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We have studied InAs/GaSh superlatti¢8t’s) grown with either InSbh-like or GaAs-like interfacéi§'s)
on top of a GaSb buffer layer 0f100 GaAs substrates. The InAs layer thickness was varied from 4 to 14
monolayergML ) while the GaSb layer thickness was kept fixed at 10 ML. The type of IF bonds realized was
verified by Raman scattering from mechanical IF modes. High-resolution x-ray diffraction using one- and
two-dimensional mapping of symmetric and asymmetric reflections allowed us to determine independently the
lattice parameters parallel and perpendicular to the growth direction. The GaSb buffer layer was found to be
fully relaxed whereas the SL's with InSb-like IF’'s were coherently strained to the in-plane lattice parameter of
the GaSb buffer for InAs layer thicknesses exceeding 6 ML. The strain distribution within the SL’s with
GaAs-like IF’'s was obtained from simulations of the x-ray reflection profiles. The SL's were found to be
coherently strained close to the GaSb buffer and showed increasing strain relaxation with increasing distance
from the buffer layer. In addition, these simulations provide an accurate determination of the SL periods.
Well-resolved Raman spectra of backfolded longitudinal acoys# phonons were observed showing for
SL’s with InSb-like IF's folded LA phonon lines up to the seventh order. The spectrum of quasiconfined
optical SL phonons was examined by Raman spectroscopy and by IR reflection. A detailed analysis of the IR
reflection spectra allowed an independent determination of the individual layer widths within the SL stack,
including the spatial extent of the GaAs-like IF mofi80163-18266)06820-4

l. INTRODUCTION of HRXRD space mapping in particufat® are valuable
tools for the structural analysis of semiconductor SL'’s.
There is considerable current interest in INAs/GaSb superStructural parameters such as, e.g., the SL period and the
lattices (SL's) because of their broken-gap type-ll band average lattice parameters of the SL and, for heteroepitaxial
alignment with the conduction-band minimum of InAs lying growth, also the strain situation in the buffer layer and the
below the valence-band maximum of GaSb. For sufficientlySL stack, can be evaluated with high accuracy. For group IlI
thin InAs and/or GaSb layers the sum of the quantizatiorarsenide-antimonide SL’s, it has been observed before that
energies of electrons and holes exceeds the band overlapnventional rocking curve measurements very often yield
between the InAs conduction band and the GaSb valenceslatively broad reflection profiles of the SL*$1? The rea-
band. As a consequence, a spatially indirect SL band gagpon for the observation of such broad profiles is related to the
opens between the topmost quantized hole state in the Ga$Materials properties and the measurement procedure, in par-
layers and the lowest confined electron level in the InAsticular to the open-ended detector conventionally used for
layers. Thus, the SL band gap, which determines the infrarego-called rocking curves. We addressed this problem by re-
(IR) optical properties of InAs/GaSh SL's can be “tuned” cording two-dimensional angular diffraction space m&py.
through the entire mid- and far-IR spectral range by varyingplacing a narrow slit in front of the detector the ambiguity
the individual layer thicknessésThis property makes InAs/ can be removed that diffracted intensity originating from
GaSb SL'’s interesting for applications in IR detecfoas  several more or less extended peaks in reciprocal space enter
well as in IR lasers. Since there is no common anion or the orifice of the detector at slightly different diffraction
cation across the InAs/GaSb heterointerface, two types adngles without being discriminated.
interface bonds can be formed, either InSb- or GaAs-like. It Raman spectroscopy has found widespread use for the
has been shown that the band overlap at the InAs/GaSktudy of vibrational modes in semiconductor St3sFor
heterojunctiof® as well as the IR absorption cutoff wave- InAs and GaSb the bulk phonon dispersions overlap since
length of InAs/GaSb SL'{Ref. 7), depend on the type of the combined atomic weights within the unit cells of InAs
interface bond. In this study we focus on the effect of the twoand GaSb are roughly the same. Thus, in an InAs/GaSb SL
different types of interfacélF) bonds on the structural prop- quasiconfined optical SL phonons are present, consisting of a
erties of InAs/GaSb SL's, as revealed by high-resolutionset of extended and confined modes, the latter being local-
x-ray diffractometry(HRXRD), Raman scattering, and FIR ized in either the InAs or the GaSb layers. The change of
reflection. both the group Ill and group V atoms at the InAs/GaSb het-
HRXRD in general, and the recently developed techniquesrointerface leads to the appearance of “mechanical” IF
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modes due to the formation of chemical bonds across the
interface not present in either of the two bulk materfarg?® 100 periods undoped SL:
These modes are sharply localized at the interface regions| nwmwinas N=4,6,8,10,14 410°C
and lie either above the optical mod@SaAs-like IB or in

the gap between the optical and acoustic mogdieSb-like

IF) of both InAs and GaSh. Raman scattering by IF modes
allows a direct assessment of the type of IF bonds | undoped Gasb bufier 11000 A 500 °C
formed’*1°|n addition to these optical modes, doublets of
folded longitudinal acousti€LA) phonon lines can be ob-

10 ML GaSb

served in SL’s because of a backfolding of the acoustic pho- | (25 A Gasb/25AAisb)x10 SPSL 500 A 530°C
non dispersion branches onto a reduced Brillouin zone given| ass nucleation layer 1000 A 570°C
by the SL period?
. . . 4 ML AlAs (2ML GaAs-4 ML AlAs)x2 100 A 580 °C
Recently, far-infrared(FIR) absorption and reflection d
spectroscopy have been used to study the optical phononj SaAs!layer 1000 A 580°C
modes in InAs/AISb heterostructures. From these experi- | gaas substrate (semi insulating) 500 pm

ments insight was gained into the structural properties of

these heterostructures including the chemical bonding at the )
heterointerface, and the spatial extent of the interface FIG. 1. Growth sequence of the present InAs/GaSb SL's grown

region?®-22InAs/AISb heterostructures as well as the present"'" e'thﬁf 'anb'l.'ke c:r GZAé"gs :)Ff? O'?loo) GaAs substrates
InNAs/GaSbh SL’s can be grown heteroepitaxially on GaAs "9 a thick strain relaxed Ga uter 1ayer.
substrates using appropriate buffer layet$?The frequen- _ _
cies of the optical phonons of InAs, AlSh, and GaSb are welthick AISb nucleation layer, af8-ML GaSh/(8-ML AlSb)
separated from the spectral region of the reststrahlen band §foothing SL, and a 1.m-thick strain relaxed GaSb
the GaAs substrate for which the sample is opaque. Therduffer layer were grown, followed by the 100-period InAs/
fore the optical density in the spectral region of the optical®aSb SL(see Fig. 1 The InAs/GaSb SL was grown at
phonons of the constituents of, e.g., the InAs/GaSb SL is oft10 °C as measured by a thermocouple calibrated to a
the order of one. It has been shown that the frequency of thehange in the surface reconstruction of GaSb. For further
InAs transverse opticlTO) phonon in InAs/AISb quantum- details on sample growth see Ref(.5 25..The InAs layer thick-
well structures depends on the elastic strain experienced H}ESS was varied from 4 to 14 M, while the Gasb layer
the InAs layer€® Evidence has been given that only the thickness was kept constant at 10 ML. In the followithg
nondistorted regions of the InAs layers away from the hetML INAs)/(10 ML GaSh SL’s will be designated asi/10
erointerfaces contribute to the TO phonon absorption&ine. SL'S. For each SL period pairs of SL's were grown with the
In addition, the width of the IF region can be extracted fromShutter sequence for the growth of the interfaces chosen for
the FIR data. the deposition of either 1-ML InSb or 1-ML GaAs. These
We report on a systematic investigation of the structurafhutter sequences rgsulted in the intended fc_;r.mation of either
and vibrational properties of short period InAs/GaSh SL’s,InSb- or GaAs-like interface bonds, as verified by Raman
grown by molecular-beam epitaxMBE) with either InSh-  SPectroscopy of IF modesee Sec. 11l B _
or GaAs-like IF’s. All SL's were in the semiconducting re- = FOr HRXRD measurements we used a diffractometer as
gime with a constant GaSb layer width of 10 ML and InAs depicted in Flg..2. equipped with a.two-crystal four—reﬂecnon
layer widths ranging from 4 to 14 ML. For these layer thick- G beam conditionéf (220 reflection mode a four-circle
nesses the effective SL band gap is expected to vary betweg_plenan cradle_ for sample and detector positioning, and a
0.41 and 0.12 eV corresponding to the 3—A@-wavelength _hlgh-accuracy mcrem_ental encodgr for accurate angle read-
range®* ing of the  position (resolution 0.0001°, accuracy
The present paper is organized as follows. Section Il gives-0-0003). L L
a short description of the sample growth and of the various With Cu Ka, radiation (A~0.15406 nm originating
experimental techniques applied. In Sec. Ill the HRXRDfrom a line focus set perpendicular to the plane of dispersion,

data are presented and analyzed. Section IV covers the R§1e dimension of the x-ray beam at the position of the center

man spectroscopic results. The results of FIR reflection mea-
surements are presented in Sec. V together with their quan-

