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Layer perfection in ultrathin InAs quantum wells in GaAs „001…
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X-ray standing wave~XSW!, x-ray diffraction, and photoluminescence~PL! measurements were used to
assess the layer perfection and positions of 1 and 1/2 monolayer~ML ! InAs quantum wells buried in
GaAs~001!. Local structure in the 1-ML films was evaluated using x-ray absorption fine structure~XAFS!
measurements. Growth temperature effects were studied in a series of samples produced by metal organic
vapor phase epitaxy~MOVPE! between 400 and 600 °C. The XSW coherent position of the In atoms decreases
with increasing temperature in the 1-ML samples, and the optimal growth temperature is near 550 °C, as
evidenced by the coherent position of 1.1560.02 and the relatively high coherent fraction of 0.7260.08. With
decreasing growth temperature the XSW measurements may suggest segregation of In atoms, which results in
an incorporation of the In into multiple layers. The segregation appears to be reduced at the higher tempera-
tures due to the favorable kinetic conditions created in the MOVPE environment. Low-temperature PL mea-
surements indicate that the sharpest and most intense In-excitonic emission is obtained from the 1-ML sample
grown at 530 °C. For the12 -ML samples, growth temperatures of 400 and 600 °C produce similar standing
wave results, although the PL reveals the higher temperature sample to be of far superior quality, due to
excessive carbon incorporation at 400 °C. In-As bond-length distortions found in the XAFS measurements
agree with a macroscopic elastic description of the pseudomorphic epitaxy.
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I. INTRODUCTION

Quantum wells of InAs in GaAs~001! constitute one of
the most highly-strained III-V semiconductor heterostru
tures. The;7% lattice mismatch results in a critical thick
ness for layer-by-layer epitaxy of only;1.5 ML, making
this system ideal for the study of fundamental materi
issues.1–6 With In depositions of only fractions of a mono
layer, sharp and intense In-excitonic photoluminescence~PL!
emission has been observed.5–11 Additionally, very recent
theoretical12 and experimental13 studies have re-emphasize
the technological promise of InAs single quantum wells
highly efficient excitonic lasing.

For these ultrathin InAs layers buried beneath a Ga
capping layer, the determination of the In local structure i
nontrivial task. During the epitaxial growth, researchers h
observed segregation of the In atoms during the depositio
the topmost GaAs layer14–26 using a variety of surface
analytical, optical and structural techniques. Suppressio
elimination of this In/Ga exchange reaction remains one
the challenges for the successful fabrication of perfectd lay-
ers. Based on an earlier suggestion,14 Brandt et al.6 devel-
oped a technique for circumventing this dilemma by ‘‘flas
ing off’’ the segregated In atoms in molecular beam epita
PRB 610163-1829/2000/61~3!/2073~12!/$15.00
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~MBE!. X-ray standing wave~XSW! measurements on
samples produced by this technique were interpreted in te
of In segregation, from which it was postulated that t
‘‘flash off’’ was effective in reducing the segregation effi
ciency to about 25%.1

In the present paper, we use complementary short-ran
order@polarization-dependent x-ray absorption fine struct
~XAFS!# and long-range-order techniques@double-crystal
x-ray diffraction~XRD!, back-reflection XSW!# including el-
ement specificity~XAFS, XSW! to obtain the structure o
metalorganic vapor phase epitaxy~MOVPE!-grown InAs
quantum wells. This permits a characterization of the
atomic distribution and provides a structural basis for und
standing the optical~PL! properties of the material. A serie
of 1-ML and 1

2 -ML samples were prepared to allow a stud
of the effect of growth temperature on the structural a
optical quality of the films and to provide insight into th
most suitable conditions for producing ‘‘perfect’’ layer
which might be employed in novel optoelectronic devices

II. EXPERIMENT

Epitaxy was performed in a Thomas Swan vertic
MOVPE reactor at 50 Torr. Semi-insulating vertical gradie
2073 ©2000 The American Physical Society
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2074 PRB 61J. A. GUPTAet al.
freeze GaAs~001! epiready substrates were used with no a
ditional cleaning. Following annealing under tertiaryb
tylarsine~TBA’s! at 580 °C, a GaAs buffer layer was grow
using triethylgallium~TEGa! and TBA’s with flow rates of
8.07 mmole/min and 198mmole/min, respectively. Atomic
force micrographs of buffer layers produced in this way w
very smooth and exhibited broad, well-defined atomic t
races approximately 0.1mm wide. Each sample was the
allowed to equilibrate at the desired growth temperatureTg .
GaAs barrier layers of thickness;100 Å were deposited
above and below the InAs layer that was also grown atTg

using trimethylindium at 1.98mmole/min and TBA’s at 198
mmole/min, yielding a growth rate of approximately 1 M
per 3 s. For the PL samples an additional GaAs cap la
(;1900 Å! was deposited at 580 °C.

High-resolution x-ray diffraction with a Cu anode (l
51.54 Å! and a double crystal channel-cut monochroma
was used to characterize the final structures. Rocking cu
were obtained by scanning in angle,u, about the Bragg
angle,uB , wherel52ds sinuB , in terms of the diffraction
plane spacingds .

