PHYSICAL REVIEW B VOLUME 54, NUMBER 23 15 DECEMBER 1996-I

Raman scattering from optical phonons in InAs _,Sh,/InAs strained-layer superlattices

L. Artis* R. A. Stradling, Y. B. Li, S. J. Webb, W. T. Yuen, and S. J. Chung
Department of Physics, Blackett Laboratory, Imperial College, London SW7 2BZ, United Kingdom

R. Cusco
Institut Jaume Almera, Consell Superior d'Investigacions Ciientes (CSIC), Llis Solei Sabars s.n., 08028 Barcelona, Spain
(Received 1 July 1996

The optical phonon modes of Infs,Sh/InAs strained-layer superlattices within the range between 0.14
and 0.39 have been studied by Raman scattering. The observed frequencies of the InAs LO mode agree well
with the strain-induced shifts calculated for the InAs layers assuming free-standing conditions. The high
quality of the superlattices allows us to observe the InAs-like mode of the alloy. Another peak, whose intensity
is dependent on the excitation wavelength, is observed between the InAs LO and TO energies and assigned to
interface moded.50163-182806)08447-(

During the past few years 1lI-V alloys have been used towith liquid nitrogen. The measurements were performed at
develop semiconductor diode lasers emitting in the midinfraroom temperature with resolution better than 1 ¢nDiffer-
red. The InAs_,Sh, alloy, which for x=0.6 displays the ent lines of an Af laser were used as excitation, at a power
smallest gap in the 11I-V group, has attracted new interest agf 150 mW on the sample.
a constituent of infrared semiconductor lasers and light- Figure 1 shows the Raman spectra of sample 1C389, cor-
emitting diodes. Recently, it was suggested that the use desponding to an alloy composition g#0.32, measured in
compressively strained quantum-well structures could imZ(X,X)Z and Z(X,Y)Z configurations in the frequency
prove the laser operation by reducing Auger recombindtion,’ange of the superlattice optical modes using the 514.5-nm
and soon after, the realization of a heterostructure laser emigXcitation line.X, Y, and Z are defined along thg10Q].
ting at 3.6 um that incorporated a compressively strained010], and[001] crystal axes, respectively. In th&(X,Y)Z
InAs, _Sh, active layer was reportédDespite the interest configuration the dipole-allowed LO modes ha&gesymme-
in InAs,_,Sh/InAs strained-layer superlatticeéSLSL's) Y, whereas in thé(X,X)Z cqnf|gurat|on the LO modes, of
very little is known about their basic physical properties. InA1 Symmetry, are dipole forbidden, but they become Raman
fact, only a magnetophotoluminescericand a magne- active near resonance due to the intraband hksb
totransmission studyof the fundamental band gap have beenlnteragtn_)n. Considering both polarization configurations,
reported, and yet discrepancies regarding the band alignmefur distinct modes can be observed.
inferred from these two studies have arisen. To our knowl- The highest energy mode at 234.8 Cthnalthough much
edge, no study of phonons in InAs,Sh/InAs SLSL’s has ~ Stronger in thg dipole-alloweB, symmetry, is observed for
been published so far. The aim of the present paper is tgoth polarizations, and corresponds to the InAs LO mode
study the optical modes of these SLSL's in the range from
x=0.14 tox=0.39 by means of Raman spectroscopy.

Undoped InAg_,Sh/InAs SLSL’s with alloy composi-
tionsx=0.14, 0.27, 0.32, and 0.39 were grown by molecular- 1C389
beam epitaxy on semiinsulatif§01) GaAs substrates using
a VG Semicon V80H three-chamber system. Elemental As,
Sb, and In were used as source materials. Following deposi-
tion at 580 °C of~0.3-um GaAs buffer layer, a lum
InAs, _,Sh, alloy buffer layer with the composition equal to
the average composition of the superlattice was grown to
relieve the mismatch strain between the GaAs substrate and
the superlattice. Then Z2m superlattices were grown with
equal well and barrier thickness, with periods ranging from (ZIXXIZ)
80 A/80 A to 117 A/117 A. The superlattices were grown at i
450 °C. At this growth temperature, phase separation that 200 210 220 230 240 250
could complicate the interpretation does not octlr. situ
reflection high-energy electron diffraction oscillations were Raman shift (cm'™)
used to calibrate the group-V fluxes accurately. The alloy
compositions were measured by x-ray diffraction. FIG. 1. Raman spectra of sample IC383-=0.32 in the optical-