o / . . |
titative analysis. Finally, a summary and the main sampre

conclusions are given in Sec. VI. X-ray source primary beam
(line focus) width: 60 um
22N }
X Y ™~
II. EXPERIMENT -~
_ 4-fold Ge (220)
Samples were grown by solid-source MBE on undoped beam conditioner 065 mm
semi-insulating(100 GaAs substrates. Molecular beams of
Sh, and As were used. The Y1l beam equivalent pressure detector slit =
ratio was between 1 and 2 for the growth of GaSb and 10—15 width: 125um AV getector

for the growth of InAs. Growth rates were in the range 0.8—1
pum/h. Sample growth started with a GaAs layer and a 10- FIG. 2. High-resolution x-ray diffraction setupdimensions
nm-thick (2-ML GaAs)/(4-ML AlAs) SL. Then, a 100-nm- given are within the plane of dispersjon
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of the Eulerian cradle amounted to 0.06 ;0 mm(width  refinement of the various structural parameters associated
Xheighy. The samples were of 10 mx10 mm size, their with the INAs/GaSb SL we made use of x-ray reflection pro-
surface was positioned to within 0.03 mm of the cradle’sfile simulations based on the dynamical theory of x-ray dif-
center. We used an open detectacceptance angld2d fraction (Takagi-Taupin formalisfif). In particular we used
=4°) for low-resolution measurements. our own simulation prograf and a simulation package pro-
In order to improve the signal-to-background ratio and tovided by Siemens offering the important possibility to relax
increase the angular resolution additional slit collimation onstrained layers®>2
the detector side was used in a way similar to that shown by Raman measurements were performed either at room tem-
van der Sluis. For high-resolution scans a 126nxX10 mm  perature or at 77 K in backscattering geometry from the
slit in front of the detector resulted in an acceptance anglé100) growth surfaces. The spectra were excited with several
A26=0.04°. Two-dimensional reciprocal-space scearggu- lines of a Kr-ion and an Ar-ion laser. The laser light with a
lar space mapswere recorded using a 0.5-mm slit in front of power of about 150 mW was focused to a spot size ofit0
the detector. This setting, tailored according to step sizem diameter at the surface of the sample. For the InAs/GaSb
(Aw/A26) used for the relatively large two-dimensional SL’'s under study, the probing depth is 10—-30 nm at room
scans, corresponds to an acceptance afgi=0.12°. temperature for the present range of photon energi#e
Prior to the measurements, the samples were alighed onszattered light was dispersed by a triple monochromator and
two-arc goniometer head inside the Eulerian cradle in such detected with a liquid-nitrogen-cooled silicon charge-
way that thg 001] direction of a specimefi.e., the normalto coupled devicéCCD) detector array. The spectral resolution
the surface of the specimemas set perpendicular to the varied between 1 and 2.5 ¢th
vertical w axis to better than 0.01°. In addition, using GaAs Fourier-transform spectroscopy was used to measure the
444 asymmetric reflections, [410] direction was adjusted FIR reflectivity at spectral resolutions of 0.1-0.2 chusing
parallel to thew axis to better than 0.05°. By virtue of this a Ge bolometer for detection, operated at 2.3 K. The samples
aligning technique a Bond-type measurement procétitte were mounted in a cold finger cryostat and cooled to 77 K.
was possible where all reflections belonging to the crystalloSamples were wedged to avoid interference fringes originat-
graphic zone in the plane of dispersi@re., perpendicular to ing from the GaAs substrate.
both w axis and g110] direction of the specimenare ac-
cessed subsequently by rotating the specimen around the
axis only. lll. HIGH-RESOLUTION X-RAY DIFFRACTION
Tilts between substrate and film are thus easily checked
for by comparing 00 reflection profiles taken at both sides
(—26 and +26) of the primary x-ray beam. In order to es-  Figure 3 shows diffraction profiles of a 4/10 SL with
tablish the more or less strained lattice parameters of th&aAs-like interfaces taken by scanning in t8&20 mode
substrate and the buffer layers we scanned subsequently théong the[001] direction in the 004 reflection range, using a
002, 004, 006, 115(grazing incidencg and 115+ (grazing fully open detectofupper curve or a narrow slit in front of
exit) reflection ranges. With all sample movements donehe detectoflower curve. On using the narrow detector slit,
only around thew axis (see Fig. 2 we can combine the the resolution of the various diffraction peaks present in the
readings from peak positions within the different reflectingx-ray reflection profiles improves considerably. Apart from
ranges and then correct for refraction. In most cases we olthe peaks attributable to the GaAs substrate, the AISb and the
tain the lattice parameters perpendicular and parallel to th&aSb buffer layers, several SL pedldenoted by 0;+1, +2,
plane of the specimen directly, i.e., without recurrence to aretc) are resolved in particular in the lower reflection profile.
internal standard except for the wavelength used. For th&@hese peaks possess a shape consisting of a section with

A. Experimental x-ray reflection profiles
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FIG. 4. X-ray reflection profilegsmoothed near 004 fundamental reflections Mf10 SL’'s grown onto a GaSb buffer layer ¢001)
GaAs with(a) InSbh-like interfaces an¢b) GaAs-like interfaces.

high intensity at the low-angle side and a less intense shoulayers, i.e., the, value for the SL nearly corresponds to that
der extending to highe® values. of the GaSb buffer. For SL's with InAs layer widtlst ML,

An even more detailed view of the situation is given in however, the distinct shift of the SL peaks to lower angles
the two-dimensional angular diffraction space map in theshows that the, values of the SL's are slightly larger than
lower part of Fig. 3. This angular space map is obtained bythose of the GaSb buffer. For the samples with GaAs-like
measuring severad/20 scans with different offset&n—0), interfaces all SL peaks are somewhat less well defined. How-
where w denotes the angle between the sample surface areler, the position of the “0” peak on the high-angle side of
the incident beam, and®®the angle between incident and the GaSb buffer peak indicates that heredhevalues of the
diffracted beams. We notice that the SL diffraction peaksSL’s are distinctly smaller than the, values of the GaSb
show considerable broadening perpendicular to the mediabuffer. The broadening of the SL reflections observed with
line, wherew=0 (i.e., a®/20 scarn. The intensity along this these samples is due to relaxation and will be discussed be-
median line corresponds exactly to the better resoW&® low.
reflection profile displayed as the lower curve of the one- In order to determine the lattice parametejgarallel to
dimensional scans shown in Fig. 3. Reflection maxima origithe growth plane and the strain situation within the SL from
nating from peaks of the substrate and the GaSb and AlShsymmetric reflectionée.g., 113, we have to resort to either
buffer layers show nearly circular maxima on this map. two-dimensional reflection mapping or to one-dimensional

The largest broadening of the SL peaks in the angulareflection profiles taken with an open-ended detector. Figure
space map is always found at the low-angle Si#®) of 5 shows one- and two-dimensional reflection profiles in the
these peaks. At the high-angle side the SL peaks are confineshgular range of the 115 fundamental reflections for a pair of
to a region close to the median line. In order to explain thisl4/10 GaSb SL samples with either InSb-like or GaAs-like
behavior we make use of a result presented later on. Sonieterfaces.
periods of this SL are strained to the in-plane lattice param- The measurement of angular space maps of asymmetric
eter of the GaSb buffer; these periods give rise to intensityeflections is performed in much the same way as with sym-
collected at the high-angle part of SL peaks. However, mosinetric reflections. In order to display a line of reference in
SL periods are either partly or fully relaxed, which results insuch a map it is convenient to include an anglén the
a shift of the peak positions to lower angles and the considelescription of the ordinate. In the present map this angle
erable broadening observed perpendicular tg @19d] direc-  equals the angle betwe&@01) and (115 planes in a cubic
tion. lattice and amounts t@=15.793°. Thus we expect to find

Figure 4 shows x-ray reflection profiles near the 004 funpeaks belonging to unstrained cubic lattices along the line
damental reflections for all samples investigated in this studwith «—0®+¢=0, which is the case for the GaAs substrate
recorded in the high-resolutiod/20 scan moddi.e., with a  and the completely relaxed GaSb buffer layer. The SL peaks
125-um detector slit From the SL lattice peaks assigned are found to be located along a slightly curved l{iimerecip-

“0” the average lattice parameta, perpendicular to the rocal space these peaks are neatly aligned on a straight line
growth plane is obtained. For the samples with InSb-likewhich intersects the line witlw—®+¢=0 near the GaSb
interfaces the “0” peak of the SL's nearly coincides with the peak at the position where we expect the “0” peak of the
peak of the GaSb buffer layer in the case of the thicker INASSL’s (including knowledge from 004 reflection profijes
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FIG. 6. Plots ofAg? vs g2 for symmetric x-ray reflections @0
of the GaSb buffefJ) and the 4/10 SIKA) of a SL sample with
GaAs-like IF's and the 14/10 SL of a SL sample with InSb-like IF’s
©).

scangFig. 3). For the present SL’s the broadening of the SL
diffraction peaks is considerably larger perpendicular than
parallel to the®/20 scan directior{see Fig. 3. Thus, a cross
talk between these two peak widths is negligible despite a
detector acceptance angle of 150 arcsec. Therefore, for the
present samples slit collimation is sufficient to evaluate the
peak broadening of the GaSb and several InAs/GaSb SL re-
flections observed i scans. Assuming convoluted Gauss-
ian contributions we reduced the observed full width at half
maximum (FWHM) taking into account an experimental
broadening of 40 to 120 arcsec depending on the Bragg
angle # and the measured FWHM encountered in €0
scan of the same peak. This yielded reasonable values for the
actual peak broadening because the instrumental contribution
to the observed peak widths was always small.

