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Abstract 

Mn doped GaAs thin films were grown using molecular beam epitaxy at high and low substrate temperatures. The elemental 
concentration depth profiles in the thin films were determined by using Auger electron spectroscopy combined with ion etching. The Mn 
concentration is higher near the surface and then decreases with depth for films grown at high substrate temperatures. The Mn 
concentration profile is much more uniform when films are grown using a low substrate temperature. What was unexpectedly found are 
high levels of oxygen in the low substrate temperature grown thin films. 
0 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 

Since the discovery of the ferromagnetic semiconductor 
of Mn-doped GaAs (GaMnAs) by Ohno et al. [I], it has 
been the subject of intense experimental [2,3] and 
theoretical work [4,5]. The combination of ferromagnetism 
with the versatile semiconducting properties makes 
it promising for future spintronics applications [6,7]. 
GaMnAs can be described qualitatively as a random alloy 
in which Mn substitutes at Ga sites and takes the dual role 
of acceptor and local magnetic moment [8,9]. Unfortu- 
nately high concentrations (-lo2' ~ m - ~ )  of substitutional 
Mn are required for ferromagnetism to occur [I]. Worse 
still Mn has a low solubility limit in GaAs (-10'~cm-~) 
[lo]. At present, some of the best samples of GaMnAs have 
been grown using molecular beam epitaxy (MBE) and 
using low substrate temperatures [I I]. The low-temperature 
MBE allows one to dope GaAs with Mn over its solubility 
limit, making it possible to realize a 111-V-based diluted 
magnetic semiconductor (DMS) [I]. The low substrate 
temperature is also thought to be necessary to mitigate the 
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formation of the thermodynamically more stable 
second phases such as MnAs [10]. The second phases 
can, in turn, result in the formation of As antisites 
(Asca) and Mn interstitial (MnI) defects, both of which 
compensate substitutional Mn acceptors (MnGa) [12]. 
Because the ferromagnetism in a DMS structure is hole 
mediated, a reduction in the hole concentration due to 
these compensating defects leads to a suppression 
of the ferromagnetic Curie temperature [13]. Edmonds et 
al. [I41 have grown GaMnAs films at low substrate 
temperatures (-200°C) and found Curie temperatures 
increased 60-70 K after annealing films at 175°C. Recent 
work also indicated Curie temperatures up to 150K in 
annealed GaMnAs epilayers grown with a low substrate 
temperature of 250 "C (annealing temperature also at 
250°C) [IS]. They pointed out that annealing likely 
decreases the concentration of Mnl, which would enhance 
the hole density in the sample. Furthermore, they noticed 
the sample thickness limited the maximum attainable Curie 
temperature in the epilayers, which revealed that the free 
surface of GaMnAs may play an important role in the 
ferromagnetic properties. 

It is interesting to note the highest Curie temperature 
around 150K achieved for this system is well below the 

0022-02481s- see front matter 0 2007 Elsevier B.V. All rights reserved. 
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GaMnAs thin films with different Mn doping concentrations wcrc grown via ~nolecular beam 
epitaxy using a substrate temperature of 250 "C. The thin films were investigated using 
photolumincscencc (PL) mcasurements from 8 to 300 K. Transitions involving Mn acccptors wcrc 
identified and a bincling energy of -0.1 eV was found. A Mn doping concentration dependent PL 
spcctruin was found to lend insight into the film quality at a local level. Tempcraturc dependent PL 
studies show that the doping related emissions drop faster in energy than other peaks with increasing 
temperature, indicating that they are more sensitive to changes in the surrounding environment. 
O 2007 American Vuc~runt Society. [DOI: 10.1 11 611 27463491 

I. INTRODUCTION diffraction (RHEED) system. The highest-quality commer- 

~h~ incorporation of transition dopants with cially available, "cpiready," semi-insulating 2 in. diameter 

conductors ,nay open up opportunities for utilizing a carrier's GaAs(OO1)*O.l " wafers (AXT, In'., etch pit density 

spin property in conventional electronic devices.].2 ~h~ M ~ -  <5000 ~ r n - ~ ,  full width at half maximum=3.8 arc sec) werc 

doped G ~ A ~  ( G ~ M ~ A ~ )  grown by molecular beam used in this study after being cleaved into quarters. One 

epitaxy (MBE) has attracted much attention in this area quarter was mouilted on a 2 in. diametcr standard MBE mo- 

of stUdy,384 H ~ ~ ~ ~ ~ ~ ,  the curie temperature Tc of GaMnAs lybdenum block using indium as solder. The substrate was 

has heen limited to - l sO  at this  moment.^ The reason for then loaded into the load-lock chamber without any chemical 

suppression in T~ has been derived froin the extrclnely low cleaning. Ncxt, the substrate was transferred to the heating 

M~ solubility limit in G ~ A ~  ( ~ ~ f .  6) and high defect density stage inside the MBE chamber, and the chamber was cooled 

associated with the M~ doping. some of the best down using liquid nitrogen. The substrate was heated to 

samples of GaMnAs have been grown by MBE and using a 580 "C while exposing the surface to As4 to remove the 

low-substratc tenlperaturc.7 ~h~ low-temperature MBE surface oxide layer. A thin buffer layer of GaAs was grown 

growth allows one to dope G ~ A ~  with Mn beyond its solu- on the substrate for 5 min. During this time RHEED oscilla- 

bility limit, making it possible to realize a lll-v-based diluted tions were used to determine that the growth rate of the 

magnetic semiconductor. However, the low-temperature GaAs was 780 nmlh. Next, the substrate temperature (TS) 
growth also induces more defects in G a n A s .  ~t is inlpo*ant Was Set to the desired growth temperature of 250 "c. GaM- 
to investigate and optimize the sample growth process so that "AS films were then growl1 for 1 h, while RHEED was used 

tile G a n &  system has a relatively high Mn solubility and to monitor the surface reconstruction during and following 

low defect concentration. the growth. After growth, the sample was cooled down and 

G ~ M ~ A ~ ,  whell M~~ at G~ sites it will take removed from the UHV system. Samples were cleaved into 

on the dual role of acceptor and local magnetic moment.8,Qn multiple smaller pieces (5 X 5 mm2) for characterization 

this article, we have grown GaMnAs thin films with different measurements. 

levels of M~ doping by MBE at a substrate temperature of The PL measurements were performed in a variable tcin- 

250 "C. The photoluminescence (PL) spectra of these perature (8-300 K, closed-c~cle helium cryostat. The 

GaMnAs films were investigated usillg a temperature range 532 nnl line a neodymium-doped Yttrium alu- 
of 8-300 K. M~ concen~atioll dependent PL spectra fronl minum garnet laser was used for continuous-wave PL exci- 

GaMnAs thin films were also obtained, and these provide tation. The PL from the sample was dispersed by a 

information about how the local film quality changes with ~ ~ n ~ c h r o m a t o r  (reso1ution=0.001 e ~ )  and detected by a 
doping concentration. liquid-nitrogen-cooled charged-coupled device. 

II. EXPERIMENTAL PROCEDURE Ill. RESULTS 
were prepared in an (UHV) For Mn-doped GaMnAs films, the thickness ranngc is be- 

MBE growth chamber (Riber 32) having a base pressure of tween 0.6 and ] pm. The M~ distribution within each 
- 2 x  lo-'' ~ o r r .  The MBE chamber includes Ga and Mn sample is as dearmined by A~~~~ electron rpectms- 
effusion cells together with a two-zone As valved-cracker copy or secondary ion mass spectrometry depth 
ccll. It is also equipped with a reflection high-cncrgy electron T~~ M~ oncentration in G ~ ~ A ~  films depends on the Mn 

cell temperature. The relation between Mn concentration in 
a'~lectronic mail: thibado@uark.edu GaMnAs and Mn cell temperature is shown in Fig. 1. The 
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Mn concentration depth profiles in Mn-doped GaAs thin films grown at substrate temperatures of 
580 and 250 " C  using various Mn cell temperatures have been investigated with dynamic secondary 
ion mass spectroinetry and Auger electron spectroscopy. When the samples are grown at a low 
substrate temperaturc of 250 "C, the Mn distributes uniformly. For the samples grown at a high 
substrate temperature of 580 "C, the coilcentration depth profiles are easily fitted with a 
temperature-dependent F e m ~ i  function only if the Mn concentration is above the solubility limit. 
However, when the Mn conceiltration is below the solubility limit, unexpected peaks are observed 
in the concentration depth profiles. 0 2007 American Vacuum Society, [DOI: 10.1 11611.274635 11 

I. INTRODUCTION Secondary ion mass spectrometry (SIMS) can be an excel- 
lent technique for determining the Mn concentration depth 

Diluted magnetic semiconductors (DMSs) have been pro- profiles in samples. Very few studies exist, however, Olle 
posed for use in spin-based electronics, or spintronics, be- such study shows S ~ S  profiles having the expected unifol-nl 
cause of their potential as both injectors and filters for spin- distribution outcome for G ~ M ~ A ~  films grown at low sub- 
polarized carriers." The novel materials are formed by the svatc this anicle, we present the M~ depth 
substitution of a small fraction of host atoms with magnetic profiles for four above and below the M~ solid- 

Uniquely, the interaction between magnetic mo- solubility limit and for both high and low substrate 
ments is mediated by hole carriers,' and the hole carriers are temperatures. 
also introduced by the same magnetic species.6s7 

Recently, more attention has been paid to the III-V mag- 
netic sen~iconductors such as GaMnAs and InMnAs grown 11. EXPERIMENT 
by inolecular beam opitaxy (MBE).'~' Specifically, the dis- samples were prepared in an ultrahigh vacuum (-2 
covery of ferromagnetism at 110 K in GaMnAs has led to 10-10 T ~ ~ ~ )  MBE growth chamber ( ~ i b ~ ~  32) which in- 
intense experimental9 and theoretical re~earch . '~~"  A Curie cludes G~ and M~ cells together with a two-zolle 
temperature higher than room temperature in GaMnAs is valved-cracker cell and a reflection high-energy electron dif- 
theoretically predicted and this would be best for applica- fraction (RHEED) system operating at 15 kev. commer- 
tions. However, experimental progress is severely hindered cially available, uepiready,- semi-insulating 2 in. dialneter 
by the lack of understanding in the doping mechanism and GaAs(OO])kO.10 wafers were cleaved into quarters and in- 
difficulty in growth control" even though the quality of dium mounted on a 2 i n  diameter MBE nlolybde- 
G ~ M ~ A S  films grown by MBE has improved greatly corn- num block. The substrate was heated to 580 " C  while expos- 
pared to early efforts.13 ing the surface to 10 pTorr As4 to remove the sui-face oxide 

An goal has been achieve a uniform layer. A thin buffer layer of GaAs was grown on the substrate 
distribution of the dopant material throughout the thin 5 min. ~~~i~~ time RHEED oscillations were used to 
surprisingly, recent work on Mn-inlplanted Si shows that Mn determine that the growth rate of the GaAs was 780 nmlh. 
concentration fluctuations may be favorable to the ferromag- ( H ~ ~ ~ ~ ~ ~ ,  due to our shutter transient the growth rate 
netic behavior.15 Regardless of what is best, it is now clear is closer to 650 nm/h.17.18) N ~ ~ ~ ,  the substrate 
that one must fully understand the Mn doping properties in- was set to the desired growth temperature of either 580 or 
cluding, diffusion, segregation, and distribution in order to 250 o c  and G ~ M ~ A ~  films were grown for 1 h. ~h~ salnple 
make more progress. was then cooled at 1.5 O C I S  to 200 " C .  removed from the 

Mn profiles in GaMnAs thin UHV system, and cleaved into multiple smaller pieces (10 
have been studied using Rutherford backscattering spectrom- 10 mm2) for characterization measurements. 
etry (RB~).'"hese results also indicate that the distribution The M~ were determined using a 
is sometimes not uniform. The tricky part with RBS is that it dynamic S~MS (perkill-~lmer PHI 6300 ~ ~ ~ d ~ ~ ~ ~ l ~ )  and 
provides a spectruln that requires Auger depth profiling systems. The sample was sputtered 
obtain the individual component profiles for Mn, Ga, and As. with an argon ion gun usillg a focused spot size of about 

1 inm in diameter. The depths of the sputtered craters were 
a'~lectronic mail: thibado8uark.edu determined using a profilometer (Tencor Alphastep 200). It 
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Abstract 

GaMnAsIGaAs films were grown via molecular beam epitaxy using both low and high substrate temperatures. The films were 
investigated using Hall effect and photoluminescence (PL) measurements from 8 to 300 K. The carrier concentrations in the samples 
grown at a low substrate temperature are greater than those in the samples grown at a high substrate temperature. The PL spectra show a 
GaAs exciton peak, a peak involving a carbon acceptor, a substitutional Mn acceptor-related peak and an optical phonon-related peak. 
0 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 

Recently, the p-type dilute magnetic semiconductor 
(DMS) Mn-doped GaAs (GaMnAs) has been attracting 
much attention. GaMnAs can be described qualitatively as 
a random alloy in which Mn substitutes at Ga  sites and 
takes the dual role of acceptor and local magnetic moment. 
The combination of ferromagnetism with the versatile 
semiconducting properties makes it promising for future 
spintronics applications. In addition, GaMnAs can be 
grown using several techniques, including molecular beam 
epitaxy (MBE) [1,2], liquid phase epitaxy (LPE) [3] and ion 
implantation [4,5]. The realization of spintronic devices 
requires a substantial increase in the ferromagnetic 
transition temperature (T,) as the highest in GaMnAs is 
around 100K. Because of the low solubility of Mn in 
GaAs, it is thought that most Mn ions form in the DMS as 
defects, such as interstitials. These defects compensate 
substitutional Mn acceptors (MnG,) and, in turn, lead to a 
suppression of the ferromagnetic transition temperature 
[6]. I t  has been demonstrated that T, exceeding 150 K can 
be achieved by low-temperature annealing in films thinner 
than -60nm [7.8]. Post-growth annealing is thought to 

'Corresponding author. Tel.: + 1 479 575 6178. 
E-mail address: jxu@uark.edu (J.F. Xu). 

enable Mn interstitials to diffuse to the surface thereby 
maximizing the concentration of uncompensated MnG, 
and thus T,. These results show this material is highly 
sensitive to the growth and post-growth conditions. A 
small change in alloying compositions or microstructures 
can induce significantly different physical properties. Thus, 
it is important to study the electrical and optical properties 
in the GaMnAs system as a function of growth parameters. 

