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The line shape of the light-scattering spectrum for single-particle excitations in semicon-
ductors such as n-GaAs has been commonly represented to be a simple Gaussian for a
Maxwellian distribution of electrons. In this form it has been used as a probe of nonequili-
brium populations of electrons. We present a critical evaluation of the adequacy of this ap-
proximation, based both on theory and on detailed, high-resolution measurements with
Nd-doped yttrium aluminum garnet (Nd:YAIG) laser radiation at 1.06 um for a series of
n-GaAs samples at 300 K, for concentrations in the range ~ 10" <n < 10'%/cm> For low
concentrations (n < 5X 10'%/cm?), we found a highly structured, competitive contribution to
the spectrum from two-phonon-difference frequency combinations. This has to be sub-
tracted from the measured spectrum to yield the single-particle contribution, and puts a
lower limit of ~5X10!%/cm? on the electron populations that can be analyzed. Even for
the corrected single-particle spectra, there are departures from a Gaussian line shape due to
a variety of factors all inherent in the theory as formulated by Hamilton and McWhorter,
but never fully analyzed or compared with experiment. These factors include band-
structure effects (momentum dependence of the resonant enhancement term), overlapping
contributions from Landau-damped plasmons, collisions, and a nonnegligible but always
neglected zero-shift Compton-scattering term. The individual role and significance of these
factors, as a function of carrier concentration, was determined from the theory and corre-
lated with the experimental spectra. This analysis was carried out for the three scattering
mechanisms associated with the charge-, energy-, and spin-density fluctuations of the
solid-state electron plasma. We have found the spin-density fluctuation mechanism to be
best suited to serve as a probe of electron distributions, but not without necessary correc-
tions for the various experimental and theoretical factors.

I. INTRODUCTION
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There is a long history of research into the prob-
lem of light scattering, from electron plasmas, first
in free space and more recently in crystals.!~!2
Light is scattered by both the single-particle and
collective-mode excitations (plasmons) in the plas-
ma, and also by coupled plasmon-phonon modes in
the solid. The present work deals primarily with
the contribution to the scattered-light spectrum
from the single-particle excitations in a semicon-
ductor, and includes inevitably some overlapping
contributions from the plasmons. Our major in-
terest is in a critical evaluation of the line shape of
the single-particle-scattering (SPS) spectrum, in-
cluding both the experimental problems of observ-
ing the spectrum against a background of competi-
tive scattering contributions, and the theoretical
problem of adequately expressing the form of the
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spectrum. The latter is greatly complicated by the
multiplicity of SPS mechanisms that can operate in
the solid-state plasmas, and by the dependence of
the light scattering on a host of factors, such as
band structure, carrier concentration, and the col-
lision frequency of the carriers. The theory of
single-particle scattering has gone through a pro-
gressive development and evolution which has been
described in a number of review articles.' > For
our purpose, we found the presentation of Hamilton
and McWhorter’ most useful, and our discussion
will be based primarily on that formulation. The
experimental side has no corresponding history of
development. It is dominated by the pioneering and
comprehensive work of Mooradian,>®° primarily
on n-GaAs. Most of the subsequent work on SPS
has dealt with various interesting special aspects
which are outside the context of the present work.
The potential for the single-particle light-
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scattering spectrum to serve as a probe of the prop-
erties of the electron plasma in a semiconductor was
pointed out by Wolff.!%!! The suggestion was im-
plemented by Mooradian®®° in his extensive inves-
tigations of the spectrum in n-GaAs as a function
of equilibrium electron concentration and tempera-
ture. The SPS spectrum has also been applied to
the probing and analysis of nonequilibrium distribu-
tions of carriers, e.g., the departures from a
Maxwellian distribution at high electric field in »n-
GaAs in the pre-Gunn-instability regime,'? and for
the measurement of the temperature of hot carriers
generated by intense nonlinear Nd-doped yttrium
aluminum garnet (Nd:YAIG) laser excitation.'®

Common to all the probe studies of both equili-
brium and nonequilibrium electron plasmas has
been the representation of the SPS line shape as a
Gaussian, centered at the laser line, for a Maxwelli-
an distribution of carriers. Thus, the scattered-light
intensity at a frequency shift o =9-V, simply re-
flects the number of carriers with the same com-
ponent of the velocity V, in the direction of the
wave vector transfer . The halfwidth of the spec-
trum provides a measure of the electron tempera-
ture. In the absence of screening effects, the in-
tegrated area of the Gaussian line is proportional to
the electron concentration.

A Gaussian line shape follows quite readily for a
collisionless, free-electron gas, where the scattering
is due to the charge-density fluctuations in the plas-
ma. Here, Salpeter'* has shown that with increased
electron concentration, the single-particle excita-
tions are screened out, and eventually only the col-
lective modes contribute to the scattering spectrum.
At intermediate concentrations, where contributions
from both excitations are present, the line shape is
broadened by the overlapping Landau-damped
plasmon, and departs strongly from the Gaussian
form. The same thing happens in the solid-state
plasma, but many new complications arise. The en-
ergy band structure of the material introduces
several new factors. The scattering strength is
greatly enhanced by the low effective mass of the
electrons. There is an additional strong resonant
enhancement factor for laser light close to the in-
trinsic absorption edge. The complexity of the en-
ergy band structure can introduce additional
single-particle-scattering mechanisms,’ the so-called
spin-density and energy-density fluctuations, each
with special features and quite different scattering
strengths. It is apparent from the theory,>’ that
there are several band-structure-related factors that
can cause departures from a Gaussian line shape,
and in a different manner for each of the scattering

mechanisms. Nevertheless, in the past, the single-
particle spectrum has been deemed®’ to be ade-
quately represented by a simple Gaussian line shape
in n-GaAs at 300 K, even over the whole range of
observable equilibrium electron concentrations
(n <10'®/cm?), and has been applied uncritically to
the studies of nonequilibrium distributions.!®

In the course of using the SPS spectrum as a
probe of electrons excited from deep traps in n-
GaAs by intense Nd:YAIG laser excitation,'” we en-
countered a number of substantial discrepancies in
this simple picture. This stimulated a reexamina-
tion of the line shape of the single-particle spectrum
under equilibrium conditions. This investigation,
carried out at 300 K in a series of #n-GaAs samples
ranging in concentration from <10%/cm® to
~10'8/cm?, is the main subject of this paper.

