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The migration of individual Ga atoms on the technologically important Ga@B-(2x4)
reconstructed surface has been studied as a function of substrate temperaturgEredAse using

a combined molecular beam epitaxy and scanning tunneling microscope ultrahigh vacuum
multichamber facility. We have deposited 10% of a plane of Ga onto a (G@Assurface with a

low defect density £1% ) and with large terraces0.5 um) 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. @000 American Vacuum Socief{s0734-210(00)08204-X]

[. INTRODUCTION surface have been perform&dThese calculations predict an

The optical properties of I1I-V compound semiconduc- 2ctivation barrier of 1.2 eV along the As dimer rows.,
tors are making high-speed global, wireless communicationd/ong the[110] direction and 1.5 eV across therti.e.,
possible! This application has created a demand for higher@long the[110] direction. These state-of-the-art calculations
performance device structures, which are more complex an@re only true for the pure migration of individual Ga atoms
more difficult to realize. Unlike silicon-based devices, whichon an otherwise perfect (24)-reconstructed surface in the
are primarily fabricated using ion implantatiél|—V struc- absence of defects and an arsenic flux. These predictions
tures are formed at the surface by depositing one plane dfave not been tested experimentally to date. The recent ap-
atoms on top of another until the entire structure is formedplication of STM to the study of atomic diffusion on various
A more accurate atomic-scale understanding of the fundaglemental single crystal surfacesg., Si and Fehas signifi-

mental physics governing the motion of group 11 and groupcantly broadened the fundamental knowledge of the motion
V atoms on Ill-V crystal surfaces would aid the fabrication Of atoms on these surfac&s:'® STM studies of diffusion on

process. the GaA$001) surface have also been carried out under met-
To date, several macroscopic methods, primarily refleclorganic vapor-phase epitaxy conditidfis’ Unfortunately,
tion high-energy electron diffractiofRHEED), have been these GaA®O01) diffusion studies do not provide an accurate
used to study Ga diffusion on the Ga@81) surface’° In test for the above theoretical predictions, since many other
some of these studies, an estimate of the surface adatoRfocesses, like organic chemical reactions, are involved in
diffusion length at one temperature is obtained from know-the growth. Nucleation and growth on the molecular beam
ing the average terrace width at which the growth modeepitaxy(MBE)-prepared GaA®01) surface has been experi-
changes from two-dimensional island nucleation to step-flownentally investigated using STM and kinetic Monte Carlo
mode. Interpretation of these experiments can be ambiguogimulations:® This study deposits a submonolayer amount of
because the influence of surface defects such as vacanciédaterial and fits the island’s geometry to simulations. Unfor-
step bunching, and interactions between adatoms themselvi#ately, the study is only done at one temperature, making it
cannot be taken into account. Furthermore, since the electrdfifficult to address the diffusion properties.
beam averages over the entire substrate, temperature gradi-Motivated by these issues, the activation energy for diffu-
ents and morphological variations across the wafer will ef-sion of gallium on the GaA§01)-(2Xx 4) reconstructed sur-
fect this type of measurement. Some of these RHEED studace has been measured under an ultrahigh vacuum molecu-
ies have utilized scanning tunneling microscoi®TM) to  lar beam epitaxy growth condition. Both the GaAs island
image the morphology as a function of multiple monolayershumber density and island geometry are measured from
of coverage’'® However, growing more 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 toGa atoms onto the Ga£01)-(2x 4) reconstructed surface
separate the basic diffusion process from the large number é¥eld at various temperatures and exposed to different As
other interactions that can occur. fluxes. This measurement is performed with atomic-scale
First_princip|es tota|_energy calculations of the pure mi- rESO|Uti0n, natura”y aIIOWing for the influence of Steps, va-

gration of Ga atoms on the Ga®@91)-(2x 4) reconstructed ~cancies, and other defects to be accounted for, further isolat-
ing the pure activation energy of diffusion. One could apply

