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Raman scattering by LO phonon-plasmon coupled modes in-type InP
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We have studied LO phonon-plasmon coupled modes by means of Raman scatterihtPifior carrier
densities between>$10'® and 1x 10'° cm™ 3. A line-shape theory based on the Lindhard-Mermin dielectric
function that takes into account the nonparabolicity of the InP conduction band as well as temperature and
finite wave-vector effects is used to fit the Raman spectra and extract accurate values of the electron density.
The results obtained from the Lindhard-Mermin model are compared with the charge density determinations
based on the Drude and the hydrodynamical models, and the approximations involved in these models are
discussed[S0163-18209)10431-4

[. INTRODUCTION been shown that a crossover of zone ceniér &nd zone
boundary(X) conduction-band edges takes place in heavily
Numerous studies have been reported on light scatteringoped n-InP under hydrostatic pressure, which leads to a
by free carriers in zinc-blende semiconductbesd different charge transfer from thE to the X valley, where the elec-
models have been developed to analyze the coupling berons become bound to thérelated donors. The correspond-
tween longitudinal optical phonons and plasmons. Howevering reduction of free-electron density was observed as a de-
only a few reports are focused on the study of the LO-crease of the." coupled-mode frequency, and a Lindhard-
plasmon coupling in doped InP crystals. The first experimenmermin model was applied to determine the free-electron
tal observation of LO phonon-plasmon coupled modesiensity variations with pressufe.
(LOPCM's) in n-InP by means of Raman scattering was re-  The Drude model and the hydrodynamic theory have been
ported by Zemsket al? on a singlen-InP sample, for which  widely used to obtain carrier concentrations from the analy-
a carrier concentration of 1:410' cm™ 2 was obtained from  sis of Raman scattering by LOPCM'’s in semiconductors.
the L coupled-mode frequency using a Drude model.The Drude model approach used to analyze LOPCM'’s in
Single particle and collective excitations of free electronsmost of the papers on InP listed abévé~® has several
were studied near thEy+ A, resonance on a singleInP  shortcomings{1) The dependence of the electronic suscep-
sample with a carrier concentration of ¥30¥ cm™32and tibility on wave vector is ignored2) A parabolic conduction
the LOPCM'’s were discussed on the basis of a Drude modeband is assumed3) The temperature at which the experi-
An LOPCM study was also carried out on S-doped InPments are carried out is not taken into account. On the other
samples with carrier densities in thex20'°-4x 10 cm™®  hand, the hydrodynamical thedfjincorporates the depen-
range? in which the hydrodynamical theory was used to de-dence of the electronic susceptibility, but parabolic conduc-
termine the carrier concentration from the Raman spectraion bands and degenerate conditions are usually assumed in
Raman LOPCM line shapes ontype InP with three differ- the calculations and hence nonparabolicity and temperature
ent carrier concentrations,X210'", 9x 10", and 8.6<10"®  effects are neglectédin Ref. 5, the Raman spectra were
cm 3, were later analyzed utilizing a power expansion of thefitted using the Lindhard-Mermin dielectric function, but
Lindhard-Mermin dielectric function for zero temperatdre. zero temperature was assumed in order to derive an analyti-
A work carried out by Bairamoet al® on Sn- and S-doped cal expression for the smail-electronic susceptibility that
InP reported the observation by means of Raman scatteringcluded a nonparabolicity correction. The theoretical Raman
of L* modes only in two of the four samples measuredliine shapes were fitted only to tie” mode, even for the
whereas theL™ modes were detected in all samples. TheRaman spectrum of the only sample in which the mode
Raman results presented in that paper, as well as their analyas detected, and the photoexcited charge was not taken into
sis based on a Drude model, show significant discrepanciesccount in the determination of the electron density in the
with the results of the present work. A Raman-scatterindow-doping sample.
study ofn-type InP obtained by different growth techniques  Recently, we have shown that the photoexcited charge has
and dopants in a wide carrier density range {16~  measurable effects on the Raman-scattering spectra of semi-
3.7x10'° cm ) was later reported, but the carrier concen-conductor and semi-insulating IfPConsequently, the pres-
tration was also determined by fitting a Drude model. ence of photoexcited carriers has to be considered in the
LOPCM'’s were also observed in Raman-scattering measurenalysis of light scattering by free carriers in lightly doped
ments at 15 K on a single sample of Si-implanted fr'®.  InP samples. In our previous wotkwe applied a Lindhard-
broad peak centered at about 460 ¢nwas assigned to an Mermin model that included the contributions to the electric
L™ mode, and a carrier concentration of £.50'8 cm 3 was  susceptibility of electron, heavy-hole, and light-hole intra-
estimated again by applying a Drude model. Recently, it haband transitions, as well as interband heavy-hole—light-hole
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TABLE I. List of the n-type InP samples studied in this work. The Si dopants were introduced by double
ion-beam implantation at 50 and 150 keV. The implantation doses listed in the second and third columns
result in a doping profile with a flat region that extends beyond the laser penetration depth. The electron
density as determined by Hall measuremeit§'t"), as well as the electron density and damping constant
obtained from the line-shape analysis of the Raman spectra using the Lindhard-Mermin model are also listed.