The Raman spectra were recorded in backscattering comode region foiZ(X,X)Z andZ(X,Y)Z configurations. The spec-
figuration from the(001) face using a T64000 Jobin-Yvon tra were recorded at room temperature using the 514.5-nm excita-
spectrometer equipped with a charge coupled device cooleibn line with resolution better than 1 cth
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under tensile strain. To support this assignment we proceed
to calculate the strain-induced phonon shifts in the strained
layers of InAg _,Sh/InAs superlattices. Lattice mismatch in
these superlattices results in a tensile strain in the InAs layers
and a compressive strain in the alloy layers. As the whole
thickness of the superlattices studied is well above the criti-
cal value for substrate-imposed pseudomorphic grdwth,
free-standing strain conditions are assumed. The shift in the
LO phonon frequency of each constituent material in a
[001]-oriented superlattice is given by

(ZXXIZ)
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whereK,, is a dimensionless fourth rank tensor describing Raman shift (cm™)

the strain variation of the spring constants. The in-plane and
out-of-plane strain components in a layer of the component

of a free-standing SLSL are given, respectively? by FIG. 2. Room-temperature Raman spectra of INASh/InAs_

SLSL’s with different alloy composition, recorded in tE¢X,X)Z
configuration using the 514.5-nm excitation line.
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a Q;d; +Qjd; excitation lines, is assigned to the forbidden TO InAs mode
under tensile strain. For the TO mode, the strain-induced
. 2¢y) 0 shift is given by
€2:= 7 T~ Exx» (2) ~ ~
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wherea'"” andC , are the lattice parameters and the elastic @

constants of the respective layeass (a”+a'®)/2,d; isthe it KTO_ _5 54 andk 0= —2 61910 For sam
! Y A s =-2. =-2.61: ple 1C389,
layer thlckness,_an(Di=2_{C?§'1+C&'%—(Z[Cg_'%_] Z/CSID}' taking ltlhe bulk (unstra%ﬁeai InAs TO frequency to be
Assuming a linear variation with composition of the elas-wmzzﬂ_3 cm L8 this expression yields a frequency shift of

tic constants of the alloy, Eqé2) can be used to obtain the 5 = 54 cm L, in reasonable agreement with the observed
values for the strain components in the InAs layer. EXperi'feature

mental valuesl of the leIastic constants for IlnAs SLSL’s made up of an alloy and the related pure com-
(C4,=8.329x 10" dyncm and ?12:4'52%101 pound can be grouped into two categories depending on the
dyn cm ") anld for '[‘le (C1;=6.6x10" dyncm* and o 1ative shift of the LO modes with strain. One group in-
Cq,=3.6X 10" dyn cm™) were taken_fr(_)m Ref. 8. Then, Eq. cludes those SLSL’s in which the strain increases the energy
(1) can be used to calculate the strain-induced shift of the LQie 5 ration between the LO modes of the constituent layers,
phonon in the InAs layers. Taking the valuks,=—1.753  poreatter referred to as strain-enhanced phonon separation
andK;,=—2.323 for the tensor components of I_nzi\jso,we superlattices. In this group we find, for instance, the
obtain a relative frequency shifiw/w=—1.45¢10"% Con- | " A| Sph/inSh SLSL’S! The other group is composed of
sidering the room-temperature, U”Sfrlagned LO-phonon freg,oqe S| s|'s in which the strain effect is the reverse, that is,
quency of InAS 10 bew o=238.6 cm " the strained LO ¢ energy separation between the LO modes of the constitu-
frequencyw,=235.1 cm ~ obtained from this calculation for opniqis reduced by strain, hereafter referred to as strain-

the parameters of sample IC389 is in excellent agreementy,ceq phonon separatidSREPS superlattices. In this
with the experimental LO-mode frequency found at 234.8group we find, for instance, the /@, _,As/GaAs SLSL, in

