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We have studied the resonant Raman scattering by LO and two-LO phonons and LO-phonon in-
terference effects near the E;+Ap gap of InP. Absolute values of the corresponding Raman effi-
ciencies and Raman polarizabilities are displayed and compared with theoretical calculations. From
the resonance in the two-LO-phonon scattering, the position of the Ey+ A gap and its Lorentzian
broadening are determined at 100 K to be 1.509+0.003 eV and 5.0+0.5 meV, respectively. The ex-
trinsic impurity-induced contribution to the LO-phonon forbidden scattering is shown to play a
dominant role with respect to the intrinsic q-induced mechanism even in high-purity InP. The
broadening of the Ey+A, gap, as obtained from the resonance in the two-LO-phonon scattering,
yields an electron-phonon deformation potential do =14 eV, much smaller than usually assumed.

I. INTRODUCTION

In high-purity GaAs, forbidden Raman scattering by
one LO phonon, arising from the intraband Frohlich
electron-phonon interaction, has been shown to interfere
with the corresponding allowed scattering due to the
deformation-potential mechanism.! Two contributions to
the forbidden Raman scattering by LO phonons, an in-
trinsic g-induced one and an extrinsic impurity-induced
one, could be quantitatively separated by investigating the
resonance behavior of interference effects between allowed
and forbidden Raman scattering by LO phonons near the
Eo+Ay gap of GaAs.? The extrinsic mechanism was
shown to be formally similar to the scattering by two pho-
nons, with the impurity playing the role of one of the
phonons. Resonant Raman scattering by two LO pho-
nons has been the object of a number of investigations,
particularly the recent work on Cd,Hg,_,Te near the
Eo+A, gap.® It is shown in this work that the peak of
the resonance profile occurs when the frequency of the
scattered light equals that of the corresponding gap. An
analysis of the measured resonance profiles of the two LO
phonons yields rather accurate values for the gap energies
and their Lorentzian broadenings.

In this paper we combine both studies and investigate
allowed and forbidden Raman scattering by LO phonons,
Raman scattering by two LO phonons, and LO-phonon
interference effects in high-purity InP near the Ey+ A,
gap [=~1.51 eV at 100 K (Refs. 4 and 5)]. We demon-
strate the generality of the interference phenomenon be-
tween allowed and forbidden Raman scattering by LO
phonons by reporting its observation for InP. We also
analyze the resonance obtained for two-LO-phonon
scattering and determine from these results the position
and the Lorentzian broadening of the Ey+ Ay gap. From
an analysis of this broadening we obtain the deformation
potential dy~ 14 eV for the coupling of the I';5 valence-
band states to LO phonons.

II. THEORY

The Raman scattering efficiency dS/dQ (per unit
length and unit solid angle () is used to compare LO-
phonon forbidden and two-LO-phonon Raman scattering,
while the first-order Raman tensor R and its independent
components, the Raman polarizabilities a, are convenient
to display the intensity of LO-phonon allowed and forbid-
den Raman scattering.

The efficiency (dS/dQ);o of Raman scattering by LO
pho;xons can be written as a function of the Raman ten-
sor:
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where o; (ws) is the frequency of the incident (scattered)
photon, c is the speed of light in vacuum, ¥V, the volume
of the primitive cell, M*=(Mp! +M5')~! the reduced
mass of the unit cell, Q¢ the frequency of the LO pho-
non, n({; o) the LO-phonon occupation number, n; (ng)
the refractive index, and €, (€s) the polarization vector of
the incident (scattered) light. A similar expression holds
for the efficiency (dS/dQ), o of Raman scattering by
two LO phonons as given by Egs. (2) and (7) of Ref. 3.

The Raman scattering efficiencies (dS/dQ) o and
(dS/dQ); 0 can be related to the measured scattering
rate R§ outside the crystal by?

T, TsP;
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Here, T; (Ts) is the power-transmission coefficient of
the incident (scattered) light defined by 7T =1—r, where r
is the reflectivity, and P; is the power of the light in-
cident on the sample. a; (ag) is the absorption coeffi-
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cient of the incident (scattered) light and AQ)' the solid an-
gle for collection outside the crystal. The large
parentheses in Eq. (2) must be used to correct the mea-
sured scattering rates in order to obtain scattering effi-
ciencies. An expression relating the measured scattering
rate R to the square of the appropriate component of the
Raman tensor |8s-R-€; |2 can be derived from Egs. (1)
and (2) and is given explicitly by Eq. (6) of Ref. 2.