a)Author to whom correspondence should be addressed; electronic mailate ?quation analy_SiS _to this d_ata to (_jetermi_ne the d_ifoSion
vlabella@comp.uark.edu coefficient and activation barrier for isotropic two dimen-
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sional motion or one dimensional moti®h?° However, by ~ spontaneously roughen when annealed above this
applying modeling using Monte Carlo simulations one cantemperaturé” In addition, the experiments could not be per-
obtain a more detailed picture of the atomic procésa.this  formed for substrate temperatures below 460 °C because the
study, we apply Monte Carlo analysis and obtain informationsurface reconstruction will transform from theX2) to the
about the activation barrier for Ga to hop from one site to thec(4xX4). The As BEP of 1.0uTorr and the Ga deposition
next, the relative hopping rates in perpendicular directions omate of 20% of a plane per second results in ap/@a flux
the surface, the relative sticking rates to existing islandsatio of ~15, thereby recreating typical GaAs growth condi-
when approached from perpendicular directions, and finallfions which use a ratio between 10 and 20. When thg As
we gain insight into the role that arsenic plays in altering theBEP is 10.0uTorr, the As/Ga flux ratio is~ 150, allowing
Ga diffusion and growth process. the study of Ga diffusion under extremely high arsenic con-
centration conditions.
Il EXPERIMENT After the deposition and the 15 min anneal at 450 °C, the
sample was cooled to room temperature, transferred to the
Experiments were carried out in an ultrahigh vacuumSTM without breaking UHV, and imaged at room tempera-
(UHV) multichamber facility (5—8& 10~ ! Torr throughout  ture. For each sample, 6—12 200 n200 nm or 100 nm
which contains a solid-source MBE chamb@iber 328 %100 nm filled-state STM images were acquired using tips
that includes a substrate temperature determination systemade from single crysta{111)-oriented tungsten wire, a
accurate ta+ 2 °C2! This chamber is connected to a surfacesample bias of-3.0 V and a tunneling current set point of
analysis chamber with an STKDmicron.?” Commercially  0.05-0.2 nA. For each sample, an average island number
available, “epiready,’n+ (Si doped 18¥/cm®) GaA4001)  density was determined from 6—-12 STM images.
+0.1° substrates were loaded into the MBE system without To quantify the diffusion process, Monte Carlo simula-
any chemical cleaning. The surface oxide layer was removetions of the MBE growth process were completed. These
and a 1.5am-thick GaAs buffer layer was grown at 580 °C simulations use a solid-on-solid model, where single ada-
using a growth rate of 1.&em/h as determined by RHEED toms are randomly dropped onto an area of’2Q00 lattice
oscillations and an Asto Ga beam equivalent pressure sites until a total coverage of 0.1 ML is reached. These de-
(BEP) ratio of 15. posited adatoms model the Ga adatoms deposited during the
An algorithm was developed that produces a well orderedVIBE growth. The simulation assumes that a single free ada-
GaAgq001)-(2X4) reconstructed surface with 0.5—-Am  tom will diffuse indefinitely until either two adatoms collide
wide terraces essentially free of defettsThis algorithm  and stick(nucleating an islandor the adatom collides and
consists of first annealing the substrate at 600 °C with an Assticks to an existing islandgrowing an islanyl Once the
BEP of 1.0uTorr for 15 min. This procedure eliminates step adatom is stuck, it is excluded from further diffusion. There-
bunching, yet leaves each terrace with 1 monolagét) fore, the critical nucleation size is two adatoms and the prob-
high adatom and vacancy islands. Another 15 min anneal ability of three or more adatoms simultaneously colliding is
570 °C with the same AsSBEP eliminates these islands and considered negligible. The adatoms are assigned a jump rate
leaves the surface flat. J, which is related to the diffusion rat® via the lattice
Ga diffusion occurs on this flat, well-ordered constanta (i.e., J=4D/a?). Simulations were performed
GaAq001)-(2x 4) reconstructed surface consisting of two which varied the jumping rate in decade-size steps from 1 to
adjacent parallel As dimers with a third adjacent parallel As10° Hz. For each jump rate, the probability of hopping in
dimer 1 ML below the other tw&® Numerous samples were perpendicular direction&irectional hopping-rate ratiovas
prepared by depositing 10% of a plane of Ga at a specifiedaried from(1 to 1) to highly anisotropic(1 to 1000. For
temperature, while simultaneously exposing the surface teach of these simulations, the probability of sticking to other
two different A, BEPs. In order to lock in the as-grown atoms when approached from different directiofrec-
structure, we first start quenching the sample from 570 °C ational sticking-probability ratipwas varied from equall to
1.5°C/s. While the sample was cooling, enough, Alsix 1) to highly anisotropig1l to 1000 and 1000 to)1
was maintained on the sample to avoid degradation of the
surface. Once the sample temperature reached the desired
value, the Ga shutter was opened for 0.5 s to deposit 10% af|. RESULTS
a plane of Ga while the ASBEP was simultaneously in-
creased to either 1.0 or 104Torr, (i.e., the growth rate is
set to 20% of a plane per secgnd timing chart for this Characteristic STM images of the GaAs surface after the
deposition has been published elsewt@rdinally, the deposition of 10% of a monolayer at three successively
sample temperature was held at 450 °C for 15 min to allowhigher temperatures are shown in Fig&)11(b), and Ic).
any As, inside the growth chamber to be pumped out and noEach of these images measures 100<fi0 nm and was
condense on the surface of the sample. It has been detarropped far from the edges of a much larger terrace. The
mined that this anneal does not affect the island geometry dower temperature result shown in Figalhas a larger num-
number density. ber of smaller size islands when compared to the other two
As mentioned earlier, samples could not be prepared foremperatures shown in Figs(hl and Xc). This is observed
any temperatures above 570 °C because the surface woubgcause the island growth rate decreases while the nucleation

