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Resonance Raman scattering by optical phonons in GaAs near the Eo band gap
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We report the resonance of the first-order Raman scattering by longitudinal and transverse opti-
cal phonons in GaAs very near to the Eo band gap at 100 K. The resonance enhancement observed
at Eo for deformation-potential (TO,LO) and Frohlich-interaction-induced (LO) scattering is about
100 times larger than calculated for uncorrelated electron-hole pairs. The effect is attributed to the
Coulomb correlation of discrete and continuum excitons and agrees with Martin's calculation of
these effects. The Faust-Henry coefficient is found to be nearly independent of frequency in the re-

gion of our measurements ( C = —0.6+0.2).

INTRODUCTION

The investigation of resonance Raman scattering near
the lowest direct absorption edge of semiconductors, in
particular GaAs, is hampered by the appearance of strong
luminescence. Hence most investigations for GaAs have
been performed in the neighborhood of the spin-orbit split
Eo+Ao direct gap. ' Near this gap, dipole-forbidden
scattering by LO phonons, arising from the intraband
electron-phonon Frohlich interaction, has been shown to
interfere with dipole-allowed deformation potential and
electro-optic scattering in high-purity III-V com-
pounds' as well as in ternary alloys such as

Gal „Al„As. The detailed investigation of the reso-
nance behavior of the interference between allowed and
forbidden scattering helps to separate the two contribu-
tions to the forbidden Raman scattering by LO pho-
nons. The first contribution arises from the q depen-
dence of the intraband matrix elements of the Frohlich in-
teraction, while the second one is of extrinsic origin, prob-
ably due to impurity-induced scattering. ' Even in
high-purity GaAs, it is found that near Eo+ Ao only 43%
of the forbidden scattering intensity is due to the intrinsic
Frohlich mechanism. ' The theory of resonant Raman
scattering (RRS) for uncorrelated electron-hole pairs ex-
plains quantitatively the observed resonances and interfer-
ence effects near Eo+Ao. ' ' No need is seen to include
the Coulomb correlation of electron-hole pairs ' in the
theory of the resonance Raman scattering near Eo+60.
On the other hand, the optical properties are strongly af-
fected by excitonic effects at the fundamental absorption
edge Eo in GaAs and other zinc-blende-type semiconduc-
tors. ' Such excitonic effects have already been observed
in RRS from GaP, CdS, CuC1, and other bulk materials
and multiple quantum wells. " ' A number of calcula-
tions for allowed and forbidden Raman scattering by opti-
cal phonons, including exciton correlations, have already
been performed. ' These calculations include the diver-
gences at the bound-exciton energies as poles of I" func-
tions and require numerical integrations. The most trans-
parent work is probably that of Martin for CdS. Here we
will rescale these results in order to apply them to the res-
onance of GaAs near Eo.

We have investigated experimentally the resonance of
deformation-potential scattering by TO and LO phonons
very close to the Eo gap of G-aAs as well as that of
Frohlich-interaction-induced forbidden scattering in the
spectral range 1.47—1.51 eV, i.e., just below and slightly
above the Eo band gap (1.502 eV). Such resonance Ra-
man data, in a region so close to the Eo gap of GaAs,
have not been available so far. ' Recently, Beck and
Wessel reported on strongly wave-vector-dependent Ra-
man scattering by LO phonons in GaAs near the Eo
gap. ' Their stimulated Raman gain measurements, per-
formed in the forward-scattering configuration, extend
only to excitation energies up to 14 meV below the band
gap. These authors conclude that in forward scattering,
close to the Eo resonance, the dipole-allowed scattering by
LO phonons is dominant. The extrinsic, impurity-
induced contribution to the forbidden scattering is much
stronger than the intrinsic q-dependent one.

