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We have verified the accuracy of free-charge determinations from Raman scattering in doped
semiconductors by comparing the results obtained from phonon—plasmon coupled-mode line-shape
fits with the charge-density values extracted from the analysis of the Shubnikov—de Haas
oscillations. The experiments were carried out orInP layers, and conduction band
nonparabolicity was included both in the Lindhard—Mermin model used to fit the Raman spectra
and in the Shubnikov—de Haas analysis. We find a very good agreement between Raman and
magnetotransport results, which confirms the reliability of the charge-density determination from
Raman-scattering measurements when the line-shape analysis is carried out using the Lindhard—
Mermin model. © 2000 American Institute of Physids$S0021-897800)02024-1

I. INTRODUCTION an average value of sheet resistance over the whole thickness
cjof the doped layer, Raman scattering probes only a layer
with a thickness on the order of the laser penetration depth,
which for excitation wavelengths in the visible region is gen-
shape calculations are usually carried out using th rally less than 100 nm in lll-V semiconductors. Since the

fluctuation—dissipation theoR? the electric susceptibility all coefficient is prpportlgnal to the .thlcknesi; of the
entering these calculations has been evaluated using differeﬂ?pEd layer, uncertainties n the effectwe valuedodffect
models, such as the Drude, the hydrodynamical, and th#'® values of charge density obtained from Hall measure-
Lindhard—Mermin(LM) model. In some cases, Raman line ments. Furthermore, carrier-density determmauqns by Hall
shapes are calculated using the parameters obtained frofféasurements are affected by the Hall factor, which depends
electrical measurements, and then compared to the expef! the electron scattering mechanisms and on the tempera-
mental Raman spectfd. Some authors have obtained the ture and therefore can vary for different samples and experi-
carrier concentration just from the frequency of thé  Mental measuring conditions.
coupled mode using the Drude mo8éland other authors We have shown recentfy that a LOPCM line shape
have determined the damp|ng parameter from the Drudg“)del based on the LM dielectric fUnCtion, in which band
model by fitting the Raman line shape with a fixed chargenonparabolicity has been included, gives very good fits to the
density determined by electrical measuremé&rifsus, only ~Raman spectra and charge-density values in good agreement
in a few Raman-scattering studies of LOPCMs in llI-V with the Hall-effect determinations. However, considering
compounds has the free-charge density been determined Ibje differences between these two techniques discussed
actually fitting the calculated line shapes to the experimentafibove and the necessary assumptions about the doped-layer
Raman spectr%\‘.15 Moreover, some of these studies werethickness and the Hall factor made in the Hall-effect deter-
carried out using the Drude modél*® a simple LOPCM mination, checking the charge-density values obtained from
model which, as has been recently shdfdoes not yield Raman experiments with another independent technique be-
accurate values of carrier concentration. comes necessary to confirm their reliability.

Charge density in doped semiconductors is customarily At low temperature, the electron density can also be ob-
characterized by means of Hall-effect measurements. Thusined from measurements of the Shubnikov—de HSds)
up to date the reliability of the charge-density values ob-oscillations, whose periodicity allows the Fermi energy to be
tained from LOPCM analysis has only been checked againgtetermined directly. This is the same parameter that is fitted
Hall data’*> On the other hand, these two techniques probén the Raman line-shape model based on the LM dielectric
the free charge differently. Whereas Hall measurements yielfinction, and its determination from the SdH periodicity is
free from the uncertainties in the Hall scattering factor and
dAuthor to whom correspondence should be addressed; electronic maif.k)ped'layer thickness that affect the Hall measurements. The
rcusco@ija.csic.es aim of this article is to validate the accuracy of Raman scat-

Raman scattering by LO phonon—plasmon couple
modes(LOPCMs has been extensively used to study free
carriers in semiconductofsWhile LOPCM Raman line-
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' ' ' ' ' Raman peaks other than the LOPCMs that can be seen in
Fig. 1, correspond to the forbidden TO mode and to zone-
edge acoustic overtones, which give rise to a peak2d7

cm 1!® the depletion zone LO mode observed at 343.5
cm 1% and the characteristic second-order optical modes
detected at 617, 650, and 682 chi’ Leaving aside the
intensity of the LO mode, which depends on the extent of the
depletion zone, these Raman features are independent of the
doping level, and were subtracted prior to the LOPCM line-
shape fits. As can be seen in Fig. 1 very good fits to the
Raman spectra are obtained using a fluctuation—dissipation
model in which the electric susceptibility is treated in the
LM approximation. The details of the LOPCM line-shape
model are given in Ref. 16. The use of the LM model, in
which the undamped electric susceptibility is numerically
evaluated from the Lindhard integral