For perspective, we summarize below the major
factors which we found to contribute to the compli-
cation of the SPS line shape and to affect its useful-
ness as a probe: (1) A hitherto unreported residual
contribution from two-phonon scattering appears
close to the laser line and begins to compete with
SPS for carrier concentrations n < 10"/cm®. The
lattice contribution must be subtracted from the
spectrum if the SPS contribution is to be properly
analyzed. (2) For the dominant, charge-density-
fluctuation mechanisms of light scattering, the line
shape deviates significantly from a Gaussian with
the onset of screening of the single-particle excita-
tions and growth of a Landau-damped plasmon
contribution at n > 10*/cm?. (3) There is a consid-
erable resonant enhancement of the single-particle
scattering for Nd:YAIG laser light at 1.17 eV. The
k dependence of this resonant factor can give sub-
stantial deviations from a Gaussian line shape. (4)
Collisions can strongly affect the SPS line shape,
and greatly enhance the damping of any relevant
plasmon contribution.

Although many of the reasons for the departures
from a Gaussian line shape (items 2, 3, and 4 above)
are implicit in the theory of Hamilton and
McWhorter,” the analysis of the latter has never
been presented in detail, either alone or in conjunc-
tion with experimental data. Rather, simplifying
assumptions or approximations have been made
which permitted a Gaussian line shape to emerge.
In Sec. II, we shall analyze the theory in such a way
as to isolate the several factors that induce depar-
tures from a Gaussian line shape, and determine the
specific significance of each factor.

Our analysis of the theory does not directly in-
clude the effects of collisions. A complementary
study of the effects of collisions only has been car-
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ried out by Hertel and Appel,'® and applied to some
of our data. It omits the complications due to band
structure included in this paper, and is restricted to
the charge-density-scattering mechanism. It goes
beyond existing theory by taking into account the
energy dependence of the collision time, due to
impurity-and lattice-scattering mechanisms in n-
GaAs. We shall call on their results to supplement
the analysis of competitive two-phonon scattering
and band-structure effects which are central to our
work. Although, in principle, the combined effects
of collisions and band-structure effects on the line
shape can be carried out for the various light-
scattering mechanisms, such an analysis would be
extremely complicated, and tend to obscure the role
of the individual factors.

In Sec. III, we shall describe the experimental set-
up. Our use of a computer to control the scanning,
recording, and storage of the data permitted long
extended runs and analyses which helped to yield
many of the new details not reported in the older in-
vestigations. A comprehensive survey of the experi-
mental results will be given in Sec. IV. The discus-
sion of these results will illustrate the role of the
three different single-particle-scattering mechan-
isms in the evolution of the SPS line shape. We
shall make use of the insight gained by the separate
analysis of the effects of collisions, to discuss quali-
tatively what further influence they have on the line
shape. Finally, we shall comment on the optimal
conditions for employing SPS as a probe of non-
equilibrium populations of electrons, and warn
against errors made in its previous use for that pur-
pose.

II. THEORY

The light-scattering spectrum for single-particle
excitations in n-GaAs at 300 K lies in a broad con-
tinuum of ~100 cm™! on both sides of the laser
line. It can be generated by three different scatter-
ing mechanisms which have different scattering
strengths and some differences in line shape. These
scattering mechanisms have been ascribed to
charge-density fluctuations (CDF), spin-density
fluctuations (SDF), and energy-density fluctuations
(EDF). The conditions under which each can ap-
pear, and the differences in the line shapes, will be
made clear from the comprehensive theoretical ex-
pression for the scattering cross section to be
presented later in this section. However, we shall
first present the common expression to which they
all reduce and conform if certain approximations

(to be specified later for each scattering mechanism)
are made. This common form represents the “‘sim-
ple” Gaussian line shape.

A. The Gaussian line shape

When a Gaussian line shape is an adequate ap-
proximation for a Maxwellian distribution of car-
riers with infinite collision time, then the differen-
tial cross section for Stokes scattering by single-
particle excitations of frequency w and wavevector
g can be represented’ by

2
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where ©; and w; are the incident and scattering fre-
quencies, vy, =(2kpT/m*)!/? is the thermal velocity
of the electrons, m* is the effective mass, and
R3=(e*/m*c?)? is the Thomson cross section. The
exponential term represents a Gaussian, shifted
slightly from the laser line by w.=#g?/2m*. The
latter arises in the expression for the frequency
shift due to scattering from electrons,
©=4q'V—%q*/2m*, and it represents the Compton
shift for scattering by electrons with zero velocity in
the direction of wave-vector transfer §. This zero
shift is generally neglected; however, it is nearly 4
cm ™! for electrons with the small effective-mass ra-
tio of 0.067 in GaAs, and is not insignificant. It
will be retained in all further references to the sim-
ple Gaussian line shape. The band-structure effects
are represented in Eq. (1) by the inclusion of an ef-
fective mass and the resonant enhancement term
(the squared term in parentheses). The form of the
latter is simplified here to include a single energy
gap Eg, evaluated at k=0. The combination of
band-structure factors enhances the strength of the
single-particle scattering by a factor of ~2000, for
#io=1.17 eV. The height or area of the Gaussian
line is proportional to the total electron concentra-
tion n.