XSW measurements were made at the National Insti
of Standards and Technology beamline X24A at the Natio
Synchrotron Light Source, Brookhaven National Laborato
The monochromator consisted of a pair of Si~220! crystals.
Standing waves were produced within the GaAs sam
crystals and modulated in phase by scanning in ene
through the GaAs~004! sample back-reflection at norma
incidence. Fluorescence yield data were obtained usin
single-element Ge detector positioned at a right angle to
incident beam. A Be detector window of thickness 50.8mm
was used to reduce the intensity of the Ga and AsL emission
with respect to the In-L fluorescence signal. Reflectivit
measurements were made by recording the back-refle
photon intensity with a Ni mesh upstream from the samp

Low-temperature photoluminescence measurements w
performed at 1.6 K using Ar-ion laser excitation. The spec
were recorded with a Fourier transform interferometer.

XAFS measurements were made at beamline 4-2 of
Stanford Synchrotron Radiation Laboratory with the stora
ring operating at an electron energy of 3 GeV and a sto
current in the range of 100-65 mA. Data were collected w
a double-crystal monochromator using Si~220! crystals, with
an entrance slit width of 1 mm and no beam focusing. T
collimating vertical slit width was 0.3 mm to align the bea
footprint on the sample. InK-edge (E0527940 eV! XAFS
was measured in the glancing incidence geometryu
50.2°) using a SSRL grazing incidence x-ray absorpt
spectroscopy stage. This permitted polarization-depen
measurements with the electric vector of the x-rays orien
parallel Ei , or perpendicularE' , to the substrate surface
The incident angle is slightly greater than twice the critic
angle (uC50.090° atE01200 eV! to allow the penetration
of the incident beam to the depth of the In atoms. The in
dent, I 0, and reflectedI 1, photon intensities were measure
using Ar-filled ionization chambers. InKa-fluorescence
emission was measured using a 13 element Ge detector,
two Al plates, thickness 0.75 mm, in front of the detector
reduce the total incoming count rate contribution from t
Ga and As fluorescence.
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III. RESULTS AND ANALYSIS

A. X-ray diffraction

High resolution XRD data for 1-ML and12 -ML samples
are shown in Figs. 1 and 2. The experimental curves
compared to simulations using the dynamical diffracti
theory.27 These simulations are based on a 3-layer mo
consisting of the GaAs substrate, a single In-contain
layer, and a GaAs cap layer. For the 1-ML samples,
thickness of the strained InAs layers used in the simulati
was 3.25 Å , aspredicted by the macroscopic elastic theo
~MET!,28 assuming single layers of In atoms and coheren
of the InAs layers with the GaAs substrate. For the1

2 -ML
samples the MET was also used, assuming sin
InxGa12xAs layers, as will be discussed. From the interfe
ence fringes it is possible to obtain an accurate measurem
of the GaAs cap thickness, as indicated. However, this te
nique is slightly less sensistive to the distribution of In ato
in the quantum well layer, particularly in the case of the
sandwich structures with very thin GaAs caps. Although
high-resolution XRD data can, in principle, be used to det
mine the total amount of incorporated indium, in practice t
experimental resolution is somewhat limited. From Fig. 1
is clear that the In content in the nominally 1-ML samples
very close to a single monolayer. It was pointed out1 that
complementary information may be obtained by using XS
in addition to XRD.

B. XSW analysis

Figure 3 shows the reflectivity~lower curve! obtained us-
ing the XSW apparatus for a bulk GaAs reference crys

FIG. 1. X-ray rocking curve data obtained near the GaAs~004!
symmetric substrate reflection, forDu5u2uB . The data for the
1-ML samples with several growth temperatures are indicated
points. Solid lines denote the results of dynamical simulations w
the GaAs cap thicknesses indicated, as described in the text.
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PRB 61 2075LAYER PERFECTION IN ULTRATHIN InAs QUANTUM . . .
near the~004! back-reflection condition. It is important t
note that this epiready crystal was measured with no clea
or processing. The XSW patterns~top curves! were obtained
using the total electron yield~TEY!, and the Ga and As
L-fluorescence yields~FLY!. The standing wave in the crys
tal results from the superposition of the incident and ba
reflected traveling waves29 and has the periodicity of the
crystal lattice planes with diffraction vectorHW . At the low-
energy side of the Bragg reflection the nodes of the stand
wave lie on the substrate planes. As the phase shifts thro
out the Bragg peak the wavefield moves continuously u
the antinodes lie on the substrate planes at the high-en
side.30 The TEY and FLY spectra, shown in the top curves
Fig. 3 are proportional to the absorption of the atoms in
field of the standing wave. From this response the spa
distribution of a given type of atom may be deduced.

The yield from the standing wave measurement
written29 in terms of the coherent fractionFH, which mea-
sures thed-like nature of the atomic distribution perpendic
lar to the diffracting planes, and the coherent positionPH,
which measures the position of a particular type of at
relative to the substrate planes, normalized by the diffrac
plane spacing,ds . ~For a single atom in bulkPH51.) The
yield YH is

YH5Y0@11R12ARFHcos~a22pPH!#. ~1!

