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Abstract
We have studied the wavevector dispersion of the L+ coupled mode in
n-type In0.53Ga0.47As by means of Raman scattering using several excitation
wavelengths in the range between 457.9 and 720 nm. The optical properties
of In0.53Ga0.47As in the range of excitation energies used are strongly affected
by the presence of the E1 and E1 + �1 critical points, and set an upper limit
to the wavevector that can be probed by decreasing the excitation wavelength
in Raman scattering experiments. The Raman scattering results are analysed
using a Lindhard–Mermin model,and it is found that optical absorption strongly
affects the coupled-mode Raman peaks excited with the more energetic lines.

1. Introduction

In doped polar semiconductors, free carriers interact with the longitudinal optical (LO) phonons
via their macroscopic electric field and, as a consequence, coupling between them occurs. In
n-type binary semiconductors, this gives rise to two LO phonon–plasmon coupled modes
(LOPCMs) which are denoted by L+ and L− [1]. The L+ mode shows phonon-like character
for low carrier density and plasmon-like character for high carrier concentration, while for
the L− mode these characters are reversed. In the intermediate frequency range, the coupled
modes have a mixed character. In a ternary alloy with two-mode behaviour there are three
coupled modes as a consequence of the existence of separate LO modes associated with each
of the two sublattices [2–5]. The highest frequency mode (L+) presents a behaviour similar to
its binary system counterpart, displaying a rapid upward frequency shift with increasing carrier
concentration. The lowest frequency coupled mode (LFCM) is analogous to the L− mode of
binary compounds, being plasmon-like for low carrier densities and becoming phonon-like
for high carrier densities, when its frequency asymptotically approaches the lower TO mode
frequency. A third coupled mode, the intermediate frequency coupled mode (IFCM), occurs
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in the gap between the optical frequencies of the two sublattices. This mode is phonon-like
except in the vicinity of the plasma frequency and is labelled as L0 by some authors [2, 3, 5].

The carrier density dependence of LOPCMs in n-In0.53Ga0.47As has been recently
reported [4], and it has been found to differ significantly from the typical behaviour that is well
established for other alloys. In contrast with other III–V alloys such as Alx Ga1−x As, where all
LOPCM branches exhibit a frequency increase with increasing free electron density [2], only
the L+ branch shows such trend in n-In0.53Ga0.47As whereas the two lower-frequency branches
(IFCM, LFCM) decrease in frequency as the carrier density increases. It should be noted that
in the case of In0.53Ga0.47As the frequencies of the two lower-frequency coupled modes lie
well within the single-particle excitation region, where intraband single-electron transitions
remove energy from the collective coupled mode and, as a result, the LF and IFCMs become
heavily damped. Both heavily damped modes display only a small dispersion with electron
density and their respective frequencies asymptotically approach the TO frequencies of each
of the two sublattices [4].

Raman scattering is a unique tool to study dispersion effects on the frequencies of the
coupled modes in polar semiconductors, since the magnitude of the wavevector q involved
in the scattering process is large enough and can be readily varied by changing the excitation
wavelength. LOPCM wavevector dispersion has been studied by means of Raman scattering
in GaAs [1, 6–8] and InP [9], where a continuous upward shift of the L+ frequency is observed
for increasingly shorter excitation wavelengths.

To our knowledge, no study of wavevector dispersion of LOPCMs on ternary alloys has
been published so far. In this paper we present a Raman scattering study of the plasmon
wavevector dependence in the In0.53Ga0.47As alloy lattice-matched to InP. The frequencies of
the heavily damped LF and IFCMs show very little variation with the excitation wavevector,
whereas for high carrier concentrations the L+ mode is plasmon-like and its frequency is well
above the single-particle excitation region. Consequently, owing to the small electron effective
mass of In0.53Ga0.47As, the L+ mode exhibits a strong wavevector dependence and we focus
on this mode to carry out our study of LOPCM wavevector dependence in the In0.53Ga0.47As
alloy.

In contrast with the typical LOPCM dependence on excitation wavelength previously
reported for GaAs and InP, the Raman peak associated with the L+ mode exhibits an
upward frequency shift for decreasing excitation wavelengths down to 488 nm and then shifts
downwards and becomes notoriously broadened for shorter excitation wavelengths. This is
well accounted for by calculations based on the Lindhard–Mermin model, which show that
the variation of the optical constants of In0.53Ga0.47As close to the E1 and E1 + �1 resonances
play an important role in the anomalous behaviour of the L+ mode.