As is evident, the electron temperature can be ob-
tained from the halfwidth of the Gaussian. It is
less evident that the temperature can also be ob-
tained from the ratio of Stokes to anti-Stokes
scattering strengths. The anti-Stokes spectrum is
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obtained by replacing @ by —w in Eq. (1). 'Il;he B. Departures from a Gaussian line shape
Stokes to anti-Stokes ratio then reduces to e’ 2"
which is equivalent to [f(w)+ 1]/A(w), where For the more complete analysis, we follow the
fi(w) is the Bose-Einstein factor. It should be noted theory as presented by Hamilton and McWhorter.
that it is important to retain the Compton shift o, It serves admirably for a description of the origin
both to give the correct Stokes to anti-Stokes ratio, and role of the different light-scattering mechan-
and to give the zero shift of the Gaussian away isms, the effects of band structure and the evolution
from the laser line. The generally made approxima- of the line shape with change in carrier concentra-
tion® of neglecting w, and replacing [#i(w) + 1] by tion. From Eqgs. (17) and (18) of Hamilton and
kpT/#iw if the latter is >>1, obscures these signifi- McWhorter,” and with a slight rearrangement of
cant points. terms, we obtain
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where &; and &; are the incident and scattered polarization vectors, F=e(w)q?/4me?, and €(w) is the longitudi-
nal dielectric constant of the lattice, given by €[l + (0} —0})/(w}—®?)]; »; and o, are the frequencies of
the longitudinal- and transverse-optical phonons, and €, is the optical dielectric constant. Also
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where f is the distribution function of the electrons. The band-structure complications are included in the
terms A ¢ and By, which are given by

1
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Here, EG: is the energy difference between the con- Eg =Eg,=143 eV at k=0, and A=0.33 eV, and
duction band and the ith valence band, evaluated at assumed parabolic bands with spherical energy sur-
wave vector k, and P=—i(s|P,|z) is the inter- faces.

band matrix element of the momentum. The different scattering mechanisms for single-
The theory, as presented above, includes in addi- particle excitations are related to specific terms in
tion to the approximations made by Hamilton and Eq. (2). The two terms in the large parentheses as-
McWhorter the following simplifications: As noted sociated with (&;-&;)* relate to the charge-density
before, we have neglected collisions in the expres- and energy-density fluctuation mechanisms, respec-
sions for L,,K,. We have also dropped an anisotro- tively. The term associated with (¢; X &,)? relates to

pic term (the pp term in A and By), whose contri- the spin-density-fluctuation mechanism.
bution is minor in most situations of interest. In The relative magnitudes of these three mechan-
evaluating the k-dependent terms in 4 and By, isms are strongly dependent on the band-structure
we have used the effective-mass ratio 0.067 for elec- terms Ay ,By, responsible for resonant enhance-
trons, and effective hole masses'’: m%=0.68m, ment. In the absence of screening (i.e., Ly/F << 1),

m3=0.12m, and m3=020m. We took the ratio A¢ to By and hence the ratio
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ImL,/ImK,, determines the relative magnitude of
the CDF and SDF scattering mechanisms. This ra-
tio’ is 32.4 for n-GaAs at 300 K.

The k dependence of 4 and B+ is of special in-
terest. If the k dependence is neglected in 4 %> then
the term (L, —L? /L) goes to zero,'' and the EDF
mechanism vanishes. Furthermore, with the K
dependence of A¢ and By neglected, the integrals
L, and K, over the electron distribution in K space
yield a Gaussian line shape, as given in Eq. (1). The
magnitude of the departure from a Gaussian, due to
the inclusion of the A3 and By in the integrals,
will be analyzed later.

Screening has an important effect on the scatter-
ing mechanisms and on the line shape. The
strength of the screening is embodied in the factor
L, /F, or equivalently (qp/¢)?, where gj is the De-
bye wave vector, given by 4mne?/kyTe,. Screening
plays no role for the SDF mechanism.>’ The
strength of the latter is determined by ImK,, and is
linearly proportional to n. For the CDF mechan-
ism, screening is negligible at low carrier concentra-
tion, such that Ly/F << 1, and then only the single-
particle excitations contribute to the spectrum.
Their contribution, as determined by ImL,, in-
creases linearly with n. However, as (qp/q)* ap-
proaches 1 at n ~10'®/cm?® in n-GaAs at 300 K, the
screening becomes important’; the single-particle-
scattering contribution reaches a peak and then de-
creases with further increase in n. Coincident with
the onset of screening, the plasmon contribution be-
comes noticeable. At an early stage, it is so strongly
Landau damped that it does not affect the line
shape. However, as the screening of the single-
particle contribution increases, the two contribu-
tions are mingled, giving rise to a very broadened
spectrum. Eventually, as the single-particle spec-
trum diminishes, the plasmon contribution takes the
form of distinguishable Stokes and anti-Stokes
peaks at a frequency shift corresponding to the
plasma frequency.

With the screening out of the CDF contribution
to the single-particle spectrum, the EDF contribu-
tion takes over. As Lo/F becomes large, the coeffi-
cient of the factor L,—L3/L, becomes unity, so
that the EDF mechanism is not subject to screen-
ing. It is responsible for the maintenance of the
single-particle spectrum centered at the laser line.
The EDF mechanism has been shown? to vanish at
low temperature and to increase and become impor-
tant only at high temperatures.

We shall now proceed to illustrate what happens
to the line shape of the single-particle spectrum, as