The broadening of the @Oreflections translated into re-
ciprocal space are plotted in Fig. 6 as a function of the re-

FIG. 5. One- and two-dimensional x-ray reflection profiles of Ciprocal lattice spacing of the corresponding O@flection

two 14/10 SL's with (a) InSb-like interfaces andb) GaAs-like

interfaces.

[see Appendix A, Eq(A4a)]. Data are shown for the GaSh
buffer and the InAs/GaSb SL reflections of the 4/10 SL with
GaAs like interfaces shown already in Fig. 3 and, for com-

Thus, both superlattices are elastically strained near to thearison, of a 14/10 SL with InSb-like IF’s are also given in
cubic lattice constant of the GaSb layer. The better structurdtid. 6.

perfection of the SL with InSb-like IF's is evident from both

one- and two-dimensional reflection profiles.

B. Peak broadening mechanisms

The evaluation of the data for the GaSb buffer shows that
the “crystallite size” parallel to the surface, which is the size
of coherently reflecting domains as obtained from the inter-
cept with the ordinate, is 41150 nm. This value amounts
to roughly 1 of the total thickness of the GaSb layer. Mosa-

In order to examine the present peak broadening, obicity tilts constitute the major contribution of the broadening
served in particular for SL's with GaAs-like IF's, we may and amount to approximately 0.0¥8.002°, i.e., 0.04° with
distinguish several possible mechanisms: tilting of differentrespect to the surface normal.
regions of the SL film, inhomogeneous strains, and a reduc- The InAs/GaSb SL of the same samfiiég. 6) showed a
tion of the size of reflecting crystallite domains within the SL significant amount of relaxation that is inhomogeneous
film. Using the reciprocal lattice concept we can distinguishacross the SL stack. Therefore we performedscans at
between these mechanisiisee Appendix A

Prior to the evaluation of the measured reflection half-peaks(these positions coincide with the largest peak exten-
widths one has to consider the experimental contributionsions in the angular space maps; see lower part of Fig. 3
from wavelength dispersion, beam divergence, beam widthThe crystallite size parallel to the surface amounts t&x 94

and the acceptance angle of the detettdn our case slit

those ® positions where we encountered the strongest

nm, which is about} of the crystallite size in the GaSb

collimation on the detector side was very effective in im-buffer. Again mosaicity tilts constitute the major contribu-

proving the visibility of especially the SL peaks 8/20

tion to the broadening and amount to approximately 0.37
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TABLE |. Materials parameters used for the modeling of x-ray reflection profiles.

ao (A) Cll (Gpa C12 (Gpa 14 a (K_l) Ref.
GaAs 5.6536 119.00 54.00 0.312 800 ° 36, 37
InAs 6.0584 83.29 45.26 0.352 520°° 35, 38
GaSb 6.0959 88.42 40.26 0.313 XB0°° 35
InSb 6.4794 66.69 36.45 0.353 %40 ° 35

+0.02°, i.e.,=0.18° with respect to the surface normal. We rectly. Therefore, we do not expect to obtain always a full-
checked this finding by rotating around the diffraction vectorprofile fit with respect to peak intensities, and will have to be
prior to thew scans and obtained the same FWHM with all cautious to deduce compositional details “inside” the short
azimuths(increment 15f within the standard erro5%). In period SL’s from x-ray reflection profiles using these simu-
particular we did not find a difference with respect to the|ations. Fortunately, the program’s ability to fit peak posi-
amount of the tilt around110) and(100 directions for this  tijons and thus extract SL periods and lattice parameters from
sample. . . x-ray reflection profiles is not affected by the problems de-
The InAs/Gasb SL's of samples with InSb-like IF's are geripeq above, because this feature depends on the program’s
mostly elastically strained and yield sharp reflections. F'gurecapability to handle crystal lattices, in the form of strained

6 sfhowsfthetﬁffeclztluolforegﬁctﬁﬁ broadterlwlllr;g paraliel to hhTunit cells rather than crystal structures with emphasis on
surtace for the - 'he crystallite Sizes paralielyygmic positions and interatomic relationships.

(20627 nm to the surface are about a factor of 2 smaller The fitting procedure started by fixing the periBg, of a

compared to those of the GaSb buffer layer. We tacitly as- .
sume that all GaSb buffer layers grown under the same co SL extracted from the spacing between SL peaks. Then, the

ditions are similar with respect to the crystallite sizes. Mo_qocatlo_n of th_e zero-order SC0” SL) peak In symmetric
reflection, which yields the average lattice paramateper-

saicity tilts constitute the major contribution of the : ) .
broadening and amount to approximately 0.869003°(i.e., pendicular to the growth plane, was determined combining

+0.035° with respect to the surface normathich is nearly data from 002, 004, and 006 reflection ranges. Next the po-

the same value as obtained with the GaSb buffer and a fact§#tion of the zero-order SL peak was fitted by adjusting the
of 5 smaller compared to the 4/10 SL with GaAs-like IF’s thicknesses of the differently strained InAs, GaSb, and inter-

shown in Fig. 6. face layers within one SL period. In order to reduce the
number of variables, we kept the number of GaSb bilayers in
one series constant and fixed the width of the interface layers
for all samples with the same type of interface. With the SL
In order to extract precise values for the structural paramperiod given, the number of InAs bilayers is thus fixed for
eters of the SL’s, i.e., perioBg_and lattice parameterd,  each sample. The remaining parameter representing the av-
anda, , from x-ray reflection data and gain additional infor- erage degree of relaxation with respect to the GaSb buffer
mation on the relaxation within the SL stack, we performed ayas adjusted until a reasonable fit of the peak positions in
full profile modeling of one-dimensional reflection profiles 5gymmetric reflections was obtained. In order to account for
for the 002, 004, and 115 reflections of all samples. the observed peak widths for the SL’s with GaAs-like inter-

The material parameters used in the simulation of x-ray, e e subdivided the 100-period SL's into units with the

C. Determination of lattice parameters via profile fitting

refflc:lctlon profiles are given |fn 'rl]'able?ﬁ.b Forfe} descnpr?nA same degree of relaxation.
% the structures in terms of the number o ayers ot INAS, ~ The determination of the structural parametBrs , a,,
aSh, InSb, and GaAs we used a procedure similar to that : : :
shown by Watermaret al.” We composed the SL of layers _andal Z.ind the m_odelmg of strain profiles do_es not necessar-
with a thickness oft ML or } of the elastically strained ily require a detailed knowlt_adge of the chem_lcal composmo_n
sphalerite lattice parameter of the respective binary com@nd the layer sequence within one SL period. However, in
pound. Unfortunately, the spatial resolution along the growttPrder to improve the fit of the x-ray diffraction profiles we
direction is lost to a certain extent, as our simulation pro-décreased the width of the GaSb layers by 1 ML for SL's
grams need complete unit cells to calculate x-ray structur&ith InSb-like IF’'s and decreased the InAs layer width by 1
factors. Thus, to account for the IF regions we can eitheML for both types with respect to the nominal values.
form mixed ternary or even quaternary compounds averaging In addition we increased the IF width from 0.5 ML, cor-
over four layers or slice structure factors calculated fromresponding to an ideally abrupt IF, to 0.75 ML for SL’s with
virtual complete unit cells. In either case, information re-GaAs-like IF’'s. As both InAs and GaSb exhibit roughly the
garding the phase of the structure factors is lost. In principlesame monolayer thickness, their relative thicknesses can be
this loss may influence relative peak intensities and can inmodified without much impact on the overall strain. We ob-
duce minute peak shifts. tained good profile fits for all samples with InSb-like and
Forming a mixed crystal perpendicular to the interface hassaAs-like interfacegsee Figs. 7 and)8In particular, the
the additional effect that alternating strains in adjacent layerpeak positions have been well reproduced. With respect to
may not be properly accounted for. At present, this problenthe peak intensities the agreement is less satisfying. Some of
cannot be resolved, as we are not aware of any simulatiothe peaks measured were near extinct in the simulations and
program where atomically thin layers can be handled corvice versalexamples for these peaks can be found in Figs. 7
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FIG. 8. Measured and simulated x-ray reflection profiles for a
10/10 SL with GaAs-like interfaces covering) 004 reflection
range andb) the 115—) reflection range. The simulated profile has
been smoothed with background added.

