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Plasmon Raman scattering and photoluminescence of heavily dopedtype InP
near the I'-X crossover
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(Received 12 May 1995

We have measured Raman scattering by coupled longitudinal-optic-phonon-plasmon modes and photolumi-
nescence in heavily dopedtype 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 tHé 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 thel minimum toX-related states. From the onset pressure fol'tteX electron transfer we determine
the pressure coefficient of the indirdetX gap[ —17(3) meV/GP4 and a pressure of 112 0.4 GPa for the
I'-X conduction-band crossover in undoped InP.

I. INTRODUCTION The coupled mode frequencies depend strongly on the

h | fh . in th ¥ree carrier densitysee Fig. 1 For high. carrier densities the
e popular use of hydrostatic pressure in the study Oupper mode I( ;) behaves plasmonlike, the lower mode

direct gap IlI-V tetrahedral semiconductors partly arises . ) . .
from the fact that the energy separation of fhg, andI'sc (L) shows.a phononlike behav_pr. The plasmonlike mode is
band edge states, formed from bonding and antibonding c)It_he one which should pe sensitive to the.onset of electron
bitals, respectively, is very sensitive to a reduction of thetransfer upon approachinglaX band crossing.

lattice constant? This allows a controlled tuning of the band ~ We have investigated the effect of hydrostatic pressure on
structure towards a degeneracy and finally a crossover d¢he coupled LO-phonon-plasmon modes in heavily doped

zone center I[) and zone boundaryX) conduction-band n-InP, using Raman scattering at low temperatures. Raman
states. The prototype example is GaA8with aI’-X cross- Mmeasurements have been combined with photoluminescence

over at about 4.2- 0.2 GP& (PL) studies in order to determine the pressure dependence
A similar behavior is expected for InP, but shifted to of the Fermi energy and the renormalized direct gap energy.
higher pressures due to a lardeiX separatiorjabout 1 eV~ The Raman line shape is analyzed in terms of the Lindhard-
in InP vs 0.5 eV in GaAgqRef. 9]. However, in InP, the Mermin dielectric function>?°which takes into account the
expected transition from direct to indirect falls in the pres-effects of spatial dispersion and finite linewidths. Using the
sure range of the structural phase transition to the rocksatesults of both PL and Raman measurements, we have deter-
structure near 10 GPa'® Results of transport and optical mined the effective mass and the charge density as a function
measurements have been interpreted in terms of a conductif hydrostatic pressure. We find a significant decrease of the
band crossover in InP at pressures well below the phase traggyrier density to start near 10.3 GPa. This reversible behav-

sition [Pc=7 to 8 GPa(Refs. 11-1§] or in its immediate oy is interpreted as a precursor effect of fX transition in
vicinity [P,=10.2-10.4 GPaRefs. 8, 9, and 14. Accord- | p.

ing to more recent optical studiés'’the crossover does not
occur below the phase transition.
In n-type doped semiconductors the pressure-driven ap-

proach towards d'-X crossover results in the transfer of 100 ; ' ;

electrons between conduction-band minima. This transfer

starts at pressurebelow the actual degeneracy of band =3 sr L, i
minima. The electron transfer manifests itself in the optical € ol |
response of the free carriers. The plasmon frequengyn g

heavily n-doped o =5x 10 cm™~3) direct gap semicon- S ok L0 -
ductors is comparable to the optical-phonon frequencies, = TO

wto andw . Due to the polar character of the zinc-blende 20 ]
lattice, the longitudinal-opticalLO) phonon interacts with L.

the macroscopic electric field of the plasmon giving rise to 0 : '

00 05 10 15 20 25
n'2 (10° cm#2)

the formation of coupled , andL _ modes. These frequen-
cies are given by the coupled mode equdfion

FIG. 1. Energies of the coupldd. andL , 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
(0] in the calculation.

1
w%_, =§{(w§+ wEo) * [(wf)— w2|_0)2+ 4w§(wfo+ w-2|-o)]1/2}.
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FIG. 3. Pressure dependence of the frequency oflL.theand
L_ modes. The, mode shows a strong dependence on the charge
density (plasmonlike behavigy the L. mode behaves like a pho-
non.