2. Experiment

An n-type, Si-doped In0.53Ga0.47As layer was grown by molecular beam epitaxy on semi-
insulating (Fe-doped) (001)-oriented InP substrate. The free electron concentration in the
layer, as determined from a line-shape fit to the L+ Raman peak [4], was 5.4 ×1018 cm−3. The
doping level of the sample was selected so as to produce a high-mobility plasma that yielded
a well-defined plasmon-like L+ mode well away from the single particle excitation regime for
all the wavevectors studied.

The Raman measurements were carried out at room temperature on a (001) face in z(xy)z̄
backscattering configuration. The Raman spectra were excited with the 528.7, 514.5, 501.7,
488.0, 476.5, and 457.9 nm lines of an Ar+ laser, as well as with 720 and 700 nm excitation
wavelengths using a Ti–sapphire laser. For shorter excitation wavelengths the absorption is
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Figure 1. Raman spectra of the L+ mode of an n-In0.53Ga0.47As sample with Ne = 5.4×1018 cm−3

obtained using different excitation wavelengths. The spectra were taken at room temperature in the
z(xy)z̄ backscattering configuration. The excitation wavelengths were 720 (A), 700 (B), 528.7 (C),
514.5 (D), 501.7 (E), 488.0 (F), 476.5 (G), and 457.9 nm (H). Inset: a comparison of the calculated
L+ lineshape (solid curve) with the experimental Raman spectrum (dots) for the 488 nm excitation.
The theoretical curve was calculated using the Lindhard–Mermin model for Ne = 5.4×1018 cm−3

and �e = 50 cm−1 taking into account absorption effects.

very high and the light only probes a superficial region mainly within the depletion zone,
whereas for longer excitation wavelengths the signal is extremely weak due to the low Raman
scattering efficiency of In0.53Ga0.47As in the near-infrared spectral region. The laser power on
the samples was kept at≈75 mW. The Raman spectra were recorded using a Jobin Yvon T64000
spectrometer equipped with a charge coupled device detector cooled with liquid nitrogen, with
100 µm slits. To take into account possible compositional fluctuation of the alloy across the
wafer [10], Raman spectra were recorded at four different points of the sample for each laser
line to obtain an average L+ frequency and an estimation of the frequency fluctuation.

3. Results and discussion

Figure 1 shows the room temperature Raman spectra of the L+ mode of an n-In0.53Ga0.47As
sample with Ne = 5.4 ×1018 cm−3 for the range of excitation wavelengths used. The electron
density in this sample is high enough to ensure that the L+ mode is well away from the single-
particle excitation regime [4] and therefore the L+ mode excited in the Raman experiments
exhibits a clear plasmon-like character. The intensity of the L+ Raman peak displays variations
for the different excitation lines and the spectra shown in figure 1 have been normalized for
convenience. Raman scattering efficiency of In0.53Ga0.47As dramatically falls for excitation
wavelengths in the red and near-infrared spectral region,and hence a lower signal-to-noise ratio
is apparent in spectra A and B of figure 1. As can be seen from figure 1, the L+ Raman peak
shifts to higher frequencies and broadens notably as the excitation wavelength is reduced from
720 nm (A) down to 501.7 nm (E). For shorter excitation wavelengths (F–H), the broadening
of the L+ Raman peak is even more pronounced, but it shows a clear downward frequency
shift.
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Figure 2. The wavevector transferred in backscattering geometry as a function of excitation
wavelength, as calculated for In0.53Ga0.47As from ellipsometry data taken from [11]. The dotted
lines indicate the wavelengths used in our Raman measurements.

Table 1. Parameters of In0.53Ga0.47As at room temperature which are used for the q-dispersion
calculation of the L+ mode.

Symbol Description Value (cm−1) Reference

ω0
LO,A LO InAs mode 238 Present worka

ω0
LO,B LO GaAs mode 291 Present worka

ω0
TO,A TO InAs mode 216 Present worka

ω0
TO,B TO GaAs mode 267 Present worka

�A Damping constant of InAs phonon 16 Present worka

�B Damping constant of GaAs phonon 7 Present worka

ωLO,A Alloy InAs-like LO mode 233 Present worka

ωLO,B Alloy GaAs-like LO mode 270 Present worka

ωTO,A Alloy InAs-like TO mode 226 [13]
ωTO,B Alloy GaAs-like TO mode 254 [13]

a Experimentally determined from Raman spectra at 300 K.