In this paper, we discuss DMS GaMnAs thin films that 
were grown at  high and low substrate temperatures using 
MBE. These samples were investigated using Hall effect 
and PL measurement from 8 to 300 K. Carrier concentra- 
tion and Hall mobility were evaluated, and the energy of 
the Mn acceptor level was determined from the photo- 
luminescence (PL) data. 

2. Experimental details 

Samples were prepared in an ultrahigh vacuum 
(-2 x 10-'O~orr) MBE growth chamber (Riber 32) that 
includes Ga and Mn effusion cells together with a two-zone 
As valved-cracker cell. The MBE chamber is also equipped 
with a reflection high-energy electron diffraction (RHEED) 
system. Commercially available, "epi-ready," semi-insulat- 
ing 2" diameter GaAs(0 0 1) + 0.1 " wafers were cleaved into 

0022-02481s -see front matter 0 2006 Elsevier B.V. All rights reserved. 
doi:10.1016/j.jcrysgro.2006.11.049 
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An instrument that incorporates two scanning tunneling microscope (STM) tips which can have 
their tunnel junctions as close together as a few nanometers was designcd and built. The sample is 
fixed and can be imaged simultaneously and independently with both STM tips. The tips and sample 
can be positioned and angled to image the same surface or pcipendicular surfaces. The entire STM 

- ~ 

head is cooled with liquid helium to about 4 K while in an ultrahigh vacuum environment. 
Macroscopic positioning of the tips is accomplished using piezoelectric "stick-slip" coarse motion 
stages, whereas atomic positioning is accomplished with piezoelectric tube scanners. T h ~ s  
instrurncllt addrcsscs the critical nccd to locally characterize individual nanostiucturcs and 
heterostructures. O 2006 American Institute of Physics. [DOI: 10.1063/1.2.149590] 

I. 1NTRODUCTlON the scanning tunneling microscope (sTM)."' When used in 
combination with a scanning electron microscopy (SEM), 

Interest in developing next-generation nanoscale devices these two imaging methods nice,ly bridge the gap mi- 
is at an all time high. New methods for fabricating nano- crons to nanomelers,6 the STM is to a semicon- 
structures are being developed at an increasing rate. This ductor fabrication chalnber then one can study the interior 
includes novel self-assemble, artificially fabricated, of semicollductor devices by illterrupling the fabri- 
lithography-etching techniques, etc. What has not kept pace cation This has led to significant advancements 
is the number of new ways to characterize materials on these in our understanding of technologically important 
smaller scales. Consequently, the majority of characterization  surface^.'^"^ Even still, these approaches are limited because 
studies still average over a large volume or surface area con- 

the STM has only one local probc to inject or detect charge. 
taining numerous nanostructures. This method of character- 

To address this need a handful of researchers have de- 
ization yields a signal that is inhomogeneously broadened 
from the desired result. At present, there is a critical need to veloped STM's which have two tips. One of the first designs 

add new techniques which precisely characterize individual of this type used two tips on a single scanner assembly.'" 

nanostructures. This provides movable, nondestructive contacts where one 

Lithographic tecllniques do allow for limited nanoscale Can inject charge at a single point and detect it at 

characterization. one can pattern small windows using a Later, even better designs came along where both STM tips 
shadow mask to optical measurements the were mounted on thcir own scanner This way 

small window, ln one can pattern small clcctrical each tip could independently image the surface and move to 

contacts and study carrier transport between the contacts. a desired location for charge injection and detection. This 

facl, these have been the driving force behind nu- method has evolvcd c o ~ ~ s i d e r a b l ~ , ' ~  and now a four-probe 

merous basic research studies as well as many techno]ogical STM is commercially available; however, it is designed for 
breakthroughs.' For researchers have four-probe transport nleasurelnellts and does not achievc 

electrons by giving them a certain magnetic moment orien- atomic 

tation at one ferromagnetic metal lithographic injection point The main challenge remaining with all existing multi- 

and then detected the tagged particles at another lithographic probe STM designs is to find a way to get the two STM tip's 

point in the material. This has led to the measurement of the tunneling junctions closer together, and more importantly 

spin-relaxation time T2 for conduction e~ectrons.~ know the relative distance between the two tunnel junctions. 

There are several shortcomings when using lithographic One would like this distance to be at least the same as the 

techniques, however. First the patterning permanently alters size of the nanostiucture, and even better to be several times 
your sample. Worse still, the structure and chemistry of the smaller than the nanostructure so as to be able to probe the 

contacts and interface layers may unknowingly alter the ex- nanostructure itself. The difficulty lies in the radius of each 

periment. Second, the contacts cannot be moved to a new tip and the angle the tips approach the surface. If the tips get 
location. In other words. one would ideally like these con- too close to each other, the tunnel junction between the tip 
tacts to be mobile and nondestructive. and sample suddenly jumps from the sample to the second 

One of the best instruments for nondestructive probing is tip. This is called side tunneliilg. Also, if the tip approaches 

0034-6748/2006ff7(9)/093703n/$23.00 77, 093703-1 O 2006 American Institute of Physics 
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Abstract 

This article discusses the past 40  years of research covering the equilibrium thermodynamic properties of the 
arsenic-rich GaAs(0 0 1) surface, which is  the starting surface for producing the majority of optoelectronic devices 
worldwide. A coherent picture of the observed surface structures, theoretical calculations, and experimental results 
will b e  presented. The interplay in surface-free-energy-reduction between reconstruction transformation and 
roughening is now well understood for the GaAs(0 0 1) surface and will be discussed. The recent confirmations of 
the structural models for the (2  x 4) and c(4 x 4) reconstructions as well as the discovery of preroughening aid in 
this understanding. 
0 2005 Elsevier B.V. All rights reserved. 

Keywords: Arsenic-rich GaAs(0 0 1); Scanning tunneling microscopy; Molecular beam epitaxy; Reflection high-energy 
electron diffraction 
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We have deposited Co films on the GaAs(001) surface by using an e-beam evaporation method. The 
thicknesses of the Co films are ineasurcd by using x-ray reflectivity and Rutherford backscattering. 
The magnetic properties of the films have been measured using superconducting quantum 
interference device. The magnetization of the films was found to decrease with increasing film 
thickness. The slight degradation of magnetic properties is attributed to increasing roughness on the 
Co surface or the CoIGaAs interface during the Co deposition. 0 2004 American Vaclrtrni Society. 
[DOI: 10.1 116/1.1771674] 

I. INTRODUCTION II. EXPERIMENT 

Rcsearch in the area of spintronic devices made using Experiments were performed in an ultrahigh vacuum 
(UHV) multichamber facility (5  -8 X lo-' ' Torr throughout) 

ferromagnetic/sen~iconductor heterostructures is of growing 
which contains a solid-source molecular beam epitaxy 

interest.' For example, there is a currcnt drive to make a spin 
(MBE) chamber (Riber 32P) with a substrate temperature 

filter d e ~ i c e . ~  It is also believed that spiiltronic devices will 
determination system accurate to 2 2  "c: and an arsenic cell 

predominate in the electronics industry in the future. Injec- with an automated valve and controller. The MBE chamber 
tion of electrons from a magnetic material to a semiconduc- also has an all UHV connection to a surface analysis cham- 
tor is considered to be the most challenging task in spintron- bcr, which contains a custom integrated scanning tunneling 
ics. To achieve high efficiency of spin injection and high spin microscope (STM) (Olnicron).7 Comnlercially available 
polarization, it is thought that an atomically abmpt interface ,cepi-ready,,, + (Si doped 10~x,cm3) GaAs(OO1) k0,050 
is i ~ n ~ o r t a n t . ~  Thcrefore; it is essential to study the electronic were loaded into the MBE system without any 
and magnetic properties of ferroinagnets in ferroinagneticl chemical cleanine, Tllc surface oxide laver was removed and 
semiconductor structures. 

One approach to developing spintronic devices is to re- 
place the normal metal contacts used on se~niconductor de- 
vice structures with ferromagnetic metal contacts. This can 
provide a source of spin-polarized current. Ideally, one wants 
to use a ferromagnetic metal that provides 100% spin- 
polarized current, shares the same crystal structure, and 
shares the same lattice constant as the semiconductor. Heu- 
sler alloys are a group of feiromagnetic metals that have 
100% spin-polarized electrons at the Fernli leveL4 Several 
share a compatible crystal structure and lattice constant with 
the 111-V semiconductors, such as Co2MnAl. 

Another key factor in developing spintronics is the quality 
of thc interface between the ferromagnetic metal and the 
se~niconductor. The interface between the senliconductor and 
the ferromagnetic material plays a critical rolc in the effi- 
ciency of spin transini~sion.~ The structure of Co2MnAl con- 
sists of alternating planes of Co and MnA1. Thus, it may be 
important to first study Co grown on GaAs(001). In this ar- 
ticle, we report on the quality of these films and coinpare 
them to bulk GaAs and bulk cobalt. In addition thc evolution 
of the interface and film microstructure during growth and its 
correlation to magnetic behavior are discussed. 

a'~lcctronic mail: zding@uark.edu 

- 
a I .5-pm-thick GaAs buffer layer was grown at 580 "C using 
an As, to Ga bean1 equivalent pressure (BEP) ratio of 15 and 
a growth rate of 1.0 pmlh as determined by reflection high 
energy electron diffraction (RHEED) oscillations. After 
growth, the surface was annealed under an As4 BEP of 1 
pTorr for 15 min at 600°C followed by another at 570 "C 
under the same conditions. This procedure improves the 
RHEED pattern and prepares the surface for STM measure- 
ment and e-beam evaporation of Co. For STM observation of 
the surface morphology, the sanlples were transferred to the 
STM without breaking UHV, and imaged at room tempera- 
ture. 

After imaging the GaAs(001) surfacc with the STM, the 
substrate was transferred to another chamber equipped with a 
mini e-beam evaporator, without breaking UHV, for the 
deposition of Co. The experimental set up for the e-beam 
evaporation is illustrated in Fig. 1. During thc evaporation 
of Co, the GaAs substrate was kept at room temperature and 
the deposition rate of Co was measured using a quartz crystal 
monitor. The electron beam is emitted from a hot filament 
and accelerated by a high voltage to hit the target Co mate- 
rial and heat it. Before the deposition of the Co on the 
sample, the quartz c~ystal monitor is placed in thc position 
of the sample to measure the deposition rate of the Co. After 
the measurement of the deposition rate, the quartz crystal 
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Role of aperiodic surface defects on the intensity of electron 
diffraction spots 
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A random distribution of two-din~ensional gallium arsenidc (GaAs) islands is found to effect the 
intensity of the electron diffraction pattern from the GaAs(001) surface. By utilizing the 
spontaneous island formation phenomenon as well as submonolayer deposition, the island coverage 
is systeinatically changed. I t j s  found that the intensities of the one-, two-, and three-quarter-order 
diffraction spots of the [ l  101 azimuth decrease as the concentration of islands increases. In 
addition, only in the presence of islands, does the intensity of the half-order spot decrease as the 
grazing angle of the electron beam is decreased. A simple quantitative model is developed that 
provides insight into how an aperiodic arrangement of islands effects the electron diffraction 
patterns. O 2003 Arnerican Institute of Physics. [DOI: 10.106311.1568 1611 

The quality of growth on the GaAs(001)-(2 X4) recon- In this letter, we take advantage of the well-documented 
structed surface plays a critical role in optoelectronic device crystal structure and surface morphology of the 
fabrication.' Electron diffraction is the most widely used tool GaAs(001)-(2 X4)  reconstructed surface to learn about its 
to monitor the quality of the surface during growth. Inter- role in electron diffraction. Specifically, the RHEED spot 
preting the electron diffraction patterns can be difficult, since intensities are measured as the island coverage and grazing 
a large variety of different surface structures can yield simi- angle of the electron beam are systelnatically changed. A 
lar diffraction patterns. Within the low-energy electron dif- simple quantitative model is developed, which shows how 
fraction (LEED) community, obtaining the structure from a islands on a surface give rise to a decrease in the intensities 
LEED pattern is known to bc colnplicated and typically re- of the 1, 2, and 3 quarter-order diffraction Spots from the 
quires a sequence of patterns taken at various beam energies 11 azimuth. 

as well as extensive coinputational efforts.'-" Experiments were carried out in an ultrahigh vacuum 

In molecular-bean1 epitaxy (MBE), typically only a mo- (W) multichamber facility (5 -8 X lo-" TOIT throughout) 
noenergetic reflection high-energy electron diffraction which contains a solid-source MBE chamber (Riber 32P), 

@HEED) experiment is used to monitor the surface during inco~orating a M E E D  system keV), a substrate teln- 

gmwth when a surface is well ordered, kinematic R H E ~ D  perature determination system accurate to ? 2 ' ~ , "  and an 

calculations ae oftcn used to predict the surface structure.5 
arsenic cell with an automated valve and controller. The 

However, without an energy-dependent data set (e.g., like the MBE chamber also has an all UHV connection to a surface 