Intensity
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l'\:A'G- L 'fj.-lF' ftit_s Off a ';_OP(C'\’I'_Ji”I?'S)h?pethmOde' batsed on tthe '-g‘dhafd—wheref(EF ,T,k) is the Fermi distribution function for an
e e s s e election gas With Femi energ at temperaturl, and
x 107, 8.4x 107, 1.4x 10'8, and 3.5 108 cm™3, respectively. E(k) is the energy dispersion of the InP conduction band,
allows nonparabolicity and finite temperature effects to be
fully taken into account. The energy dispersion of the InP
tering to determine charge-density values from LOPCM line-conduction band was calculated from axi# k-p theory!®
shape fits by comparing them with the results obtained fronsince we use Eq(1) to calculate the electric susceptibility,
the analysis of the SdH magnetotransport measurements. the model fit yields the value &g, from which the electron
density is obtained in terms of Fermi integrals by inverting
Il. EXPERIMENT an expansion oEg up to terms inT”2 As can be seen in
Fig. 1 the use of the LM model, contrary to other simpler

obtained by Si implantation on semi-insulating InP:Fe us- models such as the Drude or hydrodynamical approxima-

in reek-cr mask for a van der Pauw metr _ions, allpws us to obtain very good fits to t.hé and.L*
g a Greek-cross mask for a van der Pauw geomet ytmodes simultaneously. This fact, together with the high sen-

Double implantations followed by surface etching were car-_.. . . . .
P y 9 sitivity to carrier concentration of the™ mode, which ex-

ried out in order to obtain a homogeneous, flat doping profile”. . . 1 ;
that extends for=140 nm from the surface. Sample prepara%lbl'ts'frequeqcy shifts 0F~320 cm ~ for eIgctron-densﬂy
variations of just about one order of magnitude, makes Ra-

tion details are described elsewhéfeOhmic contacts for teri i d tul 100l to det
low-temperature measurements were established by Ni/agpan scatiering a very sensitive and powertul tool 1o deter-
dnine charge density in doped InP.

Ge/Au evaporation and annealing at 380°C for 40 s. Th ) .
To confirm the accuracy of the electron density values

SdH measurements were carried ouTat1.6 K in a Kelvi- . : L
u W ! N ! v Ig)btalned from the LOPCM Raman line-shape fits discussed

nox 13 T superconducting magnet, using standard lock-i .
techniques. The Raman measurements were performed inagove, we have carried out magnetotransport measurements
on the same set afi-InP samples. Figure(d) shows the

backscattering configuration on(400) face using the 528.7 . .
g g (200 g magnetoresistance traces of samples B—F obtained at 1.6 K,

nm line of an A" laser as excitation. The Raman spectra. . . o
were recorded at room temperature using a Jobin—Yvo which the nonoscillatory background resistivity has been
T64000 spectrometer equipped with a charge coupled devi ubtract_ed by the method of the_upper a_nd _Iower e_nvelopes.
detector cooled with liquid nitrogen. he_ o§C|IIatory change of the resistivity with increasing mag-
netic field, the SdH effect, is due to the changing occupation
of the Landau levels near the Fermi level, and therefore the
lll. RESULTS AND DISCUSSION periodicity of the oscillations provides a direct measure of
Figure 1 shows the LOPCM line-shape fits to the Ramarthe Fermi energy without having to make any assumptions
spectra of severai-InP samples. The samples span a densityabout the values of the Hall scattering factor and the effec-
range from 3. % 10' to 3.5 10"8cm ™3, and are labeled B tive thickness of the implanted layer. Since most of the vol-
to F for increasing doping level according to Ref. 16. Forume of the doped layer corresponds to the homogeneous core
high carrier densitie€D—F) both theL* andL~ branches of region near the surface, the periodicity of the SdH oscilla-
the LOPCMs are observed in the Raman spectra, whereas ftons is determined by the electron density in this high-
low carrier densitie$B,C) only theL ™ peak is detected. The density homogeneous region while, as we shall discuss be-