To understand the changes observed in the L+ Raman peak for the different excitation
wavelengths used we have to consider the variation of the optical coefficients of In0.53Ga0.47As
over the visible range of the spectrum, which includes the E1 and E1 + �1 gaps, reported at
2.570 and 2.829 eV, respectively, at room temperature [11]. The broadening of the L+ peak
for increasingly shorter wavelengths is due to the increase of optical absorption near the E1

and E1 + �1 gaps [11], which yields a large uncertainty in the wavevector involved in the
Raman scattering process [12]. Therefore, it is clear that the energy dependence of the optical
properties of In0.53Ga0.47As in the vicinity of the E1 and E1 + �1 gaps plays an important role
in the observed coupled-mode behaviour.

Kelso et al [11] reported the real and imaginary parts n and k of the complex index of
refraction of In0.53Ga0.47As, derived from the pseudodielectric function they obtained from
ellipsometry measurements. In their data, a local maximum of the real part of the index
of refraction n can be observed close to the E1 transition, whereas a steep increase of the
extinction coefficient k occurs between the E1 and E1 + �1 critical points. From these data,
we have calculated the Raman scattering wavevector transferred in backscattering geometry
q = 4πn/λ for a given excitation wavelength λ. In figure 2 we plot the LOPCM wavevector
as a function of excitation wavelength. We note that, as a result of the maximum of n around
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the E1 critical point, the LOPCM wavevector excited in Raman measurements displays a local
maximum in the visible wavelength range. This implies that there is an upper limit to the
q-values which are accessible using the visible lines of the Ar+ laser. Whereas the LOPCM
wavevector increases with decreasing excitation wavelength, for excitation lines shorter than
the 488 nm line the LOPCM wavevector decreases again, thus precluding the investigation of
coupled mode dispersion for q � 1.16×106 cm−1. This upper limit to the accessible q-values
for visible excitation wavelengths together with the large variation of the absorption coefficient
in the vicinity of the E1 and E1 + �1 critical points explain the frequency downshift of the L+

Raman peaks observed for the shorter excitation wavelengths.
In order to perform a quantitative analysis of the L+ mode dispersion in In0.53Ga0.47As

observed in our experiments,we have applied a Lindhard–Mermin model [4] to calculate the L+

frequency for the range of excitation wavelengths used. In this model, the dielectric response
of the free electrons is evaluated using the Lindhard–Mermin prescription

χe(q, ω + i�e) = (1 + i�e/ω)χL
e (q, ω + i�e)

1 + i�eχL
e (q, ω + i�e)/(ωχL

e (q, 0))
, (1)

where �e is a phenomenological electronic damping constant and χL
e (q, ω) is given by the

Lindhard integral

χL
e (q, ω) = e2

2π3q2

∫
f (EF, T, k)

E(q + k) − E(k)

[E(q + k) − E(k)]2 − (h̄ω)2
d3k. (2)

Here f (EF, T, k) is the Fermi–Dirac distribution function and E(q) is the conduction band
dispersion. Equation (2), which is derived from quantum-mechanical first-order perturbation
theory, contains explicitly the q-dependence of the electronic susceptibility and is expected to
provide a good description of the wavevector dependence of the coupled modes.

In polar lattices the collective excitations of the free charge couple to the longitudinal
optical modes. For the case of a ternary alloy, Ax B1−x C, two systems of oscillators exist
corresponding to the two sublattices. They are coupled via the macroscopic electric field
giving rise to a mean dielectric function of the alloy that can be expressed as [4]

ε(ω, x) = ε∞(x) + 4π
∑

i=A,B

χi(ω, x) + 4πχe(ω), (3)

where

χi (ω, x) = xi
ε∞,i

4π

(ω0
LO,i )

2 − (ω0
TO,i )

2

ω2
TO,i − ω2 − i�iω

(4)

is the i -sublattice contribution to the susceptibility, with a phenomenological damping
constant �i . In equation (4), ω0

LO,i and ω0
TO,i (i = A, B) are the LO and TO phonon

frequencies of the pure end-member compounds, whereas ωTO,i is the TO phonon frequency
of the alloy i sublattice. The Raman scattering cross section, which is proportional to
Im{[−1/ε(ω, x)](1 + 	)}, was calculated using the Hon–Faust formalism [4]. For ternary
alloys, 	 contains corrections associated with each sublattice, proportional to χi(ω, x), and
interference cross terms proportional to χA(ω, x)χB(ω, x). The main effect of coupling with
free charge is reflected in the Raman cross section through an additive contribution 4πχe(ω)

to the effective dielectric function (see equation (3)). The presence of free charge also gives
rise to additional interference cross terms proportional to χe(ω)χi(ω, x) in the scattering cross
section [4]. We list in table 1 the relevant parameters of the model used for the q-dispersion
calculation at room temperature.

