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Surface morphology of GaAs during molecular beam epitaxy growth: Comparison of experimental
data with simulations based on continuum growth equations
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Using atomic force microscopy arid situ elastic light scattering we show that the surface of molecular
beam epitaxyMBE) grown GaAs tends towards an equilibrium roughness independent of the initial condition,
as predicted by kinetic roughening theory. Two separate continuum growth equations are consistent with the
observed equilibrium roughness, namely, the Kardar-Parisi-ZH&®RY) equation dh/dt=rV2h+ (\/2)
X (Vh)?+ 5, whereh is the surface height ang represents nonconservative noise, and the MBE equation
ohlgt=— kV*h—(A/2)V2(Vh)?+ 5., where 7. represents conservative noise. These equations represent
different physical smoothing mechanisms, so to distinguish between them we have numerically solved both
equations. A novel geometric implementation of the nonlinear terms avoids instabilities associated with stiff-
ness of the equations. We find that the time and length scale dependence of the smoothing of initially rough
substrates is consistent with the KPZ equation but not the MBE equation. As the growth temperature is
increased the coefficient increases relative tad, but the KPZ description remains valid over the entire
measured temperature range of 550—600 °C. Reducing the As overpressure increases the anisotropy of the
surface morphology. We provide a physical interpretation of the KPZ equation in which the incorporation rate
of mobile adatoms on the surface is governed by evaporation/condensation type dynamics. These results
provide important insight into the MBE growth mechanism of GaAs.
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. INTRODUCTION a transient remnant of the rough initial surfdé&he KPZ
equation is nonconservative, that is, the growth rate of the

A variety of important semiconductor devices are basedurface depends on the local slope, a feature that is inconsis-
on epitaxial thin films grown by techniques such as molecutent with usual MBE growth conditions. For this reason a
lar beam epitaxy(MBE). In all of the important material fourth order conservative growth equatithe MBE equa-
systems, surfaces and interfaces play a fundamental role iion) has also been propos&t!’in which smoothing occurs
determining the performance of these devices. The surfacaga surface diffusion. Determining which of these two equa-
of growing films also provide a unique and interesting testingions best describes the evolving GaAs surface remains an
ground for a wide range of new theories and ideas relating toutstanding issue.

scale invariance in dynamical systefé.lt is therefore cru- In this paper we compare detailed real-time andsitu
cial to understand the structure and evolution of the surfaceneasurements of MBE grown GaAs surfaces with numerical
morphology during film growth. simulations of both the KPZ and the MBE equations. The

GaAs homoepitaxy is a promising system in which toKPZ equation with nonconservative noise quantitatively re-
study the surface morphology of epitaxial films. However, aproduces the observed surface morphology at all growth
consistent description of the large scale properties of théimes over the entire measured range of spatial frequencies.
grown surface is still lacking. This is partly due to the com- The MBE equation with conservative noise predicts the cor-
plexity introduced by the large number of growth param-rect long-time surface roughness, but cannot account for the
eters, such as the growth temperature, the arsenic overpresnoothing rate of large scale surface features. We therefore
sure, or the initial condition of the surface. One particularlyconclude that GaAs homoepitaxy is described by the KPZ
useful tool for investigating the surface morphology of equation. To account for the nonconservative nature of the
grown films is provided by continuum growth equations. KPZ equation we introduce a simple, physically realistic nor-
Theoretical analysis of different growth mechanisms yieldsmalization scheme for the growth rate, although for our sur-
different continuum equatior’s? so determining the equa- faces this modification has very little effect on the results.
tion that best fits the experimental data can provide valuable
insight into the dominant physical processes involved in the
growth. For example, the presence of a Schwoebel bafrier Il. CONTINUUM GROWTH EQUATIONS
that inhibits downward diffusion of mobile atoms at step
edges leads to an unstable growth equation. Mounds ob- In a continuum approximation, where the discrete nature
served on MBE grown GaAs surfa¢e¥ have in some cases of the atoms is averaged out, the evolution of the surface
been attributed to this phenomenor® morphology during film growth can be described by a con-

More recently, we have used a stable growth equationtinuum growth equation. In this approach the time rate of
namely, the Kardar-Parisi-Zhari{PZ) equation‘® to show change in the surface heighx,t) is expressed in terms of
that mounds observed on GaAs grown at 550 °C are actuallihe various derivatives di.l~*
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A. Kardar-Parisi-Zhang equation C. Conservative KPZ equation
One of the most studied continuum equations is the KPZ A conservative version of the KPZ equation can be gen-
equatiort® erated by modifying the nonlinear term. To achieve this, we
first note that when the growth proceeds outward from the
oh N surface normal at a constant rate the growth rate can be
= vV2h+ E(Vh)2+ 7, (1)  projected onto the vertical direction leading to
) _ dh 5 1 )
where 7= 5(x,t) represents the random noise associated E=)\\/1+(Vh) ~\ 1+ E(Vh) , ©)

with the deposition and incorporation of atoms on the sur-

face. Generally, the noise is assumed to be uncorrelated, Wi@bmonstrating the link between normal growth and the KPZ
(n(x,) n(x",t'))=Do(x=x")o(t—t'), where(---) repre-  torm The approximation is valid fdiVh|<1. For a rough
sents an average over _possmle noise configurations. PW%Urface of side length, Eq. (3) leads to the addition of a
cally, the linear term is used to represent evaporation{yia| volume

condensation dynamics between a vapor with a constant

chemical potential, and a surface with an average chemi- L

cal potentialug<w, . In the continuum approximatiopn, is V= &f A1+ (Vh)?d?x,

determined by the surface tension (free energy per unit 0

surface arema To lowest order, variations about, are in-

duced by the local surface curvathreas w(x)=puo =\StL(\1+(Vh)?), (4

—0sV?h(x). The incorporation rate is determined by the re- o )

laxation ansatzh/dt=—Y u, whereY>0 is the interface N an infinitesimal timest, where(- - -) represents an aver-

mobility. Inserting the expression for and subtracting the 2ge over the surface. On a perfectly flat surface of the same

constant growth ratef o yields the second order linear dimensions the total volume added is simplyo =X\ 6tL2. A

growth equation, withv= oY conservative growth equation is obtained by normallzmg the
The nonlinear term is an approximation which is oftenVolume added, then subtracting the growth rate. This is

used to model the situation where growth proceeds outwarg@chieved through the substitution

from the local surface normaf although we show below N sv

that other interpretations are possible. It should be noted that 2 0 o

the nonlinear term violates mass conservation as it does not E(Vh) -\ SV 1+(Vh)™=1/,

conserve the average height of the surface. The KPZ equa-

tion with A =0 is often referred to as the Edwards-Wilkinson Where we have used the approximation in E3). Physically,

