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The resonances of several structures (1LG, 2LO, disorder-activated TO, disorder-activated TA,
disorder-activated LA, and local mode) in the Raman spectra of InAS„Pl „alloys are investigated
around the energy of the El critical edge. Comparison with the resonances in mechanically per-
turbed InAs allows discrimination between the perturbations induced by either structural or chemi-
cal disorder inherent in the alloys. Large electron-phonon coupling for the longitudinal modes is

seen, and the eriergy of the resonances is found to be dependent on the coherence length of the vibra-
tional modes.

INTRODUCTION

Isoelectronic substitutions on either the anion or the ca-
tion site in a III-V compound induce two types of disor-
der. One, due to lattice relaxations in the vicinity of the
foreign atoms, is referred as "structural. " It destroys the
translational symmetry and leads to a breakdown of the

q =0 selection rule in a scattering process(q is the pseu-
domomentum of the vibrational mode involved). This
kind of disorder is already present in the pure compound
when it is ion-implanted' or mechanically perturbed.
The other type of disorder, namely "chemical, " induces,
moreover, modifications in the masses and in the force
constants between atoms, and thus affects the ionicity of
the bonds.

The disorder affects both the vibronic and the electron-
ic properties of the pure compound and, consequently, the
electron-phonon interactions. Raman scattering allows
one to investigate these different modifications.

The effects of disorder on the lattice dynamics have
been studied extensively in the last few years using the
Rainan technique. Indeed, the alteration of the fre-
quency, symmetry, and broadening of the host-crystal
modes provides information about the perturbation of the
vibrational properties. Moreover, a new type of scattering
interpreted as disorder-activated first-order Raman
scattering (DAFORS) has been observed. It can lead,
away from resonance, to an homogeneous activation of
the one-phonon density of states.

Resonant Raman scattering, on the other hand, allows
one to study indirectly effects of disorder on electronic
properties. In fact, the position and the width of the reso-
nance curves reflect the perturbation incurred by the elec-
tronic states involved in the processes. Moreover, the
theoretical interpretation of these curves allows one to
discriminate easily between the various types of electron-
phonon interactions. Resonant Raman scattering has
been investigated in several III-V mixed compounds, but
always near the Eo gap. '

In this paper we report on Raman scattering experi-
ments in InAs„Pi „solid solutions and analyze the reso-

nance effects near the Ei gap. The vibrational properties
of this system have been presented elsewhere' and we
shall add only few additional comments. We focus main-
ly on the resonance and try to discriminate between the
modifications induced, whether by structural or chemical
disorder.

The paper is organized as follows: Section I deals with
vibronic properties, and the resonance is studied in Sec. II.
All the samples used were epitaxial layers of n-type grown
on Inp(100) substrates.

I. VIBRATIONAL PROPERTIES

We first discuss the DAFORS and then explain the
mode behavior of the structures.

A. Disorder-activated scattering.

In Fig. 1 we display the unanalyzed spectra, recorded at
300 and 77 K, for a concentration x=0.70. In the
acoustical range (30—175 cm ') the intensities of the
features at 90, 108, and 160 cm ' decrease more rapidly
with temperature than those located around 45—55 and
140—155 cm '. The former are well resolved in perfect
InAs, and were attributed to overtones of acoustical pho-
nons at L, X, and X, respectively consequently, the
latter imply first-order processes. They were already as-
signed to transverse- (TA) and longitudinal-acoustic (LA)
modes activated by the disorder, and labeled DATA
(disorder-activated TA) and DALA (disorder-activated
LA). '

In comparison with our previous work, ' we note the
clear resolution of the DATA band. Disorder-activated
processes are now also apparent in the optical range.
Indeed, for a (100) face only the LO(I ) is allowed. Can-
scquently, the large structure below the LO2 peak in Fig.
1, named DATO2, implies disorder-activated transverse-
optical processes. Its narrowness originates from the
weakness in the dispersion of the transverse-optical
branches in InAs. " Similarly, the low-energy-side asym-
metry of the LO2 peak mirrors the longitudinal-
optical —mode dispersion, and the shoulder is resolved at
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atomic displacements associated with a given mode. The
other is the Frolich interaction, which concerns the cou-
pling of the electrons with the macroscopic electric field
which is attendant to a polar longitudinal mode. In the
vicinity of the E~ gap the allowed TO scattering includes
both two- and three-band terms. For allowed LO scatter-
ing one must add the contribution due to the interband
Frolich coupling. Forbidden LO scattering, important
only near resonance, is explained by the Frolich intraband
term, which is q dependent.