LEED data), the surface structure prediction is likely errone- analysis chamber, which contains a custonl integrated scan- 

ous. It is even more complex to get the crystal structure ning tunneling microscope (sTM).'~ All experiments were 

using RHEED when aperiodic features exist on the surface. performed on commercially available, "epiready," n-type 

This situation exits during crystal growth, where it has been (Si-doped 1 0 ' ~ l c m ~ )  GaAs(001) IC-0.1" substrates that were 
loaded into the MBE system without any chemical cleaning. observed that the half-order diffraction spot is absent fkom 
The surface oxide layer was removed at 590 OC while expos- 

the diffraction pattern when the electron beam is directed 
ing the surface to a 10 pTorr As4 flux. A 1.5-pm-thick GaAs 

along the [ I  fi] direction (i.e., the "4-by" dire~tion).~ His- 
buffer layer was grown at 580 "C using a growth rate of 1.0 

torically, this was evidence that as islands form on the sur- @hr. as deternlined by RHEED oscillations, and an As4 to 
facc, the electron diffraction pattern is effected. Later, 

Ga equivalent pressure (RnP) ratio of 15, 
RHEED spot intensities were observed to oscillate in time Samples were prepared with either spontaneously 
and in phase with each monolayer of material deposited.' formed islands or deposited islands. After the oxide was re- 

Congn'ently, many studies On the GaAs(OO1) surface moved and the buffer layer grown, the following procedure 
have a systematic a ~ ~ r m c h  to an ape- was used to form the spontaneous two-dinlensional (2D) is- 
riodic distribution of monolayer high i ~ 1 a n d s . ~ ' ~  These stud- lands on the surface' Samples were annealed for nlin at a 
ies show that by simply altering the As4 overpressure or specific temperature and BEp to form the desired island 
changing the substrate temperature, any desired island cov- coverage. In addition to the spontaneo~ls~y formed islands, a 
erage can be reversibly tuned without changing the local subnlono~ayer coverage of CiaAs islands was obtained by 
atomic structure. depositing GaAs. These samples are prepared by annealing 

at 560 "C under a 10 pTorr Asq BEP to produce a flat well- 
"'~lectronic mail: db11I1oc@uark.edu ordered (2 X4) surface. Next, the substrate temperature was 
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Dynamics of spontaneous roughening 
on the GaAs(0 0 1)-(2 x 4) surface 
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Abstract 

The dynamics of a random distribution of spontaneously formed 2D GaAs islands are studied using scanning 
tunneling microscopy. The equilibrium concentration of islands is easily tuned from 0% to 50% coverage by only 
changing the As4 overpressure. Images taken during the early stages of island formation reveal the roughening 
transition primarily occurs through an intermediate pit formation phase. Interestingly, pit formation in the middle of an 
otherwise pristine terrace is overwhelmingly preferred to atom detachment from the edges of the terraces. 
0 2002 Elsevier Science B.V. All rights reserved. 

PACS: 68.35.-p; 68.35.8s; 68.55.-a; 81.15.Aa; 61.14.Hg; 61.10.-i 

Keywords: Al .  Defects; A l .  Diffusion; A l .  Morphological stability; A l .  Roughening; A l .  Scanning tunneling microscopy; 
A 1. Surfaces 

1. Introduction 

The phenomenal growth in wireless communi- 
cations and optoelectronics technology is making 
zinc-blende 111-V semiconductor substrates an 
increasingly important component of the semi- 
conductor industry (see for example, [I]). Natu- 
rally, there is an extensive effort to develop both 
higher performance devices as well as novel multi- 
functional devices, all of which require stricter 
control over the growth process. To achieve this, a 
deeper understanding of the fundamental pro- 
cesses involved in making device structures, such 

*Corresponding author. Tel.: + 1-479-5754313; fax: + 1-479- 
5754580. 

E-mail address: zding@uark.edu (2. Ding). 

as attachment-detachment rates, diffusion and 
nucleation is required. 

Macroscopic measurements of gallium adatom 
diffusion using kinetic studies has dominated the 
research community. For example, monitoring 
growth under a shadow mask, has been used to 
estimate the Ga diffusion length [?I. In addition, 
the decay of intensity oscillations in reflection 
high-energy electron diffraction (RHEED) with 
increasing temperature has been used extensively 
to study diffusion of Ga on GaAs [3-51. Surface 
diffusion studies for the 111-V compound semi- 
conductors are necessarily complicated since these 
are binary compounds. 

Recently, many studies on the GaAs(00 1) 
surface have documented the phenomenon of 
spontaneous formation of GaAs islands [610] .  
These studies show that by simply altering the As4 

0022-0248/03/$ - see front matter 0 2002 Elsevier Science B.V. All rights reserved 
doi: l0.10 16/S0022-0248(02)02272-8 
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Atomic-Scale Observation of Temperature and Pressure Driven Preroughening 
and Roughening 
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Preroughening and roughening transitions are observed on the GaAs(001) surface using scanning 
tunneling microscopy. By tuning the substrate temperature or As4 pressure the surface morphology can 
be made free of islands, covered with one monolayer high islands or covered with islands on top of 
islands forming a wedding-cake-type structure. These three distinct surface morphologies are 
classified as ordered flat (OF), disordered flat (DOF), and rough within the restricted solid-on-solid 
model. Here, the DOF phase is macroscopically flat; however, an up-down-up-down step pattern persists 
across the entire surface. Using this model we have determined the next-nearest-neighbor interaction 
energy to be about 0.05 eV. 

DOI: 10.1103/PhysRevLett.90.216109 PACS numbers: 68.35.B~. 64.60.-i, 68.55.Nq. 81.15.Hi 

Phase transitions in two dimensions (2D) exhibit a rich fluctuations overcome the local nearest-neighbor interac- 
variety of fundamental physics [l-51. Single crystal sur- tions but not the longer ranged next-nearest-neighbor 
faces are excellent playgrounds for these 2D phase tran- interaction, which acts to stabilize an overall flat surface. 
sitions, and nowhere is it more technologically important During the preroughening process, the surface remains 
to understand these phase transitions than in the family of macroscopically flat, but on microscopic scale it con- 
111-V compound semiconductors. This is because the tains a disordered array of one monolayer high islands 
atomically flat (001)-oriented GaAs surface is the starting giving the surface an up-down-up-down step pattern 
point for producing the majority of high-speed optoelec- [1,2,4,16-211. Then, at higher temperatures the surface 
tronic devices. In addition, fabrication is carried out using roughens completely. Experimental observations of 
epitaxy where layers of atoms are deposited on top of one preroughening have used rare gases on solid surfaces 
another to produce the desired structure. [16]. Weichman et al. used calorimetry measurements to 

One well understood 2D surface phase transition is deduce the various surface phases as a function of 
roughening [6,7]. Here it is common for the surface temperature. 
morphology to change from a flat surface directly to one In this Letter, we report not only the observation of 
with islands on top of other islands, forming a wedding- preroughening followed by roughening as a function of 
cake-type structure. This is predicted by Kosterlitz and temperature, but also that pressure drives the transitions. 
Thouless, and is equivalent to a liquid-solid phase tran- Furthermore, we provide clear real-space pictures of the 
sition in 2D [3,5,8,9]. Roughening has also been success- various phases, from which we determine the NNN in- 
fully predicted by using a nearest-neighbor (NN) teraction energy for the technologically important 
interaction within the restricted solid-on-solid (RSOS) GaAs(001) surface. 
model [I-3,101. Many experimental observations of Experiments were carried out in an ultrahigh vacuum 
roughening have been made 111-141. Most studies are (UHV) multichamber facility [(5-8) x lo-" Torr 
on elemental metal surfaces, where the transition from throughout], which contains a solid-source molecular 
flat to rough is driven by increasing the substrate tem- beam epitaxy (MBE) chamber (Riber 32P) with a sub- 
perature. The sudden and massive atomic rearrangement strate temperature determination system accurate to 
that is observed has been instrumental in developing our k 2 " C  [22], and an arsenic cell with an automated valve 
microscopic understanding of phase transitions. and controller. The MBE chamber also has an all UHV 

A less well-known 2D surface phase transition is pre- connection to a surface analysis chamber, which con- 
roughening [I-3,15191. This was first described by tains a custom integrated STM (Omicron) [23]. Com- 
Rommelse and den Nijs [l-31 by adding the next- mercially available "epi-ready," n + (Si doped 
nearest-neighbor (NNN) interaction to the RSOS model. 1018 ~ m - ~ )  GaAs(001) t 0.05" substrates were loaded 
They found that preroughening occurs when thermal into the MBE system without any chemical cleaning. 

216109-1 0031-9007/03/90(21)/216109(4)$20.00 O 2003 The American Physical Society 216109-1 
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Abstract 

The GaAs(0 0 I)  surface is observed to evolve from being perfectly flat to a surface half covered with one-monolayer 
high spontaneously formed GaAs islands. The dynamics of this process are monitored with atomic-scale resolution 
using scanning tunneling microscopy. Surprisingly, pit formation dominates the early stages of island formation. In- 
sight into the nucleation process is reported. 
O 2003 Elsevier B.V. All rights reserved. 

Keywords: Scanning tunneling microscopy; Surface roughening; Surface structure, morphology, roughness, and topography; Gallium 
arsenide; Surfaces defects 

1. Introduction 

Numerous electronic devices have been fabri- 
cated from compound semiconductor materials, 
such as GaAs, grown by epitaxial methods. Epit- 
axy involves depositing atoms or molecules in an 
atomic layer-by-layer fashion onto a clean, atom- 
ically flat single crystal surface. Probing the dy- 
namics of how adatoms interact with these 
surfaces is both fundamentally and technologically 
important. 

One successful approach for understanding the 
dynamics is to monitor a surface evolving toward 
equilibrium on the atomic scale. On single com- 
ponent metallic surfaces much has been learned 

' Corresponding author. Tel.: +1-479-575-4313; fax: +1-479- 
575-4580. 

E-mail address: zding@uark.edu (Z .  Ding). 

about the atomic-scale kinetics and dynamics by 
watching how deposited islands decay in time [l- 
61. In these studies a sub-monolayer amount of 
material is added to the surface in the form of 
islands. In time, the atoms leave the islands and 
attach themselves to terrace edges (present due to a 
slight miscut) to lower the total number of under- 
coordinated atoms. These studies are modeled by 
considering the minimization of the internal en- 
ergy of the system (i.e., Ostwald ripening) [7]. 

The kinetics and dynamics of two components 
compound semiconductor surfaces are more chal- 
lenging, and few atomic-scale investigations have 
been carried out. In the experiment by Johnson 
et al. the authors observed atomic-scale roughen- 
ing on GaAs(O0 1) during growth [8]. From this, 
Tersoff, Johnson and Orr concluded that the sur- 
face is very close to equilibrium at normal growth 
conditions and entropy considerations are impor- 
tant [9]. Recently, the equilibrium thermodynamic 

0039-6028/$ - see front matter 63 2003 Elsevier B.V. All rights reserved. 
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A spin-polarized electron current is injected into a p-type GaAs(ll0) surface at 100 K using a 
polycrystalline ferromagnetic Ni scanning tunneling microscope tip. The injected electrons 
recombine to the valence band and emit circularly polarized light, and the degree of the light 
polarization is relatcd to the degree of the electron polarization at the instant of recombination, 
Details of how to simultaneously measure the surface topography and obtain a pixel-by-pixel map 
of the spin-injection probability are discussed. The degree of light polarization is found to change 
when the electrons are injected into a clean, flat terrace versus over a step. However, the 
terrace-to-step polarization differences are systematically rcduced as thc cnergy of the electron is 
reduced. 0 2003 Americim Vacuum Society. [DOI: 10.1 1 1611 .I5320221 

I. INTRODUCTION 11. EXPERIMENT 

The prospects of developing next generation semiconduc- The overall strategy of this experiment is to use a spin- 
tor devices that utilize the spin of the electron, i.e., "spin- polarized electron source to locally inject electrons into a 
tronic" devices, has led to a flumy of research activity."-5 For p-type GaAs(ll0) surface. By measuring the degree of cir- 
electronics to utilize the spin, three features of the device cular polarization of the recombination luminescence, infor- 
structure must be met. First, a spin-polarized current is mation about the local spin-injection properties can be ob- 

needed. Second, the electron spin must be coherently in- tained. 
jected into a semiconductor. Third, the polarization of the A polarized electron current is generated from ferromag- 
electrons must be traveling through the de- netic polycrystalline Ni wire. The wire was electrochemi- 

vice. The most difficult challenge involves the efficient in- cally etched under high magnification (500 using a lo% 

jection of ~ ~ i n - ~ ~ l ~ ~ i ~ ~ d  electrons froln a ferrolnagnetic ma- HCI solution then loaded into an ultrahigh vacuum (WV) 

terial into a nonmagnetic semiconductor. Both fcrronlagnetic chamber [(4- 8) X 10- '' T o 4  that contains a comnlercially 

semiconductors and ferromagnetic metals offer great promise available (Omicron) variable-temperature scanning tunneling 

as sources for the spin-polarized currents. Ferromagnetic microscope (VTSTM). The tips were then cleaned in situ 
using electron-beam heating and placed on the STM imaging 

se~niconductors have shown injection efficiencies as high as stage. For control purposes, nonmagnetic single-crystal 
90%, however, these materials have low Curie temperatures (I 11)-oriented W tips were used and etched with NaOH, but 
(-40 K).~-' Ferromagnetic metal current sources remain otherwise prepared in the same manner as the Ni tips. The 
magnetic at high temperatures, but yield low spin-injection GaAs(ll0) surface was prepared by cleaving y-type 
probabi~ities.~, '~ The low probability is thought to be due to GaAs(ooI) wafers (Zn doped, = cm-)) in siru 
chemical that Occurs when the metal in which produces a clean, nearly atomically flat cross-sectional 
contact with the semiconductor. (1 10) surface. The sample was then placed on the STM stage 