FIG. 7. Measured and simulated x-ray reflection profiles for a
10/10 SL with InSb-like interfaces coverin@) the 004 reflection
range andb) the 115—) reflection range. The simulated profile has
been smoothed with background added.

and 8. A possible reason for this has already been discussedith the IF’s closest to each other, shows some relaxation
and will be the subject of further study. with the in-plane lattice parameter of the SL being larger
Table Il lists refined values for the SL periods and thethan that of the GaSb bufféFig. Aa)]. In agreement with
average lattice parameters of the InAs/GaSb SL’s as deteearlier work by Bennettet al®® on InAs/GaSb SL’s and
mined from the above fits of the measured x-ray peak posiSpitzeret al*° on InAs/AISb SL’s we find that samples with
tions (confidence interval in parenthese€omparing these InSb-like interfaces are less prone to relax than samples with
values with those calculated on the basis of the nominal layeGaAs-like or nominally AlAs-like IF’s. As reported by Laz-
thicknesses, we find that the observed SL periods tend to beari et al*! the critical thickness of thickAIGa)(AsSh lay-
slightly smaller. We thus confirm similar observations byers deposited 0rf001) GaSb depends on the direction of
Watermanet al.” and Bennetet al3® The differences, how- stress. For tensile strain the critical thickness amounts to
ever, are small and do not show a clear dependence on, e.goughly 20% of the thickness for which layers will start to
the type of IF bonding. Thus the differences may be causetklax under compressive strain. Our observations support this
by statistical fluctuation of the SL period within the 100- finding: SL’s with GaAs-like IF’s are under tensile strain and
period SL film. Judging from these data, we do not feel ashow stronger relaxation than SL’s with InSb-like IF’s,
necessity to discard the use of elastic deformations based avhich are under compressive strain.
macroscopic elastic theory, even though this theory may be Reflection profiles for SL's with InSb-like IF’'s showed
only an approximation when dealing with thin heavily narrow reflection profileg¢Fig. 7), which were fitted satisfac-
strained layers. torily assuming a constant strain throughout each SL stack.
In Fig. 9 the variation of the average lattice parameterd=or SL’'s with GaAs-like IF’'s, however, profile fitting of the
perpendicular[Fig. 9a)] and parallel[Fig. 9b)] to the considerably broadened SL peaksg. 8 was only accom-
growth direction is displayed for the two series of samplesplished assuming a strain distribution. These strain profiles
In particular for all SL's grown with GaAs-like IF's we find were constructed assuming a unidirectional strain distribu-
that the average in-plane lattice paramedgiis systemati- tion, with the portion of the SL stack closest to the GaSb
cally smaller than that of the GaSb buffer layer, which indi- buffer being coherently strained. Thus, for all SL's the in-
cates that these SL'’s are partially relaxed. For the SL’s wittplane lattice parameter, at the SL-buffer interface is that of
InSh-like IF’s, in contrast, only the 4/10 SL sample, i.e., thatthe GaSb buffer with the lower part of all SL's being sub-



53 EFFECT OF INTERFACIAL BONDING ON THE STRUCTURA. .. 15695

TABLE II. Intended and experimentally determined structural parameters dfith@ SL’s.

Nominal SL IF type SL period Average lattice parameters of the SL
sequence intended observed intended observed

InAs/GaSh Ps. (A) Ps. (A) a, (A) a, (&) a, (&) a, (A

4/10 InSb 43.4 40.92) 6.096 6.136 6.1178) 6.129(6)
6/10 InSb 49.4 48.41) 6.096 6.122 6.0876) 6.131(5)
8/10 InSb 554 52.81) 6.096 6.110 6.0954) 6.115(3)
10/10 InSb 61.5 57.81) 6.096 6.101 6.0964) 6.107(3)
14/10 InSb 73.5 69.61) 6.096 6.087 6.0904) 6.097(3)
4/10 GaAs 41.7 41.3) 6.096 6.014 6.04410) 6.041(8)
6/10 GaAs 47.7 49.99) 6.096 6.014 6.07010) 6.022(8)
8/10 GaAs 53.7 53.03) 6.096 6.014 6.0818) 6.012(6)
10/10 GaAs 59.7 56.73) 6.096 6.015 6.0758) 6.020(6)
14/10 GaAs 71.8 70.62) 6.096 6.015 6.07410) 6.025(8)

jected to tensile strain. With increasing distance from the(4/10) is different in two respects. First, complete relaxation
GaSb buffer the SL’s relax. In the case of the thicker InAsis reached after approximately 30 periods. Second, the strain
layers (14/10; 10/10 the strain profiles are “straight” and in the presumably upper half of the SL film is constant and
nearly the same within the experimental uncertainty. Her&eompressive. We note that the average lattice parameters
the uppermost layers are relaxed to a state with very lovgiven in Fig. 9 for the samples with GaAs-like IF's are in
strain. The strain profile of the sample with an “intermedi- fact the arithmetic averages of the position-dependent lattice
ate” thickness of the InAs layer®@/10 shows a “straight”  parameters shown in Fig. 10.

behavior with some tensile strain left at the surface. The A possible explanation for the very early relaxation ob-
strain profile of the sample with the thinnest InAs layersserved in the SL with the thinnest InAs layers is the relative
closeness of two highly strained interfaces, which promotes
relaxation. We attribute the reduction of the strain towards

6.20 (a) the surface in the SL’'s with the thicker InAs layers to an
T 1 increase in the number of dislocations. A similar observation
= 6157 GaSb has been made for the related system InAs/AISb SL on
5 61012 / (100AISb buffers by Spitzeet al*°
° CUTTGTETT B S o It is tempting to attribute the appearance of compressive
£ 1 o) (o] O . . o .
S 6054 o strains in the uppermost part of some filrtie particular
3 ] those with 4- and 6-ML InAs and GaAs-like 1F’¢o the
8 6.00- difference in the thermal expansion between substrate, buffer
= ] O InSb-like IFs layers, and the SL film& However, a calculation with
5.95 - O GaAs-like IFs room-temperature expansion dafBable ) in the present
T T T T T T case shows that the amount of thermal strain that is expected
4 6 8 10 12 14 with respect to the GaSb buffés,en~—4x10 %) on cool-
InAs layer width (ML) ing down from growth temperature to room temperature is

not sufficient to explain the observed amount of compressive

strain in the upper part of the SL’s with 4 and 6 InAs ML
6.20 - (b) (e0pe=—2.5X10 % and —1.2x10 %), even if we assume that
< 6.15 ] these SL portions might have been fully relaxed already at
e . growth temperature.
o) R o
é 6.10 oo e a--
g 6.05 4 o ' IV. RAMAN SPECTROSCOPY
o ]
8 6.00 - 0O o © © Room-temperature Raman spectra covering the frequency
£ ] range of the quasiconfined SL phonons and that of the zone-
T 595 folded LA phonons are shown in Fig. 11 for a pair of 4/10
; ' . . : . SL’s with either GaAs- or InSb-like IF’s. Besides the longi-
4 6 8 10 12 14 tudinal optical SL phonon$LO(SL)] and the GaAs- and
InAs layer width (ML) InSb-like IF modes at frequencies above and below the

LO(SL) phonon liné*1° well resolved and intense zone-
folded LA phonon peaKs®“3are observed for both types of
FIG. 9. Average lattice parametersNf10 SL's with InSb-like  |IF bonds.
IF’s (O) or GaAs-like IF's(O) (a) parallel to the growth plane and The dependence of the spectrum of IF modes on the in-
(b) perpendicular to the growth plane. tended type of IF bonds is shown more closely in Fig. 12.
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b= FIG. 11. Room-temperature Raman spectra of a pair of 4/10
;E 604 SL’s with (bottom) InSb-like and(top) GaAs-like IF’s. Optical ex-
3 citation was at 1.92 eV. Polarization of the incident and scattered
% light was parallel to the samel10) crystallographic direction
3 40 [x(y",y")X.
g
g'j) 20 of As into the GaSb layers at concentrations below*%.
g Figure 13 shows room-temperature Raman spectra of
é O+——T—"— T SL’s with GaAs-like IF’s for InAs layer thicknesses of 4, 8,
3 6.00 6.05 6.10 and 10 ML. The spectra were excited at 2.41 eV in between
lattice parameter a; [A] within section of SL the 2.2- and 2.6-eV SL interband transitidhg minimize

resonance effects. First, there is a systematic shift of the

FIG. 10. Best-fit strain profiles extending through ¥&.0 SL’s
with GaAs-like IF’s from the interface with the GaSb buffer to the

. ) 4ML/10ML
surface of the SL(a) strain perpendicular to the growth plane, and :::s:/g?g:va /
(b) strain parallel to the growth plane. T=L77k
x(y.y)% /O
There, low-temperature spectra are plotted excited close to IF(InSb)

resonance with the 2.2-eV interband transition of the*5L.
For the intended growth of Ga-As IF bonds the GaAs-like IF
mode is the dominant feature in the spectrum. This mode
occurs at a frequency of 256 crhfor the strain relaxed 4/10
SL and at 254 cm' for the 14/10 SL, which is coherently
strained to the GaShb buffer. The observed IF mode frequen-
cies indicate the formation of pure GaAs-like IF bonds with
only a negligible admixture of Sb to the Ga-As IF layér.
The growth of the interfaces with a shutter sequence appro-
priate for the formation of In-Sb IF bonds results in a com-
plete disappearance of the GaAs-like IF mode. Instead, an 15
InSb-like IF mode appears at 190 ¢h This mode fre-
quency is consistent with IHNSh) mode frequencies of 192 .y
and 194 cm? reported in Refs. 7 and 43. The InSb-like IF 200 250 300
mode is, in contrast, not detected for the SL grown with : RAMAN SHIFT (cm™")
nominally GaAs-like IF bonds. The present Raman spectra

clearly demonstrate that the growth of SL's with essentially  F|G. 12. Low-temperaturé77 K) Raman spectra of a pair of
pure GaAs-like or InSb-like IF’'s has been achieved. Thes/10 SL's with(top) InSb-like and(bottom) GaAs-like IF’s. Optical
spectral shape of the LO phonon band shows only a weakxcitation was at 2.18 eV. Polarization of the incident and scattered
shoulder at frequencies above 240 ¢rfor the case of InSh-  light was parallel to the samél00) crystallographic direction
like IF bonds, which indicates an unintentional incorporation[x(y,y)x].