The allowed Raman scattering by LO phonons occurs
via deformation-potential (DP) electron-phonon interac-
tion. For backscattering at a (001) face the Raman tensor

|
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is given by®

0 app 0
ﬁDPz app 0 0f. (3)
0 0O O

The deformation-potential-induced Raman polarizability
app can be written in terms of contributions of the criti-
cal points Eg—Eg+AyA4,), E;—E;+A{(4;), and
higher gaps (4;):°

2E[f (x0—#Q0/2Eo) —f (xo +#Lo/2Eo)]
app=4, 70y
Eo | £(xy) 2o mf( )| 1+ 4
—_— - x
+ Ao X0 Eq+ A Os +A4,
with

fx)=x"2—(1+x)"2—(1—x)1?] .

The x variables are “reduced” energies defined as
onﬁwL/Eo, xmzﬁwL/E0+Ao, X1 =ﬁa)L/E|, and
xis=%w; /E;+A,. Equation (4) corresponds to Eq. (8)
of Ref. 6 with the derivative g(x,) replaced by the finite
difference of f functions.” Near Ey+ A, this change has
to be made for semiconductors in which the spin-orbit
splitting Ag [ =100 meV in InP (Ref. 5)] is not much
larger than the phonon energy hQ;o [ =43 meV in InP
(Ref. 8)].

The allowed Raman scattering by optical phonons re-
veals a strong resonance at the critical points Ey and E;.
However, the dispersion should be weak at the Ey+ A,
gap [e.g., the measurements for TO phonons in InP (Ref.
9) and GaAs (Ref. 6) and for LO phonons in GaAs (Ref.
1)], except in cases where the excitonic exchange interac-
tion is large.'® The factors 4, and A, (usually given in
units of A*) can be related to the first-order optical defor-
mation potential d, of the Ey+ Aq gap and to the three-
band deformation potential d3, of the E, —E;+A, gap
through®

V3 a3
=— —Cq 5
A1=T33r g, Codo (5)
and
ap 5
Az =0.72'E'%"d3’0 . (6)

ap is the lattice constant and Cg is a constant which
determines the contributions of the Ey; and Ey+Aq gaps
(Eo>>A,) to the dielectric function e:>!!

Ae=Cqy[f(x9)+0.435f (x0)] . (7

The constant Cj can be obtained from the birefringence
induced by a [111] stress (same symmetry as the optical
phonon), but unfortunately with a large uncertainty.!?
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E1+A1
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Since Cy « P~! holds (P is the interband matrix element
of linear momentum),!' C§ should not vary much from
GaAs to InP.6 The factors Ay, A,, and A; can also be
viewed as disposable parameters to fit the experimental
scattering efficiencies.

Forbidden Raman scattering by LO phonons involves
two mechanisms: an intrinsic g-induced one via the elec-
tric field which accompanies the LO phonon (Frohlich in-
teraction), leading to the same final states as the
deformation-potential-induced Raman scattering (co-
herent), and an extrinsic one, via Frohlich electron-
phonon and electron-impurity interaction, leading to a
manifold of different states with different wave vectors q
(incoherent). An additional mechanism exists in the pres-
ence of a strong dc electric field.” It will not be discussed
here since such a field is not present in our experiments.

The intrinsic LO-phonon forbidden Raman scattering
arises from intraband matrix elements of the Frohlich in-
teraction when one takes the q dependence of these matrix
elements into account. For the Ey+ A, gap the Raman

-
tensor Ry is a diagonal tensor:?

ar 0 0
Re=1[0 ar 0. (8)
0 0 ar

For the case of transitions between uncorrelated electrons
(no excitonic effects) the q-induced Raman polarizability
ag can be written as?
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In Eq. (9) q is the wave vector of the created phonon, e
and m are the free-electron charge and mass, respectively,
pl=m;'+my !, and Sep=mgp/(m,+my), where m,
(my) is the effective electron (hole) mass. The Frohlich
constant Cy is given by

Cr=[2meX(1/e,, —1/€) 0]

g2 |\
V.M* Q0

ere

€

) (10)
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€ and €, being the low- (rf) and high-frequency (ir)
dielectric constant, and et the transverse dynamical
charge. The definition of the function F implies the con-
vention that the imaginary parts of the square roots are
positive. 7 describes the broadening of the Ey+ A, gap.

The intrinsic forbidden Raman scattering by LO pho-
nons resonates between E,+ Ay and Ey+ Ag+#iQ; o with
a maximum around Ey+Ay+7iQ;o/2. The resonance
line shape does not vary sensitively with the broadening 1
of the Ey+ A, gap, since only single resonances occur.
We show in Fig. 1 the results of a calculation with Eq. (9)
using the parameters appropriate to InP (Table I) for five
different values of 7 (0, 1, 2, 5, and 8 meV). Note that for
=0 the resonance profile reveals a plateau with square-
root singularities at its corners separated by the energy
#iQ)1 o of the LO phonon. For %7 much smaller than #Q; o
the profile approaches rapidly that for =0. Hence, in
this case it becomes rather difficult to extract the
broadening 7 from the shape or the width of the reso-
nance.

