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We have measured Raman scattering by coupled longitudinal-optic-phonon-plasmon modes and photolumi-
nescence in heavily dopedn-type InP under hydrostatic pressure and at low temperatures. The combination of
both methods allows us to determine the pressure dependence of the carrier density and the enhancement of the
effective electron mass of theG conduction-band minimum due to nonparabolicity. Above 10.3 GPa a striking
change in the frequency of the upper coupled mode is observed, which is attributed to the transfer of electrons
from theG minimum toX-related states. From the onset pressure for theG to X electron transfer we determine
the pressure coefficient of the indirectG-X gap@217~3! meV/GPa# and a pressure of 11.26 0.4 GPa for the
G-X conduction-band crossover in undoped InP.

I. INTRODUCTION

The popular use of hydrostatic pressure in the study of
direct gap III-V tetrahedral semiconductors partly arises
from the fact that the energy separation of theG8V andG6C
band edge states, formed from bonding and antibonding or-
bitals, respectively, is very sensitive to a reduction of the
lattice constant.1,2This allows a controlled tuning of the band
structure towards a degeneracy and finally a crossover of
zone center (G) and zone boundary (X) conduction-band
states. The prototype example is GaAs,3–6 with a G-X cross-
over at about 4.26 0.2 GPa.6

A similar behavior is expected for InP, but shifted to
higher pressures due to a largerG-X separation@about 1 eV
in InP vs 0.5 eV in GaAs~Ref. 7!#. However, in InP, the
expected transition from direct to indirect falls in the pres-
sure range of the structural phase transition to the rocksalt
structure near 10 GPa.8–10 Results of transport and optical
measurements have been interpreted in terms of a conduction
band crossover in InP at pressures well below the phase tran-
sition @Pc57 to 8 GPa~Refs. 11–13!# or in its immediate
vicinity @Pc510.2210.4 GPa~Refs. 8, 9, and 14!#. Accord-
ing to more recent optical studies15–17the crossover does not
occur below the phase transition.

In n-type doped semiconductors the pressure-driven ap-
proach towards aG-X crossover results in the transfer of
electrons between conduction-band minima. This transfer
starts at pressuresbelow the actual degeneracy of band
minima. The electron transfer manifests itself in the optical
response of the free carriers. The plasmon frequencyvp in
heavily n-doped (n >531017 cm23) direct gap semicon-
ductors is comparable to the optical-phonon frequencies,
vTO andvLO . Due to the polar character of the zinc-blende
lattice, the longitudinal-optical~LO! phonon interacts with
the macroscopic electric field of the plasmon giving rise to
the formation of coupledL1 andL2 modes. These frequen-
cies are given by the coupled mode equation18
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The coupled mode frequencies depend strongly on the
free carrier density~see Fig. 1!. For high carrier densities the
upper mode (L1) behaves plasmonlike, the lower mode
(L2) shows a phononlike behavior. The plasmonlike mode is
the one which should be sensitive to the onset of electron
transfer upon approaching aG-X band crossing.

We have investigated the effect of hydrostatic pressure on
the coupled LO-phonon-plasmon modes in heavily doped
n-InP, using Raman scattering at low temperatures. Raman
measurements have been combined with photoluminescence
~PL! studies in order to determine the pressure dependence
of the Fermi energy and the renormalized direct gap energy.
The Raman line shape is analyzed in terms of the Lindhard-
Mermin dielectric function,19,20which takes into account the
effects of spatial dispersion and finite linewidths. Using the
results of both PL and Raman measurements, we have deter-
mined the effective mass and the charge density as a function
of hydrostatic pressure. We find a significant decrease of the
carrier density to start near 10.3 GPa. This reversible behav-
ior is interpreted as a precursor effect of theG-X transition in
InP.

