibilities. To achieve efficient frequency conversion, multilayers have 
been used to achieve quasi-phase matching (QPM).' There are two configurations for QPM: surface-emitting',2 andrefle~tion.~-~ 
Although reflected-second-harmonic generation (SHG) in G ~ A S / A ~ ~ G ~ ~ . ~ A S  multilayers was initially studied in Refs. [3-51, 
sharp QPM peak had not been achieved before due to (i) poor quality of the multilayers or (ii) lack of a tunable laser. In Ref 
[3] 17 pairs of alternating layers of GaAs and Alo,3Gao.7As on a ( I  10)-orientated GaAs substrate were used for forward and 
backward SHG (i.e. zero incident angle). The thicknesses of the layers were chosen so that each layer is an optical quarter- 
wavelength thick at 2 pm. These multilayers can satisfy distributed Bragg reflection (DBR) at 2.008 pm. An enhancement by 
a factor of only 2.7 over the background was obtained because of the very broad SH spectrum (> 1000 A). Moreover, part of 
the enhancement may be the result of DBR, rather than QPM, since DBR is too close to the broad SH peak. Ref. [4] 
illustrates how DBRs can enhance SHG for a single thin layer of Alo.3G~.7As in a cavity grown on (100) direction. In this 
case, SHG was not quasi-phase-matched. Recently, Alo,aGa,,2As/GaAs multilayers grown on a GaAs (100) substrate were 
used to demonstrate QPM at 1.064 However, the QPM peak (i.e. SH intensity vs. pump wavelength) was nor directly 
measured since the pump beam can only emit a single wavelength. The alternative measurement of enhancement vs. incident 
angle did not reveal a peak in the measurement range. The large enhancements were measured for the SH intensity relative to 
that for bulk GaAs. However, SH photon energy at 0.532 prn is above the band-gaps of both GaAs and Alo.aG&.2As. In 
addition, since the multilayers can act as DBR due to a large difference of refractive indices, some of the enhancements may 
be attributed to the DBR. We conclude that the enhancement factors measured in Ret 151 do not necessarily correspond to 
the enhancement solely due to QPM. From all the previous  result^,^.^ it is obvious that one should design an all-MBE-grown 
multilayer structure in such a way that (i) SH photon energy is below the band-gaps of the alternating layers and (ii) a cavity 
based on a pair of DBRs is used to enhance QPM SHG in order to determine the optimum enhancement. In both Ref. [3] and 
[5], the conversion efficiency was not measured. Furthermore, quadratic dependence was not confirmed. On the other hand, 
in Ref. [4] high efficiency was obtained solely due to the enhancement of DBR, however not QPM. Power dependence was 
measured with a severe deviation from a square law due to extremely high peak intensities used. 
In this proceedings paper, we report our results on detailed investigation of reflection-SHG horn GaAsIAlAs and 
G ~ A S ~ A ~ ~ , ~ G ~ . ~ A S  multilayers that have much higher quality. For the first time, we have directly observed a sharp QPM peak 
of the first-order by measuring the spectrum of the reflection-SHG and comparing with the linear reflection spectrum. We 
have achieved a very narrow linewidth of the QPM peak limited only by wave-vector mismatch. We have achieved an 
enhancement factor of about 124 over the background. We have also observed QPM peaks at the second- and third-orders 
with and/or without a cavity. We have measured the dependence of the SH power on the pump power. Furthermore, we have 

Correspondence: Ph.: (501) 575-6570; Fax: (501) 575-4580; E-mail: yding@uark.edu 

Ultrafast Phenomena in Semiconductors V, Hongxing Jiang, Kong Thon Tsen, Jin-Joo Song, Editors, 
Proceedings of SPlE Vol. 4280 (2001) a2001 SPlE ,0277-786)(/011$15.00 



Spatially resolved spin-injection probability for gallium arsenide 
V P LaBella; D W Bullock; Z Ding; C Emery; et a1 
Science; May 25, 2001 ; 292, 552 1 ; Research Library 
pg. 1518 

I 
but the resolution of -Z' was not sufficient t o  
determine whether the C"0 emission was con- 
fined t o  a circumbinary structure, the remnant 
cloud core. or a combination of  the two. 

36. 0. Reipurth. M m n .  1. 120, 3177 (ZOW). 
37. E. L N. Jenm. R D. MaLieu, G. A Fuller.Actmphys. 

I. Len. 429, U 9  (1994). 
38. 5. H. Lubow. P. Attymowlq in  Protortars and Planets 

IV, V. Mannings. A. Boss. 5. Russell, Eds. [Univ. of 
Arizona Press. Tuaon. z W ) ,  pp. 731-755. 

39. A I. Sargent, in Disks- and Outfloom Amund Young 
Stars, 5. V. W. Beckwith. A Natta, J. Staude. Eds. 
[Splnger-Ver@ Baln. 1995), pp. 1-17. 

40. G. Laughlin, P. Bodenheimer, btrophys. 1. 436, 335 
(1994). 

41. H. W. Yorke. P. Bodenheimer. G. Laughlin, btrophys. 
1. 443, 199 (1995). 

42. J. M. Stone. C. F. Gammie. 5. A. Balbus, 1. F. Hawley. 
in  Pmtosfan and Planets IV, V. Mannings. A Boss. 5. 

Russell. Eds. (Unk. of Arizona Press. Tuuon. 2000). 
pp. 589-611. 

43. R. Ctsaroni et al..Astmn. Astmphys. 345.949 (1999). 
44. L Mauadelli. R Cesaroni. M. j. Rioja. dstmn. ANo- 

phys. 360,663 (2000). 
45. L F. Rodriguez et al.. btmphyr. j. 430. 165 (1994). 
46. G. Narayanan. C. K. Walker, Actmphyr. 1. 466, 844 

(1996). 
47. J. Martl. L F. Rodriguez. 1. M. Torrelles. k m n .  Amo- 

phyr. 345. 15 (1999). 
48. J. EisiGffei. R Mundt. T. P. Ray, L F. Rodriguea in 

Pmtostan and PianeB IV, V. Mannings. A Boss, 5. 
Russell. Eds. [Univ. of Arizona Press. T u r n .  2000). 
pp. 815-840. 

49. R. Ouyed, R. E. Pudritz, Man. Not. R. ANon. Soc. 309, 
233 (1999). 

50. R. 1. Sault, P. J. Teuben, M. C. H. Wright. in Mmnom- 
kal Data Analysis %)%we and SyRems IV, vol. 77 of 
PASP Conference Serler. R. A S h .  H. E. Payne. J. J. E. 

Spatially Resolved 
Spin -Injection Probability for 

Gallium Arsenide 
V. P. ~.BeLla,'* D. W. Bullock,' Z. ~ing,' C. Emery,' 

A. Venkatesan,' W. F. Oliver,' G. J. Salamo,' P. M. Thibado,' 
M. Mortazavi2 

We report a large spin-polarized current injection from a ferromagnetic metal into 
a nonferromagnetic semiconductor, at  a temperature of 100 Kelvin. The mod- 
ification of the spin-injection process by a nanoscale step edge was observed. 
On flat gallium anenide [CaAs(1 lo)] terraces, the injection efficiency was 92%. 
whereas in a 10-nanometer-wide region around a [Ill]-oriented step the 
injection efficiency is reduced by a factor of 6. Alternatively, the spin-relaxation 
lifetime was reduced by a factor of 12. This reduction is associated with the 
metallic nature of the step edge. This study advances the realization of using 
both the charge and spin of the electron in future semiconductor devices. 

The ability to exploit the spin of the electron 
in semiconductor devices has the potential to 
revolutionize the electronics industry (1-3). 
The realization of "spintronic" devices is 
growing nearer as sources for spin-polarized 
electrons have become available in both fer- 
romagnetic metals and ferromagnetic semi- 
conductors (4, 5). In addition, polarized elec- 
trons can move up to 100 Fm in gallium 
arsenide (GaAs) without losing their polar- 
ization, so that coherent transport through the 
active region of a device structure is feasible 
(6). However, one of the most difficult chal- 
lenges in creating "spintronic" devices is the 
ability to transfer the oolarized electrons from 
a ferromagnetic material into a nonferromag- 
netic semiconductor without substantially de- 
&g the polarization. For example, feno- 
magnetic metal contacts give spin-injection 
efficiencies of only a few percent at 4 K (7, 
8). Injection efficiencies using ferromagnetic 

semiconductors as contacts are as high as 
90%; however, this is also only at 4 K (9-11). 
From the success of the all-semiconductor 
approach, it is thought that an epitaxial lat- 
tice-matched system is r e q u i d  for efficient 
spin injection. However, recent findings have 
demonstrated high injection efficiencies even 
with large lattice mismatches (11). These re- 
sults have sparked renewed interest in deter- 
mining the origin of spin-flip scattering 
mechanisms on a nanometer-length scale. 

Tunneling-induced luminescence micros- 
copy (TILM) makes it possible to comlate 
nanoscale features with their optical proper- 
ties by injecting electrons and measuring the 
recombination luminescence (12-14). This 
technique cannot correlate the spin of the 
electron to any properties of the sample. 
However, with a spin-polarized scanning tun- 
neling spectroscopy (STS) technique that in- 
corporates a ferromagnetic metal tip, a net 
oolarization in the recombination lumines- 
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the electrons. The addition of the ability to 
correlate a surface feature seen in the topog- 
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nphy of a scanning tunneling microscopy 
(STM) image with the degree of spinflip 
scattering is needed to better understand what 
affects the spin-injection process. For exam- 
ple, simultaneous imaging and spin-injection 
probability mapping of a surface would allow 
one to uncover what features and what mech- 
anisms disrupt the spin-injection process. 

We demonstrate that a large spin-polar- 
ized (-92%) current can be injected into 
GaAs at high temperatures (100 K). In addi- 
tion, [ill]-oriented steps are found to sub- 
stantially decrease the injection efficiency 
(by a factor of 6). This observation is corre- 
lated to the density of midgap states. 

A l W ?  spin-polarized STM tip was used 
as the electron source to locally inject polar- 
ized electrons into a p-type GaAs(ll0) sur- 
face while simultaneously measuring the po- 
larization of the recombination luminescence. 
This spin-polarized TILM is similar to TILM, 
with the additional features that the injected 
electrons are spin polarized and the polariza- 
tion state of the recombination luminescence 
is measured (12-14). 

A polarized electron current was generat- 
ed from a ferromagnetic singleaystal 
Ni<llO> wire. Along the <110> direction 
in Ni, the density of spin-down states at the 
Fermi level is nonzero whereas the density of 
spin-up states is zero (17). Therefore, only 
the spin-down electrons contribute to conduc- 
tion. The direction of the magnetization of the 
tips was determined to lie along the long axis 
of the wire as measured by a superconducting 
quantum interference device magnetometer. 
In addition, the wire was determined to have 
a remnant field of 0.3 Oe and a coercive field 
of 30 Oe; for additional experimental details, 
see (18). 

Electrons injected into the empty conduc- 
tion band states of GaAs eventually recom- 
bine across the 1.49-eV (100 K) band gap, 
emitting light, which is collected using a 
biconvex lens having an f-number of 1 .O. The 
lens is mounted in situ and positioned 12.7 
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Two-dimensional solitonic orbital waveguides as y junctions were formed in a strontium barium 
niobate crystal. The waveguides are 10-20 p m  in diameter and propagate unpolarized light. 
6 2001 American Insfittrte uf Physics. [DOI: 10.1063/1.1389824] 

Optical spatial solitons' in photorcfractivc crystals2 havc 
shown potential to fonn graded index waveguides which can 
guide other A soliton forms when a photoinduced 
index change in the material compensates exactly for the 
diffraction of the beam; i.e., the beam creates its own wave- 
guide. In photorefractive materials, a screening soliton is 
formed by the screening of an externally applied electric 
field through the transport of photoinduced carries.536 How- 
ever, these induced waveguides disappear if the applied field 
is removed from the material. Our motivation for this letter is 
to demonstrate the use of soliton formation to create arrays 
of permanent waveguides7-" and y junctions (by selectively 
reorienting ferroelectric domains within the propagating light 
bearnI4) that can be used to form optical wiring in thc bulk of 
a crystal. 

For thc experiment, the extraordinary polarized output of 
an argon-ion laser is focused to a spot size of 12 pm on the 

cal dircction. A voltage was applied and five 13 p m  solitons 
formed [Fig. I(c)] and were subsequently fixed [Fig. I (d)]. 
The fixed waveguides guided light independently of one an- 
other, as evidenced by blocking one or more input beams and 
observing no changc in the transmitted intensity of the rc- 
maining waveguides. The waveguides reached equilibrium in 
the same manner as the single fixed waveguide, transmitting 
60+2% of the incident power at equilibriuin after approxi- 
mately 60 min. The waveguides were monitored for an ad- 
ditional 140 n~in  and showed no sign of decay. 

In addition to fixing single and multiple solitons, a co- 
herent collision of two solitons was used to fixed a y junction 
in the crystal. Typically, two beams were launched in parallel 
with angles of less than 0.05" in both the horizontal and 
vertical directions. As a result, two collincar beams were 
focused to a spot size of 12 p m  at the cntrancc face of the 

front face of a 1 cm cube of strontium-barium-niobate 
(SBN) crystal. When a 3 kV/cm electric field is applied to (a)Entrance Face (b)Di ffracted Beams 
the crystal along the dircction of spontaneous polarization, 
the beam self-focuses to its input diameter. The external field 
is then removed and a uniform background bean1 that fills 
the crystal is switched on. The space charge field due to 
photoinduced screening charges is larger than the coercive 
field of the fersoelectric domains and causes the domaills in 0 
the area of the incident beam to reverse their orientation. At 
equilibrium, a new space charge field, due to the bound 
charge of the domain boundaries, is locked into place. This Pm 

1.1'" 
new field increases the index of refraction only in the area of 
the original soliton, so that a waveguide is formed. The (c)Trapped Beams (d)Fixed Waveguides 
waveguides are observed to have-the same size as the origi- - 
nal soliton, exhibit single mode behavior, and last 
indefinitely.14 

To fuither demonstrate the feasibility of creating optical 
circuitry, multiple independent waveguides were formed in a 
SBN:75 crystal. A diffractive optic was inserted into the ex- 
perimeiltal apparatus behind the focusing lens to form fivc 
replicas of incident beam on the entrance face of the crystal 
[Figs. l(a) and l(b)]. The spacing between the beams was 
230 pm in the horizontal direction and 225 p m  in the verti- 
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FIG. 1. (a) Input profilc of five beams; (b) profilc at the cxil face; ( c )  fivc 
soliton hcam profilcs at thc exit facc; (d) fivc fixed wavcguidcs guiding light 
to the exit face. 
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ABSTRACT 

We have observed first-, second- and third-order quasi-phase-matched second-harmonic generation in the reflection geometry 
from GaAdAlAs multilayers. We have measured phase-matching curves and identified all the peaks. The linewidth for the 
first order is limited only by wave-vector mismatch. We have demonstrated two-order-of-magnitude enhancement solely 
using quasi-phase-matched multilayers. We have also achieved cavity-enhanced quasi-phase-matched second-order and non- 
phase-matched second-harmonic generation from GaAs/Alo.8G%.2As multilayers. We have determined the element of the 
second-order susceptibility tensor used for quasi-phase matching. We have measured the conversion efficiencies and 
discussed possibilities for further enhancements. 

Keywords: reflection second harmonic generation, multilayers, cavity enhancement, frequency conversion, Bragg reflectjon. 

I. INTRODUCTION 

GaAs and AlGaAs have very large secmd-order susceptibilities. To achieve efficient frequency conversion, multilayers have 
teen used to achieve quasi-phase matching (QPM).' There are two configurations for QPM: s~rface-emitting'~ and refle~tig.''~ 
Although reflected-second-harmonic generation (SHG) in GaAs/AI,Gal.,As multilayers was initially studied in Refs. [3-51, 
sharp QPM peak had not been achieved before due to (i) poor quality of the multilayers or (ii) lack of a tunable laser. In Ref. 
[3] 17 pairs of alternating layers of GaAs and Alo.3Ga,-,,As on a (1 10)-orientated GaAs substrate were used for forward and 
backward SHG (i.e. zero incident angle). The thicknesses of the layers were chosen so that each layer is an optical quwer- 
wavelength thick at 2 p. These multilayers can satisfy distributed Bragg reflection (DBR) at 2.008 p. An gnhancernent by 
a factor of only 2.7 over the background was obtained because of the very broad SH spectrum (> 1000 A). Mpreover, ppn of 
the enhancemenr may be the resulr of DBR, mrher than QPM, since DBR is too close to the broad Slf peak. Ref. [41 
illustrates how DBRs can enhance SHG for a single thin layer of Alo3Ga,-,,As in a cavity grown on (100) direction. In this 
case, SHG was not quasi-phase-matched. Recently, Alo.8Ga,-,2As/GaAs multilayers grown on a GaAs (100) substrate w e  
used to demonstrate QPM at 1.064 p.5 However, the QPM peak (i.e. SH intensity vs. pump mvelength) was not directly 
measured since the pump beam can only emit a single wavelength. The alternative measurement of enhancement vs. incident 
angle did not reveal a peak in the measurement range. The large enhancements were measured for the SH intensity rehive. to 
that for bulk GaAs. However, SH photon energy at 0.532 pm is above the band-gaps of both GaAs and AIO.~G%.~&S. In 
addition, since the multilayers can act as DBR due to a large difference of refractive indices, some of the enhancements may 
be attributed to the DBR. We conclude that the enhancement factors measured in Ref. [5] do not necz,-z,i~y correspoltd to 
the enhancemenr solely due to QPM. From all the previous r e s ~ 1 t . s ~ ~  it is obvious that one should design an all-MBE-g-gyq~ 
multilayer structure in such a way that (i) SH photon energy is below the band-gaps of the alternating layers and (ii) a cavity 
based on a pair of DBRs is used to enhance QPM SHG in order to determine the optimum enhancement. Io bbth Ref. [3] and 
[51, the conversion efficiency was not measured. Furthermore, quadratic dependence was not confirmed. Onthe other band, 
in Ref. [4] high efficiency was obtained solely due to the enhancement of DBR, however not QPM. Power dependence was 
measured with a severe deviation from a square law due to extremely high peak intensities used. 
In this proceedings paper, we report our results on detailed investigation of reflection-SHG from GaAsMAs and 
GaAs/AIo 8 G ~ 2 A s  multilayers that have much higher quality. For the first time, we have directly observed a sharp QPM w k  
of the first-order by measuring the spectrum of the reflection-SHG and comparing with the linear reflection spectrum. We 
have achieved a very narrow linewidth of the QPM peak limited only by wave-vector mismatch. We have achieved an 
enhancement factor of about 124 over the background. We have dso observed QPM peaks at the second- and third-orders 
with andfor without a cavity. We have measured the dependence of the SH power on the pump power. Furthermore, we hsve 

Correspondence: Ph.: (501) 575-6570; Fax: (501) 575-4580; E-mail: yding@uark.edu 

Ultrafast Phenomena in Semiconductors V, Hongxing Jiang, Kong Thon Tsen. Jin Joo Song, Etiiors. 
Proceedings of SPlE Vol. 4280 (2001) 62001 SPlE 0277-766WOl/%l5.00 



APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 5 30 JULY 2001 

Cavity-en hanced and quasiphase-matched multi-order reflection-second- 
harmonic generation from GaAsIAIAs and GaAsIAIGaAs multilayers 

Xiaodong Mu, Yujie J.  in^,^) Haeyeon Yang, and Gregory J. Salarno 
Departnient (fPhysics. Utliversity ofArkun.ras, 226 Physics Bitilding, Fuye[/eville, A~kot~.rc~s 72701 

(Received 8 December 2000; accepted for publication I 1  May 2001 ) 

We have observed quasiphase-matched second-hannonic generation in the reflection geometry from 
GaAsIAlAs multilayers. By using GaAsIAlGaAs lnultilayers and Fresnel reflection as a cavity, we 
have also achieved cavity-enhanced nonphase-matched second-harmonic generation froin 
GaAsIAlAs multilayers. The linewidth for the first order reflection-second-harmonic generation is 
limited only by wave-vector mismatch. In addition, we have demonstrated two-order-of-magnitude 
enhancement on the conversion efficiency by using the cavity. Cc) 2001 Arnericnn Institute c?J 

Physics. [DOI: 10.1063/1.1383565] 

GaAs and AlGaAs have very large second-order suscep- 
tibilities. To achievc efficient frequency conversion, inulti- 
layers have been used to achieve quasiphase matching 
(QPM).' There are two configurations for QPM: surface 
cmittingl9' and r e f l e~ t i on .~ -~  In the surfacc-emitting geom- 
etry, a pump beam or second-harmonic beam propagates 
transversely or parallel to the surface normal while paramet- 
ric or fiindamental beams propagate in the layer plane. One 
of the advantages is the possibility of achieving oscillation 
without any ~ a v i t y . ~  On the other hand, the reflection geom- 
etry can easily be used to measure nonlinearity of rnultilay- 
ers. In these two configurations, the dependence of the 
second-ham~onic power on the propagation length is quite 
different. Although reflected-second-hannonic generation 
(SHG) in GaAs/A1,Gal -,As multilayers was initially stud- 
ied in Refs. 3-5, sharp QPM peak had not been achieved 
before due to (i) poor quality of the multilayers or (ii) lack of 
a hinablc laser. In Ref. 3, 17 pairs of alternating layers of 
GaAs and Alo,;G%,7As on a (I 10)-orientated GaAs substrate 
were used for forward and backward SHG (LC., zero incidcnt 
angle). .4n enhancement bjl a factor of only 2.7 over the 
hackgrozrnd wus obtained becazise of the broad SH spectrunl 
(>1000 A). Moreover, part of the enhancement may be the 
result of Bragg condition, rather than QPM, since Bragg con- 
dition is too close to the broad SH peak. Ref. 4 illustrates 
how distributed Bragg reflectors (DBRs) can enhance SHG 
for a single thirl luyer of Alo,3G+,7As in a cavity grown on 
(100) direction. In this case, SHG was not quasiphase 
matched. 

Recenlly, Alo,8Ga,,2As/GaAs multilayers grown on a 
GaAs (100) substrate were used to demonstrate QPM at 
1.064 p n ~ . ~  However; the QPMpeak (i.e., SH intensity versus 
puntp wavelength) was not ciiwctly measured. The alternative 
measurement of enhancement versus incident angle did not 
reveal a pcak in the measurement range. The large enhance- 
ments were measured for the SH intensity relative to that for 
bulk GaAs. However, SH photon energy at 0.532 pm is 
above the band gaps of both GaAs and Alo,8Gao,zAs. In ad- 
dition, since the rnultilayers can act as distributed Bragg re- 
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flection (DBR) due to a large difference of refractive indices, 
some of the enhancements may be attributed to the DBR 
rather than QPM. 

In this letter, we report our results on detailed investiga- 
tion of reflection SHG from GaAsIAIAs and 
C ; ~ A S / A I ~ , ~ G ~ ~ . ~ A S  multilayers that have much higher qual- 
ity. We have directly observed a sharp QPM peak of the first- 
order reflection-SHG. An enhancement factor of about 124 
over the background has been achieved. We have also ob- 
served QPM peaks at the second and third orders with and!or 
without a cavity. We have also measured the dependence of 
the SH power on the pump power. Furthermore, we have 
determined the relation among the SH polarization, SH 
power, and pump polarization. Our investigation of the re- 
flection SHG from inultilayers serves as a first step towards 
evcntual applications of GaAsIAlCiaAs multilayers for gen- 
erating and anlplifying mid-IR waves based on a novel 
~on f i~u ra t i on .~  

Our sainples were grown using a Riber 32 molecular- 
beam cpitaxy system at the University of Arkansas. Figure 1 
shows their stmch~re. Three picosecond OPO pulses with a 

240 ML GaAs I 

480 ML GaAs I 

(LOO) GaAs Substrate 

FIG. 1. Structure of GaAs/AI,,,Ga,,,As multilayers in the presence of a 
GaAsiAlAs multilayer cavity (where ML designates monolayers), and, 
reflection-SHG geometry. 
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Observation of an anomalously large blueshift of the photoluminescence 
peak and evidence of band-gap renormalization in InP/lnAs/lnP 
quantum wires 

Xiaodong Mu, loulia B. Zotova, Yujie J. ~ i n g , ~ )  Haeyeon Yang, and Gregory J. Salamo 
Department of Physics, UniversiT). ofArkansn.s, Fayetteville. Arkarisas 72701 

(Rcceivcd 17 November 2000; acccpted for publication 5 Junc 200 1) 

We havc investigated polarization-dependent pl~otolu~nincscence in InPllnAslI~iP quantum wires 
directly fonned on the top of InP substrates. With excitation laser intensity we have observed an 
anon~alously large blueshift of the photolun~incscence pcak using a cw lascr with cxtremcly low 
intensities. We have also observed evidence of band-gap renormalization. In addition, we have 
measured two-photon luminescence spectra and confirmed their dependence on photoluminescence 
polarization. O 2001 American Institute of' Physics. [DOI: 10.106311 . I  3904831 

Quantum wires can be formed by the T intersection of set of 460 meV. For simplicity, we have neglected strain 
two GaAs quantum wells.' It has been reported that near- anisotropy and excitonic binding energies. Our rough esti- 
infrared optical study of single GaAs quantum wires grown mates of the peak transition energies have confinned the av- 
on a patterned (31 1)A GaAs surface can reveal interesting erage height and width of the quantum wires directly mca- 
eft'ects.?here are also some efforts for obtaining vertically sured by STM. As one can see, depending on the PI; 
stacked quailtun1 wircs fabricated 011 GaAs(311)A pattcmcd polarizatioil the PL intensity is differcnt. Figurc 2 shows the 
substrates.~ecei~tly,  high-density I d s  nanowires embed- 
ded in an In0,52A10.48A~ matrix were fabricated in situ by 
molecular-bean1 epitaxy (MBE) on a (100) InP substrate." 
Most recently, it was demonstrated that InP buffer layers 
grown by MBE produced quantum-wired str~ctures.~ In both 
Refs. 4 and 5, the photoluminescence (PL) intensity is 
strongly polarized along onc dircction. Quantum wires can 
also be formed on As-diffused structures." 

In this letter, we present our results of polarization- 
dependent PL studies on InPIInAslInP quantum wires. In ad- 
dition, we have also observed polarization-dependent two- 
photon lun~inescence. Furthemlore, we have observed an 
anomalously large blueshift of the apparent PL peak and evi- 
dence of band-gap renoinlalization using a continuous-wave 
(CW) laser bcan~. 

Our quantiun-wire sample was grown using a Riber 32 
MBE system. A 0.3 pln InP buffer layer and then 3.8 ML of 
InAs were directly grown on a (100) InP substrate at the 
ternperahre of 480 "C and a growth rate of 0.3 MLIs. A 
300 A InP cap layer was grown without interruption on the 
top of the InAs layer. Our in situ scanning-tunneling- 
nlicroscope (STM) picture (as shown in Fig. 1) reveals that 
quantum wires are fomled with the average height of about 
23 A, width of 150 A, and length of about I pin. Our recent 
work7 has demonstrated that if quantum wires are annealed 
at 480 "C: without As overpressure quantum dots could be 
formed. 