Here,R anda denote the reflectivity and phase as given
the dynamical theory of x-ray diffraction,29 andY0 is propor-
tional to the beam flux. Thermal vibrations may be taken i

FIG. 2. X-ray rocking curve data obtained near the GaAs~004!
symmetric substrate reflection, forDu5u2uB . The data for the
1
2 -ML samples with several growth temperatures are indicated
points. Solid lines denote the results of dynamical simulations w
the GaAs cap thicknesses indicated, as described in the text.
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account by a Debye-Waller factore2M, which decreases the
measured value ofFH to approximately 0.9 in GaAs.31 For
the GaAs reference crystal the expected values arePH

51.0, andFH5e2M. The measured values~Fig. 3! obtained
using both types of emission~TEY, FLY! agree with one
another and are close to the expected values. Leeet al. mea-
sured values ofPH51.0060.01 andFH50.8160.01 for
their GaAs buffer layer3 in good agreement with the prese
results. With our experimental setup, the takeoff an
viewed by the Ge detector allowed the measurement of fl
rescent photons originating from deep within the crystal a
reduced the extinction problem.32 Also, for the relatively
low-photon energies employed in this paper the TEY sig
should approximate a bulk site close to the crystal surfac33

and so the measured values are due to atoms on bulk
within the crystal. This suggests that the Debye-Waller fac
may be slightly smaller than 0.9 in these samples.

Figures 4 and 5 show the XSW data for 1- and1
2 -ML

InAs samples prepared at a series of growth temperatu
From the MET,28 a single InAs ML in GaAs is expected t
havePH51.146 under pseudomorphic conditions.2 Compar-
ing the raw data of Figs. 4 and 5 with Fig. 3 it is clear th
the In atoms do not occupy the same positions as the
strate Ga atoms. Our best 1-ML sample, structurally, is
one withTg5550 °C, having an ideal coherent position a
the highestFH. 1

2 -ML samples grown at 400 and 600 °
have similar positional values to one another and high val
of FH. Notice the more bulklike characteristics of the da
for the 1

2 ML.

FIG. 3. Photon-energy dependence of the reflectivity~bottom
curve! for a reference epiready GaAs crystal near the GaAs~004!
Bragg back-reflection. The XSW patterns obtained by measu
the total electron yield and the Ga and AsL-fluorescence yields are
shown in ascending order, with fit parameters as indicated.
spectra were offset for clarity.
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2076 PRB 61J. A. GUPTAet al.
In a previous XSW measurement of a1
2 -ML InAs film in

GaAs,5 it was found that the measuredPH was consistent
with a single InxGa12xAs alloy layer, similar to the resul
obtained by Woiciket al. for an alloy layer grown by MBE.4

The unstrained lattice constantaf for such a layer is deter
mined from Vegard’s law as

af5xaInAs1~12x!aGaAs, ~2!

whereaGaAs55.6532 Å andaInAs56.0584 Å are the bulk
lattice constants. For pseudomorphic epitaxy, the lattice c
stant of the alloy layer in the plane,ai , is equal to the value
for GaAs, from which the lattice constant perpendicular
the interface plane,a' , is determined using the MET.2 The
lattice strains parallel,e i , and perpendicular,e' , to the in-
terface are given by e'5(a'2af)/af and e i5(ai
2af)/af . These are related through the elastic constantsC11
andC12 as

e'522S C12

C11
D e i . ~3!

For the InxGa12xAs alloy the elastic constants are given
the concentration-weighted elastic constants of b
materials5

C11
f 5xC11

InAs1~12x!C11
GaAs,

C12
f 5xC12

InAs1~12x!C12
GaAs. ~4!

The In mole fraction of a layer with a givenPH can then
be found using

FIG. 4. Photon-energy dependence of the reflectivity~bottom
curve! and the In-L fluorescence yield near the GaAs~004! Bragg
backreflection condition for a series of 1-ML InAs samples, w
growth temperatures as indicated. The solid lines are the best fi
the data points. The spectra were offset for clarity.
n-

h

a'5af22F xC12
InAs1~12x!C12

GaAs

xC11
InAs1~12x!C11

GaAsG ~aGaAs2af !, ~5!

and using the standing wave resulta'5PHaGaAs. Using this
method we find the following values ofx for the 1

2 -ML
samples 0.6360.14, 0.5660.14, and 0.6960.14, in order of
increasingTg .