Intensity (arb. units)

coupled LO-phonon-plasmon modes of the bulk, the spec-
60 80 100 trum shows the unscreened TO phonon from the surface
Raman-Shift (meV) depletion regiorf® In Fig. 2b), the L, mode spectrum is
FIG. 2. (a) Raman spectrum af-doped InP at 10.2 GPa show- plotted for several pressures. Beld¥=10.3 GPa the fre-
ing theL , andL _ modes as well as the TO phonon. The solid line quency of theL . mode remains almost constant. For higher
represents the result of a fit using E§) and an additional Loren- pressures this plasmon shifts to lower energy. Finally, an
tian for the TO phonon(b) The L, mode of InP for different increase of the applied pressure from 10.9 GPa to 11.0 GPa
pressures. The pressure-induced shift ofithemode can be seen induces the structural phase transition into the rocksalt high
clequy above 10.2 GPa. The peak at about 70 meV is SpurioUgressure phase. As a consequence, Raman modes are not
luminescence. observed any more.
Il. EXPERIMENTAL DETAILS Figure 3 shows the frequencies of the coupled modes for
) ) heavily doped InP at pressures up to #1001 GPa, as ob-
_The (100-oriented InP single crystal sample wasioped  tained from a Lorentian line shape fit of the Raman spectra.
with sulfur having a nominal carrier concentration of Up to 10.2 GPa thé , -mode frequency remains nearly con-
8 -3 ; :
5.9<10® cm The samples were mechanically giant The onset for the decrease in frequency of the
polished down to thicknesses of approximately af. L.-mode is observed #,=10.3 GPa. No change in the

The surface was cleaned by chemical etching with g ; o
) ) 21 1y ; . frequency of theL _ is observable. This is related to the
L1HCI:2H,SO;:3HNG; etch:™ High pressure PL and inelastic glasmonlike behavior of thé . -mode at these high carrier

light scattering experiments were performed in a gaskete . o :
d?amond anvilgcellgt low temperatu?é K). Condense?d he. densities, which implies that tHe_ mode behaves basically

lium served as a pressure transmitting medium in order t@hononlike. The decrease of the -mode frequency is at-
ensure fully hydrostatic conditions. The pressure was medfiPuted to a reduction of the free carrier density, which is
sured to within=0.03 GPa by using the standard ruby lumi- taken as _ewdence for electron transfer between conduction-
nescence methd®2* with temperature correction of the band minima.

calibration according to Ref. 25. Raman spectra were mea- Since a major change of tHe, -mode frequency occurs
sured only at pressures above 6 GPa, where the fundamentalthe vicinity of the structural phase transition, it is impor-
band gap has increased sufficiently to allow for below-gagant to note that the Raman as well as PL data were obtained
excitation, using the 799.3 nm line of a Krion laser(laser  in three up-down pressure cycles: First, we have measured
spot size of 3Qum). The scattered lightbackscattering ge- Raman and PL up to 10.2 GPa. Then the pressure was de-
ometry was dispersed by a Jobin-Yvon T64000 triple mono-creased down to 7.3 GPa. In a second cycle, we increased the
chromator and measured by multichannel detection using pressure in steps up to 10.6 GPa and subsequently released it

CCD (charge coupled devige down to 9.8 GPa. In the third cycle, we have measured up to
pressures above the phase transition. The reversible behavior
IIl. RESULTS AND DISCUSSION 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

Figure 4a) shows a representative Raman spectrum ofarrier density to the electron transfer from theminimum
n-InP for P=10.2 GPa. In addition to thé, and L_ to X-related states.

A. Raman and photoluminesence spectra
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1400 : : : : B. Analysis of plasmon spectra
' i 10 106GPa For coupled LO-phonon-plasmon modes the theoretical
1200 | {1005 6K line shape of the Raman spectrum is gived®by
£
- 490 *
1000 | W . wio—w?|? 1
E . ) 180 L(q,w)~ > 3 Im| — , 3
8 10 0o~ @ €(q,0)
800 | .