(EW) equationt® in the case of GaAs growth discussed here, the correction

describes the situation where the density of mobile atoms on

the surface adjusts itself such that the net incorporation rate

balances the arrival rate of atoms from the growth flux. The
Under typical GaAs MBE growth conditions, atoms arriv- resulting equation is nonlocal, and is difficult to investigate

ing at the surface undergo significant diffusion before incor-using standard analytical techniques. However, it is easy to

porating at favorable sites. If the sticking coefficient is unity simulate the behavior numerically, as we show below. Here-

then the growth rate is determined solely by the flux, andafter, unless specifically stated, all references to the KPZ

nonconservative terms should not be present in the growtRquation refer to the conservative version which is consistent

equation. To this end the MBE equation has beerwith the physical process of MBE growth.

formulated?#1°-17:19.20

©)

B. MBE equation

D. Universality classes

dh A The different kinds of growth process, as represented b

VAR w2 2 ) y

at «<V'h 2 VAVt , @ the different growth equations, can be characterized by their
universality class. Associated with each universality class is

where 7 may be either nonconservative flux noise with the@ Set of exponenta (roughness exponent3 (growth expo-
correlation function defined above, or conservative diffusive’€d, andz=a/pB (dynamic exponent describing the scal-
noise with correlation function (7(x.,t) p(x’,t’)) ing properties of the surface. Table | summarizes the known
—D.V25(x—x')8(t—t'). The fourth order linear term can €Xponents for some of the growth equatiéns.

be derived from a conservation law, in which surface cur- EXperimental measurements of the surface shape can be
rents are driven by gradients in the surface chemicatSed to extract the growth exponents, thereby giving an in-
potential™?! The fourth order nonlinear term is believed to dication of the particular equation governing the surface evo-
be generated by a nonequilibrium surface chemical potentidition. One useful measure is the power spectral density
induced by the deposition fluixNote that we neglect the (PSD), defined by

term V(Vh)? as no physical mechanism is known to gener-

ate this term in the absence of tNéh term?’ PSDq,t)=[h(q,t)]2, (6)
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TABLE |I. Critical exponents associated with various growth the surface and transfer exactly this amount to one of the
equations in (2-1) dimensions. The second column indicates nearest neighbor sites. This is repeated for each of the four

whether the noise is conservatit@) or nonconservativeN). nearest neighbors, using periodic boundary conditions. The
: : coefficiento.= At/(Ax)* ensures that the amplitude of the
Equation Noise a B z PSD generated by the simulations does not change if we vary
EW N 0 0 2 the lattice spacing\x or time stepAt. I is a fitting param-
KPZ N 0385 024 158 eter with dimensions n#s'’? that adjusts the overall noise
MBE N 0.667 0.2 3.333 level to optimize the match between the simulations and ex-
MBE c 0 0 4 perimental data. Generally,. is expected to increase as ei-

ther the number of mobile atoms or the individual adatom
diffusion constant increases. Although other, more detailed
N _ ) ) implementations of conservative noise are certainly possible,
where h(q,t) is the Fourier transform oh(x,t) at spatial  oyr algorithm is adequate for testing the continuum growth
frequencyq. After a long period of growth the PSD is ex- equations.

pected to approach an asymptotic form determined by the "simuylations of each of the growth equations described
critical exponents of the growth equation. In2) dimen-  ahove have been used to generate the PSD at a range of
sions the asymptotic form is PSD{)~q 2%, where ifferent times, using a flat surface as the initial condition.
q=|[q|, and the overall amplitude depends on both theThe fourth order MBE equation was simulated using either
strength of the noise and the coefficients in the growth equaconservative or nonconservative noise. In all cases the criti-
tion. For finite growth times, the asymptote will be ObserVEdcaj exponents extracted from the PSDs agree within uncer-
only for g larger than some cutoff valug,~t~ . tainty with the values given in Table I, confirming the accu-
racy of our numerical schemes.

E. Simulations

The critical exponents given in Table | for the different lll. EXPERIMENTAL METHOD

growth equations are difficult to determine experimentally, || samples in this study were prepared [@01] oriented
due to a limited dynamic range accessible during growthgaas substrates in a VG-V80OH MBE chamber equipped
Furthermore, for real systems the morphology of the startingyith solid source effusion cells for both group 11l and group
surface may also affect the scaling properties of the system &t elements. The growth rate, determined by the Ga flux, was
finite growth times. During this transient regime, measureyept constant at around km/h during each run. A valved
ments of the scaling exponents may not reveal the universalyacker was used as the As source, under conditions which
ity class. Instead, it is desirable to compare the measureéii\,e almost entirely Asas the group V flux. The group V to
surfaces to simulati_ons of the different growth equations. group lll beam equivalent pressufBEP) flux ratios were

We have discretized the continuum growth E@B.and  estimated from measurements made with an ion gauge
(2), including the modification described by E). Numeri-  pjaced in front of the samples. The substrate temperature was
cal instabilities restrict the range of parameters which can bg,gnitored by optical bandgap thermométrthroughout the
used in typical finite difference implementations. of the NON-growth, with an absolute accuracy of abatis °C. Prior to
linear terms;” so instead we have used a novel implementajgading into the MBE chamber, the substrates were exposed
tion based on the normal growth approximation to the KPZy itraviolet ozone to remove carbon contaminants. The re-
term [Eq. (3)]. The algorithm translates all points on the gyiting surface oxide was removéusity, either by thermal
surface outwards from the normal by a constant amo“mevaporation at 600 °C under an Asverpressure, or by an
thereby providing an excellent way to approximate theatomic hydrogen etch. The hydrogen used in the etch was
(Vh)? term. Details of the implementation of this term and cracked with a W filament placed in front of the sample.
the other terms in the growth equation are provided in theying the etch the substrate was nominally set to 150 °C,
Appendix. ) o _ i _ but radiation from the W filament caused the temperature to