IF(GaAs)
/

INTENSITY (ARB. UNITS)
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FIG. 13. Room-temperature Raman spectra of a selN/aD
SL’s with GaAs-like IF's. The thickneshl of the InAs layers was
varied from 4 to 10 ML. Optical excitation was at 2.41 eV. Polar-
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whole spectrum of SL phonons and the IF mode to higher
frequencies with decreasing InAs layer width. Second, the
relative strength of the GaAs-like IF mode increases with
decreasing InAs layer thickness. The change in mode fre-
guencies can be explained by variations in the elastic strain _ _
in the SL stack. For the 14/10 SL the average perpendicular FIG.. 14. Frequenues of zone-fglded LA p.honons in InAs/GaSb
strain (@, —a,/a,) amounts to—0.82%, whereas for the SL'S with InSb-I_lke IF's (a)_and with GaAs-like(b) IF’s vs the
4/10 SL the average strain is close to zésee Fig. 9. The  average SL pt_eno_d determined by HF_ZXRD. Raman data were re-
LO(SL) phonon band shifts to higher frequencies by 3¢ém corded for exmt_atlon at 1.92 eV. Full lines show calculated folded-
when going from the 14/10 SL to the 4/10 SL sample, cor-M0de frequencies.
responding to a shift of 3.7 cm per 1% perpendicular ,n4 ower IF's are very similar in composition and spatial
strain. For comparison, the strain-induced shift of the GaSR;an43
— . 5 -

LO phonon has been found to be 3.3 chper 1% straiff Zone-folded LA phonon spectra were recorded from both
and that of the TO phonon in InAs has been determined t0 2¢/ia5 of INAs/GaSb SL’s. The 14/10 SL’s show folded LA
cm ' per 1% strairt’ Thus, the strain-induced frequency phonons up to the seventh order for the sample with InSb-
Sh!ﬁ of the LASL) phonons IS Comparat_)le to the frequency e |Fs and up to at least the fifth order for the sample with
shifts reported for the optical phonons in the two bulk con-g,as.like IF’s% The observation of zone-folded acoustic
stituents InAs and GaSb. _ phonons up to the seventh order underlines the high struc-

Recently it has been shown that Raman scattering by thg, 5| quality of the present InAs/GaSb SL samples with
GaAs-like IF mode localized at the upper and lower IF ap-|ngpy.jike IF’s. The finding that zone-folded LA phonons are
pears in thex(y’,y")x and x(z’,z)x scattering configura- - gpserved up to higher orders in SL’s with InSb-like IF’s than
tion, wherex, y’, andz’ denote(100), (011, and(01-1) j;'g) s with GaAs-like IF's is consistent the observation of
crystallographic direction® This finding has been explained broader SL diffraction peaks in HRXRD for the latter than
by the orientation of the Ga-As IF bonds at the up{§8asSb ¢, the former type of SL'gsee Sec. Il
on InAs and the onver(l_nAsson Gash IF along two or- In Fig. 14 the frequencies of the zone-folded LA phonon
thogonak110-type directions” An inequivalence of the Up-  jines up to the fifth order are plotted versus the average SL
per and lower interfaces has been shown to result in d'ﬁerberiod determined by HRXRD, for InAs/GaSb SL’s with
ences in the Raman spectra recorded inxty',y’)x and  |nspy_jike[Fig. 14@)], and for SL's with GaAs-like IF'§Fig.
x(z',z")x scattering conflguratlorfé". For the present InAs/ 14(b)]. Also shown in Figs. 14) and 14b) are calculated
GaSb SL's room-temperature Raman spectra excited ofggeq LA phonon frequencies as a function of the SL period
resonance at 2.41 eV and recorded in #{g',y’)x and p_ The calculations are based on the elastic continuum

x(z',z")x configuration were identical with respect to both model with the frequency of the +mth mode given b{?
the SL phonons and the GaAs-like IF mode. This observa-

tion indicates that for the present set of samples the upper Q. m=(m7m/Pg = AK)V qyer- @

o
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Here Ak is the momentum transferred in the backscatter-
ing experiment, which equals twice the momentum of the
incident photon, ana ., is the averaged sound velocity of
the SL given by W o= BV inast (1—B)vgasy B IS given
by dinas/Psi, Whered 4 is the individual InAs layer thick-
ness, an@ ,5s andv gagpare the appropriate sound velocities
of bulk InAs and bulk GaSb of 3.8810° and 3.9%10°
cm/s, respectively’ There is excellent agreement between
the experimental data for the SL’s with InSb-like IF's and
the calculated curves in particular for the lower order dou-
blets[see Fig. 14a)]. This agreement demonstrates the con-
sistency of the present Raman spectroscopic and HRXRD
results regarding the period of the SL’s under study. [ , |

However, for SL's with GaAs-like IF’'s the first-order 200 250 300
folded LA phonon doublets occur at consistently higher fre- WAVE NUMBER (cm™7)
guencies than for SL's with InSb-like IF's. This becomes
evident from Fig. 14b) when comparing the experimental  FIG. 15. FIR reflectancénormal incidencgof two 14/10 SL’s
data points with the calculated folded LA phonon frequen-with InSh-like and GaAs-like IF's.
cies. According to Eq(1) this frequency shift can be ac-
counted for only by an increase in the average sound velocitphonons of the individual constituents an additional broad
for structures with GaAs-like IF’s as the SL periods deter-band is observed at about 240 chfor the SL with GaAs-
mined by HRXRD are very similar to both types of IF bonds like IF's. This additional band is assigned to the GaAs-like
(see Table Ii. Taking the frequencies of the first folded LA IF mode, observed so far only by Raman spectrostiofy
phonon doublets the relative change in the averaged sour(dee Sec. IY. Arsenic contamination in the GaSb SL layers
velocity amounts to, e.g., 6.7% for the 14/10 SL. The presenieads to the appearance of a GaAs-like TO mode in that
finding that the insertion of Ga-As IF bonds increases thdrequency rangé* As such a contamination at the 1% level
average sound velocity is consistent with the sound velocitgannot be excluded from the Raman and x-ray measure-
of bulk GaAs of 4.7% 10° cm/s(Ref. 47, being significantly ments, a possible contribution from a GaAs-like TO mode
higher than the sound velocities in bulk InA8.83<10°  cannot be excluded. However, the observed mode intensity is
cm/9 and GaSh(3.97x10° cm/s. A quantitative modeling much higher than that expected for this TO mode.
of the average sound velocity including the GaAs-like IF'sis  The complete set of FIR reflectance spectra, covering the
complicated by the fact that the Ga-As IF bonds are highlyspectral range of the InAs and GaSb TO phonon modes, is
strained and therefore it is questionable to represent theshown in Fig. 16 for the two series of SL's. There is, inde-
bonds by using the sound velocity of bulk GaAs. The corrependent of the type of IF bonds formed, a monotonic de-
sponding sound velocity in InSb of 3.41.0° cm/s?®in con-  crease in strength of the InAs TO phonon line with decreas-
trast, differs much less from the sound velocities in bulking InAs layer thickness. All the spectra recorded from
InAs and GaSbh. Therefore, the zone-folded LA mode fresamples with GaAs-like IF’'s show the above-mentioned fea-
guencies measured for SL’s with InSb-like IF's can be ex-
plained by just taking a sound velocity averaged over the
values for the two bulk constituents InAs and G4Sée Fig.

V. FIR REFLECTANCE

InAs/GaSb SL 14 ML/1M1O ML

TO (AISb)

TO (GaSb)

| InSh-like IF

TO (InAs)

REFLECTANCE

GaAs-like IF

o

GaAs
reststrahlen

InAsn /(3<:le10 SL's

;

Figure 15 shows FIR reflectance spectra of a pair of 14/10
SL’s grown with either InSh-like IF'$top) or GaAs-like IF’s
(bottom). The spectra are shifted vertically for clarity. In
both spectra the TO phonon modes of all constituents of the
SL are resolved as sharp features, well separated from the
broad reststrahlen band of the GaAs substrate. The TO pho-
non modes of the InAs, GaSb, and AISb are observed at 219,
230, and 340 cm', respectively. The GaAs reststrahlen band
extends over the range from 270 to 300 ¢miThe InAs TO
phonon line arises from the SL whereas the GaSb TO pho-

GaAs—like interface n=4

REFLECTANCE (ARB. UNITS)

1

i

T0 (InAs)

non band is a superposition of signals originating from the e —
SL and from the 1.lzm-thick GaSb buffer layer. The spec- 180 200 220 240 260
trum of the SL with GaAs-like IF's shows a spectrally sharp WAVE NUMBER (cm™1)

feature superimposed on the broad GaSb TO phonon band.

