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Local atomic structure in strained interfaces of InxGa12xAs/InP heterostructures
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We present a structural study of the interfaces between InxGa12xAs and InP~and vice versa! by x-ray
absorption fine structure spectroscopy~XAFS!; the samples investigated are a set of nominally matched
InxGa12xAs/InP short-period superlattices. We find that the coordination numbers around As and Ga deviate
significantly from those expected in an abrupt superlattice structure even if interface bonds are taken into
account; this demonstrates the presence of unwanted interface layers between InP and InxGaxAs ~and vice
versa!. Based on the growth sequence employed and on indications from other techniques, we model the
structure as composed of the two nominal layers plus InAsxP12x and In0.53Ga0.47As12yPy strained interface
layers. XAFS is a chemically sensitive probe of the local structure in these strained layers. We find that each
bond length measured~As-In, Ga-As, and Ga-P! has a different value, with small variations among the
different samples. This implies the presence of structural distortions that accommodate strain at the local level.
We find good agreement between the XAFS results and high-resolution x-ray diffraction data that probe the
structure in an average way. The results are discussed also with reference to the problem of the band offsets at
InxGa12xAs/InP heterojunctions and to theoretical simulations.@S0163-1829~98!05539-8#
in
t
n
la
ur
re
u

lt
o

fo

e-

om
o

-
s

e
tio

he
by

be
d
o be
d
ew
is
ttice
nes

e
ndi-
at-
on

n

ture
ure
ter-
I. INTRODUCTION

InxGa12xAs/InP(001) heterostructures are widely used
modern optoelectronic devices. From a fundamental poin
view this system is studied intensely both theoretically a
experimentally as an example of an isovalent, po
junction.1 There are peculiar features of this heterostruct
that affect the electronic structure and optoelectronic
sponse in a fundamental way. If nonlattice-matched str
tures are grown (xÞ0.53), and provided the InxGa12xAs
layer is sufficiently thin, pseudomorphic growth will resu
and strain will have a direct effect on the band structure
the ternary layer; the effect of strain can be predicted,
example, within a ‘‘model solid’’ approach.2,3 The changes
in the electronic structure of the ternary layer will be r
flected in variations of the band offsets~BO’s! with the InP;
the BO’s are the quantities that are of most importance fr
an applicative point of view and are currently the subject
considerable theoretical and experimental investigation.

Even if the compositionx50.53 is used for InxGa12xAs
~at this composition the alloy will be indicated in the follow
ing as InGaAs! the atomic composition of the layers ha
consequences on the strain at the interfaces. In fact, ther
no common anions nor common cations in the heterojunc
PRB 580163-1829/98/58~16!/10745~9!/$15.00
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~for the cations this is true because In is different from t
average cation of InGaAs, which can be indicated
^In0.53Ga0.47&, with obvious meaning!. This implies that,
even if abrupt interfaces are assumed, local strain will
present at the heterojunction.4,5 We note that the just-quote
papers take the fundamental parameter describing strain t
the variation of the~001! lattice parameter, which is relate
to the next-nearest-neighbor distance. This point of vi
arises naturally within diffraction investigations since th
technique measures precisely the distance between la
planes, averaging out local distortions between the pla
themselves: the virtual crystal approximation6,7 ~VCA! is
thus implied. As such, this picture is a simplification of th
real structure as it does not address the value of the i
vidual bond lengths. The effect of the adjustment of the l
tice parameter to the value dictated by local composition
the BO’s is nonnegligible and has been estimated byab ini-
tio methods8 to be 60 meV for an ideal interface, which is a
appreciable fraction of the valence BO of;0.35 eV.

The properties of any real semiconductor heterostruc
depend in a crucial way on the growth method and proced
and on the presence of interdiffusion processes at the in
faces. For chemical beam epitaxy~CBE! and metal-organic
chemical vapor deposition~MOCVD! grown heterostruc-
10 745 © 1998 The American Physical Society
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TABLE I. Sample growth characteristics: nominal InGaAs and InP thicknesses, number of periodsN),
period (P), average perpendicular lattice mismatch (^Da' /a&), and the four times relevant to the switche
between InP and InGaAs growth and vice versa.

