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Atomic-resolution study of lattice distortions of buried In,Ga; _,As monolayers in GaA$001)
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X-ray standing wave measurements were used to study the strain in one monolayer of pseudobinary alloy
In,Ga, _,As buried in GaA&01) by molecular-beam epitaxy. The measured In position along|®04]
direction exhibited a nearly linear dependence on the In concentratitinus supporting the validity of
macroscopic continuum elasticity theory at the one-monolayer limit. A random-cluster calculation using a
valence force field was performed to explain microscopically the origin of the vertical expansion of the strained
monolayer observed by the experiment. The calculated As-In-As bond angle and the positions of the first-
nearest-neighbor As atoms of In suggest that the nearly linear dependence of the In height on the alloy
composition is a combined result of the As-In-As bond bending and the local lattice distortion at the
GaAs/InGa, _,As interface. The calculated In-As and Ga-As bond lengths were found to depend weakly on
the In concentration, consistent with an earlier calculation for the case of a thj@alnAs film on
GaAg001) and the available x-ray absorption fine-structure de&88163-18289)05143-7

Highly strained IlI-V semiconductor heterostructures, much largere, (12.46%) for a sample with 1 ML of InAs.
e.g., InGa_,As/GaAs, have been widely investigated andThis discrepancy has drawn attention to the issue of whether
used in devices such as high-speed transistors and quantuftacroscopic elasticity theory can correctly describe the
well laserst Recent studies of monolayer-period strainedstrain in an ultrathin filn{—°
lI-V superlattices have demonstrated great potential in |n the present paper, we perform an x-ray standing wave
forming a type of nanostructure with enhanced optical(xsw) study to directly measure the strain in one ML of
properties In predicting electronic and optical properties, In,Ga,_,As buried in GaA&O01) by precisely locating the
continuum elasticity theory is used to evaluate the straifndium position relative to the underlying GaAs substrate
state” In a planar pseudomorphically grown heterostructureynit cell. These results are shown to agree favorably with the
the film is constrained to have the same in-plane lattice pamacroscopic continuum elasticity theory. In addition, we
rameters as the substrate, while it is free to relax in thearry out a random-cluster calculation for a buried ML using
growth direction. This results in a distortion of the unit cell the Keating valence-force field to understand the local struc-
of the film. Based on macroscopic continuum elasticitytyra| variations in the thin heterolayers. This calculation pro-

theory, for cubic materials with the film parallel to tf@01)  yides us with more insight into the microscopic behavior of
plane, the strain normal to tHB01) plane (,) is related t0  strain in ML-thick films.

the in-plane straing;) by The films were grown by conventional molecular-beam
epitaxy (MBE) on semi-insulating polished GaAs substrates
. = 2C126 ) cut within 0.5° of the(001) plane. The substrates were

L= "4~ €I

cleaned with acetone and methanol and mounted using in-
dium on a silicon block that served as a resistive heating
where C;; are the bulk elastic constants for the embed-element. They were then inserted into the MBE chamber and
ded material. For InAs/GaAs, these constants &g  annealed for 10 min at a substrate temperaiyre570 °C in
=8.329x 10" and C,,=4.526x 10* dynes/cm for InAs;>  a 1.5<10 °torr As, overpressureln situ substrate cleaning
and the lattice misfit between InAs and GaAs leadg te was carried out with 1 keV Ar ions impinging at 15° from
—6.7%. Thus, Eq(1) predicts a strain ok, =7.3% for a the surface in the[001] direction up to a dose of
pseudomorphic InAs layer buried in Ga@81). Experimen-  2.3x 10 ions-cm 2sec ! at the samélg and As, ambient.

tal evidence from Brandét al.® based on a high-resolution These bombardment conditions for as-prepared GaAs sub-
electron microscopy analysis, showed good agreement witktrates have been shown to yield smooth, essentially defect-
Eq. (1) for a three-monolayefML) InAs sample, but gave a free GaAs surface¥. A 2-um GaAs buffer layer was first
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grown on the sputter-cleaned GaAs surfacd gt 570 °C. 35 o ‘
During the last 1000 A of the buffer-layer growtfi, was 3LE :6%0 kgV ! ) ]
ramped down to 500 °C. One ML of |65 _,As was then 25k !