we progressively take into account the various fac-
tors in Eq. (2). We consider first the case for the
polarization configuration (&;||€;). The analysis is
illustrated in Figs. 1(a)—1(e) for progressively in-
creasing electron concentrations, from 53X 10'/cm3
to 1x10'7/cm®. For each carrier concentration, we
plot four curves with contents described below.
Curve 1 contains the L, term only, with the K
dependence of A3 neglected. The resonant
enhancement term now can be taken outside the in-
tegral over the distribution function, and the line
shape is the simple (zero-shift) Gaussian for a
Maxwellian distribution. Curve 2 contains the L,
term but with the k dependence of A included.
The effect of the latter is to give a narrowing of the
halfwidth of the Gaussian by ~10% in GaAs at
300 K. The effect of 43 is obviously enhanced the
closer the incident photon energy is to the energy
gap. Curve 3 contains the term L,/(1 + Ly/F), i.e.,
the full CDF contribution. This term shows the ef-
fect of screening in decreasing the SPS contribution,
and in being simultaneously responsible for the on-
set of the plasmon contribution. The decrease in
the SPS contribution is already appreciable at
n=>5x10'/cm>. The plasmon contribution is very
broad due to strong Landau damping when the
plasmon frequency is still very close to the laser line
and overlaps the SPS contribution. It manifests it-
self initially as a bulging in the SPS spectrum.
With increasing carrier concentration, the SPS con-
tribution progressively diminishes due to screening,
and the plasmon contribution moves out to the
wings of the SPS contribution, where it finally gen-
erates its own distinctive Stokes and anti-Stokes
peaks. Curve 4 contains the full (¢;-6,)? term,
which includes the EDF as well as the CDF contri-
bution. It shows the restoration of the SPS contri-
bution in the central symmetric peak, which grows
with increasing carrier concentration. To better
demonstrate this, we have replotted curves 3 and 4
on an expanded scale in Figs. 1(c"), 1(d’), and 1(¢").
For the SDF mechanism, governed by the
(é; X €,)* term, the transition in line shape is much
simpler since there are no interactions with
plasmons. With the k dependence of the By term
neglected, the line shape is the simple (zero-shift)
Gaussian. Inclusion of the k dependence in the
resonant enhancement terms gives a larger effect
than for the CDF case. There is now an appreciable
20% narrowing of the halfwidth. The resultant line
shapes are illustrated in Fig. 2. The three normal-
ized curves provide a comparison of (a) the simple,
zero-shift Gaussian, and the narrowed lines for (b)
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FIG. 1. Theoretical single-particle spectra based on Eq. (2) for collisionless case, for the charge-density- and energy-
density-fluctuation mechanisms, corresponding to (¢;||€;). Carrier concentrations are (a) 5X 10'/cm?, (b) 5% 10'%/cm?, (c)
2X10'%/cm?, (d) 4 10'%/cm?, and (e) 1X10'"/cm®. Curves 1 to 4 (see text) represent successively better approximations
in analysis of Eq. (2). Curves 3 and 4 are shown enlarged in (c’)—(¢’) to demonstrate the growing contribution of the EDF
mechanism in curve 4. [Note the change in zero levels in (d’) and (¢’).]

the CDF and (c) the SDF mechanisms due to the
K-dependent 4 % and By terms, respectively.

The main effect of collisions in the CDF scatter-
ing regime is on the plasmon contribution. Col-
lisions contribute strongly to the damping of the
plasmon. In the (10" —10'%)/cm? range of electron
concentration, the line shape of the combined, over-

lapping SPS and plasmon contributions is very sens-
itive to collision frequency, and therefore extremely
difficult to use for a probe of the electron plasma.
This is illustrated in Fig. 3 by a set of theoretical
curves at n=6X10'"/cm? for a range of collision
times, as calculated by Hertel and Appel'® for con-
stant 7. The band-structure complications have
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FIG. 2. Theoretical line shapes comparing single-
particle spectra (collisionless case) for (a) the (zero-shift)
Gaussian, (b) the effect of the inclusion of the K depen-
dence of the A term for the CDF mechanism, and (c)
the effect of the inclusion of the k dependence of the
B+ term for the SDF mechanism.

been neglected in these theoretical curves, but they
are not particularly significant in this regime. It is
evident that the effect of decreasing 7 is to reduce
the plasmon bulging of the spectrum and to tend to
restore the narrower SPS line shape. At the shortest
7 in Fig. 3, the plasmon contribution is completely
damped and the SPS spectrum has evolved into a
narrowed, Lorentzian-type form. However, it
should be noted that short collision times are associ-
ated in n-GaAs at 300 K, with very high impurity
concentration, and depending on the compensation,
high carrier concentration. High carrier concentra-
tion will screen out the single-particle spectrum for
the CDF mechanism, and its line shape will be ir-
relevant. The transition from a Gaussian to a
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FIG. 3. Demonstration of effect of energy-
independent collision time on the single-particle spec-

trum for the charge-density-fluctuation mechanism
[after Hertel and Appel (Ref. 16)].

Lorentzian line shape with decreasing 7 is perhaps
more relevant for the EDF and SDF mechanisms
which are not screened out at high carrier concen-
tration. In the simplified case that band-structure
complications are neglected, it can be shown that
such a transition does occur for the latter case.
Nevertheless, at high carrier concentrations,
n> 107 /cm’, other effects such as departure from
a Maxwellian distribution, nonparabolicity in the
conduction band and band tailing, can also become
significant and complicate the analysis. Thus a
clean test for the more extreme effects of collision
damping on the SPS line shape may not be feasible
in n-GaAs, and may be better left for relatively pure
materials with much lower values of mobility and
collision times, e.g., CdS.

We summarize the conditions under which the
simple Gaussian line shape can be applicable: (i)
The carriers have a Maxwellian distribution in a
parabolic band, (ii) the k dependence of resonant
enhancement factors A and By can be neglected,
or measurements can be made sufficiently far from
the absorption edge that the resonant enhancement
is not involved, (iii) for the CDF mechanism,
(gp/q)* <<1, so that screening is negligible and
there is no distortion of the line shape by the over-
lapping plasmon contribution, and (iv) the collision
time is sufficiently large. Furthermore, the
Compton-shift term can be ignored only if the
effective-mass ratio of the carriers is not too small.

From the discussion of the various theoretical
factors which can complicate the line shape for the
SPS, we can conclude that the use of SPS as a probe
is best accomplished for the SDF mechanism. Only
for this mechanism is the magnitude of the spec-
trum linear with carrier concentration and the line
shape not dependent on n, at least in the absence of
collisions. The much stronger CDF mechanism can
be employed only for a very restricted range of car-
rier concentration, when the plasmon contribution
can be ignored. The experimental test of these con-
clusions, as well as the role of other factors affect-
ing the scattering spectrum, will be considered in
Sec. IV.