We have used a cw Ti:sapphire laser beam as a pump 
beam to measure the PL spectra shown in Fig. 2. The peak 
wavelength and linewidth are determined to be 1.4345 pm 
and 55 meV, respectively, based on Fig. 2. Wc have calcu- 
lated the peak transition energies by using a free-particle 
model. In our calculations. we have used a valence-band off- 

"'Electronic mail: yding@ua].k.edu FIG. 1. STM pichlre of quanhlrn wires 
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Formation of quantum wires and dots on lnP(001) by AsIP exchange 
Haeyeon ~ a n g , ~ )  P. Ballet, and G. J. Sa lamo 
Depi~rlmenl of Physics, Universiy of Arkansas. Fflj~etteville, Arkclnsas 72701 

(Received 18 September 2000; accepted for publication 27 March 2001) 

We report on the use of in situ scanning tunneling microscopy to study ASP  exchange on InP(001) 
surfaces by inolecular beam cpitaxy. Results demonstrate that the exchange process can be 
controlled to selectively produce either quantum wires or quantum dots. 15 nm wide self-assembled 
nanowires are observed, and they are elongated along the dimer row direction of the lnP(001)-2 
X 4 surface with a length of over 1 pin and flat top 2 X 4 surfaces. In addition, when the nanowires 
arc annealcd with no arsenic ovelpressure, the surfacc reconstruction transforms from 2 X4 to 4 
X 2 and the llanowires transfornl into dots with a rectangular base and flat top. O 2001 American 
hntihite qf Physics. [DOI: 10.10631 1,13726221 

INTRODUCTION 

Driven by the promise for different devices,' there has 
been great interest in the growth of nanostructures. The 
growth of heteroepitaxial nanostructures involves several 
key issues such as strain due to a lattice mismatch, or mate- 
rial exchange due to diffusion between different layers. Both 
of these effects, usually considered detrimental to quality 
interfaces, can play significant roles in nanostructure forma- 
tion. For example, self-assenlbled three dimensional (3D) 
nanostructures are realized by utilizing the strain between 
materials with different lattice constants such as InAs quan- 
tum dots on GaAs substrates. In addition, coupled with the 
formation of nanostructures, it is well known2 that when an 
11~4s  layer is fornled on GaAs, the Ga atoms and In atoms 
diffuse and exchange. This inteinlixing affects the composi- 
tion of the nanostructure and plays a significant role in the 
nature of the confined electronic  state^.^ 

Other quantum confined systems which are driven by a 
lattice mismatch, such as, InAs dots on InP s ~ b s t r a t e s ~ , ~  and 
GaSb on GaAs substrates,%ave been studied to exploit their 
electronic propcrties. Growths of these hetcrostructurcs also 
involves active exchange of group V elements. The exchange 
of group V elements has been studied in many systems such 
as AS IS^,^ s ~ R , '  and  ASP.".'^' The focus of these studies 
tcnds to be on the effccts of cxchange on interface quality for 
heteroepitaxial growth. While such exchange may be viewed 
as a problem, like strain, it can also be a useful tool. For 
example, exchange of A s p  has been used to remove the 
oxide layer on InP s ~ r f a c e s , " ~ ' ~  where the resultant interface 
leads to epilayers of InGaAs with excellent electrical prop- 
erties. In this article, we present results that dcmonstrate that 
intertnixing can also be a useful tool in the formation of 
self-assembled 3D nanostructures. 

Previously reported studies of InAs nanostructures on 
planar InP(001) surfaces are on quantum dots formed either 
by exchange4 or by direct deposition.'3~'4 Although quantum 
wire formation has also been reported recently by direct 
deposition of InAs on InP(001) s~bs t r a t e s , ' ~ , ' ~  there are no 

"Electronic mail: hayan~(irjcomp.uark.cdu 

0021 -8979/2001/89(12)/787114/$18.00 

comesponding reports on nanowire formation by an cx- 
change process. Here we have demonstrated the foimation of 
nanowires on an In?(001) surface by simple exchange of 
As/P, cxtending the possibility of using an exchange process 
to fabricate devices based on quantum wires in heteroepi- 
taxial growths. We also report that by simple control of the 
As overpressure, and the corresponding surface reconstnic- 
tion, either nanowires or dots can be selected for growth. 

The experiment is carried out in a molecular beam epi- 
taxy (MBE) chamber with solid sourccs of arscnic and phos- 
phorous which are equipped with valves to provide control 
over fluxes. The substrate temperature is measured using op- 
tical transmission thcrnlomctry for reproducibility and abso- 
lute measurement to within ? 2 " ~ . ' ~  After loading a conl- 
mercial n-type planar (miscut within 0.05") InP(001) wafer 
into the MBE chamber, the oxide layer on the wafer is re- 
moved by annealing the wafer above 480 "C under a cracked 
(950 "C) phosphorous (P2) beam equivalent pressure (BEP! 
of lo-' Torr. The resultant surface yields 2 X4 patterns in 
reflection high energy electroil diffraction (RHEED), similar 
to those of 2 X4 patterns of a GaAs(001) surface.'' 

After oxide removal, a 0.3 pm thick buffer layer of InP 
is grown on the substrate at 470°C. To have a smooth 
InP(001)-2 X4 surface, the substrate is annealed at 500 "C 
under a P, pressure of 1 X Torr for 15 min and then 
cooled to 480 OC. At 480 "C, thc valvc for thc P2 flux is 
closed and the residual phosphorous is pumped out for about 
3 min. During this pcriod the RHEED continuously indicates 
a stable 2 X 4 surface reconstruction that is independent of 
the P2 ovcrpressurc. 

After preparing an InP surface, the sample is rapidly 
cooled down below 250 "C and transferred to the scanning 
tunneling microscope (STM) chamber through the ultrahigh 
vacuum modutrack. STM images are takcn for fillcd states 
(-3 V on the sample) with tunneling current around 100 PA. 
The STM images of the starting surface of InP(001), just 
before deposition of InAs, are shown in Figs. l(a) and l(b). 
The images show terraces, vacancy islands, monolayer (ML) 
high steps and 2 X 4 surface reconstruction with dimer rows 
[the inset in Fig. I (b)] which are along the [Mo] direction. 
The STM images indicatc a beautiful lnP(00 1) surfacc even 
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Fixing multiple waveguides induced by photorefractive 
solitons: directional couplers and beam splitters 
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We show how to transform multiple real-time photorefractive solitons into permanent two-dimensional 
single-mode waveguides impressed into the crystalline lattice of the host material. We experimentally 
demonstrate two specific configurations of such fixed multiple waveguides: directional couplers and multiple 
beam splitters. O 2001 Optical Society of America 

OCIS codes: 190.5530, 190.5330. 

Photorefractive solitons1 have been observed at low 
light powers and exhibit robust trapping in both 
transverse dimensions.'-E Among the numerous 
types of photorefractive soliton, the most commonly 
used type is screening  soliton^,^-'^ which form when 
an electric field applied to a photorefractive crystal 
is partially screened within the incident light beam 
as a result of transport of photoexcited charges. 
As a result, an internal electric field exists around 
the optical beam and modifies the refractive index 
through the Pockels effect. The parameters of soli- 
ton self-induced waveguides can be engineered by 
use of the soliton existence curve." Such soliton- 
induced waveguides can be used in various wave- 
guide applications and in multiple configurations, 
such as directional couplers1' and beam splitters 
(Y j u n c t i ~ n s ) , l ~ - ~ ~  (as was demonstrated with other 
kinds of solitons),16 and more recently were used to ob- 
tain a waveguiding environment for efficient nonlinear 
frequency c o n v e r ~ i o n . ~ ~ ~ ~ ~  However, these real-time 
waveguides induced by photorefractive solitons decay 
and disappear when the applied field is turned off 
while the waveguides are guiding a light beam. This 
decay and disappearance occur because the trapped 
electrons that have screened the applied electric field 
are re-excited and undergo transport, giving rise to 
a charge distribution that cannot support solitons. 
Although the self-induced and easily erased nature of 
photorefractive soliton-induced waveguides is attrac- 
tive for dynamic applications, for many applications 
it is advantageous to impress waveguides into the 
crystalline structure permanently, that is, to have 
the induced waveguide last indefinitely without an 
applied field, even under intense illumination. Re- 
cently, Klotz et  al.'' and DelRe et a1.20 demonstrated 
how to transform the "real-time" screening soliton 
into a permanent waveguide by means of ferroelec- 
tric domain r eve r~a l . ' ~~ '~  Here, we experimentally 
demonstrate the fixing of multiple photorefractive 
solitons into permanent two-dimensional single-mode 

waveguides that also act as directional couplers and 
multiple beam splitters. 

We start by demonstrating the process of fixing 
two soliton-induced waveguides into a directional 
coupler. A directional coupler consists of two wave- 
guides in close proximity, which are coupled to each 
other by evanescent fields. The separation between 
the waveguides determines the coupling efficiency. 
The closer the waveguides are to each other, the 
larger the coupling is. In principle, in a directional 
coupler consisting of two completely identical wave- 
guides, as much as 100% of the energy injected into 
one waveguide can be transferred into the second 
waveguide after a specific propagation distance L. 
For lengths less than L the coupling is less than loo%, 
whereas for lengths greater than L, energy is coupled 
back into the original waveguide and the coupling 
is also less than 100%. A directional coupler made 
by using real-time soliton-induced waveguides was 
demonstrated in Ref. 12. In this Letter we generate 
such a directional coupler and the convert it into a 
permanent structure, using the technique for fixing 
photorefractive solitons demonstrated in Ref. 19. 

We use the standard setup for forming and fixing 
screening  soliton^,^^^' combined with the technique 
for generating a soliton-induced directional cou- 
pler.'' Beam splitters divide the output of a 514.5-nm 
argon-ion laser into two 20-pW soliton beams and a 
100-mW background beam. The crystal is a 1-cm 
cube of SBN:75 doped with 0.02% cerium by weight. 
The soliton beams each have a 12-pm FWHM input 
diameter [Figs. l(a)- l(c)l, and the 100-mW back- 
ground beam is expanded to fill the entire crystal. 
Normally, the incident beams, which propagate along 
an a axis, diffract to -100 pm at the exit face. When 
an electric field is applied along the c-axis, the beams 
self-trap, as the output beam diameters are reduced 
to 12 pm. Once the beam self-focuses to its initial 
width of 3 kV/cm, we switch off the laser light and the 
applied electric field sequentially. After 1 min, the 
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Intersubband transitions in 1 MeV proton-irradiated GaAs/AIGaAs multiple quantum wells were 
studied using an optical absorption technique and isochronal thermal annealing. The intersubband 
transitions were completely depleted in sa~nplcs irradiated with doses as low as 4 X l0I4 cm-I. Morc 
than 80% recovery of these depleted transitions was achieved after the samples were thermally 
anncaled at teniperatures lcss than 650 "C. The total integrated areas and peak position energies of 
the intersubband transitions in irradiated and unirradiated samples were monitored as a hnction of 
annealing temperature. It was noted that the recovery of the depleted intersubband transitions in 
irradiated samples depend on the irradiation dose and thermal annealing temperature. O 2000 
A4merican Itrstitzite of Physics. [S0003-695 1 (00)00444-71 

Irradiation induced atomic displacement in semiconduc- 
tors affccts both material properties and devicc performance. 
Rcccntly, the proton irradiation effect on the intersubband 
transitions in GaAs/AIGaAs multiple quantum wells was 
reported.' It was shown that the intensity of the intersubband 
transitions is decreased as the proton irradiation dose is in- 
creased. This was explained in terms of trapping of the two- 
dimensional electron gas in the GaAs quanh~m wells by 
irradiation-induced defects such as vacancies, antisites, and 
more complex defects. A reduction of the intensity of the 
intersubband transitions in electron irradiated GaAsIAIGaAs 
multiple quantum wells was also observed.' 

In this letter, we report on the themla! recovery of de- 
pleted intersubband transitions in proton irradiated GaAs/ 
AlGaAs ~nultiple quantum well samples. The intersubband 
transitions were nieasured bcforc and after proton irradiation 
and it was observed that the intcrsubband transitions wcre 
co~npletcly washed out in samples irradiated with 1 MeV 
protons and doses higher than 4 X 10'~cm-'. Upon isochro- 
nal thermal annealing, these transitions were observed to re- 
cover at annealing temperatures (To) as low as 250°C in 
samples that received low irradiation doses. Both the total 
integrated areas and the peak position energies of the inter- 
subband transitions in irradiated samples and in one- 

two-dimensional electron gas. The behav~ui , . ' ":' r v d l  ;n~u- 

grated areas and the peak position energies of tl-.A: !.ILL r s ~ ;  3 -  

band transitions will be explained in terms of energy lcvel 
shifts due to interdiffusion. 

Two nlultiple quantum well structures used in !his study 
were grown by the molecular-beam epitaxy technique on a 
semi-insulating GaAs substrate with a 0.5 p m  thick GaAs 
buffer layer and an - 200 A thick GaAs cap layer.'   he struc- 
tures of the two wafers are shown in Table I. Thc barriers of 
the wafer labeled "A" are bulk AlGaAs. Wllilc t!~c barricks 
of the wafer labeled "B" are made of five periods AICin!\s/ 
GaAs superlattices. The well regions were Si-dopcil {[Si] 
= 2X lot8 ~ r n - ~ } .  Several samples were cut and ~rradiated 
with diffcrcnt doscs of 1 MeV proton beams. Ttrc infrared 
absorption spectra were recorded at the Brewsterfs anglc ~f 
GaAs (73") from the normal using a B0ME.M 1:ouriiir: 
transform interferometer in conjunction with n ~ont~nut i r s  
flow cryostat. The te~npcraturc was controlled ~\.itl!in I I .O'K 
and the spectra were measured at either 77 or 300 K. Furnace 

TABLE 1. Structures of  the wafcrs used in the present stu~);. ~ i l  water 

wcre Si doped in the well ([Si]=3.0X 1O1%rn-I). The bariicr inarcrinl of 
wafer "H" is made of  AlGaAslGaAs superlanice. . .. 

-- 
Wafer A 11 , 

reference sample were measured as a function of To. The T, 
Wcll thickness (A) 75 <<I 

at which the recovery occurred was found to depend on the &As .. .. . 
protons irradiation dose. This observation will be explained Bamier malerial Na,Gao,,~s Al,,,Ga< ,,, :\s G'LAC 
in terms of irradiation induced-defect species, which trap the Barrier thickness (A) 100 ~ c , - : . r  

Barrier pcriod ... 
MQWs period 50 so 
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Scanning tunneling microscopy investigation of truncated InPIGalnP, 
self-assernbled islands 

P. Ballet, J. B. Smathers, H. Yang, C. L. Workman, and G. J. salamoa) 
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We present an investigation of the morphology of InPIGaInP three-dimensional (3D) islands 
obtained by molecular beam epitaxy. This material system should represent the counterpart of the 
InGaAsIGaAs systenl for thc visible range. The islands are found to be truncatcd pyramids with 
observable phosphorous-rich surface reconstruction on top. The investigation of the effect of P 
overprcssurc rcvcals a path to achicvc extrcmely hornogencous 3D islands through an island shapc 
transition. These results help us understand the emerging issue of 3D island shape trans~tion. 
Q 2000 American Institute of Physics. [S0003-695 1(00)00147-91 

Self-assenlbly of semicond.uctor nanostructures has dem- 
onstrated the potential of highly strained layer epitaxy to 
produce quanhlm objects with reduced dimensionality, such 
as quantum Highly rnismatchcd systems can bc eas- 
ily found in 11-VI and 111-V compounds as well as GeISi. 
This great variety of materials, having different band gaps 
and lattice parameters, allows for strain engineering as well 
as band structure engineering. As a result there have been 
numerous investigations on quantum dots using the GeISi 
system3*' and the As-based 111-V ~ ~ s t c r n s , ' ~ ~ ~ ~ - ~  thc most 
striking example being (In, Ga)As/GaAs for which extensive 
literature exists. Surprisingly, however, the structural proper- 
ties of phosphorous-based systems, especially InP self- 
assembled quantum dots, have been left comparatively unex- 
plored. Motivation for study, however, is now strong, given 
that InPIGaInP quantum dot devices have bcen demon- 
strated, and that they exhibit strong emission of light in the 
longer wavelength region of the visible spectrum.9310 Both 
molecular beam epitaxy (MBE)-grown and metalorganic 
chemical vapor deposition (M0CVD)-grown structures have 
been developed. The forn~er technique produces higher den- 
sities of smaller islands and a rather disordered phase for the 
GaInP alloy "-I3. 

In this letter we present a detailed investigation of the 
morphology of InP/GaInP1 self-assembled islands. Our find- 
ings clearly show that the InP island structure exhibits strik- 
ing differences with respect to InAs 3D islands. We also 
report on the role of a phosphorous overpressure in obtaining 
extremely narrow 3D island size distributions. 

Our sanlples have been grown using a Riber solid source 
MBE. The GaInP, layers of 0.2 p m  thickness have been 
grown at 500°C on GaAs nt  wafers. The co~nposition of 
these layers, leading to the latticc match with GaAs, has been 
checked using high resolution x-ray diffraction and moni- 
tored from growth to growth using in situ rcflcction high 
energy electron diffraction (RHEED) oscillations. The InP 
0.33 monolayer per second (MLls) growth rate remained 
constant between the growth of GaInP2 and the InP deposi- 
tion, leading to thc formation of 3D islands. InP is ~rovided 

by sequences of 0.66 ML followed by exposing the surface 
to only P? for a period of 30 s. The sequences are repeated 
until the desired InP coverage of about 3.3 ML s is reached. 
The P2 overpressure is monitored using an ion gauge and is 
varied between samples froin 7.5X to I .5X lo-' Torr 
corresponding to 1:25 and 1:47 1II:V ratios, respectively. 
The presence of 3D islands above I .4 ML deposition is iden- 
tified by RHEED. After conlpletion of the growth, the 
samples are immediately transferred to the attached scanning 
tunneling nlicroscopy (STM) chamber. Room temperature 
filled state images using 3.0 V sample bias are acquired dur- 
ing the few hours following the transfer. 

Figure l(a) shows a RHEED pattern obtained with the 
electron beam in the [- 1101 direction and exhibits strong 
transmission spots with chevrons attributable to the presence 
of facetted 3D islands. Also distinguishable is a streaky pat- 
tem superimposed on the transmission pattern. The 4X peri- 
odicity of the streaks corresponds to that of the InP 2 X4 
surface reconstruction. However this pattern does not origi- 
nate from the InP wetting layer surface but rather from the 
top of the islands. Using high resolution STM, we found the 
islands to be truncated. A STM picture at the top of one of 
those islands is displayed in Fig. l(b). Clearly, the top sur- 
face is perfectly flat and shows evidence of the presence of 
the P din~er rows responsible for the 2 X4 surfacc recon- 
struction, and therefore explains the presence of streaks in 
the RHEED pattcm. Truncated islands have been predicted 

- 
FIG. 1 .  Rl-IEED pattern taken in the [- 1101 azimut (a) and STM Ilnage of 
the top of ,an InP 3D island (b). The z scalc in thc STM imagc has bcen 

" ~ u t h o r  to whom corrcspondence should be addrcsscd; clectl-onic mail: adjustcd to rcvcal thc phosphorous d i~ncr  rows of thc 2 X 4  surface recon- 
sa la~no(~comp.~~ark. rdu struction. 
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ABSTRACT 

Despite the increasing functionality of electronic systems provided by rapid progress in digital 
integrated circuits (ICs), the external world is analog. Thus, v h a l l y  all electronic systems must be 
wmidered as mixed-signal, not only in the traditional analogldigitd sense, but also in the bmader context 
of interfaces between digital circuits and RF, optical, physical, chemical, and biological system elements. 
Mixed-signal deviccs and systems are becoming increasingly impartant in the elechunics industry. With 
integrated circuits moving from tens of millions to hundreds of millions of transistors on a chip, entire 
systems are being moved onto a single chip. There is prcssurc to place both the analog and digital 4 
components of a product onto the same chip, creating a mixedsignal chip, or in the same MCM part. 
This is especially true in wireless telecommunications. Another force creating mixed-signal devices is the 
bcrensing use of digital processing of analog signals. A digital signal-processing device requires analag 
fiiters, samplers, A/D C~nvertcrs, among other functions, at the front and back end of the digital 
processing circuitry. Yet another factor 1s the increasing use of analog circuitry within digital circuitry. 
A DRAM chip, for example, is very much a mixed signal device. Its sense amplifiers. and the data 
storage cells themselves, are very much analog circuifq; while the rest of the circuit is bas~cally digital. 
h b l e m s  with signal distribution on digital chips at deep submicron geomeiries lead to the use of analog i 

circuitry for increased speed of signal propagdtion (primarily amplifiers and comparators). Noise and 
signal degradation problems that result from line width shrinkage are also best analyzed by analog 
simulation. A MEMS (Micro-Elecfr'o-Mechanical) chip is another good example of a mixed-technology 
system. A MEMS chip may contam both electronic and micro-mechanical components. A MEMS 
device used for biomedical or biotechnology purposes may contain micro-fluidic components, chemical 
components, or sensors. A nnxed-technology device may also contain both electronic and optical 
components. Simulation problems similar to those in mixed 'analog/digitalS systems are encountered in 
these kinds of systems. 

The 1997 Silicon Industries Association (SIA) roadmap describes the progress expected in 
integrated circuit technology over the next 10 years. The minimum design rule will go from 180 nm to 70 

• nm, DRAM density m production bom 256 Mb to I G  Gb, usable logic transistors on an ASIC from 14 M 
to 64 M, and maximum on-chip global clock frequency from 1 2  GHz to 2.5 GHz. In short, the 'brains" 
of electronic systems. the digital logic and memory. will continue to shnnk dramatically in size, weight, 
and cost, while continuing to increase in performance. Electronic systems, however, are not on the same 
pmgress curve. 

Due to all the packaging, signal conditiomng, and analog hardware that accompany digital 
electronics, the functional density berformance per volume) at the system level has increased far more 
slowly than ar the chip level. Even thoqgh system advances have been dramatic, it is clear that new 
technologies are required to allow systems to achieve. the same progress as chips. Thus, a great deal of 
development is bemg done on chtp scale packages (CSPs) to reduce the size of the chip package almost to 
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the size of the chip itself. Passive components (resistors, capacitors, and inductors), which can be 
integrated into the Printing Wiring Board (PWB) or other interconnect subsnte, are king developed. 
High frequency PC-DC converters for supplying chip opcrattng voltages are far smalker thsn their lower 
frequency counterparts. Improved techniques of heat removal, such as heat pipes, are allowing high 
power chips to be packed mwe closely and in wnfmed spaces, such as laptop. Yet progress is still not as 
bst as for semiwnductors. 

There are three critical issues facing mixed-signal, mked-techn~logy system implementation in 
the coming decade, where systems of importance include communication, data acquisition, medical, 
entertainment, military, industrial control, and many others. They arc (1) intdlces - seaxnless integratisn 
of interfaces with core digital electronics; (2) design, simulation, and testing tools - a beaer design, 
simulation, and test approach is needed; and (3) functional density (i.e., performance per unit volume) - 
integral passive components and improved packaging techniques, including adequate thermal 
managcmmt. A goal of two ordm of magnitude improvement, within ten years, in these three broad 
areas that now limit progress in realizing Fully Integrated Electronic Systerns (TIES), s e ~  reasonable. 

Thus, a critical need exists for the inteption, through advanced etectronic packaging 
technologies, of multifunctional, mixed-signal, and mixed-technology electronic systems. Unlike 
conventional electronic packaging, which primarily provides for the intcrcom~tion of electrical signaks, 
the next generation of electronic packaging will most likely have to deal with optical (i.e., integrated 
optics), mechanical (i.e.. MEMs), chemlcsl ( i s . ,  sensors), magnetic (i.e., actuators), neural (i.e.. neuron- 
activated impulses), etc. signals. Although smaller (denser), faster (in speed), and cheapcr are the 
wnventionel constrains on these systems as  well. 

System on a chip, or system on a module, or system in a package? The choice for a given 
electronic system will be wnkolled primarily by constraints on the system and the availability of 
solutions to the three critical issues noted prev~ously. Each of these k c  system packaging approaches 
have their own set of physical, functional and environmental constraints, in addition to the "smaller- 
faster-cheaper" boundary conditions and, = the number of constraints increases, t+s degrees of freedom, 
i.e., the means of packaging and integrating these sub-systems into a harmonious working system, 
decreases. This paper will address the challenges and technologies required, within the next ten years, to 
design, fabricate, and test FIES in the form of multidomam modules (MDMs), tbe next generation of 
rnultichip modulcs (MCMs). and other system packaging technologies which have not, as yet, been 
envisioned. 
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Abstract to be submitted to IMPAS'2000, Europe 482 Abstract to bc rubmincd to IMPAS'2000. Europe 

483  



Proceedings of SPIE - v 4217, p 235-238,2002 

2000 International Conference on High-Density Interconnect and Systems packaging 

Creating Optical Interconnects in Strontium Barium Niobate 

Matthew Klotz and Gregory J. Salamo 
Physics Department. University of Arkansas, Fayetteville, AR 7270 1 

(501) 575-2506 
salarno@comp.uark.edu 

Mordechai Segev 
Department of Electrical Engineering and Center for Photonics and Opto-Electronic 

Materials (POEM), Princeton University, Princeton, New Jersey 08544 
segev@ee.princeton.edu 

ABSTRACT 

In this paper we report on the use of soliton formation to create permanent waveguides by selectively reorienting 
ferroelectric domains within the propagating light beam. For the experiment, the output o f  an argon-ion laser is 
collimated andfocused to a spot size of I2 pm on the front face of a I cm cubic SBN:75 crystal. When a 3 kV/cm 
electric field is applied to the crystal along the direction ofthe spontaneous polarization. the beam selffocuses 10 its 
input diameter. The externalfield is then removed and a unifarm background beam that fills the crystal is swilched 
on. The space charge field due to photoinduced screening charges is larger than the coercive field of' the 
ferroelectric domains and causes the domains in the area of the incident beam to reverse their orientation. At 
equilibrium, a new space charge field, due to the bound charge at the domain boundaries is locked in place. This 
new field increases the index of refraction in only the area ofthe original soliton, so that a waveguide is formed 
The waveguides are observed to have the same size as the original soliton, exhibit single mode behavior and last 
indeI;nirely. 

In oddition to crealing single and multiple waveguides, a coherent collision of two solitons was used 10 

create several y-junctions in the crystal. Two mutually coherent, in phase beams were focused on the entrance face 
ofthe crystal with a peak to peak separation of33 pm. As the applied electric field wus increased, the two beams 
fused into one output beam, forming a yjunction. Following the procedure outlined above, several y-junctions were 
fixed in the ctystal. 

Key Words: Optical Interconnect, self-induced waveguides 

Introduction 

Optical spatial solitons [I]  in photorefiactive crystals 
[2] have shown potential to form graded index 
waveguides which-can guide other beams [3,4]. A 
soliton forms when a photoinduced index change in 
the material exactly compensates for the difiaction of 
the beam; i.e. the beam creates its own waveguide. In 
photorefiactive materials, a screening soliton is 
formed by the screening of an externally applied 
electric field through the transport of photoinduced 
carries [ 5 ] .  The picture to the right ( Fig.l) is a top 
view of a photorefractive crystal showing a l o p  
diameter incident laser beam difiacting as it 
propagates from the entrance face to the exit face of an 
unbiased crystal. Just below the difhcting picture, is a 
top view when the crystal is biased and the laser beam Fig.1. Top view showing an optical wire 
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Abstract 
The Electrical Engineering Department at University of 

Arkansas has been building considerable strength in Energy 
EfficiencylRenewable Energy Systems, Mixed-Signal, and 
Wireless Packaging areas. This effort is in coordination with 
critical other Departments within the College of Engineering; 
specifically Industrial Engineering and Mechanical Engineering 
Departments, in addition to the Physics Department within the 
College of Arts and Science. The High Density Electronics 
Center (HiDEC), established in 1992 with DARF'A funds to 
conduct research on advanced electronic packaging 
technologies, enables the educators to interact within the various 
disciplines to achieve the set objectives of packaging in these 
areas. The paper will outline the mission of each area, the vision 
and objectives of the administration, the technical issues to be 
addressed, the technological challenges and barriers for the 
Department to face and overcome to make this vision a true 
reality, and the curriculum restructure. The paper will also 
outline how critical these strategic areas are for a national 
academic institution recognition and fulfillment of critical needs 
for our nation's global competitiveness. 

1. Introduction and Background 
During the past 15 years, remarkable growth in wireless was 

promoted by technological, economical, and regulatory factors. 
Particularly, the microelectronics revolution has brought an 
advent of low cost digital electronics and electronic systems. 
The key components of radio transmitters and receivers became 
available as low priced integrated circuits with performance 
extending to the tens of gigahertz. Cellular telephone technology 
created an entire new industry. Meanwhile, optical fibers became 
the long distance transmission medium of choice for fixed users, 
offering ever increasing bandwidth at a low cost. The whole 
concept of communications changed with the birth of the 
Internet. Currently, telecommunications means a multimedia 
exchange of information between networks of people and 
machines. Also, the microelectronics revolution allowed global 
access to infordtion. This fact, coupled with the increased 
value that society places on individuality and decentralization. 
promoted deregulation and increased competition in Qe 
telecommunications industry. A rising demand for wireless 
services and technology was the direct result of the competition 

and consumers demand, since none was willing basically to wait 
for a wire to be installed. 

One has to realize important facts; the intelligence of 
telecommunications used to be i n ,  the hardware with 
sophisticated and complex execution of sizeable amount of 
analog signal processing, with the bandwidth being a scarce 
resource, and computer memory being relatively expensive. 
Functions are currently executed digitally, and the hardware 
making binary decisions achieve the objectives. Therefore, the 
real intelligence'lies in the software. One additional factor, 
while analog obeys one standard, three major digital cellulars 
still compete in a common territory. 