deposited at 500 °C followed by a 100 A-thick GaAs capping
layer grown at the samg&;. Three samples with different In
concentrations were prepared for the XSW measurements.
The chemical composition of each buried layer was mea-
sured by fluorescence yield analysis using an In-implanted Si
crystal with a concentration calibrated by Rutherford back-
scattering as the standard. By comparing the fluorescence
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yields of the samples to those of the standard, the absolute In 4.0p GalAs(O|04) IRAETN '(a)
coverages of sample&, B, andC were determined to be HE, = 6.20 keV ]
0.4, 0.6, and 1.1 ML, respectively, with an estimated error of 3.0f ]

Reflectivity & Normalized Yield

0.1 ML. By applying Eq.(1), and assuming Vegard's law,
the macroscopic elasticity theory predicts the perpendicular
strains within the IpGa, _,As layers of samplé\, B, andC

to be 2.7%, 4.1%, and 7.3%, respectively. b ]

20F

The XSW experiments were performed at beamline X15A 1.0F Al
of the National Synchrotron Light Souro@&SLS).'® The - R ]
measurement consists of simultaneously recording the fluo- I
rescence spectra and the reflectivity from a sample while .20 0 20 40 60 80 100120
scanning a double-crystal (804 monochromator in energy 6 — 0, [urad]

through the(004) Bragg reflection of the GaAs substrafe. o
This scan causes the standing wave to phase shift inward by F!G: 1. The(004 XSW data and the theorgolid lines for the
one half of ad spacing relative to thakl diffraction planes, rormalized InL fluorescence yields and the Gd4B84) reflectivity
and induces a characteristic modulation of the fluorescenc
yield. The samples were kept in a helium atmosphere
throughout the x-ray measurements in order to eliminate AP
Ka from the fluorescence spectrum and to reduce the attenu-
ation of the low-energy fluorescent x-rays. of the In atoms are located at the ordered positions defined
Based on von Laue and Ewald’'s dynamical diffractionby their Pyo4, and the remaining 9% are randomly distrib-
theory?® this fluorescence modulatio¥( §), for atoms at or uted. The high measured values fgf, indicate that under
near the surface, can be described as: the specified growth condition a buried heterostructure with
1-ML In,Ga, _,As well confined in a single layer has been
Y(0)=Yos{1l+R(0)+2JR(6)fycodv(0)—27Py]}, achieved.
2 The In coherent positions determined in Fig. 1 &g,
=1.05+0.01 for sampleA andPyg,= 1.08+0.01 for sample
B, which locate the heights of the In to be 1:48.01 A and

versus incident anglé for (a) samplesA andB and(b) samples
(see text The InL curve for sampleB is offset by 1 for the
urpose of clarity.

whereY g is the off-Bragg fluorescence yiel®(6) is the

reflectivity andv () is the phase difference between the in- A velv. ab h |
cident and the reflected plane waves. The quantftieand 1.53%0.01 A, respectively, above the nearest-As plane ex-

P in the last term, which are referred to as the coherenFapOIateOI from the substralig. 2). Based on Vegard's

fraction and the coherent position, correspond to the ampli—aW' the(004) d spacing of cubic IgGa, _(As is 1.454 A for

tude and phase, respectively, of tHéh Fourier component x=0.4(1jand 1'3'74 A f(_)KTO'G‘ Th_erefofreho%r megsluremgnts
of the spatial distribution of the fluorescence-selected aton]!2V€ detected a vertical expansion of the buried layer due to

More specifically, the coherent fraction can be expressed astge literal compres|3|3n. Ths %Iasuc deform.atlcl)ln %f atﬁn't cell
product of three factoté can be, in general, described macroscopically by the con-