For our measurements we chose high-purity liquid-
phase-epitaxy (LPE) GaAs samples (d =50 pm) similar to
those used for the observation of interferences near the
Eo+Ao gap. ' Such samples seem to give a minimum
contribution from impurity-induced forbidden scattering
by LO phonons. For laser energies about 12 meV below
the Eo gap (ficoL & 1.49 eV) the absorption coefficient of
GaAs is so weak that the Raman signal is not only con-
fined to the epitaxially grown layer but originates also in
the substrate. However, the impurity-induced forbidden
scattering resonates mainly at outgoing resonances
(jttoL =Ep +A'QLo ). ' Thus, in the region of investiga-
tion (fuoL —Eo) and under backscattering conditions the
impurity-induced scattering should be small.

THEORY

The Raman scattering by TO phonons occurs exclusive-
ly through the deformation-potential (DP) electron-
phonon interaction. ' For backscattering at a (110) face
the Raman scattering by the LO phonon is not observed.
In crossed polarization x'(y', z')x ' or x'(z', y')x ' [with
x'= I/W2(1, 1,0), y'= I/~2(1, 1,0), and z'=(0, 0, 1)] and
parallel polarization x'(y', y')X' the TO phonon is seen

35 2886 1987 The American Physical Society



35 RESONANCE RAMAN SCATTERING BY OPTICAL PHONONS IN. . . 2887

with the Raman scattering intensity
~
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. The Raman
polarizability a TQ can be written in terms of contributions
of the critical points Ep —Ep+hp (A, ), E, E,—+b, ,
(A2), and higher gaps (A3)

2Ep [f(x p ) f (—xp +fiQTo/Eo ) ]
AQTQ

aTQ —A 1

4EO Eo
Eho Eo+Ao

3/2

f«o. )

1

1 —x1 E] +~1

The function f (x) is defined as

2
1

+33 .
1 —x1,

0 aLQ 0

RLQ — aLQ 0 0

0 0 0

(3)

For aLQ near Eo and Eo+ho, an expression similar to
Eq. (1) holds with the phonon frequency QTo replaced by
ALQo

The ratio of the dipole-allowed contributions to the Ra-
man scattering by LO phonons due to the DP and EO
mechanism is related to the Faust-Henry coefficient C

e (aX/au)C=-
m*n,' (By/BE)

(4)

Herein eT is the transverse dynamical charge, and
M*=(Mo, +MA, )

' is the reduced mass of the unit
cell. BX/Bu and Bg/BE denote the derivative of the
dielectric susceptibility with respect to the relative dis-
placement of the optical phonon and to the electric field,
respectively. The Faust-Henry coefficient can be ex-
pressed as a function of the Raman polarizabilities for al-
lowed scattering by LO and TO phonons

f(x)=x [2—(1+x)' —(1 —x)'~ ],
where the x variables are "reduced" energies
( xo =MI /Ep, xp~ ——oui)L /Ep +6 p, x ] Steel. /E~——, x }~
=ficoz /E& +b, , ). A, is related to the first-order deforma-
tion potential do by'

3 ~o
(2)128' Eo

Here ao denotes the lattice constant and Co' can be deter-
mined from the birefringence induced by a [111]stress. '

Equations (1) and (2) include in Cp' a factor of 2, which
accounts for light-hole (lh) and heavy-hole (hh) band con-
tributions. Near Eo the first term of the Eo contribution
in Eq. (1) is enhanced at incoming and outgoing resonance
due to the two-band terms of the DP coupling at the Eo
gap.

The dipole-allowed Raman scattering by LO phonons
results from the DP-induced electron-phonon interaction
and from the electro-optic (EO, interband Frohlich) cou-
pling of bands via the electric field of the LO phonon. '

For backscattering at a (001) face, the Raman tensor has
the form

aF +F,lb+ +F,hh

with
2

q e CF
QFi =

12m. m A AQLQ coL

2
1

1/2
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In Eq. (6) q is the wave vector of the created phonon and,
e and m are the free-electron charge and mass, respective-
ly. The reduced mass pi is defined as

pj
' ——m, '+mz ' (j =lh, hh)

and

mi
(s, —sg)J. = (j =lh, hh)

m, +mi

with m„m1h, and mhh the effective electron, lh, and hh
mass, respectively. V, is the volume of the primitive cell,
and CF denotes the Frohlich constant:

1/2

CF —— 2me
1

(8)
1

j6Q LQ
Eo

where ep and e„are the low (rf)- and high (ir)-frequency
dielectric constants. g describes the broadening of the Eo
gap. The Frohlich-interaction-induced dipole-forbidden
scattering resonates strongly near Eo since it involves only
two-band terms [Eq. (6)] and can be considered as a
"higher-order" (forbidden) effect. '

EXPERIMENTAL PROCEDURE

Both samples studied were n-type undoped epitaxial
layers of GaAs grown by liquid-phase epitaxy (LPE).
Sample 1 (thickness of the layer d&

——35 pm, total thick-
ness of the sample L& ——360 pm) was grown on a (001)-
oriented substrate of semi-insulating GaAs, whereas sam-
ple 2 (thickness of the layer d2 ——59 pm, thickness of the
sample Lz ——620 pm) was grown on a (110)-oriented sub-

ALQ /QTQ —1
2 2

C=
1 —aLQ/a TQ

The Frohlich-interaction-induced (F) intraband Raman
scattering by LO phonons yields a diagonal Raman tensor
with matrix elements aF. ' ' The expression for the Ra-
man polarizability aF near Eo is similar to the expression
obtained near Eo+Ao. However, one has to sum up over
the contributions from the lh and hh band, the second one
being larger than the first. The final expression for aF
then becomes
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strate. Electrical measurements on sample 1 (same as in
Ref. 2) at 77 K yield the carrier concentration
XD —Nz ——n77 —10' cm with the estimated amount of
impurities ND +N„=6 X 10' cm (p77 8.7 0 cm,
@77 100 000 cm /V s). Sample 2 gave similar values for
the resistivity and mobility at 77 K (p =3.5 0 cm,
@=117600cm /Vs). The measurements on sample 1 al-
lowed us to separate the resonance of the dipole-allowed
DP scattering and the dipole-forbidden F-induced scatter-
ing by LO phonons. On sample 2 the resonance of DP
scattering by TO phonons was measured. We used the
three different backscattering geometries.

(i) For z(y, x)z,

~
a,o ~

', I.O (sample 1) .

(ii) For z(x,x)z

~
ap ~, LO (sample 1) .

(iii) For x'(y', z)x '

~

a To ~, TO (sample 2) .

(9)

I

X I'i. , I
es RerI. .

2c
(10)

Here R' is the scattering rate, AA, ' the solid angle for col-
lection outside the crystal, and PL the power flux of the
incident laser light. TL(Ts), nL (ns), and aL (crt) denote
the transmission coefficient, refractive index, and absorp-
tion coefficient at the frequency of the laser (scattered)
light co& (co&), respectively. A~h is the frequency of the op-
tical phonon TO or LO and n (Q„h) the phonon occupa-
tion number. The absorption coefficients for Si were tak-
en from Ref. 20. For the absorption correction of CxaAs
we shifted the results of Sturge ' measured at 90 K by 3.5
meV towards lower energies to account for the tempera-
ture difference of 10 K. The total thickness of the thin-
nest sample was 360 pm. Thus the exponential function
in Eq. (10) must only be appiied for GaAs on the low-
energy side of the resonance (ficoc & 1.478 eV). For

In these equations x, y, z, x', and y' are parallel to the
[100], [010], [001], [110],and [110]directions, respective-
ly.

The Raman measurements were performed with a cw
dye laser using Styril 9 (Lambda Physik, Gottigen)
pumped with all lines of an argon-ion laser (=6.0 W). It
lased in the range of 1.45—1.55 eV. The power of the in-
cident laser beam was typically between 40 and 60 mW.
The power density on the sample was kept below 10
W/cm2 using a slit focus on the sample. The samples
were mounted on a cooled finger of a liquid-nitrogen cry-
ostat. The temperature was determined to be (100+5) K.