The AISb TO phonon mode stems from the AISb nucleation FIG. 16. FIR reflectance of two sets of samples, comprising
layer placed underneath the GaSb buffer lafgse Sec. Il N/10 SL’s grown with InSb-like or GaAs-like interfaces. The InAs
and Fig. 3. Comparing the two spectra, besides the TOlayer thicknesN has been varied from 4 to 14 ML.
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TABLE lll. Parameters used in the theoretical simulation of the

FIR reflectance spectra. Exp:. ——
15 1 Theor.: ----
Layer type Oscillation strength Dielectric constant
InSb-like IFs
GaShb 1.25 14.4 w
InAs 2.9 12.25 g ,L Sl
GaAs 1.9 10.9 S DY A
AlSb 1.8 10.24 <
Y
& .5

ture superimposed on the GaSb TO phonon band.

The experimental spectra have been fitted by theoretical
reflectivity curves obtained by calculating the transfer matrix | IF-mode
of the propagation of the electromagnetic radiation in the
whole stratified mediurfi® In order to best model the FIR 210 220 230 240 250
reflectance spectra of the investigated samples, not only the WAVE NUMBER (cm™)
reflectance of the SL but also that of the buffer layers and of . ] .
the substrate have to be taken into account. The dielectric F!G. 17. Comparison between experimerifall lines) and cal-
function eg, of the InAs/GaSb SL'’s has been described in theculgted(dashed linesFIR reflectance spectra of two 14/10 super-
framework of the effective medium approximatiésee Ap- lattices. Spectra have been.offset for clan’ty. The two upper traces
pendix B. To take into account the GaAs-like bonds at the ¢2/éSPond to SL's grown with InSb-like IF's, the two lower curves
interface of the SL's grown with those IF’'s, one SL period Irger;o SL's .Vl;"th. Ga?sr-lhk(e;;s.l_lliorlgLs gror\:vn vgnth G_aAl\s;jhkg_
has been modeled by the following sequence of bilayers: s the contribution of the S-iike I mode has been Includedin

the calculation.
(InAs)n(GaAs-IP \(GaShy (GaAs-1By» . (2)  buffer layers and substrate, have been taken from Ref. 35.
Further details of the calculation procedure are outlined in

The vibrational modes in the layers with thicknessdés  Appendix B.
andM’ are given by the InAs and GaSb TO phonon modes, In Fig. 17 experimentalfull lines) and calculateddashed
respectively. Confinement effects, which result in a series ofines) FIR reflectance spectra are shown for a pair of 14/10
guasi-confined TO modes, are neglected. In the experimer8L’s with different IF’'s. The spectra have been offset for
only the superposition of these modes is resolved. Assuminglarity. The two upper traces correspond to the sample with
a linear response these quasiconfined TO modes can be deSb-like IF’'s, the two lower traces refer to the sample with
scribed by a single mode when an appropriate damping corGaAs-like IF's. For the latter sample the GaAs-like IF mode
stant is chosen. Similarly, also variation of the GaSb TOhas been included in the calculation. The spectra are well
phonon frequency caused by the nonuniform strain can beeproduced by the calculations. From these fits we obtain the
treated phenomenologically by using an averaged mode frérequencies and intensities of the InAs and GaSb TO phonon
guency with an increased linewidth. In order to fit the presentnodes. The quantitative evaluation of the intensities allowed
data a phonon damping between 2 and 3 trhas been us to deduce the thickness of the individual lay@ables IV
chosen(see Appendix B It will be shown below that the and V), while the frequencies provide insight into the strain
nonuniform strain observed by x-ray diffraction leads tosituation of the layers.
shifts in the averaged phonon frequency of about Ttm Furthermore, information on the GaAs-like IF mode is

In the layers with thicknessdd” and M"” an additional gained. The frequency of this mode is determined to 242
harmonic oscillator is introduced to represent the IF vibra-cm™2. If we identify this vibrational mode with a transverse
tional mode. The localization lengths of the GaAs-like IF aremode and assign the GaAs-like IF mode, observed by Raman
described byN” andM”, respectively. The thicknessBisand  spectroscopy at a frequency of 254 ¢thior the present SL,

M of the InAs and GaSb layers are givenMyN'+N" and  in agreement with Ref. 14, to a longitudinal mode we can
M=M'+M", respectively. The GaSb layer thickness hasdeduce the oscillator strengéhfor this IF vibration to 1.25
been fixed at its nominal value of 10 ML. Due to the pres-using the well-known relation

ence of the reststrahlen band of the GaSb buffer the actual TABLE IV. Results of the numerical evaluation of the FIR re-

GaSb layer thickness in the SL's could not be determmecr‘lectance of the series d4/10 SL’s grown with GaAs-like inter-

with sufficient accuracy from the experimental spectra. Byfac es

fitting the experimental FIR reflectivity spectra we were able
to determine the frequencies of the optical modes localizeq,inal comp.

TO (InAs)
TO (GaSb)

(=4

Evaluated thickneésIL) Phonon energieem™?)

in each layer or at the interface of the SL, as well as extraanAS/GaSb(ML) GaAs IE InAs InAs TO  GaSb TO
the actual thickness of the InAs layers and the localization

length of the IF mode, provided the oscillator strength of4/10 3.9 0 229
each mode is know(see Table Il). In the case of GaAs-like 6/10 4.8 2.9 218.5 229
IF layers, the damping factdr has also been determined to 8/10 4.8 5.4 218.8 229
10 cm . For the InAs and GaSb TO phonons in the SL10/10 4.8 7.0 218.3 229
damping factors in the range 2—3 crhave been used. The 14/10 4.8 10.6 218.7 229

other materials parametefEable Il), including those of the
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wEo_ w12'o InAs-N ML/GaSh-10 ML SL's
a=go— 73— - 3 -
wTo 12 “
= InAs TO-Phonon Intensity / g
With this value for the oscillator strength at hand we can S 10
give an estimate of the spatial extent of the eigenvectors of ‘g
the IF mode along the growth direction. » 8r
Resulting values for the spatial extent of the GaAs-like IF @
mode along with the thicknesses of the InAs layers within > 6
the SL stack, also deduced from the modeling of the FIR g
reflectance spectra, are given in Tables IV and V for SL's g 4
with GaAs-like and InSb-like IF’s, respectively. The esti- g
mated localization length of the GaAs-like IF mode of 2—3 o 2[
ML is consistent with eigenvectors calculated for an ideal g
abrupt InAs/GaSb IF with GaAs-like interfacial bonditfy. 0
These calculations showed that, besides the Ga-As bilayer at £ L1
the IF, also the two neighboring atomic planes in the InAs 0 2 4 6 8 10 12 14
layer as well as those in the GaSb layer show a nonvanishing InAs MONOLAYERS (nominal)

vibrational amplitude®
The high spectral resolution of the Fourier transform mea- FIG. 18. Actual thickness of the InAs layersii10 SL's grown
surements allows us to determine phonon frequencies withiwith either InSb-like IF's(squaresor GaAs-like IF's(crossesde-
an accuracy of 0.1 cit. The InAs TO phonon frequencies termined by theoretical fits to the experimental reflectance spectra
obtained by fitting the FIR reflectance spectra are also listefs the nominal thickness.
in Tables IV and V for the SL samples with GaAs-like and
InSb-like IF's, respectively. There is a significant differencestack that are coherently strained. The relaxation of the SL
between the InAs TO phonon frequencies found for SL'swith increasing thickness corresponds therefore to the
with GaAs-like IF’s and those found for SL’s with InSb-like smaller redshift of 0.7 ci-
IF's. The average frequency for the former type of IF bonds The spectrally sharp feature in the GaSb TO-phonon band
is 218.5 cm?® and for the latter type of bonds 217.4 cln  observed for the samples with GaAs-like IF bonds can be
The corresponding low-temperature value for unstraineaxplained by a frequency shift of the GaSb TO phonon of the
bulk InAs is 220.5 crn*.>! SL layers relative to the frequency of the TO mode in the
As discussed in detail in Sec. Il the present InAs/GaSbGaSh buffer layer due to the strain relaxation of the SL's
SL’s with InSb-like IF’'s are coherently strained to the in- grown with GaAs-like IF's. The top part of these SL’s is
plane lattice constant of the GaSb buffer for InAs layer thick-relaxed to a smaller in-plane lattice parameter, which induces
nessedN=6 ML, while the SL’s grown with GaAs-like IF’'s the frequency shift of the GaSb TO phonon. This explanation
show an increasing degree of relaxation with increasing layeis supported by the observation that the SL's grown with
thickness. Based on continuum elasticity theory the frednSb-like IF’'s do not show this sharp feature, except for the
guency of the InAs TO phonon is expected to be shifted bysample with the thinnest InAs layers, which is known to be
1.3 cm! to lower values because of the biaxial in-plane partially relaxed. The other SL’s of this series are coherently
tension to which the InAs layers are subjected in the case dftrained.
coherent strain to the GaSb lattice constdnt>3This shift Besides the information on the strain situation of the SL’s
results in an expected value for the InAs TO phonon fre-obtained from the frequencies of the TO phonons, further
quency in the present set of SL's of 219.2 ¢mThus there insights can be gained by analyzing the mode intensities. In
remains a difference of 1.8 crh between this value and the Fig. 18 the actual InAs layer thickness per SL period, deter-
experimentally determined frequency of the SL’s grown withmined by fitting the FIR reflectance spectra, is plotted versus
InSb-like IF's. the nominal InAs layer thickness given by the number of
The remaining differences of 0.7 and 1.8 thfor SL’'s  In-containing atomic planes. In SL’s with InSb-like IF’s
with GaAs-like and InSb-like IF's between the expectedbonds the nominal width of the InAs layers for each pair of
value of 219.2 cm?! and the frequencies deduced from thesamples is smaller by 1 ML compared to SL’s with GaAs-
experiment cannot be accounted for by strain effects. Insteatlke IF's. Surprisingly, the SL’'s with GaAs-like IF's show a
as we deal with an InAs/GaSb SL with individual layer less intense InAs TO phonon signal, and thus a smaller ac-
thicknesses of the order of 10 ML or even less, most likelytual InAs layer thickness, than SL’s with InSb-like IH'see
phonon confinement effects of the order of 2 ¢nave to  Fig. 18. For both types of IF’s the actual InAs layer thick-
be taken into accourf:1®1718 ness varies linearly with the nominal InAs layer thickness
The smaller redshift of only 0.7 ci found for SL’s with ~ with an extrapolated actual layer thickness of zero for a
GaAs-like IF's can be explained by the partial relaxation ofnominal thickness of 2—3 ML. For all/10 SL samples with
the SL observed with HRXRD at this sample series. AsN=6 the actual thickness of the InAs layers, which contrib-
shown in Sec. lll the in-plane lattice parameter of theute to the TO phonon signal, is smaller than the nominal
samples grown with GaAs-like IF bonds decreases with ininAs layer thickness by the same amount. For the 4/10 GaSb
creasing distance from the value of the GaSb buffer to apSL'’s there is an even further reduction of the actual thickness
proximately the value of InAs. Therefore the strain-inducedcompared to the value expected from the linear extrapolation
redshift can only be expected for the first 20 ML of the SL of the data folN=6. From the analysis of the HRXRD data
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TABLE V. Results of the numerical evaluation of the FIR re- growth direction. The SL’s with InSb-like IF’s were found to
flectance of the series &f/10 SL’s grown with InSb-like interfaces. pe coherently strained to the in-plane lattice parameter of the