Nonconservative noise is included in the simulations by;jse somewhat above this value. Details of the parameters
adding an amounlf,o, y12AtU(t) to each point on the sur-  associated with each sample can be found in Table II.
face at each time stépwhere o3=2D/(AX)?, Ax is the During growth, the surface roughness was monitored by
spacing between the lattice points in the simulatidhjs the  elastic light scattering. Light from a chopped Hg arc lamp
simulation time steplU(t) is a random number uniformly was incident through a quartz viewport onto the growing
distributed between-0.5 and 0.5, andl', is a dimensionless sample. The surface roughness diffusely scatters some of the
fitting parameter. For flux noise, one expetts=1, andD incident light out of the chamber through two additional
=Fa? in our units? whereF is the flux in nm/s, andiis the  viewports, where it is detected by photomultiplier tubes fitted
GaAs monolayer heigh®0.28 nm). with wavelength selective filters. The chamber geometry, and

Conservative noise can also arise during the growth prothe wavelength of light monitored, allows us to measure the
cess due to fluctuating currents of adatoms flowing on theoughness at spatial frequencies of 16 andgh ™!, corre-
surface. We have implemented an algorithm to approximatgponding to length scales of 393 and 153 nm, respectively. In
conservative noise in the following way. At each time step,fact, it can be shown that the measured light scattering signal
we add/remove an amouRto.\/12U(t) from each pointon is proportional to the PSD of the surface at the spatial fre-

205302-3



A. BALLESTAD et al. PHYSICAL REVIEW B 65 205302

TABLE Il. Summary of growth parameters for the samples de- 0 - T 10
scribed in the textT g, is the substrate temperature and V:lll is the P ”'/./r' ] » " A %
Ga to As flux ratio (BEP) during growth. The oxide removal f 4 ’ ,‘,- o " - PO 15
method is either thermal desorpti¢fiD) or hydrogen etcfHE). g p s TP ) A

- A ’ XY Ho
Tew  Growth time oo g 2 o "y i

Sample (°C) (min) VAl Surface prep. Ry » T I‘,o—"' / £ ‘fl v, 4 I"J‘ L s
730 TO 0 ™D ; .,/’,' ‘4,! . ," -;I - ‘
744 H1 595 75 6.5 HE Ml W T TN, M [
755 T4 550 75 2.9 ™ Ny % ¥ o DT Y “ .
769 HO 0 HE F g WA ash  he
776 H2 552 10 5.5 HE At B B I X - -
780 H3 553 375 6.5 HE N TAE R E P YA 1 " P
836 T6 600 69 8.3 TD sy 1 f"' et A .
838 T2 550 37.5 7.8 TD > $1 4 ’ W g .Y P
839 T1 550 10 8.3 D A BT s Pl T L
841 T3 550 150 8.4 D % 2 ' 5 s 10
852 T5 550 3 8.5 TD
899 H5 550 30 1.0 HE FIG. 1. A 10x10 /Lmz AFM image of a GaAs wafer after
912 H4 550 30 3.0 HE thermal removal of the surface oxidgampleT0). The scale bar is

in nm, and the arrow points along t[lmTO] direction.

quency monitored”**The scattering vectors for the two sig- mounds would be expected to increase in amplitude as time
nals are 22.5° apart on the pIane of the wafer, so the rOUgI’progresses_ A careful Comparison of F|g$a)2_2(c) shows
ness is probed along slightly different directions on the filma|so that the number of mounds decreases as the surface
surface. smooths, while the lateral length scale of the remaining
Atomic force microscopdAFM) images were obtained mounds increases. This is consistent with the behavior ex-
from the samples soon after removal from UHV, using apected from the second order nonlinear term in Ejsand
Digital Instruments Multimode Scanning Probe Microscope.(5); the mounds grow outward in time such that the larger
Scans ranging from X1 um® to 100<100 um* were  mounds absorb the smaller ones.
taken in tapping mode using Si tips with approximate tip  |f a single continuum equation is to be used to describe
radius 30 nnt® Therefore, we can obtain reliable data up tothe surface evolution, then the equation must be capable of
spatial frequencies of at least 1g@m™~* before tip convo-  reproducing the morphology after a range of different growth

lution effects become significant. times. The persistence of V grooves on the surface suggests
that a nonlinear equation, such as the KPZ or MBE equa-
IV. RESULTS AND ANALYSIS tions, is the correct choice. Figure 3 shows two surfaces
simulated using the KPZ equation with parameters
A. Growth on thermally desorbed substrates =10 nnf/s, vy=1 nn¥/s, and\,=\,=12 nm/s, where

the subscriptsx andy correspond to th¢110] and[110]
directions, respectively. Nonconservative noise was included
Figure 1 shows a GaAs surface immediately prior toin each of the simulations with strengff,=10, consider-
growth, after thermal cleaning of the surface oxide. The theraply larger than the valuE,,=1 expected from the random
mal desorption process produces a surface covered with pitgrrival of atoms from the fluxsee Sec. Il E Figure 4 shows
with the largest pits separated by a characteristic distance @fvo surfaces simulated using the MBE equation with param-
around 1 um, and having a maximum depth of around 40 etersx,=3x10° nm'/s, Ky:105 nm/s, A,=10° nm‘/s,
nm. Figure 2 shows a set of AFM scans from samples growand A, =10° nm?/s. Conservative noise was added to these
for different times at 550 °C on thermally cleaned substratessimulations with strengti’;=100 nn#/s'2. In both cases
using a similar Ag flux for each growth. Each of the grown  the simulations are performed on a 26856 grid, using an
surfaces is covered with mounds elongated alond 1H®]  AFM scan of the desorbed wafer as the initial condition.
crystal axis, and separated by sharp V grooves. The mounds For both sets of simulations the times match the shortest
have a characteristic separation similar to that of the pits otwo growth times in Fig. 210 and 37.5 mij and the coef-
the starting surface, strongly suggesting that they are a renficients have been adjusted to provide the best possible
nant of the initial condition. agreement with the experimental data. Note that the coeffi-
The r.m.s. roughness of the surfaces shown in Figs. 1 andents used for the KPZ simulations are slightly different to
2 decreases steadily with time during growth, progressinghose used in Ref. 14 to model a 75 min growth. This is due
through 4.9, 1.0, 0.7, and 0.5 nm after 0, 10, 37.5, and 15@ slight variations in the surface morphology caused by the
min of deposition, respectively. This smoothing is inconsis-higher As overpressure used during the growth of the
tent with the ideas of unstable growtft’ in which the present samples. Without the nonlinear terms both growth