tinuum elasticity theory. However, when applying the same
f,=CayDy, (3) theory to a one ML-thick strained film, certain issues must be
considered more carefully. First, strain is a relative quantity;
whereC is the ordered fractioray is the geometrical factor, therefore, the placement of the boundary of the strain-
andD,, is the Debye-Waller factor. effected region is more critical for the case of a buried single
Figure 1 shows the Ih fluorescence yields as a function monolayer. Second, within the strained region, the lattice
of the incident angle for samplesA, B, andC along with  deformation must be uniform to allow the strain calculated in
the (004 reflectivity R. The parameters of the XSW analysis, Eq. (1) to be used for predicting the position of an atom in
determined by the best fits of E(R) to our data, are sum- the strained layer. For ai®01)-oriented film of zinc-blende
marized in Table I. For samplésandB, if one assumes that structure, this uniformity is ensured by the fact that the four
the In occupies only one lattice position when projecteddifferent directions along the tetrahedral bonds are all
along the[004] axis, i.e.,aggs=1 in Eq.(3), the In coherent equivalent with respect to the in-plane stress imposed by the
fraction fqoy, should be close to the room-temperaturesubstrate. If we assume that the boundary of the strained
GaAd004) Debye-Waller factorDy,=0.861" The present region is at the nearest As planes above and below the
measured coherent fractions férand B, when compared In,Ga _, layer, the indium(004) coherent position can be
with Dggq, Can be interpreted to mean that 91%=0.91) related to the vertical straia, by
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TABLE I. Results of the(004) XSW measurements. The coherent fractibps and coherent positions
Poos Were determined by? fit of Eq. (2) to the data. The theoretical valueseyf and Py, were obtained by
applying Eq.(1) and Eq.(4) for A andB, respectively, using calibratedvalues. Thee, of C was calculated
for 1 ML of buried InAs. The theoreticdPyy, was derived from th€004) Fourier component of 1.1 ML of
strained InAs(see text

Thickness € Pooa
Sample (ML) x(In,Ga, _,As) fooa Pooa theory theory
A 1 0.4 0.79£0.02 1.05-0.01 2.7% 1.056
B 1 0.6 0.770.02 1.08-0.01 4.1 1.086
C 1.1 1.0 0.6740.02 1.165:0.01 7.3% 1.165
Poos= (1+ €, )aso/ag, (4) measured in our present work and predicted by macroscopic

elasticity theory. The cluster used in Woicik’s calculation,

whereag,=5.6532 A is the GaAs substrate lattice constanthowever, is for films much thicker than one ML. If the In-As
and ao is the unstrained bulk lattice constant for the hond length exhibits the same constancy behavior at the
In,Ga, _,As layer. Therefore, macroscopic continuum elas-one-ML limit, mechanisms other than bond stretching must
ticity theory[Eq. (1)] predicts, through Eq4) and Vegard's  exist to account for the variation of the In positions we mea-
law, that the In heighPg, increases in a nearly linear man- sured. To understand microscopically how the lattice of a
ner from 0 to 0.15 ag varies from 0 to 1. In particular, EQ. buried single layer responds to a biaxial stress, and to com-
(4) predicts thatPy,=1.056 for sampléA and Poo,=1.086  pare it with the macroscopic description of strain effect dis-
for sampleB, in good agreement with the present XSW mea-cussed above, we performed a similar random-cluster calcu-
surements. lation for one ML of InGa _,As buried in GaA&01). The

For sampleC, the geometrical factoay, is expected to  results of our calculation agree well with the present XSW
be smaller than unity due to the multiple In positions. If we measurements as well as the previous theoretical
model the buried layer as one full ML of InAs plus 0.1 ML predictions®**and experimental observatioris***for the
of InAs in the second layer, the In distribution could be |ocal structures of lfGa _,As strained layers.
characterized by two distinct lattice positionsandz,, and Our calculation follows essentially the approach discussed
the corresponding004) Fourier component would become in Ref. 18, which is a simplified version of the quasichemical
CDgo4 0.91 exp(2riz;)+0.09 exp(2riz;)]. The vertical strain  approximation(QCA) developed by Sheet al?® Figure 3
of 7.3% for InAs on GaA®01) suggests that;=0.15 and  shows the 42-atom cluster together with the 44 medium at-
z,=0.45. We can therefore express the coherent fraction toms used in the present calculation. The cluster was con-
be fo0,=0.76C, which estimate€=0.88 as compared with structed from a planar core to account for the two-
the measured yy,=0.67. The coherent position calculated dimensional nature of the buried ML. The 4 cation sites at
from this simple model is 1.165, in good agreement with thethe center of the cluster are occupied randomly byatoms
experiment as well. and 4§ Ga atoms. The 12 anions in the first shell are As