- : : —,. strain-relaxed GaSb buffer layer for InAs layer thicknesses
Nominal comp.  Evaluated thicknelL) Phonon energie€m ) ~g M. S1's with GaAs-like IF’s showed a strain distribu-

InAs/GaSb(ML) InAs INAS TO  GaSb TO jon within the SL stack with the first 10-20 SL periods

4/10 1.6 208  being coherently strained but the remaining part of the SL
6/10 4.1 217.2 20g stack showing an increasing degree of relaxation with in-
8/10 6.1 217.2 20g creasing distance from the SL-buffer interface. The details of
10/10 8.0 217.5 2og this strain distribution depend on the SL period. Bringing the
14/10 11.2 271.7 208 GaAs-like IF's closer together by reducing the InAs layer

width, and thus the SL period, was found to result in a de-
crease of the critical layer thickness for strain relaxation.
it is known that the difference between the nominal and the In view of the results of the present HRXRD analysis it is
actual SL period is below 1 Ml(see Sec. Ill, Table }I interesting to note that InAs/GaSb SL's grown on a GaSb
Therefore, we have to conclude that certain regions withirbuffer with InSb-like IF’s are expected to be close to strain
the individual InAs layer do not contribute to the InAs TO compensation because the larger lattice parameter of the
phonon signal. InSb IF layers at least partially offsets the smaller lattice
The same conclusion has been reached, based on IR gbparameter of the InAs layers, depending on the SL period.
sorption data, for InAs/AISb quantum wefl5?® Recently, a  For SL’s with GaAs-like IF’s, in contrast, the smaller lattice
possible explanation of this phenomenon has been fiven  parameters of the GaAs IF layers and of the InAs layers add
the basis of the assumption of a discontinuous strain distriup to an average SL lattice parameter significantly smaller
bution within the InAs layers in the vicinity of the IF's. A than that of the GaSb buffer layer. Thus, SL’s with GaAs-
change of the lattice parameter in the planes facing the IF’§ke IF’'s are expected to be subjected to much higher tensile
results in a shift of the TO phonon frequency of the InAsstrains and the critical thickness of the SL stack for the onset
layers adjacent to the IF’'s. Provided that this shift is compaof strain relaxation is expected to be much smaller than for
rable to the damping of the vibrational mode, the contribu-SL’s with InSb-like IF’'s, which is what has been observed in
tion to the reflectance spectrum from the TO phonon mode ithe present study.
these InAs layers adjacent to the IF’'s and that from the TO Zone-folded LA phonon modes were observed up to the
mode in the remainder of the InAs layer can cancel eaclseventh order for SL’'s with InSb-like IF’s and up to the fifth
other. A model of two oscillators spaced by about 5°ém order for structures with GaAs-like IF bon#&This differ-
(Ref. 22 interfering destructively in the reflectivity spectrum ence in the maximum number of resolved zone-folded pho-
explains in particular the absence of any detectable InAs T@on modes indicates a higher crystalline perfection of the
phonon signal in the reflectivity spectra of the 4/10 GaSbSL's with InSb-like IF's, which is in agreement with the
SL’s (see Fig. 1% HRXRD data. Taking the average SL periods obtained by
A variation of the lattice parameter, and thus of the elastidciRXRD, the mode frequencies found for SL’s with InSb-
strain, in the vicinity of the IF’s, relative to the lattice spac- like IF’'s can be well reproduced by taking a SL sound ve-
ing in the remainder of the layer, has been suggested b\pcity given by the weighted average over the sound veloci-
Hemstreet, Fong, and Nelsbhased on theoretical calcula- ties of bulk InAs and GaSb. SL’'s with GaAs-like IF's, in
tions. These calculations predict in the case of GaAs-like IFcontrast, showed systematically higher mode frequencies,
bonds an increase of the interatomic spacing by 1.8% for thehich indicates an increase in the SL sound velocity due to
In-As backbonds of the IF. For InSb-like IF bonds a decreas¢he Ga-As IF bonds.
of the length of these backbonds by 1.5% is predicted. These From a quantitative analysis of FIR reflection spectra the
theoretical predictions give support to the above model ofndividual layer thicknesses and the spatial extent of the
two oscillators with slightly different eigenfrequencies usedGaAs-like IF mode were determined. The thicknesses of the
to explain the absence of the InAs TO phonon signal for thénAs layers contributing to the InAs TO phonon signal were
4/10 SL’s. found to be smaller by 3—4 ML compared to the nominal
values. This discrepancy has been explained by strained InAs
regions adjacent to the IF’s, which do not contribute to the
Vi- SUMMARY AND CONCLUSIONS bulklike InAs TO phonon signal but show a TO phonon
We have studied the structural and vibrational propertiesrequency shifted slightly due to additional strain effects.
of InAs/GaShb SL’s grown by solid-source MBE qi00)  The partial relaxation of the SL’s grown with GaAs-like IF's
GaAs substrates using strain-relaxed GaSb buffer layerdiecomes observable in the FIR spectra due to a blueshifting
Two series of SL’s with either InSb-like or GaAs-like IF's of the GaSb TO phonon. The frequency-shifted phonon
were prepared for nominal InAs layer thicknesses rangingnode induces a sharp resonance on top of the reststrahlen
from 4 to 14 ML while the GaSh layer thickness was keptband of the GaSb buffer layer.
constant at 10 ML. The intended formation of InSb-like or It has been shown that the present InAs/GaSb SL'’s ex-
GaAs-like IF bonds was verified by Raman scattering fromhibit much more intense band-to-band photoluminescence
IF modes. for structures with InSb-like IF’s than for those with GaAs-
HRXRD studies including two-dimensional angular spacelike IF’s.>* This observation is fully consistent with the struc-
maps allowed us to determine the average SL period and thtaral analysis of these SL’s presented here. Further, for a
average lattice parameter parallel and perpendicular to thgiven SL period also the effective SL band gap was found to
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depend on the types of IF bonds. The strain relaxation of théistorted layer are calculated from peak positions irHa¢L
SL stack grown with GaAs IF's induces a decrease of thespace map using, =L/qgy anda,=(H?+K?¥%/q,,. The
in-plane lattice parameter with increasing thickness. This dedifferential variation near the Bragg reflectiogpx, =Hpk,
crease results in a redshift of the effective band gap. In adfollows from partial differentiation:

dition, the effect of the IF bonds formed on the strength of

the IF dipoles, and thus on the band offset and the effective 0o = (1/\)cog20 — w) 620
SL band gap, has to be taken into accaotint. . . .
In conclusion, InAs/GaSb SL'’s with InSb-like and GaAs- +(2IN)sin(0)sin(® ~ ) dw, (A3)
like IF bonds, grown or{100) GaAs substrates by placing a __ ; _
thick strain-relaxed GaSh buffer layer between the SL stack 9GHKo (IM)sin(26 ~ w) 526
and the substrate, have been studied by HRXRD, Raman +(2/\)si(®)cog O — w) fw. (A4)

spectroscopy, and FIR reflection spectroscopy. A detailed

analysis of the structural properties of these SL’s has been For anw scan(620=0; dw+0) we obtain

presented for both types of IF bonds. The SL’s with InSb- ) . ,
like IF’s showed superior structural properties and were 0o = (2/\)siN(@)siN(O — w) dw, (A3'a)
found to be essentially coherently strained. SL's with GaAs- i ,
like IF’s, in contrast, showed strain relaxation except for the 6Quko= (2I\)siN(@)cod 6 — w) . (A4'8)
first 10—20 SL periods closest to the GaSb buffer. Here, the
strain profiles, deduced from simulations of the x-ray reflec-
tion profiles, were found to depend critically on the InAs 6o = (2/\)cog ®)cog O — w) dw, (A3"b)
layer thickness.