III. EXPERIMENTAL ARRANGEMENT
AND DETAILS

A. General features
The Raman scattering measurements were made

with a Nd:YAIG laser (1.0641 um) which could be
operated in the cw or Q-switched mode. Since
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GaAs is only weakly absorbing at this wavelength,
the laser beam is substantially transmitted through
samples ~0.3-cm long. The light scattered at 90°
was analyzed by a stepped Spex Model 1402 0.85-m
double monochromator equipped with two 1200-
groove/mm gratings blazed at 1 um, and silvered
optics. With the three slits set at 1.0 mm for all
scans, the spectral resolution is 3.65 cm~! at 1.06
pm. The stepper drive was used to take measure-
ments at 1-A intervals. An RCA 7102 photomulti-
plier with S-1 response, cooled to ~—95°C was
used in a photon-counting mode. The cooling, to-
gether with a magnetic defocusing assembly in the
shielded housing, gave a dark count of less than 1
count per second at the discriminator level setting
chosen to reject false “counts” generated by the
laser power supply and the temperature controller
for the photomultiplier housing. For Q-switched
measurements, a 60-nsec gate, centered on the 100-
nsec, Q-switched pulse, was used in the scaler cir-
cuit.

A General Automation minicomputer (Model spc
16/40) was employed for controlling the scanning,
and for the taking, storage, and processing of the
data. The computer was also used to flip an optical
attenuator in front of the exit slit when the mono-
chromator was scanning through the laser line, and
to receive monitoring data on the sample tempera-
ture (from a thermocouple attached to the sample)
and on the light intensity transmitted through the
sample to a power meter. With these controls, runs
lasting several days could be facilitated when neces-
sary. Output information from the computer was
observed on an oscilloscope and recorded with a di-
gital plotter. The ability of this system to obtain,
correct, and record Raman data in great detail was
essential for the detection and study of various sub-
tle features in the SPS line shape which had been
overlooked in previous studies.

B. Stray-light effects

For measurements in the single-particle-
scattering continuum, to within ~10 cm™! of the
laser line, it was crucial to minimize the parasitical-
ly scattered light. We found that much of the latter
appeared to originate as diffuse scattering from the
points of entry and exit of the laser beam on the
sample, and from the edges and corners of the sam-
ple. We devised a sample mount with shields to
block most of these contributions. A 1-mm
pinhole, located 1 mm from the corner of the sam-
ple was used to permit only the central portion of

the focused laser beam to be incident on the sample.
The shielding extended also on the scattered side to
mask both sample ends and all but a 2-mm central
region of the sample from the monochromator.

A source of early difficulty for measurements on
samples with the lowest carrier concentration, was
extraneous light reaching the spectrometer and the
detection system. A Baird-Atomic N-900 filter
mounted directly at the entrance slit of the mono-
chromator served as a filter to cut off wavelengths
below 9060 A and eliminate all second-order contri-
butions from visible light in the darkened room. A
more serious problem was from stray radiation
from the laser cavity, including that from the kryp-
ton pump lamp. All diffusely scattered light was
eliminated by carefully enclosing the laser. Howev-
er, some radiation still persisted that was collinear
with the laser beam. This source and the contribu-
tions from gratings ghosts in the spectrometer were
carefully examined for a variety of different scatter-
ing sources, including light directly scattered into
the spectrometer from a metal needle and from dif-
fuse reflectors. It could be ascertained that the level
of all such contributions fell well below the
Raman-scattered contributions even from our
purest GaAs samples. The undesired light could be
identified by its lack of the symmetric Stokes and
anti-Stokes structure characteristic of Raman-
scattered light. Thus, the grating ghosts reported
by Mooradian’ as affecting results for his purest
samples, were determined to be absent in all the
measurements reported here. On the contrary, an
important residual contribution was discovered
from two-phonon scattering in GaAs, which had to
be taken into account before the scattering contribu-
tion from single-particle excitations could be
analyzed.

C. Data handling, calibration, and normalization

The spectral response of the whole Raman system
was calibrated with a known spectral source (a
tungsten ribbon filament lamp). This calibration
was stored in the computer and used to correct all
Raman scattering data for instrumental response.
The data were also normalized for fluctuations in
the laser intensity. All the data reported here were
subjected to a double binomial smoothing. General-
ly, each spectrum was scanned very slowly, repeated
at least twice, and then averaged if each scan was
seen to be free of artifacts. Baseline subtractions
were made for dark-count background and (on only
one sample) for a fluorescent background.
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It was also necessary to normalize for the actual
amount of laser light in the scattering volume
which is imaged on the cathode of the photomulti-
plier. This was accomplished by dividing each
spectrum point by point, by the intensity of the
Stokes TO-phonon line (represented by its integrat-
ed area) obtained during the same scan. Thus when
spectra for different runs and different samples are
processed in this fashion and plotted to the same
scale, the data represent only differences in scatter-
ing strengths. All these precautions and procedures
were essential for subtraction of lattice-scattering
contributions on samples with negligible single-
particle-scattering contributions, from other sam-
ples with appreciable electronic contributions, and
finally for comparing the electronic-scattering con-
tributions on samples with different carrier concen-
trations.

D. Crystal orientation and scattering
configuration

It was very important in the analysis of the Ra-
man scattering data to carefully control the scatter-
ing configuration in order to appropriately separate
and distinguish the contributions from the different
excitations in the sample. This required strict
adherence to selection rules, careful orientation of
samples, and control of the polarization of the in-
cident and scattered light. All the scattering data
reported here were taken with the laser beam enter-
ing the sample in the [110] direction and with the
scattered light collected at 90° in the [112] direction.
Measurements were always made for both the (1-1)
and (||-1) scattering configurations, where the sym-
bols refer to polarization of the incident and scat-
tered light respectively, with respect to the plane of
scattering. The (L-1) or &;||¢; configuration corre-
sponds to single-particle scattering by the CDF and
EDF mechanisms, and (||-1) or &;1&; to the SDF
mechanism. For the phonon-scattering contribu-
tions, &;||é; corresponds to I';+TI';s symmetry
with scattering strength given by a’+3d? in the
notation of Loudon'®; the &;1&, case corresponds to
T';,+Ts with 2b%++d? scattering strength. In
general, the ¢&;||é; configuration gives much
stronger scattering for both the electronic and lat-
tice excitations. It has been established!® that for
two-phonon-scattering  contributions, the TI'j-
scattering contribution is predominantly due to
overtones (two phonons with the same frequency
and opposite wave vectors), where I'js scattering is
predominantly due to combinations (two phonons

with different frequencies, in different branches,
and with opposite wave vectors). The I'y, contribu-
tion to the spectrum is generally negligible.