Pressure (GPa) where e(q,w) is the total dielectric function of the coupled

plasmon optical-phonon system agds the scattering wave

Counts/s

800 vector. The frequencie® o and w g refer to TO and LO
400 | 1 phonons. The electronic contribution to the longitudinal re-
sponse function Iin-1/e(q,w)] is calculated using the
»oo b | Lindhard expressiof® At carrier densities above 310"
cm 3 andgq=5x10° cm~! Landau damping effects of the
o plasmons become important. Thus, collision damping is in-

2. 205 210 _15 cluded in the Lindhard function in the relaxation-time ap-
proximation of Mermirf®3? Damping of phonons is ne-
glected. Details about the corresponding analytical

FIG. 4. Photoluminescence spectrummefnP atP=10.6 GPa  ©€Xpression used for fitting experimental spectra are given in
(dots. Also shown is the fit of the line shape function &8 (solid  the Appendix.
line). The inset displays the Fermi energy versus the applied hydro- The spectral functioh (g, ) depends on two parameters,
static pressure. the free carrier density and the effective electron mass
m*. These parameters cannot be determined uniquely using
Raman spectra only. Furthermore, they are not independent

In order to determine the carrier density from an analysis f each other. Due 1o the heavy doping we have to take into
of the Raman spectra, we need additional information on the ' Vy doping

. count the effect of band nonparabolicity arising from the
band gap energy and Fermi energy. These parameters ag . :
obtained from PL spectra. Figure 4 shows a low temperatur 1”.9 ct); the gonstJ)cé,tllon band up 18 . The effective mass
PL spectrum fol®P = 10.6 GPa. The spectral shape is inter-M 1S then given

preted in terms of a square root density of states for the

Energy (eV)

* 2 2/3 -1
conduction band with a low energy tail characteristic of de- m_ Mo (P) (1_20[(3772)2/3[ - n )
generate semiconductors. The high frequency cutoff of the Mo Mo mg (P) |Eg(n,P)

PL spectrum corresponds to the Fermi enegy. (4)

In the case of high doping, wave vector conservation

7,28 H :
breaks dowrt”-?® Furthermore, dispersion of the hole states,[ive mass in thaindopedmaterial, andy the nonparabolicity

can be neglected on account of the large heavy hole masg, "\ picn includes terms up to ordef.> Following the

With these assumptions, the line shape function may be Wmf(-p theory®*3® we assume a linear dependence of the

HereE4(P) is the renormalized gap energyy is the effec-

ten ag®* . ;
bottom-of-the-band effective mass parameter in the undoped
case:
L(hw)~fo(hw—Eg4,EF)
( el ﬁ _Eg F e (P) = m Eg(P) 5)
X “Vho-E,-E'e EVdE. (2 ° ° E4(0)

0
Using now the values oEg(P)=%2(27?n(P))¥3¥2m* and

E4(P) obtained from the PL dat&,(q,») can be fitted to the

Here,f, is the Fermi distribution function for the degen- Raman spectra with basically two adjustable parameters, the
erate electrons in the conduction band. Modification of thdree carrier densityn and the collision broadening. From
square root density of states, due to degeneracy of band edte fits we obtain a value of about 8 meV for the broadening
and donor states, is taken into account by introducing garameterl” which is essentially independent on pressure.
Gaussian broadening. Furthermore, the pressure dependent phonon frequencies

The direct band gaf, andEg are obtained by fitting the were used as fixed parameters, calculated using the Mur-
above line shape function to the experimental PL spésra  naghan equation and the Grueneisen relation with the mode
solid line in Fig. 4. The additional weak line possibly origi- Grueneisen parameters and zero pressure frequencies for the
nates from band to acceptor transitidh®ue to many-body optical phonons®—*8The solid line in Fig. 2a) corresponds
effects doped semiconductors show a renormalization of thto the result of a least squares fit of a model response func-
fundamental gap' In the pressure range below 10 GPa, wetion to the experimental spectrum.
find for our sample a reduction &gy by 74+15 meV com- Figure 5a) shows the carrier density as a function of pres-
pared to undoped InP. The inset to Fig. 4 displays the Fernsure. The charge densityremains nearly constant up to 10.2
energy as a function of pressure. The Fermi energy stay§Pa. Above this pressure decreases from 5:810'® cm™3
essentially constant:=102+5 me\) up to about 10 GPa to 4.0x 10! cm™3. We emphasize that consistency between
and shows a sharp decrease for higher pressures. the PL and Raman results can be attained only if the pressure
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: : : : : The energy separation between the bottom of the conduc-