Sample Code tnom(InP) tnom(InGaAs) N P ^Da' /a& t1 t2 t3 t4

~Å! ~Å! ~Å! ~%! ~s! ~s! ~s! ~s!

1 161 30 30 20 59 0.58 1 1 1 5
2 384 20 20 20 39 0.49 1 1 1 1
3 380 20 20 20 37 -0.14 5 1 10 10
4 411 18 13 65 31 0.48 1 0 1 1
5 406 18 13 65 28 0.87 1 0 1 1
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tures it has been suggested that undesired strained lay
few monolayers~ML’s ! thick are present at both the InP-to
InGaAs and at the InGaAs-to-InP interfaces.9–11The compo-
sition and thickness~and hence thestrain! of these interface
layers critically affect the band alignment in the interfa
region12,13 and evidently modify the potential in which
charge carriers move in a device. It is well known that t
performance of any real device is influenced by the qua
of the interface.14,15 Interface imperfections such as planari
and compositional grading problems16 cause scattering pro
cesses yielding a reduction of the exciton decay time,17 a
limitation of the electron mobility,18,19 and an increase o
nonradiative recombination.20 In a superlattice structure bot
InP-to-InGaAs and InGaAs-to-InP interfaces are present;
wanted interface layers cause the BO’s at the two interfa
to be asymmetric, as has been detected experimentally
photoemission spectroscopy.21 Recently,22 the presence of
these interface layers has been necessary to inter
magneto-photoluminescence measurements of InGaAsP
multiquantum barriers, a system closely related to the o
presently investigated. In summary, it is clear that a char
terization of the interfaces between InP and InGaAs~and
vice versa! has a wide range of fundamental and applicat
interest.

With the aim of clarifying the atomic structure o
InGaAs-InP interfaces at the local scale we have perform
an x-ray absorption fine structure~XAFS! investigation at
the Ga and AsK edges of a set of five nominally lattice
matched InGaAs/InP short-period superlattices~SPSL!; we
also report a comparison with high-resolution x-ray diffra
tion ~HRXRD! data. There is a twofold interest in SPSL’
Firstly, as the period decreases the relative importance of
interface layers increases and hence it becomes possib
use volume-sensitive probes such as x rays to study t
structure. While specific growth sequences are necessa
optimize the properties of SPSL’s, compared to longer
riod structures, the nature of the interfacial layers is expec
to be similar and thus our results are of a general valid
Secondly, the system is interesting per se, and finds app
tions for example in Wannier-Stark modulators.23 We find
that the coordination numbers~CN’s! around As and Ga de
viate significantly from those expected in an abrupt super
tice ~SL! structure even if interface bonds are taken into a
count and relate this finding to the presence of strained lay
at the interfaces. Comparison of the thickness and comp
tion of these layers deduced from XAFS with HRXRD d
termination of the average strain and period is favorable.
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find that each bond length measured~As-In, Ga-As, and
Ga-P! has a different value, with small variations among t
different samples. This implies the presence of local str
tural distortions, in a clear illustration of the violation of th
VCA in InxGa12xAs/InP(001) heterostructures; these resu
will be discussed in the framework of recent findings
related systems.24–35

II. SAMPLE DEPOSITION AND EXPERIMENTAL
RESULTS

Sample 1 was deposited by MOCVD~Ref. 36!. Specific
planarization (t1 and t3) and switching (t2 and t4) times
were used in changing from the growth of InP to that
InGaAs (t1 andt2) and vice versa (t3 andt4). Planarization
times refer to the exposure of the just-grown surface with
same group-V precursor, while switching times refer to t
exposure to the group-V precursor of the next layer. Only
Sample 1 a 1s exposure to H2 flux was performed between
the exposures to the group-V precursors. Samples 2 t
were deposited by CBE on InP~001! with similar growth
sequences, the only difference being that no exposure to2
flux was performed. Growth-related characteristics of o
samples are listed in Table I. A detailed description of t
growth apparata has already been reported.11,23