In this work, we study the resonance of the Raman
spectra of several alloys (x =0.40, 0.70, and 0.80) near the
E& edge. Nevertheless, we focus mainly on the concentra-
tion x =0.80 since it will be possible to discuss our results
in the light of those already published for InAs. '

We present first, for that concentration, the symmetries
near resonance of the optical bands, We then discuss, in
detail, the resonances of the 1LO2, 2LOz, 0&, and
O~+LOz structures, and those of the disorder-activated
bands (DATA, DALA, and DATOz). Finally, we briefly
comment on the spectra corresponding to other concentra-
tions.

0.5
COMPOSITION (x)

FIG. 3. Mode behavior of optical and acoustic modes in the
InAs„P& „system. The one-phonon densities of states in InAs
and InP are taken from Ref. 11. The dashed lines are least-
squares fits to our previous experimental data E,

'Ref. 10).

A. Symmetry near resonance

The conventional selection rules for allowed optical-
phonon scattering are obtained by neglecting the q depen-
dence of the modes. ' Near resonance this assumption

reproduces that of the localized mode. '

In Fig. 3 we show the calculated one-phonon densities
of states of InAs and InP, " together with theoretical fits
to the optical-phonon frequencies in the InAs„P& „sys-
tem. ' In any case, the frequencies of the optical
densities-of-states maxima in InAs and InP are close to
those of the gap and local modes, respectively. Within the
model proposed, these frequencies are reproduced very
well and explain the two-mode behavior of the InAs„P~
optical vibrations. The small variation of the TO& and
TO2 modes is also very understood since the transverse-
optical branches in InAs and InP exhibit only a slight
dispersion, " and the contribution of the modes to the
weighted density of states is twice that of the
longitudinal-optical modes. On the other hand, the large
variation of the frequencies of the LO& and LO2 modes is
explained by reverse arguments.

The one-mode behavior of the TA and LA modes' also
conforms to Jahne's criterion' since the transverse- and
longitudinal-acoustical densities of states of InAs and InP,
respectively, overlap (Fig. 3). Such behavior was already
encountered in other III-V solid solutions. '

II. RESONANCE OF THE SPECTRA

In polar semiconductors two types of mechanisms are
invoked to interpret the resonance phenomena. One is
the deformation-potential interaction, which is due to the
modulation of the electronic susceptibility by the relative
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FIG. 4. Selection rules observed for InAsp p8Ppg at 77 K in
resonance conditions. The scales are the same for the three con-
figurations.
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TABLE I. Symmetries of the Loz DATO2, O~, and 2LO2
modes out of resonance, E;=2.409 eV, and in resonance,
E; =2.707 eV.

LO
AASp

T=77K

Symmetry
LO2(r]) DATO2(r]) 0/(r]) 2LO2(r])
LO2(r]5) DATO2(r$5) o](r] ) 2LO2(r]5)

EI-
.727

E;=2.409 eV
E;=2.707 eV

0.09
4.4

0.5
1.6

-0.2
2.6 8.65

.707

breaks down and new selection rules are deduced for the
corresponding forbidden scattering. Fo'r the III-V com-
pounds the LO- and TO-allowed scattering has I » sym-
metry. For the forbidden intraband LO scattering it has
been shown ' that, near E~, the strongest contribution is
expected in a parallel-parallel configuration. Such a con-
figuration always implies I'i symmetry for the Raman
tensor, and, consequently, the symmetry of those forbid-
den scattering is termed I &-like.