The existence of extrinsic impurity-induced forbidden
Raman scattering by LO phonons was suggested by
several authors.!® It can be evaluated in fourth-order per-

T T l T T T T ' T T T
Eg+ 4
hQ o

RAMAN EFFICIENCY (arb.units)

1.5 16
LASER ENERGY (eV)

FIG. 1. Raman efficiency for intrinsic g-induced forbidden
scattering by one LO phonon calculated with Eq. (9) using the
parameters appropriate to InP (Table I) for five different values

of (0, 1, 2, 5, and 8 meV).

TABLE 1. Parameters used to evaluate the theoretical ex-
pressions of the Raman polarizabilities in InP.

Ey=1.41 eV*
Eo+Ag=(1.509£0.003) eV®
n=(5.0£0.5) meV
m,=0.077m*

my=0.21mf

P*/m~8.7 eV"
q=5.3x10° cm—!

E;=3.15 eV°
E +A;=3.28 eV©

#Q; =43 meVd
M*=44782m

ao=5.8725 A®
Cr=3.07Xx10"% eVcm!/?!
Xp=0.06

2Reference 4.

®Value used for the fit of the two-LO-phonon resonance profile
(see text).

‘Reference 41.

40 0=2347 cm~! at 100 K (Ref. 8).
‘Reference 42.

fReference 43.

8Reference 44.

hP =~2m/a 0-

iSee Eq. (10) and Ref. 45.

ig =(n o +nsws)/c.

kSee definition in Ref. 2.

turbation theory.? In spite of this, its scattering efficiency
becomes comparable with that of the intrinsic LO-phonon
forbidden Raman scattering, since the momentum conser-
vation is relaxed in this process. Larger q vectors
enhance the scattering efficiency ( < g¢?) and double reso-
nances occur at Eg+Ag+7Q;o (outgoing resonance)
which are quite sensitive to the broadening 7 of the
E,+A, gap. The Raman tensor ﬁpi for impurity-
induced LO-phonon forbidden Raman scattering near
Ey+A, is diagonal. The square | ag; | ? of the Raman po-
larizability and other details of the calculations, assuming
scattering by ionized impurities, are given in Ref. 2 [Eq.
(AD)].

Figure 2 displays the results of a calculation with Eq.
(A1) of Ref. 2 using the parameters appropriate to InP
(Table I) for three different values of 7 (2, 5, and 8 meV).

RAMAN EFFICIENCY (arb. units)

1.5 1.6
LASER ENERGY (eV)

FIG. 2. Raman efficiency for extrinsic impurity-induced for-
bidden scattering by one LO phonon calculated with Eq. (A1) of
Ref. 2 using the parameters appropriate to InP (Table I) for
three different values of 7 (2, 5, and 8 meV).
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Note that for 7 ~0 the resonance profile seems to diverge
at Ey+ A, (ingoing resonance) and Ey+ Ag+7ifd o (out-
going resonance), preventing a numerical evaluation of the
integral in Eq. (A1) of Ref. 2. For 7 much smaller than
#Q; o the profile reveals two peaks separated by the ener-
gy #Q o of the LO phonon, the stronger one at the outgo-
ing resonance. Hence, for small broadenings 1 and a
dominant contribution of the impurity-induced mecha-
nism to the forbidden Raman scattering by LO phonons,
the resonance shows a sharp feature at the outgoing reso-
nance which allows an evaluation of the E,+ A, gap posi-
tion and its Lorentzian broadening 7. However, in the
case of larger broadenings or higher contributions of in-
trinsic forbidden Raman scattering by LO phonons, the
resonance profile smears out and a determination of the
E,+ A, gap position and its broadening from the shape or
the width of the resonance becomes rather difficult.
Two-LO-phonon Raman scattering by intraband
Frohlich interaction is isomorphic to the impurity-
induced LO-phonon forbidden Raman scattering, with the
electron-impurity Coulomb interaction replaced by the
Frohlich interaction. Thus, the calculations of Refs.
14—18 and 3 lead, also in this case, to a diagonal tensor.
An expression for the two-LO-phonon Raman scattering
efficiency (dS /dQ); o is given by Egs. (2) and (7) of Ref.
3. Double resonances occur at Ey+ A+ 27i); o (outgoing
resonance), the resonance maximum varying sensitively
with the broadening 7 of the Ey+ Ay gap. We show in
Fig. 3 the result of calculations performed with Egs. (2)
and (7) of Ref. 3 using the parameters appropriate to InP
(Table I) for three different values of 1 (2, 5, and 8 meV).
Note that the apparent broadenings of the resonance pro-
files, with only one peak at the outgoing resonance
(Eq+Ap+2%iQ; o), are not only determined by the
Lorentzian broadening 7 of the Eq+ A, gap, but also by
the energy 7)o of the LO phonon. The maxima of the
scattering efficiency are inversely proportional to the
square of the apparent width of the resonance profiles. A
numerical evaluation of the integral according to Eq. (7)