In order to clarify the mechanism producing the highe
than-ideal coherent positions in the 1-ML samples with
lowest Tg values, we consider the possibility of In atom
occupying multiple sites in the crystal. If the In atoms o
cupyn positions (Pi

H) relative to the diffraction planes, the
PH andFH may be written29

FH5~GH
c 21GH

s 2!1/2, ~6!

and

PH5
1

2p
tan21S GH

s

GH
c D 1H 0.5, if GH

c ,0

0 otherwise,
~7!

where the cosine termGH
c has the form

GH
c 5(

i 51

n

ci cos~2pPi
H!, ~8!

and the sine termGH
s is

GH
s 5(

i 51

n

cisin~2pPi
H!. ~9!

to

FIG. 5. Photon-energy dependence of the reflectivity~bottom
curve! and the In-L fluorescence yield near the GaAs~004! Bragg
backreflection condition for a series of1

2 -ML InAs samples, with
growth temperatures as indicated. The solid lines are the best fi
the data points. The spectra were offset for clarity.
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PRB 61 2077LAYER PERFECTION IN ULTRATHIN InAs QUANTUM . . .
The coefficients in these expressions satisfy the norma
tion ( i 51

n ci51, whereci denotes the relative population o
the positionPi

H .
Previous XSW measurements1 were interpreted assumin

surface segregation of In atoms during the growth of
GaAs cap layer. We consider the results that might be
tained in an XSW measurement of an InAs layer buried
GaAs~001! including this process, where the total In conte
is 1 ML. It is very important to note that a single XSW
measurement provides only one Fourier component of th
distribution. This presents a uniqueness problem when
attempts to infer additional information in this way, althou
the measured values do place some constraints on the s
tural possibilities.

The issue of segregation of third-column atoms in
growth of III-arsenide heterostructures has been address
some depth by Guille, Moisonet al.14,15A simple model was
proposed14 in which the segregation is characterized by
efficiency coefficients. When the first monolayer of GaA
is deposited on the InAs monolayer~layer 1!, a fractions of
the In atoms segregate to the surface, burying the same
tion of the deposited Ga monolayer. The process contin
during the deposition of subsequent GaAs layers. We c
sider two possibilities:~i! Each group III layer consists of a
In,Ga alloy, with the composition of sequential layers grad
in the growth direction. The composition of thenth layer,
Inxn

Ga12xn
As, is xn and

xn5~12s!sn21. ~10!

and the strained lattice constant of each layer is found fr
Eqs. ~2!–~5!. In this scenario the In atoms are located a1

2

the lattice constant of the strained layer, which is a funct
of xn . The other possibility is:~ii ! Each group III layer con-
tains In and Ga atoms as above, with the In atoms arran
in equidistant ‘‘terraces’’ or islands. For each layer the t
ragonally distorted InAs cell is expanded 14.6% in the~001!
direction compared to GaAs. This is the scheme used in
1. An illustration of the two models appears in Fig. 6.

FIG. 6. The distribution of In atoms relative to the GaAs~004!
planes according to the two models described in the text. In mo
~i! the distanced'

i between each cation plane and its correspond
As plane is a function of the In concentrationxn . For model~ii ! the
spacing is the same for all planes, independent of In content.
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should be noted that~i! implicitly makes a virtual crystal
approximation by assuming that both In and Ga atoms re
in the same cation plane. It is well known that the In-As a
Ga-As bond lengths do not deviate significantly from th
native values in the ternary alloy,34,35 and that the atoms do
not occupy the virtual crystal positions. Model~i! is to be
considered as a first approximation in lieu of a more co
plete description.

Model ~ii ! assumes terracing of the In atoms, and negle
edge effects, which are likely present at the boundaries
tween the InAs and the surrounding GaAs. Additionally, th
assumes equal strain in all InAs layers in spite of the diff
ences in In content. In this respect model~i! is somewhat
more realistic.

We have estimated the possible XSW parameters u
both models. In case~i!, with a givens, the lattice constant
for thenth layer was estimated using Vegard’s law and eq
tion 10, which gives the bulk lattice constant. The effect
strain is included using MET as discussed previously.

If the ~004!-plane spacing between thei th In,Ga layer and
the corresponding As-plane is denoted byd'

i , then the total
distance of thenth layer from the last As-plane of the sub
strate is

dn52(
i 51

n21

d'
i 1d'

n . ~11!

These positions may then be substituted into Eqs.~8! and~9!
from which FH andPH are determined.

The results for a range of segregation coefficients
shown in Figs. 7 and 8 for~i! and ~ii !, respectively. For the
model ~i! in which the segregation produces a grad
InxGa12xAs alloy, the theoretical XSW parametersPH and

el
g

FIG. 7. X-ray standing wave parameters as a function of se
gation coefficients predicted by model~i! described in the text,
with 1 ML total In coverage.
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2078 PRB 61J. A. GUPTAet al.
FH are found to decrease with increasing segregation,
remain close to the values for the ideal ML. It is clear fro
the figures that only~ii ! can explain the experimental resul
in which PH.1.15. For samples grown at 400 °C an
500 °C, the XSW coherent positions are found to be con
tent with s50.30, ands50.15, respectively, as indicated
Moreover, the experimental values ofFH are consistent with
this interpretation, if the Debye-Waller factor is include
Let us reemphasize that this interpretation of the XSW d
is not entirely conclusive.