_1 . .
cm —1n this sample. . .. Which the LO peaks corresponding to GaAs and to the
In Fig. 2 we shov_v.the Raman spectra obﬁlned_from diGaas-ike mode of the alloy could not be spectrally
ferent alloy composition SLSL’s in th&(X,X)Z configura- resolvedi2—14

tion, using the 514.5-nm laser line excitation. Three modes The InAg_Sh/InAs SLSL’s studied in the present paper
have been detected for all the different composition SLSL'S;1e SREPS ;)Elperlattices. In fact, the 1pASh, alloy was
using this excitation line. The shift of the InAs LO phonon reported to have a two-mode behavior, and the frequency

induced by tensile strain in the InAs layers, which increasegygnengence of the LO InAs-like mode on alloy composition
with the alloy Sb composition, can be clearly observed. INyas fitted to a linear relationsHfb

Table | the LO-phonon frequencies for the different SLSL’s

as determined from our Raman measurements are compared w}_"és'”ke(x)=238— 32 (cmY). (4

with the values for strained LO modes of InAs calculated

using the scheme described above. An excellent agreemelmt the case of the present samples, the InAs layers are under
has been found for all the samples, which confirms the freetensile strain whereas the alloy layers are under compressive
standing strain conditions assumed for these SLSL’s. Thstrain. Since the LO mode of unstrained InAs is higher in
lowest frequency mode, observed-aR14 cnit as a very energy than the LO InAs-like mode of the alloy, the energy
weak and broad peak in all samples and for the differenseparation between the LO InAs-like mode of the alloy and
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TABLE I. Comparison between measured and calculated frequeticiesi™?) of the LO modes of InAs
and the LO InAs-like modes of the alloy for the different InAgSh/InAs strained-layer superlattices with
equal well and barrier thickness

@ W a o
Sample X R (expt) (calc) (expt) (calc)
1C494 0.14 80 236.8 236.4 234.1 235.2
1C481 0.27 117 2355 235.1 232.8
1C389 0.32 100 234.8 234.5 231.2 231.9
1C499 0.39 107 234.0 233.7 232.5 230.5

the InAs LO mode is reduced in these SLSL's. In spite of the514.5-nm line is not far from th&; resonance of the InAs
fact that InAs_,Sh/InAs SLSL’s belong to the SREPS layers, the LO InAs mode is much weaker in tBeX,X)Z
group, a peak very close to the strained-LO InAs peak can b#han in theZ(X,X)Z polarization configuration. Therefore, it
observed in th&Z(X,Y)Z spectrum of sample 1C389 shown is not surprising that the LO InAs-like modes of the alloy
in Fig. 1. This dipole-allowed mode is due to the LO InAs- layers, whosé; resonance is still farther from the 514.5-nm
like phonons of the InAs ,Sh, alloy layers. To support this line, could not be detected in th& X, X)Z configuration.
assignment we estimate the LO InAs-like phonon frequency Given that, in the SLSL'’s studied, the LO-mode fre-
in the strained InAg_,Sh, alloy layers. The strain-induced quency of the strained InAs layers is forbidden in the
shift of this peak in relation to the unstrained LO InAs-like InAs,; _,Sh, layers, the LO InAs mode is expected to be con-
frequency given by Eqg4) is calculated using Eq$l) and fined in the InAs layers, whereas the LO InAs-like alloy
(2), with values ofK,,, andC,,, obtained by linear interpo- mode, whose frequency lies within the InAs LO branch dis-
lation between the corresponding values of the end-poinpersion, can extend through the superlattice.