Implantation dose

50 keV 150 keV NHa Ne e
Sample (cm?) (cm™?) (cm™3) (cm™3) (cm™1)

A 6.0x 101t 3.4x 1012 ~7x 10 5.7x 10 80
B 2.1x 10" 1.2x 1013 3.5x 10" 3.7x 10" 90
C 3.5x 10" 1.9x 103 5.7x 10" 6.6x 107 92
D 4.5x 102 2.5x 1013 8.4x 10" 8.4x 10Y 94
E 8.5x 1012 4.7x 101 1.4x 108 1.4x<10'8 110
F 2.3x 10 1.2x 10" 3.7x 10 3.5x 10'8 136
G 3.5x 10" 1.9x 10" 5.1x10'8 5.7x 10 223
H 8.9x 10" 5.0 104 1.0x 10° 1.1x10%° 330

transitions. Considering the typical values of photoexciteddrude model, including an electronic damping parameter, is
carrier densities, in that paper we assumed Maxwellactually applied to determine the carrier density in many
Boltzmann velocity distributions and parabolic band disper-analyses of LOPCM'’s in zinc-blende semiconductors and
sions. other compounds being nowadays actively investigated, such
The aim of the present paper is to study light scattering byas SiC and GaN?~*¢In the present paper, we show that the
free carriers inn-type InP for a wide range of carrier con- carrier concentrations obtained by applying either the Drude
centrations, from about$10'® to 1x10*° cm 3. Accurate  or the hydrodynamical model differ substantially from those
values of electron density in-InP are obtained from the obtained by applying the Lindhard-Mermin model. For a cer-
analysis of the LOPCM line shapes using an extension of th&ain range of carrier densities, the Drude model may acciden-
model that was already applied successfully to the photoexally yield only small differences in relation to the Lindhard-
cited plasma. The extended model includes the Fermi distriMermin model, but this is due to the partial compensation of
bution function and the nonparabolicity effects in the calcu-different effects that are neglected in the Drude model.
lation of the electronic susceptibility, and thus provides an
accurate description of the electron system over the whole
range of electron densities that we study. Also, a correction
to account for photogenerated carriers has been made on the Then-type doped InP samples were obtained by ion-beam
sample with the lowest doping level, in accordance with ouimplantation of 2Si* into (100-oriented wafers of semi-
previous results on photoexcited plasmons. This correctiorinsulating InP:Fe, grown by Sumitomo using the liquid-
which for low-doping samples can be a substantial fractiorencapsulated Czochralski method. Double implantations at
of the charge that gives rise to the LOPCM'’s, was not sub50 and 150 keV were carried out in order to produce homo-
tracted in any of the previous works, which therefore over-geneous doping profiles over a length larger than the probing
estimate the charge density in samples with low doping levdepth of the laser light used in the Raman measurements.
els. The implantation doses at these energies required for each
Most of the charge-density determinations fromoverall doping concentration were determined framim
LOPCM's in semiconductors that can be found in the litera-(Ref. 17 simulations and are listed in Table I. According to
ture rely either on fits of the Drude or the hydrodynamicalTRIM calculations, these implantations result in approxi-
model to theL * coupled modes only. For InP in particular, mately flat doping profiles between depths of 60 and 200 nm,
no line-shape fit to th& = modes has been published. In the where charge-density variations are less than 5%. To avoid
present work, the use of the Lindhard-Mermin model allowschanneling effects, the implantations were carried out with
us to carry out accurate line-shape fits to the and L~ the samples tilted 7° off normal incidence. Dopant activation
peaks simultaneously. was achieved by rapid thermal annealing at 875°C for 10 s
The Raman measurements pfiype InP show that the using an RTP-600 system from MPT Corp., in a graphite
L* coupled mode is very sensitive to carrier concentratiorsusceptor, face down on a Si wafer in a P-rich atmosphere.
and thus large frequency shifts of thé peak are observed Finally, a layer of about 60 nm was removed from the sur-
within the range of electron densities studied. Therefore, Raface of the samples by chemical etching to obtain an homo-
man spectroscopy is a powerful, nondestructive technique tgeneous doping profile starting at the surface and extending
determine the electron concentration rirdoped InP with  to a depth of=140 nm. The dopant activation was deter-
high accuracy if the analysis of the LOPCM's is carried outmined by Hall measurements in the van der Pauw geometry
using a Lindhard-Mermin model that includes band nonpaas the quotient between sheet carrier density and implanta-
rabolicity. The results thus obtained are discussed in comtion dose. The Hall factor was taken as unity. The actual
parison with those obtained from other commonly used modelectron concentration in the homogeneously doped layer
els, such as the Drude and the hydrodynamical models. Theas calculated from the measured activation assuming the