A. 1.0 uTorr As , BEP data and Monte Carlo results
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Fic. 2. Plot of the island aspect ratio vs directional sticking-probability ratio
from the Monte Carlo simulations. The aspect ratio is essentially indepen-
dent of the jump ratel and the directional hopping-rate ratio. The slight

‘;Jaumfosﬁe dependence on these latter two parameters is accounted for in the error bars.
X z

an island geometry that is not observed, thus making this an
important fitting parameter. Our algorithm for finding the
best set of fitting parameters began with noticing that the
aspect ratio of the islands measured with STM are essentially
constant for all temperatures and arsenic fluxes. It was deter-
[110]\/[1'10] mined that the geometry of the simulated islands depends
primarily upon the stick ratio and is essentially independent

Fic. 1. (@—(c) Filled state STM images taken at a sample bias-8f0 v Of the jump rate and hop ratio as depicted in Fig. 2. Further-
and a demanded tunneling current of 0.2 nA of the GBAH-(2Xx4) re- more, a stick ratio of 100;1[1?0];[110]) best fits the ob-

constructed surface after deposition of 10% of a monolayer of Ga under . . .
1.0 uTorr As, flux at the temperatures indicated. The islands are 1 ML highgerved island geometry. To find the hop ratio, the number

(0.28 nm). For comparison(d)—(f) are simulated STM images from random density of the simulated islands as a function of jump rate
walk computer simulations as a function of the jump rate using a directionalvas required to match the number density of the STM im-

hopping-rate ratio of 100:1([110[110)) and directional sticking- aged islands as a function of temperature. It was determined

probability ratio of 100:1[110][110)). that a hop ratio of 100:1[110]:[110)) for all jump rates
provided the best fit for the lower arsenic pressure data.
Three characteristic simulated STM images measuring 80
rate of new islands increases when the temperature is lowymx 80 nm, having 10% Ga coverage, and a deposition rate
ered. With more islands on the surface they must be smallesf 0.2 ML/s are shown in Figs.(d), 1(e), and 1f).
in size because the coverage for each sample is fixed. The The average island number densities for all data sets are
islands formed under these conditions are not circular, buhown in Fig. 3. The error bars represent the standard devia-
favor elongation along thgl10] direction. tion in the average island number density counted from all
To compare with the STM images, hundreds of Montethe STM images acquired at that temperature. Certain criteria
Carlo simulated STM images were computed. Both the numwere used to define an island. First, it has to be 1 ML high
ber density of the islands and the geometry of the island$0.28 nn). Second, the monolayer high island must have
(i.e., aspect ratipin the STM images were fit using three (2X4) reconstruction features, such as correct positioning
parameters in the Monte Carlo simulations: jumping rateyelative to underlying dimer rows. These criteria eliminated
directional hopping-rate ratidhop-ratio, and directional the small white specks existing directly on top of the dimer
sticking-probability ratio(stick ratig. A higher jump rate rows that were observed on some of the sampde®, for
favors island growth over island nucleation. Therefore, in-example, Fig. (a)], which are thought to be adsorbed,As
creasing this parameter predominately results in a smallenolecules resulting from condensation inside the MBE
number of islands. Increasing the anisotropy of the hop ratichamber after the Ga depositiéhHowever, the inclusion of
predominately lowers the island number density. Increasinghese features shifted the average island count less than the
the anisotropy of the stick ratio predominately alters the gestandard deviation. The average island number density gen-
ometry of the islands. If the geometry of the islands is noterated from ten different random number seeds as a function
considered, the stick ratio can be adjusted such that a unique jump rate for the best-fit set of parameters is also shown in
set of hop ratio versus jump rate parameters cannot be olfig. 3 (filled circles. Note, that only the jump rates relevant
tained. However, a stick ratio of 1 to 1 or 1000 to 1 results into the experimental data are shown. The error bars represent