On a microscopic scale, Woicikt al. recently reported atoms. In the second shell, the top and the bottom layers are
bond-length calculations based on a random-cluster approxeccupied by 18 Ga atoms, and the middle layer is occupied
mation for tetragonally distorted |Ga_,As layers on by 8InGa,_, virtual atoms(each one has the properties av-
GaAg001), GaAg111) (Ref. 18, and InR001).*° Excellent eraged over In and Ga based xn Finally, there are 44 As
agreement of these calculations with measurements has begtoms in the third shell. Statistically the QCA method re-
demonstrated by extended x-ray absorption fine struttée quires the cluster to be independent of the surrounding ma-
(EXAFS) and diffraction anomalous fine structifeTheir  trix. To uncouple the cluster from the rest of the lattice, the
(001) calculations showed that the In-As bond length in the
strained film depended very weakly on the In concentration
X, in contrast to the monotonous increase of the In height

bulk (004) planes

GaAs(001)
[001] substrate
. 9 & S Cluster (free): Medium (fixed):
[110] [110] ® InorGa @ InGa; 4 O As
®InGa ©Ga OAs ® As 2 Ga

FIG. 2. The[110] projected side view depiction of a pseudo- FIG. 3. The 42-atom cluster and the surrounding 46 medium
morphically grown 1-ML InGa, _,As-buried heterostructure. The atoms used in the present calculation for 1-ML.Gi, _,As-buried
dashed lines represent ti@04) Ga and As planes of the GaAs in GaAg001). During the energy minimization, only the atoms
substrate, and the solid line indicates the In/Ga position in the burwithin the cluster are allowed to relax. The medium atoms are fixed
ied film with respect to th€004) planes. at their tetragonally distorted virtual-crystal sites.
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44 third-shell As atomsor the medium atomsare fixed at e e (001 AP
their tetragonally distorted virtual-crystal sites. 1161 1o "Xz planes +
For the zinc-blende structure, the short-range interaction IrZGa,,,, b b C
between atoms can be described by the Keating valence- = M2 TN .
force field* model, where the total strain energy of the sys- E:
tem is expressed as a two-force-constant equation o 1081 In ]
B
3 4 4 3 1.04 (a) ]
a; i A
E=3 = S P-rg+ S 3 3 o P
i S Tio T j=1i) O Tijoliko 16 02 04 06 08 i
2 0.06 [ga ‘o " ]
Fij,of ik,0 @«
Xtk —3 | - (5) 004l K ]
N
¢ : . . — 0.02[ @9 1
The first term is the strain energy due to bond stretching, &£ (Underneath Ga)
characterized by the two-body radial-force constanand “:o; O ]
summed over all the bonds within the cluster. The second & .002[ As ]
term accounts for the strain energy due to bond bending, 04
characterized by the three-body angular-force congaatd i (Underneath In)
summed over all the atoms within the clustéTher’s are -0.06 L

the bond vectors between two neighboring atoms and the 0 o.?n Cgﬁcen?r':ﬁonof !
subscript 0 denotes an unstrained bond length. The energy
due to chemical effects was ignored in this calculatfomo FIG. 4. The calculated vertical positions with respect to the
correct the overestimation of the strain energy caused byearest substrate Ga@94) As plane as a function of the In con-
fixing the medium atoms in spa&%,we weakened the centrationx for (a) the In atoms in the buried ML antb) the As
cluster-medium interaction by setting=0 whenever a atoms right below the iGa _, layer. The measured positions
Ga-As bond between the third shell and a Ga atom in the top» B, and C in (a) are from the present XSW experiment for
or the bottom layers of the second shell was involved in the@mplesA, B, andC, respectively. The data poillt is the statisti-
calculation of the second term in EG). The third-shell As ~ cally averaged value of the [iPqg, positions forx=1.0 in Refs. 9,
atoms were allowed to have three-body angular interactiod©: @nd 11. The dashed line in tke-1.0 region in(a) is calculated
with the cluster only through the 8 /63, _, virtual atoms in assuming a full ML of InAs in the flrst_layer plys a sub-ML of_ InAs
the middle layer of the third shell. This is necessary in pro-In .the second layer. The daShed. '"?e () is the population-
viding the rigidity against the lateral expansion of theweIghteol average over the two solid lines.
In,Ga, _,As ML. o » )