Considering the relationship between the data and the
land model, the results are somewhat surprising; the se
gation coefficients inferred from the data are found to
greater for the samples grown at the lowest temperatur
Since Giannini et al. measured only one sample usin
XSW,1 the effect of changing the growth temperature w
not discussed. They foundPH51.1760.02,FH50.5860.07
which was related to a segregation coefficient ofs'0.25
when the structure was grown by MBE with the flasho
technique. In their experiment, the InAs ML and the first
ML of the GaAs cap were deposited at 420 °C. The te
perature was then raised to 540 °C to desorb the segreg
In. Finally, 300 Å of GaAs were deposited at 540 °C.

In studies of indium segregation in GaAs~001!/InAs/GaAs
structures in the literature, thermodynamic and kinetic m
els have been suggested to describe the process. Guille,
sonet al. have carried out detailedin-situ studies during the

FIG. 8. X-ray standing wave parameters as a function of se
gation coefficients predicted by model~ii ! described in the text. In
the bottom half of the figure the experimental XSW coherent po
tions ~small hollow squares! are compared with the values of th
segregation coefficients, which might produce the measuredPH.
The solid and dashed rectangles are used to indicate the ran
possible values ofs for the 1-ML samples grown at 400 and 50
°C, respectively. In the top half of the figure the correspond
values ofFH are indicated, as well as the experimental values.
ut

s-

ta
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e
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-
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-
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growth of MBE films, bothd layers and ternary alloys
grown at 420~Ref. 14! and 480 °C.15 In the thermodynamic
model,15 the surface,xs , and bulk,xb , concentrations of In
are related by the expression:

lnS xs

12xs
D1

Es

kT
5 lnS xb

12xb
D . ~12!

A modified expression takes into account the lattice m
match between InAs and GaAs. Experimentally the segre
tion energyEs , was found to be near 0.15 eV.

Other experiments18–23have found that In segregation in
creases with increasing growth temperature. However,
~12! predicts the opposite behavior. A kinetic model36 has
successfully reproduced the results at fixed tempera
while accounting for the observed increase with grow
temperature.26 The incident As flux has also been shown
affect the segregation,25 and might be included in an eve
more complete model.

If our XSW data were interpreted using model~ii ! as dis-
cussed above, then this would indicate increasing In se
gation with decreasingTg . This disagrees with the exper
mental evidence for MBE growth obtained by oth
means18–23 due to differences in the growth conditions b
tween MBE and MOVPE. Results for MBE-grown samples37

have indicated that the growth temperature of the GaAs b
riers also plays a pivotal role.

For the 1 ML samples grown at 550 °C and 600 °C t
XSW results indicate near ideal In distributions, particula
in the former. We attribute this to the favorable conditio
created in the MOVPE environment.16 Let us address the
requirements for minimal segregation suggested by other
thors.

As shown in Table I, the GaAs cap growth rate is ind
pendent of temperature for 500 °C<Tg<600 °C. This is
indicative of mass-transport-limited~MTL ! growth.38 Gérard
et al.17 suggested that the segregation process may be m
mized by suitable adjustment of the kinetics during the c
layer growth. In the MTL regime the growth may be le
susceptible to a kinetic rearrangement of group-III atom
allowing a reduction in the In-Ga exchange reaction. At 4
°C, which is in the surface-kinetic-limited regime, th
growth kinetics may play a larger role. A strong temperatu
dependence in the surface reconstruction during growth
been observed.39 This results from the incomplete decomp
sition of the TBA’s molecules at the lower temperature
which may contribute to the apparent enhancement in
segregation under these conditions.

Guille et al.14 suggested that very high-GaAs growth rat
could beat the In-Ga exchange rate, although this was no
case for up to 0.5mm/h. Recent results25 for MBE-grown

e-

i-

of

g

TABLE I. Temperature dependence of GaAs growth rate, fr
the GaAs cap thicknesses determined by XRD.

Temperature (°C! Growth rate (mm/hr)

400 1.9460.07
500 2.4260.12
550 2.4160.11
600 2.4260.13
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PRB 61 2079LAYER PERFECTION IN ULTRATHIN InAs QUANTUM . . .
InxGa12xAs/GaAs structures at 5.1mm/h and 500 °C have
noted the reduction in the In segregation due to the ra
surface coverage. At our higher temperatures we hav
GaAs growth rate of 2.4mm/h, which may be sufficient to
discourage segregation. At lower temperatures the redu
GaAs growth rate allows the segregation process to oc
more prominently.

Using reflectance difference spectroscopy, time-resol
studies were carried out during the growth of these quan
well structures.39 Although it was noted that segregation m
occur during GaAs overgrowth, the effect was not co
pletely pronounced in the data. In contrast, clear evidenc
In segregation was observed during atomic layer epit
~ALE! growth24 which has a much higher cation surface m
bility than conventional MOVPE. Recall that in the atom
layer mode the incident group-III molecules are not acco
panied by a group-V flux, and are thus much more mobile
the surface. This mobility produces the smooth interfa
that are associated with the technique. Unfortunately,
lack of As overpressure can lead to enhanced exchang
actions between incoming Ga atoms and the underly
In.15,23 While ALE produces interfaces that are highly un
form and smooth21 they suffer from reduced abruptness. W
have found that In segregation cannot be eliminated in
ALE growth for any usual growth temperature.40

We conclude that the combination of growth in a MT
regime, high-growth rate, and low cation surface mobil
aid in reducing the effects of segregation in the 1-ML stru
tures produced at the higher temperatures. For the sam
grown at lower temperatures, the XSW data may be ind
tive of enhanced In segregation. This could be due to sur
kinetics effects: lower As coverage on the growing surfa
and the lower GaAs growth rate. Although these factors a
direct consequence of the reduced temperature, the tem
ture itself is not the important parameterper se.