In order to display our results in absolute values of the
Raman scattering intensity l es R.eL

~

we used the sam-
ple substitution method. ' We chose high-purity silicon
as a reference [ ~

a
~

=27 A at 1.5 eV (Ref. 19)]. The ex-
perimental scattering rates outside the crystal relative to
silicon R z,« /R s; were corrected for absorption, refrac-
tive index, and reflectivity according to the expression '

—(a~+a~)L
[n (Qph)+ I]

ns&I. (ac +as)

iricuL & 1.49 eV (cc =300 cm ') the outgoing signal is
essentially confined to the epitaxial layer. The total error
resulting from these corrections is estimated to be about
50%, mainly due to the uncertainty of the Raman polari-
zability of Si and of the absorption coefficient of GaAs
near the band edge.

RESULTS AND DISCUSSION

TABLE I. Parameters for the calculation of DP- and F-
induced Rarnan scattering by LO phonons according to Eqs. (1)
and (6).

p=1.502 eV'
Ep+ kp ——1.842 eV
g[Ep)=2. 0 meV
g(Ep+ Ap) =3.5 meV
El ——3.028 eV'
E&+El ——3.246 eV'
&&Lo-——36.3 meV"

,To ——33.7 meV d

m, =0.067 m'
m„=0.16 m'
mph

—0.082 m'
m» ——0.47 m'
P jm =12.9 eV
Cz ——2. 14 && 10 eV cm '

up=13. 1

e = 1 1. 1'

Al ——8
=26

A3 ———3
' Ep+ Ap —0.34 eV.
Reference 4.

'Reference 22.
"Reference 23.
'Reference 24.

P =Pi(277-/ap).
gFrom Eq. (8).
"Reference 25.
'Reference 26.

Figure 1 shows the resonance in the three different
backscattering configurations [Eq. (9)]. Measurements
above E0 (Picnic & 1.505 eV) are prevented by strong
luminescence. The dotted curves depict the result of cal-
culations for DP + EO and F-induced scattering by LO
phonons [Eqs. (1) and (6)] in absolute units. The dashed
and solid curves will be discussed later. The parameters
of these calculations, listed in Table I, are chosen the same
as obtained from the interference at Ep+Ap. ' For the
DP (TO) and DP + EO (LO) scattering the observed reso-
nance is similar. It increases by a factor of 250 as one ap-
proaches the Ep gap and then decreases. The forbidden
F-induced scattering resonates stronger (increase of a fac-
tor of 1500) and decreases also above the gap. Interfer-
ence effects of the type observed for Ep+Ap are rather
weak at Ep and will not be discussed here. Over the
whole resonance we determine the ratio of dipole-allowed
contributions to LO- and TO-phonon scattering to be
nearly constant (

~
aLo/aTo

~

=1.6+0.2). With Eq. (5)
we obtain the Faust-Henry coefficient C = —0.6+0.2. It
is in good agreement with the value —0.57 measured at
1.0 eV, and with a calculation by Bell ( —0.77). At
1.47 eV the Raman polarizability aT& of the TO phonon
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(away from the strong resonance) amounts to 93 A, as
compared with previously reported values of 63+10 A at
1 eV (Ref. 29) and 50 A at 1.2 eV (Ref. 30).

The comparison of the dotted curves, calculated
without electron-hole correlations, with the experimental
data gives clear evidence that the resonance enhancement
near Eo is much stronger than predicted by this theory.
Below 1.47 eV, however, this theory is known to represent
well the experiments. ' Between 1.47 and 1.502 eV the
enhancement of the experimental data with respect to this
theory amounts to a factor of 125 for DP + EO scattering
and to a factor of 106 in the case of F-induced scattering.
The enhancement factor must be interpreted as related to
e-h Coulomb interaction. The enhancement near Eo due
to Coulomb-correlated e-h pairs with respect to uncorre-
lated e-h pairs can be estimated, within the effective-mass
exciton (Wannier) model, with the help of Ref. 8. We will
try to rescale the data of Martin (Figs. 2 and 3 of Ref. 8)
calculated for DP- and F-induced scattering in CdS to ac-
count for excitonic effects in GaAs, since the excitonic
properties are different in CdS and GaAs (see Table II).
Since the 1s-exciton binding energy in GaAs is small