The experimental period~P! and average perpendicula
lattice mismatch (̂Da' /a&) were measured by HRXRD on
the ‘‘D2AM’’ ~BM2! beamline of the European Synchrotro
Radiation Facility~ESRF, Grenoble, France!. A wavelength
of 1 Å ~selected by a double crystal Si~111! monochromator!
was used in a vertical scattering geometry; the sample
the NaI~Tl! scintillator detector were mounted on a fou
circle diffractometer. Harmonics were rejected with a gra
ing incidence mirror. Since the diffracted intensity varies
many orders of magnitude in going from the substrate to
high-order superlattice peaks and due to the intensity of
ESRF beam the total angular range measured was split
number of smaller regions with provision of some overla
each region was then measured by attenuating the beam
an appropriate thickness of Al filters in order to bring t
intensity within the range of linearity of the detector. W
show in Figs. 1~a! and 1~b! the diffraction pattern in the
neighborhood of the~004! reflection for Sample 3, in an
extended and restrictedL range, respectively. The reflection
are labelled with the reciprocal lattice indices(H, K, L) of the
InP substrate. An example of the total diffraction pattern
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FIG. 1. HRXRD patterns in the neighborhood of the~004! re-
flection. ~a! and~b! refer to Sample 4. In~a! the central region has
been omitted and the61 and62 superlattice peaks are evident;
~b! the substrate and 0-order superlattice peak are detected. I~c!
we report the full diffraction pattern for Sample 1 in an extendeL
range, obtained by joining several scans and appropriately re
malizing. The reflections are labelled with the reciprocal lattice
dices(H, K, L) of the InP substrate.
Sample 1, obtained by joining the different angular regio
and appropriately renormalizing, is reported in Fig. 1~c!. The
absence of the12 superlattice peak is due to the particul
thickness, number, and composition of the layers constitu
the SL structure. A detailed analysis of diffraction profile
the full angular range within the context of dynamical d
fraction theory will be presented elsewhere;37 here the dif-
fraction patterns will be used to obtain the quantities P a
^Da' /a&.

It is clear from Fig. 1~b! that a non-negligible lattice mis
match is present and a similar behavior was found for
samples. In Table I we list values of period and avera
perpendicular lattice mismatch obtained from HRXRD f
all samples; we note that̂Da' /a& is negative only for
Sample 3.

XAFS measurements were performed in the fluoresce
mode at the Ga and As K edges at the ‘‘GILDA’’~BM8!
beamline of the ESRF using a dynamically sagittally focu
sing monochromator38 with Si~113! crystals. Harmonics
were rejected with two grazing incidence mirrors and flu
rescence detection was accomplished with a single-elem
hyper-pure Ge detector. In order to avoid dead-time corr
tions the total count rate on the detector was limited to
000 c/s and a shaping time of 0.25mm was used on the
amplifier. Good signal-to-noise ratio was obtained by in
grating between 20 and 50 s/point. The polarization vecto
the photon beam was directed along the~011! direction. In
the unstrained zinc-blende structure; the polarization fac
3 S cos2u ~with u the angle between the bond and the pol
ization unit vectors, and the sum being over all bonds! aver-
ages out to 4 for the first shell, as for a powder sample;
small tetragonal distortions such as those encountered
this is still an excellent approximation. The incident flux w
monitored using an Ar-filled ionization chamber. As sta
dards, samples of GaP, InAs, and GaAs were measure
the transmission mode, while a 0.3 mm-thick, unstrain
InGaAs sample deposited on InP was measured in the fl
rescence mode. All spectra were measured at room temp
ture.