1. Time dependence
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FIG. 2. 1010 um? AFM images from samples grown under
nominally identical conditions, but for different times, on thermally
desorbed substrate@) 10 min growth(sampleT1). (b) 37.5 min
growth (sampleT2). (c) 150 min growth(sampleT3). The scale
bars are in nm, and the arrows point along [thd0] direction.

FIG. 3. 1010 un? simulations generated using the conserva-
tive form of the KPZ equation with growth times ¢ 10 min and
(b) 37.5 min. The scale bars are in nm, and the arrows point along
the [110] direction. The simulations compare well with the real
surfaces shown in Fig. 2.

equations generate inversion symmetric surfacéshereas
with our inclusion of the nonlinear terms both equations
cause the etch pits on the starting surface to develop into
mounds separated by V grooves, in agreement with the ex-
perimental surface morphology. However, while the surfaces
generated by the KPZ equation have similar roughness to the
real surfaces at all length scales, the MBE equation generates
less smoothing of the largest features than is seen in the
experiment. Modifying the parameters of the MBE equation
to enhance smoothing of the deepest pits causes the smaller
mounds to be less prominent than those on the real surface.
Figure Fa) shows the PSDs of a thermally desorbed sub-
strate(sampleT0), a sample grown for 10 migsampleT1),
and a sample grown for 150 mifsampleT3), measured

along the[ 110] direction. Figure &) shows the PSD from
the same surfaces measured along[ )] direction. PSDs
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-4 FIG. 5. PSD after different growth times on thermally cleaned
substrates, measured alof@ the [110] direction and(b) the

2 » 5 [110] direction. The symbols represent the experimental data. The
/” vl solid lines, representing 10 and 150 min simulations generated with
4 [ ' the KPZ equation, are in excellent agreement with the experimental
0 8 data. The vertical dashed lines indicate the cutoff frequernyies
O(b) 2 4 6 8 10 10 and 150 mir(right to left).

FIG. 4. 10<10 um? simulations generated using the MBE quencies during growth as the average size and spacing of
equation with growth times ofa) 10 min and(b) 37.5 min. The the mound_s Increases. _
scale bars are in nm, and the arrows point along[##0] direc- ' € solid lines on Fig. 5 show the PSD's obtained from
tion. The fourth order equation also produces a mounded surfacgimulations using the conservative form of the KPZ equa-

although the depth of the cusps between the mounds is greater th#@N- Figure 6 shows the PSD of the same samples shown in
on the real surfaces. Fig. 5, but in this case the solid lines are PSDs obtained from

simulations using the MBE equation. The simulation times

. ) . match the experimental data, and the parameters are the same
calculated from AFM scans ranging in size from 1 a5 those used to generate the images shown in Figs. 3 and 4.
X1 pm? to 100100 um?® were combined to generate As above, the PSD's are generated from a combination of
these figures. The PSD shrinks rapidly as a function of time&jmulated surfaces of different sizes. In the saturated region
during growth, until it reaches a saturated IeV(_eI f_or spatiab>qc the magnitude of the PSD is determined by both the
frequencies greater than a crossover frequenciindicated  coefficients in the growth equation and the strength of the
by the vertical dashed lingsThe crossover frequency de- nojse included in the simulations. The values of the param-
creases monotonically as a function of grovvt_h time, QOir‘geteran (KPZ equation and I', (MBE equation quoted
from around 36um~?! to around 9 um~! ([110] direc- above were determined by matching the simulated and mea-
tion), or from around 60xm™* to around 17 um™1 ([110] sured PSD’s in the saturated region at high spatial frequen-
direction after 10 and 150 min growth, respectively. In the cies.
saturated region>q.) the PSD is well described by a  The KPZ simulations in Fig. 5 are in excellent agreement
power law, with slope close te 2, and a magnitude which is with the experimental data over the entgerange. Forq
the same for all samples grown under similar conditions. The>q, the MBE equation with conservative noise predicts the
peak in the PSD of the thermally desorbed surface, located @brrect slope on the log-log pldfFig. 6). However, unlike
around 4 um~, moves gradually towards lower spatial fre- the KPZ equation, it does not predict the time dependence of
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FIG. 7. Diffuse light scattering signal at 16 and 4dim™! mea-
— sured during growth of sample4. For clarity, the 41um™? signal
"5104_ has been offset. The insets show semilogarithmic plots of portions
£ of the same data during the growth, after subtraction of the constant
o) background level. The solid lines on both plots show the predicted
2 . light scattering from simulations using the KPZ equation.
105
A 0 m!nutes . :
* 10 minutes length scales, until a background level is reached after about
0 150 minutes .
o 10 min of growth.