II. EXPERIMENT
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doping profile generated by TRIM simulations, and the cor-where x5 is the Lindhard susceptibility. The Lindhard-
responding values for the different samples are shown in th#lermin model of the electronic susceptibility includes
fourth column of Table I. The Raman measurements wereollision-damping effects in the relaxation-time approxima-
performed on 4100) face using the 528.7-nm line of an Ar  tion through the phenomenological damping constBgt
laser, with a power on the sample®fL00 mW, in ax(yz)x =1/r.

backscattering configuration. For this wavelength, using the In our previous work on photoexcited electron-hole plas-
absorption coefficient of In#® we estimate that just about mons in InP}* we assumed that the photoexcited carriers
10% of the incident intensity is still acting as probing light at were thermalized to a Maxwell-Boltzmann velocity distribu-
a depth of 110 nm, and consequently, the Raman-scatteririgpn. This was a good approximation as the photoexcited-
measurements are only probing the homogeneously dopexrrier density was in the 18-10t" cm™2 range. By con-
layer. The Raman spectra were recorded using a Jobin-Yvaitast, the electron densities in thedloped samples studied in
T64000 spectrometer equipped with a charge coupled devidéis work cover the 18-10" cm™ 2 range, which makes the
detector cooled with liquid nitrogen. The spectra were takerclassical assumption invalid. The electric susceptibijty

at room temperature using the double subtractive configuraias been obtained by numerical evaluation of the Lindhard
tion of the spectrometer with 100m slits. To better resolve integraf®2*

theL™ peak from the TO peak, measurements at 80 K with

the triple additive configuration of the spectrometer and L e?

100-um slits were also performed using a TBT liquid nitro- Xe(Q,0)= 2.3 J f(Er,T.k)

gen cryostat. q

E(q+k)—E(k)
[E(a+k) —E(K)]*= (hw)?

here f(Eg,T,k) is the Fermi distribution function for an
ectron gas with Fermi energye at temperaturel, and

d3k, (3.5

Ill. THEORETICAL MODEL

carried out using the fluctuation-dissipation theory develope
by Hon and Faust’ With a suitable choice of the free-charge E(K) is the energy dispersion of the InP conduction band. As

susceptibility, the fluctuation-dissipation formalism has,[he samples studied in this work cover a wide range of dop-
proved to be very powerful to calculate LOPCM line shapes P 9 P

in n-tvne'® andp-tvne®2L semiconductors. and also to model M9 concentrations, neither the classical Maxwellian limit nor
ype” P-typ Y . the degenerate limit are good approximations to the electron
photoexcited electron-hole plasmas in semiconducfcf’.

In this formalism, taking into account the electro-optic andd|str|but|on function for the samples with intermediate elec-

the deformation-potential scattering mechanisms, the differ'Eron Qen3|t|es, and therefore the numerical evaluation of Eq.
(3.5 is necessary.

ential Raman cross section for the LOPCM's can be ex- Besides, at high electron densities, conduction band non-

The Raman line-shape analysis of the LOPCM'’s has bee(g/
I

pressed as parabolicity has an important effect on plasmon enertfiés.
Por [ 1 (e, 4 The nonparabolicity of the InP conduction band was taken
oy — 4+ 2Ax — A%y | 1+ —Xe)H , into account in the calculation through the isotropic, polyno-
dwiQd " e(w) |4 €er (3.0 mial band dispersion including terms up kb
where e(w)= e, +4m(x,+ xo) is the total dielectric func- E(K)=Agk?+ Ak*+ Agk®. (3.6

tion of the electron plasma and The coefficients\,,A,,Ag were obtained by fitting the poly-