RAMAN EFFICIENCY (arb.units)

15 6 17
LASER ENERGY (eV)

FIG. 3. Raman efficiency for scattering by two LO phonons
calculated with Egs. (2) and (7) of Ref. 3 using the parameters
appropriate to InP (Table I) for three different values of 7 (2, 5,
and 8 meV).
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of Ref. 3 becomes impossible in the limit of negligibly
small 7, as in the case of impurity-induced scattering by
LO phonons (see above). Hence, we cannot say with cer-
tainty whether for 7—0 the apparent width tends to zero
and whether the resonance maximum diverges. Accord-
ing to our calculations for 721 meV the resonance pro-
file for two-LO-phonon Raman scattering, revealing only
one peak at the outgoing resonance, allows one to deter-
mine accurately the position and the broadening of the
Ey+Ap gap.

The broadening parameter 7 can be related to the opti-
cal deformation potential d, following the analysis of
Lawaetz.!® The basic assumption is that the broadening
of the Eq+ Ay gap is essentially determined by the life-
time of the hole in the split-off band. At low temperature
the hole state in the split-off band decays into the heavy-
hole and light-hole bands through emission of an optical
phonon. Neglecting multipole coupling of phonons to
electrons, there are two contributions to the broadening 7
of the Ey+ Ag gap [Egs. (5-29) and (5-31) of Ref. 19]:

netidd+Gal . an

£,d3 describes the broadening by nonpolar deformation-
potential interaction and £, is a weighting factor which
takes the density of states and the k-space integration into
account (£, =5X10"% eV~! was evaluated for InP in Ref.
19). Q'pa: yields the polar contribution, a, describes the
strength of the polar-optical coupling, and §, is a weight-
ing factor similar to £;. The polar contribution é‘,apz to
the broadening 17 amounts to 4 meV in InP.1® The
deformation-potential contribution &,d3 is calculated to be
6 meV,!” with the value of dy=35 eV, which is obtained
theoretically with the non-self-consistent empirical pseu-
dopotential method (EPM).2°

Our analysis of LO-phonon interference effects is based
on the fact that the Raman tensors for LO-phonon al-
lowed and intrinsic forbidden Raman scattering should be
(coherently) added before squaring [Eqgs. (3) and (8)], while
the extrinsic LO-phonon forbidden scattering should be
(incoherently) added after squaring. We denote by x, y, z,
x’, and y’ the [100], [010], [001], [110], and [110] direc-
tions of the crystal, respectively. The [110] and [110]
directions are physically inequivalent in III-V compounds.
However, the labeling depends on the choice of the coor-
dinates. With the earlier convention [the In atoms at
(0,0,0), the P atoms at (ay/4)(1,1,1) (Ref. 2)], the (111)
face, parallel to [110], is In-terminated.

We used four backscattering configurations at a (001)
face in order to measure LO-phonon interference effects (I
and II), LO-phonon forbidden Raman scattering (III), and
LO-phonon allowed Raman scattering (IV). The square
|&s-R-8, |2 of the Raman tensor in the four scattering
geometries amounts to

() z(x',x)Z: |ap+app|*+ |ap|?,
(I z(y',y")z: |2
(II) z(x,x)Z:
(IV) z(y,x)Z: |app|?.

We have investigated the Raman scattering by two LO

|ap—app |+ |ag

lap |2+ ag |2, (12)

>
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phonons in configuration III. Configurations I and II
should give the same results as configuration III.

III. EXPERIMENTAL DETAILS

The samples studied were two n-type undoped epitaxial
layers (d~1.5 um) of InP grown on semi-insulating
InP:Fe(001) substrates by the MOCVD (metal-organic
chemical-vapor-deposition) technique. Sample 1 was sup-
plied by M. Heyen and H. Jirgensen, University of
Aachen, while sample 2 was obtained from K. Benz and
F. Scholz, University of Stuttgart. Electrical measure-
ments at 77 K yield the carrier concentrations
n17~1x10" cm~3 (sample 1) and n,;~1.4x10" cm™3
(sample 2). The growers of sample 2 reported to us a mo-
bility p77=45500 cm?/Vs. The [110] and [170] direc-
tions were determined by inspection of the etch pattern.
Preferential etching of the (001) face with a 0.6 N solution
of Fe** ions in HCI (36 mol %) produces a rectangular
pyramidal structure, the four sides being {111} planes.?!
Since In-terminated faces are less reactive than P-
terminated ones, In-terminated {111} planes develop more
easily. This means that the longest sides of the pyramids
are parallel to [110].2"32 This effect allows the orienta-
tion of the sample to be determined.