In Fig. 4 we present Raman spectra recorded near reso-
nance (E; =2.707 eV). To show quantitatively how the
symmetry is affected by resonance effects, in Table I we
give the intensity ratio of the I i to I i5 symmetry which
enters a given structure near and out of resonance. In
fact, the ratio I(I i)/I(I i5) is reduced by a factor of 50
for the 1LO2 mode. This ratio, reduced by a factor of 13
for the local mode Oi, suggests Frolich coupling for this
mode as well. The 2LO2 and LO2+0& scattering, totally
I ~ polarized, is only present at resonance, thus revealing
the same type of coupling.

B. Resonances of the 1LO2 and 2LO2 modes

The forbidden LO-scattering resonance is well ex-
plained by the intraband term of the Frolich interaction7
which gives rise to sharper enhancements than those in-
volving the deformation-potential interaction. Indeed,
near Ei the Raman tensor is proportional to the second
derivative versus energy of the electronic susceptibility. '

For that reason, the LOz and 2LO2 intensities have been
normalized to that of the DATO2, which is much less
dispersive (see Sec. IID). This procedure, although some-
what rough, nevertheless allows one to avoid corrections
for the co law, the optical properties of the sample, and
the spectral response of the setup. 's

In Fig, 5 we display the evolution, with exciting laser
energy, of the spectra normalized in this way and record-
ed at 77 K. One first notices the high 2LO2-scattering ef-
ficiency, which is of the same order of magnitude as the
LO2 one near resonance. This has been observed already
for several III-V alloys near the Eo gap, and has led to the
replica notion. ' On the other hand, a small shift ap-
pears between the LO2 resonances: the recorded intensity
of the LO2 resonance is maximum for E;=2.661 eV,
whereas the ZLOTY resonance reaches its highest value for
E; =2.707 eV. The LO2 and 2LO2 widths are similar and
comparable to those found in pure InAs. '

Out of resonance (E; =2.497 eV) the LOi peak corre-
sponds to allowed scattering, so we use the value of the ra-

C)
UJ

X
CC
Oz'

.66

2.622

.60

.540

220

2.497'
r

I r ~ t i I igi I I

240 '
3PQ 320 '' 480

WAVE NUMBER (cm-1)

I

500

FIG. 5. Evolution with exciting laser energy (E;), at 77 K, of
the Raman spectra of InAsp SPp 2 in the vicinity of the E~ edge.
These spectra are normalized to the DATO2-scattering intensity.

tio I(LO2)/I(DATO2) out of resonance to remove the
LO2-allowed contribution. Consequently, the LO2-
normalized intensity plotted in Fig. 6 concerns only the
forbidden contribution. In this figure we also display the
2LO2-normalized intensity versus incident-laser energy,
and similar data obtained for perfect InAs.

These experimental points are fitted following the
method explained in Ref. 21. We used the expression

H
[(E E )2+ +2]2

where Ei, b„and H are, respectively, the maximum, the
half width, and the height of the resonance curve. These
quantities were used as least-squares-fitted adjustable pa-
rameters.

The deduced theoretical curves are drawn in Fig. 6 and
show very good agreement with the corresponding experi-
mental data, which thus supports the hypothesis of intra-
band Frolich coupling. One notes the unexpectedly high
value of the ratio of second- to first-order efficiencies in
the alloy in contrast to that for the case of a pure com-
pound. The small shift between the 1LO2 and 2LO2 reso-
nances in the alloy is attributed to a double resonance at
the incident- and scattered-photon energies. This double
resonance cannot be resolved since the widths of the reso-
nances (=90 meV) are much larger than the LO2-phonon
energy.

Away from resonance, it has been shown' that the Ra-
man spectra of InAs„P& „alloys containing little phos-
phorus are similar to those of pure mechanically altered
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FIG. 7. Resonance Raman scattering for forbidden 1LO
scattering in pure InAs at 77 K ( A), in InAs08PO q at 77 K (8),
and in mechanically altered InAs at 100 K ( C) and 300 K (D).
The solid lines correspond to theoretical fits (see text). All the
intensities are normalized to the DATO2 (InAs08PO~) or the
TO{I ) intensities (InAs).