5 nomial band dispersion to the results of ax1¥4 k-p model,
A= “T0 C (3.2 which explicitly includes the interactions among thgsplit-
wio— w3, off valence band, th€ g valence bands, and tig, I';, and

I's conduction band® The band-gap shrinkage due to the

C is the Faust-Henry coefficient, angro and w o are the  exchange interaction among free carriers, givefl by
zone center transverse and longitudinal optical mode fre-

guencies, respectively, is the ionic lattice contribution to Eo(n)=aN?, (3.7
the susceptibility, which arises from the dipole moments in-

— —8 H
duced by the longitudinal optical modes, and is given by ~Wherea=2.25<10"" eV cm andN, is the electron concen-
tration, was taken into account in tlkep calculations. For

the electron effective mass, we used the room-temperature

=, (3.3  value of 0.076m, reported in a recent Shubnikov-de Haas
AT wio— 0’ =il study of the carrier concentration dependence of the effective

mass inn-InP? The polynomial coefficients of Eq(3.6)

yvhereF| is a phenomenological ionic damping constayy. depend on carrier density and temperature. For instance, for
is the wave-vector and frequency-dependent electron-plasma

o : . . InP at room temperature and a carrier density df pn 3,
:/lu;rcn?irr)]tlte)ilrt)}r/,egs?(;%h can be calculated using the Lindhard we find A,=5.000< 10* meV A2, A,= —1.523x 1(P meV.

A%, and Ag=4.204< 10" meV A®, values that are not far
from those reported in Ref. 5 for InP at 80 K. The small
differences in relation to the values of Ref. 5 may be attrib-
1+iFeX;(q,w+iFe)/(w)(é(q,O))' uted to the different values of the input parameters consid-
(3.4 ered in thek-p model, such as the electron effective mass

2 2
€ W o™ Wro
X

(1+iTe/w)x5(q,0+iT,)

Xe(q,0+ile)=
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and interband matrix elements. The different temperature for " r - - - T 1
which the band-dispersion parameters were calculated and
the fact that the band-gap shrinkage was included in our
calculations also contribute to these differences.

In our previous work on photoexcited plasmdhsye
used the calculated valg= —0.14 for the Faust-Henry co-
efficient. Since in that work, due to the range of photoexcited
carrier densities only the™ mode could be observed, and
consequently only fits to the* peaks were possible, the
choice of the Faust-Henry coefficient did not affect the re-
sults. However, in the present study we have a wider range
of carrier densities that allows us to observe bothltfieand
L~ coupled modes, and therefore to perform simultaneous
fits to theL® andL~ peaks. Given that the intensity ratio
between these two peaks is very sensitive to the value of the
Faust-Henry coefficient, in this study we have used the ex-
perimentally determined valu€E= —0.46 reported in Ref.

29. The high-frequency dielectric constant was taken as 9.61
(Ref. 30 and the phonon parameters were taken from Ref.
11.

By numerically evaluating Eq3.5), and using Eqs(3.4)
and (3.1, we calculate LOPCM theoretical Raman line
shapes that are fitted to the Raman spectra. The line-shape

Intensity

model contains two adjustable parameters, namely the Fermi 200 — 5(')0 — 8(|)0 ' '11'00' ' 14'00
energy Er and the phenomenological electronic damping

constantl’,. To determine the electron density from the fit- Raman shift (cm™)

ted Er value, we use the relation between the carrier density _

and the Fermi energy in the nonparabolic conduction band, FIG. 1. Room temperatur&(yz)x Raman spectra ofr-InP
which was obtained to ordai’’2 by integrating an expansion samples with different doping levels. The spectra are labeled in

accordance with Table I. The first-order optical region of the spec-
trum A was obtained using different experimental conditi¢see
text).

of the density of states up to terms E7

IV. RESULTS AND DISCUSSION plays large shifts within the range of electron densities stud-
ied, from values very close to the LO frequency for the low-

The values of electron density in the doped layers as obest doping sampléA) up to about 1100 cm* for the most
tained from Hall measurements, which are listed in theheavily doped sampléH).
fourth column of Table I, lie in the rangeX710%—1x 10'° In the frequency region of the first-order optical modes,
cm 3. For the sample with the lowest dopirtg) the con- the Raman spectrum of sampfeshown in Fig. 1 was ob-
tacts were highly resistive and reliable Hall measurementtained using the triple additive configuration of the spectrom-
were not possible. For this sample the carrier density waster. This allowed us to observe the depletion-zone LO
estimated assuming the same activation as found for samptsodes as a shoulder on the low-frequency side of the domi-
B, which is the sample with the nearest doping density levelnantL * peak. Since the * peak in spectrunA was obtained
The fifth and sixth columns of Table | display the values ofusing different experimental conditions, its intensity cannot
electron concentration and electronic damping, respectiveljpe compared with the intensity of the" peaks in the other
as determined from the LOPCM analysis of the Raman specpectra shown in Fig. 1. THe" coupled-mode peaks display
tra that will be discussed below. a symmetric line shape for all doping levels, and a small