FIG. 1. Energies of the coupledL2 andL1 modes as a function
of charge density. The energies of the modes are calculated from the
coupled-mode equation. Parameters corresponding to InP were used
in the calculation.
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II. EXPERIMENTAL DETAILS

The ~100!-oriented InP single crystal sample wasn-doped
with sulfur having a nominal carrier concentration of
5.931018 cm23. The samples were mechanically
polished down to thicknesses of approximately 30mm.
The surface was cleaned by chemical etching with a
1HCl:2H2SO4:3HNO3 etch.

21 High pressure PL and inelastic
light scattering experiments were performed in a gasketed
diamond anvil cell at low temperature~6 K!. Condensed he-
lium served as a pressure transmitting medium in order to
ensure fully hydrostatic conditions. The pressure was mea-
sured to within60.03 GPa by using the standard ruby lumi-
nescence method22–24 with temperature correction of the
calibration according to Ref. 25. Raman spectra were mea-
sured only at pressures above 6 GPa, where the fundamental
band gap has increased sufficiently to allow for below-gap
excitation, using the 799.3 nm line of a Kr1 ion laser~laser
spot size of 30mm!. The scattered light~backscattering ge-
ometry! was dispersed by a Jobin-Yvon T64000 triple mono-
chromator and measured by multichannel detection using a
CCD ~charge coupled device!.

III. RESULTS AND DISCUSSION

A. Raman and photoluminesence spectra

Figure 2~a! shows a representative Raman spectrum of
n-InP for P510.2 GPa. In addition to theL1 and L2

coupled LO-phonon-plasmon modes of the bulk, the spec-
trum shows the unscreened TO phonon from the surface
depletion region.26 In Fig. 2~b!, the L1 mode spectrum is
plotted for several pressures. BelowP510.3 GPa the fre-
quency of theL1 mode remains almost constant. For higher
pressures this plasmon shifts to lower energy. Finally, an
increase of the applied pressure from 10.9 GPa to 11.0 GPa
induces the structural phase transition into the rocksalt high
pressure phase. As a consequence, Raman modes are not
observed any more.

Figure 3 shows the frequencies of the coupled modes for
heavily doped InP at pressures up to 11.060.1 GPa, as ob-
tained from a Lorentian line shape fit of the Raman spectra.
Up to 10.2 GPa theL1-mode frequency remains nearly con-
stant. The onset for the decrease in frequency of the
L1-mode is observed atPc510.3 GPa. No change in the
frequency of theL2 is observable. This is related to the
plasmonlike behavior of theL1-mode at these high carrier
densities, which implies that theL2 mode behaves basically
phononlike. The decrease of theL1-mode frequency is at-
tributed to a reduction of the free carrier density, which is
taken as evidence for electron transfer between conduction-
band minima.

Since a major change of theL1-mode frequency occurs
in the vicinity of the structural phase transition, it is impor-
tant to note that the Raman as well as PL data were obtained
in three up-down pressure cycles: First, we have measured
Raman and PL up to 10.2 GPa. Then the pressure was de-
creased down to 7.3 GPa. In a second cycle, we increased the
pressure in steps up to 10.6 GPa and subsequently released it
down to 9.8 GPa. In the third cycle, we have measured up to
pressures above the phase transition. The reversible behavior
rules out the possibility that the reduction in carrier density
originates from defects produced in the immediate vicinity of
the structural transition. Thus, we attribute the change in free
carrier density to the electron transfer from theG minimum
to X-related states.

FIG. 2. ~a! Raman spectrum ofn-doped InP at 10.2 GPa show-
ing theL1 andL2 modes as well as the TO phonon. The solid line
represents the result of a fit using Eq.~3! and an additional Loren-
tian for the TO phonon.~b! The L1 mode of InP for different
pressures. The pressure-induced shift of theL1 mode can be seen
clearly above 10.2 GPa. The peak at about 70 meV is spurious
luminescence.

FIG. 3. Pressure dependence of the frequency of theL1 and
L2 modes. TheL1 mode shows a strong dependence on the charge
density ~plasmonlike behavior!, the L2 mode behaves like a pho-
non.
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In order to determine the carrier density from an analysis
of the Raman spectra, we need additional information on the
band gap energy and Fermi energy. These parameters are
obtained from PL spectra. Figure 4 shows a low temperature
PL spectrum forP 5 10.6 GPa. The spectral shape is inter-
preted in terms of a square root density of states for the
conduction band with a low energy tail characteristic of de-
generate semiconductors. The high frequency cutoff of the
PL spectrum corresponds to the Fermi energyEF .