Figure 3 shows the results of the theoretical q-dispersion calculation compared with
the experimental points obtained from the Raman measurements. The dashed–dotted curve
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Figure 3. Wavevector dispersion of the L+ mode for n-In0.53Ga0.47As with a free electron density
of 5.4 × 1018 cm−3 in the wavevector range accessible to Raman scattering measurements. The
dashed–dotted line was calculated using the Lindhard–Mermin model neglecting absorption effects.
When optical absorption is included in the calculations the solid line is obtained. We also plot the
experimental L+ frequencies obtained from the Raman measurements performed with different
excitation lines.

displays the results of the model when absorption effects are neglected. Then, the frequency
of the L+ mode steadily increases with increasing wavevector. As already mentioned, only
q-values up to qmax ≈ 1.16 × 106 cm−1 are accessible by means of Raman measurements by
reducing the excitation wavelength. Shorter wavelengths probe wavevectors smaller than qmax

and the theoretical curve folds back on itself. Whereas the experimental points A to E follow
the trend of increasing frequency predicted by the calculation, points F to H clearly deviate
from the behaviour expected when absorption is neglected.

The downward frequency shift of the L+ peak observed for the shortest excitation
wavelengths can be attributed to the strong optical absorption of In0.53Ga0.47As for the blue
lines of the Ar+ laser. Next, we support this point by calculating the L+ dispersion taking into
account the optical absorption effects.

In opaque materials, the spatial variation of the optical fields gives rise to a range
of wavevectors transferred in the Raman scattering process that is determined by the
Fourier transforms of the spatially varying fields. The wavevector distribution transferred
in backscattering configuration is given by [12]

L(q) = α

π[(q0 − q)2 + α2]
, (5)

where α is the absorption coefficient and the central q-value of the transferred wavevector
distribution is given by q0 = 4πn/λ, λ being the excitation wavelength. We have included the
absorption effects in our model by calculating the L+ Raman peak as the weighted average of
L+ lineshapes over the wavevector distribution L(q) given by equation (5). The solid curve
in figure 3 shows the L+ Raman mode dispersion obtained from this calculation. For small
wavevectors, i.e. small excitation energy, the curves with and without absorption effects are
practically coincident. However, as the excitation energy approaches the E1 and E1+�1 critical
points the steep increase of the absorption coefficient produces a sizable downward shift of
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the L+ Raman peak. The cusp of the dispersion curve (solid curve of figure 3) corresponds
to the local maximum of the real part of the index of refraction n, which results in a local
maximum of the transferred wavevector as illustrated in figure 2, and roughly coincides with
the 488 nm excitation (F). For higher excitation energies, the corresponding wavevectors
decrease, retracing the previous q0-values, while the absorption coefficient keeps increasing.
For a given q0-value in this range two possible excitation lines exist, and the L+ Raman peak
excited with the shortest one shows a higher downward shift due to the increased absorption.
This results in a frequency difference in the L+ Raman peaks corresponding to the duplicated
q0-values that gives rise to a backwards evolving branch in the L+ Raman peak dispersion. As
can be seen in figure 3, the behaviour predicted by the LOPCM model including absorption
effects is in good agreement with the Raman measurements carried out at different excitation
wavelengths, which showed a marked broadening and frequency downshift for the shortest
wavelengths (G and H).

4. Conclusions

We have used Raman scattering to study the wavevector dispersion of the L+ plasmon–LO-
phonon coupled mode in n-In0.53Ga0.47As. Because of the proximity of the E1 and E1 + �1

critical points, the optical properties of In0.53Ga0.47As exhibit characteristic features in the
range of excitation energies used that strongly affect the L+ Raman peak. On the one hand,
the refractive index displays a local maximum in the vicinity of the E1 transition, and this
effectively sets an upper limit to the wavevectors accessible to Raman scattering measurements
in the visible excitation range. On the other hand, the steep increase of the optical absorption
as the E1 and E1 + �1 critical points are approached makes absorption effects very important
in Raman spectra excited with the blue lines of the Ar+ laser. The coupled-mode dispersion
in In0.53Ga0.47As for the shorter excitation lines differs significantly from the well-known
behaviour for GaAs and InP. The L+ Raman peak broadens and shows a marked frequency
decrease for excitation wavelengths shorter than 488 nm. This behaviour can be explained
by taking into account the variation of the optical constants of In0.53Ga0.47As in the range of
excitation energies used. Our work shows that, for a given range of excitation wavevectors, the
L+ frequency observed in Raman experiments is not completely determined by the excitation
wavevector but it also depends on the excitation wavelength used. This is supported by a
calculation of LOPCM dispersion using the Lindhard–Mermin model which nicely reproduces
the observed behaviour when absorption effects are included.
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