Data analysis was performed according to stand
procedures.39,40 The pre-edge and the atomic absorpti
background were simulated with a linear function and a
bic spline, respectively. The XAFS signals were normaliz
using the functionJ3@12 8

3 (E2E0)/E0#, whereJ and E0
are the discontinuity of the absorption spectrum and the
ergy corresponding to the maximum derivative at the abso
tion edge. In Figs. 2~a! and 2~b!, we show the background
subtracted raw data at the Ga and As edges. In Figs. 3~a! and
3~b!, we report the magnitudes of the Fourier transforms
the k2-weighted XAFS signal obtained in the range 2.6
13 Å21 using a Hanning window function. It is clear tha
the line shapes, and thus the total XAFS signal, are do
nated by the first-shell signal, which appears in the ran
1.5–3 Å. The weakness of the second- and third-shell sig
is due to the presence of numerous contributions due to
ferent atomic correlations in the various atomic layers,
will be apparent from our discussion of the first-shell sign
below; each of these contributions contributes with a diff
ent phase shift and the net result is a negligible signal.

It is useful at this point to qualitatively discuss the ma
features of the spectra based on an analysis of Figs. 3~a! and

r-
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10 748 PRB 58F. BOSCHERINIet al.
3~b!. At the As edge, Fig. 3~a!, the spectrum of the InGaA
standard appears to be a linear combination of the spec
of InAs and GaAs, with roughly equal weight; this is reaso
able as in InGaAs the As-Ga and As-In first-shell coordin
tion numbers~CN’s! are expected to be 1.88 and 2.12, r
spectively. Significantly, however, the spectra of all samp
are different from those of InGaAs and inspection of the l
shapes suggests a first-shell environment with an excess
atoms. As for the Ga edge, the spectra of all samples ap
ently resemble closely that of InGaAs~and of GaAs, which
has identical first-shell environment!; we note however tha
Sample 3 has a first-shell peak that is broadened tow
lower distances; comparison with the GaP spectrum sugg
the presence of some Ga-P correlations.

Quantitative analysis was performed by fitting ink space.
An inverse FT was performed in the range 1.6 to 3 Å
order to isolate the first-shell signal. In a SL with abru
interfaces and in the limit of infinite period Ga atoms a
surrounded exclusively by As and As atoms are surroun
by In and Ga with CN’s of 2.12 and 1.88, as describ
above. However, any attempt to fit the Ga signal exclusiv
with As nearest neighbors failed~except for Sample 1! and it
was necessary to include a contribution of P atoms. Thi

FIG. 2. Background-subtracted raw data at the As~a! and Ga
edges~b!. Spectra have been offset for graphical purposes.
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illustrated in Fig. 4 where we show, for Sample 3, in~a! the
best fit obtained without P contribution while in~b! the fit
using a linear combination of Ga-P and Ga-As contributio
obtained as described in the next paragraph; it is clear
without the Ga-P contribution the fit is completely unable
reproduce the experimental line shape in the low-k region,
precisely where it is expected that a light atom such as P
give the strongest contribution.

Each first-shell signal was fitted using a nonlinear lea
squares routine. The Ga spectra were fitted with Ga-P
Ga-As contributions, as described, while the As spectra w
fitted with a combination of As-Ga and As-In signals. E
perimental amplitudes and phases were used. The maxim
number of free parameters is 2DkDR/p'9. For the Ga
edge, seven free parameters were used: two distances,
tive value of the two CN’s~the sum being fixed to four!, two
values of mean-square-relative displacement and two ene
origin shifts. For the As edge, six free parameters were us
the Ga-As distance being fixed to the value found at the
edge. The quality of the fits obtained is illustrated in Fig.
top panel. In Table II we list the As-In and Ga-P CN’s th

FIG. 3. Magnitudes of the Fourier transform at the As edge~a!
and Ga edge~b!. Spectra have been offset for graphical purpose
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found; As-Ga and Ga-As CN’s can be found by subtract
from 4. Apart from the presence of a significant number
Ga-P bonds it is also clear that the As-In CN’s deviate s
nificantly from 2.12, a clear evidence of the deviation of t
structure from ideality. Also listed are the nominal thic
nesses of InP and InGaAs expressed in ML’s (T1 and T2 ,
the period being P5T11T2). The values of the Ga-As
As-In and Ga-P bond lengths found are listed in Table
The determination of the Ga-P bond length is affected b

FIG. 4. Comparison of first shell fits for the Ga edge spectra
Sample 3 without~bottom! and with ~top! Ga-P contribution; the
experimental curve is reported as the continuous line while the fi
the dotted line. The top curve has been offset for graphical p
poses.
n
f
-

.
a

relatively large error, due to the weakness of the signal. I
obvious that each bond length measured has a specific v
~with small variations among the various samples!. This is a
clear illustration of the violation of the VCA in this system
and will be discussed in the next section making referenc
studies of local structure in similar systems.24–35Finally, the
values of mean-square-relative displacements were fo
identical to those in standard compounds, and thus will
be discussed further.