The radio link connecting devices to the remainder of the 
world is the common feature that all wireless devices share. 
Most wireless devices transmit and receive. The most visible 
sector of the wireless industry is associated with mobile and 
portable telephones: cellular, Personal Communications Services 
(PCS), and satellite based. Cellular telephones operate at 
frequencies around 900 MHz and connect to the public switched 
telephone network through cell sites that cover geographic areas. 
Clearly, users are handed off from one cell site to another as 
they move geographically. PCS systems operate around 1800 
MHz and have largely developed into a higher frequency form 
of cellular. The oldest wireless service was paging, and it is 
continuing to grow as competitive features are offered. A 
growing use of consumer wireless devices ranging from cordless 
telephones, garage door openers, and radio controlled toys is 
experienced. These devices consume bandwidth and radiate RF 
en&, although they are considered 'low tech' devices. In 
embedded radios, wireless replaces a wired link in a manner 
transparent to the user, with the cost factor being a prime 
concern. Wireless location devices include radio frequency tags 
to identify for example laboratory animals, longer range devices 
to track cargo, vehicles, and even people, and Global Positioning 
Satellite system (GPS) that has revolutionized navigation, with 
remarkable cost reduction. Wireless multimedia distribution 
systems are still considered in their infancy, but they promise to 
grow rapidly. These systems consist of terrestrial microwave 
systems such as microwave multipoint distribution systems 
(MMDS) at 5 GHz, or local multipoint distribution systems 
(LMDS) at 28 GHz, wireless local area networks, or satellite 
based systems. 

0-7803-590&9/00/$10.00 a000 IEEE 1278 2000 Electronic Components and Technology Conference 
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So'ons 111 Output 

Probe Beam 

CFHZ Fig 2. Photographs of the soliton beams (upper row) and photographs and profiles of the 
probe beams (that are all launched into the left soliton; middle and lower rows) exiting the crystal, for 
various separation distances between the solitons. 

Fig. 2, when the separation of the solitons de- 
creases, the coupling efficiency increases, until 
the two guided probe beams overlap with each 
other and are almost indistinguishable. 

In conclusion, two parallel mutually- 
incoherent spatial solitons at close proximity 
can serve as a directional coupler for light at 
longer wavelengths and the coupling efficiency 
gets higher when the separation between the 
solitons is smaller. 
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theoretical discussionz-' of self-focusing effect 
in application to spatially incoherent beams. 
Several models of incoherent self-trapping by 
slow responding optical nonlinearity have 
been proposed.'-* They explain the effect and 
provide agreement with experimental data. 
But they are either limited by searching soliton 
solutions4 only, or require computer sirnula- 
tions2-3 to describe longitudinal evolution of 
the captured beam. In the report we propose 
simple model, which generalizes previous re- 
sults and allows for explicit analysis oflongitu- 
dinal dynamics. The model is basedon a radia- 
tion transfer approach,= which is modified to 
take into account slow spatial variations 6~ of 
dielectric constant in a medium. 

First, we point out alocal angular spectrum 
J(r, 0, z) of an incoherent beam as a relevant 
characteristic for its nonlinear diffraction. It is 
an observable characteristic of a beam. Beside 
that, spatial evolution of J(r, 0, z) can be de- 
scribed in terms of a single differential equa- 
tion of thefirst order that we derived assuming 
the beam size exceeds much a transverse co- 
herence size: 

General soliton solution of this equation, Jl/  
J z  = 0, for the case of cylindrical symmetry is 
J(r, 8) = J(u); u = [SE(~)/E, - O2]/0i and E, is 
a uniform part of€. It means that for any given 
transverse profile of average intensity I(r), as 
well as for any type of medium response 6€(D 
to this average intensity, the beam can propa- 
gate as a spatial soliton.' It gives self-similar 
solution if its local spectrum J(r, 8) rigidly 13s 

C M 3  
the local pattern of intensity 1(r) according to 

11:00 am the law l(8€(r)/E08i) = (q,/n)dl(r)/d(&). 
Sollton-type and oeclllatoy behavior of If at the input boundaq z = 0 this relation 

rpatlally Incoherent beam by between I(?, 8) and I(r) is violated the beam 

nonllnear medium evolution along z is not solitary. The beam can 
suffer oscillations of these transverse profiles 
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Recent observation of self-trapping white l(r,  8 , ~ )  = lo exp[-a(z)rl - p(z)(r.  0)  

light1 by photorefractive crystals stimulated - Y(z)~'I. 
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through a logarithmic saturating medium, 
&(I) = h In(l/l,),' where such oscillations 
aren't damped over z. Explicit solutionb that 
corresponds to nonlinear oscillations along z 
for the beam radius, a-''2(z), and its diver- 
gence y-L'2(z) is reported for this model. 

Our conclusion is that since it is hardly 
possible to fit properly local spectrum to inten- 
sity prorile the real observations of incoherent 
self-trapping relate to the oscillating beams 
rather then to precise solitons. 
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Recent experiments demonstrate that pho- 
torefractive spatial solitons can be formed in 
semi-insulating InP:Fell through the forma- 
tion of self-induced waveguides. This paper 
reports on the coherent collision between two 
solitons in InP at the telecommunications 
wavelength of 1.3 p m  to form a y-junction. 

As shown in Fig. 1, Light from a diodelaser is 
split into two beams. Cylindrical lenses are 
used to independently focus each of the beams 
onto the crystal's entrance face when observing 
the collision between one-dimensional soli- 
tons, while spherical lenses are used to observe 
the collision between two-dimensional soli- 
tons. The light is polarized vertically, along the 
(110) crystal axis, while the electric field is ap- 
plied horizontally along the (001) axis. The 
beams are arranged so that they are parallel in 
the horizontal plane. The relative phase be- 
tween the two beams is controlled through the 
use of a piezoelectric mirror in the one beam. 

Before observing a collision in InP, each 
beam is checked independently to verify that it 
forms a soliton. Both beams are then launched 
together and the collision between one- 
dimensional solitons is observed (Fig. 2). Fig- 
ure 2(a) shows the input of the individual 
beams with a beam width of 23 p m  and an 
input separation of 36 pm, while Fig. 2(b) 
shows the normally diMacted output of each 
beam at a width of 50 pm. With an applied 
field of negative 11.5 kV, the output diameter 
is reduced to 25 &m [Fig. ~ ( c I ] .  The collision of 
the two solitons, when the beams are in phase 
[Fig. 2(d)], results in a single peak with a width 
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ABSTRACT - YBCO/YSZ/S~OZ/YSZ/YBCO multi-layer 
structures have been successful~y grown on single crystal YSZ 
substrates. The YBCO superconducting layers (300 nm thick) 
were deposited using pulsed laser deposition (PLD). The YSZ 
layers (300 nm thick) which are biaxially aligned were deposited 
using PLD and the ion beam assisted deposition (IBAD). A 
thick silicon dioxide layer (2-4 microns) was sandwiched 
between the YSZ layers to meet the low dielectric constant 
requirement for multi-chip module applications. However, if the 
bottom superconducting layer was patterned into 
interconnecting lines as required in device applications, the 
surface of the YSZISiO2NSZ on top of the patterned bottom 
superconducting layer had a roughness of about 500 nm. As a 
result, the top YBCO was no longer superconducting. Thus, 
planarization of the patterned bottom superconducting layer 
becomes a key issue. We have developed a "fill-in and lift-off' 
process to fill the gap between the patterned bottom 
superconducting lines with YSZ. As a result, we were able to 
reduce the surface roughness of the bottom YBCO layer to 
about 10 nm so the top layer was superconducting with a critical 
temperature of 87 K. 

2pm) whose dielectric constant is less than four was chosen 
to isolate the two superconducting interconnects, and h o  
biaxially aligned Yttrium Stabilized Zirconia (J'SZ) layers 
were deposited on top and underneath the SiO, as buffer 
layers to prevent diffusion of the amorphous SiO, into the 
YBCO layers. However, when the bottom YBCO layer is 
patterned into interconnecting lines, the surfilce of the 
YSZ/SiO,/YSZ is no longer flat. The rough~less of the 
surface is usually greater than the thickness of the bottom 
YBCO layer due to over etching in the patterning process. 
Since the top YBCO layer is found not to be superconducting 
when fabricated on a rough surface, the planarization of such 
a rough surface becomes a key issue. In this paper we report 
on a "fill-in and lift-off" planarization procedure and the 
effect of planarization of the bottom superconducting YBCO 
layer on the performance of the top YHCO layzr 
superconducting layer in the multi-layer structure. 

JJ. EXPERIMENTAL DETAILS AND RESULTS 

A. Patterned Multilayer Structure 
One potential application of high temperature 

superconducting (HTS) films is for signal interconnects 
between integrated circuit chips on a muki-chip module 
(MCM) substrate. A typical HTS MCM needs at least four 
layers: power plane, ground plane, and two or more signal 
planes [I]. Using a new approach, called the Interconnected 
Mesh Power System (IMPS) 121, a superconducting MCM 
can be realized with only two superconducting layers. This 
reduction makes the JMPS approach to fabricating a 
superconducting MCM very attractive since it significantly 
reduces material and technological demands as well as cost. 
Even with only two superconducting layers required, 
however, several problems have prevented the realization of 
a practical MCM. For example, using Yttrium-Barium- 
Copper-Oxide (YBCO) as the superconducting material, S. 
Afonso et al. have successfully fabricated YBCONSZI 
Si0,IYSZNBCO multi- layer structures [3]. In order to 
keep the distributed capacitance low, a thick SiO, layer (1- 

We fabricated a YBCO/YSZ/SiO,NSZNBCOIYSZ 
(substrate) multi-layer structure via a procedure described in 
[3]. Both the top and bottom YBCO layers were patterned 
into meander lines which were 19 cm long. The line widths 
of the bottom and top YBCO interconnect lines were 2011m 
and 30pm, respectively, as shown in Fig. 1. The resistance 
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The Portable Holographic Interferometer for residual stress 
measurement and nondestructive testing (NDT) of the pipelines 
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ABSTRACT 

Introducing a small scratch (10-25p depth) on the surface of a part containing residual stresses produces a small 
change in displacements around of the scratch on the surface. When the displacements are measured as a function of 
the depth of a scratch, a very small depth releases displacements of about U1O.The present paper shows that 
introduction of an additional faze shift permits determination of very small displacements and also presents the 
portable interferometer and the technique for measurement of residual stress in field conditions. 

Keywords: residual stress, portable interferometer, NDT, pipe lines. 

1. Introduction 

Holographic interferometry is an inspection technique that proved very useful in nondestructive testing. There is no 
physical contact with the test object. It can be applied to test objects of a wide variety of sizes and shapes, and to any 
type of solid materials, optical transparent or opaque. A high degree of sensitivity may be obtained, which makes 
possible the deteaion of low levels of displacements during inspection, resulting in interference patterns. Most 
procedures for measurement of residual stress near the surfsce involve removal of the material layer or drilling a 
hole. X-ray measurement is widely used but may be difficult to implement for certain geometric configurations and 
materials. The feasibility of employing interferometric techniques to measure the change in dioplacement occuning 
in the vicinity of the zone of the defoct or of the removal material (drilled hole, thin cut, etc.) has been recently 
investigated [1,2,3.4,9,10,11]. For good accuracy in counting the interference fringes (good accuracy of the 
determination of the residual stress) it is necessary to create a number of them. This number depends on depth of the 
zone of the removed material (0.5mm and more). In this case, we have to question the use of this technique for the 
investigation of the real structures. Ifthe depth of the zone of the removed material is very small (10-25p) one can 
get a number of interference less than 1/2. This depth is compared with the structural relief of the structure and can be 
very efasily removed from the structure if it is necessary. For determination of the number of interference less than '/1 
it is necessary of use the additional phase shift. This paper reports a technique for measuring residual stress using 
the portable holographic interferometer which has been mounted on the real construction to make measurement in 
field conditions. 

2. Background of the Complience Method (Optical Part) 

It is well known that holography i s  a linear process in the sense that two or more opt~cal waves can be recorded 
sequentially in time and later can be reconstructed simultaneously. Therefore the sum, difference, or even time 
average of a sequence of waves can be formed. In applications to interferometry, Ul(qy) represents the light 
scattered or transmitted to the hologram plane by some object, and U2(qy) represents light &om the same object 
after it has been slightly deformed or changed in some manner. Slight deformation or changes of the object 
primarily affect the phase of U1, so we write 

U ~ Y )  = 4hy)erp { -i+(&y) I, 
U~(&Y) = a(%y)erp { -iIMx,y) + A$(&Y)I 1 .  (1) 

The irrad'iance of the rcconsrructed wave then becomes: 

'~m-ce: Email: P&U@&&&&~B ; Telephone: 501 575 7978; Fax: 501 575 4580 

part of the SPIF Conference on Nondestructive Evaluation of Utilities and Pi~elines Ill 
Newoort Beach. California March 1999 SPlE Vol. 3588 0277-786X1991810.00 
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We present experimental evidence demonstrating that the photorefractive-index change responsible for the 
formation of photorefractive spatial screening solitons and coherent collisions between them is primarily 
isotropic in nature, even though the photorefractive medium is inherently anisotropic. O 1998 Optical Society 
of America 

OCIS codes: 160.1190, 120.5710, 060.5530. 

Optical spatial solitons' are created when a self- 
induced index change exactly compensates for the 
natural diffraction of the optical beam. In this sense 
the beam induces its own waveguide and offers the 
potential to guide, steer, and switch another optical 
beam. These ideas are particularly apparent in the 
case of collisions between photorefractive solitons. 
Although there have been several types of photorefrac- 
tive s o l i t ~ n ~ - ~ ~  reported, our study is focused on the 
isotropic nature of screening photorefractive solitons 
and the interactions between them.5-16 

Intuitively, one can view the formation of bright 
screening photorefractive solitons by picturing a fo- 
cused laser beam passing through an electrically bi- 
ased photorefractive crystal. The beam excites charge 
carriers from dopant with energy levels deep in the 
forbidden energy gap, thereby increasing the conduc- 
tivity (decreasing the resistivity) in the illuminated 
region. Therefore the applied voltage creates an elec- 
tric field primarily in the dark high-resistance regions, 
whereas the electric field in the bright region is consid- 
erably lower. Since the index change created by the 
electro-optic effect is proportional to the electric field, 
the index is lowered (for an  appropriate choice of di- 
rection of the applied field with respect to the prin- 
cipal crystalline axes) primarily in the dark region, 
and a graded-index profile is created that mimics the 
laser intensity distribution. This index profile leads 
to trapping of the beam and to the formation of an indi- 
vidual screening spatial photorefractive soliton.5-' 

Observed photorefractive screening solitons have 
been so robust that they have presented a playing field 
on which to investigate soliton  collision^.'^-^^ For 
example, if the colliding solitons are coherent, the 
two beams interfere in the crystal as  they propagate. 
When the relative phase between the two beams is 
zero and the collision angle is small, the interference 
produces a pattern that is predominantly one bright 
fringe that develops into a single soliton and two 
solitons that can fuse into one.16 On the other hand, 
when the relative phase between the two beams is .rr 

the interference is predominantly two bright fringes 
centered about a dark fringe. The two bright fringes 
then develop into repelling solitons.16 

Photorefractive screening solitons5-' that have one 
transverse dimension are characterized by an ex- 
istence curve that relates the soliton width A 5  = 

h ~ k n ~ ~ ( r , ~ ~ V / 1 ) " ~ ,  where Ax is the actual soliton inten- 
sity FWHM, k = 27r/A, reff is the effective electro-optic 
coefficient, and V is the voltage applied across the crys- 
tal of width 1, to Uo2 = Io(Ib + Id), the ratio between the 
incident soliton peak intensity I. and the sum of the 
background intensity Ib and the effective dark inten- 
sity Id. Solitons exist only for parameters that follow 
the existence curve, and large deviations (> 10%) can- 
not support a soliton, as shown experimentally in many 
papers (see, e.g., Refs. 10, 12, and 16). 

Although one-dimensional (1-D) screening solitons 
are well understood theoretically, little has been noted 
about the nature of the self-induced index change for 
a single 2-D soliton or for a collision between two 2-D 
solitons. An analytic theoretical analysis exists only 
for the 1-D case, whereas the theory for 2-D screening 
solitons relies mostly on numerics." For example, de- 
spite the large amount of direct experimental evidence 
demonstrating the existence of circular screening 
 soliton^.^^^^^^^^'^ all numerical a t t e m ~ t s  have either 
failed completely to yield a soliton or have found an  
approximately nonevolving beam of an elliptical shape. 
Intuitively, the circular symmetry is broken by the 
boundary conditions as  the voltage is applied between 
two planar electrodes. Furthermore, the electro-optic 
effect is fundamentallv anisotro~ic. In fact. i t  is 
rather surprising that many photorefractive crystals 
can support circular solitons. Given the lack of a full 
2-D theory and the inherent anisotropic nature of the 
photorefractive nonlinearity, the interaction behavior 
between 2-D screening solitons is not so intuitive as in 
the 1-D case. In this Letter we present experimental 
evidence demonstrating that the photorefractive-index 
change responsible for the formation of individual 
photorefractive screening solitons and the behavior 

0146-9592/98/120897-03$15.00/0 O 1998 Optical Society of America 
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Evaluation of 1nP:Fe Parameters by Measurement of Two 
Wave Mixing Photorefractive and Absorptive Gain 

M. CHAUVET,' G.J. SALAMO,' D.F.  BLISS,^ and G. BRYANT~ 
1.-University of Arkansas, Physics Department, Fayetteville, AK 72701, 2.-Rome Laboratory, 
U.S.A.F., Hanscom AFB, MA 01731 

In this paper, we present two-wave mixing absorption gain measurements in 
1nP:Fe in the 960-1035 nm wavelength range. The measured absorption gain is 
shown to be positive for long wavelength but changes sign for shorter wave- 
length. By simultaneously measuring the photorefractive gain and the absorp- 
tion gain, we deduce the values of the photo-ionization cross sections related to 
the iron deep level trap. Finally, the study of the temperature dependence of the 
absorption gain allows us to evaluate a temperature shift of the iron level with 
respect to the conduction band of -4 x lo4 eV/K. 

Key words: Absorptive gain, InP:Fe, photorefractivity, two wave mixing 

INTRODUCTION 
Semi-insulating iron doped indium phosphide 

(1nP:Fe) is of interest for the development of opto- 
electronic components. For this reason, it is impor- 
tant to understand the role of iron on the electronic 
and optical performance of 1nP:Fe devices. This role is 
strongly related to the position and behavior of the 
iron level, as well as  to the iron optical cross sections. 
In this paper, we exploit photorefractive two wave 
mixing (TWM) experiments to determine the optical 
cross sections a s  well as  the temperature dependence 
of the iron energy level. These TWM experiments are 
based on observing the mutual influence of two coher- 
ent beams of unequal intensity crossing in a 1nP:Fe 
crystal. We measure the change of intensity level of 
the weaker beam (signal beam) after propagation in 
the crystal under the presence of the strong beam 
(pump beam). A TWM gain r can then be calculated 
assuming that the intensity of the weak beam follows 
the solution: 

Where Iso and I,, are the intensity of the signal in the 

(Received August 25, 1997; accepted January 26, 1998) 

absence and in the presence of the strong beam, 
respectively. The TWM gain is composed of rEO, the 
electro-optic gain, Ta, the absorption gain and T,, the 
absorption-induced index gain. These gains all come 
initially from a redistribution of the charges on the 
iron deep level under the influence of the interference 
grating formed by the two beams. Specifically, rEO is 
the electro-optic gain that is measured when the 
energy coupling is created by the space charge field 
associated with the linear electro-optic effect. This 
electro-o tic gain has been extensively studied in 1s 1nP:Fe as well as in numerous photorefractive 

and is commonly named the photo- 
refractive gain. The absorptive gain5 ra takes place 
because of the absorption grating formed by the ~ e "  
and ~ e ~ '  sinusoidal redistribution resulting in a spa- 
tial modulation of the absorption. The absorption 
gain is usually neglected but i t  has been reported for 
photorefractive crystal such as6 BaTi03 and G ~ A s . ~ "  
This absorption grating is accompanied by an index 
grating giving energy coupling or a gain T,. The total 
gain is simply the sum of the contribution of each 
individual gain: r = rEO + ra + ran 

THEORY 

The photorefractive effect is present in 1nP:Fe 
because of a spatial redistribution of the free carriers 
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Abstract light in a bulk material is an old dream suddenly come me .  
Several types of onedimensional (ID) and two-dimensional We discuss the stateof-the-art for Wca1 (2D) bright or dark spatial solitons or waveguides 

storage of information in photorefractive crystals. In have recently been demonstrated experilnentally. All of these 
mcular, we have been successhrl in 3-D occur when ae diffraction of a light beam is exactly balan& 
images and ten micron optical interconnects. 

by the nonlinear self-focusing effect for bright solitons or 
is a common technique used to generate self-defocusing effect for dark solitons. In this sense the 

realistic three-dimensional images. Photorefractive crystals - induces its own waveguide and oEms the to 
are an 'Orage for h o l o ~ a ~ h i c  guide, steer, and switch another optical beam, We now 
images because of the following advantages: real-time picture light beams controlling light beams as one beam 
e-swe and display, simpler recording process in which no induces a waveguide whch guides, and even deflects a 
pre- or post-processing is required, low writing beam powers, beam. Another possibility is four fibers on each side 
and a potentially large *Orage Recent of a crystal and soliton or self-indued waveguide formation 
have clearly demonstrated the potential of photorefractive allowing interconnects betwen them. 

for storage and of Intuitively, one way to view the formation of a waveguide is 
images. In this paw, we report the first demonstration, to by picturing a focused laser beam passing an 
our knowledge, of the corresponding storage and retrieval of electrically biased photorefractive crystal. a result of the 
three-dimensional color holograms in a photoref'ractive laser carriers are excited and are transported to the 
crystal. The three-dimensional image reproduces the colors peripheral of the beam, screening the applied field in the 
Of 'le object and is visible Over a wide perspective as illuminated region. Therefore, the applied voltage creates an 
demonstrated by moving one's head back and forth while electric field primarily in the dark regions, whereas the 
viewing the The wide field-of-view of. the electric field in the bright region is considerably lower, S ine  
hologram is also demonstfated using an lens with a the index change created by the linear elfftro+ptic/effect is 
color CCD camera mounted on a goniometer to record proportional to the electric field, the index is lowered 
various perspectives. primarily in the dark region and a graded-index waveguide is 

In addition to storage of 3-D images we have also been created that mimics the laser intensity distribution, This 
successm at Of index profile leads to trapping of the beam and the formation 
waveguides or optical interconnects in bullr Or of an individual screening spatial photorefractive soliton. 
potential substrates for electronic applications. Using the While this trapping has applications when volatile we have 
power in a light beam itself to form long narrow needles of 

0-7803-4518-5198 $10.00 01998 IEEE 66 1998 Int'l Nonvolatile Memory Technology Conference 
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The Isotropic nature of photorefractlve 
screening solltons and the Interactlomi 
between them 

H o n p n g  Meng, Gregory J. Salamo, 
Mordechai Segev,' Physics Department, 
University of Arkansas Fayetteville, Arkansas 
72701 

Studies on the incoherent' and coherent2-' 
collisions between photorefractive screening 
solitons in both one and two transverse dimen- 
sions have been reported recently. These stud- 
ies report on the fusing and repulsion of coher- 
ent solitons, as well as on the birth of 
additional solitons. Interestingly, these studies 
have been able to ignore the role of the two- 
dimensional anisotropic nature of the pho- 
torefractive material. In this paper we present 
experimental evidence demonstrating that the 
photorefractive-index perturbation respon- 
sible for the formation of individual photore- 
fractive screening solitons and the behavior of 
coherent coUisions between them is isotropic, 
even though the photorefractive medium is 
inherently anisotropic. The evidence is based 
on three independent observations. 

CTuM60 Fig. 1. (a10 Shows the individual 
beam profiles at the entrance face in the horizon- 
tallvedcal plane to be 11wm; (blg) Shows the 
individual diffracted beam profiles at the exit face 
in the horizontaUvertical plane to be 50 bm: (clh) 
Shows theindividual trapped beam profilesat the 
exit face in the horizontallvertical plane to be 1 I 
bm; (dli) Shows the resulting 1 I-wrn beam from 
the collision between both beams colliding in the 
horizontal/vertical plane when the phase between 
them is 0'; and (elj) Shows the two 1 l-pm beams 
after collision in the horizontallvertical plane 
when the phase between them is 180". The soliton 
to background intensity ratio was 10 in each case. 

CTuM60 Pig. 2. Plot of the increment in the 
scaled separation due to repulsion (180" phase 
difference) between the two solitons measured at 
the exit face of the crystal as a function of the 
scaled initial separation at the entrance face. The 
collision is observed to be identical in the vertical 
and horizontal planes. 

Fist, a circular beam of diameter 1 I pm at 
the input face of an SBN:60 crystal [any one of 
the four individual profiles in Figs. ](a) and 
l(f)], which would normally diffract to a cir- 
cular beam of approximately 50 p m  [Figs. I (b) 
and l(g)] in diameter, was trapped to form a 
circularly symmetric beam of 11-pm diameter 
at the output face [Figs. l(c) and l(h)]. 

Second, Fig. 1 also shows theoutput profiles 
of two initially parallel solitons with 0' relative 
phase propagating simultaneously through the 
crystal. The diameter of each beam is 1 I p 
and the separation between the two beams at 
the input face is 18 pm. Two configurations 
were studied: one with the two beams collid- 
ing in horizontal plane or plane containing the 
c axis [Fig, l(d)j, and another with the two 
beams coliding in the vertical plane or plane 
perpendicular to the caxis [Fig. 1 (i)]. The same 
external field was applied along the cdirection 
in both cases. Independent ofwhether the col- 
lision is in the horizontal or vertical planes, the 
two incident solitons fuse together into a single 
circularly symmetric soliton of the same 1 1 - 
pm diameter. 

Third, when the collision occurs with v 
relative phase between the two circular inci- 
dent beams, they are trapped and repel each 
other so that their separation increases at the 
exit face. In addition to the fact that each 
trapped beam has an identical circularly syrn- 
metric 1 1-pm profile at the exit face, the repul- 
sive force or the separation between the two 
solitons at the exit face is also identical, inde- 
pendent of whether the collision occurs in 
horizontal [Fig, l(e)] or vertical planes [Fig. 
l(j)]. Figure 2 shows aplot ofthe change in the 
scaled separation (repulsion) between the two 
solitons at the output face as a function of the 
scaled separation (repulsion) between the two 
solitons at the output face as a function of the 
scaled initial separation, for collisions in both 
the horizontal and vertical planes. The data 
demonstrates that independent of whether the 
collision is in the horizontal or vertical plane, 
there is no difference in the repulsive force. 
*Department of Elecaical Engineering, Prince- 
ton University, Princeton, New Jersey 08544 
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generated holograms based on dark 
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The use of dark spatial solitons to generate 
optical Y-junctions1,' has been proved experi- 
mentally. This optical device is based on the 
ability of dark solitoil to guide a second beam 
by the refractive-index changes photoinduced 
in a nonlinear medium.' 

A dark soliton is a zone of zero irradiance 
distribution immersed on a uniform bright 
background. Experimentally, such a perturba- 
tion is carried out using amplitude or phase 
masks. An amplitude obstacle, for example a 
wire, positioned in front of the bcam produces 
an even number of dark spatial solitons, i.e., 
their widths, highly depends on the character- 
istics of the initial beam profile. 

Theoretically, given an initial beam profile, 
it is possible to know which will be the soliton 
solutions to the nonlinear Schroedinger equa- 
tion (NLSE).' Experimentally, only the forma- 
tion of identical solitons has been reported. 

In this paper we report the generation of an 
asymmetric Y-junction by an hologram ob- 

Chhf61  Fig, 1. Images and profiles for the 
pump beam: (a) input, (b) output, and (c) output 
with 1.8 kV applied. 
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versi~tile imprinting of complicatedsoliton op- 
tical circuitry, making bulk optical reconfigu- 
rable waveguide componentspossible. In ad- 
dition, we expect these materials to support 
two-dimensional spatial solitons, as do ferro- 
electric photorefractive materials. 
'Also at Univ. Studi dell'Aquila, Rome, Italy 
""Univ. Studi dell'Aauila, Rome, Italv 
?Princeton University, Princeton, New Jersey 
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CThVl Fig. I .  One-dimensional photographs and profiles of the 9-pm-wide FWHM input beam 4. See, e.g., K. Kos, H. Ming, G. Salamo, M. 
(left), diffracted output beam at V = 0 (middle), and the self-trapped (soliton) output (right). The beam Shih, M. Segw, G.C. Valley, Phys. Rev. E 
profiles are normalized to their maximum value in all cases. 53, R4330 (1996). 