Particular care was essential for maintaining the
polarization of the light. The polarizer inside the
laser cavity was found insufficient to guarantee the
desired degree of polarization of light entering the
sample, especially after several reflections from
mirrors. It was therefore supplemented with a
Glan-laser polarizer which was used as the last opti-
cal element preceding the sample. The analyzer for
the scattered light was a 2-in. square of Polaroid
(HR8) with rejection ratio of 920:1 and 72%
throughput of the desired component. It was
placed as the first optical element to be encountered
by the scattered light and works well even with non-
normal light incident on it. The latter point is im-
portant because the scattered light was collected at
an angle of up to 22° from the normal (which corre-
sponds to a 6.1° half-angle inside the GaAs sample
with refractive index of 3.48 at 1.06 um). Only the
polarization of the incident light was varied in the
measurements given here, in order to maintain con-
stant polarization of scattered light and hence give
the same calibration for the diffraction strength of
the blazed gratings in the spectrometer.

The incident-light beam was passed vertically
through the sample to match the shape of the
scattered-light source to the vertical slits of the
spectrometer and eliminate the need for a Dove
prism to rotate the orientation of the scattering
source in the manner of Mooradian.'> The Dove
prism was avoided after it was found to strongly
depolarize the transmitted beam. The spectral
response of the scattered light system was carefully
calibrated for the polarization corresponding to that
of the Raman-scattered light.

E. GaAs samples

All our measurements were made on single crys-
tals of n-GaAs, typically about 0.3-mm cubes and
x-ray-oriented within 2°. They were optically pol-
ished with a final stage of 0.05-um y-alumina
powder on microcloth at least on all optically en-
trant and exit surfaces. The samples were obtained
from a variety of sources not all known to us. (We
are grateful to R. Sladek and A. Mooradian for
some of these samples.)

The carrier concentration information given in
Table I was obtained by various means. We specify
(1) the values given by the manufacturer or the
group from which the material was obtained, (2) the
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TABLE I. Specifications of n-GaAs samples.

Electron concentration (cm~3) as obtained by various methods

Sample As quoted by Hall measurements Sample
No. Source the source (Purdue) resistivity
1 Bell & Howell 5.9% 10" 5x10"
2 Monsanto 1.6 10" 7.4 10" 4x 10

3 Monsanto 7% 10 6.1x 10"

4 Bell & Howell 3.8 10 1.9 10"

5 Monsanto 1.5x 10" 8% 10"
6 10"

7 Bell & Howell 2.4x 10 2106
8 Bell & Howell 7x10'

9 Mooradian 7x 107

2Concentration obtained from coupled plasmon —LO-phonon frequency shift.

Hall measurements, where given by the supplier,
presumably on samples close to the one used in our
measurements, and finally (3) estimates made by us
from resistivity measurements on each sample, with
the assumption that the mobility was 5000
cm?/V sec, a value within a factor less than 2 of the
high and low extremes reported in the literature at
300 K. We did not make independent Hall mea-
surements because the samples available were usual-
ly too small in size and almost cubic in shape. For
such geometry, Hall measurements are notoriously
inaccurate (although correctable in theory), and
hence were not likely to give any better estimates of
the carrier concentration.

IV. EXPERIMENTAL RESULTS
AND ANALYSIS

The departure of the SPS spectrum from a simple
Gaussian line shape has different origins and takes
on different forms, depending on (i) the range of
carrier concentration considered, and (ii) the partic-
ular SPS mechanism or combination of mechanisms
governing the scattering process. Our discussion
will be divided on the basis of these factors.

A. Low carrier concentrations (n <10'%/cm?):
Competition between SPS and a residual,
two-phonon-scattering contribution

A study of samples with progressively lower car-
rier concentration reveals a significant residual
scattering contribution that competes with the
scattering from single-particle excitations. This

residual contribution, which occurs in both the
&;||é; and &;1&; scattering configurations, has to be
subtracted from the Rayleigh wing in order to ob-
tain the SPS contribution. The details of this resi-
dual contribution and its origin are described below.

1. The &;||&; scattering configuration

Figure 4(a) shows a series of SPS spectra for sam-
ples 1—4 with electron concentration decreasing
from 5%10" to 2X10"“/cm® The spectra are
shown to scale, with the integrated TO-phonon line
in each sample used for normalization. At the
highest concentration, the line shape is approxi-
mately Gaussian. However, with decreasing carrier
concentration a highly structured pattern becomes
evident. The details of this pattern and its residual
character become more apparent in the magnified
plots in Fig. 4(b) for the samples 4—6 extending to
still lower concentrations. The structure appears in
the same form in every sample, and the spectrum
approaches a residual magnitude for
n <2x10"/cm3. However, for the insulating sam-
ple 6, there seems to be an anomalous extra contri-
bution very close to the laser line, associated
perhaps with impurities.

2. The &;1&, scattering configuration

A very similar, but even more striking manifesta-
tion of the residual spectrum is obtained in this con-
figuration. Figure 4(c) shows a series of spectra for
samples 2—6, for n <7X 10"/cm3. The structure
is sharper in this configuration. The slight differ-
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FIG. 4. Spectra showing the appearance of common,
residual two-phonon structure as the electron concentra-
tion decreases for samples 1—6, varying from
n=5%10"/cm® to insulating (see Table I). The two-
phonon structure becomes. completely dominant for sam-
ples 4—6, shown enlarged in (b) and (c). The two-
phonon structure is relatively stronger, compared to
single-particle scattering, for (¢;1&;) in (c). All compar-
isons between samples are normalized to the TO-phonon
line.

ences in height of the spectra are due to the variable
free-carrier concentration. Again, the structure is
the same in all samples with the exception noted for
sample 6.