compounds. The values &f;,=—2.439 andK,,=—3.279 As can be seen in Figs. 1 and 2 using the 514.5-nm line a
for InSb were taken from Ref. 16. For sample IC389, 8. peak at~226 cm ! is observed inZ(X,X)Z configuration
yields a relative shift of 1.8%, and using E@) we obtain  between the TO and LO InAs modes for all the samples.
the value ofw;as ke=231.9 cm ! for the strained LO InAs- This peak is wider than the peaks corresponding to the LO
like mode of the alloy layers in sample 1C389, in excellentphonons of InAs and InAs ,Sh,, and is not detected in
agreement with the observed peak. The clear resolution at(X,Y)Z configuration. We assign this peak to Raman scat-
the peaks corresponding to the strained InAs and InAs-likeering by interface modeflF). As can be seen in Fig. 3,
LO modes was possible in sample IC389 not only because afhere we show th&(X,X)Z spectra taken from 1C389 for
the high resolution used in these measurements but also bdiferent lines of an Af laser, the intensity of the peak at
cause of the quality of that particular sample. In sample~226 cm ! depends on the excitation wavelength. While it
IC481 the overlapping InAs-like alloy mode could not be is not detected for the shortest wavelengths, it is clearly seen
resolved from the intense InAs LO peak probably due to aat 514.5 nm, and its intensity is even stronger at 528.7 nm.
lesser quality of the superlattice and the consequent broad-he intensity enhancement of the IF modes is probably re-
ening of the modes. The frequencies of the InAs-likelated to the proximity of theE; gap of the strained InAs
phonons of the alloy for the different composition SLSL'’s layers, which is expected to be close to the bulk InAs value
are listed in Table I, where a good agreement between the
observed and the calculated frequencies can be seen. In those
spectra where only a shoulder could be observed at the alloy -
InAs-like mode location, a Lorentzian fit was performed to IC389 (ZIXXIZ)
obtain the alloy InAs-like mode frequency with higher accu-
racy. The best agreement is found for sample 1C389, which
would be consistent with its higher quality. To our knowl-
edge, this is the first experimental resolution of the LO
modes of the pure compound and its related alloy in a
SREPS superlattice.

In the Z(X,Y)Z configuration, the InAs-like mode of the
alloy was detected independently of the excitation wave-
length, whereas this mode was not observed in any of the
Z(X,X)Z spectra. In th&Z(X,X)Z configuration, the dipole-
forbidden A; modes become Raman active near resonance
due to the intraband Fhtich interaction. Since thg; reso- 200 210 220 230 240 250
nance of the InAs ,Sh, alloy is expected to be at lower
energy than th&, resonance of InAs, and, as discussed be-
low, we used excitation wavelengths not far from the
resonance of the InAs, the excitation laser lines were far FIG. 3. Room-temperature Raman spectra of sample 1C389 for
from theE, resonance of the InAs,Sh, alloy layers in our  different excitation wavelengths recorded in #€X,X)Z configu-
experiments. As can be seen in Fig. 1, even though theation.

A=528.7nm

A=514.5nm

Intensity

A=488.0nm

A=476.5nm

Raman shift (cm™)
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of 2.46 eV’ Contrary to theE, resonance in superlattices, We have studied the optical-mode region of
for which typical excitonic behavior usually gives rise to aInAs,_,Sh/InAs SLSL’'s with periods around 20 nm and
very narrow resonant energy range, interband transitions ialloy compositions between 0.14 and 0.39 for different exci-
superlattices at th&, resonance were shown to take placetation lines. High-resolution Raman measurements have al-
over a much wider energy rangéThe IF mode is observed |owed us to resolve the LO InAs-like mode of the alloy and
at similar frequencies in all the samples. Slight frequencythe LO InAs mode, a clear indication of the high quality of
differences may be attributido the slightly different peri-  the samples. To our knowledge, this is the first time that the
ods of the samples studied in this pageze Table)l Further | 5 mode of the alloy has been resolved in a SREPS super-
Raman measurements, with tuning of the excitation waveraiice. Assuming free-standing strain conditions for these
length, would be required in order to obtain a betEer knowl-g nerlattices, the frequencies of the observed LO modes are
edge of thek, interband transitions in these SLSL's. well accounted for by the strain-induced energy shifts rela-
Also, the wavelength dependence of the absorption coefsye to the bulk InAs LO frequency and the InAs.Sh, LO

ficient may play a role in the intensity of the IF modes ob-|,as-like frequency. The weak, broad mode observed be-
served with the 528.7-nm line. The absorption coefficients ofyeen the InAs TO and LO frequencies, which has been

InAs l%nd InAs_, Sk, are smaller for the longer wavelength shown to be dependent on the excitation wavelength, is as-
lines:™ Thus, the intensity of the light reaching the different signed to interface modes.

probed interfaces is higher for the 528.7-nm line. Provided

that the incident line is close to resonance, the lower absorp- One of us(L.A.) would like to thank the Spanish Minis-
tion for longer wavelength lines may contribute to the higherterio de Educacio y Ciencia for the grant awarded for his

intensity of the IF modes detected. stay at the Imperial College.
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