In our experiments, we use a laser beam 
split into two orthogonal polarizations. The 
transmitted beam, with polarization parallel to 
that of the applied field ( x  direction), is fo- 
cused by a cylindrical lens onto the input face 
of a KLTN crystal, with its narrow dimension 
parallel to the xdirection. The sample is kept at 
a constant temperature by a current controlled 
Peltier junction. In a separate electro-optic- 
interferometric experiment, we measure g, = 
0.12 r n 2 C 4 ,  and nb = 2.2. The y-polarized 
beam serves as the background beam: it is ex- 
panded, recombined with the soliton beam, 
and illuminates the crystal uniformly while 
copropagating with the soliton-forming 
x-polarized beam. We image the input-output 
faces of the crystal on a CCD camera. 

Figure 1 shows typical experimental results: 
photographs and beam profiles at the input 
face of the crystal (left) and at the output face 
in the normal diffraction regime (middle; zero 
voltage). A one-dimensional soliton forms 
with the application of proper voltage (right). 
In Fig. 1, the input beam is 9-@m FWHM, and 
it diffracts to 29 p m  with V = 0. The 9-pm- 
wide self-trapped (soliton) beam (right) forms 
at 4 = 2.9, VIL 3 2 kV13.4 mm at T = 21°C. 

To compare our experimental results with 
the theory of solitons in photorefractive cen- 
trosymmetric media,l we performed several 
experiments. Keeping the input beam fixed, we 
vary the intensity ratio and observe at which 
applied voltage Vsteady-state solitons are ob- 
served. We plot the existence points against the 
predicted soliton existence curve.' Figure 2 
shows such a comparison, for two difTerent 
temperatures, at which E and $fl attain differ- 
ent values. Several facts are evident. First, for 
values of u, 1 1.5, the normalized width, 
which is proportional to the applied voltage V, 
has a linear dependence on t+,, which is ob- 
served in both theoretical and experimental 
results. This dependence is unique to this type 
of soliton and stands in contradistinction with 
the dependence of Van I+, for screening soli- 
tons that rely on the linear electro-optic effect 
(in that case, AS a <v, and at high intensity 
ratios, A[ a: %; see Ref. 3). This confirms that 
these solitons indeed rely on the quadratic 
electro-optic effect. Another observation is 
that, for both temperatures, the existence 
curve flattens around u, = 1, which is consis- 

CThVl Fig. 2. Soliton existence curves: theo- 
retically predicted (solid curve) and experimen- 
tally measured points at 18.5"C (crosses) and at 
21°C (triangles). The figure shows normalized 
FWHM A[ = Ax(2~rlX)ni~,,(~,- l ) < f ~ / ~  as a 
function of the square root of the ratio between 
the soliton peak intensity and the background 
uradiance (uo). 

tent with theory. On the other hand, the ex- 
perimental values are shifted from the theo- 
retical curve (for I+, > Z), and the curves for 
both temperatures do not fully overlap. There 
are several reasons for this discrepancy. The 
primary reason is that, in the theory, the back- 
ground illumination is assumed to be uniform 
in x (experiencing the same absorption as the 
soliton), whereas in practice, this beam is 
slightly guided under the soliton. In other 
words, the space-charge field generated by the 
soliton gives rise to a change in the refractive 
index not only for the x-polarized (soliton) 
beam (through g& as it should but also to an 
index change for the y-polarized (background) 
beam (through gyr, This causes the back- 
ground beam to be slightly guided under the 
soliton and leads to a deviation of the experi- 
mental curve From the theoretical one. Similar 
effects were observed in all experiments with 
screening solitons that rely on Pockels e f f e ~ t . ~  
In this case, they are wen more pronounced, 
because in isotropic media, gi.i)giiii = 213, 
compared to rl,lr3, - 116 in S B N : ~ ~ .  Other 
phenomena that affect our experiments have 
to do with the proximity of the ferroelectric- 
paraelectric phase transition. On the other 
hand, these effects (e.g., hysteresis and fixing) 
offer a series of useful applications, such as 

CThV2 2:45 prn 

High-lntensky onedirnenslonal and t w e  
dlrnenslonal nanosecond photorefractlve 
spatial soikons 

Konstantin Kos, Gregory Salamo, 
Mordechai Segev,* Physics Depattmmt, 
University of Arkansas, Fayetteville, Arkansas 
72701 

Inthis paper, we report a comparison between 
theory and experiment for high-intensity 
steady-state screening solitons. Although the 
low-intensity feature of photorefractive spatial 
solitons is attractive for applications, high- 
inteusity photorefractive solitons are also in- 
teresting, because the speed with which the 
steatly-state screening soliton forms is inten- 
sity dependent and can occur at nanosecond 
speeds or faster for ~ W l c m ' ?  intensities. For 
these intensities, however, the excited free- 
carrier densities are high and produce index 
variations that can no longer be neglected in 
the theoretical model. To be in the high- 
inteiisity regime, one must satisfy the require- 
ment that 

where r = NdINA, a = s [(I,,, + Ib)lyNd], Nd 
is the total donor number density, N, is the 
number density of negatively charged accep- 
tors that compensate for the ionized donors, 
is the background intensity, h,, is the dark 
intensity, s is the photoionization cross sec- 
tion, and y is the recombination rate coeffi- 
cient. In our case, for example, SBN bright 
high-intensity solitons can be realized at inci- 
dent intensities on the order of 100 ~ W / c m ~  
on a background of Ib - 10 ~ ~ l c r n ~ ,  which 
results in free-electron densities (for T - 300 
K) of loi7 cm-3 in the center ofthe soliton and 
ldI6 an-3 far from the center. For the experi- 
ment reported here, we used crystal with Nd - 
10IB cm-' and NA - loi5 cm-3 (r = lo', a - 
0.1). 

Photographs and beam profiles of two- 
and one-dimensional high-intensity solitons 
are shown in Figs. 1 and 2. respectively. The 
waveforms shown are produced with 8-11s 
pulses at intensity 100 ~ ~ l c r n '  after 40 
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A custom designed sample handling system which allows the integration of a commercially 
available scanning tunneling microscope (STM) facility with a commercially available molecular 
beam epitaxy (MBE) facility is described. No customization of either the STM imaging stage or the 
MBE is required to implement this design. O 1998  American Vacuum Society. 
[SO734-2 1 lX(98)01606-01 

Molecular beam epitaxy (MBE) has emerged as the tech- 
nology pushing the frontiers of compound semiconductor de- 
vice development. MBE uniquely provides the atomic layer 
control of the growth process necessary to produce compo- 
sitionally abrupt interfaces and exact layer thicknesses re- 
quired for band-gap engineering. At present, not all such 
novel structures can be routinely fabricated nor utilized in 
device applications. Progress in this area will require an im- 
proved understanding of the fundamental surface processes 
involved in MBE, such as diffusion, nucleation, and growth. 
Ideally, one would like to study these processes with spatial 
resolution down to the scale of individual atoms. In the last 
decade, scanning tunneling microscopy (STM) has matured 
to become a dominate tool for atomic-scale investigations. 
For this reason, it is not surprising that there is growing 
interest in integrating MBE and STM technologies into a 
single ultrahigh vacuum (IJHV) system. Combining STM 
with MBE has been accomplished in only a few 
and they have already demonstrated their ability to advance 
the fundamental understanding of crystal growth 
processes.4-6 One limitation of existing systems is that they 
use custom microscopes, making the successful intcgration 
and operation of such systems limited to specialized experts 
in the STM community. In this Shop Note, we detail the 
modifications required to integrate a commercially available 
S T M ~  with a commercially available MBE,~  without custom- 
izing the microscope or deposition system. 

Our approach for integrating MBE with STM is to con- 
nect two separate UHV chambers via a third commercially 
available ultrahigh vacuum transfer chamber (the MBE and 
STM are separated by -2 m). One benefit of this approach is 
that it allows for the independent operation of the MBE and 
STM, while avoiding contamination and vibration problems, 

- - 

a'~lecti-onic mail: thibado@comp.uark.edu 

as well as electrical and thermal noise problems inherent to 
placing a STM inside a growth chamber. 

The customized components required for this integration 
are associated with the sample mounts and transfers. We use 
both the standard MBE and STM sample mounts as our start- 
ing material, from which we fabricated new sample mounts 
that could still be transferred in the conventional way. The 
current MBE standard for sample mounting and manipula- 
tion is a circular 3 in. diam molybdenum wafer holder which 
will be referred to as a "MBE moly block" throughout this 
article. The current STM sample plate standard is a tantalum 
plate which is significantly smaller (15 mmXl8 mm) than 
the MBE moly block. The MBE moly block is transferred 
and mounted using radially oriented pins, while the STM 
sample plate is held by an eye hole situated on the top side of 
the mount [see Fig. 1 (b)]. 

Successful STM studies of MBE grown material require 
several factors to be simultaneously met. First, the substrate 
must be heated to temperatures in excess of 600 "C in order 
to remove the oxide from the semiconductor substrate. Sec- 
ond, the substrate surface must have glancing angle access to 
perform in situ reflection high-energy electron diffraction 
(RHEED). Third, the STM sample plate must be rigidly 
mounted to the STM imaging stage. 

The core modification made to the standard STM sample 
plate which allowed the successful integration is the addition 
of a 1 mm thick tantalum over plate to the STM sample plate 
[see Figs. l(a) and lib)]. The over plate has a square shape 
and is sized to match the vertical dimension (15 mm) of a 
standard sample plate. In addition, a rectangular cutout (7 
mmX2 mm) centered on the bottom edge of the over plate 
allows a compression point contact to be made to the sample 
plate when mounted on the STM imaging stage. Once ma- 
chined into the proper geometry, the over plate is easily spot 
welded to a conventional tantalum sample plate. The shape 
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We report the observation of high-intensity solitons in  a bulk strontium barium niobate crystal. The solitons 
are observed by use of 8-ns optical pulses with optical intensities greater than 100 MW/cm2. Each soliton 
forms and attains its minimum width after roughly ten pulses and reaches e-I of the steady-state width after 
the first pulse. We find good agreement between experimental observations and theoretical predictions for 
the soliton existence curve. O 1998 Optical Society of America 
OCIS codes: 160.5320, 230.1360, 060.5530. 

Optical spatial solitons1 are currently stimulating 
much interest because their existence has potential 
for applications .such as beam steering, optical in- 
terconnects, and nonlinear optical devices that use 
one light beam to control another. Both brightz and 
dark3 one-dimensional (lD) Kerr-type spatial solitons, 
along with their ability to guide and switch other 
light beams, have been dem~ns t r a t ed .~ ,~  For the most 
part these demonstrations generally require high 
intensities in the megawatt range. Interestingly, 
although Kerr solitons form as a result of the presence 
of a refractive-index change that is proportional to 
the optical intensity, it is precisely this dependence 
that prevents the existence of stable two-dimensional 
(2D) bright Kerr solitons. Recently, a new type of 
spatial soliton1 based on the photorefractive effect 
was predicted and observed both in a quasi-steady- 
state regime2z3 and more recently in the steady-state 

Compared with those of Kerrl'-l4 spatial 
solitons, the most distinctive features of photorefrac- 
tive spatial solitons are that they are observed a t  
low light intensities tin the milliwatts per square 
centimeter (mW/cm2) range] and that robust trapping 
occurs in both transverse dimensions. Both of these 
attributes make photorefractive solitons attractive for 
applications and for fundamental studies involving the 
interaction between s ~ a t i a l   soliton^.'^-^^ 

One transverse-dimension theory of photorefractive 
screening  soliton^^-^ predicts a universal relationship 
among the width of the soliton, the applied electric 
field, and the ratio of the soliton intensity to the sum 
of the equivalent dark irradiance and a uniform back- 
ground intensity. We refer to this curve as the soliton 
existence curve. This curve is important because ex- 
periments show that considerable deviations (-20% or 
more) from the curve lead to instability and breakup of 
the soliton beam,10,22 whereas much smaller deviations 
are typically tolerated and are arrested by the soliton 
stability properties. In the case of a low-intensity pho- 
torefractive soliton beam, i.e., a beam with an intensity 
in the mW/cm2 to kW/cm2 range, recent 1D experi- 
ments have known good agreement with this universal 
re la t ion~hip. '~~~'  

Although the low-intensity feature of photorefrac- 
tive spatial solitons is attractive for applications, 
high-intensity (MW/cm2 to GW/cm2) photorefractive 
solitons are also interesting, since the speed with which 
the steady-state screening soliton forms is inversely 
proportional to the optical intensity. As we show 
below, solitons in strontium barium niobate (SBN) can 
form a t  nanosecond speeds for GW/cm2 intensities, 
which implies that for photorefradive semiconductors, 
which have mobilities 100-1000 times larger than 
those of the photorefractive oxides, soliton formation 
should occur at  picosecond time scales for similar 
intensities. For these intensities, however, the excited 
free-carrier density is no longer smaller than that of 
the acceptors, and the space-charge field is due both to 
the free carrier and to the ionized donor  contribution^.^ 

In this Letter we report what we believe to be 
the first experimental observation of high-intensity 
screening solitons, along with a comparison between 
experimental results and theoretical predictions. To 
work in the high-intensity regime, one must satisfy 
the requirement that l / r  << a(uo2 + 1) << 1, where 
r = Nd/NA, a = s(Idark + Ib)/yNd, Nd is the total 
donor number density, NA is the number density 
of negatively charged acceptors that compensate for 
the ionized donors, uo2 is the ratio of the soliton 
intensity to the sum of the dark and the background 
intensities, Ib is the background intensity (used to 
control the effective dark carrier density), Idark  is the 
dark intensity, s is the photoionization cross section, 
and y is the recombination rate coefficient. In our 
case, bright high-intensity solitons in photorefractive 
SBN can be realized a t  incident intensities of the order 
of 100 MW/cm2 on a background of Ib - 10 MW/cm2, 
which results in free-electron densities (for T - 300 K) 
of 1017 cm-3 in the center of the soliton and 1016 cm-3 
far from the center. For the experiment reported here, 
we used a crystal with Nd - 10ls ~ m - ~  and NA - 
1015 cm-3 ( r  = lo3 and a - 0.1). 

For the experiment we used a Q-switched YAG laser 
to generate a high-intensity 8-11.5 second-harmonic 
pulse a t  530 nm that was split into two beams. One 
beam acted as the soliton beam, and the second beam 
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- Introduction I 
The advent of nonlinear optics, mainly due t o  the work of Bloembe~gen and 

~orkel-s  at the beginning of the '60, has opened the way to a number. of fundainental 
;cove~ies and applications (11. No matter how sophisticated the microscopic or 
enomenological approach adopted to deal with this topic, one of the central problems 
the cornplete understanding of nonlinear processes is always the solution of the 

sociated wave propagation equation, which is, of course, intrinsically nonlinear. This 
.cumstance can b e  consiclered in many cases as an obstacle to a full comprehension of 
e problem, due t o  the we]]-]cnown inathemstical difficulties usually encountered 
len trying to solve this type of ecluation. However, it is precisely the nonlinear. nature 
the wave equation which gives rise to a wealth of solutions, and thus of possible 
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We report the observation of high-intensity solitons in a bulk strontium barium niobate crystal. The solitons 
are observed by use of 8-ns optical pulses with optical intensities greater than 100 MW/cm2. Each soliton 
forms and attains its minimum width after roughly ten pulses and reaches e-' of the steady-state width after 
the first pulse. We find good agreement between experimental observations and theoretical predictions for 
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Optical spatial solitons1 are currently stimulating 
much interest because their existence has potential 
for applications such as  beam steering, optical in- 
terconnects, and nonlinear optical devices that use 
one light beam to control another. Both bright2 and 
dark3 one-dimensional (lD) Kerr-type spatial solitons, 
along with their ability to guide and switch other 
light beams, have been d e m ~ n s t r a t e d . ~ , ~  For the most 
part these demonstrations generally require high 
intensities in  the megawatt range. Interestingly, 
although Ken- solitons form as a result of the presence 

Q) of a refractive-index change that is proportional to 
u 
Q the optical intensity, i t  is precisely this dependence 
Y that prevents the existence of stable two-dimensional 

(2D) bright Kerr solitons. Recently, a new type of 
spatial soliton' based on the photorefractive effect 
was predicted and observed both in a quasi-steady- 
state regime2j3 and more recently in the steady-state 

Compared with those of KerrH-l4 spatial 
solitons, the most distinctive features of photorefrac- 
tive spatial solitons are that they are observed a t  
low light intensities [in the milliwatts per square 
centimeter (mW/cm2) range1 and that robust trapping 
occurs in  both transverse dimensions. Both of these 
attributes make photorefractive solitons attractive for 
applications and for fundamental studies involving the 
interaction between spatial  soliton^.'^-^^ 

One transverse-dimension theory of photorefractive 
screening  soliton^^-^ predicts a universal relationship 
among the width of the soliton, the applied electric 
field, and the ratio of the soliton intensity to the sum 
of the equivalent dark irradiance and a uniform back- 
ground intensity. We refer to this curve as the soliton 
existence curve. This curve is important because ex- 
periments show that considerable deviations (-20% or 
more) from the curve lead to instability and breakup of 
the soliton beam,'0,22 whereas much smaller deviations 
are typically tolerated and are arrested by the soliton 
stability properties. I n  the case of a low-intensity pho- 
torefractive soliton beam, i.e., a beam with an intensity 
in the mW/cm2 to kW/cm2 range, recent 1D experi- 
ments have known good agreement with this universal 
r e l a t i ~ n s h i p . ' ~ . ~ ~  

Although the low-intensity feature of photorefrac- 
tive spatial solitons is attractive for applications, 
high-intensity (MW/cm2 to GW/cm2) photorefractive 
solitons are also interesting, since the speed with which 
the steady-state screening soliton forms is inversely 
proportional to the optical intensity. As we show 
below, solitons in strontium barium niobate (SBN) can 
form a t  nanosecond speeds for GW/cm2 intensities, 
which implies that for photorefractive semiconductors, 
which have mobilities 100-1000 times larger than 
those of the photorefractive oxides, soliton formation 
should occur a t  picosecond time scales for similar 
intensities. For these intensities, however, the excited 
free-carrier density is no longer smaller than that of 
the acceptors, and the space-charge field is due both to 
the free carrier and to the ionized donor contributions.' 

In  this Letter we report what we believe to be 
the first experimental observation of high-intensity 
screening solitons, along with a comparison between 
experimental results and theoretical predictions. To 
work in the high-intensity regime, one must satisfy 
the requirement that l / r  << a(uo2 + 1) << 1, where 
r = N ~ / N A ,  a = s(Idark + Ib)/yNd, Nd is the total 
donor number density, NA is the number density 
of negatively charged acceptors that compensate for 
the ionized donors, ua2 is the ratio of the soliton 
intensity to the sum of the dark and the background 
intensities, Ib is the background intensity (used to 
control the effective dark carrier density), Idark is the 
dark intensity, s is the photoionization cross section, 
and y is the recombination rate coefficient. In  our 
case, bright high-intensity solitons in  photorefractive 
SBN can be realized a t  incident intensities of the order 
of 100 MW/cm2 on a background of Zb - 10 MW/cm2, 
which results in free-electron densities (for T - 300 K) 
of 1017 ~ r n - ~  in the center of the soliton and 1016 cm-3 
far from the center. For the experiment reported here, 
we used a crystal with Nd - 1018 cmP3 and NA - 
lOI5  ~ m - ~  ( r  = lo3 and a - 0.1). 

For the experiment we used a Q-switched YAG laser 
to generate a high-intensity 8-ns second-harmonic 
pulse a t  530 nm that was split into two beams. One 
beam acted as  the soliton beam, and the second beam 
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We report the first experimental observation of the evolution of an arbitrarily shaped input optical 
pulse train to the analytic, shape-preserving, Jacobi elliptic pulse-train solutions to the Maxwell-Bloch 
equations including relaxation. [SO03 1-9007(96)02261-21 

PACS numbers: 42.65.Tg 

Coherent propagation of trains of optical pulses through 
a two-level absorber has been investigated, from a theo- 
retical viewpoint, by many researchers. These investiga- 
tions have been based on the self-induced transparency 
(SIT) equations [I], both with [2-51 and without [6] the 
assumption of zero relaxation. Without relaxation, ana- 
lytic shape-preserving pulse-train solutions to the SIT 
equations were found although they did require a rather 
complicated initial atomic state which appeared difficult 
to produce experimentally. Specifically, the necessary ini- 
tial state for each atom in a Doppler-broadened profile is 
composed of a different superposition of ground and ex- 
cited states depending on the resonant frequency of the 
atom. With relaxation, however, it was shown that the 
atomic variables relax to the correct values needed to al- 
low shape-preserving propagation of the analytic pulse- 
train envelopes found as solutions to the zero-relaxation 
problem. In this sense, the presence of relaxation effects 
makes possible the experimental observation of the ana- 
lytic shape-preserving optical pulse-train solutions pre- 
dicted by the SIT equations with zero relaxation. 

While these theoretical studies have been very thorough, 
and experimental studies have demonstrated the features 
of breakup and delay [7-91, the predicted Jacobi elliptic 
soliton pulse-train solution has never been observed. In 
this Letter we report the first experimental observation 
of the Jacobi elliptic soliton shape-preserving solution to 
the SIT equations including relaxation. In particular, it is 
shown via experiment that an input train of optical pulses, 
with rather arbitrary input envelope shape and input area 
between rr and 37r, evolves through the interaction with 
a two-level absorber to the analytical, shape-preserving, 
Jacobi elliptic soliton-train solution to the SIT equations. 
This is true, as predicted, even though the optical train 
has been allowed to come to equilibrium for a time much 
longer than the two-level atomic absorber relaxation time. 

The basic apparatus consisted of a homemade mode- 
locked dye laser and sodium absorption cell. The number 
of oscillating longitudinal modes in the cavity was con- 
trolled using several intracavity etalons. For the experi- 
ment these were limited to three longitudinal modes whose 
separation was 167 MHz as determined by the cavity con- 
figuration and monitored using a Fabry-Perot scan. The 

phase locking of these three modes resulted in an optical 
pulse train consisting of 2.9 ns (FWHM) pulses separated 
by 5.8 ns, peak to peak. This approach to producing an op- 
tical pulse train was chosen over using a cw laser coupled 
with a nonlinear optical modulator to ensure the production 
of an optical pulse train with both strong modulation and a 
high repetition rate. An example of the three laser modes, 
used to produce the input pulse train, as seen on an oscillo- 
scope display of a Fabry-Perot scan is shown in Fig. l (a) 
along with a corresponding input optical pulse train in 
Fig. l(b). A computer simulation of the pulse train using 
the three mode-locked modes of relative amplitude shown 
in Fig. l(a), and fixed relative phase, is shown in Fig. I (c). 
The good agreement between Figs. l(b) and l(c) supports 
the assumption that the train of optical pulses is produced 
by mode locking three modes with fixed relative phase. 
The output optical pulse train was then gated through a 
Glan prism by a Pockels cell. This resulted in a train of 
optical pulses that was about 1 p s  long and was repeated 
every millisecond. The long time between successive 
pulse trains ensured that the experiment could be con- 
sidered as starting over every millisecond. Meanwhile, 
the long length of the optical train, when compared to 
the atomic relaxation times of TI and Ti, guaranteed that 
equilibrium would be reached. The optical pulse train 
was then focused by an f = 41 cm lens into a 5 mm 
sodium cell. The sodium cell was housed in an oven and 
placed in a magnetic field which could be varied from 0 to 
10 kG. With a large magnetic field the sodium transitions 
of different M j  are well resolved, but several MI transi- 
tions are excited as a result of the large Doppler width. 
However, since the dipole moments are independent of 
M I ,  simultaneous excitation of several MI levels with the 
same Mj  quantum number can be treated as the excita- 
tion of a single state. For our experiment we excited the 
2 ~ 1 / 2  -+ 2 ~ 3 / 2  transition in sodium. In particular, using 
circularly polarized light we selectively excited only the 

3 
2 S ~ / 2 ( ~ ~  = + 2 ~ 3 1 2 ( ~ J  = Z) transition which could 

I 
then only decay back to the 2 S 1 / 2 ( ~ J  = Z) ground state. 
In this way we avoid optical pumping complications. For 
this transition the energy decay time TI is equal to 16 ns 
while the dipole dephasing time T; is equal to 32 ns. This 
means that for our experiment the relaxation time is much 
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We present an experimental study of coherent collisions between one-dimensional bright photorefractive 
screening solitons in a bulk strontium barium niobate crystal. O 1997 Optical Society of America 

Photorefractive spatial ~ o l i t o n s l - ~  have become a 
subject of increased interest in the past few years. 
Several generic types of photorefractive self-trapping 
effects have been predicted and observed: quasi- 
steady-state,' photovoltaic,2 and screening  soliton^,^-^ 
resonant self-trapping in photorefractive semiconduc- 
t o r ~ , ~  and of spatially incoherent beams.g 

Collisions between solitons are perhaps the most fas- 
cinating features of self-trapped beams, since, in many 
respects, solitons interact like particles.1° Although a 
large body of literature on the theory of Kerr and non- 
Kerr soliton collisions exists (e.g., Refs. 10-12), very 
few experiments on collisions of spatial solitons have 
been reported. Such observations thus far include col- 
lisions of Kerr-type solitons in liquid CS2 (Ref. 13) and 
in glass waveguides14 and of two-dimensional (2D) soli- 
tons in a saturable nonlinear medium.15 

Recently, the first observation of collisions between 
mutually incoherent 2D photorefractive solitons was 
reported.16 Here we report observations of coherent 
collisions between photorefractive solitons. The soli- 
tons exert repulsion or attraction forces upon each 
other, depending on the initial relative phase. For in- 
phase collision, we find that the solitons fuse to a joint 
solution of the same or a broader width, which can be 
predicted from the soliton existence curve. 

Collisions between photorefractive solitons possess 
several unique features. First, when two optical 
beams intersect in  a photorefractive medium, their 
interference gives rise to refractive-index gratings that 
couple the beams to each other by energy exchange and 
phase coupling. The strength of a two-beam-coupling 
interaction depends on the period the interference 
grating and, for periods much larger than the Debye 
length ( A D ) ,  the resultant space-charge field can be 
approximated as  (kBT/q)OI/(I + Ib + Id), where I ,  
Ib ,  and Id are the intensities of the interfering beams, 
a uniform background illumination, and the dark 
irradiance, respectively, k~ is Boltzman's constant, 
T is the temperature, and q is  the electron charge. 
Second, the response time of photorefractive materials 
is inversely proportional to I + Ib + Id. One can take 
advantage of the finite response time and observe 
collisions of solitons that  are mutually incoherent, 
i.e., their relative phase (therefore their interference) 
varies randomly in time much faster than the medium 
can respond, hence the two-beam-coupling interaction 
is totally eliminated (now VI = VI1 + 012, leading to 

self-bending16 of both solitons). Incoherent collisions 
between photorefractive  soliton^'^ were found to be 
subject to the optical guiding properties of the wave- 
guides induced by each of the solitons, which in turn 
are controlled by the soliton existence curve." Here 
we study coherent collisions between photorefractive 
solitons. Coherent collisions will be subject to (a) the 
waveguiding properties of the soliton-induced inter- 
secting waveguides,lg which apply to all interacting 
solitons; (b) coherent attraction-repulsion forces, 
which apply to coherent soliton interactions only, 
and (c) two-beam-coupling processes, which apply to 
photorefractive spatial solitons only. For simplicity, 
we minimize (c) and study coherent collisions of pho- 
torefractive solitons with as little two-beam coupling as 
possible. Since for coherent collisions the interacting 
beams must be phase coherent to each other at  all 
times, one cannot eliminate two-beam coupling by 
reducing the mutual coherence. Instead, we take 
advantage of the dependence of two-beam coupling 
on the grating period and study collisions of initially 
parallel-propagating solitons. The interference of two 
parallel-propagating beams gives rise to a grating 
of an infinite period, which minimizes V I  and thus 
two-beam coupling. In practice, the solitons repel 
or attract each other, thereby introducing a small 
angle between them even if they are initially launched 
in parallel. Here this angle is always smaller than 
l o ,  giving rise to a space-charge field smaller than 
150V/cm, which is much smaller than the field 
that supports the soliton (- 2.5 kV/cm). Therefore 
two-beam coupling is reduced to self-bending of each 
beam16 with a minor effect on the collision. However. 
if we start  with a nonzero initial angle between the 
beams, two-beam coupling is greatly enhanced. Here, 
we limit our study to collisions between initially 
parallel-propagating solitons. 