Figure 1 shows the room temperature Raman spectra afidth for low carrier densities. These features confirm the
then-type InP samples listed in Table I. In these spectra, weénigh degree of carrier concentration homogeneity within the
can observe several peaks whose frequency does not depgmbbing depth of the laser beam.
on the doping level of the sample, corresponding to the for- ThelL™ coupled modes were also observed in the Raman
bidden TO mode, the LO mode, and the three characteristispectra, except for the three samples with the lowest doping
second-order optical peaks between 600 and 700cth level (A—C). In fact, for the samples in the 810"
The intensity of the LO peak, which arises from the surface-3.7<10*® cm 2 range D—F), the L~ coupled modes
depletion zone, decreases with increasing carrier concentraeuld be resolved from the TO modes. As can be seen in Fig.
tion due to the reduction of the depletion depth and hence of (G,H), theL ™ peak corresponding to the highest electron
the scattering volume for the unscreened LO mode. An addensity overlaps the TO peak, giving rise to a single Raman
ditional peak, due to the ™ coupled modes, is observed in peak close to the TO frequency, which is about six times
all the spectra throughout the whole range of the electromore intense than the Raman intensity observed in the TO
densities studied in this work. As can be observed in Fig. 1spectral region in undoped InP. To better resolve Ilthe
the L™ modes in InP are very sensitive to changes in thecoupled modes from the TO modes in samplesF, we
electron concentration. The frequency of thé peak dis- have performed Raman measurements at 80 K on these
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FIG. 2. High-resolutiorx(yz)x Rama_m spectra obtained at_80 K FIG. 3. TheoreticalL* and L~ line-shape fit based on the
from samplesD, E, andF (see Table)lin the TO spectral region. | ;4414 Mermin model(solid line) to the experimental room-
Inset, Raman spectrum obtained also at 80 K with the safple temperature Raman spectrutots of sampleE (see Table)l
tilted about 60° off normal incidence. The frequency axes of the
inset and of the main figure are coincident. ported at 270 cm!, a frequency much lower than those

found in the present work. This is on account of the
samples with high spectral resolution. Figure 2 shows thg73.8-nm wavelength used in Ref. 3, which excites coupled
low-temperature, high-resolution Raman spectra of samplesiodes with smaller wave vectors giving rise ltd mode
D-F, in which three peaks can be observed in the TO specfrequencies well below the TO frequency. In this case, the
tral region. The low-frequency peak can be unambiguously¥requencies of both. ™ andL~ coupled modes are well re-
assigned to thé.~ coupled modes, since its frequency de-produced by the Lindhard-Mermin line-shape calculations.
pends on the carrier concentration. The other two peaks, at To determine the carrier concentration and the electronic
306.4 and 309.4 cm', do not show any dependence on car-damping for then-type InP samplesA—H from their Raman
rier density. The existence of an additional peak close to thgpectra we have applied the theoretical model described in
TO mode, which we have also observed in undoped InP, waSec. Ill. For samples with carrier concentration higher than
previously assigned to a second-order overtone of the longizx 10" cm 3 (D-H) theL~ modes were detected, and the
tudinal acoustic modes at zone etfgging very close to the  theoretical line shapes were fitted simultaneously tolthe
TO frequency. Given that a precise value of the TO energy isindL ~ experimental Raman peaks. In Fig. 3 we show the fit
necessary as an input of the LOPCM line-shape model, it i%f the calculated.* andL~ Raman line shapes to the ex-
important to unambiguously identify the TO peak in the Ra-perimental Raman spectrum of samfdeThe slight differ-
man spectra. Bearing in mind that the TO modes are forbidence that can be observed between the intensity of the theo-
den in backscattering configuration from(200) face, we  retical L~ line shape and the experimental Raman spectrum
have carried out low-temperature Raman measurements Widbuld be accounted for by a slightly underestimated absolute
the sample tilted about 60° off normal incidence to circum-value of the Faust-Henry coefficient and also by the fact that
vent the selection rules for backscattering from 80  the TO modes and the overlapping second-order overtone
face. The low-temperature Raman spectrum obtained in thigiscussed above are superimposed ontolthepeak. The
configuration from sampl® is shown in the inset of Fig. 2. Raman peaks corresponding to the LO and TO modes, as
The strong intensity increase of the peak at 306.4 tm ell as the second-order peaks, were fitted by Lorentzian line
proves unambiguously that this peak actually corresponds téhapes and subtracted from the Raman spectra prior to the
the TO mode. LOPCM line-shape fit. For the samples with carrier concen-