The Raman measurements were performed with a cw
dye laser using the normal and infrared-extended version
of the dye LD700 (Lambda Physik, Gottingen). This dye
was pumped with all red lines of a Krt laser (4.5 W). It
lased in the frequency range 1.5—1.7 eV, close to the
Ey+Aq gap of InP. The laser beam was focused onto the
sample with a cylindrical lens. The power density was
kept below 10 W/cm?.

Three similar samples were cut and mounted next to
each other in a liquid-nitrogen cryostat in such a way that
the measurements in the z(x',x')Z, z(y’,y’')Z, and z(x,x)Z
configurations could be performed without changing the
polarization of the incident and scattered light simply by
means of a parallel translation of the samples with respect
to the entrance slit of the monochromator. The polariza-
tion of the incident light was changed for the measure-
ment of allowed Raman scattering by LO phonons in the
z(y,x)Z configuration.

In order to obtain absolute values for the Raman
scattering efficiencies and the Raman tensor, we used the
sample-substitution method.” We chose high-purity sil-
icon as a reference. Its Raman tensor is known to show
low dispersion within the frequency range under investi-
gation. For the Raman polarizability |a | of the
optical phonon of Si, we use 30 Al at fiw; ~1.6 eV corre-
sponding to the Raman scattering efficiency
dS/dQ=2.2%10"% sr—'cm~.2 The experimental
scattering rates Rg outside the crystal were obtained from
the area of the optical-phonon lines measured for InP and
Si, respectively. These data were corrected for absorption,
reflectivity, and the refractive index according to Eq. (2)
for the scattering efficiency dS/d( and according to Eq.
(6) of Ref. 2 for |’és°ﬁ-'éL | 2. The absorption data for Si
were taken from Dash and Newman.?* For InP no ab-
sorption coefficients are available within the frequency
range 1.5—1.7 eV. We thus interpolated between the

5477

values obtained by Turner et al.* near the absorption edge
(=~1.4 eV) at 77 K and data determined by ellipsometry
(#iw; > 2.0 eV) by Aspnes and Studna® at room tempera-
ture, shifting the latter by 80 meV (Ref. 4) so as to simu-
late low-temperature data. Additional data for the
transmission coefficients and the refractive indices of InP
and Si were taken from Ref. 25 after correcting for the
temperature shift.

IV. RESULTS

Our figures will only show the experimental data of
sample 1. However, the values obtained from the fit will
be given for both samples. The experimental error in the
measurement of the ratio of the Raman scattering effi-
ciency of InP to that of Si obtained from the areas under
the phonon lines is estimated to be about 20%.

Figure 4 displays the measured integrated scattering ef-
ficiencies (dS/dQ) o and (dS/dQ)y, o for LO-phonon
forbidden and for two-LO-phonon Raman scattering.
While the Raman scattering by two LO phonons reveals a
sharp resonance with only one peak, the resonance profile
of the forbidden scattering by LO phonons is broad,
displaying a flat plateau with corners separated approxi-
mately by the LO-phonon frequency. We give in Fig. 5
the measured values of the square l’és-ﬁ-'éL |2 of the Ra-
man tensor for LO-phonon scattering in the three polari-
zation configurations for which € |/€s. The resonance
behavior for the z(x’,x')Z configuration differs from that
for the z(y',y’)Z configuration, thus confirming that a
part of the LO-phonon forbidden scattering interferes
with the allowed contribution. Figure 6 shows the reso-
nance curve for the configuration z(y,x)Z in which only
allowed Raman scattering by LO phonons should be ob-
served. In the region of Fig. 6, which includes E;+ A,
but not E, no sharp structure should appear.” Neverthe-
less, a strong enhancement is observed toward the low-
energy boundary of the laser range (see next section).

2 ] T T T T ]' T T T T I
InP (001)
[ 100 K
/ --2(x,x)Z:1L0

,] |, —2(x,x)Z:2L0

as | 1
aQHO sriecm’')
I

4
h\‘.o
—
i

. N
L P J ) 4
A‘,‘ ( +
7 \
s Ya oo
; N o~
N - T+
- A & a —
0 e 1 L Py S o W W S .
1.5 1.7

16
LASER ENERGY (eV)

FIG. 4. Raman scattering efficiencies for LO-phonon forbid-
den and two-LO-phonon scattering near the Ey,+ Aj gap of InP
at T=100 K. The lines represent fits to the experimental
points.
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InP(001) u
100K .

—z(x)x)2 7
---zly,y)Z n
— =2z (x,x)Z ]

v T ST
ol I e
= 6 17

LASER ENERGY (eV)

FIG. 5. LO-phonon Raman polarizabilities for the three
scattering configurations (€ ||€s) near the Eq+ A, gap of InP at
T =100 K. The lines are drawn as a guide to the eye.