The nonlinear change in  the refractive index that 
gives rise to 1D bright photorefractive screening soli- 
t o n ~ ~ - ~  is proportional to (Ib + Id)/(I  + Zb + Id), a 
form similar to that of solitons in saturable nonlin- 
ear media.'' Screening solitons are characterized by 
an existence curve 531n that relates the soliton width 
A( to ui = I(O)/(Ib + &), the so-called intensity ra- 
tio. A( = ~ x k l z ~ ( r , ~ ~ ~ / l ) ' / ~  is a dimensionless soliton 
width that reaches a minimum a t  uo = 1.6, Ax is the 
actual soliton width (FWHM), k = 2?i/h, r,ff is the ef- 
fective electro-optic coefficient, and V is the voltage 
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Three-dimensional image reconstruction using strontium barium niobate 
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A definitive demonstration of the use of a photorefractive crystal to project a three-dimensional 
image in space is reported on. The image is bright and different perspective views of the object 
appear as the viewing direction is changed. O 1997 American Institute of Physics. 
[SOOO3-695 1 (97)00427-01 

Although four-wave mixing in photorefractive crystals 
has been used extensively to store and project two- 
dimensional holographic images, we report a definitive dem- 
onstration of true three dimensional (3D) image reconstruc- 
tion using a photorefractive crystal. The use of an inorganic 
photorefractive crystal as a storage medium allows: 

(1) simultaneous recording and read out of three dimen- 
sional (3D) holograms possessing easily observable par- 
allax; 

(2) the entire holographic process to occur at low light levels 
(e.g., rnilliwatt levels for the object beam); 

(3) the entire process to occur without processinglfixing the 
material; and 

(4) thousands of holograms to be stored in a relatively small 
crystal volume via wavelength andlor angle multiplex- 
ing. 

Our 3D imaging technique employs a Ce-doped, stron- 
tium barium niobate crystal [(SBN):60 20X20X 1.3 mm] as 
the storage medium. Figure 1 is a schematic diagram of the 
experimental setup used to record and project 3D images. 
The summation of light beams scattered off of the object, 
E , ,  and the reference beam, E 2 ,  write a hologram in the 
form of transmission gratings in the photorefractive crystal. 
The read beam, E l ,  counterpropagating to E 2 ,  is produced 
by phase conjugation of E 2  by a 13.5X 12.2X 6 mm, Ce- 
doped, SBN:60 photorefractive crystal acting as a double 
phase conjugate mirror (DPCM). The counterpropagating 
beam diffracts to form beam Ed that recreates the recorded 
3D image at a distance from the crystal equal to that between 
the object and crystal (e.g., -40-80 mm). A plate beam 
splitter, placed between the object and crystal, is used to 
view the real 3D image, produced by E d .  Viewing is accom- 
plished by: 

(1) using the eye, just as one views a conventional holo- 
gram; 

(2) projecting the image onto a screen or into a scattering 
cell; or 

(3) using an imaging lens in conjunction with a charge- 
coupled device (CCD) or video camera to magnify and 

record the 3D image. In the latter case, different perspec- 
tives are observed by placing the camera and imaging 
lens on a goniometer that is rotated about a fixed pornt 
(e.g., the location of the 3D image). 

Since the recording medium is a photorefractii'c crystal, 
unlike conventional holography where photograpliic filp 1s 
employed, the hologram can occur in real time with continib 
ous recording and display. The geometry emploved iri the 
current experiment is readily recognized as being txpical of 
degenerate four-wave mixing, a technique whic!~; has been 
compared in the literature to conventional holography bg 
Pepper and ~ a r i v . '  One major difference, hnwever, is the use 

,. . 
of a DPCM to provide the read beam, E l .  .i r ~ e  !.i;:: r . : I : -  

DPCM has three well-documented advantages o:cr othe 
methods: 

(1) distortion introduced by inhomogeneities in the photori- 
fractive crystal are 

(2) high resolution holograms are possible;4 and 
(3) as reported here, the 3D image can be observed over a 

large perspective range. 

One can readily examine the impact of the DI'CM on the 
perspective range viewed by replacing it with a pldne m11-ror 
(P'M) . or a separate counterpropagating beam. Analysis 
shows that, when this substitution is made, the ab~lity of the . 
nonphase conjugate counterpropagating beam tr lul fi l l the 
Bragg match conditions over the crystal area is extremely 

. . .'. 
Ar h88r b a r n  SBN:C8 
X 1 4 8 n r n  

To CCD, v~deoemrnere, 
or eye 

"~lectronic mail: bketchel@arl.mil FIG. 1 .  Schematic diagram of  experimental apparatus 
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Three-Dimensional Spiraling of Interacting Spatial Solitons 
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We report the observation of three-dimensional spiraling collision of interacting two-dimensional 
spatial solitons. The solitons are photorefractive screening solitons and are phase incoherent to each 
other at all times. The collision provides the solitons with angular momentum which is manifested in a 
centrihgal repulsion force. When it is balanced by attraction, the solitons spiral about each other in a 
DNA-like structure. [SO03 1-9007(97)02853-61 

PACS numbers: 42.65.Tg, 4 2 . 6 5 . H ~  

Optical spatial solitons [I.] have attracted a substantial 
research interest in the last three decades. Several types 
of one-dimensional (ID) or two-dimensional (2D) bright 
or dark (vortex in two dimensions) spatial solitons have 
been demonstrated experimentally, including Kerr-type 
solitons [2], photorefractive solitons [3], X ( 2 )  quadratic 
solitons [4], and solitons in a saturable medium [ 5 ] .  All 
these solitons occur when the diffraction of a light beam 
is exactly balanced by the nonlinear self-focusing effect 
(bright solitons) or self-defocusing effect (dark solitons). 

Collisions between solitons are perhaps the most fas- 
cinating features of self-trapped beams, since, in many 
aspects, solitons interact like particles: being able to main- 
tain their separate identities (in some cases), fuse (in oth- 
ers), or generate entirely new soliton beams [6]. Each 
possibility is fully determined by the initial trajectories of 
the colliding solitons and the interaction force they exert 
on each other (resulting from the nonlinear change in the 
refractive index induced by both solitons). For example, 
if two bright spatial solitons are mutually coherent and in 
phase, they constructively interfere, giving rise to an in- 
crease in the optical intensity in the region between them. 
This leads to an increase in the refractive index in their 
central region. As a result, more light is attracted toward 
the central region and is self-guided there. The net re- 
sult is that the solitons appear to attract each other during 
their propagation in the nonlinear medium. On the other 
hand, when the initial relative phase between the colliding 
solitons is equal to T ,  the solitons destructively interfere 
in the central region and they appear to repel each other. 
However, if the solitons are mutually phase incoherent 
(i.e., the relative phase between the soliton beams varies 
much faster than the response time of the medium) [7,8], 
their intensities, rather than their amplitudes, are super- 
imposed and this makes the interaction phase insensitive. 
Obviously, the total intensity in the central region can- 
not be lowered now; thus mutually incoherent bright soli- 
tons always attract each other. In spite of the complexity 
regarding soliton interactions, most of the soliton colli- 

sion properties can be described using linear v!aveguide 
theory [9,10]. Whether ID or 2D bright spatial solitons 
are involved in a collision, the attraction and repulsion 
forces are key factors determining the rc-;!!+ qf ~ h c  s c ! h  
interaction. 

Before stable 2D bright spatial solitons were observd, 
the study of soliton interaction was limited to the uncon- 
strained transverse dimension of a 1 D waveguide and the 
longitudinal dimension [2,11]. The recent ohxcrvations 
of stable 2D spatial solitons has enabled observations :of 
full (2 + l)D (two transverse plus one longitiidinal di- 
mensions) soliton interactions. In particular, collisions of 
2D solitons were observed in photorefractive inedia [7] 
and in saturable nonlinear atomic media [ S ] .  ' The lat- 
ter has also reported 3D spiraling of bright spatial soli- 
tons, when the solitons were generated from t h ~  breakbp 
of an input vortex beam. When this input "bright ring" 
was launched into a self-focusing medium, it exhibited in- 
stability and fragmented into two 2D solitonlil.;e beams. 
Since the input vortex had carried initial angula: ~i~orneri- 
tum, the bright solitonlike beams were forcetl (by con- 
servation of angular momentum) to spiral whilc moviig 
away from each other [5]. 

However, in principle, two 2D solitons !>~io~,:.l I>'!: 

to spiral about each other even when they individuall) 
do not cany initial angular momentum, as predicted 
by Snyder's group in 1991 [12]. This should occur 
when two 2D solitons collide with trajectorieg that are 
not lying in a single plane, and at the same time, 
they attract each other just enough to "capture" each 
other [12]. Then, the solitons orbit about each other in 
a DNA-like structure, as illustrated in Fig. 1. In this 
Letter, we demonstrate just that: collision of two 2D 
mutually incoherent photorefractive solitons that are fully 

, 

controllable in three dimensions. The solitons fuse. spiral 
about each other, or bypass each other depending on t h  
distance between them and their trajectories. Khen each 
input beam is individually launched (the other beam 15 
absent) it possesses no angular momentum. Nevertheless: : 

003 1 -9007/97/78(13)/255 1(4)$10.00 O 1997 The American Physical Society 2551. 
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Y1Ba2C~307-x multilayer structures with a thick 
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For high temperature superconducting multichip modules and other 
related electronic applications, it is necessary to be able to fabricate 
several Y IBa2C~307-x (YBCO) layers separated by thick low dielectric 
constant dielectric layers. In this work, we report the successful 
fabrication of YBCO/YSZ/Si02 (1-2 pm)/YSZ/YBCO multilayer 
structures on single crystal yttria stabilized zirconia (YSZ) substrates. In 
contrast to previously reported work, the top YBCO layer did not show 
any cracking. This is due to a technique that allows for stress relief in the 
Si02 layer before the second YBCO layer is deposited. The top YBCO 
layer in our multilayer structure had T, = 87 K and J, = lo5 A/cm2 
(at 77 K), whereas the bottom YBCO layer had T, = 90 K and 
J, = 1.2 x lo6 A/cm2 (at 77 K). We also showed that the quality of 
the bottom YBCO layer was preserved during the fabrication of the 
multilayer due to the annealing process during which O2 diffused into 
the YBCO, replacing the O2 lost during the deposition of the top 
YBCO layer. 

I. INTRODUCTION 

In high temperature superconducting (HTS) multi- 
chip modules (MCM's) the basic building block is a 
multilayer structure consisting of several superconduc- 
tive layers separated by thick dielectric layers. The 
HTSC layers are patterned into interconnects for elec- 
trically connecting the different chips on a layer: and 
vias are used for interconnecting the various YBCO lay- 
ers. In order to keep the distributed capacitance low,' 
the thickness of the interlevel dielectric layer should be 
of the order of the HTSC interconnect line width and 
have a low dielectric constant (ideally < 5 ) .  Such a mul- 
tilayer structure would have a power plane, a ground 
plane, and two or more wiring layers.' However, by 
using the Interconnected Mesh Power System (IMPS) 
t ~ p o l o g y , ~  a superconducting MCM (IMPS-MCM) can 
be realized using only two layers of supercondl~cting in- 
terconnects. Switching from a four-layered structure to 
one with only two layers greatly reduces the technologi- 
cal difficulties as well as cost. Previously reported work 
on inultilayer structures used sputtering or pulsed laser 
deposition (PLD) at high temperatures (700-800 "C) 
in order to achieve epitaxial growth of the dielectric 
l a ~ e r . ~ - ~  The main drawback with this process is the loss 
of 01 from the underlying Y1Ba2C~307-x (YBCO) layer 
due to the long deposition time required in the case of 

thick dielectric layers. The loss of oxygen in the un- 
derlying YBC layer results in severe degradation of its 
superconducting properties. 

Previously YSZ has been successfully used as an 
epitaxial buffer layer for depositing high quality YBCO 
films on techiologically important substrates, such as 
SOS (Silicon on Sapphire) and Si."9 In recent years 
the other major use of YSZ has been in the deposition 
of biaxially aligned YSZ buffer layers on amorphous 
or polycrystalline substrates, such as Pyrex, Haynes 
alloy, and nickel.lO-l5 The biaxially aligned YSZ layers 
are deposited at room temperature using the ion beam 
assisted deposition (IBAD) method.12 These results 
therefore indicate that IBAD YSZ could be used for 
fabricating multilayers with amorphous isolation layer 
materials that have lower dielectric constants suitable 
for MCM applications. For example, YBCO/YSZ/SiO-,/ 
YSZ/YBCO/YSZ (substrate) multilayer structures fab- 
ricated using the plasma enhanced chemical vapor de- 
position (PECVD) method for depositing the amorphous 
SiO2 layer, and ion-beam assisted PLD for the biaxially 
aligned YSZ dielectric layers on single crystal YSZ sub- 
strates have previously been reported.I6 SiOz was chosen 
as the insulating layer because of its low dielectric con- 
stant ( E  - 3.8). Unfortunately, cracks in the top YBCO 
layer did not allow for transport measurements and pre- 
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Enhancement of Critical Cumnt Density in 'llzBa~aCu20, Superconducting thin Film 
On Polycrystalline A1203 Substrates Using Textured YSZ Buffer Layers 

Q. Xiong, S. Afonso, K. Y. Chen, G. Salamo, and F. T. Chan 

Department of Physics /High Density Electronics Center, University of Arkansas, 
Fayetteville, AR 72701 ,USA. 

TlzBa~CaCu20, superconducting thin films on plycrystalline Alfi  substrates with and without textured @ria- 
stabilized-zirconiawSZ) or CcqNSZ buffer layers were fabricated Ion beam-assisted laser deposition was used 
to obain the textured YSZ M e r  layers. The TI2Ba2CaCuZqr thin films grown on the YSZ buffer layers were 
highly c-axis oriented with respect to the film surface and svongly in plane textured. The zero resistance 
temprature of these films was 100-108K. The critical cumnt density (J,) of h e  films grown on the YSZ buffer 
layers was 10' A/cm2. Jc of the films grown on the Q0-J YSZ buffer layer or on A12Q substrates dimly was less 
than lo4 A/cmZ. 

1. INTRODUCTION 2. EXPERIMENTS 

TI2212 films with a higher T, and lower surface 
resistance than YBCO have attraded some attention. 
Due to the high volatility and chemical reactivity of 
thallium at high temperature, thallium related thin 
films ue much more difficult to fabricate than 
YBCO thin films. As a nsult, high quality thin 
films of Tl2212 with 1,'s of up to about lo6 A/cm2 
and Tc's of up to about 105K have only been p w n  
on single crystal L~.AIG[" or sfliGtZ1 substrates. 
With a bu&r layer be(ween Tl2212 and single 
crystal substrates other than single crystal LaW& or 
SrTi4, the highest Tc and J, IM1 so far has been 
-98K and -3x 1 d  A/cm2 rtspactivtly. Many studies 
have shown tbat using ion beam-askted laser 

high @v m2cu3oy 
WCO)'" films can be deposited on bhxially 
aligned YSZ layers grown on n o n e l i n e  
subbbates with J,'s up to 8 ~ 1 0 ~ A / c m ~  at 75K. Them 
are very few reports of TI-related films which were 
grown 00 ~]n-e aysral subsbates using IBAD 
method. Using BAD method to shrdy TI-2212 fiIm 
grownonwo-singlecrystalsubsvateswithdifferurt 
texture4 bu&r Layas may offkr a new a m h  for 
producing inexpensive Tl-related films with high Tc 
and Jc ciwaue&i~.  Here, we report the results of 
J, of TU2 12 film grown on A110, substrates directly, 
on YSZI Alfi and on W S Z /  Alfi. 

Ion-beam assisted pllsed laser deposrtion was used 
to prepare highly baxial aligned YSZ films on 
polycrystalline Alfi substrates at room temperature. 
Next a CeQ layer was deposited on the YSZl A124. 
The M s  of the process have been reported 
e ~ d  '. In short, while YSZ was depos~ted by 
pulse laser deposition, an ion-beam (argon ion 
source) was used to bomberd the &strates at an 
angle of 55' from the substrate normal. The 
thickness of the YSZ buffer Laytrs in our experiment 
were abwt 5000 A. AAcr dcposlting YSZ buffer 
layers a CeQ layer about 4000A were deposited on 
YSZ as a secoed M e r  layer for some of YSZ/A124. 
The 2000-3000A Ba2CaCuZqr precursor films were 
@oared on Alfi  sukstrates on YSZIAlfi, and on 
W N S Z I  Alfi  qarately at a temperature of 
400°C using pulsed laser ablation. In order to 
optimize synthesis conditions, the films with bulk 
TI2212 were heated to about 800°C and held at this 
temperature for abwt 8 hours at various oxygen 
partla1 pressures for formation of TI2212 phase. 
Finally, they were annealed at differing temperatures 
and oxygen partial pressures. 

3. RESULTS 

All YSZ films dtposlted on plycrystalline 
Al2q substrates were (001) oriented with the <00 1 > 
axis normal tothe substra(e plane. The full wictth at 

09214534197/$17.00 O Elsevier Science B.V. All rights reserved. 
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SELF-TRAPPING OF OPTICAL BEAMS AND LICHT-INDUCED WAVEGUIDING IN 
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ABSTRACT 

We demonstrate self-trapping of a two-dimensional beam at 1.3 microns wavelength in 

cesonantly-enhanced InP. The self-trapped beam also induces a two-dimensional optical 

waveguide in bulk InP, which guides a second beam at 1.55 micron wavelength. 

INTRODUCTION 

Optical spatial ~olitons'~'~in photorefractive crystals offer potential applications in the field of 

dl-optical switching and beam steering. A photorefractive soliton is created when a photo- 

induced index change exactly compensates for the diffraction of the beam. In this sense the 

beam is able to create its own waveguide. These effects have been extensively studied in 

ferroelectic oxide and sillenite oxide crystals for visible wavelengths. For the near iafra-red 

wavelengths used in telecommunications, 1nP:Fe crystals have already demonstrated interesting 

photorefractive pr~per t ies .~~" Self-trapping of a laser beam has been reported in 1nP:Fe.l' In 

this papa we report the f m t  observation of the use of a two-dimensional soliton fonned at 

1.3p.m in InP to produce a waveguide to guide a second laser beam at 1.55p.m. 

EXPERIMENT 

For the experiment the beam from a Nd:Yag laser at 1.3pm is collimated and focused with a 

5cm focal length lens on the entrance face of an 1nP:Fe crystal whose temperature is stabilized at 

345 
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Self-trapping of two-dimensional optical beams and light-induced 
waveguiding in photorefractive InP at telecommunication wavelengths 
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We demonstrated an experimental observation of self-trapping and self-deflection of a 
two-dimensional optical beam by the photorefractive effect at telecommunication wavelengths 
under an applied dc field. Self-trapping is effective for an intensity range related to the 
intensity-temperature resonance known for two-wave mixing in 1nP:Fe. The photorefractive index 
change giving rise to the trapping is measured at while the photorefractlve space-charge field 
is measured at about 50 kV/cm, ten times higher than the applied field. We show experimentally that 
this index change creates a waveguide that can be used to guide a second beam at 1.55 pm. 
O 1997 American Institute of Physics. [S0003-695 1 (97)01019-X] 

A photorefractive soliton'-9 is created when a photoin- 
duced index change exactly compensates for the diffraction 
of the beam. In this sense, the beam is able to create its own 
waveguide and offers potential for applications in the field of 
all-optical switching and beam steering. These effects have 
been extensively studied in ferroelectric oxide and sillenite 
oxide crystals for visible wavelengths. For the near infrared 
wavelengths used in telecommunications, 1nP:Fe crystals 
have already demonstrated interesting photorefractive 
properties10-13 and self-trapping of a one-dimensional beam 
has been reported.14 In this letter, we report the first obser- 
vation of trapping of a two-dimensional Gaussian beam at 
1.3 pm. The conditions for the beam trapping are presented 
and the index change and associated space charge field mak- 
ing possible the formation of the induced optical waveguide 
are measured. The self-induced waveguide at 1.3 pm is then 
shown to guide a second beam at the telecommunications 
wavelength 1.55 pm. 

For the experiment, the beam from a Nd:YAG laser at 
1.3 p m  is collimated and focused with a 5 cm focal length 
lens on the entrance face of  an 1nP:Fe crystal whose tempera- 
ture is stabilized at 297 K. As shown in Fig. 1, the electric 
field, ELis applied along (1 lo), while the beam propagates 
along (1 1 O), and is polarized either horizontally or vertically 
at 45" from (1 10). 

Figure 2 shows an example of 2D trapping using this 
configuration. The beam size at the entrance face of the crys- 
tal has a diameter of about 55 p m  and diverges to a 170 p m  
diameter at the exit face when no field is applied to the 
crystal. The 1nP:Fe crystal length is 1 cm in the direction of 
the propagation. When a 12 kV/cm field is applied to the 
crystal, the beam is trapped and the beam diameter at the exit 
face is elliptical and reduced to about 55 pm by 65 pm.  Our 
experiments show that for exactly the same value of all pa- 
rameters, the beam is trapped to the same diameter for either 

a'~lectronic mail: chauvet@comp.uark.edu 

a 1 or a 0.5 cm crystal length, supporting the conclusion that 
the trapped diameter is the same throughout uli. -r;r,tal. 'To 
show that an efficient waveguide is formed in the crystal, we 
have also propagated a 1.55 p m  low ~qtensity 
( = l m ~ / c m ~ )  laser beam collinear to the 
1.3 p m ( l  W/cmZ) trapped laser beam. To observe only the 
1.55 p m  beam, a color filter is placed after the crystal. The 
diffracted 1.55 p m  beam at the crystal exit face without the 
1.3 p m  induced waveguide is shown on Figs. 3(a) and 31~) .  
When both beams are present and vertically polarized, the 
1.55 pm beam is observed to be guided along the same di- 
rection as the 1.3 pm beam [Fig. 3(b)]. However, when the 
polarization of the 1.3 pm beam is changed to horizontal and 
the 1.55 p m  beam is kept vertical, the 1.55 p m  beam is 
guided on the side of the 1.3 pm trapped beam [Fig. 3(d)]. 
While in both cases the 1.55 pm beam is we can see 
that when the two beams have orthogonal polarizations, the 
1.55 pm beam is more efficiently guided and has a near 
circular profile. The background noise is an ordcr of rnagni- 
tude below the guided light and is due to an .irnperfcct 
launching of the light in the waveguide gi,;,,, to clad- 
ding modes. 

FIG. 1. Apparatus and crystal orientation for observing tiyo-dimensional 
trapping of a 1.3 pm beam and measuring the index change. ti-hall-wave 
plate; P-polarizer; C-InP crystal. 
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mhS6 Fig. 1. Maximum instability for dif- 
ferent grating strength ratios, y and negative$ 
Plotted here is growth rate versus phase mis- 
mat&, p, and intensity. Dimensionlcrs parame- 
ters usedare ru = 1, f = - 1, (a) y = 10; (b) y 4. 
Note that all axes are scaled differently. 

where r, = $ ) / v y )  is the ratio of group veloc- 
ity of the fundaments! (FH) and the second 
harmonic (SH), p = r,&k,/~, is a normalized 
phasemismatch and y = ~ . K ~ / K ,  is theratioof 
the grating strengths to SH and FH. 

The continuous wave (CW) solutions can 
be written as: 

where aj, are amplitudes, is the frequency 
and Q is the wavenumber of the CW solution. 

a a f  
Q l f  = -$q' a,- = - fi' 
a,, = - f Z  Q - $1,a2-= -f-'- Q-$1, 

(3) 

where f is a parameter that indicates the posi- 
tion of the solution w.r.t. the FH band-gap. 
Choosing f and as free parameters, we find 
that Q is given by: A Q ~  + BQ + C = 0 where 

A = 2r,V2 - 1) 

B = (1 f2)(y - p - 2 a )  - 2r. 

x (1 -'y - ~ p  -.f3n)/f 

C = (- 1 k fl)(p(l 2 f' t f a )  + R(2 

5 2f2 t zn)))/f. (4) 

Once Q has been determined, we obtain an 
equation for a, which reads, a' = (2n  f p 2 
y ) ( f ? f - ' t  2n)?'2rUQ(-f-Cf-Ik2Q). 

Following standard procedure, we add 
small perturbations to the CW solutions and 
study their wolution. This leads to an 8 X 8 
matrix, the largest imaginary part of the eigen- 
values of this matrix correspond to the insta- 
bility growth rate of the CW solution. The 
main difficulty is that there are five degrees of 
freedom in choosing the parameters: r,,J y, p 
and $1. 

We can narrow our search range by dixuss- 
ing the physical significance of the five param- 
eters: (1) r,, the ratio of material g o u p  veloci- 
ties at the FH and the SH. For most nonlinear 
optical materials, this ratio is usually around 
unity. Three values, r ,  = 0.5; 1.0, 2.0 were 
chosen to represent a large range of pouible 
situations. (2) f gives the position of a CW 
solution with respect to the fundamental 

band-gap. Typical values o f f  are f = 20.1, 
t0.5, ? 1.0. Note that f and l/fare equivalent. 
the only difference being the direction of 
propagation.' (3) y represents the relative 
strength of the gratings at the FH and the SH. 
The following values y = 0.1,0.5,1,2,10 cover 
a large range of possible physical configura- 
tions ( t y  lead to the same results). We treat 
the two remaining parameters, p and R, as 
"free," and scan p, and space for MI at a 
given set of the other parameters. 

In general, most CW solutions are unstable. 
Stable areas are found in the nonlinear Schrd- 
diiger limit, and if the grating strength of the 
SH is significantly larger than that of the FH. 
Here we present examples of the latter with, y 
= 10.4, and f = - 1. The fundamental excita- 
tion is now just above the band-gap, giving 
anomalous dispersion. However, the sign of 
the coupling constant indicates that the non- 
linear coupling is predominantly to second- 
harmonic modes below the bandgap, which 
have normal dispersion. Therefore, the quasi- 
modes that are coupled have opposite signs of 
dispersion, a necessary condition for stabity 
in the EMA limit. Note from Figs. 1 that the 
sign of the phase mismatch is also important. 
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Optical spatial solitons' in photorefractive 
crystals2 have shown potential to form optical 
circuitry by forming graded index waveguides 
which can guide other beams.'+ A soliton 
forms when a photoinduced index change in 
the material exactly compensates for the dif- 
fraction of the beam; i.e. the beam creates its 
own waveguide. In photoreffactivematerials, a 
screening soliton is formed by applying an ex- 
ternal electric field that within the incident 
light beam is screened by photoinduced 
charges.5 The external field then lowers the 
refractive index around the screened area, via 
the Pockels effect, creating a waveguide. How- 
ever, these induced waveguides disappear if the 
applied field is removed from the material. In 
this paper we report on the use of soliton for- 
mation to create permanent waveguides by se- 
lectively reorienting ferroelectric domains 
within the incident light beam. 

For the experiment, the output of an argon- 
ion laser is collimated and focused to a spot 
size of 12 p m  on the front face of a 1 cm cubic 
SBN:75 crystal. When a 3 kV/cm electric field 
is applied to the crystal along the direction of 
the spontaneous polarization, the beam self 
focuses to its input diameter. Theexternal field 
is then removed and a uniform background 
beam that fills the crystal is switched on. The 
space charge field due'to photoinducedscreen- 
ing charges is larger than the coercive field of 
the ferroelectric domains and causes the do- 
mains in the area of the incident beam to re- 
verse their orientation. At equilibrium, a new 
space charge field, due to the bound charge at 
the domain boundaries is locked in place. This 
new field increases the index of refraction in 
only the area of the original soliton, so that a 
waveguide is formed. The waveguides are ob- 
served to have the same size as the original 
soliton, exhibit single mode behavior and last 
indefinitely. 

In addition to fixing a single soliton, a co- 

. . CCD Camera 
,, Delay Arm 

CrhS7 Fig. 1. Experimental apparatus for fixing of optical circuitry. 
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Morphology of lnAs self-organized islands on AlAs surfaces 
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We report an in situ n~olecular-bean1 epitaxy-scanning tunneling microscopy study of 
three-dimensional (3D) sclf-organizcd lnAs islands on AlAs surfaces. The evolution of thc density 
and n~orphology of these islands is investigated as a function of the InAs coverage and substrate 
temperature. It is shown that the 2D island density is already high just prior to 3D island formation 
and remains constant for 3D structures as the InAs coverage is increased. This observation contrasts 
with the InAsJGaAs systein and makes possible the growth of very high densities of sinall quantum 
dots. O 1999 Anlerican Institute of Physics. [S0003-6951(99)00329-01 

The use of the heteroepitaxy of highly nlisn~atched ina- 
terials to produce coherent self-assembled three-diinensional 
(3D) islands lying on a two-dimensional (2D) wetting layer 
has lead the way to a new generation of quantum functional 
devices.'-3 These devices are based on the extraordinary bc- 
havior that results from carrier confinenlent in all three di- 
mensions and are called quantum dots. Quantuin dot lasers, 
for example, have lower thresholds, increased modulation 
speed, and larger differential gain, while quanhlm dot detec- 
tors can be used at normal incidence. 