Our identification of theL™ modes at frequencies very tration higher than %10 cm™2, in which theL~ peak
close to the TO mode differs substantially from the fre-  completely overlaps the TO peak and the deconvolution is
quencies reported by Bairamat al® Although these au- not possible, the Raman intensity in the TO spectral region
thors do not report the laser wavelength used in their Ramasf virgin InP was subtracted.
measurements, the large frequency separation between the Raman measurements on the lowest doping samplat
L™ and the TO modes shown in Ref. 6 could only be ac-different incident powers show that the Raman spectra of this
counted for by the use of a near-infrared laser line as excisample depend on the laser power. This is due to the genera-
tation source. In any case, their assignment of a peak at 2Qfbn of photoexcited carriers, which cannot be neglected
cm ! to theL ™ coupled modes for the sample in which the when samples with low carrier concentration are studied. To
L* coupled modes were detected at 369 ¢ntannot be take into account this effect, the line-shape model that we
supported by Raman line-shape calculations using thétted to the spectrum of sampla included an additional
Lindhard-Mermin model. Neither the low™ coupled-mode term in the electric susceptibility corresponding to the
frequency nor the intensity ratio between thé and thel ~ photoexcited-hole contributiott.We have assumed the same
peaks can be reproduced by the model, even for long excdependence of photoexcited carrier concentrations on laser
tation wavelengths. In Ref. 3, the™ coupled mode is re- power that was found in semi-insulating IfPalthough the
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photoexcited carrier density in doped samples may beagreement was found between the carrier concentrations de-
slightly smaller due to the fact that the induced defects mayermined by means of a Drude analysis of the Raman spectra
also act as recombination centers for the photoexcited carrend those obtained from Hall measurements on bulk and
ers. To obtain the electron density in sampléhe estimated epitaxialn-InP for a wide range of carrier densities. This is a
densities of photoexcited electrons were subtracted from theurprising result because, as it will be discussed below, our
results of fitting the experimental spectra, and consistent vakesults show that the Drude model leads to significant errors
ues for different incident laser powers were found. The phoin the charge-density determination, and therefore such a
toexcited contribution was not taken into account in previougjood agreement is not to be expected.

studies reporting determinations of carrier densities in InP by In this section, we assess the accuracy of the Drude and
means of Raman spectroscopy, and consequently, the carrigre hydrodynamical models by comparing the results of ap-
density of low-doping samples was overestimated in thos@lying these models to our experimental Raman data with the
studies>*~’ The Raman spectra of sampB for which a  results that we have obtained using the Lindhard-Mermin
carrier density of 3. 107 cm 2 was determined, display model. In the Drude model the electric susceptibility, which
only a very small dependence on laser power and the correloes not have spatial dispersion, is given by

sponding charge-density correction due to photoexcited car-
riers is not significant. Consequently, for thdnP samples ), \_
with higher doping levels studied in this work, photoexcited Xe (@)==7— w(@+iTy)’
plasma corrections can be neglected.