In the case of high doping, wave vector conservation
breaks down.27,28 Furthermore, dispersion of the hole states
can be neglected on account of the large heavy hole mass.
With these assumptions, the line shape function may be writ-
ten as29,30

L~\v!; f e~\v2Eg ,EF!

3E
0

\v2EgA\v2Eg2E8e2~E8!2dE8. ~2!

Here, f e is the Fermi distribution function for the degen-
erate electrons in the conduction band. Modification of the
square root density of states, due to degeneracy of band edge
and donor states, is taken into account by introducing a
Gaussian broadening.

The direct band gapEg andEF are obtained by fitting the
above line shape function to the experimental PL spectra~see
solid line in Fig. 4!. The additional weak line possibly origi-
nates from band to acceptor transitions.31 Due to many-body
effects doped semiconductors show a renormalization of the
fundamental gap.31 In the pressure range below 10 GPa, we
find for our sample a reduction ofEg by 74615 meV com-
pared to undoped InP. The inset to Fig. 4 displays the Fermi
energy as a function of pressure. The Fermi energy stays
essentially constant (EF510265 meV! up to about 10 GPa
and shows a sharp decrease for higher pressures.

B. Analysis of plasmon spectra

For coupled LO-phonon-plasmon modes the theoretical
line shape of the Raman spectrum is given by18

L~q,v!;S vLO
2 2v2

vTO
2 2v2D 2 ImF2

1

e~q,v!G , ~3!

wheree(q,v) is the total dielectric function of the coupled
plasmon optical-phonon system andq is the scattering wave
vector. The frequenciesvTO andvLO refer to TO and LO
phonons. The electronic contribution to the longitudinal re-
sponse function Im@21/e(q,v)# is calculated using the
Lindhard expression.19 At carrier densities above 131017

cm23 andq>53105 cm21 Landau damping effects of the
plasmons become important. Thus, collision damping is in-
cluded in the Lindhard function in the relaxation-time ap-
proximation of Mermin.20,32 Damping of phonons is ne-
glected. Details about the corresponding analytical
expression used for fitting experimental spectra are given in
the Appendix.

The spectral functionL(q,v) depends on two parameters,
the free carrier densityn and the effective electron mass
m* . These parameters cannot be determined uniquely using
Raman spectra only. Furthermore, they are not independent
of each other. Due to the heavy doping we have to take into
account the effect of band nonparabolicity arising from the
filling of the conduction band up toEF . The effective mass
m* is then given by31

m*

m0
5
m0* ~P!

m0
S 122a~3p2!2/3F \2

2m0* ~P!G n2/3

Eg~n,P! D 21

.

~4!

HereEg(P) is the renormalized gap energy,m0* is the effec-
tive mass in theundopedmaterial, anda the nonparabolicity
factor, which includes terms up to orderk6.33 Following the
k–p theory,34,35 we assume a linear dependence of the
bottom-of-the-band effective mass parameter in the undoped
case:

m0* ~P!5m0*
Eg~P!

Eg~0!
. ~5!

Using now the values ofEF(P)5\2
„2p2n(P)…2/3/2m* and

Eg(P) obtained from the PL data,L(q,v) can be fitted to the
Raman spectra with basically two adjustable parameters, the
free carrier densityn and the collision broadeningG. From
the fits we obtain a value of about 8 meV for the broadening
parameterG which is essentially independent on pressure.
Furthermore, the pressure dependent phonon frequencies
were used as fixed parameters, calculated using the Mur-
naghan equation and the Grueneisen relation with the mode
Grueneisen parameters and zero pressure frequencies for the
optical phonons.36–38The solid line in Fig. 2~a! corresponds
to the result of a least squares fit of a model response func-
tion to the experimental spectrum.