A natural instrument that lends itself well to studying in- where it was cooled via a cold finger immersed in L N ~ .  ~l~~ 
terface issues is the scanning tunneling microscope (STM). sample temperature is estimated to be -100 K. 
Alvarado et a!. used point-mode STM to study the spin- ~l~~~~~~ are injected into the conduction band 
illjection properties of a ferronlagnetic Ni tip into the states of GaAs, They eventually recombine across the 1.49 
GaAs(l10) surface by measuring the time-integrated polar- eV fUndamental band gap emitting light which is collected 
ization of the recombination ~uminescence."-l3 We have re- using a fi1.0, biconvex lens, as illustrated in the upper half of 
cently extended this technique to take advantage of the high- ~ i ~ .  1. ~h~ lens is mounted in situ and positioned 12.7 mm 
spatial resolution capability of the STM, to show how from the STM tip (the focal length of the lens). Thc position 
aton~ically abrupt steps can significantly reduce the spin- of the lens was optimized using a three-axis translational, 
injection probability.14 and two-axis rotational external micrometer controlled 

In this article we take advantage of the extra space to wobble-stick. After passing through the lens, the light is 
explain in detail how one can carry out sinlultaneous topog- transmitted through an UHV viewport to polarization sensi- 
raphy and pixel-by-pixel maps of the electron spin-injection tive optics. The optics contain a X/4 retarder fastened in a 
probability. Furthemlore, we show that the difference in the two ~osi t ion mount. The first position (A) converts right- 
spin-injection probability between a flat terrace and a step is circularly polarized (RCP) light to a horizontal linear com- 
reduced as thc energy of the tunneling electron is reduced. ponent and the left-circularly ~olarized (LCP) light to a ver- 

tical linear component, while the second position (B) does 
")~lcctronic mail: dbulloc@uark.cdu the opposite, as displayed in the lower half of Fig. 1. The 
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Devices based on Ill-V compound semiconductors have fueled the growth of the multi-billion 
dollar telecommunications industry. Unlike silicon-based devices, which are produced primarily 
by ion implantation, 111-V device structures must be produced by depositing one plane of atoms 
after another until the entire structure is grown. Necessarily, El-V device fabrication occurs 
solely at a surface. The better one can control and manipulate the motion of atoms on surfaces, 
the more sophisticated the device structures one can make. In order to better understand the 
surface processes important to device fabrication, we have combined, for the first time, three 
major advances in semiconductor growth and characterization: (1) state-of-the-art semiconductor 
growth via molecular beam epitaxy (Riber 32P), (2) optical transmission substrate temperature 
determination via the band gap (0-700 "C with f 2  "C accuracy, updated at 1 Hz) , and (3) in situ, 
atomic-resolution surface characterization via scanning tunneling microscopy (Omicron). With 
these three technological breakthroughs, we have successfully conducted nanoscale experiments 
on the well-studied GaAs(001)-(2x4) surface. 

Much to our surprise we discovered that a perfectly flat GaAs(001) surface can be 
transformed into one with two-dimensional (2D) islands simply by annealing the substrate (i.e., 
without depositing any material). The concentration and geometry of the 2D islands can be tuned 
by changing the substrate temperature or As4 flu. The time to equilibrium can be as long as 
30 hours for substrate temperatures near 530 "C. The equilibrium properties have been 
successfully modeled using the 2D lattice-gas Ising model. The dynamics of the system have 
also been measured (see figure). Real space images acquired throughout the spontaneous island 
formation process show the pathway to equilibrium consists of pit formation not terrace edge 
detachment. This indicates that the energy to remove an atom from the center of a terrace is 
similar to removing an atom from a terrace edge. This is consistent with the atomic 
configuration of the beta2-(2x4) surface reconstruction having a corrugated structure (i.e., a 
structure with steps built into it). 

Most of the spontaneous island formation occurs coincident with the RHEED pattern 
changing from a beta-(2x4) to. an alpha-(2x4). This change in the RHEED pattern is not due to a 
periodic change in the atomic configuration, but to an aperiodic arrangement of spontaneously 
formed islands, each having a well ordered beta2-(2x4) atomic structure. 

Correspondingauthor: Paul M .  Thibado, Department of Physics, University of Arkansas, 
Fayetteville, AR 72701. Phone: (501) 575-7932 Fax: (501) 575-4580 E-mail: thibado@uark.edu. 
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Mapping the Spin-Injection Probability on the Atomic Scale 
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A spin-polarized electron current is injected into the GaAs(l1O) surface at 100 K by using 
a polycrystalline ferromagnetic Ni scanning tunneling microscopy (STM) tip. The injected 
electrons recombine to the valence band and emit circularly polarized radiation whose degree 
of light polarization is related to the polarization of the conduction-band electrons at the 
instant of recombination. When the polarized electrons are injected into clean, flat terraces an 
average polarization for the emitted radiation is found to be 6.79%, while over the 10-nm step 
region the polarization is reduced to 0.46%. This step scattering effect is studied further by 
varying the tunneling gap through adjusting the tunneling current. As the distance between 
the STM tip and sample decrease the spin-scattering effect of the step edge is enhanced. 

KEY WORDS: spin injection; GaAs. 

1. INTRODUCTION 

The prospects of developing next generation 
semiconductor devices that utilize the spin of the elec- 
tron has led to an increasingly important area of re- 
search known as "spintronics" [1,2]. For electronics 
to utilize the spin, three features of the device struc- 
ture must be met. First, a spin-polarized current is 
needed. Second, the electron spin must be injected 
into the semiconductor. Third, the polarization of the 
electrons must be maintained while traveling through 
the device. The current challenge involves the second 
requirement of injecting the spin-polarized electrons 
from a suitable contact (i.e., ferromagnet) into the 
device structure without degrading their polarization 
due to spin-flip scattering at the interface. A more 
fundamental understanding of the types of spin-flip 
scattering mechanisms present at interfaces is needed. 

A natural instrument that lends itself to study- 
ing these interface effects on a highly localized 
scale is the scanning tunneling microscope (STM). 
Alvarado et al. used point-mode STM to study the 
spin-injection properties of aferromagnetic Ni tip into 
the GaAs(ll0) surface by measuring the polarization 
of the recombination luminescence [3-51. This tech- 

'Department of Physics, The University of Arkansas, Fayetteville, 
Arkansas 72701. 

nique has recently been extended to take full advan- 
tage of the spatial resolution offered by STM, result- 
ing in the ability to correlate topographical defects 
(e.g., steps, dislocation, etc.) with electron spin-flip 
mechanisms [6]. Using this technique, it is now possi- 
ble to study the spin-injection process as one changes 
the properties of the tunneling energy barrier (i.e., 
width and height). 

In this study, on a highly localized scale the 
local electron spin-polarization and topography are 
simultaneously measured using a modified low- 
temperature STM technique. This was achieved by 
injecting spin-polarized electrons into the conduction 
band of GaAs and measuring the resulting circularly 
polarized recombination luminescence. It was found 
that steps of significant height depolarize the injected 
electron current. Furthermore, it was found that as the 
distance between the STM tip and sample decrease 
the spin-scattering effect of the step edge is enhanced. 

2. EXPERIMENTAL 

The overall strategy of this experiment is to 
use a spin-polarized electron source to locally inject 
electrons into the p-type GaAs(11O) surface. By 
measuring the degree of circular polarization of the 
recombination luminescence, information about the 
local spin-injection properties can be obtained. 

08%-110710210200-003710 0 2002 Plenum Publishing Corporation 
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Enabling electron diffraction as a tool for determining substrate 
temperature and surface morphology 
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(Received 20 March 2001 ; accepted for publication 29 August 2001) 

The reconstruction transitions for the GaAs(001) surface have bcen identified as a function of the 
band gap-derived substrate temperature and As4 beam equivalent pressure. Surface morphology 
measurements using in situ scanning tunneling inicroscopy reveal that the surface spontaneously 
forms a random distribution of two-dimensional islands. The onset of island formation is coincident 
with the reflected high-energy electron diffraction pattern changing from the /3 to a subphase of the 
( 2 x 4 )  reconstruction. An electron diffraction-based method for determining the substrate 
temperature and engineering the surface morphology with a desired amount of roughness is 
presentcd. O 2001 American Institute of Physics. [DOI: 10.106311.1416477] 

Numerous technological and fundamental breakthroughs determine the aperiodic surface morphology is presented. 
have occuned simply due to the ability to deposit one mate- Experiments were carried out in an ultrahigh vacuum 
rial on top of another. A significant leap forward in the qual- (UHV) multichalnber facility (5-8 X 10-''Torr throughout) 
ity of the deposited layers came with the introduction of in which contains a solid-source MBE growth chamber (Riber 
situ electron diffraction.' Initially, it was used to uncover the 32P), incorporating a reflection high-energy electron diffrac- 
periodic properties of the surface atomic s t r ~ c t u r e . ~ - ~  Later tion (RHEED) system and a highly accurate ( k 2  "C), optical 
on, the peak intensities were found to oscillate in time during transmission thermometry system for substrate temperature 
growth which allowed the measurement of the rate inaterial determination." The temperature is detemlined by first mea- 
was being deposited5 As the understanding of the relation- suring the filndamental band gap of the substrate, and then 
ship between the atomic-scale surface morphology and the comparing this to a database to convert the band gap to the 
difkacted electrons has grown, so has the quality and capa- telnperature.'9 The MBE chamber also has an all W V  con- 
bilities of the growth process.".7 The con~plex nature of the nection to a surface analysis chamber, which contains a 
growth proccss can still bcncfit from further refinements in custom-integrated comnlercially available (Omicron) scan- 
the understanding of the relationship between the diffraction ning tunneling microscope (STM) for surface morphology 
pattern, the surface morphology, the substrate temperature, n~easurements .~~ 
and the elemental flux. The RHEED measurements were performed on commer- 

The 111-V(001) surfaces exhibit a plethora of surface cially available, "epiready,"Tl-type (Si doped 1oL'/cln3) 2-in. 
reconstructions, all with different stoichiometries and sym- ~ a ~ s ( 0 0 1 )  -+0.05° substrates that were loaded into the MBE 
metries. Most of the well-ordered structures can be under- system without any cheinical cleaning. The surface oxide 
stood with thermodynamic models, indicating that the recon- layer was removed at 590 OC while exposing the surface to a 
structions are a f u ~ d m e n t a l  property of the equilibrium 10 pTorr As4 beam equivalent pressure (BEP) from a solid- 
state.' Specifically, first-principles theory calculations are source valve-controlled cell. A 1.5-pm-tllick GaAs buffer 
routinely carried out, and tend to accurately reflect experi- layer was grown at 580 OC using a growth rate of 1.0 pm/h 
lnental obse~ations? ' . '~  Experimentally, the transitions be- as determined by RHEED oscillations, and an As4 to Ga BEp 
tween these recon~truction~ Occur as a function of telnpera- ratio of 15. After growth, the surface was annealed under an 
ture and group-V flux.'3'..'" Detemlinink! the precise As4 BEP of 1 pTorr for 15 min at 600 "C followed by an- 
temperature at which these transitions occur is probleinatic other at 570 OC under the same conditions. This procedure 
due to the temperature measurement schemes con~inonly em- improves the RHEED pattern and prepares the surface for 
ployed in molecular-beam epitaxy (MBE) systems. For ex- RHEED measurements. Surface reconstn~ctions for a fixed 
ample, differences as great as 140 "C between the actual tern- BEP were identified by either heating or cooling the 
Peramre and the thelnlocou~le (TC) derived temperature substrate in 10 "C increments, waiting 15 min, and recording 
have been obsewed.I7 TO mitigate this problem, a common the RHEED pattern in the [ I  lo], [ I  fi], and [loo] direc- 
practice for the GaAs(001) surface is to calibrate the TC to tions. This procedure was repeated for five diffeerent As4 
read 580 "C when the oxide is first removed. Even though B E P ~  by adjusting the valve positioll on the arsenic cell. In 
this procedure is transferable from lab-to-lab, it can be per- addition, the RHEED patterns were measured without any 
formed only at one temperahlre and only at one particular  AS^ BEP. This was done by first creating a c (4  X 4) pattern at 
time. In this letter, the ability to use electron diffraction as an low temperatures and low BEPS, Then, the  AS^ BEp was 
in sitzr tool to measure the substrate temperature as well as to eliminated which leaves the with a =(4 x 4)  symme- 

try. By holding the substrate temperature below 350 "C, with 
"'~lcctronic mail: vlabella@uark.edu no As4 BEP for 30 min, the background As4 was removed 

0003-6951 12001 /79(19)13065131$18.00 3065 O 2001 American Institute of Physics 
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Spatially Resolved Spin-Injection Probability for Gallium Arsenide 

A. venkatesan,' W. F.  liver,' 

ADVERTISEMENT 

We report a large spin-polarized current injection from a ferromagnetic metal into a ADVERTISEMENT 

nonferromagnetic semiconductor, at a temperature of 100 Kelvin. The modification of the 1 1 
spin-injection process by a nanoscale step edge was observed. On flat gallium arsenide 

[GaAs(l I O)] terraces, the injection efficiency was 92%, whereas in a 10-nanometer-wide 

region around a [I1 ?]-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 1 GENOMES 
devices. 

Department of Physics, University of Arkansas, Fayetteville, AR 72701, USA. 