For this investigation we have usedtype InP layers
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doping profile. We find that the Fourier transform peak does

FIG. 2. (a) Magnetoresistance traces at 1.6 K corresponding tmtieP . . . . . .
samples whose Raman spectra are displayed in Fig. 1. The nonoscillatoglOt shift and the increase of its full width at half helght 1S

background resistivity has been subtracted and the curves have been shiftéss than 6%. This implies that the magnetoresistance oscil-
vertically for clarity. (b) Arbitrarily normalized power spectral density |ations are dominated by the contribution of the high-density
(PSD qbtained from a Fourier transform of the magnetoresistance treated aﬁomogeneous region, while the tail at the edge of the doping
a function of 1B. . . .
region, where electron density rapidly decreases, causes only
a minor increase in the effective Dingle temperature and
does not affect the deduced carrier density.
low, the far-end tail of the implantation profile is only The range of carrier concentrations for which the SdH
reflected in a slight broadening of the oscillations. Thereforgechnique can be used is more limited than that of Raman
SdH and Raman measurements both probe the Fermi energgectroscopy. For highly doped samples, the rapid decrease
in the flat doping-profile region of the sample. The periodic-of the lifetime r of the electron states at the Fermi energy
ity of the SdH oscillations for the transverse magnetoresiswith increasing doping level smears out the SdH oscillations.

tance is given by The broadening of the Landau levels is characterized by the
1 e Dingle temperaturel'p =%/27kg7, which can be obtained
A(B—> = EL (2) from the analysis of the magnetic field dependence of the
N F

SdH oscillation amplitudé® Ty is found to increase from 27
whereBy is the magnetic field at the extremum of tNgh K for sample B to 45 K for sample E and 86 K for sample F.
oscillation, andn* is the cyclotron effective mass. The non- This is reflected in the strong attenuation of the oscillations
parabolicity of the InP electron effective mass and its depenin samples E and Fsee Fig. 2 For carrier concentrations
dence on carrier concentration have been studied by meamsgher than 5 10¥cm 3, SdH oscillations are no longer
of SdH measurement8,and it has been shown that for car- visible within the limits of the magnetic field of our experi-
rier concentrations above ¥&m™2 the cyclotron mass rap- mental setup. In contrast, being of semiclassical nature, the
idly increases, in good agreement wikhp theory predic- damping of LO-plasmon coupled modes is not so critical,
tions. We have taken band nonparabolicity into account byand the plasmon-liké ™ mode can be clearly observed for
using the band dispersion obtained from the<14 k-p cal-  carrier densities as high as @m 3.1 Conversely, for
culation that was also used in the Raman line-shape model ®amples with very low doping concentration, the quantum
calculate the cyclotron effective mass. The band-edge eledimit is reached at moderate fields in the magnetotransport
tron effective mass was taken ag =0.076n,.%° measurements, which precludes the unambiguous determina-
We have obtained the periodicity of the SdH oscillationstion of the periodicity of the SdH oscillations. In this low
from the Fourier transform of the magnetoresistance treatedarrier-density regime, Raman scattering can still be used to
as a function of B and also from plots of B\ versus probe the charge density, although a correction for the pho-
guantum number. The magnetoresistance traces displayedtiogenerated carriers may be necessary in some
Fig. 2@ show sinusoidal oscillations that can be closely fitcompoundg®2
using the theoretical SdH expressiSnand that reflect the In Fig. 3 we show a correlation plot between the electron
electron density in the high-density homogeneously dopedensity values determined from the LM fits to the Raman
region near the surface. To confirm this point we have perspectra and those determined from the periodicity of the SdH
formed simulations of density profiles with a Gaussian den-oscillations. The error bars on the SdH data correspond to the
sity tail by adding up the contributions to the resistivity of width of the frequency bin in the fast Fourier transform used
the different layers of constant electron density across thé determine the periodicity of the magnetoresistance oscil-
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