In the fifth and sixth columns of Table I, we report the Where w,=(4mNce? e.m*)? is the plasma frequency. In
values of carrier concentration and electronic damping obthe hydrodynamical model an additional term is considered
tained from the LOPCM fits, in which, as already mentioned,in the electron dynamical equation that accounts for the force
the Fermi energy and the electronic damping are the onlgfising from pressure gradients in the electron ‘ga8Pres-
adjustable parameters. The values of the reduced Fermi efili'e gradients can be related to density gradients through the
ergy (Er/kgT) found for samplesA—H range from—1.35  Kinetic theory relatiorp=Nem*(v?)/3, with (v?) the mean-
for the lowest doping sampléd), to 8.27 for the highest square velocity. The pressure term gives rise to spatial dis-
doping sampléH). Consequently, the use of the Fermi-Dirac persion and the-dependent electric susceptibility becomes
distribution function is necessary for a realistic description of )
the electron plasma through the whole range of carrier con- (Hy_  E= wp
cgntraﬂons. As expect.ed, the electronic damping increases Xe A7 w2—<v2>q2+iw1“e'
with the doping density, but whereas for samplesF
damping values are of the same order as those found for thEhe mean-square velocity can be evaluated in terms of the
photoexcited plasmons in semiconducting iiRhe elec- Fermi integral® 75, 7y, as
tronic damping increases considerably for the most heavily
doped samples,H). As can be seen in Table I, the carrier o 3KeT Fo Ep/kgT)
concentrations obtained from the LOPCM fits based on the (V)= x FidEplkgT)
Lindhard-Mermin model are in very good agreement with m ya=rTTe
those obtained from Hall measurements, confirming thajt room temperature, for carrier densities higher that®10
Raman-scattering can be used in a wide range of electrogm=2 the mean-square velocity can be approximated by its
densities to obtain an accurate determination of the carriejegenerate limifv2)~ (3/5)vZ, whereas for lower densities
density inn-type InP. Ramgn s_cattermg provides some ad_-[he classical limi{v2)~3kgT/m* provides a better approxi-
vantages over Hall determinations of the free-carrier densimation.
ties in doped semiconductors, such as being a nondestruc- \ye have used the electric susceptibility expressions Egs.
tive, contactless technique, and not requiring arpriori (5.1) and (5.2), corresponding to the Drude and hydrody-
knowledge of the Hall scattering factor, which depends omamical models respectively, to extract values of carrier con-
the electron scattering mechanisms and may differ inentration from the Raman spectra of samjiés H, and we
samples with different doping levels. have compared the results with the values obtained with the
Lindhard-Mermin model described in Sec. lll. Sampldas
not been included in this analysis to avoid the problems as-
sociated with photoexcited charge. In Fig. 4 we plot the de-
viations of the carrier density as calculated with the Drude
and the hydrodynamical models in relation to the results of

Many of the LOPCM analyses of Raman spectra in polaithe Lindhard-Mermin model for the different samples stud-
semiconductors have been carried out using either a Druded in this work. As generally reported in the literature, both
modet?3435 or the hydrodynamical mod&l®*®3"for the  models have been fitted only to thé coupled modes. As it
free-carrier electric susceptibility. The computational sim-will be discussed below, performing simultaneous fits to both
plicity of these two models as compared with the more in-L" andL~ coupled modes would lead to additional errors.
volved Lindhard-Mermin calculations has favored their The Drude model yields sizable differences over the
widespread use in the analysis of Raman spectra. In particavhole concentration range, leading to density values that are
lar, in several papers dealing with Raman scatteringlof®  overestimated by=30% at the lowest densities and under-
the electron concentration was determined using a Drudestimated by~20% at the highest densities. Such large dif-
modef35~8or the hydrodynamical theofyn Ref. 7 a good  ferences at low-carrier densities arise because the wave-
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AND THE HYDRODYNAMICAL MODELS
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30 fa ' T ' T ] the conduction band, and hence, as discussed above, it un-
Un derestimates the charge density. For carrier densities lower
® 15+ = 1 than~10'® cm™3, where the nonparabolicity effects are not
o v o important in InP, the hydrodynamical model in the classical
Z o TR R * limit is in reasonable agreement with the Lindhard-Mermin
% 5| " . 1 model. The validity of the hydrodynamical model can be
) - a extended up to higher carrier concentrations for other com-
30 | "] pounds such as SiC and GaN in which nonparabolicity ef-