[E&,——4.2 meV (Ref. 31)], the main contribution to RRS
is expected from exciton effects in the interband continu-
um. On this continuum the imaginary part e; of the
dielectric function near Eo has a step given by (in atomic
units e =A'= m = 1)

14 at AcoL ——1.49 eV (12 meV below the Eo gap). The ex-
citon enhancement of F-induced scattering can be de-
duced from Fig. 3 of Ref. 8. Comparing the total contri-
bution and that of uncorrelated pairs 12 meV below the
Eo gap one reads a factor of 32.5 for CdS which is re-
scaled to (32.5X0.254)=8 for the Raman polarizability
of GaAs. This gives an enhancement factor of 64 for the
Raman intensity which compares well with our observed
factor of 42 (cf. Fig. 1). This good agreement, while pos-
sibly partly fortuitous, shows that the order of magnitude
of the scattering efficiency can be predicted by application
of Martin's theory including e-h Coulomb correlation
near a three-dimensional critical point. Recently, the ob-
servation of strongly wave-vector-dependent resonant Ra-
man scattering by LO phonons in GaAs near the Eo band
gap was reported. ' The authors applied Martin's theory
for intrinsic bulk DP- and q-dependent F-induced Raman
scattering for correlated electron-hole pairs (Fig. 2 of Ref.
16). We tried to compare their calculations for DP- and
F-induced backscattering with our experimental data in
Fig. 2. We scaled their curves, given in arbitrary units, to
the observed scattering intensities at 1.472 eV. The agree-
ment between the calculations and the experimental points
(triangles and solid curve in Fig. 2) is good for the forbid-
den scattering up to 1.49 eV. At 12 meV below the Eo
gap (PAL ——1.49 eV), the observed dipole-forbidden

e;(Eo)= ~ (2@*)
~
E„~ '

where Eo is the energy of the direct gap, E&, the 1s-
exciton binding energy, and M the oscillator strength:

T 2p2
~C

1 2m

Eo ao
(12)

By taking the values of Table II, the exciton enhancement
of the absorption is about 0.254 times lower for GaAs
than for CdS. This prefactor should enter as a square into
the Raman intensity. The enhancement for the Raman
polarizability of DP scattering in CdS can be read from
Fig. 2 of Ref. 8. At 12 meV (0.4E~, of CdS) below Eo we
get a factor of 16 for the ratio of the total Raman polari-
zability (discrete and continuum exciton contribution)
with respect to that of uncorrelated e-h pairs. This value
yields a total enhancement of the Raman scattering inten-
sity for DP (+ EO) scattering by LO phonons in GaAs of
(16X0.254) =16. Experimentally we obtain a factor of

0

& Q)

ter

&Qp

10|—

yyyQ QQQQ Q Q 0 ~ ~

10~ -+ DP+ EO

~O

~O
~ 0

~0
~V

~ yO

~yO
~yO

~I

103—

10 I t

~ Z{Y,X)Z: La{OP+ED}

Eo

TABLE II. Comparison of exciton parameters of CdS and
GaAs used to rescale Martin's calculations of cross sections.

102
1.47

I

1&8 1.50 1.51

p

Qp

'Reference 8.
Reference 32.

'Reference 33.

30 meV'
0.16 m'
2.57 eVb
5.82 A

GaAs

4.2 meVd
0 058 m'
1.50 eV
5.65 A

Reference 31.
'Reference 24.
Reference 34.