V. DISCUSSION

By fitting the two-LO-phonon resonance with Egs. (2)
and (7) of Ref. 3 (solid line in Fig. 4), we determine the
Ey+4, gap position (1.506+0.003 eV for sample 1,
1.509+0.003 eV for sample 2) and its broadening 7%
(5.010.5 meV for both samples). Details concerning the
fitting parameters are given in Table L.

12 T T T T T T
10— InP (001) —
L 100K |
N -
:‘ 8 —aZ(y,x)Z —
e | |
o
«u_’ 6 —
@ b &* 4
«o:m 4 — ..‘.Y -
=\\ ' -
2 \\\\,f*\ —
e~ D\
- \\ Wy *"ﬂ-su—-*&*.*.*_*_*p*_*.r
0 Lo oS L0 ]
1.5 1.6 1.7

LASER ENERGY (eV)

FIG. 6. Raman polarizabilities for LO-phonon allowed
scattering near the Eo+Aq gap of InP at T~ 100 K. The solid
line represents the fit to the experimental resonance curve as-
suming a contribution from deformation-potential scattering
(dashed line) and a contribution due to a further resonance of
unknown origin (dotted-dashed line).
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The measured Raman scattering efficiency at the max-
imum of the resonance [(dS/dQ)o=1.7X1073
sr~'em™!] differs by a factor of 3 from the theoretical
value [(dS/dQ),10=0.57x10"° sr~!'ecm~!]. The quali-
tative agreement is satisfactory, taking into account the
total error of the Raman scattering efficiency of InP
[about 50%, determined mainly by the uncertainty of the
Raman scattering efficiency of Si (Ref. 23)] and consider-
able uncertainties of the parameters of the calculation (see
Table I), which, anyway, does not include electron-hole
correlation (excitonic interaction). The gap position
agrees with other optical measurements [ Eg+Ag=1.5 eV
at 100 K (Refs. 4 and 5)]. The broadening 7=5 meV
yields dg=14.2 eV from Eq. (11), if we assume that the
polar contribution to the broadening amounts to 4 meV.!
This means that the essential contribution to the broaden-
ing of the Ey+Aq gap originates from the polar-optical
coupling (4 meV) and not from the deformation-potential
coupling (1 meV). Our result (=5 meV, dy=14 eV)
differs dramatically from that of Lawaetz [dy=35 eV
(Ref. 19)], assuming 7 =10 meV,? and from the calcula-
tion using the EPM method [do=35 eV (Ref. 20)]. This
discrepancy will be discussed later.

In order to fit the resonance profile of the allowed Ra-
man scattering by LO phonons near Ey+ A, (Fig. 6), the
strong resonance tail at lower energies (#iw; <1.55 eV)
has to be removed. No successful fit can be otherwise ob-
tained with Eq. (4). We therefore postulate that this tail is
due to another mechanism. Hot luminescence is discard-
ed as the tail is only seen for some configurations (not in
the LO-phonon forbidden Raman scattering configura-
tion). The origin of this resonance remains unknown.
The observation of forbidden LO-phonon and two-LO-
phonon Raman scattering becomes impossible for
fiws = 1.49 eV as well as the measurement of LO-phonon
allowed Raman scattering for fing<1.46 eV, since a
strong luminescence due to the E, gap masks this energy
region. Measurements at different temperatures and the
investigation of Raman scattering by TO phonons for oth-
er sample orientations may provide further information.

The strong resonance for #iw; < 1.55 eV has been re-
moved, somewhat arbitrarily, by fitting it to the function
A/[(op —o, )2>—T?]* and subtracting this fitted curve
from the observed scattering efficiencies. The best fit is
obtained for A4=1.16X10"° #iw,=1.505 eV, and
#l=18 meV. The corresponding function is shown as
the dotted-dashed line in Fig. 6. We note that the
remainder of this discussion does not depend appreciably
on the assumptions made for the subtraction of the low-
energy tail. After removing this unidentified resonance,
the remaining curve has been fitted with the sum of con-
tributions to the allowed Raman scattering by LO pho-
nons due to the E,, Eq+Ay, E;, E;+A;, and higher,
gaps, according to Eq. (4). From this fit and choosing the
signs of A, 4,, and A3 to be the same as in GaAs, we
obtain 4,=2.2, 4,=15.5, and A;=—3.1 (in units of
A?). The dashed line in Fig. 6 displays the fit with Eq.
(4); the solid line represents the sum of the dashed and
dotted-dashed lines. The deviation of the solid line in Fig.
6 from the experimental points suggests that 4,(d,) may
have to be decreased in order to improve the fit. Howev-
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er, the Eg—Ey+ A, gap contribution is the only one to
yield an imaginary component of app. Such a component
is necessary to explain the interference effect of Fig. 5.
The fit of Fig. 6 and the values of 4, 4,, and A4;
represent the “best” compromise between a “good” fit of
the resonance in the allowed Raman scattering by LO
phonons, a “reasonable” deformation potential d, and a
fit of the interference curves of Fig. 5.