Figure 5~a! shows the carrier density as a function of pres-
sure. The charge densityn remains nearly constant up to 10.2
GPa. Above this pressuren decreases from 5.831018 cm23

to 4.031018 cm23. We emphasize that consistency between
the PL and Raman results can be attained only if the pressure

FIG. 4. Photoluminescence spectrum ofn-InP atP510.6 GPa
~dots!. Also shown is the fit of the line shape function Eq.~2! ~solid
line!. The inset displays the Fermi energy versus the applied hydro-
static pressure.
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and nonparabolicity effects on the electron effective mass are
taken into account. The dashed area in Fig. 1 represents the
change of the charge density in our sample due to the appli-
cation of hydrostatic pressure.

In Fig. 5~b!, the effective mass is plotted versus gap en-
ergy. The dashed line represents the expected variation of
m0* within the k•p theory as given in Eq.~5!. In the doped
material the nonparabolicity results in a mass increase. How-
ever, the mass displays a similar linear dependence on band
gap as in the undoped case. We associate the drop of the
effective mass at gap energies above 2.0 eV, with a decrease
in carrier density in theG valley and the related decrease of
nonparabolicity effects.

C. G-X crossover in InP

The onset pressureP0 for the decrease in frequency of the
coupled modes is expected to be lower than the crossover
pressurePc because the pressure induced transfer of elec-
trons starts whenEF at theG minimum and shallow states at
theX point become degenerate in energy. We assume a shal-
low sulfur donor state as ground state in theX point, similar
to our results for indirect GaAs.39 TheseX-related donors are
characterized by a large effective mass and a binding energy
of several tenths of meV, which leads to a freeze out of
carriers into these donor levels.

The energy separation between the bottom of the conduc-
tion band inG and the lowest states in theX-point at the
onset pressure (P0510.3 GPa! is the sum of the Fermi en-
ergy and of the donor binding energy at theX point:

DE5Ef1Ebx
. ~6!

The Fermi energy belowP0 is EF 5 102 6 5 meV, the
binding energy of the sulfur donor at theX point is assumed
to approximatelyEbx

560630 meV. Using the literature

value for theG-X gap energy at ambient pressure@the aver-
age value is 2.33 eV~Refs. 7, 14, and 16!#, we obtain the
linear pressure coefficient of

dEX
dP

521763
meV

GPa
~7!

for the X gap of InP, which is similar to that measured in
GaxIn12xP ternary compounds.14,16

Now, we have all the necessary information for the deter-
mination of the crossover pressure in undoped InP. Taking
the effect of band gap renormalization~74 6 15 meV! into
account, the total energy difference between theG and X
band reduces to 85635 meV at 10.3 GPa.

Using the pressure coefficients of the direct gap@b583~5!
meV/GPa,c52163103 meV2/GPa2# ~Refs. 9 and 16! for
undoped InP and the above pressure coefficient for theX
band, we convert the energy difference in a pressure differ-
ence DP and extrapolate the pressurePc for the G-X
conduction-band crossover inundopedInP as

Pc511.260.4 GPa.

Thus, the transition from direct to indirect behavior occurs
directly above the structural phase transition, and for that
reason it could not be observed before by spectroscopic
means.

Recently,DX centers were observed to become nonreso-
nant in InP near 8.2 GPa.40 In our experiments, we find no
evidence for a reduction of the charge density at pressures
below 10 GPa. This can be explained by the fact that our
experiments were performed under continuous laser excita-
tion. Therefore, electrons inDX centers are optically excited
from the deep donor levels over the emission barrierEe
@0.23–0.33 eV~Ref. 40!#. On the other hand, electrons in the
G minimum cannot overcome the barrier at low tempera-
tures, because the sum of Fermi energy and thermal energy,
kBT is less than half of the energy of the capture barrier.