While the quantum dot concept sounds like there are 
many exciting applications, in practice, there arc some seri- 
ous probleins that limit its possibilities. Onc challenge is to 
achieve fabrication of a large nuinber of dot structures with- 
out significant size fluctuations. Size fluctuation leads to in- 
hon~ogeneous broadening or a shifted energy level structure 
for each dot, preventing formation of states that are concen- 
trated in k space. Applications will clearly depend on the 
development of fabrication techniques that can control the 
quality, size, and uniformity of dots. For this reason, the 
structural characterization of self-assembled InAsIGaAs is- 
lands has been extensively pursued in the past few years.4" 
These investigations indicate a growth inode that is strongly 
depcndent on deposition conditions and interface inte~niix- 
ing. Despite the intense investigation of this system, how- 
ever, many questions remain about the nature of the 2D to 
3D transition. 

While the growth of InAs islands inside a GaAs matrix 
has been the center of attention, careful studies have also 
been made in 1 n ~ b / C J a ~ s , ~  I ~ G ~ A S / G ~ A S , ' ~  I ~ G ~ P I I ~ P , "  
~ i ~ e / ~ i , ' ~  and 1 n ~ s J ~ l ~ s . l ~  The InAsIAlAs quantum dots 
provide an especially attractive system for optical and elec- 
tronic devices due to their significantly higher barrier energy. 
For example, the higher barrier makes possible greater tun- 
ability of the intersubband infrared transitions as well as en- 
hanced stability at high temperatures.14 

In this letter, we investigate the 2D to 3D transition dur- 
ing the molecular-bean1 epitaxy (MBE) of InAs on AIAs. We 
also investigated the density and morphology of the 3D is- 
lands as a function of InAs coverage and substrate tempera- 

")~lcch.onic mail: pbalIct@comp.uark.edu 
b'~lectronic ruarl: sala~no(~comp.uaik.edu 

ture. We carried out our investigation using a MBE facility 
with an in sit11 scanning tunneling microscope (STM). Sub- 
strate ternpcratures during the growth wcre measured using 
an optical technique based on the wavelength dependence of 
the band edge as a hnction of temperature. Details about the 
experimental apparatus can be found in Ref. 15. Samples 
were grown on n-type GaAs wafers. After the growth of a 
0.5 p m  GaAs buffer layer at 580 "C, a flat GaAs surface is 
prcpared by annealing under an As4 flux. Thc growth of 
AlAs is initiated at 580 OC and the substrate temperature is 
ramped and stabilized at 500 OC while depositing AIAs. InAs 
is then deposited with an As4 flux of 6.OX Torr. The 
growth rate is chosen to be 0.1 nionolayer per second (MLI 
s). We exposed the surface to both In and As fluxes during 3 
s following by 17 s of As only. This sequence is repeated 
until the desired coverage is reached. The sample is then 
cooled to room temperature while an As4 flux is maintained 
until the temperature falls below 350°C. After the sample 
reaches 200°C, it is transferred under vacuum to the STM 
chamber. Interestingly, our investigation of InAsIAlAs 3D 
structures shows behavior that is remarkably different from 
that of InAsIGaAs 3D structures, despite the fact that both 
AlAs and GaAs have the same lattice mismatch of 7% with 
InAs. This difference begins with the nature of the wetting 
layer. Figure l(a) shows STM images of the InAs wetting 
layer on GaAs after the deposition of 2.1 MLs at 500 OC. The 
"meandering chains" indicate a highly cormgatcd surfacc 
due to intennixing between indium and galliurn atoms.'" 
Meanwhile, under the exact same conditions, STM images 

FIG. I .  High-resolution 35X 35 nm STM imagcs of 2.1 ML of I d s  dcpos- 
itcd on (a) GaAs and (b) A1As. Thc whitc rcgions on both imagcs arc onc 
~nionolayer high, 2D features. 
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Fixing the photorefractive soliton 
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We report the formation of permanent two-dimensional 12-pm waveguides in a bulk strontium barium niobate 
crystal. The waveguides are made by formation of a photorefractive spatial soliton in which the space-charge 
field induces ferroelectric domains that are permanently polarized opposite to the crystal c axis. The fixed 
waveguide propagates light with 80% efficiency. These results make possible the permanent recording of 
intricate optical circuitry in the volume of a bulk crystal. O 1999 Optical Society of America 

OCIS codes: 190.0190. 

Photorefractive  soliton^'^^ have become a convenient 
playground in which to study soliton phenomena, since 
they are observed a t  low light powers (microwatts) and 
exhibit robust trapping in both transverse dimensions. 
Screening  soliton^^-^ form when an electric field ap- 
plied to a photorefractive crystal is partially screened 
within the incident light beam owing to transport 
of photoexcited  charge^.^ An internal field develops 
within and around the beam and modifies the refrac- 
tive index through the Pockels effect. This index dis- 
tribution is in the form of a graded-index waveguide 
that guides the beam that induced it. Such soliton- 
induced waveguides are highly controllable: One can 
control their numerical aperture, number of modes, etc. 
by adjusting the parameters of the soliton existence 
curve.6 Owing to a low dark current, these soliton- 
induced waveguides survive in the dark but can be 
erased by uniform illumination that restores a uniform 
charge distribution and electric field. In fact, these 
waveguides disappear if the applied field is turned off 
while the crystal is illuminated, because the trapped 
electrons are re-excited and undergo transport, giv- 
ing rise to a charge distribution that cannot support 
solitons. Although the self-induced and easily erased 
nature of photorefractive soliton-induced waveguides 
is attractive for dynamic applications, e.g., reconfig- 
urable interconnects, for many applications it is advan- 
tageous to permanently impress waveguides into the 
crystalline structure, i.e., to have the induced wave- 
guide last indefinitely without an applied field, even 
under intense illumination. 

Two main methods can transform a photorefractive 
electronic hologram into an ionic deformation: ion 
drift and ferroelectric space-modulated poling.7 The 
first method applies primarily to photovoltaic LiNbOa, 
in which the optical beam can introduce long-lasting 
optical damage. In recent experiments researchers 
have reported fixing of waveguides by use of ion drift 
either individually by scanning of a tightly focused 
beam or as a two-dimensional (2D) array of wave- 
guides by imaging a nondiffracting pattern.' Using 
the scanning method, one can fabricate single- 

mode waveguides, but this requires subwavelength 
movement control. A nondiffracting pattern, on 
the other hand, employs linear optics to gener- 
ate a beam with an intensity peak that broadens 
very little on a short enough length scale.g For a 
single nondiffracting beam, the narrower the intensity 
peak, the faster it diffracts, so a narrow waveguide 
induced by such a beam broadens throughout propa- 
gation. Nondiffracting arrays stay narrow for a 
longer distance but, being periodic, do not allow 
much flexibility in the optical circuitry. Finally, in 
recent experiments waveguides induced by domain 
reversal were demonstrated.1° However, these wave- 
guides were induced by diffracting beams and there- 
fore had to be very broad (highly multimode) or rapidly 
varying throughout propagation. With all these new 
results on inducing permanent waveguides in photore- 
fractive crystals, one thing is obvious: It is highly 
desirable to induce waveguides with individual beams 
that truly do not diffract by fixing the photorefractive 
soliton. ~ - - -  - 

Here we report on experiments in which ferroelec- 
tric domain reversal was successfully employed to per- 
manently fix a waveguide induced by a photorefractive 
soliton in a crystalline matrix. This waveguide sur- 
vived at room temperature when the applied field was 
removed, even under intense illumination, but could 
be easily erased by application of electric fields that 
were larger than the coercive field of the crystal. This 
method permits permanent recording of intricate op- 
tical circuitry in the volume of a bulk crystal so that 
integrated optics need no longer be limited to planar 
geometry. 

We used the standard setup for forming screening 
 soliton^^^^: a beam splitter divided by the out- 
put of a 514.5-nm argon-ion laser into a soliton 
and a background beam. The crystal was a 1-cm cube 
of SBN:75 doped with 0.02% cerium by weight. The 
soliton beam had a 12-pm FWHM input diameter 
[Fig. l(a)], and the 35-mW background beam was 
expanded to fill the entire crystal. Normally the 
incident beam, which propagated along an a axis, 
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Advanced holographic nondestructive testing system for Residual stress analysis 
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ABSTRACT 

The design and operating of a portable holographic interferometer for residual stress analysis by creating a small 
scratch along with a new mathematical algorithm of calculations are discussed. Preliminary data of the stress investigations 
on aluminum and steel alloys have been obtained by the automatic processing of the interference pattern using a notebook 
computer. A phase-shift compensation technique in real-time reflection interferometry is used to measure the out-af-plane 
stress release surface displacement surrounding a small scratch( 25pn depth and 0.5 mrn width) in a plate with residual 
stress of around 50 MPa. Comparison between theoretical models for a rectangular and triangular shaped scratch with the 
experimental data are presented. 

Keywords: Displacement measurement, holographic interferometery, portable stress measurement. 

1. INTRODUCTION 

While the holographic technique sounds simple, it traditionally sdFefs from several serious problems. In particular, 
noise, vibration, air current, and temperature swings can prevent the capture of a hologram of the object. One approach is to 
use a short laser pulse to,capture a hologram before movement can occur in such an environment. This approach, however, 
fails to allow a real-time comparison between a hologram of an object and the real image of the perturbed object. The 
difficulty is that although the short pulse hologram is successfully stored, movement due to the environment will take place 
before the object is altered and a comparison is ma&. Another problem which has traditionally plagued the holographic 
sensing is that techniques to perturb the structure have relied on drilling a hole in the structure (Fig.1) in order to allow the 
internal stress to cause surface movement and, hence, change --- hardly nondestructive1 

Drilling a hole in a structure is very 

Stressed plate intimidating and usually unacceptable as a non- 
destructive test. In the approach taken in our work 

after drilling we demonstrate that only a small scratch is 
necessarv for the measurement. In addition. we 
have fo&d the reference and object optical beams 
to move together in order to capture a hologram 
and compare with a real image of the scratched 
object. As a result, our approach has been 
successful even in poor environmental conditions. 

Fig. 1. Stress release displacement. 

2. DISCUSSION OF THE ALGORITHM 

In this paper we present a theoretical 
analysis of the deformations created by a 
rectangular scratch on a surface shown in Fig. 
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The phenomenal growth in wireless communications and 
optoelectronic technology is making 111-V semiconductor 
based devices an increasingly important component of the 
entire semiconductor market.' Unlike Si-based technology, 
where devices are fabricated primarily by ion implantation, 
111-V device structures must be fabricated one atomic plane 
at a time. One of the most powerful and flexible growth 
methods for 111-V structures is molecular beam epitaxy 
(MBE). The ability of MBE to control the deposition of ex- 
tremely thin films that is required for high-performance de- 
vices, as well as the capability to grow device layers with 
arbitrary compositions and doping profiles, is unequaled. 
However, even MBE as traditionally used suffers from poor 
day-to-day repeatability, and this is due, in part, to the lack 
of any means to accurately sense and control one basic pro- 
cess parameter, namely, the substrate temperature. This prob- 
lem arises because the typical sensor used for temperature 
control is a thermocouple, which cannot be in good thermal 
contact with the substrate if one wants to produce high- 
quality, highly uniform material. The inaccuracies in sub- 
strate temperature, in turn, affect the overall progress within 
the MBE community at large. The reason for this is that the 
temperature profile used to produce a high-quality growth at 
one institution cannot be transferred to other institutions. The 
MBE community has tried to minimize these difficulties 
through the implementation of optical pyrometers for sub- 
strate temperature determination. Unfortunately, the accu- 
racy of pyrometers is limited by stray light from the source 
ovens and from substrate heater filaments. In addition, py- 
rometer readings are affected by films deposited on the py- 
rometer viewport and by lack of knowledge of sample emis- 
sivity (which in many cases is changing during the growth of 
the structure). Finally, if one uses direct radiative heating of 
the substrate, the pyrometer becomes flooded with the infra- 
red radiation of the heater filaments, making the technique 
even less a ~ c u r a t e . ~  Other workers have suggested the use of 
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fundamental optical properties, such as the band gap of a 
semiconductor, and their temperature dependence as a ve- 
hicle for obtaining accurate and reproducible substrate 
temperatures.2 One implementation of this idea is realized by 
using the broadband light emitted from the substrate heater 
filaments as the light source for performing an optical trans- 
mission measurement on the substrate.223 Using the substrate 
heater as a light source is very clever and has many advan- 
tages over themocouple sensors and pyrometers. Namely, it 
determines the temperature without requiring physical con- 
tact with the substrate and this approach is not affected by 
films being deposited on the pyrometer v i e ~ ~ 0 r t . j  In addi- 
tion, this approach does not require internal modifications to 
the MBE machine to implement. However, there are two 
disadvantages with this approach. Since one cannot modulate 
the intensity of the heater light, the signal to noise ratio is 
affected by stray light. Also, if the heater power is shut off. 
no light source is available to measure the substrate tempera- 
ture. Another implementation of in situ band gap determina- 
tion is to bring white light into the pyrometer port and to 
measure the band-edge reflection spectroscopy using the 
back-reflected light coming from the pyrometer viewport." 
This method works well for bare substrates but suffers from 
optical interference effects, especially when the films are 
smooth and uniform in thickness (precisely what one wants 
to achieve with MBE). The most successful noncontact tem- 
perature measurement scheme was achieved by installing an 
optical pipe inside the MBE machine that allows an altemate 
light source to be brought to the back side of the substrate. 
This has been successfully implemented in MBE machines 
that have an in-line optical path to the back side of the 
~ubs t ra te .~  Supplying an altemate light source that can be 
chopped prior to entering the substrate has proven to be the 
most precise substrate temperature measurement method 
ava i~able .~  However, in MBE machines where the sample is 
mounted on a manipulator that rotates about a perpendicular 
flange axis, no successful integration has been achieved. For 
the first time, a simple and robust solution has been found for 
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Three-dimensional color holographic display 
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Threedimensional (3D) color holograms are recorded in a ceriumdoped, strontium barlurn mobate 
(SBN:60) photorefractive crystal. These holograms are shown to reconstruct true color reproduchons of 
the original object with an observable field of view of 37". Angle multiplexing of two or more 3D color 
holograms is also demonstrated with angle tuning of the reference beam corresponding to a separation 
angle between stored images of 0.082". Each of these results is compared with correspond~ng theoretical 
predictions. 6 1999 Optical Society of America 

OCZS codes: 090.2870, 100.6890, 190.5330, 090.4220. 

1. Introduction 
The possibility of storing a three-dimensional (3D) 
image library holographically in a small crystal has 
long attracted the attention of researchers. This at- 
traction is driven by the fad that, among the many 
3D image display techniques, holography provides 
the most pleasing 3D images for the human eye- 
brain system. Applications of holography to cinema- 
tography, artificial intelligence, and security have 
long been a goal of scientists and engineers. AI- 
though progress toward this goal has been slow, re- 
cent experiments have clearly demonstrated the 
potential of photorefiadive crystals for real-time 
storage and retrieval of 3D images.' Moreover, the 
potential for storage and reconstruction of 3D images 
has been demonstrated with freedom from distor- 
tion?.= h g h  resolution,4 large depth of field,5-7 and 
wide field of view (F'OV).a In this paper we report 
the demonstration of the corresponding storage and 
retrieval of multiple 3D color images. These images 
are shown to have a wide FOV as demonstrated by 
movement of one's head back and forth during view- 
ing of the hologram or by use of an imaging lens with 
a color CCD camera to record the 3D image from 
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different perspective views. The obsercei FOV, ~ c -  
curacy of color, resolution of multiplexed images, and 
storage time are found to be in excellent agreelpent 
with theory. 

Our approach to color 3D holographic storage is 
based on four-wave mixing in photorefractive crys- 
tals.9 The term photorefractive is used to describe a 
special kind of optically induced refii~ctive-index 
change that can occur in electro-optic materials. 
The microscopic details of the photorefrqctive mech- 
anism are normally described by use of a band trans- 
port model,lO-I2which assumes the existeuce of a pool 
of charges residing in low-lying traps. When a spa- 
tially varying intensity pattern is produced at a'pho- 
torefractive medium, photoexcitation of the trapped 
charges occurs at the maxima of the spatially varying 
intensity pattern. The photoexcited charges ,mi- 
grate by drift or diffusion out of the illulninated re- 
gions and are eventually retrapped in the dark 
regions of the crystal. The charge I..J .: --or7 +n 
results in a spatially varying charge distl.itutiori t h , ~  
is balanced by a strong spacexharge field according 
to Poisson's equation. This strong electrostatic field 
(Eo - lo4 V/cm) then produces a change in the re- 
fractive index (An = 0.0001) through the electro-optic 
effect, and a phase hologram is written. 

In the case of holography the spatially varying in- 
tensity pattern is produced when a reference beam, 
Eref, is interfered with light scattered off of the objekt, 
Eob,, which itself may be thought of as a summati?n. 
of plane waves. As long as these plane waves$nd 
the reference beam are mutually coherent and 'the, 
photorefractive storage crystal has suffici~.nt photore- 
fractive response at the laser wavelength along with 
low dark current, interference of Emf and E,,, in the 
crystal will yield a refractive-index grating propor- 
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M. 0. ~ a n a s r e h ~ )  
Air Force Reseclrch Luh (AFRWVSSS), 3550 Aberdeen AIV, SE, Bldg 426, Kirtlawd .4FB 
:Vew Mexico 871 17-5776 

P. Ballet, J. B. Srnathers, and G. J. Salarno 
Departrnenf of  Physics, Uni~versie of Arkunsas. Fayeueville, Arkn~rsus 72701 

Chennupati Jagadish 
Department of  Elecfronic Muferiirl.~ Engineering, Research School of Physical Scietlces utul Engineering, 
Australian Matior~al U n i v c r s i ~ ,  C n n b e w ,  ACT 0200. .4ustralici 

(Received 13 April 1999; accepted for publication 4 June 1999) 

The optical absorption spectra, measured at either 77 or 300 K, of the intersubband transition in 
Si-doped GaAslAIGaAs multiple quantum wells were studied before and after I MeV proton 
irradiation. The intersubband transition in samples with superlattice barriers was conlpletely washed 
out after irradiation with doses as low as 1.OX 10'%m-'. Thc total integrated areas of the 
intersubband transitions were studied as a hnction of doses. Tt was observed that the intersubband 
transitions in samples with superlattice barriers degradc at a fastcr ratc as compared to those 
transitions in samples with bulk barriers. O 1999 American Institute of Physics. 
[SOOO3-695 I (99)03730-41 

Proton irradiation effect on the intersubband transitions 
in 111-V semiconductor quanhim wells received little atten- 
tion thus far. The desire to study this effect is based - on 
twofold. First, intersubband transitions form the basis of a 
new generation of long and very long wavelength infrared 
detectors.'-3 Second, space application is one of the most 
recent uses of this class of detectors, hence, the su~ivabil i ty  
of these detectors in space and radiation environment be- 
comes very important. Charge ionization and atomic dis- 
placement are the most important effects in irradiated semi- 
conductor inaterials and devices. Charge ionization plays a 
major role in the device perfomlance since irradiation in- 
duced charge accun~ulation has a detriment effect on elec- 
tronic and optoclcctronic devices. Generally speaking, the 
chargc ionization effect is scnsitive to the tcnlperature (Ti) at 
which the irradiation is performed. On the other hand, irra- 
diation induced atomic displaccrnent affect both devices and 
materials. It is more profound at high doses and less sensitive 
to 7,. 

Irradiation effects on the intersubband transitions in 
GaAslAlGaAs multiple quantum wells (MQWs) and related 
compounds have not been thoroughly studied. Gamma-ray 
irradiation effect on the intersubband transitions in InGaAsI 
AIGaAs MQWs have been reported.' Preliminary results on 
the electron irradiation effects on intersubband transitions in 
InGaAsIAIGaAs MQWs have been reported recently.' A re- 
cent report6 on the proton irradiation effect on GaAs quan- 
tum well lasers indicates that there is a wavelength shift in 
the lasing spectra. However, the proton irradiation effects on 
the intersubband transitions have not been reported yet. In 
this letter, we report on the proton irradiation effect on opti- 
cal absorption spectra of the intersubband transitions in 

"Electronic mail: manasreo@plk.af.mil 

n-type GaAsIAIGaAs MQWs. It will be shown t!-i.tt thc in- 
tensity of the intersubband transitions is drauilrrically de- 
creased as a function of irradiation doses. which can b~ tu- 
plained in tenns of trapping of the hvo-dimensionsl clccrro~ls 
in the quantum wells by the irradiation i n d c c ~ ~ i  ,(:,:,:.:+ .. r ! ~  

addition, we observed that intersubband traiisi~ions i ~ .  
samples with superlattice barriers degrade faster than t h ~ s e  
transitions in samples with bulk bamers as the irr:rdisti~n 
dose is increased. .. . . 

Two multiple quantum well structures used in t4ie 
present study were grown by the molecular-bc;rm epitauy 
technique on a semi-insulating GaAs substrate with l i .5- 
pm-thick GaAs buffer layer and -200-A-thick G a A s  cap 
layer. The structures of the two wafers are shown in Table I .  . 
The barriers of the wafer labeled "B" are made of live pe- 
riods ~ l ~ a ~ s ! ~ a A s  superlattices. While the barlies of the . 
wafer labeled "A" is bulk AIGaAs. The wonl "bufk" is 
used here to indicate that the barrier is not a supesi:~ttice. The 
well regions were Si-doped {[Si] = 2 X IO '%II - ' J .  Se\ c~;l 
samples were cut and irradiated with different 4osi.s of! . 
MeV protons beam. The infrared absorption sI1:ctra were 
recorded at the Brewster's angel of Ga.4~ ( 7 7 " 1  from the 
nornlal using a BOMEM Fourier-transfoml interfcronietci..in . . 

T.4HLE 1. Structures of the wafers used In the present ~ ~ L I ( I )  411 ~ a f c ! ,  
were SI-dopcd m thc well ( [S I I=ZOA 101Jcm-2} The barrt~~ m.~tcr~nla ol 
wafer B are made o f  AIGaAs/GaAs supcrlatt~ce -- 

Wafcr A 

Well thickness (A) 75 105 
GaAs 
Barrier material AI,,Gan7As AI,,.,G>+,,,~\a G:v\s 
Harrier thickness (I\) 100 ~()(...:i 

. . . Barrier period 
MQWs period 10 SO 

0003-6951 19917~(4)1525/31$15.00 525 0 1999 American Institu:.: of Physics 
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Improvement of in-plane alignment of YBa2Cus0,-x films on polycrystallme 
alumina substrates using biaxially aligned CeOdYSZ buffer layers 
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Department of PhysicdHigh Density Electronics Center, University of Arkansas, 
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Biaxially ahgned superconducting YBazC~307.~ thin films have been fabricated on ceramic 
alumina substrates. Yttria-stabilized zirconia buffer layers were &st deposited on alumina using 
ion-beam assisted pulsed laser deposition. CeOz and YBCO films were subsequently deposited on 
the YSZ layer using pulsed laser deposition (PLD). All three layers were (001) oriented and 
biaxially textured. The YBCO films have Tc values of 89 K and Jc of 1x106 A/cm2 a t  77 K. 

1. INTRODUCTION 

The successful deposition of biaxially 
aligned YBazCus01.x W C O )  films on poly- 
crystalline metal alloy substrates 11-21 has 
prompted an interest in polycrystalline or 
amorphous dielectric substrates such as 
glass [3] and alumina. Polycrystalline 
ceramic alumina (AlzOs) has a dielectric 
constant and loss tangent lower than that of 
most single-crystal substrates suitable for 
YBCO film growth. This dielectric property 
is desirable for high frequency applications. 
The use of ceramic alumina also brings the 
advantages of isotropic dielectric properties, 
as well as lower cost. In this paper, we report 
the preparation of YBCO films on 
polycrystalhe alumina substrates with 
biaxially aligned CeOz/YSZ buffer layers. 

2. EXPERIMENTS 

Biaxially aligned (001) YSZ f h s  were 
first deposited on one side polished alumina 
substrates (Superstrate"996, Coors) using 
ion-beam assisted pulsed laser deposition. 
Deposition conditions have been given 
elsewhere [3]. In brief, about 5000-&thick 
YSZ films were deposited a t  room 
temperature in 3x10-4 Torr oxygen partial 
pressure. An argon ion beam bombarded the 
substrate a t  an  incident angle of 55" from the 

substrate normal, while a 193 nm excimer 
laser ablated a YSZ target. 

It was observed that a thin CeOr layer 
(<I000 A) can eliminate 4 =O0 and 4 - *So 
grains for the c-axis oriented YBCO films on 
YSZ substrates, and can thus improve the in- 
plane alignment of YBCO on YSZ 141. In this 
study, we deposited a relatively thick CeOz 
layer (1000 - 4000 A) as the second buffer 
layer. Finally, YBCO films (3000 - 4000 A) 
were deposited on CeOa/YSZ/ alumina. Both 
CeOz and YBCO were deposited a t  an Oz 
pressure of 200 mTorr and substrate 
temperature of 750°C using PLD. 

3. RESULTS 

The YBCO h s  were highly c-axis 
oriented as shown in Fig. 1. XRD 4 scans of 
YSZ (1 1 I), CeOe (1 1 1) and YBCO (103) peaks 
are shown in Fig. 2. The texture relationship 
is YBCO[110] I CeO2[100] 1 YSZ[100]. It can be 
seen that the full width a t  half-maximum 
(FWHM) of CeOz peaks is smaller than the 
FWHM of YSZ peaks, and the FWHM of the 
YBCO 4 scan is smaller than that of the 
CeOz 4 scan. It has been pointed out by 
Iijirna et al. [I] that during IBAD the in- 
plane alignment of the YSZ surface is 
gradually improved with the increasing 
thickness of YSZ layers. Therefore, films 
grown on the top of YSZ layers are expected 

092 1 -45341971S 17.00 O Elsevier Science B.Y All rights reserved. 
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Self-trapplng of twedlmenslonal optloal 
beams and Ilght-Induced waveguldlng In 
photorefractlve InP at 
telecommunlcatlon wavelengths 

M. Chauver, S. A. Hawkins, G. J. Salamo, 
M. Segev,' D. F. Bliss,** G. Bryant," 
Depurtmenr of Physics, University o f A r k a n ~ s .  
Fayetteville. Arkansas 72701 

Optical spatial  soliton^^-'^ in photorefractive 
crystals offer potential applications in the field 
of all-optical switching and beam steering. A 
photorefractive solit011 is crcated when a pho- 
toinduced index change exactly compensates 
for thedifhction of the beam. In thissensethe 
beam is able to createits own waveguide. These 
effects have been extel~sively studied in Ferro- 
electric oxide and sillenite oxide crystals for 
visible wavelengths. For the near infrared 
wavelengths used in telecomm~mications. In- 
P:Fe crystals have already demonstrated inter- 
eslilig pliolorefractive proper tie^.".'^ Sdf- 
trappin of a laser beam has been reported in 
1nP:Fe.' In this paper we report the first ob- 
servation of the use of a two-dimensional soli- 
ton formed at 1.3 pm in InP to produce a 
waveguide to guide a second lasu beam at 1.55 
Pm. 

For the experiment, the beam from a 
Nd:Yas laser at 1.3 p m  is collimated and fo- 
cused with a 5-cn~ focal length lais on the 
entrance face of an 1nP:Fe crystal whose tem- 
perature is stabilized at 297 K. As shown in Fib 
1, the electric tield, P., is applird along (I lo), 
the beam propagates along (I iO), and is polar- 
ized either horizontally or vertically at 45' 
From (110). 