Department of Physics, University of Arkansas, Pine Bluff, AR 71601, USA. 
k 
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TO 
SYSTEMS 
CONFERENCE 

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 

ferromagnetic metals and ferromagnetic semiconductors ($5). In addition, polarized 

electrons can move up to 100 vm in gallium arsenide (GaAs) without losing their 
polarization, so that coherent transport through the active region of a device structure is 

feasible (6). However, one of the most difficult challenges in creating "spintronic" devices 

is the ability to transfer the polarized electrons froma ferromagnetic material into a 

17-19 March 2008, 
Manchester: UK 
Latest De,;elonnents 
In Post-Cenon~c Sc1enc-e 

nonferromagnetic semiconductor without substantially degrading the polarization. For 
I 



Microscopic structure of spontaneously formed islands 
on the GaAs(001)-(2x4) reconstructed surface 
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Department of Phjwics, The University of Arkansns, Fayerleville, Arkansus 72701 
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Islands are found to spontaneously form on the GaAs(001)-(2x4) reconstructed surface. The 
geometry and size of these islands are examined as a function of substrate temperature and island 
coverage. Both the islands' coverage and size increase with increasing temperature. The islands are 
elongated rectangles and the aspect ratio is independent of temperature. A relationship between the 
islands' aspect ratio and the step fonnation eneigies is prescntcd. Thesc rcsults arc also rclatcd to 
recent theoretical work on equilibrium island geometry. 0 2001 American V'acuvn~ Society. 
[DOI: 10.1 11611 .I3863761 

I. INTRODUCTION II. EXPERIMENTAL PROCEDURE 

Numerous optoelectronic and high-speed devices found in Experiments were carried out in an ultrahigh-vacuum 
the rapidly growing telecomn~unications indust~y are fabri- (UHV) multichamber facility (5 - 8 X 10- " Torr throughout) 
cated from compound semiconductors such as GaAs. Unlike which contains a solid-source molecular-beam epitaxy 
silicon-bascd devices, thesc devices are typically layered bet- growth chamber (Riber 32P) with a highly accurate 
erostructures and are inanufactured using epitaxial tech- ( + 2 C), optical transmission thermometry system for sub- 

niques where olIe layer of atoms is deposited onto another stratc temperature determination8 The MBE chamber also 

until the entire device is fornled. ~ ~ ~ ~ ~ ~ l l ~ ,  the has an all UHV connection to a surface analysis chamber, 

growth front during epitaxy is a surface and a deeper under- which contaii~s a custom-integrated co~nmercially available 

standing of the physics governing atoms on these surfaces STM (Omicron) for surface morphology measurements.' 

would aid the understanding of thc growth process. Commercially available, "epiready," n-type (Si-doped 

Since the inception of molecular-beam epitaxy (MBE) 1 0 ~ ~ l c m ~ )  GaAs(001) ?O.OSn substrates were loaded into 
the MBE chamber without any chemical cleaning. The sur- 

over 30 years ago,'.' nunlerous studies of the GaAs(001) 
face oxide layer was removed and a 1.5-pm-thick GaAs 

surface have been pe~formed.3,4 o u r  recent results have iden- buffer layer was grown at 580 "C using an As4 to Ga beam- 
tified its aton~ic stmcture5 and observed the effect of sponta- cquivalent-pressure ratio of and a growth rate of 
neous "land formation6 The latter d i scOve~  gave insight 1 0  pn,/h, as determined by reflection electron 
into the relationship of the arsenic flux and substrate tem- diffractioll (RHEED, oscillations, 
perahlre on the island coverage within the framework of the Several samples were then prepared for the S ~ M  mea- 
lattice-gas Ising model. In addition, the geometry of the is- surements by annealing them at 600 n ~ ,  with an BEP of 
lands was utilized to uncover the step formation energies. 1.0 p ~ o r r  for 15 min, and then at 5700C, with the 
However, a systematic study of how the island size and same BEP for an additional 15 min to ilnprove the 
shape changes with temperature has not been performed. RHEED pattern. To produce the spontaneously fonncd is- 
This insight combined with recent theoretical treatments of lands of differing coverages, the samples were then annealed 
island geometry would assist in detemlining the influence of at different tenlperatures under a colnmon As4 flux of 0.03 
strain on these islands.' In addition, the ability to produce a pTorr until the surfaces were in equilibrium. To ensure equi- 
surface with a tunable island shape and coverage would be librium, the anneal times were successively increased until 
useful in studies which assess their role on transport and the surface morphology remained unchanged as observed in 
optical properties. the STM images. This procedure resulted in anneal times 

In this article, the equilibrium size, shape, and total cov- ranging from 5 to 33 h at the highest and lowest tempera- 
erage of spontaneously formed islands on the GaAs(001) tures, respectively. After the anneal, the sanlples were 

surface are examined with scanning tunneling microscopy quenched to room temperature and transferred to the STM 

(STM) as a function of temperature. The observed behavior without breaking UHV, and imaged at room temperature' 

of the coverage of the islands with temperature is discussed For each sample, 5-10, 1 p m x  1 p m  filled-state STM im- 

in terms of fundamental thermodynamics, while the shape ages were acquired using tips made from single-cVstal 
and size of the islands are discussed in terms of differences (1 1 I)-oriented tungsten wire, wit11 a sample bias of - 3.0V 

in step formation energies and strain. and a tunneling current of 0.05-0.1 nA. To compute the 
fractional area of the surface covered by thc islands 10-20, 

" '~uthor  to wh01-n correspondence should be addressed; electronic mail: 200nmX 200nn' regions are cropped far from edges 
vlabella@uark.edu from 5 to 10 larger images, and then thresholded to compute 
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A UNION OF THE REAL-SPACE AND RECIPROCAL-SPACE 
VIEW OF THE GaAs(001) SURFACE 
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Fayetteville, Arkansas 72701 

Received 12 April 2001 

A union of the real-space and reciprocal space view of the GaAs(001) surface is presented. 
An optical transmission temperature measurement system allowed fast and accurate 
temperature determinations of the GaAs(001) substrate. The atomic features of the 
GaAs(001)-(2 x 4) reconstructed surface are resolved with scanning tunneling microscopy 
and first principles density functional theory. In addition, the 2D lattice-gas Ising model 
within the grand canonical ensemble can be applied to  this surface to  understand the 
thermodynamics. An algorithm for using electron diffraction on the GaAs(001) surface 
to determine the substrate temperature and tune the nanoscale surface roughness is 
presented. 

1. Introduction 

The (001)-oriented surface of GaAs is one of the most technologically important 
surfaces in the family of zinc-blende 111-V, or compound semiconductors. This is 
primarily due to the numerous optoelectronic devices and high-speed transistors, 
which are fabricated from these materials. The ability to fabricate single-crystal 
device structures composed of only a few atomic layers of different materials sand- 
wiched between one another with atomically abrupt transitions is part of what 
makes 111-V materials attractive for devices such as solid-state lasers and diodes. 
However, unlike silicon based devices, these layered heterostructures must be grown 
using epitaxial methods, where layers of atoms are deposited on an atomically clean 
surface under ultra-high vacuum (UHV) conditions. Essentially, epitaxy is a surface 
driven phenomenon and a better understanding of the fundamental physics behind 
surfaces and adatom-surface interactions can lead to a better understanding of 
growth. Specifically, for providing approaches and input parameters for predictable 
niodels for device fabrication. In addition, this understanding is important for novel 
nanoscale devices where the interfaces constitute a significant fraction of the entire 
device structure. 

While numerous studies of the GaAs(001) surface including several 
review  article^,^^^^^ some recent studies and advances in instrumentation have 



Reflection high-energy electron diffraction and scanning tunneling 
microscopy study of lnP(001) surface reconstructions 
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The reconstructions of the InP(001) surface prepared by molecular beam epitaxy have been studied 
with in situ reflection high-energy electron diffraction (RHEED) and scanning tunneling microscopy 
(STM). The growth chamber contains a highly accurate temperature measurement system and uses 
a solid-source, cracked phosphorus, valved efhsion cell. Five InP(001) reconstn~ctions are observed 
with 'RHEED by analyzing patterns in three principal directions. Under a fixed P2 flux, decreasing 
the substrate temperature gives the following reconstructions: c(2 x 8), (2 x 4),  (2  X 1 ), ( 2  X 2) ,  
and c(4 X 4).  In  situ STM iniages reveal that only two of these reconstructions yields long-range 
periodicity in real space. InP(001.) does not form the metal rich ( 4 x 2 )  reconstruction, which is 
surprising bccause the (4 X 2) reconstruction has been coined the universal surface reconstruction 
since all Ill-V(001) surfaces were thought to favor its formation. 0 2000 Arnericarl Vacuutn 
Society. [S0734-2101(00)05904-21 

I .  INTRODUCTION X4) reconstructions have been examined theoretically and 
found to be stable.9-" The ( 2 ~  1 )  structure has not been 

1ndium phosphide ( I ~ P )  is a technologically iln~ofiant theoretically modeled and one would expect it to be energeti- 
n'enlber the T1T-V3 Or cally unfavorable because it should violate the electron 
materials that are used to make high-speed and optoelec- counting model,l~ T~ measure the local structure, several 
tronic devices.' Unlike Si-based devices which are pri~narily scanning tunneling m~croscopy (STM) experinlents have 
forlned by ion iln~lantation lnethods? 111-V structures must been out on various InP(00 1) surface reconstructions. 
be formed one plane of atoms on top of an- To date, STM images have not been reported for the c(4 
other until thc entire device structure is fonned. Naturally, x4 )  structure. STM studies have observed an ordered (2x 1 j 
surface structure plays an important role in the growth and when prepared using gas-source phosphor- 
possibly plays a role in the overall properties of these de- ous. Other gas-source studies of this surface have found it to 
vices. For example, a certain surface reconstruction may pro- be a ,,,hire of several different reconstructions,'4 STM ex- 
duce low quality growth clue to its synllnetry proper- periments have also observed a surface with a (2 X 4)  
ties altering diffusion or nucleation rates. In addition, symmetry.~5-~8 still needed is a systematic mapping of the 
stoichion~etry changes on a surface may produce a nonuni- reconstructions versus absolute substrate temperature and 
form interface which may have a significant impact on short- solid phosphorus flux using both diffraction 
period heterostructures where the interfaces constitute a large ,d STM, 
fraction of the total heterostructure. Therefore, there is a 1, this study, all possible surface reconstructions of 
need to better understand 111--V(001) surface reconstructions. lecular beam epitaxy (MBE) prepared ~ ~ p ( o o l )  are 

To date, the most intensely studicd compound semicon- out using in situ reflection elcctron diffraction 
ductor surface has been the GaAs(001) The (RHEED) as a hnction of substrate temperature and solid- 
InP(OO1) surface reconstructions have received less attention. sour,e p2 flux, including zero p2 flux, A highly accur& 
~ i k e  G ~ A S  there are three dominant techniques for preparing noncontact telnperature measurement system is used to mea- 
the InP surface: sputter-and-anneal, growth of InP using gas- sure the absolute of the substrate, STM 
source phosphorous, and growth using solid-source phos- studies provide images of the 4 4  ~ 4 1 ,  ( 2 x  11, and (2 
phorous. Using gas-source phosphorous, electron diffraction 4)/c(2x 8) for system and that only two of 
shldies have a (2x 2), (zx I), and (2x 4, recon- these reconstructions have long-range order in real space. 
structions with increasing substrate t ~ r n ~ e r a t u r e . ~ ' ~  In these 
studies the (2X 2) reconstruction is not distinguished from 
the c(4 X 4) since diffraction data is not reported in the [loo] 
direction. Using solid-source phosphorous, electron diffrac- Experiments were carried out in an ultrahigh vacuuln 
tion studies have observed a c (4  X4), ( 2 ~ 2 ) ,  ( 2 ~  I), and (2 (UHV) multichamber facility (5-8 X lo-" Ton throughout) 
x 4) reconstructions as a function of substrate temperature which contains a solid-source MBE chamber (Riber 32P) 

and p ~ o s p ~ o r o u s  flux,X F~~ these various phases, local strue- that includes a substrate temperature determination systenl 

tural infomation is not c ( 4 x 4 )  and several ( 2  accurate to i - 2 " ~ . ' ~  This system also contains a solid 
source, cracked phosphorus cell with a valved co~~trolled 

"~uthor to who~n correspondence sl~ould be addressed; electronic mail: flux. In this chamber is connected to a surface 
vlahclla@coli~p.uark.edu analysis chamber with an STM (~rnicron). '~ 
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Microscopic View of a Two-Dimensional Lattice-Gas Ising System 
within the Grand Canonical Ensemble 

V.P. LaBella, D. W. Bullock, M. Anser, Z. Ding, C. Emery, L. Bellaiche, and P.M. Thibado 
Department of Physics, The University of Arkansas, Fayetteville, Arkansas 72 701 
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A reversible 2D critical transition is observed on the GaAs(001) surface and modeled as a lattice-gas 
Ising system. Without depositing any materia1, 2D GaAs islands spontaneously form. The order parame- 
ter, four critical exponents, and coupling energies are measured from scanning tunneling microscope 
images of the microscopic domain structure and correlation functions as a function of temperature and 
pressure. Unprecedented insight into the domain structure of a 2D Ising system through the critical point 
and a complete Hamiltonian for modeling the GaAs(001) surface are presented. 

PACS numbers: 68.35.Bs, 05.50.+q, 68.35.Rh 

The epitaxial techniques used in manufacturing com- 
pound semiconductor device structures have demanded in- 
sight into the physical process undergone when atoms are 
deposited on top of a single crystal surface. This in- 
sight is of both fundamental and technological importance 
and modeling these surfaces is challenging due to their 
two-component nature. Much success has been achieved 
using various techniques, such as first-principles theory 
[l] ,  kinetic Monte Carlo simulations [2], rate equations 
[3], and thermodynamics [4]. 