Substituting 4,=2.2 into Eq. (5), we obtain an optical
deformation potential d, between 8.4 and 11.6 eV, assum-
ing that the value of Cjg lies between 1.8 and 2.5, as ob-
tained from stress-induced birefringence.!> For Cy=1.5,
the best value found for GaAs,® d, becomes 13.9 eV. The
factor A4,=15.5 yields, when replaced into Eq. (6),
d §,O=36.4 eV, in agreement with a relative determination
of d3, for InP, with respect to that of GaAs by TO-
phonon resonance Raman scattering near the E; gap
[d3,0(GaAs)/d3 o(InP) ~1 (Ref. 9)] and with the values
| d3,0| =37 eV determined experimentally® and d 30=35
eV calculated recently?’ for GaAs.

The values of d used for the fit of Fig. 6 are compar-
able to those obtained here from the broadening 7 of the
Ey+Aq gap. In the contrast, an optical deformation po-
tential d, between 10 and 15 eV differs strikingly from
earlier experimental and theoretical values, i.e., dy=35.4
eV obtained from the width of the Eo+A, exciton!®?®
and dy=35.6 eV from non-self-consistent calculations
performed with the empirical pseudopotential method.?
However, recent ab initio self-consistent calculations with
the linear muffin-tin orbital (LMTO) method give dy=14
eV,%>3 in rather good agreement with the values reported
here.

An inconsistency similar to that described above has
also been observed in CdTe. The broadening 7 of the
Ey+ Ay gap has been determined by reflection spectros-
copy to be 16 meV.!”3! In contrast, the best fit of the
two-LO-phonon Raman resonance was obtained for =6
meV.> While a broadening 7=16 meV yields an optical
deformation potential dy=22 eV, 7=6 meV would give
dy=11.6 eV.”” The LMTO method yields, for this ma-
terial, dy=6 eV,’® a value also much smaller than that
found with the EPM method (23 eV).® A similar
discrepancy between EPM and LMTO calculations of d|
also exists for Si [do=35 eV (Ref. 20), dy=22 eV (Ref.
32)] and GaAs [dy=36 eV (Ref. 20), dy=18 eV (Ref.
29)], while a self-consistent pseudopotential calculation
yields 23 eV for GaAs.3> The broadening 7=8 meV of
the Eo+ A gap in GaAs, which corresponds to dy=36
eV,!® has been determined by fitting the LO-phonon in-
terferences.? This procedure, however, is much less sensi-
tive to the broadening than the fit of the two-LO-phonon
resonance line shape, since the apparent width of LO-
phonon forbidden resonance is mainly determined by the
LO-phonon frequency (see Fig. 1). Nevertheless, a
broadening of 8 meV seems to be in agreement with
values from other optical measurements: 10 meV from re-
flectance,>* 11 meV from magnetoreflectance,’® and 612
meV from electroreflectance.? However, recent measure-
ments on GaAs, including the two-LO-phonon resonance
curve, indicate that the fits have to be revised, yielding a
lower broadening parameter 7=3.5 meV and an optical
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deformation potential dy=20 eV.3"!° Note that the
broadening 7 of the Ey+ A, gap obtained from the two-
LO-phonon Raman scattering is always lower than that
determined by other optical methods. The deformation
potentials d, envisaged here are, by a factor of 2 or 3,
smaller than earlier ones (see, e.g., Ref. 19). An explana-
tion of the discrepancy is lacking and will be investigated
further. The possibility that excitonic effects, not includ-
ed in our analysis, may lead to a sharpening of the two-
phonon resonances, and thus to an apparent lowering of
7, cannot be ruled out. In this case, the discrepancy be-
tween the various theoretical evaluations of d, would still
have to be accounted for.

The experimental points in Fig. 7 were obtained from
Fig. 5 by subtracting the function 4/[(w; —w,)*+T?]
as discussed above. There is a large uncertainty on the
lowest-energy end of the resonance curves (below 1.52 eV)
which, however, does not affect the region of strong in-
terference (~1.54 eV). Having determined the position
and the broadening 1 of the Ey+ A, gap, as well as the
resonance behavior of app, the LO-phonon forbidden Ra-
man scattering [z(x,x)Z] can be fitted by means of Eq. (9)
of this paper and Eq. (A1) of Ref. 2, by adjusting at the
same time the height of the LO-phonon interference
curves [z(x',x")Z and z(y',y’)Z] according to Eq. (11).
The best fit for the allowed and forbidden Raman scatter-
ing is obtained with Ey+ Ay 9 meV higher than the value
used for the two-LO-phonon Raman scattering
(1.515+0.003 eV for sample 1, 1.518+0.003 eV for sam-
ple 2, n=5 meV for both samples). For the best represen-
tation of the data the relative strength | ar max/@Fimax |
of the intrinsic and extrinsic forbidden Raman scattering
by one LO phonon at the maximum of the resonance pro-
file must be taken to be 40+5%, also in both samples.
The results are shown in Figs. 4 and 7 as the dotted-
dashed line for forbidden LO-phonon scattering
[z(x,x)Z], and in Fig. 7 as the solid line for constructive
[z(x’,x’)Z] and the dashed line for destructive interference