The beam size at the entrance face of the 
crystal has a diameter of ahnut 55 pm and 
diverges to a 170 pm diameter a1 the exit face 
when no field is applied to the crystal. The 
1nP:Fe crystal length is 1 cm in the direction of 
the propagation. Mien a 12 kV/cm field is 
applied to the crystal, the beam is trapped and 
the beam diameter at the exit face is reduced to 
about 55 ~ m .  Our experiments show that the 
beam is trapped to the same diameter for either 
a 1 cm or a 0.5 cm crystal length, supporting 
rhe condusion that the trapped diameter is the 
same throughout the crystal. To show that an 
efficient waveguide is formed in the crystal, we 
have also propagated a 1.55 pn ( ~ 0 . 1  
~ ~ . W l c m ~ )  laser beam collinear to the 1.3 pm 
( I  Wlcm2) trapped laser beam. To observe 
only the 1.55 pm beam, a color filter is placed 
after the crystal. When both beams are verti- 

CWE5 Fig. 1 ApyaraLus i u d  cryslal oricn~a- 
tion for observing two-dimensional waveguide 
formation by the 1.3 pm laser bcam and guiding 
of the 1.55 krn lascr bcam. 

CWE5 Fig. 2 Image of a 1.55 prn wavelength 
beam at the exit face of the crystal without (left) 
and with (right) the 1.3 pm trapped bean1 
prewr. Top: both beams vertically polarized; 
bottom: 1.3 pm beam horizontally polarized and 
1.55 pm beam vertically polorizcd. % = 12 
kVlcm. 

cally polarized, the 1.55 p.m beam is observed 
to be guided along the same direction as the 1.3 
pm beam (Fig. 2a). However, when the pokr- 
ization of the 1.3 pm beam is horizontal and 
the 1.55 pm beamverlid, the 1.55 pm beam 
is guided on the tide of the 1.3 pn trapped 
beam (Fig. 2b). While in both cases the 1.55 
pm beam is effectively guided, we can see that 
when the 1.3 p.m beam is horizontally polar- 
bed, tlie 1.55 w~i  bed111 is efficier~tly guided 
and has a near circular profile. 

To measure the index change responsible 
for the formation of the waveguide we added 
an interferometer to the apparatus. This mea- 
surement gives an increase of the refranive 
index in the center of the horizontally polar- 
ized 1.3 p11ibeamandaslrongdarm (lo-') 
of the index on one side of beam. 'lhis amaz- 
inglystrongdecrcaseof the indeximplies that a 
large photorefractive space charge field is 
present. We calculate this space c h q e  field to 
be about 50 KV/cm when the applied external 
field across the crystal is only 5 KVIcm. When 
the polarization ofthe 1.55 w beam is made 
vertical the large index change on the side of 
the focused 1.3 l r~n beam is seen as an increase 
in index and the 1.55 pm beam is guided. 

Despite the small value of the electro-optic 
codficient it is clearly possible to induce 
large index changes. Physically, the large index 
change is due to the large space charge field 
that call be created as a result of the intensity 
temperature resonance and the low value of 
the dielectric constant associated with InP. 
*Depamnent of Electrical Engineering and Ad- 
vnnccd Crntrrfir Photmics and Optoelectronic 
Mnrerials, Princeton University, Princeton, New 
Jersey 08544 
**U.S. Air Force, Rome Laboratory. Hanscom 
Air Force Bare, Marsachusetts 01 731 
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Gagphase reducedbackIpound 
abeorptlon spectroscopy 

John N.  Sweetser, Rick'l'rebino, Combustion 
Research Fuciliry. MS9057, Sandin National 
Laboratories, Livermore, California 94551 - 
0969; E-mail. jnsweet@sandia.gov 

An important ~ o a l  in optical diagnostics for 
trace species detection in combustion is to be 
able to perform sensitive absorption spectros- 
copy. Current methods that achieve this goal, 
such as frequency-modulation, Fourier-trans- 
form, cavity-ring-down, multi-photon, and 
photoacoustic spectroscopies all require scan- 
ning in frequency or time, which is slow com- 
pared with the relevant time scale for variation 
in t l ~ e  medium under study. A sensitive single- 
shot (i.e., rapid) method is therefore highly 
desirable. 

It is straightfonvard to obtain a single-shnt 
absorption spectrum simply by sendinga burst 
of broadband light or an ultlashort laser pulse 
through the absorbing medium and then Lea- 
suring the spectrum of the transmitted pulse 
with a spectrometer. Unfortunately, such a 
simple method has severely limited sensitivity. 
Small changes in the light spectrum resulting 
from ahsorption are dwarfed by the spectnmm 
of the input light and pixel-to-pixel variation 
i r~  resyonsivily of the dctectur. If one could 
reduce this background, without significantly 
reduangthe absorption dips, then the goal of a 
sensitive single-shot absorption-spectroscopy 
method would be achievcd. 

Techniquesthat attempt to accomplish this 
eoal with use of interferometers fail because 
interferometers are too sensitive to alignment, 



15 January 1997 

OPT lcs 
COMMUNICATIONS 

ELSMER Optics Communications 134 (1 997) 2 1 1 - 2 17 

Phase shift between index and intensity patterns 
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Abstract 

The phase shift between the intensity pattern and the index pattem in two-wave mixing experiments has been determined 
from measured values of photorefractive two-wave mixing gain and diffraction efficiency in a bulk 1nP:Fe crystal as a 
function of the total incident intensity. Remarkably, the phase shift varies from 0 to 180" with a value of 90" at the intensity 
for which the two-wave mixing gain peaks. Comparison between theory and experiment yields values for sample ~ e "  and 
Fe3+ concentrations. 

Kry~aord~v: Two-wave mixing; Indium phosphide; Photorefracrive effect; Photorefractive phase shift; Impurity concentration determination 

1. Introduction 

The photorefractive effect in semiconductors has been the subject of many papers [l-61. Studies of the 
photorefractive effect in 1nP:Fe show unusual behavior [1,5,7,8]. The two-wave mixing (TWM) gain coefficient, 
in the presence of an applied dc electric field shows a sharp resonance as a function of the total incident 
intensity. In addition, the resonance peak is found to shift to higher intensities with increasing crystal 
temperature. These observations are unexpected since a characteristic feature of the photorefractive effect in 
oxides is that its magnitude is independent of pump intensity for an incident intensity exceeding a critical value 
depending on the dark irradiance of the material. This intensity dependent behavior is, however, successfully 
explained by an elegant model developed by Picoli et al. [8]. The resonance peak is seen when thermally 
generated electrons are matched by photogenerated holes. In addition to the observed intensity dependent TWM 
gain, the model also predicts an intensity dependent phase shift between the intensity spatial pattem and the 
corresponding index grating. The predicted phase varies from 0 to 180' as the incident intensity is changed. This 
prediction is also unexpected since another characteristic feature of the photorefractive effect in oxides is that 
the phase is intensity independent, although its value is predicted to depend on the magnitude of the applied 
field. This predicted intensity dependent phase behavior in 1nP:Fe has, to our knowledge, never been observed. 

In this paper we report the first observation of an intensity dependent phase shift between the photorefractive 
~ndex pattem and the intensity pattern for 1nP:Fe crystals. The phase shift varies from near 0' to near 180°, 

0030-4018/97/$17.00 Copyright 0 1997 Elsevier Science B.V. All rights reserved. 
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STRESS MEASUREMENT OF DEPOSITED Si02 FILMS ON SILICON WAFER 
USING DIMENSIONAL STABILITY HOLOGRAPHIC INTERFEROMETRY 

TEST 

G. E. Dovgalenko, M. S. Haque, A. V. Kniazkov,Y. I. Onischenko, 
G.J. Salamo, H. A. Naseem 

University of Arkansas, Fayetteville, AR, 7270 1, USA 

ABSTRACT 

In quality control nondestructive techniques gain more and more importance. 
Holographic interferometry has the advantage of being very sensitive and can be used 
contactless for inspection of technical components. The interferogram contains fnnges, 
whose pattern holds information about the surface deformation of a part subjected to the 
load  he he load in case of deposited silicone oxide film is cased by stress produced 
different thermal expansion temperature coefficients film and silicone substrate. Change 
in stress in thin silicon dioxide films was observed using a high stability portable 
holographic interferometer using dimension stability test. Pattern recognition algorithm 
for synthesis of stress analyses map is reported. A stress relaxation phenomenon in this 
film thickness of 0.5 pm on Si wafer has been observed. Correlation of differential stress 
with initial flatness deviation of Si wafer has been discovered. The advantages of the 
proposed measuring technique and results are discussed. 
Key words: holographic interferometry, pattern recognition, stress analysis, thin film, 
portability. 

1. INTRODUCTION 

Thin films deposited on hot substrates get a stress component in them because of the 
difference in the thermal expansion coefficients of the film and the substrate. Due to 
presence of defects and impurities, along with the film microstructure give rise to another 
component of stress called the intrinsic stress. Chemical vapor deposited silicon &oxide 
films have moisture related silanol (Si-OH) impurities. With increase in agng in 
atmospheric ambient, the film absorbs moisture and the film stress becomes more 
compressive 2,3. Thus the intrinsic stress of chemical vapor deposited silicon dioxide 
films changes during shelf storage. Observing the film stress continuously at room 
temperature can give an idea abou the quality of the film. Traditionally bending plate 
deflection technique is used to measure thin film stress. The bow of the bare substrate is 
measured before film deposition. After film deposition, measuring the bow of the 
substrate at any time and using the change in bow, film and substrate thickness, and 
Young's modulus and Poisson's ratio of the substrate, the film stress at that time can be 
estimated 4. In most of the commercial devices, a laser deflection technique is used to 
measure the bow (or radius of curvature). A good reflectivity of the substrate material 
requirement limits its application. Also this device operates in quasi-real time. The 

SPIE Vol. 3134 7 0277-786X1971510.00 
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Fabrication and characterization of vias for contacting YBa,Cu,O,-, rnultilayers 

J. W. Cooksey, S. Afonso, W. D. Brown, L. W. Schaper, S. S. Ang, R. K. Ulrich, G. J. Salamo, and F. T. Chan 

High Density Electronics Center, University of Arkansas, 600 W. 20th Street, Fayetteville, AR 72701 USA 

la order to connect multiple layers of high temperature superconductor (HTS) interconnects, low contact 
resistance vias must be used to maintain high signal propagation speeds and to minimize signal losses. In this work, 
40 pm via contacts through YBqCu,O,, /S~T~O, /S~OJYSZIYB~CU~O~~~ multilayers utilizing dry etching techniques 
and sputter deposited Au for contacting through the vias have been successfully fabricated and characterized. The 
vias connect two laser ablated YBqCu307, (YBCO) signal lines through thick (4-5 pm) SiO, insulating layers. This 
approach to making multilayer superconductor vias provides a low resistance contact between the YBCO layers 
while maintaining space efficiency and fabrication compatibility with the superconductor. 

1. INTRODUCTION 

Since the discovery of high temperature 
superconductivity (HTS), researchers have utilized 
their low resistance behavior in many applications. 
One such application is that of multichip modules 
(MCMs.) Unlike that of VLSI technologies where 
smaller feature sizes in successive generations allow 
interconnect lengths and power dissipation to be 
reduced, MCMs will not have that same luxury. As 
the complexity of ICs advances, pinout count per IC 
increases, and operating frequencies increase, MCM 
normal metal interconnections will have to grow in 
length and will not be allowed to reduce in cross- 
sectional area. On MCM-D substrates, typical copper 
or aluminum interconnection dimensions are about 2 

challenge for attaining multiple layers of high density, 
high performance HTS interconnects appears to be in 
fabricating compact, low resistance vias. 

The work presented here focuses on this problem 
and describes a method of fabricating noble metal vias 
for use in an HTS MCM prototype. 

2. EXPERIMENTAL DETAILS AND RESULTS 

A cross-section of our multilayer YBCO structure 
utilizing Au vias is shown in Figure 1. 

P m n  P h o M b I  lor VL. Ho* Etch la U l l l T l w ~ T ~ p  U-r VaZ 

P h o U l r L . 1  

to 5 pm in thickness and between 15 and 30 pm wide ,--. 
with corresponding via sizes. By cooling the metal to 

iuacan Im Bsh 8% U.I~SCF.  PLlm. tmun-smurrwnu, 
77 K (liquid nitrogen temperature), the resistivity of 
copper decreases by a factor of about 7 which allows 
a corresponding decrease in the interconnect's cross- 
sectional area. In order to increase the wiring density 

8vbb-a .  8ubeWI 
beyond that of cryo-cooled MCMs and improve the /. .. 
chip-to-chip bottleneck at high frequencies, 
alternatives to conventional metal interconnects must 
be considered [I]. 

HTS interconnections, with negligible resistivity at 
operating frequencies of several tens of GHz and 
lower, have great potential to reduce an interconnect's 
cross-sectional area with typical thicknesses of less 
than 1 pm and widths of less than 2 pm for MCM 
applications with similar spacings. The main 

aub8tmw 

.- ._-. 
Figure 1. HTS via process. 

0921~5~4/97/$17.00 O Elsevier Science B.V All rights r e ~ e ~ e d .  
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aDepartment of Physics and bDepartment of Electrical EnginneeringIHigh Density Electronics 
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We have successfully fabricated YBazCus07.1NSZISi02/YSZrYB~C~s07.x multilayer 
structures on single crystal LaAlOs (loo), substrates. The YBazCus01.~(Yl3CO) layers were 
deposited using pulsed laser ablation (PLD), the biaxiaUy aligned YSZ ( 250 nm thick) layers 
were deposited using ion beam assisted PLD (IBAD-PLD), and an amorphous SiOz (1-2w) layer 
fabricated via rf sputtering was sandwiched between the YSZ layers. Fabrication techniques and 
characterization results are reported for patterned layers in this work. 

1. INTRODUCTION 

For high temperature superconductor 
multichip module(HTS-MCM) applications 
the basic building block is the HTSAnsulator 
(thickness >lpm)/HTS structure. A HTS- 
MCM can be defined as a miniaturized 
version of a multilayered printed wiring 
board with superconducting interconnects. 
Previously such a HTS-MCM p r o t o t ~ e  
using a YBCOISrTiOs(500nm)/YBCO has 
been successfully fabricated by Bums et a1 
[I]. Recently the use of ion beam assisted 
deposition to deposit biaxially aligned YSZ 
buffer layers on polycrystalline or 
amorphous substrates allowed for good 
quality YBCO films on these substrates [2-51. 
Reade et a1 [6] were able to demonstrate 
using the ion beam assisted pulsed 
deposition @BAD-PLD) technique that it was 
possible to fabricate the YBCOIYSZ- 
lamorphousYSZ(5pm)NSZM3CO multilayers 
on oriented YSZ substrates with the top 
YBCO Tc - 87 K. They also fabricated the 
same structure using amorphous SiOz, but 
cracks in the top YBCO layer did not permit 
electrical measurements of the top layer. 
The main advantage of Si03 ~ E J  i h  low 
dielectric constant (- 3.89), which makes it 
an ideal insulator material for MCMe. 

In this paper we briefly describe the 
method to fabricate and the results obtained 

from the characterization of the YBCOfYSZ- 
/Si02/YSZM3CO multilayers. 

2. EXPERIMENTS 

The first YBCO layer (300nm thick) was 
fabricated by pulsed laser deposition using 
standard conditions. &r patterning, part 
of the pads were masked to allow for 
transport measurements later. Next a 250 
nm thick YSZ layer was deposited via IBAD 
PLD using conditions described in 151. After 
this a 1-2 p n  thick SiOz layer was deposited 
by reactively sputtering a Si target in 
oxygen ambient (the details of this process 
are described in 141). Following the SiOn 
deposition another 250 nm thick biaxially 
aligned YSZ bufferlcapping layer was 
deposited via IBAD PLD. Finally the masks 
were taken off and the top YBCO was 
deposited using the same conditions as the 
first YBCO except that the deposition 
temperature was kept - 20-30" lower. For 
the first set of multilayers the top YBCO 
layer was patterned intm bridges over the 
underlying bridge patterns but shifted a 
little to the side so that the top bridge goes 
over step edges. The patterning was carried 
out by using photolithography and ion 
milling. For the second set of multilayers 
the top YBCO layer was patterned into 

092 14534/97/$17.00 0 Elsevier Science 8.V A11 rights reserved 
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Abstract 

We report for the first time the successful fabrication of T12Ba2CaCu,0, superconducting thin films on polycrystalline 
A120, substrates using yttria-stabilized-zirconia (YSZ) buffer layers. Ion beam-assisted laser deposition was used to obtain 
the textured YSZ buffer layers. The T12Ba2CaCu20, thin films were shiny, highly c-axis oriented with respect to the film 
surface and strongly in  plane textured. The zero resistance temperature of these films was as high as 108 K with a critical 
current density of - 105 ~ / c m '  at 77 K. 0 1997 Elsevier Science B.V. 

PACS: 74.76.B~; 74.72.Fq 
Keywords: TI,Ba,CaCu,O, thin film; Ion beam-assisted deposition 
-- - 

1. Introduction 

Since the discovery of high temperature supercon- 
ductors (FITS), many possible applications of HTS 
thin films have been conceived and demonstrated. 
Space communications, radar and microwave filters 
for both the current cellulhr and tomorrow's PCS 
communications systems would each benefit from 
the use of HTS thin films. One of the biggest 
impediments to the application of HTS is that HTS 
carry only a limited amount of current without resis- 
tance. This problem arises from their two-dimen- 
sional layered suucture. According to earlier studies 
[I ,2], if the layers do not line up properly, the critical 
current density will decrease dramatically in the 
misaligned region. One way to overcome this prob- 

lem is by growing epitaxially, micron-thin layers of 
the material on well organized substrates. The pro- 
cess has the effect of lining up the superconducting 
layers more accurately. For example, HTS thin films 
grown on single crystal LaAlO, [3-51 or SrTiO, [6] 
substrates have a good lattice match between the 
HTS and the substrates and have a correspondingly 
critical current density of about - lo6 ~ / c m ~ .  In 
fact, the current density is large enough for most 
HTS thin film applications. While this effort is im- 
pressive, it is far from useful. The single crystal 
substrates are both expensive and extremely difficult 
to make with the large surface area required. One 
challenge to HTS thin film growth research is to find 
new substrates that can be produced in adequate size 
at lower cost. Recent studies [7-121 have shown that 
a highly bi-axially aligned YSZ layer can be grown 

' Corresponding auihor. Tel.: + l 501 5754313; fax +I501 On nOn-cr~stalline substrates* and that 
5754580. the YSZ-layer can then act as a template for HTS 
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quasiequilibrium Bose-Einstein conden- 
sate cannot build up in the presence of 
the exponential LO-phonon-assisted op- 
tical decay of the para-x's, Our scenario 
explains the cotresponding experimental 
observations1" in which the BEC seemed 
to be approached only asymptotically. 

We also present some approximations 
for the thermodyfiamic relationships of a 
degenerate Bose gas of para-x's. In par- 
ticular, along the equilibrium phase dia- 
gram the change of the chemical poten- 
tial Ap ce -AT for T >> T, m d  Ap. a 
-(AT)' for T C* T, (see Fig. 3). 
This work has been supported by the 
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Self-induced trapping of optical beams in 
semiconductors 

M. Chauvet. S. A. Hawkins. G. I. Salamo. . " .  
Mordechai kgev,* D. F. Bliss,** G. 
Bryant," Physics Department, Uniwrsity of 
Arkansas, Fayetteville, Arkmrsas 72701 
Spatial solitons in photorefractive mate- 
-rials have been a subject of recent inter- 
est.' When compared with Kerr spatial 
solitons, their most distinctive features is 
that they are observed at low light hten- 
sities and trapping occurs in both trans- 
verse dimensions. Photorefractive spatial 
solitons have been observed in the hulg- 
sten bronze ferroelectric oxidesz and in 
the nonferroelectric sillenite oxides? In 
this paper we report self-induced trap- 
ping in one dimension in the semi-mu- 
lating compound semiconductor InP:Fe. 
In particular, we observe that for milli- 
watt laser beams diffraction is exactlv 
balanced by the photorefractively k- 
duced index change. Our observation is 
made under steady-state conditions that 
were similar to that used for the obser- 
vation of photorefractive solitons in 
strontium barium niobate (SBN).' 

The semi-insulating compound semi- 
conductor, InP:Fe, is an interesting pho- 
torefractive material. It is attractive 
because of its compatiiility with semi- 
conductor lasers and optical commmi- 
cation applications. It is unusual because 
the observed photorefractive effect is 
markedly intemity dependent. Jn fact, 

ION QELS - Technic 

QThKl Fig. 1 Theoretical TWM space 
charge field amplitude and phase shift 
as a function of intensity in 1nP:Pe. The 
grating modulation is 0.1, Ti, = 10 KV/ 
em, and other parameters are taken 
from Ref. 4. 

QThKl Fig. 2 Beam profiles taken at 
the input face (left), at the output face 
after diffraction (center), and at the 
output face with diffraction 
compensated by the photorefractive 
effect (right). 

both the two-wave-mixing gain and the 
relative phase between the intemity spa- 
tial pattern and the induced index pat- 
tern are intensity dependent. In parbcu- 
la?, the gain exhibits an intensity-depen- 
dent resonance while the phase varies 
from 0 to w, taking on ~ / 2 ,  at the reso- 
nant intensity. Although the behavior de- 
viates substantial from traditional pho- 
torefractive phenomena it is beautifully 
predicted using a two-carrier5 tramport 
model developed by Picoli, Ozkul, and 
View: 

A qualitative example of the behavior 
of the gain and relative phase for InP us- 
ing this model is shown in Fig. 1. The 
figure clearly shows the intensity-depen- 
dent resonance in two-wave-mixing gain 
and the intensity-dependent phase. An- 
other way to picture this behavior is to 
look at the in-phase and out-of-phase 
components of the induced space=charge 
field. The in-phase component results in 
an index change while the out-of-~hase 
component proYduces energy exchan'ge. In 
our experiment, self-induced focusinn 
and difocusing effects peak with th; 
magnitude of the in-phase component of 
the space-charge field while an observed 
beam deflection peaked with the magni- 
tude of the out-of-phase component. 

The apparatus for our experiment is 
similar to that used in Ref. 4. A continu- 
ous wave Ti:sapphire laser, tumble be- 
tween 0.9 arrd 1.1 micro119 was tuned 
away from the InP band edge to about 1 
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miaon, to avoid significant absorption. 
The output beam fmm the laser was 
about 2 mm in diameter and was focused 
into the InP eample along the (110) direc- 
tion u h g  a cylindrical lens of cm focal 
length. The input and output beam di- 
ameters were measured by imaging them 
onto a CCD beam profil~ system. The in- 
cident beam diameter was 47 miaons 
while the diffracted output beam d h e -  
ter was 80 microns. A voltage of about 5 
KV was applied along the 5 mm, (001), 
direction. Trapping occurred for an input 
laser beam power of about 100 rniao- 
watts. The trapped output beam diame- 
ter was 45 miaons. These beam profiles 
ate shown in Fig. 2. 

We have observed self-trapping of op- 
tical beams in semiconductore using the 
photorefractive effect. The major advan- 
tage of using photorefractive semicon- 
ductors as opposed to the tungsten 
bronze or sellenite insulators is that their 
response times are several orders of mag- 
nitude shorter, leading to improved pob 
sibilities for application. 
*Electrical Engineering Dept. and Advanced 
Center for Photonics and Optoelectronic 
Materials (POEM), Princeton University, 
Princeton, New Jersy 08544 
"Rome Laboratory, U.S.A.F., Hanscorn AFB, 
Mnssachusefts 01731 
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Steady-state dark screening sotitons and 
soliton-induced waveguides formed in a 
bulk photorefractive medium 

Zhigang Chen, Matthew Mitchell, Ming- 
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Garrett,, George C. Valley?* Electrical 
Enfirwering Deuartmolt and Colter for 
~ G t o n i c s  &d bptoelectronic ~ n t e h l s  
(POEM), Princeton Uniwrsitq, Princeton, 

Steady-state dark photorefractive screen- 
ing-eolitons, as predicted recently,' are 
observed when a laser beam containing a 
dark notch propagates through a buk  
strontium barium niobate crystal biased 
by an electric field. The photorefractive 
dark solitons induce waveguides in the 
bulk of a photorefractive crystal that 



Sputter-deposited yttrium-barium-copper-oxide multilayer structures 
incorporating a thick interlayer dielectric material 
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Physical vapor deposition technologies have been developed which allow the fabrication of 
multilayer structures consisting of two yttrium-barium-copper-oxide (YBa2Cu307-x or YBCO) 
layers separated by a thick (-4 pm), low dielectric constant material. The YBCO is buffered from 
both the substrate and the other films with ion-beam assisted deposited (IBAD) films of 
yttria-stabilized zirconia (YSZ). The YSZ layer provides both the texture necessary to deposit 
high-quality YBCO films and protection from the insulating layer material. Using these deposition 
processes, a variety of materials, such as Pyrex and Haynes alloy, may be used for the substrate. The 
critical temperature and current values obtained for the two YBCO layers of the completed structure 
were on the order of 85 K and 2X 10' ~ / c m ~ ,  respectively. O 1996 Americar~ Institute of Plzysics. 
[SO02 1 -8979(96)06904-XI 

I. INTRODUCTION ide has been used as a buffer material on these and other 
substrate materials.' 

One of the potential applications of yttrium-barium- 
copper-oxide (YBa,Cu30,-, or YBCO) films is as the elec- 
tronic interconnects on a multichip module (MCM) sub- 
strate. By using the interconnected mesh power system 
(IMPS) MCM topology, a superconducting MCM can be re- 
alized with two levels of superconducting interconnection.' 
This is possible because the use of superconductor material 
for the interconnects allows for very high wiring densities. 
Thus, in order for this application to be realized, a large-area 
film of YBCO must be deposited onto a substrate, followed 
by a fairly thick layer of dielectric material, and finally, a 
second layer of YBCO. The thick layer of dielectric material 
1s required to provide impedance control of the interconnect 
lines. As an additional constraint, the dielectric must have a 
relatively low dielectric constant in order to minimize the 
thickness of this layer. 

Most efforts directed at the fabrication of multilayer 
YBCO structures have required each of the layers to main- 
tain epitaxy of the substrate throughout the thickness of the 
s t~ucture .~  This requirement greatly constrains the choice of 
substrate and dielectric materials that can be used. The ma- 
terials must be chemically compatible with YBCO, and their 
lattice constants and coefficients of thermal expansion (CTE) 
must closely match that of YBCO. 

Ion-beam assisted deposition (IBAD) is a technique 
which eliminates the constraint of maintaining epitaxy 
throughout the entire structure. This is due to a combination 
of the mechanisms of preferential sputtering, ion channeling, 
and shadowing of misoriented grains by the ion beam. The 
formation of a textured microstructure results from the 
higher sputtering yields of all orientations other than that of 
the channeling direction. Thus, a textured microstructure can 
be formed by carefully balancing the deposition rate with the 
sputtering due to the ion beam. Using IBAD, epitaxial films 
have been grown on top of amorphous layers. IBAD has 
been used to deposit textured yttria-stabilized zirconia (YSZ) 
on ~ ~ r e x ~ , '  and Haynes aIloy4-7 substrates, and cerium diox- 

II. EXPERIMENT 

In this article, YSZ was first deposited onto Pyrex sub- 
strates using IBAD under the deposition conditions outlined 
in Ref. 4. Briefly, the ion gun was positioned at a distance of 
80 mm from the substrate and at an angle of 55' from the 
substrate normal. Argon gas was flowed through the gun at a 
rate of 20 sccm and an acceleration potential of 300 eV was 
used, with a beam current of 7 mA and a deposition pressure 
of 0.7 mTorr. The thickness of the YSZ layer was about 5000 
A. Next, YBCO was sputter-deposited to a th~ckness of 3000 
A using an off-axis configuration. The substrate was heated 
to 735 "C at a deposition pressure of 200 mTorr in an 80% 
argon/20% oxygen gas mixture. The YBCO was then capped 
with a 2000 A thick layer of IBADIYSZ to prevent interdif- 
fusion. Next, a 4 pm thick layer of silicon dioxide (SiO?) 
was deposited on top of the YSZ layer by reactive sputtering 
of a 3 in. diameter pure silicon target. The conditions were as 

I r , 
20 30 40 50 60 70 

28, degrees 

FIG. 1.  Theta-two theta scan for a typical YSZ film depos~ted on Pyrex. 