fects are smaller. Contrary, the application of the Drude
model on such compounts?® can yield grossly overesti-
N (cm™) mated values of the carrier concentration because the error
N introduced by neglecting spatial dispersion is not compen-
FIG. 4. Deviations of the electron densities as determined bysated by the nonparabolicity effects.
means of the Drude modé‘;quareﬁ the hydrodynamica| model Whereas the use of the Lindhard-Mermin model allows us
using the classical and degenerate limits as appropfisséd  to simultaneously fit thee™ and L~ coupled modes, the
squarel and the hydrodynamical model in the degenerate limitDrude model gives poor fits to the™ modes. In fact, as
(triangles in relation to the results of the Lindhard-Mermin model discussed above, the Drude susceptibiliEg. (5.1)] is for-
(solid circles for the samples studied in the present work. mally identical to the smally, high-w limit of the Lindhard-
Mermin susceptibility [Eq. (5.4)], if wf) is replaced
vector dependence of the plasma frequency is neglected #fy a wave-dependent plasma frequene;%(q)zwﬁ[l
the Drude model. Assuming parabolic conduction bands, in+(v2)(q/w)?]. Since Eq. (5.4 was derived assuming
the limit (2%/2m*)k-q<%w the finite wave-vector correc- (h212m*)k-q<fiw, neither the expansion E¢5.4) nor the
tion to the plasma frequency can be obtained from thebrude form[Eq. (5.1)] are good approximations at low fre-
Lindhard-Mermin expression of the electric susceptibility quencies.
[Eq. (3.4)] by expanding to the lowest order @i The hydrodynamical model is often applf&d’ using an
expansion of Eq(5.2) to the lowest order g/ in which
(v?) is approximated by its degenerate limit, (3/58) This
reduces the hydrodynamical electric susceptibility to the
well-known expression
Comparing Egs(5.1) and(5.4), we see that at a finite wave
vector the plasma frequency increases, and therefore the (H) €5 cu,zJ
Drude expression for the electric susceptibility overestimates Xe =7 an w(w+il)
the carrier concentration. On the other hand, for increasing
carrier density the conduction-band nonparabolicity becomewhich has again the Drude form withcadependent plasma
more pronounced and the associated increase of the electrémequency. These kind of expansions, while accurate enough
effective mass reduces the plasma frequency so that thet high frequencies, are poor approximations at low frequen-
parabolic-band models tend to underestimate the electroties where thée™ modes occur, and consequently, they can-
density. The nonparabolicity effects increase with the dopingiot be used to model the™ spectral region. Contrary, the
level and, consequently, the overestimation of the chargese of the hydrodynamical susceptibility expression(Bd)
density caused by neglecting the plasmon dispersion i the line-shape models results in much better fits to.the
gradually compensated as the carrier concentration increasefodes. Moreover, for low doping samples thé modes
For carrier concentrations arounck@0'® cm™2 both models  occur at low frequencies, close to the LO frequency, and
accidentally yield the same results in InP, whereas for highetherefore the fits to th& * modes are also affected by the
carrier concentrations nonparabolicity dominates over plasinaccuracy of Eq(5.5 at low energies, leading to further
mon dispersion effects. deviations in relation to the results of the Lindhard-Mermin
In Fig. 4, we also show the values of carrier density ob-model.
tained by fitting theoretical line shapes to the experimental
Raman spectra using the hydrodynamical model in the clas-
sical or degenerate limit as appropriate. The degenerate limit
in the hydrodynamical model has been customarily used re- We have studied the LOPCM's imInP for a wide range
gardless of the doping level, even in nondegenerate conddf carrier concentrations by means of Raman spectroscopy.
tions. From Fig. 4 we can see that the use of the degenerafthe L * coupled modes have been found to be very sensitive
limit for samples with low-doping density leads to chargeto the free-carrier density in-InP. Very good simultaneous
density values up to 30% higher in relation to the classicafits to both theL* andL~ coupled modes observed in the
limit, and therefore it is important to consider the appropriateRaman spectra are obtained using a line-shape model based
limit when the hydrodynamical model is applied. We ob- on the Lindhard-Mermin dielectric function that includes the
serve that the carrier-density values obtained with the hydrononparabolicity of the InP conduction band. The presence of
dynamical model are below the results of the Lindhard-photoexcited carriers has been taken into account in the
Mermin model for the whole range of carrier concentrationssample with the lowest doping level. From the line-shape
Although the hydrodynamical model incorporates spatial disanalysis, we obtain accurate values of the electron density in
persion, it does not take into account the nonparabolicity othe doped samples that are in good agreement with Hall-
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effect determinations. Thus, Raman scattering provides posite directions; whereas neglecting plasmon dispersion

nondestructive, contactless means of determining the carrideads to an overestimation of the carrier density, neglecting

concentration over a wide range of doping levels. the nonparabolicity of the conduction band results in the un-
The line-shape theory that we have applied to determinéerestimation of the carrier density. Thus, for a certain range

the carrier concentration takes into account finite temperaturef carrier densities these two effects partially compensate

and wave-vector effects, as well as nonparabolicity effectsand the values of carrier density obtained using the Drude or

Other models widely used to determine carrier concentratiorthe hydrodynamical model are not far from those obtained by

such as the Drude and the hydrodynamical models, thoughsing the Lindhard-Mermin model. Neither the Drude model

computationally simpler, present significant departures froomor the usual smaly expression derived from the hydrody-

the Lindhard-Mermin model at different electron-density re-namical model can be used to fit thhe coupled modes

gimes. Thus, the analysis of the same Raman spectra usitigcause they involve poor approximations for low frequen-

the Drude or the hydrodynamical model leads to significanties.

differences in carrier concentration, up to 30% in relation to
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