IV. SUMMARY

We have investigated plasmon Raman scattering and pho-
toluminescence of heavily dopedn-InP under pressure. From
a combined analysis of Raman and PL results, we have ob-
tained the pressure dependence of the charge density and the
nonparabolicity of the electron effective mass at theG point.
Near the pressure of theG-X crossoverPc , we find a pro-
nounced decrease in frequency of theL1 mode, due to the
transfer of electrons from theG to theX minimum, where the
electrons become bound toX-related donors. This behavior
sets in at lower pressure thanPc . The G-X crossover in

FIG. 5. ~a! Charge density inn-InP as a function of pressure. We
have determined the critical pressure of theG-X crossover from the
onset of the decrease of the charge density.~b! Effective mass of
n-InP as a function of gap energy. The Kane model~dashed line!
predicts a linear increase with increasing gap energy. The nonpara-
bolicity shifts the mass by a constant amount. The deviation of the
experimental data from the dotted line at energies above 2 eV is
attributed to a decrease in carrier density and, therefore, a reduction
of the nonparabolicity.
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undopedInP occurs atPc511.260.4 GPa, which is just
above the structural phase transition.
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APPENDIX

We give here a brief account of how we have derived an
analyticalexpression for the Raman line shape function.

In polar semiconductors, plasmons and LO phonons
couple to form LO-phonon plasmon modes. In the frame-
work of the random phase approximation, the dielectric func-
tion is described by

e~q,v!5e`14px~q,v!14pxL~q,v!, ~A1!

here, x(q,v) describes the electronic contribution and
xL(q,v) the contribution of the polar lattice:

4pxL~q,v!5e`

vLO
2 2vTO

2

vTO
2 2v2 . ~A2!

The calculation of the electronic part starts from the
temperature-dependent Lindhard expression19 for the dielec-
tric susceptibility,

4px0~q,v1 iG!5
e2

p2q2E0
kF
f ~k,T!

3F 1

\2q2
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1

\2q•k
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1
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1\~v1 iG!Gd3k.

~A3!

After the formal integration of Eq.~A3! for T50K, we
achieve the following analytical expression for the dielectric
function:

4px0~q,v1 iG!5
m* kFe

2

\2pq2 F21H kFq 2
m* 2

\2q3kF
~vq2v2 iG!2J ln v12v2 iG

v22v2 iG

1H kFq 2
m* 2

\2q3kF
~vq1v1 iG!2J ln v11v1 iG

v21v1 iG G ~A4!

with

v65
\q2

2m*
6
q\kF
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; vq5
\q2

2m*
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The splitting in real and imaginary part gives:

4p Re@x0~q,v1 iG!#5
m* kFe

2

\2pq2 F21
kF
2q H ln ~v12v!21G2

~v22v!21G2 1 ln
~v11v!21G2

~v21v!21G2 J
2
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~v22v!21G21
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12G~vq2v!@u12u2#22G~vq1v!@d12d2# D G ~A6!

and

4p Im@x0~q,v1 iG!#5
m* kFe

2

\2pq2 FkFq ~u12u21d12d2!2
m* 2
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where

u652sign~v62v!atanF G

uv62vuG2
p

2
@12sign~v62v!#

~A8!

and

d65sign~v61v!atanF G

uv61vuG1
p

2
@12sign~v61v!#.

~A9!

For including collision broadening into the Lindhard expres-
sion, it is not correct to replacev by v 1 iG. Such a pro-
cedure fails to conserve the local electron number. Mermin
used a relaxation time approximation in which the collisions
relax the electron density matrix to a local equilibrium den-
sity matrix.20 This results in the Lindhard-Mermin function

x~q,v1 iG!5
x0~q,0!~v1 iG!@x0~q,v1 iG!#

vx0~q,0!1 iG@x0~q,v1 iG!#
.

~A10!

By splitting Eq. ~A10! into real and imaginary parts and
using Eqs.~A6! and ~A7!, we can calculate the line shape
function as

L~q,v!5
1

~12e2\v/kBT! F v0
22v2

vTO
2 2v2G2 ImF2

1

e~q,v!G ,
~A11!
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e`
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2 2v2!2@ Im$4px~q,v!%#2

~A12!

and
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