d')g ol @ | tion band inI" and the lowest states in thé-point at the
=N § - é-; onset pressureR;=10.3 GPais the sum of the Fermi en-
g \i\ ergy and of the donor binding energy at tiepoint:
S 5F \ E
[ 4
a \ AE=E{+Ey . (6)
&40 i
5 , . , ' , The Fermi energy below, is Er = 102 = 5 meV, the
7 8 9 10 11 binding energy of the sulfur donor at théepoint is assumed
Pressure (GPa) to approximately EbX=60i3O meV. Using the literature
. . , value for thel'-X gap energy at ambient pressiitee aver-
(b) age value is 2.33 eVRefs. 7, 14, and 18, we obtain the
0.125} i’H’é H linear pressure coefficient of
50120 e dEx 17+3meV ,
§° , dap 13 Gpa @
£ 0115 nonparabolicity - 1 for the X gap of InP, which is similar to that measured in
£ e Galn;_,P ternary compound$:®
0110 l\ theo ] Now, we have all the necessary information for the deter-
piheory mination of the crossover pressure in undoped InP. Taking
e the effect of band gap renormalizationd = 15 meV) into
0.105 . . - - i
185 190 195 200 205 account, the total energy difference between khand X

band reduces to 8535 meV at 10.3 GPa.

Using the pressure goefficéents of the direct §ap83(5)

FIG. 5. (a) Charge density im-InP as a function of pressure. We meV/GPa,c=—16X 10" meV /GP"’@] (Refs. 9 .a.nd 1pfor
have determined the critical pressure of th& crossover from the undoped InP and the above pressure (_:oeff|C|ent for)the
onset of the decrease of the charge density Effective mass of band, we convert the energy difference in a pressure differ-
n-InP as a function of gap energy. The Kane modkgished ling ence AF,) and extrapolate .the pressufg; for the I'-X
predicts a linear increase with increasing gap energy. The nonpargonduction-band crossover imdopedinP as
bolicity shifts the mass by a constant amount. The deviation of the

Gap Energy (eV)

experimental data from the dotted line at energies above 2 eV is P.=11.2+0.4 GPa.
attributed to a decrease in carrier density and, therefore, a reduction . . L )
of the nonparabolicity. Thus, the transition from direct to indirect behavior occurs

directly above the structural phase transition, and for that

and nonparabolicity effects on the electron effective mass argason it could not be observed before by spectroscopic
taken into account. The dashed area in Fig. 1 represents thgeans.
change of the charge density in our sample due to the appli- Recently,DX centers were observed to become nonreso-
cation of hydrostatic pressure. nant in InP near 8.2 GP4.In our experiments, we find no

In Fig. 5(b), the effective mass is plotted versus gap en-evidence for a reduction of the charge density at pressures
ergy. The dashed line represents the expected variation §€0w 10 GPa. This can be explained by the fact that our
m® within the k- p theory as given in Eq(5). In the doped experiments were performed under continuous laser excita-
material the nonparabolicity results in a mass increase. Howfion: Therefore, electrons DX centers are o.ptl_cally excited
ever, the mass displays a similar linear dependence on barIE r2n the deede?n;r Ievelsh overr] thﬁ e(rjnlslsmn barﬁgrh
gap as in the undoped case. We associate the drop of the ?_’_,0'33 eVRef. 40). On the Or: eL an ,eelctrons In the
effective mass at gap energies above 2.0 eV, with a decreage MNIMUM cannot overcome the barrier at low tempera-

in carrier density in thd” valley and the related decrease of Lures_, l:l)ecause tme I?UT r?f Fermi entfargr]]y and therrk;\al energy,
nonparabolicity effects. gT is less than half of the energy of the capture barrier.