10° : 102 The light scattering data indicate that, during growth, the
surface smooths at a rate which is approximately indepen-
dent of the probed length scale. In fact, the data are well
FIG. 6. PSD of the same samples shown in Fig. 5, measuredescribed by an exponential decay with time constanis
along(a) the[110] direction andb) the[110] direction. The solid  and 7,, both equal to around 3 min. An exponential decay
lines are from 10 and 150 min simulations generated with the MBEyvould be expected from purely linear equations such as the
equation. The simulated PSD has a strongidependence than the E\W equation or the fourth order linear term in the MBE
PSD of the grown films. The vertical dashed lines indicate the Cutequation_ However, the EW equation predicts the character-
off frequencies at 10 and 150 mirfright to left. istic smoothing times to be in the ratigy;/7,5= (16/41),
and the linear MBE equation predicts the ratio (16/4bpth

the cutoff frequency, and faj<q_ it tends to predict a slope inconsistent with the observed ratio.

steeper than the experimental data. Very little smoothing The predicted smoothing rates of nonlinear equations,
takes place at the lowest spatial frequencies in the MBESUCh as the KPZ equation, are harder to determine analyti-
equation simulations, whereas the experimental data cIearVFfa"yv but for a given starting surface they can be determined

show a decrease corresponding to filling in of the therma[foM Simulations. The insets in Fig. 7 compare the measured
desorb pits. light scattering signal during growth to the scattering signal

The time dependence of the surface roughness can also galculated from simulations using the KPZ equation. _The.
agreement between the calculated and measured data is quite

monitored by elastic light scattering. Figure 7 shows the bl h I bl o h lculati
measured light scattering signal at spatial frequencies of pgrasonanle, as the only variable parameter in the calculation

= ; ; the initial amplitude. All other parameters were taken to be
and 41 um™! during the thermal cleaning and subsequenﬂS . . ) ;
growth of sampleT4. AFM images from this sample have identical to those employed in Ref. 14 to fit the AFM images

been published previousk. The thermal desorption of the fiom_trgs sar/nple, g?mflféz&o an/s,k;/lyzlh an/IS, I)\X g
surface oxide at 600 °C, which takes place at around 10 min_}‘y_ nnys, andl',=10. Most notaply, the calculate

in the figure, is accompanied by a rapid increase in the sca ime constant is only weakly d_ependen(much Ies; SO than
tered light intensity at both spatial frequencies, caused by th g s_lmulatlons based on the linear growth equatipasad is
appearance of the desorption pits seen in Fig. 1. The samp\’éth'n a factor of two of bqth of the measured valge;.

is maintained at 600 °C for several minutes to complete the DUring the growth of this sample, the plane of incidence
oxide removal, during which time the surface smooths con®of the Hg lamp lay 45° between td 10] and[110] axes.
siderably at 41um~* but stays approximately constant at The 16 um™* signal is measured in the plane of incidence,
16 um™%, corresponding to the annealing of some shortvhile the 41 um™* signal is measured at an angle 22.5° out
scale features. The sample is brought down to growth tem@f the plane of incidence, rotated towards ffi€l0] direc-
perature (550 °C) after 23 min, and growth begins at a timédion. Therefore, the 16um™* signal measures the roughness

of 31 min. The surface immediately begins to smooth at bottalong a direction closer to tr[elTO] axis, where the value of
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The initial condition for the simulations is the thermally de-

o ] sorbed surfacgésampleT0). These lines are all taken from
20} ] the same position on the surface as the simulation pro-
TN Y gressed. It is clear that while the KPZ simulations are in
OF ~y /TN excellent agreement with the real surfaces at all times and
—20} WWVW\/”\/‘V'\/W . length scales, the MBE equation does not correctly predict
a0 :(a) : : | : the rate at which the deepest pits fill in. This, again, indicates
—— that the rate of change of the surface morphology during
4or ~— | growth of this material system is only weaklydependent.

In Fig. 8d) we also include a series of scan lines ex-
tracted from a simulation using the Edwards-Wilkinson

| equation with »,=20 nnt/s, »,=5 nn?f/s, andI',=10
20} NWW’\/W 1 (i.e., the KPZ equation witth,=\,=0 nm/s). As before,
:(b) : : : : the parameters have been selected to optimize the similarity

Surface height ( nm )
5

wof ——— | between the simulated and real surfaces. Although we obtain
e —_ e reasonable agreement with the real data after long growth
20f e T ] times, the large features associated with the desorption pits
ol /\/\/‘W\/\f\/\/ ] clearly smooth too slowly in the simulation. Furthermore, the
cusplike features reproduced in the KPZ simulations become
—20f NW\MNW 1 rounded in the purely linear simulation, demonstrating the
_40 ,(C) , , : , importance of the nonlinear KPZ term.
—— e e T ———
40t

—TTT TN T T 2. Temperature dependence

20} ]
AR Va2 A | Figure 9a) shows an AFM scan from sampls, grown

/W\/MWN\/\/\/ for 69 min at 600 °C on a thermally desorbed substrate. The
—20f W/W . surface still shows large scale moundlike features related to

(d) , _ ‘ , the initial roughness. However, the V grooves between the
0 2 4 6 8 mounds are not apparent, and the surface is much more in-

Position (um ) version symmetric than the samples grown at 550 °C.

To simulate the 600 °C growth, we have scaled the linear
AFM images, (b) the corresponding KPZ simulationéc) MBE coefficients in the KFZ eqqatipn by a f_actor of 3 relative to
equation simulations, an@) Edwards-Wilkinson equation simula- their Va_lues E,lt 550°C. This is the ratio that Wou_ld be ex-
tions. From bottom to top the curves correspond to growth times oPeCted .'f the I!neqr term represents a thermally aCt.'Vated pro-
0, 3, 10, 37.5, and 150 min. The lines @ are from five separate C€SS With activation energy of around 0.7 eV. Using values
samples, whereas the scan linegtin (c), and(d) are taken at the for the nonlinear coefficients af,=A,=5 nm/s, andl’,

same position in the evolving simulations. Scans are offset for clar= 10 results in the simulation shown in Figibd. As above,
ity. the KPZ simulation generates an excellent likeness of the

experimental data. The increase of the linear relative to the
nonlinear coefficients enhances the anisotropy of the surface
structure, and at the same time reduces the inversion asym-

a direction with a smaller value far. This p"j“lt'a"y offsets metry. Overall, the grown surface is smoother at 600 than at
the expected faster smoothing rate at 4in"*. More im- 550°C