565°C, 24 Islands

20 nm
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Fic. 3. Measured island number densiggpen squargsvs the deposition
temperaturglower axig for the 1.0uTorr As, BEP data, with error bars
representingt 1 standard deviation in the number of islands counted. The

island number densityfilled circles vs the jump rate(upper axis from Fic. 4. Diffusion coefficients(open squargsvs temperature obtained by

random walk simulations are also shown. The error bars represerstan- combining the measured experimental island number densities from the 1.0

dard deviation in the number of islands counted from ten different randonf* 1 2" ASs BEP data with the random walk simulations. The least squares fit
number seeds. The simulations use the directional hopping-rate ratio df°lid line) gives an activation energy of 1:D.1eV and a prefactor of 0.2

100:1 ([110]:[110]) and directional sticking-probability ratio of 100:1 cne/s.

([110]:[110]). The line going through the simulation data points is a least-

squares linear fit same conditions as before, while the simulation in Figl) 5

used these same parameters except the directional hopping-

the standard deviation in the average island number densifité ratio was changed from 100{{110][110)) to 5:1
counted from the ten simulations. ([110]:[110)). Even though the fit between Figs(bb and
By combining the Monte Carlo simulation results with the

experimental data a diffusion coefficient can be obtained.
The jump rate] for each experimental data point is found by

matching the island number density from the measured dat:
to the least squares fit of the simulation. This jump rate is
converted to a diffusion rat® (i.e., D=Ja? and plotted

ture are related bip =D exd —E,/(kgT)], wherekg is Bolt-
zmann’s constant:, is the activation energy to hop from
one site to the nexD, is the prefactor, and is the absolute
temperature. The activation energy is calculated from a leas
squares fit to be 1:00.1 eV with a prefactor of-0.2 cnf/s.

B. Comparison between the 1.0 uTorr As , BEP and
10.0 uTorr As , BEP data

In addition to measuring the island number density as a
function of substrate temperature, it was also measured fo
two different Ag pressures during the Ga depositigre.,

1.0 and 10.QuTorr As, BEP). Two characteristic STM im-
ages acquired at 465 °C, but with a factor of ten difference in
the As, gas pressures, are shown in Fig¢a)5and 3b).
There is about a factor of two decrease in the island numbet. 5. (5 and(b) Comparison of filled state STM images taken at a sample
density when the Aspressure is increased by this amount,bias of -3.0 V and a demanded tunneling current of 0.2 nA of the
and this difference persists for all temperat@fém this GaAg001)-(2x 4) reconstructed surface after deposition of 10%_ofam0n0-
study, these differences are quantified using the Monte CarlgYe" of Ga under 1.0 and 10@Torr As, flux at 465 °C, respectivelyc)

. . R . and(d) Comparison of simulated STM images from random walk computer
simulations. Two characteristic simulated STM images Me8asimylations. Simulatioric) best fits the 1.QuTorr As, data in(a) using a

suring_ _80 nnx80 nm, having 10% (-_?"a Coverage, and agjrectional hopping-rate ratio of 100:110]:110]). Simulation (d) best
deposition rate of 0.2 ML/s are shown in Figgcband 5d). fits the 10.0uTorr As, data in(b) using a directional hopping-rate ratio of
The simulation in Fig. 5(c) was calculated using the 5:1 ((110]:[110).
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TasLE |. Comparison of results for different Adluxes. dom walker to a two-dimensional random walker, which can
: interrogate more area thus forming a smaller number of is-
Quantit 1.0uTorr As, 10.0 uTorr A L . . L
Y — - i - > lands. We believe the mechanism for this change is due to
directional hopping[110]:[110) 100:1 51 the excess arsenic lowering the energy barrier to hop in the
directional sticking([110]:[110]) 100:1 100:1 [110] direction to a value closer to the barrier height in the
activation energyeV) 1.0+0.1 1.2+0.1 T

[110] direction. This is supported by the relatively small
change in the activation energy with the factor of ten in-
crease in the arsenic pressure.