All the atoms were initially located at their tetragonally tistically averagltlad In position (1.1570.01) of three earlier
coordinated virtual-crystal sites, which have the same inmea_suremen?g forx=1.0(D).
plane coordinates as the GaAs substrate. The vertical initia] Figure 4b) shows the(004) positions for the As atoms
position of each atomic layer was determined by minimizingfight below the InGa, _ layer that form bonds with an In
the strain energy per J&a,_, atom using Eq(5) for an atom (the lower curve or a Ga atonithe upper curve For _
artificially constructed monolayer of JGa _, virtual atoms ~ those As atoms underneath In, the theory suggests a vertical
buried in GaAg001). The 42 atoms within the cluster were deviation from their bulk positions, wh|ch_ can be as Ia}rge as
then allowed to move until Eq5) reached its minimur®® ~ —5-5% of the GaA®04) d spacing at the limit of very dilute
For each composition, six different clusters were considered)- This is due to the fact that these As atoms are pushed
to explore all the possible arrangements for In or Ga to ocdown by the bigger In atoms above, which are held by the
cupy the four cation sites at the center of the clusters. Théurrounding lattice. The lower the In concentration, the more
structural dimensions obtained from the individual clusters3@AS like the buried monolayer, and therefore the larger this
were then averaged according to their population, which wa§ffect. Forx=1.0, the entire heterolayer is covered by In,
determined by the Bernoulli distribution for a giverand the ~ @nd thus the As at the7|nterface are free vertically to resume
degeneracy of each cluster. their bulklike position€” The opposite effect is predicted for

Figures 4, 5, and 6 show the results of the calculatiorfh® Poos Of the As underneath Ga. .
averaged over the six clusters as a functions of the In con- Figures %a) and 3b) show the change in the second-
centrationx. In Fig. 4 we directly related the vertical posi- nearest-neighbor distances along {#el0] direction d,)
tions of the atoms in the liGa,_,As layer to the nearest and along th¢101] direction (d,), respectively, between the
(004) As plane extrapolated from the substrate. This wasAs atoms right below and above the,Gg _, layer. The
accomplished by assuming that the bottom As layer in Fig. 3As-In-As case and the As-Ga-As case were considered sepa-
is aligned with a substrai®04) plane. Figure @) shows the rately in each figure. The vertical scale has been normalized
calculated In coherent positioRyy, in unit of the GaAs to the corresponding distance for the GaAs substdhte
(004) d spacing. The cluster calculation predicts a nearly=ag/v2=3.997 A. At the dilute In limit, the As-In-As
linear dependence d?yy, on X, which is basically identical separation is about 5.3% larger thag for bothd; andd,,
to the trend suggested by the macroscopic theory using Eqathich is comparable to the lattice mismatch between InAs
(1) and(4). In Fig. 4(a), the calculated curve agrees not only and GaAs. The similar As-As distance in all directions im-
with the present XSW datéA andB) but also with the sta- plies that the InAs tetrahedron remains the threefold symme-
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FIG. 5. The calculated compositional dependence of the varia- n

tion of the second-nearest-neighbor As-As distance for the As at- F|G. 6. The calculatedq) In-As and Ga-As bond lengtisand
oms right below and above the,Ba, _ layer. The solid lines are  (b) As-In-As and As-Ga-As bond anglesin the InGa, _,As ML
the average of the As-As distances along [th&0] and[110] di- as functions of the In concentratian(solid lines. The long-dashed
rections(a), and the average over th@11], [101],[011] and[ 101] lines in (a) are the In-As and the Ga-As bond lengths for cubic
directions(b). In each calculation, those As atoms bonding to In InGa,_As. The calculation ir(b) considers only the bond angle
and those to Ga in the buried layer are considered separately. Tt indicated in the inset. The dashed ling@nis the population-
dashed line in each figure is the population-weighted average ovéveighted average over the two solid lines.