InAs. In the latter case the disorder present is only
structural. In order to discriminate between structural-
and chemical-disorder influences in the alloy near reso-
nance, we show in Fig. 7 the low-temperature resonance
curves of the 1LO2 resonance in InAsp spPp gp and
mechanically altered InAs. The resonance at 300 K is
also shown, in the latter case, to illustrate the thermal dis-
order.

The parameters E~, b„and H deduced from all these
fits are listed in Table II together with the. intensity of the
resonances defined arbitrarily as I=HE. Let us first
comment on the variations of E& and b, .

As already discussed, in perfect InAs (Ref. 18) the
thermal disorder induces a shift to lower energy of the
maximum E& (C~D in Fig. 7). The width 6 increases,
indicating a shortening of the lifetime of the electronic
states involved. For structural disorder ( A —+C), the
small increase of E&, if significant, may be attributed to
local strains going along with the mechanical perturba-
tion. Such strains were invoked to explain the broadening
of vibrational modes in such samples. The main conse-
quence of the structural disorder is a larger width 6 (a
factor of 1.5 compared to perfect InAs; see Table II).
Indeed, the electronic wave functions are more or less per-
turbed depending on the size of the microdomains created
during the mechanical alteration of the sample. In con-
trast, no broadening is apparent when one goes from the

pure compound to the alloy (2~8). If we suppose that
the selectivity of the LO coupling is the same, we can con-
clude that there is less structural-disorder influence in this
case and that chemical diso-rder influence on the coupling
involved is small. As evidence of the long coherence
length of the electronic and vibronic excitations implied,
the shift of the resonance curve in the alloy reflects only
the increase of the E~ optical transition from InAs to InP.

We now turn to the intensity I of the resonance due, in

part, to the strength of the electron-phonon coupling. The
intensity I diminishes with thermal disorder. This effect
is more evident for the 1LOz resonance than for the 2LO2
resonance because of the greater influence of the popula-
tion factor in the latter case. The decrease encountered
for the chemical and the structural disorders
(A~8 and A~C, respectively) is comparable for the
1LO2 scattering, in contrast to what happens for the 2LO2
case. Indeed, the 2LO2-resonance intensity is enhanced by
more than a factor of 2 when compared to perfect InAs,
whereas it decreases by a factor of 2 for perturbed InAs.
Since the relaxation of the q =0 selection rule allows the
participation of more phonons in the scattering processes,
as emphasized in the lattice-dynamical behavior (Sec. I),
the attenuation of the resonance by structural disorder im-
plies the decrease of the coupling. In contrast, the
enhanceinent of the resonance by chemical disorder im-
plies a great strengthening of the coupling. (This



5928 BEDEL, CARL'ES, ZWICK, RENUCCI, AND RENUCCI 30

strengthening actually occurs since, near resonance, the
widths of the LO peaks are not enlarged by the participa-
tion of q&0 phonons. ) A nondirect q dependence of the
forbidden Frolich mechanism has also been invoked in
other experiments.

The explanation of the enhancement of the LO reso-
nance in the alloy could lie in the coupling of these modes
with local fields arising from the potential fluctuations
due to the impurity atoms. Such large couplings (q
dependent} have been found when external fields are ap-
plied to semiconductors or when internal fields appear
near the surfaces of accumulated or depleted samples.

C. Resonances of the O~ and 0~+LO2 modes

In Fig. 5 the 0&-mode intensity has also been normal-
ized to that of the DATO2 one. One notes it is still in-
creasing for E; =2.727 eV, whereas the LO2 and 2LO2
resonances are not. The corresponding data, together with
those for the Oi+LO2 resonance are plotted in Fig. 8.
They show sharp enhancements as for the 1LOz and 2LO2
intensities, but at much higher incident energy. Such a
large observed shift ( & 60 meV} is out of the range of the
usual shifts observed between different first-order reso-
nance curves in the pure compound. In fact, the energy of
the O~-mode resonance would be nearer to the Inp E~ gap
than that of the InAsp sPp 2 one. As a consequence of the
high degree of localization of the Oi mode in the vicinity
of the phosphorus atom, use of delocalized functions for

the intermediate states entering the matrix elements of the
electron-phonon interaction is irrelevant. This localiza-
tion reinforces the InP-like character, and thus a molecu-
lar point of view is certainly more than adequate to
describe this effect. Such couplings between localized vi-
brations and electronic levels associated with impurities
have already been reported in the case of nonisoelectronic
substitutions.