III. DISCUSSION

We have already discussed the fact that the experime
CN’s are not compatible with those expected for a SL w
abrupt interfaces and infinite period. As the period decrea
the relative importance of interface bonds between the
and InGaAs layers increases and this results in an increas
the Ga-P and As-In CN’s. In fact, assuming each layer to
composed of an integral number of~electrically neutral!
ML’s the following relations can be deduced~see the Appen-
dix!:

Nai~Ga-P!5
2

T2
, ~1!

Nai~As-In!5
2.123@T221#13.06

T2
. ~2!

Here the subscript ‘‘ai’’ refers to ‘‘abrupt interfaces.’’ Thes
values can become non-negligible when the nominal la
thicknesses are a few ML’s, as in our case. A structure w
abrupt interfaces was proposed by Vandenberget al.5 in their

f

is
r-
ith

1
5
7
2

TABLE II. Nominal thicknesses of InP and InGaAs layers (T1 andT2), As-In and Ga-P CN’s, excess of the As-In and Ga-P CN’s w
respect to the abrupt interface case, values ofn8(InAsP) andn8(InGaAsP) and minimum values ofx andy.

Sample Code T1 T2 N(As-In) N(Ga-P) d(As-In) d(Ga-P) n8(InAsP) n8(InGaAsP) xmin ymin

~ML ! ~ML ! ~ML ! ~ML !

60.2 60.2 60.2 60.2 61 60.3

1 161 10.2 10.2 2.6 0 0.4 -0.2 3.5 0 0.34
2 384 6.8 6.8 2.7 0.8 0.4 0.5 2.4 1.4 0.35 0.2
3 380 6.8 6.8 2.8 1.4 0.5 1.1 2.5 2.4 0.37 0.3
4 411 6.1 4.4 3.0 1.1 0.7 0.65 2.8 1.2 0.45 0.2
5 406 6.1 4.4 3.1 1.3 0.8 0.85 3.2 1.4 0.52 0.3

TABLE III. Values of Ga-As, As-In, and Ga-P bond lengths in all samples. Also listed is the prediction
of the strained-layer model.

Sample Code T1 T2 R(Ga-As) R(As-In) R(Ga-P)
~ML ! ~ML ! ~Å! ~Å! ~Å!

Model 2.4760.01 2.6060.01 2.4160.01

1 161 10.2 10.2 2.46660.006 2.6060.01
2 384 6.8 6.8 2.47760.014 2.59660.007 2.3960.06
3 380 6.8 6.8 2.47560.008 2.6160.01 2.3760.03
4 411 6.1 4.4 2.4960.02 2.6060.01 2.4060.06
5 406 6.1 4.4 2.4760.02 2.6060.01 2.4560.05
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early HRXRD study. However, the experimental CN’s a
higher than the values predicted by Eqs. 1 and 2; in Tabl
we list asd(As-In) andd(Ga-P) the excess of the respectiv
CN’s with respect to the abrupt interface values. We c
clude that the measured CN’s are not compatible with
simple model of a SL with abrupt interfaces, even if we ta
into account the presence of interface bonds.

Next, we take into consideration the possibility of laye
of InAsxP12x ~at the InP-to-InGaAs interface! and of
In0.53Ga0.47As12yPy ~at the InGaAs-to-InP interface!. There
is indication from HRXRD and 4 K photoluminescence tha
such layers are present9,10,12 and moreover the growth se
quence employed suggests their existence; the ability
XAFS to perform a chemically sensitive analysis, whi
probes in the case of the Ga edge only the second typ
interface, adds further evidence and provides a local st
tural characterization.