portantly, the KPZ term has a large effect on the smoothing
rate early in the growth when the surface is at its roughest.
The KPZ term tends to favor a much weakgtependence in B. Growth on hydrogen etched substrates
the smoothing rate than the linear term in the growth equa-
tion. Further simulations have shown that this weak sensitiv-
ity to length scale cannot be reproduced by the MBE equa- Figure 1@a) shows an AFM image of a substrate from
tion. which the surface oxide has been removed by hydrogen etch-
Finally, in Fig. 8a) we show a series of scan lines from ing. Unlike the thermal desorption process, the hydrogen
AFM images of samples grown at 550 °C. From bottom toetch leaves a relatively smooth surface, with an r.m.s. rough-
top the cross sections come from the thermally desorbedess of less than 0.2 nm in this sample. Figuré)il8hows
starting surface, and samples grown for 3, 10, 37.5, and 158n AFM image from samplel 1, grown for 75 min at 595 °C
min (samplesTO, T5, T1, T2, and T3, respectively The on a hydrogen etched substrate. The surface remains rela-
scan lines are taken along thel0] direction and are offset tively smooth, with r.m.s. roughness equal to 0.2 nm. The
by 15 nm for clarity. Figure &) shows scan lines from the large amplitude mounds seen on the thermally desorbed
KPZ simulations, where the different lines are extracted asamples are absent in this case, but the roughness does ap-
the same times as those in FigaB Figure &c) shows a pear to be correlated over larger length scales than on the
similar set of scan lines from the MBE equation simulations.initial substrate. A 75 min growth simulation generated using

FIG. 8. Scan lines along tHel10Q] direction from(a) measured

v is largest, than the 4Jum™?! signal, which measures along

1. Kinetic roughening
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10 g

FIG. 9. (8 10X 10 um? AFM image from sampl&6, grown at
600 °C on a thermally desorbed substrgt®.10x 10 um? simu-
lation using the KPZ equation with,=30 nnf/s, v,=3 nn¥/s,
and\,=\,=5 nm/s. The morphology of the 600 °C grown sur-
face is reproduced. The scale bars are in nm, and the arrows point |

along the[ 110] direction.

the KPZ equation with parameters,=30 nnt/s, vy

=3 nnt/s, A=Ay=5 nm/s, and",=10, is shown in Fig.
10(c), where the hydrogen etched surface was used as the
initial condition. These parameters, which are the same aso
those used above to successfully model the growth at 600 °C %)
on thermally desorbed substrates, provide an excellent like-
ness of the grown surface.

FIG. 10. (a) A5X5 um? AFM image of a GaAs wafer which

. Because_ th‘? starting s_urface is ?'mOSt flat, we can inve%—as had the surface oxide removed by hydrogen etctéagiple
tigate the kinetic roughening of the films grown on hydrogenHo)_ (b)) A5X5 um? AFM image from sampléi1, grown for 75

etched substrates. The PSD of two such films, grown af, 4t 595°C on a hydrogen etched substrépA 5x5 wm?

550°C for 10 and 37.5 min, are shown in Figs(dland  gimyjation generated using the KPZ equation. The surface shown in
11(b) (samplesH2 andH3, respectively. The PSD of the () was used as the initial condition, and the parameters are the
starting surface, not shown in the figure, lies slightly belowsame as those used to simulate the growth on thermally desorbed
the PSD’s of the grown films, and has a sharper roll-off atsubstrates at 600 °C. The scale bars are in nm, and the arrows point

high spatial frequencies. In tr[&TO] direction, the PSD of along the[110] direction.
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data. Most notably, the slope and amplitude of the saturated
PSD’s are reproduced, and the position of the cutoff fre-

quencyq. is in good agreement with the data. Therefore, we

conclude that the modified KPZ equation describes the
growth on both smooth and rough initial surfaces.

The exponent of the power law describing both the mea-
sured and the simulated PSD's is close@ in both direc-
tions. This is in agreement with the exponents measured on
the thermally desorbed surfaces, although it is somewhat sur-
prising, as it differs from the KPZ prediction of 2.8. We
return to this point in Sec. V, below.

2. Dependence on As overpressure

The anisotropy of the surface structure is sensitive to the
As, overpressure during growth. This is demonstrated in Fig.
12 which shows three high resolution AFM scans from
samples grown at 550 °C on hydrogen etched substrates un-
der varying As flux [samplesH3 (a), H4 (b), andH5 (c)].

Well defined atomic steps are visible in all three images. At a
group V to group I flux ratio of 6.4Fig. 12a)] the surface
is covered with islands which show a moderate amount of

elongation along thg110] direction, as demonstrated by the
relatively isotropic two dimensional PSD shown in the inset.
As the VIl ratio is decreased to 3[Fig. 12b)] the anisot-

ropy increases, and the PSD becomes much more elongated.
In terms of the continuum growth equations this corresponds

10° to an enhancement in the anisotropy of the coefficients.
Physically, the elongation results from an anisotropic mobil-
ity of the adatoms, and possibly also an anisotropy in the
FIG. 11. PSD of sam_ples grown on hydrogen etched SUbStrateﬁncorporation dynamics on the surfaeDue to the 24
measured alongg) the[110] direction andb) the[110] direction.  surface reconstruction some degree of anisotropy is present
The growth times are 10 and 37.5 min for sampé® andH3,  eyen at the highest As flux. Once the V:lIl ratio approaches
respectively. The solid lines are from simulations generated with th‘ilnity [Fig. 12c)] the surface structure changes considerably.
KPZ equation, using the same parameters used to model the grOWHbssiny due to an imminent change in the reconstruction
on thermally desorbed substrates. The vertical dashed lindy in from 2X 4 to 2x 2. The surface is now covered by terraces

indicate the cutoff frequenciag, at 10 and 37.5 mirtright to leff). . — . )
a * frig ‘ that are almost continuous along the10] direction, each

the grown films follows a power law with exponent approxi- with a characteri;tic width of a_round 80 nm. This length
mately —2 over the entireq range. The amplitude of the s_cale |s.reflected in Fh.e PSD, which _now.shows two pgaks on
PSD in this direction is independent of time, indicating that a€ither side of the origin along the direction of elongation.
saturated roughness has been reached. 1h1th@ direction The GaAs surfaces described in Refs. 8-10, on which
the PSD also follows a power law with exponen, but mounds were attributed to unstable growth, also show a large

only for spatial frequencies greater than a cutoff frequency€9rée of anisotropy. This indicates that they were grown
q. of about 20 um~! after 10 min growth, and about under an effectively lower As overpressure (Agas used as