D. Resonance of the l3AFORS

In Fig. 9 we display the spectra of the disorder-
activated bands (DATA, DALA, and DATOi) recorded
with four different exciting laser energies. They have
been normalized only to the incident-laser power. This
crude procedure cannot significantly affect the resonances
since variations due to "correction factors" near the Ei
edge are not important. '

In the acoustical range one notes a selective enhance-
ment of the longitudinal scattering. This is even more
evident in Fig. 10 where the different resonances are plot-
ted. Within experimental uncertainties the DATA cross
section is not dispersive, whereas that of DALA clearly
resonates around 2.66 eV. Selective enhancements have
been reported recently in the Ga& Al As system:
They concern both the transverse- and longitudinal-
acoustic bands, whereas in the present system the selec-
tivity favors only the longitudinal one. The DALA and
the DATO2 resonances are less sharp than those of the
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FIG. 8. Resonance of the O~ local mode and its LO2 replica
in InAsp SPp 2 at 77 K. The experimental data are only normal-
ized to incident-power energy. The dashed lines are guides for
the eyes.

FIG. 9. Evolution with exciting laser energy (E;), at 77 K, of
the disorder-activated Raman bands in InAsp SPp 2 in the vicinity
of the E~ edge. The spectra are normalized to incident-power
energy.
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FIG. 10. Disorder-activated first-order resonances . in
InAs„P„at 77 K. The experimental data are normalized to
incident-power energy, and the dotted lines are guides for the
eyes.

LO2 and 2LO2, a result which supports the normalization
procedure used to analyze the latter (see Sec. IIB). They
take place, nevertheless, at similar energies, revealing, in
DAFORS as well, the rather long coherence length of the
implied vibrational modes. The weak resonance of the
DALA and the DATO2 bands imply that the

deformation-potential coupling is prominent although an
electro-optic contribution cannot be ruled out. This is
certainly true for the DALA modes as emphasized by the
large value of the I(DALA)/I(DATA) ratio. For the
DATO2 scattering as well, this contribution can be signifi-
cant since even in the perfect crystal the transverse nature
of the modes implied is only valid for high-symmetry
directions; in any case the polarization of these modes is
progressively lost with increasing disorder. This could ex-
plain the value of the I(I ~)jI(l ~5) ratio found at reso-
nance for the DATOz case (see Table II).

E. Role of coIlcentrstion

In Pigs. 11 and 12 we display the spectra recorded near
the E& resonance for two other concentrations, x =0.70
and 0.40. The assignments of the prominent features of

I
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FIG. 11. Raman spectra for InAsp 7Pp 3 at 77 K.
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FIG. 12. Raman spectra for InAsp 4Pp 6 at 300 K.

the spectra involve mainly the replicas of the LOt and
LO2 modes. Whereas the structural disorder of the alloy
weakens the second-order features, the strength of the
electron —longitudinal-mode coupling is not altered by an
increase in chemical disorder.

CONCLUSION

Among the results presented we would like to first note
the strong selective enhancements observed for the forbid-
den 1LO2 and 2L02 modes at the E~ gap, which we attri-
bute to the strengthening of the electron-phonon coupling
probably induced by the local electric field associated with
potential fluctuations. The resonance of these long-
coherence-length modes indicate an averaged band struc-
ture for the alloy. On the other hand, the 0& local mode
has a large resonance which reaches a maximum at a dif-

ferent exciting energy. The shift is explained by the short
coherence length of this vibrational mode which is then
coupled with the electrons. Indeed, the spatially we11-
localized 0& mode selects only the part of the electronic
wave functions around the foreign atom and thus em-
phasizes their InP-like character. In conclusion, resonant
Raman scattering appears to be an efficient probe to test
more or less localized electron-phonon interactions by
choosing the appropriate vibrational mode to investigate.
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