Clearly, some simplifying assumptions have to be ma
in order to analyze the data. Specifically we model the s
tem as composed of four smooth and compositionally hom
geneous layers: InP, InAsxP12x , InGaAs, and
In0.53Ga0.47As12yPy ~in that order!. Note that we conside
only the possibility of anion intermixing in the strained la
ers; this simplifying assumption is suggested by the gro
sequence that involves only group-V switches. The sum
the thicknesses of InP and InAsxP12x is taken to be equal to
the nominal InP thickness,T1 , while the sum of the thick-
nesses of InGaAs and In0.53Ga0.47As12yPy is taken to be
equal to the nominal InGaAs thickness,T2. Let n(layer) be
the thickness of the particular layer in ML’s, letn8(InAsP)
be the product of the As concentrationx with n(InAsP) and
likewise n8(InGaAsP) be the product of the P concentrati
y with n(InGaAsP); the following relations involving th
average As-In and Ga-P CN’s,N(As-In), andN(Ga-P), can
be obtained~see the Appendix!:

n8~ InGaAsP!5
T2N~Ga-P!

4
, ~3!

n8~ InAsP!5
@T22n8~ InGaAsP!#3@2.122N~As-In!#

N~As-In!24
.

~4!

In the above formulas the presence of interface bond
neglected. The correction to Eqs. 3 and 4 due to interf
bonds depends on the value of the concentrationsx and y,
which are unknown; the maximum value of the correction
20.5 ML for n8(InGaAsP) and21 ML for n8(InAsP). In
Table II we list values ofn8(InAsP) andn8(InGaAsP) ob-
tained by neglecting interface bonds, with the understand
that a possible error of the above magnitude may be pres
the quantities obtained are thus useful for a qualitative
cussion. The above relations allow to measure directly
product of the concentration with the layer thickness.
lower limit on the concentration can, however, be obtain
by noting that the maximum permissible values ofn(InAsP)
andn(InGaAsP) areT1 andT2 , respectively; the minimum
values ofx andy thus obtained are listed in Table II. Like
wise, the minimum thicknesses of the interfacial layers
obtained by imposingx5y51 and are thus numericall
equal to the values ofn8(InAsP) andn8(InGaAsP) listed in
II
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Table II; the thicknesses of the strained layers are seen t
a significant fraction of the total period.

It is natural to link the presence of these interfacial laye
which are strained for any value ofx or y, to the fact that the
average lattice mismatch of the SL is not zero. Specifica
the InAsxP12x (In0.53Ga0.47As12yPy) layers give a positive
~negative! contribution to the average perpendicular latti
mismatch^Da' /a& for any value ofx(y). We can compare
the above estimates ofn8(InAsP) and n8(InGaAsP) ob-
tained from XAFS to the HRXRD measurements of the a
erage lattice parameter using the following exact relation

P
^Da'&

a
5n8~ InAsP!

Da'
InAs

a
1n8~ InGaAsP!

Da'
InGaP

a
.

~5!

Here Da'
InAs/a and Da'

InGaP/a are the perpendicular mis
fits of pseudomorphically strained InAs or InGaP layers
InP. Since the last two quantities are to a good approxim
tion equal in magnitude but opposite in sign a linear relatio
ship between@n8(InAsP)-n8(InGaAsP)# and ^Da' /a& is
predicted. In Fig. 5 we plot values ofn8(InAsP) -n8(InGaP)
determined by XAFS as a function of^Da' /a& measured by
HRXRD, together with a linear fit; the predicted relationsh
is seen to be obeyed and the slope is, within the errors, e
to the value expected. We conclude that, notwithstanding
simplifying assumptions made, the values ofn8(InAsP) and
n8(InGaAsP) found from the chemically sensitive XAF
analysis are compatible with the lattice misfits obtained fr
HRXRD, which is an inherently averaging technique. W
note that our analysis finds that the sample with the high
values ofn8(InGaAsP) isn. 3, which is reasonable since
is the one grown with longest planarization and switchi
times; it also exhibits the smallest value of^Da' /a&, due to
the thick quaternary under tensile strain.