The fact that the complex, structured scattering
contribution has the same form in all samples and
appears to have a constant, residual magnitude, in-
dicates that it is not associated with impurities. A
comparison with other materials eliminated the pos-
sibility that the structure was due to grating ghosts
or lines from the krypton pump lamp in the laser.
We attribute the structure, i.e., the several peaks
and shoulders, to two-phonon-difference scattering
involving phonons at the critical points near the
Brillouin-zone boundaries.

For confirmation of this interpretation, we cite
the following evidence:

(1) In spectra taken at much lower temperature
(~25 K), the whole of the structured contribution
disappears, leaving only an electronic contribution.
Such freezeout is to be expected for two-phonon-
difference frequency combinations. Their scattering
strength depends on the thermal factor (1 + 7 ()7,,
where 7| is the occupation number for the phonons
emitted and 7, for the phonons absorbed. Both 7
and 7, approach zero at low temperature for pho-
nons with energy #iw >>kpT.

(2) The various peaks and structures in the two-
phonon spectra were identified with the aid of pho-
non dispersion curves available from neutron
scattering measurements for GaAs. Most of the
structure is identifiable as two-phonon differences,
with some peaks consistent with several possible
combinations. The most definitive feature, the
sharp peak at 13.1 cm~!, is compatible with the
combination TO-LO at the X point.

(3) The symmetry features of the structure were
analyzed by obtaining the spectra with I'i5 and Ty
symmetry, by appropriate separation of the contri-
butions from spectra taken in different polarization
configurations. It is known!® that two-phonon
combinations (in the present case, difference fre-
quencies involving phonons in different branches)
are dominant in I'y5 spectra, while overtones (two
phonons with the same frequency and opposite
wave vector) are dominant in I'; spectra. In accord
with this, we found that all the structure, and
indeed the major portion of the residual contribu-
tion, appears in the spectra with I'js symmetry.
That is why the structural features are sharper in
the ;1&; spectra which are purely ;s in character,
whereas the &;||é; spectra contain both I'; and T
components.

It is evident that a correction for a residual two-
phonon contribution is necessary for all samples
with carrier concentration <5Xx10"°/cm®. The
correction was made by first normalizing the data
for a given sample to the integrated area of the
TO-phonon line, and then subtracting the normal-
ized residual contribution from one of the “purer”
samples, 4 or 5. In this operation, the computer
storage and manipulation of the data was an essen-
tial factor.

A summary of the relative magnitudes of the
two-phonon and SPS contributions as a function of
carrier concentration is contained in Fig. 5. The
curves representing the SPS theory for the two po-
larization configurations, have been previously
presented by Mooradian.>%° The upper curve is for
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FIG. 5. Plot of integrated area of the spectra as a
function of electron concentration for the CDF and
SDF mechanisms. Open circles and squares represent
the measured data. Data corrected by subtraction of the
residual two-phonon-scattering contribution are given by
the filled circles and squares.

scattering by CDF, the lower curve by SDF. The
latter is weak but gives a linear dependence of
scattering cross section on carrier concentration; the
former has a limited range of linear response before
screening reduces the scattering strength and causes
the cross section to peak at n ~10'%/cm® in GaAs at
300 K. The open data points (circles and squares)
represent the directly measured strength of the
scattering (the integrated areas of the spectrum for
|® | <100 cm~!). The existence of a residual con-
tribution becomes quite obvious. The subtraction of
the residual contribution, taken for the sample with
2% 10™/cm?, gives the closed data points, and tends
to restore the expected linear dependence of the SPS
on carrier concentration. However, the subtraction
is too large to be very reliable for n < 10%/cm® A
presentation of SPS data similar to that in Fig. 5
was first made by Mooradian.>®° His data, al-
though much less extensive at low carrier concen-
tration, reveals a similar residual contribution
which, however, was not analyzed as such either in
the context of that figure nor in its effect on the
SPS line shape. It should be noted that while the
magnitude of the two-phonon residual contribution
depends on the scattering configuration, there is no
configuration in which it disappears.

We can proceed now to the presentation of the
SPS line shapes, as obtained from the measured
data by point-by-point subtraction of the two-
phonon residual contribution. The data for sample
2 with n=4x10"/cm? are shown in Fig. 6(a) for
the CDF scattering (;||é;), and in Fig. 6(b) for the
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FIG. 6. Comparison of the SPS spectra for
n=4x10"/cm~3 after the subtraction of the two-
phonon contribution, with Gaussian line shape (solid
curves). Relative subtraction is much larger for the SDF
mechanism (&;1&;).

SDF scattering (¢;1&;). The solid curves represent
simple zero-shift Gaussians at 300 K. At this car-
rier concentration, the corrections for the two-
phonon contribution yields SPS spectra, which are
too weak to permit a very accurate analysis of the
adequacy of the simple Gaussian approximation.
This is especially true for the weak SDF scattering,
where the subtracted data is small and noisy. We
can do no more than conclude that the simple
Gaussian is a fair fit here to the SPS line shape.
Analysis of the more subtle effects of the approxi-
mations in the theory must be left for the samples
with higher carrier concentrations and for a special
technique discussed in the next section.

B. Intermediate carrier concentration:
n=>5x%10%/cm3

1. Analysis for the CDF-scattering mechanism

The sole demonstration in the literature of the
“fit” of the SPS line shape to a simple Gaussian
was for the data of Mooradian®*®° at
n=3x10%/cm?. If we restrict our analysis to the
raw data for the sample with 5x10%
electrons/cm’, we are in good accord with this
claim. This can be seen in Fig. 7(a), especially in
the range | | <100 cm™!, before the onset of the
two-phonon background contributions at the
higher-frequency shifts. To obtain a “best-fit” on
both the Stokes and anti-Stokes sides, it is necessary
to include the small zero-shift term (w, =7#ig2/2m*)
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FIG. 7. Analysis of the SPS spectrum for the CDF
mechanism for n=5X10"/cm®. (a) Zero-shift Gaussian
(solid curve) fits very well to the uncorrected, experi-
mental spectrum. (b) Fit is not as good after subtraction
of the small two-phonon contribution. The SPS spec-
trum then reveals a plasmon bulge and a slight central
rise. (c) Theoretical curves 1—3 demonstrate the varia-
tions in line shape for different levels of approximation
of Eq. (2) (see text).