J. Appl. Phys. 79 (4), 15 February 1996 0021 -8979/96/79(4)/2003/3/$10.00 O 1996American Institute of Physics 2003 



Magnetic field and temperature dependence of critical current densities in 
multilayer Y B ~ , C U ~ O ~ - ~  films 
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G. Florence, S. Scott, S. Ang, W. D. Brown, and L. W. Schaper 
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In order to build high-temperature superconductor (HTS) multichip modules (MCMs), it is 
necessary to grow several epitaxial layers of YBCO that are separated by thick dielectric layers 
without seriously affecting the quality of the YBCO layers. In this work, we have successfully 
fabricated YBCO/YSZ/SiO,/YSZ/YBCO structures on single-crystal LaA103 substrates using a 
combination of pulsed laser deposition for the YBCO layers and ion-beam-assisted rf sputtering to 
obtain biaxially aligned YSZ intermediate layers. The bottom YBCO layer had a T,-89 K, 
J,-7.2x lo5 A/cm2 at 77 K, whereas the top YBCO layer had a T,-86 K, J,-6X lo5 A/cm2 at 
77 K. The magnetic field and temperature dependence of J, for the YBCO films in the multilayer 
have been obtained. The results for each of the YBCO layers within the 
YBCOIYSZISi021YSZIYBC0 structure are quite similar to those for a good quality single-layer 
YBCO film. O 1996 American Institute of Physics. [S0021-8979(96)03308-91 

I. INTRODUCTION sputtering. Details of the technique will be described 

In electronic applications of high-temperature supercon- 
ductor (HTS) thin films, the critical current density (J,) is an 
important characteristic. One of the potential applications of 
high-temperature superconducting films is as electronic inter- 
connects on a multichip module (MCM).' Since there are a 
minimum of two HTS thin films, separated by thick dielec- 
tric layers required, in HTS multichip modules (MCMs), it is 
necessary to know if the quality of the HTS layers is still 
maintained after the entire fabrication process is completed. 
In addition to the critical temperature (T,) and critical cur- 
rent density at zero field, the dependence-of J, on an exter- 
nally applied magnetic field and the temperature for the en- 
tire multilayer structure is crucial information for electronic 
applications. The YBCO/YSZ/Si02/YSZ/YBC0 multilayer 
structure has been fabricated by Reade et 01.' They reported 
cracking in the top YBCO layer, which limited their investi- 
gation of the properties of the multilayered structure. 

In this article, we report a study of the temperature and 
magnetic field dependence of J, for both YBCO layers in a 
YBCO/YSZISi021YSZIYBC0 multilayer structure3 per- 
formed by the magnetization method. Our results show that 
the temperature and magnetic field dependence of J, of the 
YBCO layers of these samples are similar to those of high 
quality single-layer YBCO thin films. 

II. EXPERIMENT 

The YBCO/YSZ/SiO,/YSZ/YBCO multilayer samples 

e~sewhere.~ In short, a 200-nm-thick Y B ~ , C U ~ O , - ~  (bottom 
YBCO, layer 1) film was deposited on a single-crystal 
La.410, substrate (100 orientation and area I Xl cm2) by 
pulsed laser ablation at a substrate temperature of -750 "C. 
Ion-beam-assisted rf sputtering was used to deposit biaxially 
aligned 200-nm-thick yttria-stabilized zirconia (YSZ) as a 
capping layer (layer 2). Next a 1-pm-thick, amorphous SiOz 
layer (layer 3) was deposited on layer 2 at room temperature 
by rf sputtering. The capping layer (YSZ) is used to prevent 
diffusion of the third SiO, layer into the top YBCO layer. A 
fourth layer (biaxially aligned YSZ) was then deposited on 
the SiO, layer to a thickness of 200 nm using the same 
method as for layer 2. This layer is very important. It not 
only functions as protection against the diffusion of the third 
SiOz layer into the YBCO layer, it also allows good epitaxial 
YBCO growth if it has a well-aligned structure. Finally, the 
top YBCO layer (layer 5) was deposited by laser ablation 
under the same conditions as was used for layer 1 .  

The orientation of the YSZ and YBCO layers was char- 
acterized by x-ray diffraction. The magnetization M ( H )  loop 
was measured using a Quantum Design Magnetometer in 
fields up to 4 T, applied parallel to the c-axis direction and at 
a fixed temperature. This was repeated for different tempera- 
tures ranging from 5 to 77 K. The values of J, were calcu- 
lated using Bean's model. The electrical resistance was mea- 
sured using the standard four-lead technique. 

Ill. RESULTS AND DISCUSSION 
investigated here were prepared by using a combination of 

X-ray diffraction data showed that all samples investi- pulsed laser deposition and ion-beam-assisted magnetron 
gated here were single-phase highly c-axis oriented with 
very good in-plane epitaxy (Fig. 1). There were no cracks . - . . - .  

"permanent address: Department of Materials Science, Fudan University, observed in the top YBCO layer. The resistance R(T) and 
Shanghai, People's Republic of China. 

"permanent address: Ion Beam Laboratory, Shanghai Institute of Metal- magnetization M( T) of the samples were carefully measured 

lurgy, Chinese Academy of Sciences, Shanghai, People's Republic of for each YBCO layer. Figure 2 shows the typical resistance 
China. as a function of temperature for the top YBCO layer. The 
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Self-trapping of planar optical beams by use 
of the photorefractive effect in 1nP:Fe 
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We demonstrate what we believe to be the first experimental observation of self-trapping and self-deflection of 
a planar optical beam by the photorefractive effect in a semiconductor. The semiconductor material is indium 
phosphide doped with iron. We show that the observed focusing and defocusing effects follow the component 
of the two-wave-mixing space charge field that is in phase with the intensity pattern, whereas the spatial beam 
deflection effects follow the 90"-shifted component. O 1996 Optical Society of America 

Spatial solitons in photorefractive materials have 
been the subject of recent i n t e r e ~ t l - ~  Compared 
with Kerr spatial198 solitons, the most distinctive 
features of spatial solitons are that they are ob- 
served a t  low light in tens i t i e~~.~~%nd that trapping 
occurs in both transverse  dimension^.^,^ Until now, 
photorefractive spatial solitons have been observed 
in the tungsten bronze ferroelectric o ~ i d e s ~ ' ~  and 
in the nonferroelectric sillenite  oxide^.^ Several 
reasons have led us to carry out similar experi- 
ments in the photorefractive semiconductor crystal 
1nP:Fe. First, this material is sensitive in the range 
of the near-infrared wavelengths used in optical 
telecommunications. Second, the photorefractive 
effect in  semiconductors has the advantage of a 
faster response time than that observed in either the 
tungsten bronze or the sillenite crystal materials. 
Third, the possibility of monolithic integration with 
other optoelectronic components (lasers, detectors) is 
also attractive. 

We experimentally demonstrate in this Letter what 
we believe to be the first self-trapping of optical beams 
in a semiconductor, using the photorefractive effect. 
The self-trapping is observed a t  steady state with a low 
light intensity (50 mW/cm2) and with a moderate d.c. 
applied field (9 kV/cm) in bulk 1nP:Fe. The output 
diameter is observed to be trapped at the input value 
after propagation of both 5 and 10 mm. 

To observe the self-trapping effects, we focus a 
continuous beam a t  1.04 or a t  1.3 pm with a 70-mm 
focal-length cylindrical lens onto the entrance face of a 
1nP:Fe crystal. A beam profile system and an  imaging 
lens are used to analyze the beam shape. The light 
beam is linearly polarized along the (110) direction and 
propagates along the (110) direction. Absorption is 
-1.5 cm-' at  the 1.04-pm wavelength and0.15 cm-' a t  
1.3 pm. A d.c. field (Eo)  is applied between the (001) 

faces. The temperature of the crystal is stabilized 
a t  297 K. 

The resonance behavior of the two-wave-mixing 
(TWM) gain in 1nP:Fe has been characterized both 
experimentally and theoreti~ally.~*l~ In this model 
electrons are dominantly thermally excited from Fe2+ 
to the conduction band, whereas holes are dominantly 
optically excited from Fe3+ to the valence band. The 
resonance in the gain as a function of intensity occurs 
at an intensity I,,, for which the optical excitation of 
holes is equal to the thermal excitation of electrons. 
In addition, the relative phase between the intensity 
spatial pattern and the space-charge-field pattern is 
also intensity and temperature dependent. The reso- 

\. , - I 
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Intensity (mWlcm2) 

Fig. 1. Real and imaginary parts of the normalized TWM 
space charge field in 1nP:Fe at 1.06 pm calculated with 
formula 18 from Ref. 10. m is the modulation rate of 
the intensity grating. Eo = 10 kV/cm; T = 297 K; 
grating spacing = 10 pm; [Fez+] nTo = 0.5 x 1016 ~ r n - ~ ;  
[Fe3+] p ~ o  = 6 X 1016 ~ r n - ~ ;  and hole and electron 
photoionization cross sections an0 = 6 X 10-l8 cm2, 
upo = 1 X lo-'" cm2. I,,, = 38 mW/cm2. 
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Experimental data are presented, which demonstrates an optical limiter based on a large 
birefringence which is optically induced in bacteriorhodopsin. The induced birefringence is 
observed to be a function of incident intensity, but saturates at a value of about 0.454 ~ l c m ?  A 
measured value of An of 6.6X at a wavelength of 514 nm is reported. The observed 
birefringence is found to be in good agreement with a proposed model. O 1996 American Institute 
of Physics. [SOOO3-6951(96)00303-61 

~acteriohodo~sin '  (BR) has received much attention re- 
cently due to its potential for real-time holographic record- 
ing, optical pattern recognition, and nonlinear optical 
 effect^.^-^ BR is the light harvesting protein in the purple 
membrane of the micro-organism called halobacterium hol- 
bium, produced in salt marshes, and is closely related to the 
visual pigment rhodopsin. Tt displays a characteristic broad- 
band absorption profile in the visible spectral region, and 
when the molecule absorbs light it undergoes several struc- 
tural transformations in a well-defined photocycle. One of its 
long list of interesting attributes and clever applications is its 
inherent photoinducible optical anisotropy.I0 It is this anisot- 
ropy which is explored in this letter. 

The apparatus for our investigation is shown in Fig. 1. 
The output beam from a linearly polarized argon-ion laser at 
514.5 nm is split into two beams. One beam is polarized as 
P, and directed through the BR sample. The second beam is 
polarized using polarizer P2 at 45" relative to the first beam 
and is directed through the BR sample at a small crossing 
angle (-2") relative to the first beam. The first beam then 
passes through a second polarizer P3, which is parallel to the 
first. When the second (pump) beam is blocked, the first 
(probe) beam passes through the BR without polarization 
rotation, hence with minimal loss through the second polar- 
lzer (P2). When the pump beam is unblocked the probe 

rotation limits the intensity of the probe beam to at least 
of the incident intensity depending on the quality of the 

polarizers, P, and P,. Although our sample was only 50 pm 
thick, we used a multiple pass scheme to produce a 90" ro- 
tation. 

To understand the cause of the observed polarization 
change, we must consider the effect of absorption of a pho- 
ton by BR. A cycle of conformational changes is initiated by 
the absorption of a photon by bacteriorh~do~sin.~ '  The 
BR(570) form, absorbs at 570 nm, giving the molecule its 
purple color. The absorbed photon isomerizes the all-trans 
retinal group of BR(570) to the 13-cis form of K(610) in 
picosecond times. The transient red-absorbing intermediate 
then undergoes a series of conformational transitions 
[L(550), M(412), N(520), and 0(640)] in microsecond to 
millisecond times, and then a conformational transition back 
to the BR(510) form in millisecond times. The cycle of con- 
formational changes is depicted in the inset of Fig. 2. As a 
result of the conformational changes, we can use a simple 
three molecular form picture to model the induced birefrin- 
gence in bacteriorhodopsin. The incident light excites the 
trans-molecular form, It), to molecular form 11) which imme- 
diately decays nonradiatively to the cis-molecular form (c). 
The long-lived cis form then rapidly accumulates a popula- 

beam experiences a change in polarization and is partially 
blocked by the second polarizer. As the intensity of the pump 
beam is increased, the polarization change of the probe beam 

G I E ~ - T ~ O ~ P S O ~  Polarization 

is observed to increase and then saturate. For a particular Polarlzer Rolalor 

pump intensity and sample thickness, the polarization change 
can be made to be a 90" rotation. Since the saturating effect 
is observed to occur at low light intensities, a 90' rotation is 
in practice quickly independent of the incident intensity of 
either beam and the degree of rotation is "fixed." Figure 2 
shows a plot of the observed polarization versus the incident 
pump intensity. For a thickness of 50 pm we observe a mini- 
mum transmission at an angle of 18". The thickness of the 
BR sample can be easily selected to produce a 90" rotation 
for a large range of incident intensities. For a rotation of 9O0, 
for example, a thickness of about 0.2 mm is required for the 
samples we have examined. For an effective 0.2 mm sample, 
used in the apparatus shown in Fig. 1, a 90" polarization FIG. I .  Apparatus used to measure the induced birefringence and limiting 

Appl. Phys. Lett. 68 (3). 15 January 1996 0003-6951196168(3)128713/$6.00 O 1996 American Instibte of Physics 287 



July 1,1996 1 Vol. 21, No. 13 1 OPTICS LETTERS Wl 

. . 

Circular waveguides induced by two-dimensional bright 
steady-state photorefractive spatial screening soliiw:-:. 
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We report what we believe is the first experimental observation of bright-soliton-induced two-dimensional 
waveguides. The waveguides are induced by twodimensional photorefractive screening solitone, and their 
guiding properties, i.e., whether the waveguides are single mode or multimode, are controlled by adjustment of 
the soliton parameters. B 1996 Optical Society of America 

&cently spatial solitons have been attracting much 
research activity. Potential applications of spatial 
solitons, such as controlling and manipulating light by 
light, are now becoming feasible. Bright Kerr-type 
solitons have been investigated for years.'$2 However, 
they are inherently unstable in a bulk medium and 
thus can be observed only in a planar waveg~ide,~ 
implying that all potential device applications must 
be planar. Furthermore Kerr self-focusing of a two- 
dimensional beam leads not to solitons but rather 
to catastrophic self-foc~sing.~ Self-trapped optical 
beams in other, non-Kerr, nonlinear media have been 
also investigated during the past few years. The- 
oretical studies have found stable self-trapping of a 
two-dimensional beam in saturable self-focusing me- 
dia,4.5 and a recent study reported a pair of spiraling 
solitons formed by the breakup of an optical vortex 
in such a medium. Another type of nonlinearity that 
permits self-trapping in both transverse dimensions 
is based on cascaded X(2 )  effects, in which a funda- 
mental and a second-harmonic beam interact and trap 
each other.7 Finally, guidance of optical beams by 
soliton-induced waveguides as a means of controlling 
light by light has been investigated experimentally for 
one-dimensional beamse and theoretically for one- and 
two-dimensional beams.' 

Recently another type of soliton-the photore- 
fradive spatial so l i t~n~~- '~ -has  attracted much 
interest because it exhibits stable self-trapping in 
two transverse dimensions even with low optical 
power (microwatt/s). Photorefractive solitons are 
generally classified into three generic types: guasi- 
steady-state  soliton^,'^." photovoltaic solitons, and 
steady-state screening s o l i t o ~ . ' ~ - ~ ~  All these pho- 
torefractive solitons also induce waveguides in the 
volume of a bulk photorefractive medium. Photore- 
fractive soliton-induced waveguides have been demon- 
strated for quasi-steady-state  soliton^,'^ photovoltaic 
~olitons, '~ and dark-screening solitons.17 Waveguides 
induced by photorefractive solitons are inherently 
different from those induced by Kerr-type solitons 
not only because they exist in two transverse di- 
mensions but also with respect to their wavelength 
response. Since the response of photorefractive media 

is wavelength dependent, one can generate a soliton 
with a very weak beam and guide in it a much more 
intense be& of a wavelength at which the material 
is less photosensitive. This permits the steering and 
controlling of intense beams by weak {sri.,: ;-.I 5ea-s. :. z. 
This property does not exist for Kerr-typo colit;oa& 
because the Kerr nonlinearity must be far from any 
resonance and is therefore wavelength indcipendent. 
Thus waveguides induced by Ken-type solitons can 
guide only beams that are much weaker than the. 
soliton beams.' 

Photorefiactive spatial screening solitons form when 
diffraction is balanced by photorefractive self-focusing 
effects. A bright screening soliton results From the 
spatially nonuniform screening of an externally ap- 
plied field, which lowers the refractive index away : 
from the center of the optical beam and for ins an ef- 
fectme waveguide. This waveguide can guide another 
probe beam, possibly at a different wavelength (which 
is long enough  to^ exclude intrinsic valence-band- . .  

conduction-band excitation), with a slightly different 
refractive index and electro-optic coefficient. Here we 
demonstrate what to our knowledge is the first experi- :' 

mental observation of circular waveguides induced by . 

two-dimensional bright-solitons-in any !lonlinehr 
medium. The waveguides are inducec : . j  1.5.ntqrlz- 
fractive screening solitons. We study theic suidii~g 
properties and show that, when the waveguide is 
induced by a soliton whose peak intensity is of thf! ,.; 
order of the sum of the dark plus the baclrgrourid:~ 
irradiances, it is a single-mode waveguide. However, - ; , 
when this intensity ratio increases, the soliton-induced 
waveguide starts to guide higher modes, with the 
number of guided modes increasing with the intensity .. 
ratio of the soliton. ;.. . @ 

The screening solitons are generated with an esr 
perimental setup similar to that of Ref. 16. We f iq t  . 
generate a screening soliton in a 5.5-mm-loag stron- :: 

tium barium niobate crystal (SBN:BO) by Isunching.' ' 
a 1.5-pW extraordinarily polarized TEMao beam 'of 
488-nm wavelength along the crystalline a axis. An 
external voltage of 1900 V applied along the crys- 
talline c axis between electrodes separated bi 5.5 mm 
permits the formation of a 12-pm-wide (FWHM) 
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We study experimentally steady-state photorefractive screening solitons trapped in both transverse dimensions 
and measure their beam profiles as they propagate throughout the cryatal. The solitons are observed to be 
axially symmetric, and they self-bend. We characterize the soliton dependence on the optical intensity, applied 
electric-field strength, and beam diameter. @ 1996 Optical Society of America 

Spatial solitons in photorefractive media1 have 
attracted much interest in the past few years. At 
present, three types of scalar soliton have been found. 
First, a suitable external field applied to a photore- 
fractive crystal supports transient bright and dark 
solitons, trapped in one and two transverse dimen- 
sions (named quasi-steady-state ~olitons).'.~ Second, 
photorefractive-photovoltaic materials support bright 
and dark steady-state photouoltaic  soliton^.^ Third, 
application of an  external electric field also permits 
steady-state photorefractive solitons, as suggested by 
Iturbe-Castillo et aL4 based on one-dimensional (1-D) 
steady-state self-focusing observations in BilzTiOzo. 
The theory of steady-state solitons was formulated 
in Refs. 5 and 6, and these were named screening 
~ol i tons .~  They result from spatially nonuniform 
screening of the applied field, which lowers the re- 
fractive index away from the center of the optical 
beam and forms a waveguide. Recently, screening 
solitons trapped in both transverse dimensions were 
reported.' Here we study the twodimensional (2-D) 
steady-state screening soliton, report detailed mea- 
surements of soliton properties, and show that the 
solitons can be axially symmetric. 

In one transverse dimension, our calculations 
show that the narrowest screening soliton is ob- 
tained for soliton peak intensities roughly three 
times larger than the sum of the background and the 
dark irradiar~ces.~ We use background intensities of 
mW/cm2 (much greater than the dark irradiance), 
which permit observations of 1-10-pW solitons with 
0.1-1-s response times in strontium barium niobate 
(SBN).' The background irradiance is provided by 
a laser beam illuminating the crystal uniformly and 
polarized orthogonally to the soliton beam. Since our 
1-D calculations showed that the soliton depends on 

the intensity ratio (rather than on absolute intensity, 
as in Kerr media), it is important to keep that ratio 
constant throughout propagation even in the presence' 
of absorption. We therefore launch copropagating 
soliton and background beams. 

We generate the screening solitons in SHN:60 by 
launching an extraordinarily polariz-:! " W , ~ , I  bcaa 
( A  = 514 nm) along the crystalline a alus. it ,.,1),- 
cal top-view photograph of a 10-pm-diameter (>WHM; 
soliton propagating for 5.5 mm is shown in Fig. 1 . 
(upper trace). An axially symmetric soliton with an 
intensity ratio of 70 required 3400 V applied alon$ '. 
the crystalline c axis between electrodes separated by 
5.5 mm. Within the resolution of our top-view h a g -  , 

ing system ( 24  pm), the soliton beam did net experi- . 
ence any changes in its diameter. A slightly lower 
voltage generated an elliptical soliton beam that is nar- . 
rower in the direction parallel to the external field, . 
whereas a slightly higher voltage gives rise to a soli-. 
ton narrower in the direction perpendiculqr to the 
field. At zero voltage the beam diffracts to roughly 
57-pm FWHM diameter: as shown by the lower trace 
in Fig. 1. Using interferometry, we determine that 
the transverse phase of the soliton at the ex11 face of 
the crystal is uniform. Hence, the soliton beam at 
the exit face acts as a minimal waist, and C:aussia?- 
beam optics can be used to image it onto a CCD cam- ' 
era.' The soliton is stable and resh~,,; - -". ~ : f .  l~eilc's 
one does not have to launch a beam of tllG >~..PFI' 

(soliton) size, but rather the soliton evolves into its . 

stationary shape and size. Figure 2 compares the eva- 
lution of input beams of different sizes and trans- 
verse phase under fixed voltage and intencity ratio. . 
Figure 2(a) shows 12-pm (FWHM) input beam pro- 
files (upper traces), the diffracted output profiles at 
zero voltage (middle traces), and the 12-pm solitoh 
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Image transfer by mutually 
pumped phase conjugators 

Richard J. Anderson, Edward J. Sharp, Gary L. Wood, and Gregory J. Salamo 

Cross talk is observed during the transient time of the photorefiactive grating formation in a mutually 
pumped phase conjugator. We show that this feature can be used to transfer pictorial information from 
one location to another. The transfer is instantaneous and is demonstrated at a resolution of 6 
lines/mm. 0 1996 Optical Society ofAmerica 

1. Introduction 
Multiwave mixing in photorefractive crystals has 
been used for a number of applications in optical 
image processing. The photorefractive properties 
of energy exchange and phase conjugation have led 
to demonstrations of image amplification, edge en- 
hancement, addition and subtraction of images, res- 
toration of aberrated images, correlation and convo- 
lution of images, conversion of incoherent images 
into coherent images, and image transfer from one 
location to another.' Sending spatial information 
from one location to another can be accomplished by 
many different techniques. One technique is to use 
photorefractive crystals as a medium for the transfer 
of images between two laser beams or between an 
incoherent source and a laser beam.%' For ex- 
ample, in the case of the photorefractive incoherent- 
tocoherent converter described in Ref. 6, which is 
based on a self-pumped phase conjugator, the image 
transfer was demonstrated for both low-power cw- 
laser beams and for white light. This particular 
device exhibited a spatial resolution of -40 line 
pairs/mm, and the typical time to transfer a single, 
two-dimensional image was 140 ms at 1 ~ / c m 2 .  
This slow response time is typical for photorefractive 
materials and corresponds to the time to write or 
erase a photorefractive grating. 
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While the concept of image transfer between light 
sources by use ofphotorefractive crys:.:!; - n c  be us22 
to transfer information from one locatiozi to ~i~ltl,;~; 
it is both alignment sensitive and slow. In this 
paper we present a new technique to accomplish this 
transfer that is based on a mutually pumped phase 
conjugator (MPPC) that is self-aligning and instanta- 
neous. Previous studiess have shown that temporal 
information at one location could instantaneously be 
transferred to another location by the MPPC. In 
this paper we show, for the first time to our knowl- 
edge, that pictorial information can also bt: trans- 
ferred. In addition we characterize the quality of 
the image transfer. 

2. Double Phase Conjugation 
Anew type of phase conjugator, unique to phol orefrao: 
tive crystals, called the mutually pumped phase 
conjugator (MPPC), has been demonstratvd in a 
variety of geometr ie~.~~~ In these devices, two beams 
are incident (usually on opposite faces of the crystal) 
and overlap in some region of the cryst:,l. The 
beams may be derived from differ en^ LC!- - n ?9 iong 
as the laser wavelength is nominally the Sam.: (;.e , * 

two He-Ne lasers, for example). These conjugators 
can be classified by the number of internal reflec- 
tions the beams experience before conjugation: 
n ~ n e , ~ J ~ J l  one,12 two,13 or three.14 There have alsd ' 

been MPPC's demonstrated that are based on the 
semilinear mirror design.16J6 In all these devices, 
two phaeeconjugate outputs (double phase conjuga- 
tion) are produced simultaneously by the interaction 
of the two mutually incoherent beams of the same 
wavelength within the photorefractive crystal. 
Since MPPC's differ in geometry rather than In their 
physical mechanism, they have been shown to share 
many common characteristics: (1) the conjugation 
of two beams occur simultaneously, (2) the conjugat- 
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We study one-dimensional steady-state photorefractive screening solitons in a bulk strontium barium niobate 
crystal. We compare measurements and calculations of the soliton properties and find good agreement for 
relations between the profile, width and intensity of the soliton, the applied voltage and material parameters. 
We find the solitons stable against perturbations both in the plane and perpendicular to the plane of the soliton 
for intensities large compared to the background intensity. [S 1063-65 1 X(96)50505-21 

PACS numbeds): 42.65.Hw, 42.65.Tg 

Spatial solitons are a subject of continuing interest in pho- 
torefiactive materials [I-71. Since they require very low 
power and exhibit self-trapping in both transverse dimen- 
sions, they have great potential for applications such as beam 
steering, optical interconnects, and nonlinear optical devices. 
Photorefractive solitons have been predicted and observed in 
a quasisteady regime (quasi-steady-state solitons) [1,2], in 
the steady state in photovoltaic materials (photovoltaic soli- 
tons ) [3], and in the steady state with an external applied 
field (screening solitons) [4-61. Screening solitons occur 
when an external voltage is applied to a photorefractive crys- 
tal such that the internal electric field surrounding a bright 
beam is screened by the higher conductivity within the beam. 
The electric field is inversely proportional to the sum of the 
light intensity and the dark irradiance and is therefore lower 
in regions of higher optical intensity. This modifies the re- 
fractive index via the Pockels effect which for the soliton 
exactly traps the beam. An observation of steady-state 
screening solitons trapped in both transverse dimensions was 
reported earlier this year [6] but theoretical results exist only 
in one dimension [5-71. 

Here we make detailed comparisons between theory and 
experiments for one-dimensional steady-state screening soli- 
tons trapped in a bulk material. The theory predicts a univer- 
sal relation between the width of the soliton and the ratio of 
the soliton irradiance to the sum of the equivalent dark irra- 
diance and a uniform background irradiance [5-71. If the 
voltage necessary for polarization rotation by .rr (V,) is mea- 
sured separately, there are no free parameters in the theory. 
We compare this universal relation and the soliton profiles to 
experimental data and show good agreement. We also ob- 
serve that the soliton is stable against perturbations both in 
the plane and perpendicular to the plane of the soliton for 
intensities large compared to the background intensity. 

Previous work [5,7] shows that a one-dimensional (ID) 
bright screening soliton is described by the reduced wave 
equation 

whose first integral is 

where u ( t )  is the soliton amplitude (as a function of the 
transverse coordinate () divided by the square root of the 
sum of the background and dark irradiances, u0 is the maxi- 
mum amplitude of the soliton at t = 0  divided by the same 
sum, and (=xld  where we have the following: d 
= (k2nb2reffv/ I ) - " ~ ;  k= 2 mb / A ,  A is the free-space wave- 
length, n b  is the unperturbed refractive index, reff is the ef- 
fective electro-optic coefficient for the geometry of propaga- 
tion, V is the applied voltage, and I  is the width of the crystal 
between the electrodes. Equation (2) can be integrated nu- 
merically to obtain the spatial profile of the soliton and the 
full width at half-maximum (FWHM) of the intensity as a 
function of uO.  

Solution of Eq. (2) predicts that the narrowest soliton 
should be obtained for the ratio of peak soliton irradiance to 
background irradiance about equal to three. We use back- 
ground intensities of 0.0 1 to 1 W/cm2 (much larger than the 
dark irradiance) which yield one-dimensional solitons of 400 
p W  of power in a few seconds in SBN:60 (strontium barium 
niobate). This power is about 600 times larger than that re- 
quired to generate solitons in two transverse dimensions 
since the size of the planar soliton is about 10 pmX6 mm 
rather than about 10 pmX 10 p m  [6]. Since theoretical re- 
sults show that soliton profiles depend on the irradiance nor- 
malized by the background irradiance, unlike Kerr solitons 
which depend on absolute irradiance, the irradiance ratio 
must be kept constant throughout propagation. Because of 
absorption in the crystal, this means that the soliton and 
background beam must be roughly copropagating. As in Ref. 
[6], we generate solitons by launching an extraordinarily po- 
larized focused beam on the background of a uniform, ordi- 
narily polarized, beam both at a wavelength of 514.5 nm and 
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