We now discuss the value of the bond lengths. While i
generally recognized that due to the stiffness of semicond
tor bonds the VCA is violated in bulk pseudobina
alloys,41–44 the situation in a strained layer has only recen
been investigated. In recent publications relative

FIG. 5. Plot of n8(InAsP)-n8(InGaAsP) determined from
XAFS vs P̂Da' /a& determined from HRXRD.
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InAsxP12x ~Ref. 26! and InxGa12xAs strained layers27,28 we
have demonstrated that while the general tendency for s
conductor bonds to be rigid~compared to angles! remains,
strain doeshave a measurable effect on the bond lengt
compressive~tensile! strain will compress~stretch! each
bond, the constant of proportionality being related to
bond-stretching and bond-bending force constants. The
sequence is that bond lengths in strained layers will h
different values than in the bulk; for example fo
InxGa12xAs it was possible to show that the slope of t
bond length versus concentration relation is actually inver
when passing from the bulk to a pseudomorphic layer. T
reader should consult Ref. 26 for details on the strained la
model, which we will use in the quantitative analysis of t
present data. The value of the bond lengths measured a
weighted average over the whole superlattice struct
which we assume to be composed of four layers repe
several times. As-In bonds are present in the InGa
InAsxP12x , and the In0.53Ga0.47As12yPy layers, Ga-As bonds
are present in the InGaAs and In0.53Ga0.47As12yPy layers,
while Ga-P bonds are present only in the quaternary lay
The InGaAs layer is lattice matched to the InP substrate
thus the values of the bond lengths in that layer will be eq
to the value in bulk InGaAs, which we take from th
literature.44

In the two strained layers we use the previously m
tioned strained-layer model to predict the value of the As-
Ga-As, and Ga-P bond lengths. The value of the bond len
in a strained ternary layer can be predicted by performin
linear interpolation between two extreme cases: that of n
ligible tetragonal distortion~in which the values of bond
length appropriate for the bulk can be used! and that of a
binary-on-binary~in which the symmetry of the systems a
lows us to use trigonometry to calculate the bond length!.
This model is directly applicable to the InAsxP12x layers.26

For the quaternary layer we have extended the model usi
virtual cationC5^In0.53Ga0.47&. The results of this extensio
are illustrated in Fig. 6, in which we show the predict
values of the Ga-P, Ga-As, and As-In bond lengths
In0.53Ga0.47As12yPy , both bulk and pseudomorphic on InP.

FIG. 6. Predicted values of Ga-P, Ga-As, and As-In bo
lengths in bulk ~continuous line! and strained ~dashed line!
In0.53Ga0.47As12yPy .
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is clear from the figure that the three bond lengths are p
dicted to be essentially constant with the P concentrationy.
This is due to a compensating mechanism: with increasiny
the free lattice parameter tends to decrease~thus inducing a
small decrease of bond length! while the tensile stress in
creases~thus inducing a small increase of bond length!; the
two effects very nearly cancel each other, resulting in bo
lengths that are constant within;0.01 Å. A very similar
situation is present in InAsxP12x for the As-In bond length,
although in this case the bond length in the strained laye
always smaller than in the bulk.

As already stated, the measured value of each bond le
will be a weighted average of the value in each layer, mak
prediction of the final value in principle difficult due to th
fact that we do not know thickness and concentrations
each atomic species in all layers. However, the near c
stancy of each bond length allows us to circumvent t
problem eliminating the need to perform an average, p
vided we accept an indeterminacy of;0.01 Å; we are thus
able to predict the value of each bond length, which is lis
in Table III.

By inspection of Table III we conclude that the straine
layer model reproduces very well the observed values.
note that the observed near constancy of the bond length
thus correctly interpreted as due to the combined~and oppo-
site! effects of strain and free lattice parameter variatio
Nearly constant bond lengths imply that any variation of t
lattice parameters, including tetragonal distortion, is acco
modated at the local scale predominantly by bond-angle
tortions rather than by bond-length variation.