On single component surfaces, one of the oldest and 
simplest approaches to modeling is the celebrated two- 
dimensional (2D) lattice-gas Ising mode] [5]. Clever re- 
searchers have been able to artificially create 2D systems 
with a fixed, submonolayer amount of one material de- 
posited on a host surface made of a different material, and 
successfully applied the 2D lattice-gas Ising model [6- 101. 
These studies advance our understanding of phase tran- 
sitions while illuminating the nature of interactions be- 
tween atoms on surfaces, since the 2D Ising model has 
been theoretically studied in rigorous detail [11,12]. The 
above types of experiments are within the canonical en- 
semble (i.e., fixed number of particles) and therefore, they 
can fit their data to Onsager's exact solution similar to 
some 2D Ising-like magnetic phase transitions (i.e., fixed 
number of spins) that have been observed by neutron scat- 
tering 113- 151. The lattice-gas Ising model was origi- 
nally framed within the more general context of the grand 
canonical ensemble, where the number of particles is free 
to fluctuate as it exchanges with a reservoir. This is unlike 
the ferromagnetic case where the number of spins is fixed. 
To the best of our knowledge no experimental test of the 
general solution to the 2D lattice-gas Ising model within 
the grand canonical ensemble exists. 

In this Letter, we discovered a single crystal surface 
where the surface atoms can exchange with the substrate in 
a reversible manner consistent with the general solution 2D 
lattice-gas Ising model within the grand canonical ensem- 
ble. Surprisingly, the system is the technologically impor- 
tant two-component GaAs(001) compound semiconductor 

surface. This experiment is performed by imaging individ- 
ual domains on a scale comparable to its constituents (i.e., 
the atoms) with scanning tunneling microscopy (STM), 
giving unprecedented insight into the microsc~pic domain 
structure of a 2D Ising system through the critical point. 
Equally exciting, this study provides a complete 2D Ising 
Hamiltonian for modeling the equilibrium and nonequilib- 
rium properties of the GaAs(001) surface. 

~xperiments were carried out in an ultrahigh vacuum 
(UHV) multichamber facility [(5 - 8) X 10-" Torr 
throughout] which contains a molecular beam epltaxy 
(MBE) chamber (Riber 32P) that includes a substrate 
temperature determination system accurate to 2 2  "C 
[16] and a surface analysis chamber with a custom 
integrated STM (Omicron) [17]. Commercially avallable, 
"epi-ready," n+ (Si doped 1 0 ' ~ / c m ~ )  GaAs(0O I )  2 0  l o  
substrates were loaded into the MBE s y b ~ ~ ~ ,  .wl~hout any 
chemical cleaning. The surface oxide layer was rcmoced 
and a 1.5-pm-thick GaAs buffer layer was grown at 
580 "C using an As4 to Ga beam equivalent pressure ratio 
of 15 and a growth rate of 1.0 p m / h  as determined by 
reflection high-energy electron diffraction oscillations. 

The spontaneous formation of islands on this surface 
occurred after each sample was annealed for a fixed 
time (between 0.25-33 h), a fixed temperature (between 
500-700 "C), and a fixed As4 flux (between 0.0 1 - 10 0 
pTorr), resulting in an exhaustive study of the accessible 
parameter space. To ensure the samples were in equi- 
librium, the anneal times were successively increased 
until the surface morphology remained unchanged, which 
resulted in 33 h anneals for the lowest temperah~l-cs. The 
samples are cooled to room temperature using 2 procedure 
that freezes in the surface morphology present at h~gher 
temperatures and has been described elsewhere [ I  81. TIie 
samples were transferred to the STM without breaking 
UHV and imaged at room temperature. Fcr -3ch samp!e. 
5-10 1 p m  X 1 p m  filled-state STM images wcrc ac- 
quired using tips made from single crystal (1 1 1)-oriented 
tungsten wire, a sample bias of -3.0 V, and a demanded 
tunneling current of 0.05-0.1 nA. 

4152 003 1-90071 001 84(18)/4 152(4)$15.00 0 2000 The American Physical Society 



Reflection high-energy electron diffraction and scanning tunneling 
microscopy study of lnP(001) surface reconstructions 

V. P. ~ a ~ e l l a , ~ )  Z. Ding, D. W. Bullock, C. Emery, and P. M. Thibado 
Depurtment o f  Phy.sics, The University o f  Arkunsus, Fq.etreville, Arkunsus 72701 

(Received 25 October 1999; accepted 17 January 2000) 

The reconstructions of the InP(001) surface prepared by molecular beam epitaxy have been studied 
with in sifu reflection high-energy electron diffraction (RHEED) and scanning tunneling microscopy 
(STM). The growth chamber contains a highly accurate temperature measurement system and uses 
a solid-source, cracked phosphorus, valved effision cell. Five InP(001) reconstructions are observed 
with RHEBD by analyzing patterns in three principal directions. Under a fixed P, flux, decrcasing 
the substrate temperature gives the following reconstructions: c(2 x 8) ,  ( 2  X 4 ) ,  ( 2  X I ) , (2  X 2) ,  
and c ( 4  X 4) .  In situ STM images reveal that only two of these reconstructions yields long-range 
periodicity in real space. InP(001) does not form the metal rich (4 X2) reconstruction, which is 
surprising because the ( 4  X 2) reconstruction has been coined the universal surface reconstruction 
since all 111-V(001) surfaces were thought to favor its formation. O 2000 American Vacuum 
Society. [S0734-210 1 (00)05904-21 

I. INTRODUCTION 

Indium phosphide (InP) is a technologically important 
membcr of the 111-V, or compound semiconductor family of 
materials that are used to make high-speed and optoelec- 
tronic devices.' Unlike Si-based devices which are primarily 
formed by ion implantation methods: 111-V structures must 
be formed by depositing one plane of atoms on top of an- 
other until the entire device structure is formed. Naturally, 
surface structure plays an important role in the growth and 
possibly plays a role in the overall properties of thcse de- 
vices. For example, a certain surface reconstruction may pro- 
duce low quality crystal growth due to its symmetry proper- 
ties altering diffusion or nuclcation rates. In addition, 
stoichiometry changes on a surface may produce a nonuni- 
form interface which may have a significant impact on short- 
period heterostructures where the interfaces constitute a large 
fraction of the total heterostructure. Therefore, there is a 
necd to better understand 111-V(001) surface reconstructions. 

To date, the most intensely studied compound semicon- 
ductor surface has been the GaAs(001) ~ u r f a c e . ~ - ~  The 
InP(OO1) surface reconstructions have received less attention. 
Like GaAs there are three dominant techniques for preparing 
the InP surface: sputter-and-anneal, growth of InP using gas- 
source phosphorous, and growth using solid-source phos- 
phorous. Using gas-source phosphorous, electron diffraction 
studies have reported a (2X 2), (2X I), and (2X 4) recon- 
structions with increasing substrate temperature.6x7 In these 
studies the (2X 2) reconstruction is not distinguished from 
the 4 4  X 4)  since diffraction data is not reported in the [I001 
direction. Using solid-source phosphorous, electron diffrac- 
tion studies have observed a c (4X4) ,  (2X2), (2X I),  and (2 
x 4 )  reconstructions as a functlon of substrate temperature 
and pl~osphorous For these various phases, local struc- 
tulal information is not reported. A 4 4 x 4 )  and several (2  

--- - 
a 'Au th~r  to whom correspondcncc should bc addresscd; elcctron~c mall: 

vlabcl la@comp.uark cdu 

X4) reconstructions have been examined theoretically and 
found to be stable."" The ( 2 ~  1) structcrc not becn 
theoretically modeled and one would expect it to be eneigc1.i- 
cally unfavorable because it should violate the electror~ 
counting model.I2 To measure the local structure, several 
scanning tunneling microscopy (STM) experiments have 
been carried out on various InP(001) surface reconstructions. 
To date, STM images have not been reported for the c ( 4  

X 4) structure. STM studies have observed an ordered (2X 1 ) 
reconstr~ction'~ when prepared using gas-source phosphor- 
ous. Other gas-source studies of this surface have found it to 
be a mixture of several different  reconstruction^.'^ STM ex- 
periments have also observed a surface with a ( 2 x 4 )  
symmetry.'5-" Still needed is a systematic mapping of the 
reconstructions versus absolute substrate temperature and 
solid source phosphorus flux using both electroti diffraction 
and STM. 

In this study, all possible surface reconstructions of mo- 
lecular beam epitaxy (MBE) prepared InP(001) are mapped 
out using in situ reflection high-energy electron diffraction 
(RHEED) as a function of substrate ternyrPt1vrc and solid- 
source P2 flux, including zero P2 flux. A highiy acctiraic 
noncontact temperature measurement system is t!sed to niea 
sure the absolute temperature of the substrate. In sitz~ STM 
studies provide images of the ( , (4X4) ,  (2X 11, and (3 
x 4 ) i c ( 2 X 8 )  for this system and show that only two of 
these reconstructions have long-range order in rcal space. 

II. EXPERIMENT 

Experiments were carried out in an ultrahigh vacuuin 
(UHV) multichamber facility ( 5  -8 X 10- ' I  Torr throughout) 
which contains a solid-source MBE chamber (,Riber 32P) 
that includes a substrate temperature determination syste~n 
accurate to ? ~ o c . ' ~  This system also contains a solid 
source, cracked phosphorus ccll with a valved controlled 
flux. In addition, this chamber is connected lo a surface 
analysis chamber with an STM  micron)." 
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Monte Carlo derived diffusion parameters for Ga on the GaAs(OO1)-(2 X4) 
surface: A molecular beam epitaxy-scanning tunneling microscopy 
study 

V. P. ~ a ~ e l l a , " )  D. W. Bullock, Z. Ding, C. Emery, W. G. Harter, and P. M. Thibado 
Departntent of Physics, The University of Arkansas, Fayetteville, Arkansas 72701 

(Received 25 October 1999; accepted 7 February 2000) 

The migration of individual Ga atoms on the technologically important GaAs(001)-(2 X4)  
reconstructed surface has becn studied as a function of substrate teinperature and As4 pressure using 
a combined molecular beam epitaxy and scanning tunneling microscope ultrahigh vacuum 
niultichamber facility. We have deposited 10% of a plane of Ga onto a GaAs(OO1) surface with a 
low defect density (< 1% ) and with large terraces (>0.5 pm)  to avoid the influence of surface 
defects like step edges and vacancies. Both the island number density and the geometry are 
measured and compared to Monte Carlo solid-on-solid simulations. Basic diffusion parameters, 
such as the activation energy, directional hopping-rate ratio, directional sticking-probability ratio, 
etc., are reported. 0 2000 Arnericun Vacuum Societ)~. [S0734-2101(00)08204-X] 

I, INTRODUCTION surface have been perfom~ed.'l These calculations predict an 

~h~ optical properties of 111-v semiconduc- activation barrier of 1.2 eV along the As dimer rows (i.e., 

tors are making high-speed global, wireless communications along the [ I  101 direction) and 1.5 eV across them (i.e., 
possible.' This application has created a demand for higher along the [I 101 direction). These state-of-the-art calculations 
perfonnance device structures, which are more complex and are 0111~ true for the pure migration of individual Ga atoms 
more difficult to realize. Unlike silicon-based devices, which On an otherwise perfect (2 X 4)-reconstn~cted surface in the 
are prilnarily fabricated using ion implantation,' 111-v struc- absence of defccts and an arsenic flux. These predictions 
tures are formed at the surface by depositing one plane of have not been tested experimentally to date. The recent ap- 

atolms on top of another ulltil the entire structure is formed. plication of STM t~ the shdy of atomic diffusion on various 
A more accurate atomic-scale understanding of the funda- elemental single crystal surfaces (e.g., Si and Fe) has signifi- 
mental physics governing the motion of group 111 and group cantly bmadcned the fundamental knowledge of the motion 
V atoms on 111-V crystal surfaces would aid the fabrication of atoms on these ~urfaces."-'~ STM studies of difision on 
process. the GaAs(001) surface have also been carried out under met- 

To date, several nlacroscopic methods, primarily reflec- alorganic va~or -~hase  epitaxy Unfol'hlnately, 
tion high-energy electron diffraction (RHEED), have been these GaAS(001) diffusion studies do not provide an accurate 

used to study CJa diffusion on the CjaAs(OO1) surface.3-9 ~n test for the above theoretical predictions, since many other 

some of these studies, an estimate of the surface adatoln processes, like organic chemical reactions, are involved in 
diffusion length at one temperature is obtained from know- the growth. Nucleation and growth on the molecular bean1 
ing the average terrace width at which the growth mode epibxy (MBE)-~re~aredGaAs(001) surface has been experi- 
changes from two-dimensional island nucleation to step-flow mentally investigated using STM and kinetic Monte C X ~ O  

mode. Interpretation of these experinlents can be ambiguous simu~ations.'~ This study deposits a submonolayer amount of 
because the illfluence of surface defects as vacancies, material and fits the island's geometry to simulations. Unfor- 

step bunching, and interactions between adatoms themselves tunately, the study is only done at one temperature, makillg it 

cannot be taken into account. Furthermore, since the electron difficult to address the difhsion properties. 

beam averages over the entire substrate, temperature gradi- Motivated by these issues, the activation energy for d i fh-  
ents and morphological variations across the wafer will ef- si01-1 of gallium on the GaAs(001)-(2 X4) reconstructed sur- 
feet this type of measurement. Some of these RHEED face has been measured under an ultrahigh vacuum molecu- 

its have utilized scanning tunneling microscopy (STM) to lar bean1 epitaxy growth condition. Both the GaAs island 

image the morphology as a function of multiple monolayers n~nlber  density and island g e o l n e t ~  are measured from 

of coverage.'.'' However, growing marc than about 10% of a STM images for samples after depositing 10% of a plane of 

monolayer on a surface that is not flat, makes it difficult to Ga atoms onto the CaAs(001)-(2x4) r~constructed surface 

separate the basic difhsion process fiorn the large number of held at various temperatures and exposed to different As4 

other interactions that can occur. fluxes. This measurement is performed with atomic-scale 

First-principles total-energy calculations of the pure mi- resolution, naturally allowing for the influence of steps, Va- 

gration of Ga atoms on the C;aAs(O01)-(2 x 4 )  reconstructed cancies, and other defects to be accounted for, further isolat- 
ing the pure activation energy of diffusion. One could apply 

ajAuthor to whom corrzspondence should be addressed; electronic mail: rate equation to this data determine the diffusion 
vlabclla@comp.oark.cdu coefficient and activation barrier for isotropic two dimen- 
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Microscopic View of a Two-Dimensional Lattice-Gas Ising System 
within the Grand Canonical Ensemble 
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Department of Physics, The Universily of Arkansas, Fayetteville, Arkansas 72701 
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A reversible 2D critical transition is observed on the GaAs(001) surface and modeled as a lattice-gas 
Ising system. Without depositing any material, 2D GaAs islands spontaneously form. The order parame- 
ter, four critical exponents, and coupling energies are measured from scanning tunneling microscope 
images of the microscopic domain structure and correlation functions as a function of temperature and 
pressure. Unprecedented insight into the domain structure of a 2D lsing system through the critical point 
and a complete Hamiltonian for modeling the GaAs(001) surface are presented. 