the two solid lines. .
Ing »/Gay 76As on GaA$001). The contraction of the In-As

. . ., bond length at the one-ML limit has been measured by
try for smallx. As x increases, the lateral compression buildsy;qicik et gl 91! using EXAFS. They reported an In-As bond

up gradually as a result of increasing lattice mismatch a”q’ength of 2.57-0.02 A for x=1.0, in good agreement with
hence causes both the As-In-As and As-Ga-As separationfie present calculation. Since the As atoms right below a full
along the[110] directions to decrease. The former finally ML of In were shown[Figs. 4b) and 5a)] to have bulklike
approaches talg,, as required by symmetry, and the latter positions, we can also estimate the In-As bond length from
becomes 4.7% smaller thah, for x=1.0 due to the local the XSW-measured In  height through L,.as
expansion of the InAs tetrahedrons surrounding each Ga& 0.25asO\/P0204+2 for a strained, pure InAs monolayer. Us-
atom. Meanwhile, the vertical expansion of the buried layeiing the statistically averaged value of theRg, positions in
leads to larger As-In-As and As-Ga-As distances along th&efs. 9, 10, and 11 fox=1.0, the above formula renders a
[101] direction towards highex. Therefore, our calculation bond lengthL,, ,s=2.582 A, consistent with the present cal-
renders a split betweeny andd, for both the As-In-As and  culation and the EXAFS findings. At the limit of very dilute
As-Ga-As distances. The same effect has been measured oy, the In-As and Ga-As bond lengths in strained and cubic
polarization-dependent EXAFS of the second-shell distancén,Ga, _,As should converge to the same values. Our calcu-
of Ge for a coherently grown GeSi layer on(®)1).28 lated bond lengths at this limit are therefore supported by the
Figure Ga) shows the In-As and the Ga-As bond lengthsmeasurements reported by Mikkelsen and Bdycelow-
L (solid lines in the strained 1gGa; —,As monolayer. For ever, our results do not predict the stretched Ga-As bond
comparison, we also plotted the bulk-alloy bond lengths caltength observed by Proietét al3*3! in their EXAFS mea-
culated for cubic 1pGa _,As (long-dashed lines For the  surements of lfGa _,As films on GaA§001).
strained bond lengths, our calculation agrees with Woicik's Figure &b) shows the As-In-As and As-Ga-As bond
results® for a thick InGa, _,As film on GaA$001). Both the angles¢ in the heterolayer as defined in the inset. For the
In-As and Ga-As bond lengths are essentially constant ovesp® hybrid orbitals the natural bond angle ¢g=109.47°.
the range of B=x=<1: the In-As bond stays at about 98% of Our calculation indicates that the As-In-As and As-Ga-As
its natural bond lengthL(j, as0=2.623 A) and the Ga-As bond angles are close i, for smallx. As x increases, the
bond remains nearly unstrained d; asg=2.448 A). This  As-In-As as well as the As-Ga-As bond angles decrease due
tendency is the main cause of the local lattice distortiono the in-plane stress. The total bond bending is about 8° for
around In atoms at lowet(and around Ga atoms at higher  both InAs and GaAs tetrahedrons over the entire composi-
suggested in Figs.(8) and %a). When compared with the tional range. Notice that this bond-angle adjustment is di-
bond lengths in cubic iGa_,As, the In-As and Ga-As rectly related to the strong dependence of the As-As dis-
bonds in a strained ML are equally contracted, as observethnce in Fig. 5 and thé004) In position in Fig. 4a), but not
and explained by Woiciket al?®?! for a 213 A-thick a result of elongation of In-As or Ga-As bond.
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The dashed lines in Figs(l), 5, and 6a) were obtained tion of the In height. Factor&) and(b) are expected to have
by averaging in each figure the two solid lines after theylarger effect for higher In concentrations, while) should
were properly weighted with either the In or the Ga popula-become more pronounced near the dilute In or Ga limit.
tion in the buried layer. They represent the structural dimenSince our single-ML calculation and the result in Ref. 18 for
sions that would be predicted by the virtual-crystal mddel, a thick overlayer predict the same compositional dependence
which disregards the distinction between In and Ga andor In-As and Ga-As bond lengths, our above conclusion
treats each atom in the buried layer as a virtuglGig_, ~ should also be valid for the case of a thick@a, _,As layer
atom. The dashed lines in Figgb# and 5a) imply that the ~ grown on GaAgO01).
average position of the As atoms at the bottom of the The success of the macroscopic continuum elasticity
GaAs/InGa,_, interface is already bulklike. Therefore, theory in calculating the position of one ML of JGa
macroscopically the regions beyond the first-nearest neigtpuried in GaA$001) can be further appreciated if we con-
bor of InGa,_, are essentially unstrained. This justifies our sider applying the same theory to a strained film grown along