5(d) is not visually satisfying, our goal was to change only  Studies of InAs growth on GaAs observed a similar phe-
one parameter, if possible, in the simulation to develop amomenon; increasing the arsenic pressure decreased the num-
understanding of the dominant effect of arsenic on the diffuber density of InAs island® Madhukaret al. proposed that
sion. Changing only the hop ratio by a factor of 20 providedthe increase in arsenic pressure increased the incorporation
the best fit to both the island number density and islandate into existing islands. In terms of our model, this pro-
geometry as a function of substrate temperature. Eveposal amounts to increasing the sticking probability. In our
though the fit to the aspect ratio is not as good as obtainedomoepitaxy study, we have tested the role of the stick ratio,
with the lower arsenic pressure, this is still a much better fitout found that this primarily effects the geometry of the is-
than one could obtain by only changing the stick ratio. Simi-lands not the number density. The most important parameter
lar to the lower Ag pressure data, a diffusion coefficient was for effecting the island number density is the hop ratio,
extracted after combining the Monte Carlo results with thewhich suggests the arsenic effects the mobility of the Ga
measured island number density. A summary of the paramatoms while diffusing more than directly influencing their
eters used in the simulations for all hopping rates, and thencorporation into existing islands. Note, the correct picture

resulting diffusion parameters are displayed in Table I. is most likely a combination of the two parameters, however,
the accuracy of the simulation does not merit such a refine-
IV. DISCUSSION ment.

. . S The activation energy for single Ga atom diffusion on the
Our Monte Carlo simulations are oversimplified and do
b GaAq001)-(2x4) reconstructed surface has recently been

not attempt to accurately model the complex processes in- ) 8 o
P y plex p computed using a total-energy first-principles apprdach.

volved in MBE growth. The input parameters such as the’”. . o )
directional hopping-rate and _sticking-probability ratioserhls study determined that the activation energy for diffu-

should not be taken literally. These ratios to some extengion along the[110] is 1.2 eV, while diffusion along the
represent reduced parameters that take into account all prbt10] is @ much higher 1.5 eV. This difference results in Ga
cesses necessary for growth. For example, the GaAs surfa@®ms being 100 times more likely to diffuse along the
has a (2 4) reconstruction which is not explicitty modeled, [110] direction than along th¢110] direction at normal
and is therefore folded into the directional hopping-rate ratiogrowth temperatures. This is in good agreement with our low
The simulation predicts that the diffusion is faster along theAs; pressure Monte Carlo predictions. This theoretical pre-
[1?0] direction, which we believe is correct, however, the diction is for an idea_l defect free surface withou'g any arsgnic
quantitative prediction of 100 times could easily be in errorPressure. Not only is there good agreement with the direc-
by a factor of 10. These same comments apply to the direé—'or?al (_jn‘fusmn_ ra_teg, but also the quantltatwe value of the
tional hopping-rate ratio for the higher Agressure. Even activation _barrler is in ggreement with our value. Of course,
though the error in the directional hopping-rate ratio may bePUr experiment primarily measures the value of the lower
large, we believe the factor of 20 change between the two barrier. \'Ne.belleve the presence of arsenic effectively lowers
As, pressures is real, since this factor is the only changdhe barrier in th¢110] direction to a value closer to 1.2 eV,
between the simulations. These same comments apply to t@€ result of which is to leave the measured barrier height
directional sticking-probability ratios. The predicted activa- €SS€ntially unchanged, yet enhance the interrogation area.
tion energy is not very sensitive to the directional hopping- /AS mentioned in Sec. |, a large body of literature exists in
rate and sticking-probability ratios, and we believe it is moreMeasuring the properties of MBE growth. A majority of this
accurate. However, the energy does represent a weighted a&ffort has been spent measuring the diffusion length of the
. P CITI Ga using RHEED oscillations*® The methods described in
erage favoring the lowest of tH&¢10] and[ 110] directional . . . . .
energy barriers. thls ;tudy compliment thl§ earlier body of literature. The
The highly anisotropic directional hopping-rate ratio for diffusion length as a function substrate temperature and ar-

L enic flux are visually displayed in the STM images pre-
the low As, pressure data indicate that the Ga atoms esseriented in Figs. 1 and 5, as the average distance between

tially move in one dimension. Once the amount of arsenic
was increased by a factor of 10, the island number densit{flands' It ranges from about 2 to 20 nm.

dropped by a factor of-2, indicating that the Ga atoms can

now interrogate a larger area. This increase in interrogatio?(‘ CONCLUSION

area is explained by the factor 6f20 decrease in the an- With the combination of Monte Carlo simulations aimd
isotropy of the directional hopping-rate ratio. This implies situ combined MBE—-STM experiments, we were able to

that the Ga atom is transformed from a one-dimensional ramrmeasure the activation barrier height, directional hopping-
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