Alternatively, it is possible that the nominally 1-ML
samples grown at the lowest temperatures contain more
one layer of In atoms. We can consider this case by sup
ing that the films contain one perfect In layer, with addition
In located in a second layer above the first. As in the pre
ous discussion, the In atoms in the second layer could
arranged in an In,Ga alloy layer, or in a ‘‘terraced layer.’’
the alloy layer the In-As planar distance would be given
Eqs. ~2!–~5!. In the ‘‘terraced layer’’ the In-As planar dis
tance would be expanded 14.6% in the~001! direction com-
pared to GaAs.

Figure 9 shows the predicted values for the XSW coh
ent position and coherent fraction which would be obtain
for two-layer systems of this type as a function of seco
layer In coverage. The XSW parameters were determi
using Eqs.~6!–~9!. Notice that the two models converge
the endpoints, i.e., for exactly 1 ML of In or exactly 2 ML o
In. For intermediate coverages the coherent position is v
similar between the two cases, and varies roughly linea
with second-layer coverage. The greatest discrepancies
tween the two models occurs for a second-layer coverag
61%, which is well beyond the possibilities for our measur
values ofPH.

For the nominally 1-ML samples grown at 400 and 5
°C, the measured values ofPH were 1.1960.02 and 1.17
60.02, respectively. In Fig. 9 it is shown that these valu
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can be associated with second-layer In coverages of 0.31
0.16 using the alloy model. The terrace model gives the v
ues 0.25 and 0.13, for the 400 and 500 °C samples, res
tively. In the figure the correspondence between each
these models and the experimentalPH values are indicated
From the measuredPH values it is not possible to determin
which model might actually describe the situation.

On the other hand, the two models show larger diff
ences in the predicted values ofFH. For increasing second
layer In coverage the alloy model predicts a nearly line
decrease in the measured coherent fraction. The ter
model, in which the two In layers are separated by a lar
distance, shows a more dramatic decrease with increa
second-layer coverage.

From the top curves of Fig. 9, it is clear that the measu
values ofFH are significantly lower than the values predict
by either model. By including thermal effects through
Debye-Waller factor of 0.9~Ref. 31! the discrepancy be
tween the experimental and predicted values is decrea
somewhat, but still suggests a certain degree of rand
structural disorder in the films. Recall that our XSW me
surements for a bare GaAs wafer suggested that the De
Waller factor may actually be closer to 0.8. Even this va
cannot completely account for the measured coherent f
tions.

It should be pointed out that this interpretation would su
gest that the In coverage decreases with increasing gro

FIG. 9. X-ray standing wave parameters for greater than 1
of In coverage, as a function of In second-layer coveragex. In the
bottom half of the figure the experimental XSW coherent positio
for the 1-ML samples grown at 400 and 500 °C~hollow squares!
are compared with the values of the second-layer coveragex, which
might produce the measuredPH values using the alloy mode
~dashed line!. The hollow circles indicate the correspondence b
tween the experimental results and the terrace model~solid line!. In
the top half of the figure the corresponding values ofFH are indi-
cated, as well as the experimental values.



w

ho
o

In
a

th
d
to

ed
ia

an
-
0%
ic

-
ack-

and

-
ons
the

sed
l
ed
u-
ith
en-
nto

i-
po

t
he

i-
ered
ar-

2080 PRB 61J. A. GUPTAet al.
temperature. In studies of InAs homoepitaxy, Watkinset al.
observed the opposite behavior, i.e., an increasing gro
rate with increasing temperature.41 For the ML samples the
heteroepitaxial strain affects the In incorporation, so the
moepitaxy results do not entirely preclude the possibility
excess In in these films.

C. XAFS analysis

In order to resolve details of the local structure of the
atomic distribution, we consider the results of XAFS me
surements in both theEi andE' orientations. The XAFS,x,
was separated from the In K-fluorescence data using
AUTOBK program.42 This involved pre-edge backgroun
removal using a linear fit; normalization to the edge jump
put the data on a per atom basis; and removal of the post
background. AUTOBK uses a fourth-order polynom
spline with knots equally spaced ink space42 to minimize the
low R background in the Fourier transform ofkx(k), where
k is the photoelectron wave number:k5A2m(E2E0)/\.

Figures 10 and 11 show the normalized XAFSkx(k) data
for 1-ML samples in both polarizations, as well as for
InAs reference powder.43 The corresponding Fourier trans
forms for the data are shown in Fig. 12. In all cases a 1
Gaussian window was used in the transformations, wh
were taken from approximately 0.7 to 12 Å21.