For an®/20 scan(520#0; dw=560+0) we obtain

Siko=— (2\)COS ©)SINO — ) dw.  (A4'b)
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(i) Tilting of an otherwise perfect crystal lattice around an
APPENDIX A axis results in a smearing out of those reciprocal lattice
points not located on this axis. If we assume that the tilting
The experimental results of the HRXRD measurementgccurs around several axes lying at random in a common
are conveniently described in terms of the reciprocal latticgplane[e.g., the(001) plane of the substratewe end up with
concept>*® With respect to the broadening of diffraction small reciprocal disks centered at the location of the former
peaks this approach has been successfully applied in powdeggciprocal lattice points. The extension of these disks on their
diffractometry to single out the various sources ofappropriate sphere in reciprocal space is proportional to the
broadening’*® Compared with powder diffractometry the amount of tilt Ay, and the distance from the origin of the
experimental situation in HRXRD is much better defined andreciprocal lattice. Thus, in a diffraction experiment, we will
the additional information can be used to determine strucencounter roughly the same reflection half-widAVHM)
tural parameters orientation dependent. Thus averaged cry@hile we scan, e.g., 002, 004, and 006 reflections by rotating
tallite sizes, strains and tilts parallel and perpendicular to ahe sample around the axis, keeping the detector at a fixed
growth surface can be discriminated. 20 position. The reflection broadenirgw,, due to mosaicity
The coordinate system we chose is defined by the incidentits A,, will be best resolved in “pure”w scans and is
wave vectork, and the scattered wave vectky;, which  independent of the Bragg angle. In reciprocal space the ap-
define the scattering plane in reciprocal space and the scatropriate broadeningq,, of 00L RELP’s is
tering vectorg=k, —Kkg lying in this plane. For convenience

we define two vectorky, (perpendicular to the sample sur- Agu=AmYdoo =Awp(2/N)Sin®. (A5)
face andky, (parallel to the sample surfacelhe compo- B _ _ _

nents of the scattering vectgrin the directions okq, and (i) Reducing the number of reflecting lattice plana&i)
Knko @redoq. and o, respectively. results in a corresponding broadening of all RELP’s parallel

A peak position given in terms of the angular space coorf0 the HKL direction in reciprocal space, the size of the
dinatesw and 2 then translates into reciprocal space coor-RELP being proportional to the reciprocal of the number of

dinates by the relationships: reflecting lattice planes. Assuming that the average &ixe
of coherently reflecting domains is reduced parallel to the
Qoo =(2/\)sin(20/2)cog 0 — w), (Al) (001 substrate plane, all reciprocal lattice points will be
smeared out into disks parallel to thK O reciprocal lattice
Ohko=— (2/\)siN(20/2)sin(® — w), (A2) plane. The sizeAqcs of these disks only depends on

1Ktk ) and is independent of their respective distance from
Here 29 denotes the scattering angle given bythe origin of the reciprocal lattice. If we perform the same
20=0,+0 . Lattice parametera, anda, of a tetragonally  diffraction experiment as described (), we will find now
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that reflections closer to the origie.g., 002 have a larger mal mosaicity tiltsA,, are obtained with data from» scans
FWHM than have those further away from the origeng., of O0OL reflections using <(tHK0>)2=1/bHKO and
006). The reflection broadeningwcs due to crystallite size (A y)2=mMyko.

effects thus varies with the Bragg angle and, most important,

w scans an®/20 scans yield the crystallite size distribution APPENDIX B
parallel AQcspko) and perpendicular Xqcsoq) to the ) .
samples001) plane, respectively, The experimental spectra of the FIR reflectance were fit-
ted by theoretical reflectivity spectra obtained by calculating
Aqes= thkL)s (A6)  the transfer matrix of the propagation of the electromagnetic

radiation in the whole stratified mediuth.In order to best
Adcshrko= 1thko) =Aweshko(2/N)sin®, (A6a)  model the reflectance spectra of the investigated samples, not
only the reflectance of the SL but also that of the buffer
Adcsoa = tog ) =Awcspa(2/N)cod,  (A6b)  layers and of the substrate have to be taken into account.
Generally, at near-normal incidence, the propagation of elec-
(i) Inhomogeneous straife) perpendicular to a lattice tromagnetic radiation through a meditrof thicknessd; and
plane hkl) will broaden all RELP’s parallel to thélKL dielectric function
direction in reciprocal space to an extent depending on the

amount of strain and the direction cosine between the strain wfoyi—wz—iwl"i

direction and the direction of the scattering vector pointing ei(®)=8xj 02 —wl—iwl. (B1)
toward the RELP. With a pseudomorphic film grown on a Tol '

cubic (001) plane a variation of the strain within the film is given by®

parallel to the growth surface is not possible; here, only a N - N N
strain variation(eyq ) perpendicular to thé001) plane has to E") [e2midie ¢0 Eif L =

be considered. This will not hold fdpartially) relaxed films E- ) \0¢ etzmEidie [\ gL T EL )
where(e,ko) Will in general be finite. However, with a cubic (B2)

(001 surface orientation only asymmetric and “in-plane”
reflections(gqyko#0) will be affected by such a variation of
the strain, whereas symmetriclO@eflections(qyxo=0) will
merely be broadened by strain components parallgd&d],
i.e.,{€y ). The reflection broadeningygsr oq due to a varia-
tion of the strain{eyy ) can thus be measured @20 scans
and depends on the Bragg angle:

whereE ;" (E;") is the forward(backward component of the
electric field at the beginningsubscript 0 and at the end
(subscriptf) of the medium, described by the layer matrix
L;. Heree, ; is the high-frequency dielectric constant of the
medium,wto; andw ¢ ; are the transverse and longitudinal
optical phonon frequency afd is the phonon damping fac-
tor. In most cases medium 0 will be vacuuair) and me-
_ _ dium f the substrate. The propagation of the electromagnetic
Absro0 = (€00 )doa /2= Awsroa (1/20)COB. (AT) field through the interface between two mediand j is
With more than one cause for reflection broadeningdescribed by the interface matiiy defined in the following
present, the combined effect depends on the individual shagguation:
of the diffraction profiles. There is ample literature on this + + .
subject”®° The peak profiles measured in this study showed (Ei )_ i( 1 rij)(Ej ):l__(Ei ) (B3)
perfect or near Gaussian shape, which led us to assume Ei ) t;\riy 1J\E ME)
Gaussian profiles for the individual profiles too. The first of .
. : In the equation abova,;;
the two fundamental equations for the evaluation of OUI . officients ]
FWHM measurements obtained in this way is well known in '
powder diffractometry where the evaluation ®20 scans Jo— e
of O0L reflections uses _ V8T V8]

ij
andt;; are the complex Fresnel

rij—m, (B4a)
i j
(Adoa)*=(Adcspa)’+(Adst0a)?
= (Wtoo))?+ (eon)Uoa/2?  (AB) 2
tj \/—+\/—, (B4b)
Ej E;j
and the evaluation of scans of 0D reflections uses o
The propagation of light from medium 0 to mediufm
(Aduko)®=(Adespko)®+ (Ay)? through a stratified medium composed roflayers is then
described by the transfer matrix
= (U tuko))*+ (Ambon ). (A9) y
A B
A plot of Ag? againstq?® with data obtained viad/20 M =1 XLy XX e XX Lf:i ( ) (B5)
scans at 0D reflections yields the mean crystallite dimen- tor \C D

sions perpendicular{{yy )) to the (001) surface from the
interceptbyy With the ordinate: (tog )?=1/bgq . From the
slopgmou_ the lattice glstortlonsésou_) parallel to[001] are tor=togXtypX -ty (B6)
obtained using ey )) “=4myy . In the same way the crys-

tallite dimensions parallel to the surfa@g, ) and the maxi-  so that

where
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Eo|_ ., [Ef
£ |~ M | (B7)
The reflectivity of the multilayer then is given by
R= AP B8
K .
and the transmittance is given by
T= ! B9
"[er 59

wherej=1,2,... defines the layeljscomposing one SL pe-
riod. To take into account the GaAs-like bonds at the inter-
face of the SL, one SL period has been modeled by the
following sequence of atomic layers:

(InAs)y/(GaAs-IBy(GaShy (GaAs-IPy». (B11)

This fitting procedure allowed us to determine the energy of
the phonons confined in each layer of the SL or localized at
the interface, as well as the actual thickness of each layer and
of the interface region. In the case of GaAs-like IF layers, the

The dielectric function of the InAs/GaSb SL'’s was deSCfibeddamping factol” has also been determined. Phonon damp|ng

in the framework of the effective medium approximation,

2id;e;
EsL= )
Zid

(B10)

factors in the range 2—3 cm were used for the InAs and
GaSb phonons in the SL. The parameters of the materials
composing the buffer layers and the substrate were taken
from Ref. 35.

*Present address: SDL Inc., San Jose, CA 95134-1365.
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