PACS numbers: 68.35.Bs, 05.50.+q, 68.35.Rh 

The epitaxial techniques used in manufacturing com- surface. This experiment is performed by imaging individ- 
pound semiconductor device structures have demanded in- ual domains on a scale comparable to its constituents (i.e., 
sight into the physical process undergone when atoms are the atoms) with scanning tunneling microscopy (STM), 
deposited on top of a single crystal surface. This in- giving unprecedented insight into the microscopic domain 
sight is of both hndarnental and technological importance structure of a 2D Ising system through the critical point. 
and modeling these surfaces is challenging due to their Equally exciting, this study provides a complete 2D lsing 
two-component nature. Much success has been achieved Hamiltonian for modeling the equilibrium and nonequilib- 
using various techniques, such as first-principles theory rium properties of the GaAs(001) surface. 
[I], kinetic Monte Carlo simulations [2], rate equations Experiments were carried out in an ultrahigh vacuum 
[3], and thermodynamics [4]. (UHV) multichamber facility [(5 - 8) X lo-" Torr 

On single component surfaces, one of the oldest and throughout] which contains a molecular beam epitaxy 
simplest approaches to modeling is the celebrated two- (MBE) chamber (Riber 32P) that includes a substrate 
dimensional (2D) lattice-gas Ising model [5]. Clever re- temperature determination system accurate to 5 2  "C 
searchers have been able to artificially create 2D systems [I61 and a surface analysis chamber with a custom 
with a fixed, submonolayer amount of one material de- integrated STM (Omicron) [17]. Commercially available, 
posited on a host surface made of a different material, and "epi-ready," n+ (Si doped 1018/cm3) GaAs(001) 50.1 " 
successhlly applied the 2D lattice-gas Ising model 16-10]. substrates were loaded into the MBE system without any 
These studies advance our understanding of phase tran- chemical cleaning. The surface oxide layer was removed 
sitions while illuminating the nature of interactions be- and a 1.5-pm-thick GaAs buffer layer was grown at 
tween atoms on surfaces, since the 2D Ising model has 580 "C using an As4 to Ga beam equivalent pressure ratio 
been theoretically studied in rigorous detail [11,12]. The of 15 and a growth rate of 1.0 pm/h as determined by 
above types of experiments are within the canonical en- reflection high-energy electron diffraction oscillations. 
semble (i.e., fixed number of particles) and therefore, they The spontaneous formation of islands on this surface 
can fit their data to Onsager's exact solution similar to occurred after each sample was annealed for a fixed 
some 2D Ising-like magnetic phase transitions (i.e., fixed time (between 0.25-33 h), a fixed temperature (between 
number of spins) that have been observed by neutron scat- 500-700 "C), and a fixed As4 flux (between 0.01 - 10.0 
tering [13-151. The lattice-gas Ising model was origi- ~Tor r ) ,  resulting in an exhaustive study of the accessible 
nally framed within the more general context of the grand parameter space. To ensure the samples were in equi- 
canonical ensemble, where the number of particles is free librium, the anneal times were successively increased 
to fluctuate as it exchanges with a reservoir. This is unlike until the surface morphology remained unchanged, which 
the ferromagnetic case where the number of spins is fixed. resulted in 33 h anneals for the lowest temperatures. The 
To the best of our knowledge no experimental test of the samples are cooled to room temperature using a procedure 
general solution to the 2D lattice-gas Ising model within that freezes in the surface morphology present at higher 
the grand canonical ensemble exists. temperatures and has been described elsewhere [18]. The 

In this Letter, we discovered a single crystal surface samples were transferred to the STM without breaking 
where the surface atoms can exchange with the substrate in UHV and imaged at room temperature. For each sample, 
a reversible manner consistent with the general solution 2D 5- 10 1 p m  X 1 p m  filled-state STM images were ac- 
lattice-gas Ising model within the grand canonical ensem- quired using tips made from single crystal (1 11)-oriented 
ble. Surprisingly, the system is the technologically impor- tungsten wire, a sample bias of -3.0 V, and a demanded 
tant two-component GaAs(OO1) compound semiconductor tunneling current of 0.05-0.1 nA. 
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Robust optical delivery system for measuring substrate temperature 
during molecular beam epitaxy 
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C1 Systems Limited, Migdal Haemek, Israel 
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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 unifonn 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 

"'~lcctronic mail: thibado@comp.uark.edu 

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 :!Y ~1~bstrate heater . 
filaments as the light source for performing an optical tians- . 
mission measurement on the substrate.233 Using thc substrate 
heater as a light source is very clever and has nlany advao- 
tages over thermocouple sensors and pyrometers. Namely, it 

determines the temperature without requiring pbhsical coo- 
tact with the substrate and this approach is not affected by 
films being deposited on the pyrometer viewport.' 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 cann'ut 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 cietermina- 
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 \,iewport.' 
This method works well for bare substrates but iuffers from 
optical interference effects, especially wlicj~ :lr films are 
smooth and uniform in thickness (precisely whqt one wants 
to achieve with MBE). The most successful nonl;ontact tem- 
perature measurement scheme was achieved by installing an 3 
optical pipe inside the MBE machine that allows an alternate " 
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 
~ubstrate.~ Supplying an alternate light source that can be 
chopped prior to entering the substrate has proven to be the 
most precise substrate temperature measurement method 
avai~able.~ However, in MBE machines wherc t\le sample is 
mounted on a manipulator that rotates about a perpendicular 
flange axis, no successful integration has been acllieved. For 
the first time, a simple and robust solution has bekn found for 
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Atomic Structure of the GaAs(001)-(2 x 4) Surface Resolved Using 
Scanning Tunneling Microscopy and First-Principles Theory 
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The atomic arrangement of the technologically important As-rich GaAs(001)-(2 X 4) reconstructed 
surface is determined using bias-dependent scanning tunneling microscopy (STM) and first-principles 
electronic structure calculations. The STM images reveal the relative position and depth of the atornic- 
scale features within the trenches between the top-layer As dimers, which are in agreement with the 
P2(2 X 4) structural model. The bias-dependent simulated STM images reveal that a retraction of the 
topmost dangling bond orbitals is the novel electronic mechanism that enables the STM tip to image 
the trench structure. 

PACS numbers: 68.35.Bs, 61.16.Ch, 61.50.Ah, 81.05.Ea 

The most technologically important surface within the top-layer As-dimer rows, i.e., within the trenches of the 
family of zinc-blende 111-V semiconductors is the As- GaAs(001)-(2 X 4) surface, has not been resolved. This 
rich GaAs(001)-(2 X 4) surface [l-41. Consequently, may be due to either geometric sample-tip convolution 
over the past decade, state-of-the-art techniques from effects (i.e., a dull tip) [I71 or a negligible number of 
both theory and experiment have focused on uncover- states available for tunneling at typical imaging biases 
ing the atomic structure of this surface [5-161. The y, [18,19]. 
p ,  P2, and a are four different structural models for In this Letter, the atomic structure of the As-rich 
the GaAs(001)-(2 X 4) surface, which have been exten- GaAs(001)-(2 X 4) surface reconstruction is determined 
sively debated over the past decade, and are shown in using STM and first-principles electronic-structure cal- 
Figs. I (a)- l (d), respectively. Intensity differences in the culations. Comparing filled-state bias-dependent images 
fractional order spots in the reflection high-energy elec- from both theory and experiment reveals that the top-layer 
tron diffraction (WEED) patterns were used to identify As dangling bond orbitals retract, allowing the finite size 
the structure of three 2 X 4 phases: y ,  P ,  and a ,  pre- STM tip to image the structure in between. This is a 
pared under different growth conditions [9]. However, novel mechanism that is different from a geometric tip- 
changes in W E E D  spot intensities may also arise from sample convolution effect or a change in the local density 
disorder rather than a periodic structural change in the of states (LDOS) of the imaged features within trenches. 
unit cell. This motivated local real-space scanning tun- Experiments were carried out in an ultrahigh vacuum 
neling microscopy (STM) experiments of differently pre- (UHV) multichamber facility [(5-8) X 10-l' Torr 
pared GaAs(001)-(2 X 4) surfaces, which observed struc- throughout] which contains a molecular beam epitaxy 
tures consistent with both two and three As-dimer models (MBE) chamber (Riber 32P) that includes a substrate 
[8,10,12]. More recently, STM experiments of these three temperature determination system accurate to -+2 "C [20]. 
phases suggest that they all have the same unit cell struc- This chamber is connected to a surface analysis chamber, 
ture, one with two top-layer As dimers, such as the a or 
P 2  [13,14]. Theoretical modeling concluded that the a 
and P 2  structures have the lowest formation energy and (a) 742 x4)  (b) P(2x4) (c) P2(2x4) ( 4  4 2 x 4 )  

the c(2 X 8) variety of the P 2  structure is the most favor- 
able [5,11,16]. m m m B  

The above studies demonstrate that disorder inhibits 
an accurate determination of what is ideally sought, the 
surface structure with the lowest energy. Consequently, 
in situ grazing incidence x-ray diffraction measurements %xxuxobfim 
were carried out on a well-ordered GaAs(OO1)-(2 x 4) FIG. 1. Four proposed structural models of the GaAs(001)- 
surface and observed a structure that is in agreement (2 X 4) surface reconstruction. Each model shows two views, 

top (above) and side (below), and the names given to the 
with the P 2  model [15]. Complimentary to x-ray studies structural model is indicated in the figure. Filled and empty 
would be a STM study of the local real-space atomic circles represent As and Ga, respectively. Larger circles 
structure. However, to date, the structure between the represent atoms closer to the surface 
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The phenomenal growth in wireless communications and fundamental optical properties, such as the band gap of a 
optoelectronic technology is making 111-V semiconductor semiconductor, and their temperature dependence as a ve- 
based devices an increasingly important component of the hicle for obtaining accurate and reproducible substrate 
entire semiconductor market.' Unlike Si-based technology, temperatures.2 One implementation of this idea is realized by 
where devices are fabricated primarily by ion implantation, using the broadband light emitted from the substrate heater 
111-V device structures must be fabricated one atomic plane filaments as the light source for performing an optical trans- 
at a time. One of the most powerful and flexible growth mission measurement on the ~ubs t r a t e .~ '~  Using the substrate 
methods for 111-V structures is molecular beam epitaxy heater as a light source is very clever and has many advan- 
(MBE). The ability of MJ3E to control the deposition of ex- tages over thermocouple sensors and pyrometers. Namely, it 
tremely thin films that is required for high-performance de- determines the temperature without requiring physical con- 
vices, as well as the capability to grow device layers with tact with the substrate and this approach is not affected by 
arbitrary compositions and doping profiles, is unequaled. films being deposited on the pyrometer viewport.3 In addi- 
However, even MBE as traditionally used suffers from poor tion, this approach does not require internal modifications to 
day-to-day repeatability, and this is due, in part, to the lack the MBE machine to implement. However, there are two 
of any means to accurately sense and control one basic pro- disadvantages with this approach. Since one cannot modulate 
cess parameter, namely, the substrate temperature. This prob- the intensity of the heater light, the signal to noise ratio is 
lem arises because the typical sensor used for temperature affected by stray light. Also, if the heater power is shut off, 
control is a thermocouple, which cannot be in good thermal no light source is available to measure the substrate tempera- 
contact with the substrate if one wants to produce high- ture. Another implementation of in situ band gap determina- 
quality, highly uniform material. The inaccuracies in sub- tion is to bring white light into the pyrometer port and to 
strate temperature, in turn, affect the overall progress within measure the band-edge reflection spectroscopy using the 
the MBE community at large. The reason for this is that the back-reflected light coming from the pyrometer v i e w ~ o r t . ~  
temperature profile used to produce a high-quality growth at This method works well for bare substrates but suffers from 
one institution cannot be transferred to other institutions. The optical interference effects, especially when the films are 
MBE community has tried to minimize these difficulties smooth and uniform in thickness (precisely what one wants 
through the implementation of optical pyrometers for sub- to achieve with MBE). The most successll noncontact tem- 
strate temperature determination. Unfortunately, the accu- perature measurement scheme was achieved by installing an 
racy of pyrometers is limited by stray light from the source optical pipe inside the MBE machine that allows an alternate 
ovens and from substrate heater filaments. In addition, py- Light source to be brought to the back side of the substrate. 
rometer readings are affected by films deposited on the py- This has been successfully implemented in MBE machines 
rometer viewport and by lack of knowledge of sample emis- that have an in-line optical path to the back side of the 
sivity (which in many cases is changing during the growth of substrate.' Supplying an alternate light source that can be 
the structure). Finally, if one uses direct radiative heating of chopped prior to entering the substrate has proven to be the 
the substrate, the pyrometer becomes flooded with the infra- most precise substrate temperature measurement method 
red radiation of the heater filaments, making the technique avai~able.~ However, in MBE machines where the sample is 
even less accurate.' Other workers have suggested the use of mounted on a manipulator that rotates about a perpendicular 