The XAFS is expressed as44

x~k!5(
i

Bi~k!@3 cos2~u i !#sin@2kRi12d~k!1f i~k!#,

~13!

FIG. 10. k-weighted InK-edge XAFS,kx(k), with Ei- polar-
ization, from 1-ML InAs films and growth temperatures as ind
cated. The top spectrum was obtained using an InAs reference
der in transmission. Superimposed on the data are the fits to
Fourier filtered first-shell contributions, which correspond to t
In-As near-neighbor bond lengths.
th
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f

-

e

ge
l

h

where the sum is taken over all atomsi, located at distances
Ri from the absorbing atom. The factor cos2(ui) is related to
the polarization dependence of theK-shell XAFS in the di-
pole approximation, whereu i is the angle between the elec
tric vector and the bond between the absorber and the b
scatterer. Phase shifts,d(k), and f i(k) arise from the
interaction between the photoelectron with the absorber
the backscatterer, respectively.

The amplitude functionBi(k) is

Bi~k!5
Ni

kRi
2

S0
2Fi~k!e22Ri /l i (k)e22k2s i

2
, ~14!

where Ni is the number of atoms of typei located at an
average distanceRi from the absorber.S0

2 is the passive elec
tron factor describing the overlap between the wavefuncti
of the electrons in the absorbing atom before and after
ejection of the core photoelectron (S0

2,1). The backscatter-

ing amplitude of atomi is given by Fi(k), e22k2s i
2

is the
XAFS Debye-Waller factor wheres i

2 is the mean-square
relative displacement about the average distanceRi , includ-
ing thermal and static disorder, andl i(k) is the mean free
path of the photoelectron.

In order to analyze the experimental data we have u
the theoretical package FEFF6b~Ref. 45! to create a mode
for a single InAs layer buried in GaAs. Using the strain
lattice parameters of the InAs cell from the MET, we sim
lated the XAFS from the In-As nearest-neighbor bonds w
predicted bond lengths of 2.576 Å . The polarization dep
dence was included in the model calculation which takes i

w-
he

FIG. 11. k-weighted In K-edge XAFS,kx(k), with E'-polar-
ization, from 1-ML InAs films and growth temperatures as ind
cated. Superimposed on the data are the fits to the Fourier filt
first-shell contributions, which correspond to the In-As ne
neighbor bond lengths.
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account the cos2(ui) dependence. For theEi andE' orienta-
tions the electric vectors were aligned along the~110! and
~001! crystal axes, respectively. In the former geometry
number of As nearest neighbors contributing to the XAFS
2, while for the latter all 4 neighboring As atoms are e
pected to contribute.46

The Fourier-filtered first shell data for the 1-ML sample
corresponding to the In-As bond lengths, were fitted us
the theoretical amplitudeBi(k) and phase 2d(k)1f i(k). In
the fits the variable parameters wereS0

2, R, s2 and DE0,
which allows for an offset between the theoretical and
perimental values ofE0. The fits were carried out using onl
the data fork.4 Å 21 to minimize the effect of such an
energy shift on the In-As bond length, which is most sen
tive to such a discrepancy.

The same fitting procedure was carried out for the In
reference powder using a FEFF model for InAs. The res

FIG. 12. Fourier transform magnitudes for InK-edge XAFS in
Ei ~top curves! and E' polarizations~bottom curves! for 1-ML
samples and growth temperatures as indicated. The spectra
offset for clarity.
e
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are shown in Table II from which it is seen that the theo
provides an excellent description of the experimental data
the In-As bond length (R52.623 Å!.47

Results of the fitting for the 1-ML samples are also sho
in Table II. In all cases the experimental values for the In-
bond length are found to agree with the expected valueR
52.576 Å! within the uncertainties in the fitting. Simila
results were obtained by Woiciket al., working at the In
L3-edge.2 In that case thek-space range was limited to 4
→7.2 Å 21 by the interveningL2-edge. TheK-edge mea-
surements presented here have the advantage of an exte
range ink-space which gives higher precision. In addition
the FEFF fits, the present data were also fitted using the I
referencex(k) as an empirical phase,f(k), and amplitude,
u f (k)u, standard,

x~k!5Neu f ~k!usin@2kRe1f~k!#. ~15!

In this case the variable parameters in the fits were the c
dination number,Ne, the In-As bond length,Re, and an off-
setDE0. The results are given in Table II.

The bond lengths obtained using the empirical meth
agree very well with those obtained using the theoretical c
culation. There does not appear to be any connection
tween the In-As bond lengths and the growth temperatur

If each sample consisted of In atoms arranged in sin
layers, then the XSW results might be interpreted in terms
reduced bond length compression at lower values ofTg .
Assuming coherency with the GaAs substrate, the exp
mental values ofPH would then correspond to In-As bon
lengths ofR52.612 Å ~400 °C), R52.594 Å ~500 °C) and
R52.576 Å ~550,600 °C). Clearly the XAFS bond length
do not support this single-layer interpretation for the low
values ofTg .