10 wm! after 37.5 min growthindicated by the vertical the sourcg than most of the samples displayed here. It is

dashed lines on the figureBelow the cutoff frequency the therefore interesting to consider whether an appreciable
PSD is approximately independent gf and has an ampli- Ehrlich-Schwoebel barrier may exist in conditions of low As
flux. The length scale in Fig. 18) could be taken as indi-

tude which increases with time. This behavior is exactly ™ ; o
what is expected from kinetic roughening; correlations decating the presence of an Ehrlich-Schwoebel barrier in the

velop at longer and longer length scales as time progresse[sl,lo] directio_n, but we note that t_he tops of the terraces are
leading to a saturation in the PSD which extends to smallef MOSt atom||cally flat, Whereaﬁ n unstablehgrqwth slophgdh
and smaller spatial frequencies. The PSD saturates moiﬁrraces would be expected. The exact mechanism by whic

_quickli/ glor:r?_ tho?[ll'?] axis due to the more rapid smooth- a;;;;rrf:)cebem g;zgoigg%(f)%g?swﬁhugg:,:i)r\:m’n? ug;rgv\?t?]ef:-qz(;[-
ing rate in this direction. - -

The solid lines in Figs. 1&) and 11b) show simulated tions, either stable or unstable.

PSDs generated with the KPZ equation using the same pa-
rameters used to generate the simulated PSDs in Figs. 5
and §b), but with a hydrogen etched starting surface. The The simulations show that both the KPZ and the MBE
simulations are in excellent agreement with the measuredquation can qualitatively reproduce the mounds on the sur-

V. DISCUSSION
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FIG. 12. 2x2 um? AFM images illustrating the effect of re-
ducing the As overpressure(@ V:lll ratio=6.5 (sampleH3), (b)
Vil ratio = 3.0 (sampleH4), and(c) V:lll ratio= 1.0 (sampleH5).

PHYSICAL REVIEW &5 205302

face. Quantitatively, however, only the KPZ equation is able
to reproduce the PSD of the surfaces. This is because the
measured PSD smooths at a rate which is fairly insensitive to
the length scale being probed. The stronger spatial frequency
dependence inherent in the higher order MBE equation
makes it difficult to reproduce the relativetyindependent
decrease in the measured P&®Re Figs. 5 and)6

It is important, then, to consider the physical origin of the
terms in the KPZ equation, as it applies to GaAs homoepit-
axy. To gain insight, we have compared high resolution AFM
images of samples which were annealed at growth tempera-
ture for 15 min after completion of the film, with samples
which were quenched in temperature immediately after
growth?® For films grown under similar conditions, the large
scale surface morphology of the annealed and unannealed
samples is very similar. However, at short length scales
smooth atomic terraces are far more pronounced on the an-
nealed samples, while the terraces in the quenched samples
are made up of a large density of small islands. Clearly the
small islands coalesce into smooth terraces during annealing.
This indicates that Ga atoms attached to step edges are able
to dissociate from the step and return to the mobile adatom
phase under MBE conditions. A single Ga atom may there-
fore make several visits to step edge sites on the surface
before finally being incorporated into the film. This is con-
sistent with the growth process being dominated by an
evaporation/condensation like dynamics between the surface
and the adatoms. As discussed in Sec. Il A, the second order
linear term in the growth equation then arises from the lead-
ing V2h term in an expansion of the surface chemical poten-
tial.

The values of\ required in the simulations are consider-
ably larger than the growth rate of around 0.3 nm/s, so the
nonlinear KPZ term cannot be accounted for by simply as-
suming the surface grows outward from the surface normal.
Instead, we believe the KPZ term represents a correction to
the surface chemical potential due to the incident flux. This
(Vh)? correction has been discussed in the context of the
fourth order MBE equatiofr}’ In our case, the rate limiting
step in the smoothing of the surface appears to be the incor-
poration of adatoms at sites with low chemical potential,
rather than the diffusion of adatoms driven by gradients in
the chemical potential. Therefore, the nonlinearity is of sec-
ond order rather than fourth order.

Our interpretation of the terms in the KPZ equation also
provides a natural explanation for the excess noise in the
KPZ simulations. The noise represents fluctuations in the
density of adatoms at a given point on the surface. When
adatoms are both incorporating and dissociating from step
edges, these fluctuations can easily be much larger than the
fluctuations in the arrival rate of adatoms from the flux. Fur-
thermore, due to the existence of thx2 surface recon-
struction, it may not be favorable for Ga adatoms to incor-
porate individually?’ Instead, the basic unit which must be
added to the surface may consist of several Ga atoms, for

The scale bars are in nm, and the surface features are elongatestample, enough to recreate a unit cell of the £ recon-

along the[110] direction (along the arrow The 2D PSD of each

struction. In this case the coefficient of the noise correlation

image is included as an inset, with spatial frequencies ranging fronfunction will be modified fromD =Fa3 to D=nFa3, where

—300 to 300 wm™ ! in each direction.

n is the number of Ga atoms forming the basic incorporation
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unit. Therefore the valué',=10 used in the KPZ simula- tially indistinguishable from simulations of the unmodified
tions seems entirely reasonable. KPZ equation.

We now comment on the power law observed in the PSD For a given growth condition, a single set of parameters
at high spatial frequencies. Despite the importance of theuccessfully describes growth on surfaces with different ini-
nonlinear terms for reproducing the surface morphology, theial roughness, demonstrating the applicability of the KPZ
PSD tends to display the power law exponent expected foequation. Regardless of initial condition, after long growth
the purely linear equation6.e., —2). This should not be times the surface tends towards an equilibrium roughness
taken as indicating a disagreement with the theoretical prdevel determined by the interplay between the smoothing rate
dictions. Instead, it simply indicates that we are in a transienand random noise in the system, as predicted by kinetic
regime in which the relatively large linear terms are domi-roughening theory. We have found that increasing the tem-
nating the nonlinear terms at short length scaféghe small  perature or As overpressure leads to smoother surfaces, im-
surface roughness at short length scales means that the nglying increased values for the coefficients of the smoothing
linear term can be neglected in this regime. This conclusioterms in the KPZ equation. Increasing the As overpressure
is supported by the results of further simulations using thealso reduces the anisotropy of the surface morphology.