- flange axis, no successful integration has been achieved. For 
"~lectronic mail: thibado@comp.uark.edu the first time, a simple and robust solution has been found for 
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The role of As, molecules in Ga diffusion on the GaAs(001)-(2x4) reconstructed surface has been 
studied using a combined nlolecular beam epitaxy and scanning tunneling microscopy 
multichamber facility. We deposited 10% of a plane of Ga atoms onto an otherwise pristine surface, 
while exposed to two separate As4 beam equivalent pressures of lo-' and Ton.  The higher 
As4 flux resulted in the production of fewer and larger islands, indicating that increasing the As, flux 
increases the total interrogation area available to the Ga atoms before forming islands. 0 1999 
American Vacuurn Society. [S0734-21 lX(99)05904-I] 

I. IN'TRODUCTION II. EXPERIMENTAL PROCEDURE 

The fabrication of 111-V semiconductor structures is a Experiments were c a ~ ~ i e d  out in an ultrahigh vacuum 
inajor co~nponent of the rapidly growing wireless communi- (UHV) multichamber facility (5  -8 x 10- Torr throughout) 
cations and optoelectronics industry.' Unlike silicon based which contains a customized, commercial MBE (Riber 32P) 
devices, which are mainly fabricated by ion implantation: chanlber and a surface analysis chamber with a conlmercial 
111-V semiconductor shuctures must be fabricated by depos- STM  micron).^ The MBE chamber was modified to in- 
iting one plane of atoms on top of another until the entire clude a highly accurate and fast optical substrate temperature 
structure is formed. Consequently, 111-V structure fabrica- measurement system (+2 OC from 0 to 700 O C  and updated at 
tion occurs solely at a surface. Nah~rally, a deeper under- 1 Hz) which utilizes the temperature dependence of the fun- 
standing of the fundamental processes involved in growth, damental band gap.'0 Comnlercially available, "epircady," 
such as surface diffusion and island nucleation, may result in n+ (Si doped 10 '~ / cm~)  GaAs(001)1-0.1" substrates were 
higher performance s t r~c tures .~  The most utilized surface for loaded into the MBE systcm without any chemical cleaning. 
devices, and hence the most important surface for developing Once the surface oxide layer was removed, a 1.5 pm thick 
this understanding, is the GaAs(001)-(2x4) reconstructed GaAs buffer layer was grown at -1 pm/h as determined by 
surface. RHEED. 

To date, Ga surface diffusion on the GaAs(001) surface The surface of the buffer layer was found to have several 
has been extensively investigated using reflection high- monolayers of roughness and a multitude of other atomic- 
energy electron diffraction (RIIEED).~,' These studies have scale defects. An algorithm was developed to remove this 
played an important role in making predictions for the diffu- roughness and produce enormous terraces (- 1 pm wide) 
sion coefficient and the activation energy for the migration of essentially free of defects while cooling the sample quickly 
Ga atoms. However, associating these values with the pure to room temperature. The algorithm consisted of first holding 
migration of Ga atoms can be ambiguous since the influence the substrate temperature at GOO "C undcr an As4 beam 
of surface defects, steps, and interactions between other ada- equivalent pressure (BEP) of 10 -6  TOIT for 15 min to elimi- 
toms cannot be taken into account. The pure migration of nate step bunching and produce large terraces. The substrate 
individual adatoms on elemental semiconductor surfaces has is then annealed at 570 OC under an As4 flux of 8 X lo-' Torr 
been successfully measured without these complications by for another 15 min to eliminate adatom and vacancy islands 
depositing submonolayer coverages onto otherwise pristine on the terraces. Next, the sample temperahlre was set to drop 
surfaces and using scanning tunneling inicroscopy (STM) to (heater current set to zero) to 450 OC (- 1.5 "Cis) while dec- 
quantify the o ~ t c o m e . ~  For binary compound semiconductors re~nenting the As, flux in Torr steps for every 10 "C 
there is added complexity due to the unknown influence of drop in sample temperature (i.e., the As valve is closed once 
the group V species, however we previously reported how to the sample temperature falls below 500 "C). Once the sub- 
overcome these complications and successfully measured the strate temperature reaches 450 OC the power to the substrate 
Ga diffusion under normal growth conditions using S T M . ~ . ~  heater was restored to maintain a constant temperature for 15 
Tn molecular beam epitaxy (MBE) growth of GaAs, the flux min. During this period the As4 flux still inside the growth 
of the Ga determines the growth rate, while the flux of the chanlber was pumped out to minimize condensation onto the 
arsenic is self-limiting. However, it is not known exactly sample's surface." Note, during the cool down from 570 to 
how the Asq flux effects the surface diffusion of the Ga at- 500 OC, the As4 flux plays a pivotal role in producing a high- 
oms. In this article, we investigate the role of the arsenic quality surface. This is because above 500 "C arsenic subli- 
molecules on the migration of the Ga adatoms. mates from the GaAs surface and an impinging AsJ flux is 
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required to replenish the lost arsenic. However, too much 
arsenic flux will drive the surface into supersaturation and 
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Abstract 

The pure migration of individual Ga atoms on the technologically important GaAs(0 0 1)-(2 x 4) reconstructed surface 
has been studied as a function of substrate temperature using a combined molecular beam epitaxy and scanning 
tunneling microscopy (STM) ultra-high vacuum, multi-chamber facility. We have successfully deposited & of a plane of 
Ga atoms onto a pristine GaAs surface under a constant As4 beam equivalent pressure of Torr, at various substrate 
temperatures. After deposition the substrate was quenched to room temperature and transferred to the surface analysis 
chamber for STM imaging. A plot of the number density of islands formed as a function of deposition temperature 
follows an Arrhenius relationship. Assuming either a pure one-dimensional diffusion model or a pure isotropic 
two-dimensional diffusion model, the activation energy for diffusion is 2.3 or 1.7 eV, respectively. 0 1999 Elsevier 
Science B.V. All rights reserved. 
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1. Introduction 

The phenomenal growth in wireless cornmunica- 
tions and optoelectronics technology is making 
zinc-blende 111-V semiconductor substrates an in- 
creasingly important component of the semicon- 
ductor industry [I]. Naturally, there is an extensive 
effort to develop both higher performance devices 
as well as novel multi-functional devices, all of 

'Corresponding author. Tel.: + 1 501 575 7932; fax: + 1 501 
575 4580; e-mail: thibado@comp.uark.edu. 

which require stricter control over the growth pro- 
cess. To achieve this, a deeper understanding of the 
fundamental processes involved in making device 
structures, such as diffusion, nucleation and growth 
is required. 

Macroscopic measurements of gallium diffusion, 
such as, monitoring film growth under a shadow 
mask [2], have been used to estimate the G a  diffu- 
sionlength. In addition, the decay of intensity oscil- 
lations in reflection high-energy electron diffraction 
(RHEED) with increasing temperature has been 
used extensively to study diffusion of Ga  on GaAs 
[3-51. Using these results to predict the pure mi- 
gration of Ga  atoms can be ambiguous since the 
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ABSTRACT 
We have addressed the question of interfacial disorder in InAs/GaSb 

superlattices (SLs) grown by molecular-beam epitaxy using high-resolution 
transmission electron microscopy, Raman spectroscopy, X-ray diffraction, and 
in-silu scanning tunnelling microscopy (STM). Our analysis indicates that InSb- 
like interfaces have a roughness of 1 monolayer (ML), for a SL grown on a GaSb 
buffer layer. For GaAs-like interfaces, however, the interface roughness is found 
to be 2ML when the SL is grown on a GaSb buffer. For SLs grown on an InAs 
buffer, the roughness of GaAs-like interfaces (3 ML) is also greater than that of 
InSb-like interfaces (2ML). These results suggest two general observations. The 
first is that GaAs-like interfaces are rougher than InSb-like interfaces. This 
difference may be due to the high surface energy of GaAs compared with InSb 
or to differences in surface kinetics. These observations are supported by in-situ 
STM results showing that the growth front surface morphology, for both GaSb 
and InAs layers, is rougher for GaAs-like interfaces than for InSb-like interfaces. 
We have also found that interface roughness is greater for an InAsIGaSb SL 
grown on an InAs buffer layer than for the same SL grown on a GaSb buffer 
layer. This difference in interface roughness may arise because InAs SL layers are 
in tension when grown on a GaSb buffer layer, whereas GaSb SL layers are under 
compression when grown on an InAs buffer layer. 

9 1. INTRODUCTION 
For advanced opto-electronic devices, such as infrared detectors based on an 

InAsIGal- .In,Sb superlattice (SL), the deleterious effects of interface roughness are 
particularly important. In these device structures the thickness and composition of 
the layers are tailored to achieve the desired bandgap (Smith and Mailhiot 1987, 
Miles et al. 1990, Waterman et al. 1993). The effects of interfacial disorder are 
expected to be deleterious to the functioning of most device structures based on a 
SL. In the case of an infrared detector, interfacial disorder would alter the band 
structure of the device, <ice this band structure is due, in large part, to the SL 
periodicity. In addition, interfacial disorder may reduce carrier mobility (Tuttle 
et al. 1990). 

The novel properties of a short-period semiconductor SL depend on the ability to 
grow thin layers with thickness and composition controlled on an atomic scale. This 
degree of control can be achieved by molecular-beam epitaxy (MBE). The challenge, 
however, is in controlling the structure of a strained SL given the large volume 
fraction consisting of interfaces. In forming an interface, the growth temperature 
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SHOP NOTES 
These are "how to do it"papers. They should be written and illustrated so that the reader may easily follow whatever 
instruction or advice is being given. 
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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. 0 1998 American Vacuum Society. 
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Molecular beam epitaxy (MBE) has emerged as the tech- as well as electrical and thermal noise problems inherent to 
nology pushing the frontiers of compound semiconductor de- placing a STM inside a growth chamber. 
vice development. MBE uniquely provides the atomic layer The customized components required for this integration 
control of the growth process necessary to produce compo- are associated with the sample mounts and transfers. We use 
sitionally abrupt interfaces and exact layer thicknesses re- both the standard MBE and STM sample mounts as our start- 
quired for band-gap engineering. At present, not all such ing material, from which we fabricated new sample mounts 
novel structures can be routinely fabricated nor utilized in that could still be transferred in the conventional way. The 
device applications. Progress in this area will require an im- current MBE standard for sample mounting and manipula- 
proved understanding of the fundamental surface processes tion is a circular 3 in. diam molybdenum wafer holder which 
involved in MBE, such as diffusion, nucleation, and growth. will be referred to as a "MBE moly block" throughout this 
Ideally, one would like to study these processes with spatial article. The current STM sample plate standard is a tantalum 
resolution down to the scale of individual atoms. In the last plate which is significantly smaller (1 5 mmX 18 mm) than 
decade, scanning tunneling microscopy (STM) has matured the MBE moly block. The MBE moly block is transferred 
to become a dominate tool for atomic-scale investigations. and mounted using radially oriented pins, while the STM 
For this reason, it is not surprising that there is growing sample plate is held by an eye hole situated on the top side of 
interest in integrating MBE and STM technologies into a the mount [see Fig. l(b)]. 
single ultrahigh vacuum (UHV) system. Combining STM Successful STM studies of MBE grown material require 
with MBE has been accomplished in only a few systems'-3 several factors to be simultaneously met. First, the substrate 
and they have already demonstrated their ability to advance must be heated to temperatures in excess of 600 "C  in order 
the fundamental understanding of crystal growth to remove the oxide from the semiconductor substrate. Sec- 
processes.4-6 One limitation of existing systems is that they ond, the substrate surface must have glancing angle access to 
use custom microscopes, making the successful integration perform in situ reflection high-energy electron diffraction 
and operation of such systems limited to specialized experts (WEED). Third, the STM sample plate must be rigidly 
in the STM community. In this Shop Note, we detail the mounted to the STM imaging stage. 
modifications required to integrate a commercially available The core modification made to the standard STM sample 
STM' with a commercially available MBE: without custom- plate which allowed the successfU1 integration is the addition 
izing the microscope or deposition system. of a 1 mm thick tantalum over plate to the STM sample plate 

Our approach for integrating MBE with STM is to con- [see Figs. l(a) and l(b)]. The over plate has a square shape 
nect two separate UHV chambers via a third commercially and is sized to match the vertical dimension (15 mm) of a 
available ultrahigh vacuum transfer chamber (the MBE and standard sample plate. In addition, a rectangular cutout (7 
STM are separated by -2 m). One benefit of this approach is mmX2 mm) centered on the bottom edge of the over plate 
that it allows for the independent operation of the MBE and allows a compression point contact to be made to the sample 
STM, while avoiding contamination and vibration problems, plate when mounted on the STM imaging stage. Once ma- 

chined into the proper geometry, the over plate is easily spot 
a)~lectronic mail: thibado@comp.uark.edu welded to a conventional tantalum sample plate. The shape 
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