D. Comparison between structural and optical properties

The PL spectra for the 1-ML samples are shown in F
13. For the sample grown at 400 °C the spectrum shows v
weak In-excitonic luminescence. The feature labe
‘‘DAP’’ represents donor-acceptor pair~1.490 eV! and free-
to-bound~1.493 eV! transitions at carbon impurities. Thes
result from the incomplete decomposition of TBA’s precu
sor molecules, leading to carbon incorporation in the crys
For the remaining samples, the PL emission energies
crease with growth temperature, while the linewidths gen
ally decrease. An exception is the sample withTg5530 °C,
exhibiting particularly narrow and bright luminescence. T
inhomogeneity of the peak shift could be due to slight d

ere
ples.
TABLE II. Experimental In-As bond lengths determined from the XAFS analysis for the 1-ML sam
The results obtained using Feff and the empirical standard are presented.

Mode Sample R ~Å! Re ~Å!

Transmission InAs 2.62560.004
Ei 500 °C 2.57160.007 2.56860.006

600 °C 2.57560.004 2.57360.008
E' 400 °C 2.57460.006 2.57160.007

500 °C 2.58560.008 2.58160.008
600 °C 2.57160.006 2.56760.009
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2082 PRB 61J. A. GUPTAet al.
ferences in the amount of incorporated In, or subtle diff
ences in the layer morphologies.

For the 1
2 -ML samples~Fig. 14!, 400 °C is again seen to

be unsuitable for good optical material, despite the m
promising XSW results. The spectrum is dominated by
carbon impurity features. The brightest12 -ML In-
luminescence is observed for the sample withTg5600 °C.

A comparison between the structural and optical prop
ties appears in Fig. 15. The data suggest a correspond
between the decreasing coherent position and the increa
PL peak energies as a function of growth temperature in
1-ML samples. As well, the PL linewidths decrease dram
cally with increasing growth temperature. This is mirror
somewhat by the increasing coherent fraction. These cha

FIG. 13. Photoluminescence spectra for a series of 1-ML In
samples, with growth temperatures as indicated. The spectra
normalized to a peak height of unity and offset for clarity.

FIG. 14. Photoluminescence spectra for a series of1
2 -ML InAs

samples, with growth temperatures as indicated. The spectra
normalized to a peak height of unity and offset for clarity.
-

e
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teristics may be attributed to a trend towards more perf
d-like InAs layers, being particularly evident in the 530
550 °C range.

Previous treatments23 of the effect of In segregation on
optical emission found that with decreasing growth tempe
ture the transition energies are shifted towards lower ener
and then saturate at minima which, the authors argued,
respond to minima of segregation. In that case, however,
transition energy vsTg curves were concave up. From Fi
15, our results do not reproduce these observations. Ra
the PL energies increase with increasingTg , and may ap-
proach limiting behavior at temperatures beyond those c
sidered here. We point out that the curve is concave dow
this case. Thus, these results do not necessarily indi
temperature-dependent segregation.

Previously in this paper we showed that the large cohe
positions observed by XSW in the low-Tg samples were con
sistent with model~ii ! which supposed In incorporation i
islands rather than in graded InxGa12xAs layers. If the lateral
extent of these islands is greater than the exciton radius,
the net effect would be a decrease in the emission energy
to the fact that the exciton samples a potential well of thic
ness significantly greater than 1 ML, while maintaining
average layer thickness of approximately 1 ML.10,12

These data could also be related to excess In in
samples grown at the lowest temperatures, according to
discussion accompanying Fig. 9.

The lack of any clear trend for the12 -ML samples is note-
worthy; since the MOVPE InAs growth exposures for the
samples were half the corresponding values for the
ML’s, we might expect similarities between the two serie
The lack thereof may be related to details of the grow
mechanism at the subML scale. For example, the gro
could take place in either two-dimensional or thre
dimensional modes, or could involve compositional alloyin
the details of which are difficult to resolve.

IV. CONCLUSIONS

We have used x-ray standing waves, x-ray diffractio
polarization-dependent XAFS, and PL to assess the st
tural perfection and the light-emitting characteristics
monolayer and submonolayer InAs quantum wells in Ga
prepared by MOVPE. Structurally, the best 1-ML sample h
been realized at 550 °C according to the agreement betw
the data and the expected coherent position for the In la
and the relatively high coherent fraction. The first-neighb
In-As bond lengths determined from the XAFS agree w
the macroscopic description of the strain accommodat
The variation in the experimental XSW parameters w
growth temperature has been compared with a model for
segregation of In atoms into islands during the GaAs c
layer growth. To our knowledge, this is the first time that t
segregation effect has been studied in samples prepare
MOVPE. Our measurements suggest that in the ma
transport-limited regime the MOVPE growth conditions a
successful in limiting the deleterious effects of segregati
Additionally, we find a correlation between the XSW resu
and the PL emission energies and linewidths. These exp
ments show that the layers with the highest structural qua
also exhibit the best optical properties.
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FIG. 15. Summary of the XSW and PL resul
for all samples. The circles and squares cor
spond to 1-ML and1

2 -ML samples, respectively
For the PL data, the uncertainties are given a
proximately by the symbol size. The solid line
are guides for the eye.
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