earlier assumption in defining the boundary of the strainedhe[111] direction. The complication of thel 11) case origi-
region for app|y|ng the macroscopic e|asticity theory to anates from the fact that the four different directions that the

buried ML. tetrahedral bonds point to in[d11]-oriented film are not all

In contrast to the |inearity of the bu”(-a”oy lattice con- equivalent with reSpeCt to the lateral stress. The bond along
stants predicted by Vegard's law, the calculated In heightthe [111] direction is expected to be less strained than the
bond lengths and As-As second-nearest-neighbor distancésnds parallel to th111], [111], and[111] directions'®
(d, andd,) exhibit nonlinear behaviors under biaxial stress.Therefore, the contraction or expansion of the lattice may not
This has an origin in the fact that the perpendicular sttain  be uniform in the[111] direction. We are currently investi-
the lattice constant) of a tetragonally distorted film is not a gating the(111) case and the related issues will be discussed
linear function of the film compositiofEq. (1)]. In Fig. 6a), in a separate report.
for example, the effect of the substrate constraint against the In summary, x-ray standing wave measurements were car-
film lateral expansion causes the In-As and Ga-As bondied out to study the strain in pseudobinary®a, _,As al-
lengths to deviate from following the straight lines for the loys buried in GaA€®O01) at the one monolayer limit. The
bulk alloy, and the nonlinear nature of the vertical expansiormeasured In positions along tl@@01) direction were found
of the film leads to the slight bowing of the theoretically in good agreement with the values predicted by macroscopic
evaluated bond length curves. continuum elasticity theory. A more microscopic description

Based on our XSW measurements and cluster calculatiorf the strain effect was obtained by performing a random-
we now have a microscopic description of the effect of straircluster calculation using the Keating valence-force field.
on a ML-thick film. At very low-In concentration, the stress With a cluster specially constructed for a buried, one ML-
around each In atom remains isotropic. Thus, the As-In-Aghick film, our calculation shows a weak compositional de-
bond angle stays close to its natural value. The incorporatiopendence of the In-As and Ga-As bond lengths. This is simi-
of In atoms causes primarily the four first-nearest-neighbotar to the results from an earlier calculation for a thick
As atoms of each In to be pushed away from their bulkin,Ga _,As film on GaA$001).*® In addition, the calculated
positions. As the In concentration rises, theGn; , layer  As-In-As bond angles and the positions of the first-nearest-
begins to form and the stress becomes more lateral. Thiseighbor As atoms suggest that the strain in the buried
increasing biaxial compression bends the As-In-As and Asmonolayer is accommodated through the combination of the
Ga-As bond angles, but the more InAs-like environment al-As-In-As and As-Ga-As bond bending, the equal contraction
lows the four nearest-neighbor As atoms of each In to movef the In-As and Ga-As bond lengths, and the local lattice
back to their tetragonally coordinated virtual-crystal posi-distortion at the GaAs/iGa, _, interfaces. The bond bend-
tions. As a result, the buried layer expands vertically. Oveiing and the local lattice distortion are also found to be the
the entire compositional range, the In-As and Ga-As bondsause of the vertical expansion we measured in the strained
in the buried layer are equally contracted in such a way thalayers.
their bond lengths remain constant. Therefore, our calcula- This work was supported by the U.S. Department of En-
tion suggests that the bond-length strain in a one-MLergy under Contract No. W-31-109-ENG-38 to Argonne Na-
In,Ga _,As film is accommodated through the combinationtional Laboratory, Contract No. DE-AC02-76CH00016 to
of (a) the As-In-As and As-Ga-As bond bendin(h) the the National Synchrotron Light Source at Brookhaven Na-
equal contraction of In-As and Ga-As bond lengths, &)d tional Laboratory, and by the National Science Foundation
the local lattice distortion at the GaAs/Ba _,As inter- under Contracts No. DMR-9632593 to M.J.B. and No.
faces. Factorga) and(c) are also responsible for the varia- DMR-9632472 to the MRC at Northwestern University.
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