C. I'-X crossover in InP IV. SUMMARY

The onset pressui, for the decrease in frequency of the ~ We have investigated plasmon Raman scattering and pho-
coupled modes is expected to be lower than the crossovépluminescence of heavily dop&dinP under pressure. From
pressureP. because the pressure induced transfer of eleca combined analysis of Raman and PL results, we have ob-
trons starts whekr at thel' minimum and shallow states at tained the pressure dependence of the charge density and the
the X point become degenerate in energy. We assume a shalonparabolicity of the electron effective mass at khpoint.
low sulfur donor state as ground state in ¥igoint, similar ~ Near the pressure of the-X crossoverP,, we find a pro-
to our results for indirect GaA¥. TheseX-related donors are  nounced decrease in frequency of the mode, due to the
characterized by a large effective mass and a binding energyansfer of electrons from the to theX minimum, where the
of several tenths of meV, which leads to a freeze out ofelectrons become bound ¥-related donors. This behavior
carriers into these donor levels. sets in at lower pressure thd?.. The I'-X crossover in
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undopedInP occurs atP.=11.2+0.4 GPa, which is just W2 — w2
.. LO TO
above the structural phase transition. A7y (q,0)= €2 "2 —_7- (A2)
TO
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APPENDIX X W27 hZq-k .

We give here a brief account of how we have derived an 2m* m* Alo+il)
analytical expression for the Raman line shape function.

In polar semiconductors, plasmons and LO phonons 1 d3k
couple to form LO-phonon plasmon modes. In the frame- h*g®  h*q-k . '
work of the random phase approximation, the dielectric func- o Tmt i(o+II)
tion is described by (A3)

e(q,w)=€,t4mx(q,w)+4m7x (q,0), (A1) After the formal integration of Eq(A3) for T=0K, we

here, x(q,w) describes the electronic contribution and achieve the following analytical expression for the dielectric

x1(0,) the contribution of the polar lattice: function:
|
0 - _ m*kge? ke m*? el w,—w—il
Qo) =52 7 |24 g T wgdke (o e DN ST oo
ke m*?2 2l w;to+il’ Al
g A2k (@Cat eI TIN T (A4)
with
ha®  qhke ha?
wi=2m* * m* ; quﬁl (A5)
The splitting in real and imaginary part gives:
m* kee? ke (w,—w)2+T? (w4 +w)?+T7?
0 i = —
am Relx Q.o +iD)]= Z70e 2+ 501 I o — e PN o e e
m*2 [1 (w,—w)2+T? 1 (w,+w)2+T2
| = _ 2_712 s~ 4 2_712 o
thSkF 2{(wq w) r }In (wi_w)2+r2+ 2{(wq+w) r }In (w7+w)2+r2
+2F(wq—w)[o9+—0]—ZF(wq+w)[5+—5]” (AB)
and
A 120 - _ m*kee? [Ke 5 s m* 2 . I (04— w)?+T?
m Im[x"(q,w+i )]_hz—qu E(6’+—07+ + 7)—m - (wq—w)nm

(w4 +w)?+T7?

+F(wq+ w)ln m‘F[(wq

—0)?=T?](0, = 0-) +[(wq+ ®)*~T?](6, - 5)”,

(A7)
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where

6.

) r T .
=—signw. —w)ata ool S [1-signew.—w)]
(A8)

and

r
S+=sigNw+ w)atar{—

|w:+w|

T
+ 5[1—Sigr(wi+w)].
(A9)

For including collision broadening into the Lindhard expres-
sion, it is not correct to replace by o + iI". Such a pro-

cedure fails to conserve the local electron number. Mermin

SSEN, AND M. CARDONA

2

2
Wy~ W

2 1

m - e(q,wJ’
(A11)

2

1
L(g,w)= 1-e %) | 2o

with

1
€(g,0)

Im

fo— ) Im{4mx(d,»)}]

T EF2(q,0) + (05g— o)L IM{dmx(q, o)} ]2

(w

used a relaxation time approximation in which the collisions

relax the electron density matrix to a local equilibrium den-
sity matrix2° This results in the Lindhard-Mermin function

~ x%a,0)(0+iT)[x%q,0+il)]
~ 0x%(q,0+iT[x%q,0+il)]
(A10)

x(q,0+iT)

By splitting Eq.(A10) into real and imaginary parts and
using Egs.(A6) and (A7), we can calculate the line shape
function as

(A12)

and

1
F(g,w)= (wEO— w?)+ E—(w$o— wZ)Re{47T)((q,w)}.
(A13)
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