Let us finally discuss the impact of our results on simu
tions of the electronic structure of InGaAs/InP heterostr
tures. In all simulations, even the most advanced, the VCA
adopted; the question that arises naturally is whether
approximation~which is false from the structural point o
view! is adequate or not in reproducing the electronic str
ture of the system and specifically the BO’s. The discuss
presented in the work of Peressiet al.8 is useful in this con-
text. In this work, an abrupt interface is assumed and thus
presence of interface layers is neglected. Deviations from
VCA are taken to be a perturbation from the average str
ture. The conclusion is that deviations from the VCA have
negligible effect on the valence BO to linear order in t
perturbation; that is, within linear response theory45 the VCA
is sufficiently accurate. Second-order variations have an
fect that is estimated to be of the order of 40 meV. Th
value is approximately 10% of the total valence B
(;350 meV) for this system. In a real heterostructure
situation is more complex due to the presence of strai
interface layers, as we have demonstrated. The relevanc
our work in this context is therefore to provide an accur
quantitative description of the local structure~in a real sys-
tem with strained interface layers!, which can serve as a
basis for simulations going beyond the VCA.
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APPENDIX: RELATIONS BETWEEN MEASURED
COORDINATION NUMBERS AND LAYER THICKNESSES

We wish to show the derivation of Eqs.~1! and~2! for the
CN’s. Equations~3! and ~4! can be derived along the sam
lines. We take the SL to be composed of an integral num
of MLs, each ML being electrically neutral. Each ML
composed of one anion and one cation plane; we use
term ‘‘layer’’ to refer to a number of MLs of identical com
position ~e.g., InP, InGaAs!. A cation plane of an InGaAs
layer will be indicated as InGa for brevity. It is convenient
distinguish between interface planes~those for which one of
the two neighboring planes is not in the same layer! and bulk
planes. Given a central atoma and a nearest neighborb the
average CN,N(a -b), is:

N~a2b!5

(
i

Ni~a2b!ni
a

(
i

ni
a

, ~A1!

where the sum is over all planes,Ni(a -b) is the a-b CN
whena is in the i th plane and ni

a is the number of atoms o
type a in the i th plane. The thickness of a layer will b
indicated asn(layer), in units of ML’s. The nominal thick
nesses of the InP and InGaAs layers will be indicated asT1
andT2 , respectively. Consider an ideal InGaAs/InP SL w
n

n

.

.
t

.

i

m

-

er

he

abrupt interfaces; this is composed of a sequence of pla
which we can indicate as •••In/P/̂ InGa&/As/•••/
^InGa&/As/In/P•••. The inverted sequence may also be co
sidered, but this yields identical results. In bulk plan
N(Ga-P)50 and N(As-In)52.12. For the Ga-P bonds th
only contribution comes from the interface InGa plane; t
Ga atoms in this plane are bonded to two P atoms from
neighboring P layer. Considering that Ga atoms are pres
in all InGaAs layers with identical concentration, applicatio
of Eq. ~A1! yields:

N~Ga-P!5
2

n~ InGaAs!
, ~A2!

which coincides with Eq. 1 sinceT25n(InGaAs) in the ab-
sence of interface layers. As for the As-In bonds we note t
in @n(InGaAs)-1# layers, N(As-In)52.12 ~bulk value!. In
the interface As plane the As atoms are bonded to two
atoms from the neighboring In plane belonging to the I
layer and to 230.53 In atoms belonging to the InGa plane
to the InGaAs layer; thusN(As-In)521230.5353.06 for
the interface As plane. Considering that As atoms are pre
in all InGaAs layers with identical concentration, applicatio
of Eq. ~A1! yields:

N~As-In!5
2.123@n~ InGaAs!21#13.06

n~ InGaAs!
. ~A3!

Again, this coincides with Eq. ~2! since T2
5n(InGaAs). Equations~3! and ~4! can be deduced along
the same lines if layers of InAsxP12x and
In0.53Ga0.47As12yPy are introduced between the nominal In
GaAs and InP ones.
au-

-

.
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