]O ’ T T T T ] T T T T T
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—ez(x)x)Z ]
—-zly)y)z
—az(x,x)Z |
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1.6
LASER ENERGY (eV)

FIG. 7. LO-phonon Raman polarizabilities for the three
scattering configurations (€, ||€s) corrected for the resonance of
unknown origin. The lines represent fits to the experimental
points. The parameters used for the fits are listed in Table I.
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[z(y',y')Z] between allowed and forbidden scattering. The
parameters used for this fit are listed in Table I. For the
sake of completeness we show in Fig. 8 the real and imag-
inary parts of the Raman polarizabilities app and ar used
for this fit. The theoretical fits of Fig. 7 represent the ex-
perimental points rather well, thus confirming that our
theory adequately describes the interference effects in
resonant Raman scattering by one LO phonon and the
resonant Raman scattering by two LO phonon. This sug-
gests that excitonic interaction is not important near
Ey+Ap in InP at 100 K. Even the maximum in the con-
figuration z(y’,y’)Z at 1.56 eV (outgoing resonance) is well
reproduced by the fit, as was not the case for GaAs.? A
different choice of the broadening parameter 7 [as
described above: 3.5 meV instead of 8 meV (Ref. 37)]
might remove this discrepancy in GaAs.

The following similarities between the interference ef-
fects in InP and GaAs should be mentioned. The sign of
the interference [z(x',x’)Z constructive interference,
z(y',y’)Z destructive interference] is the same in InP as in
GaAs, as predicted by theory. Since s, —s, <0 in Eq. (9),
the real and imaginary parts of the Raman polarizability
ap for LO-phonon forbidden scattering are positive near
the resonance maximum, and so is the Raman polarizabil-
ity app for LO-phonon allowed scattering as shown in
Fig. 8.3 Thus, the real and imaginary parts of ay and
app have the same sign in InP as in GaAs and the same
type of interference is obtained in both materials. More-
over, in high-purity InP, as much as in GaAs,? the
impurity-induced contribution to the LO-phonon forbid-
den Raman scattering amounts to about 60%, and thus
the investigation of LO-phonon interference effects may
provide a good method of characterizing samples in a
purity or compensation range where Hall-mobility mea-
surements are of no help.

Our fits also suggest that the LO-phonon Raman
scattering resonates near Ey+Ag at a gap 9 meV higher
than the two-LO-phonon scattering. This also seems to be
the case for LO phonons in GaAs.>” The fact that dif-
ferent scattering processes may resonate at slightly dif-
ferent electronic gaps has already been pointed out.’** It
has been suggested that the electron-phonon interaction
may renormalize differently the gaps that enter the dielec-
tric function and the different Raman scattering efficien-
cies. However, a quantitative theoretical explanation has
not yet been given. We note that in Ref. 3 the same
values of the Ey+ A energy were used for the fit of the
LO-phonon and two-LO-phonon resonances in CdTe.
However, the phonon energy in CdTe (21 meV) is only
half that of InP. If the shift in the resonant gap were a
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FIG. 8. Energy dependence of the Raman polarizabilities
app for LO-phonon allowed scattering [Eq. (4)] and a for LO-
phonon intrinsic forbidden scattering [Eq. (9)] calculated with
the parameters used for the fit of Fig. 7.

fraction of this phonon energy (~ + for InP), it would fall
within the experimental uncertainty in the case of CdTe.

VI. CONCLUSIONS

We have shown that resonant Raman scattering by two
LO phonons can be used to determine the Ey+ A, gap po-
sition and its broadening 7. We have also demonstrated
that allowed and forbidden Raman scattering by one LO
phonon interfere in InP in a way similar to that reported
for GaAs. The observed interferences can be fitted with
the value of 7 obtained from the two-LO-phonon reso-
nance profile. Even in high-purity InP, we need 60% of
impurity-induced incoherent Raman scattering in order to
account for the observed interferences in the resonance
profiles. The optical deformation potential d, determined
from the broadening n of the Ey+A, gap by two-LO-
phonon Raman scattering is about 14 eV, more than a
factor of 2 lower than that determined by other optical
methods.
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