FIG. 1. Resonance curves for the dipole-allowed
(DP, DP + EO) scattering by TO and LO phonons and for the
dipole-forbidden scattering (F) by LO phonons near the Eo gap.
The dotted curves are calculated from theory assuming uncorre-
lated electron-hole pairs. The dashed curve is calculated assum-
ing that Eo corresponds to a two-dimensional critical point [Eq.
(13)]. The solid curve is a Lorentzian function for the Raman
intensity [Eq. (14)].
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107

C4

]lX
104

GaAs
~ ~ $
+ k

k

f
e, .R eL /'~

(fuel Ep) +—g
(14)

The dashed curve in Fig. 1 shows the result of a calcula-
tion, in arbitrary units, with Eq. (13) using the parameters
of Table I and fitted to the experiment at 1.472 eV. The
agreement between the experimental data and the calculat-
ed curve is definitely better than the (DP+ EO)-based
dotted curve found with Eo as a three-dimensional critical
point. The discrepancy between the data and the dashed
curve can perhaps be attributed to the contribution of the
n = 1 discrete exciton to the resonance enhancement. To
estimate this contribution, it is reasonable to take a
Lorentzian function for the Raman intensity:

103—

102
1.47 1.50 1.51

FIG. 2. Comparison of our experimental data with calculated
curves published by Beck and Wessel (Ref. 16) based on
Martin's theory, incorporating Coulomb-correlated pairs.

'2
Wul —Eo+ i/

~

es'R. eL
I ~L —Eo —i5ALo+i q

(13)

scattering is about one-fifth of the dipole-allowed one, in
agreement with Ref. 15. As one approaches Eo, the cal-
culated F scattering becomes even stronger than the DP
scattering. The theory, however, predicts too strong an
increase for F-induced scattering near Eo, a fact which
may be attributed to exciton lifetime broadening and, pos-
sibly, to polariton effects. The allowed scattering
resonates more strongly than the calculations of Ref. 16
even below 1.49 eV. Our scaling arguments, however,
gave in this region reasonable agreement with experiment.
Since no details of the calculation were given in Ref. 16,
we cannot comment any further on the reasons for this
apparent discrepancy.

There is yet another simple way to simulate the effect
of the exciton continuum and the higher discrete states on
the RRS at the Eo gap. Guided by the fact that the exci-
tons change the density of electronic transitions near the
Eo band gap from E' -type to a step function, Ep can be
regarded as a two-dimensional critical point (Mp type),
and the calculations of Ram an intensity can be per-
formed, in a heuristic way, with the uncorrelated e-h
pairs as intermediate states

r

The solid line in Fig. 1 shows the intensity evaluated with
Eq. (14) (in arbitrary units) using the values of Ep and r)
given in Table I (also fitted at 1.472 eV). The agreement
between the calculated curve and the data is remarkable.
We realize, however, that the effects of the discrete and
continuum excitons cannot be rigorously represented this
way. Accurate calculations of the scattering cross section
for the band parameters of GaAs, including exciton in-
teraction, are thus needed.

We should point out that the corresponding resonance
enhancements are considerably larger in the II-VI com-
pounds' than in GaAs, a fact which can be attributed to
the stronger intensity of the edge excitons in those materi-
als.

To summarize, we have measured the resonance
enhancement of the Raman intensities of the optic pho-
nons very close to the fundamental absorption gap Eo of
GaAs at low temperatures. The comparison of the data
with theory, incorporating uncorrelated electron-hole
pairs as intermediate states, clearly demonstrates the dom-
inant contributions of excitonic effects. An estimate of
the order of magnitude of these effects made from
Martin's results agrees with our observations. However,
a detailed comparison of the experiments with the calcu-
lated curves by Beck and Wessel, based on Martin's theory
(Fig. 2) reveals some discrepancies. It would be
worthwhile to restudy the theory of RRS with polaritons
as intermediate states and make a quantitative compar-
ison with the experimental data. Also, a detailed theory
of impurity-induced scattering by excitons via Frohlich
interaction is needed.
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