KPZ equation. For example, using the isotropic parameters

v=5 nnt/s, A\=5 nm/s, andl’,=10 the simulations ex-

hibit a power law exponent of-2 in the PSD even after ACKNOWLEDGMENTS

1000 min of growth on a flat 2010 wxm? substrate. How-
ever, using the parameters=0.01 nnt/s, A\=5 nm/s, and
I',=10 an exponent of- 2.8 is observed for times greater
than about 60 min.
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VI. CONCLUSIONS APPENDIX NUMERICAL METHOD

Based on our comparison between experimental data and Conventional finite difference schemes for the nonlinear
simulations of continuum growth equations, we concludeterm in the KPZ equation use a centered difference approxi-
that the evolution of the surface morphology of MBE grown mation, such asNh)?~ (h;,,—h;_;)?/4Ax?, whereh; is
GaAs is described by the KPZ equation with a stable lineathe height at theth point on the one-dimensionélD) sur-
term. By contrast, the MBE equation fails to reproduce theface, andAx is the spacing between the points. As noted in
measured surface morphology of the grown films. These reRef. 22, this implementation fails to include the grid point
sults lead us to the following interpretation of the dominanth;, and can be highly unstable. This restricts the range of
smoothing mechanism during film growth. The surface isparameters which can be used in simulations, so instead we
covered by mobile adatoms which diffuse randomly on thehave used an alternate implementation based on the normal
surface, forming an effective vapor phase. Incorporation ofyrowth interpretation of the KPZ terfEq. (3)], where the
these adatoms takes place preferentially at sites on the sigurface is translated outwards from the local surface normal
face with positive curvature, as described by a second orddyy a constant amount.
growth equation. Nonlinear corrections to the incorporation Consider the 1D discrete representation of a surface
rate are observed to be important. We attribute these correshown in Fig. 183). The dashed lines show the positions of
tions to a nonegqilibrium contribution to the surface chemicaleach surface element after translation outwards by a uniform
potential associated with the deposition flux. Mass transpor@mount. The thick solid line shows the new surface gener-
driven by gradients in the surface chemical potential, as deated from the dashed lines, by choosing the maximum at any
scribed by the MBE equation, does not appear to play goint where there is ambiguity in the choice of the new
significant role, being dominated instead by the incorporaheight. This procedure can be generalized to 2D. Figure
tion dynamics. In MBE growth, the incorporation process13(b) shows the stencil used for the 2D calculation, where
must necessarily be of a conservative nature, i.e., the growtthe relevant surface elements have been shaded. At most
rate should not depend on the surface slope. To account fanly one of the four shaded surface elements will actually
this fact we have made a slight correction to the KPZ equasdecide the final height increment at poiRt To determine
tion. It is important to point out that, due to the rather smallwhich this is, we find the largest df,, hg, hc, andhp,
slopes on even the thermally desorbed substrates, this modind call thish,. Of the two remaining points o4, B, C, and
fication has only a very minor effect on the morphology of D which are closest to this point, we find the one with the
the simulated surfaces. Therefore, the simulations are essemext largesth, and call thish,. Then, assuminghx=Ay,

Adt, if [hy<hp&h,<hp],
Ahp=1{ Ndty1+[(hp—hp)/AX]Z, if [hy;>hp&hy<hp], (A1)
NtV1+[(hp—h)/AX]Z+[(hp—hy)/AX]2, if [hy>hp&h,>hp].
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The conservative form of the KPZ equatipig. (5)] is
implemented via an extension to the nonconservative KPZ
simulation. After calculatingAh on anNXxXN matrix for a
given time step using EqA1), the total volume represented
by Ah is determineddV==Ax?Ah. This is done prior to
subtractinghdt from Ah. The new matrixAh¢ is then cal-
culated: Ahc=Ah(dV/dV,) —\dt, where dVy=\(NAX)?
is the volume that would be added to a flat surface during the
same time step using the growth rule E41). Note that this
is not the same as ensuring a conservative growth term by
simply subtracting the average surface height at each time
step.

The second order linear term is implemented using a five
point stencil on the 2D lattice, i.e.,

V2h=~ v,

hiv1j—2h; j+hi_yg;
Ax?

+vy (A2)

hij+1—=2hi j+hi ;-1
Ay? '

where Ax=Ay in our simulations. The fourth order linear
term is implemented with a nine point stencil as

(b) V4h~xx[ hi+2,j_4hi+1,j+6hi,j_4hi—1,j+hi—z,jl

Ax?
FIG. 13. (a) Application of the normal growth algorithm to a

discrete representation of a 1D surface. The surface is translated

outwards by an amount ds\dt, leading to a growth rate in the +k
vertical direction ofdh. (b) The 2D stenci| ABCDP] used to

calculate the Yh)? term at pointP.

y

hij+2—4hi ;1 +6h;j—4h;;_1+hi; ,
Ay* '
(A3)

The final step is to subtraetdt from the matrix of height The different coefficientsi, , vy, ky, «y) allow for the in-
increments, thus leaving a matrix of values closely approxiclusion of anisotropy in the simulations. Linear transforma-
mating\ (Vh)?/2. This algorithm is stable for any values of tions of the terms in the numerical calculation allow the an-
\, as long as the time step is not excessive. Furthermore, thigotropy axis to be rotated such that they match the
simulation code can be fully vectorized, leading to a 16-foldelongation axis of the AFM images. It is obvious from Eg.
decrease in calculation time over an implementation using2) that this algorithm can also be used to simulate the fourth
nested for loops to access the matrix elements. The algorithorder nonlinear term, by simply applying the? scheme to
has been fully tested on artificial surfaces for whidhhj2  the matrix of (Vh)? values generated in the manner de-
can be calculated exactly. scribed above.
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