in the Gaussian. However, further analysis demon-
strated that the excellence of the fit is somewhat ac-
cidental, and hides several opposing tendencies.
First, it is necessary to subtract the small, but not
negligible, two-phonon residual contribution. The
corrected data in Fig. 7(b) reveal a non-negligible
bulging away from the Gaussian curve. This bulg-
ing, which becomes much more apparent in samples
with higher carrier concentration, represents the on-
set of the collective-mode, or plasmon, contribution,
which is greatly broadened here by Landau damp-
ing. A theoretical analysis for this carrier concen-
tration reveals the extent to which the line shape is
affected by several compensating factors. Figure
7(c) shows a series of theoretical curves in the col-
lisionless case, all normalized to the same height to
better depict transitions in the line shape. Curve 1
represents the simple (shifted) Gaussian. The in-
clusion of the momentum dependence of the band-
structure factor 43 inside the integral, but neglect-
ing the screening term in Eq. (2), gives the slightly
narrower line shape of curve 2. The effect of the

screening term is to include the Landau-damped
plasmon and to broaden the normalized spectrum
(curve 3). The effect of the EDF mechanism is
small and not shown here. However, we saw in Fig.
1(b) that it can be responsible for the slight rise or
peak observed near the laser line. Finally, the effect
of collision damping (see Fig. 3), can reduce the
plasmon bulge and tend to restore a narrower line
shape.

In summary, it is evident that, for this range of
carrier concentration, the opposing action of a series
of factors, all fairly weak, permits the line shape to
be reasonably well approximated by a simple Gauss-
ian form. We have shown that this result is some-
what accidental. We shall see that in most other
circumstances, the Gaussian approximation is much
less appropriate.

2. Analysis for the SDF-scattering mechanism

The SPS data, after correction for the two-
phonon residual contribution, are shown in Fig. 8.
The experimental line is substantially narrower than
the Gaussian (the outer solid curve). It is in reason-
ably good agreement with the inner theoretical
curve, obtained by retaining the k dependence of
the band-structure factor By; this narrows the
halfwidth of the line by about 20%.

3. An alternate experimental technique

As a prerequisite to the test of the subtleties in
the SPS theory, it was necessary to make a substan-
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FIG. 8. SPS spectrum for n=5x10"/cm?® for the
SDF-scattering mechanism after correction for the two-
phonon contribution. It is substantially narrower than
the zero-shift Gaussian (outer solid curve) and fits well
to the theory [Eq. (2)], with the E—dependent factor B
included (inner solid curve).
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tial subtraction of the two-phonon spectrum in each
sample. The procedure of such subtraction of data
on many different samples with different equilibri-
um concentrations is inherently subject to error due
to differences in crystalline orientation and laser-
beam alignment, which can affect the magnitude of
both the two-phonon and SPS spectra. We have
been able to minimize this problem by modulating
the carrier concentration on a single sample, carry-
ing through the two-phonon subtraction, and ob-
serving the progressive changes in SPS line shape.

The modulation of the electron population was
found to be possible on all GaAs samples by using
intense Q-switched Nd:YAIG laser pulses. The
same radiation was used for excitation, and for in
situ 90° Raman scattering. The intense radiation
can excite < 10'® electrons/cm® from deep traps to
the conduction band. Such excitation was original-
ly observed in photoconductivity experiments,”
where it was found to occur even at the lowest light
levels and to approach saturation at light intensities
of the order of 1| MW/cm?. The saturation was at-
tributed to the depletion of the deep traps. The on-
set of the effect at low intensity indicated that the
process did not involve nonlinear (two-photon or
second-harmonic) generation. The Q-switched mea-
surements were carried out with pulses with
halfwidth of 100 nsec and repetition rate of 1000
Hz. A gate of ~50 nsec, centered at the peak of
the laser pulse, was used in the photon-counting
system. The gating was effective in greatly reduc-
ing the background due to both dark counts and
sample fluorescence. The experiments reported
below were made on sample 2 with equilibrium con-
centration n=4X10"/cm®. Measurements were
made with low-intensity cw laser light and for in-
creasing electron concentration generated by pro-
gressively higher Q-switched laser intensities. The
spectra at the various intensities were normalized to
the integrated area of the TO-phonon line for sub-
traction of the two-phonon (cw) contribution.

A set of corrected SPS spectra for the SDF-
scattering mechanism is shown in Fig. 9(a). From
the increase in height of the spectra with laser in-
tensity we find an increase in electron concentration
of a factor ~ 15; thus the data cover a range of n
from 4x 10 to 610" /cm?>.

Figure 9(b) shows a repeat of the data, but with
the curves normalized to the same height. In spite
of the greater fluctuations in the measurements at
the lowest pulsed-light intensities, it is evident that
the line shapes are very similar and are all substan-
_tially narrower than the Gaussian (solid curve) and
would fit well the theoretical curve obtained with
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FIG. 9. (a) SPS spectra (corrected for the two-phonon
contribution) measured with Q-switched radiation pulses
of increasing intensity, for the SDF mechanism. Spectra,
normalized to the TO-phonon line, show an increase in
electron concentration of ~15X for sample 2. (b) Spec-
tra of (a), normalized to the same height, have a common
line shape, narrower than the Gaussian (solid curve), and
in good agreement with the f—dependent theory.

the E-dependent band-structure term B .

From this result we deduce that (1) the laser exci-
tation and modulation of the electron population
does not affect its distribution function (as will be
discussed further elsewhere), and (2) that the impor-
tance of the By term, demonstrated initially only
for the sample with equilibrium concentrations of
5% 10%/cm?, can now be extended to much lower
carrier concentrations. This demonstration is im-
portant because as we shall see in the next section,
at higher equilibrium carrier concentrations we en-
counter additional complicating factors which fur-
ther modify the SPS line shape.

A similar analysis was made for the CDF scatter-
ing mechanism for the same sample. Figure 10(a)
shows the corrected data for the different light in-
tensities and Fig. 10(b) shows the same data nor-
malized to the same peak height. The Gaussian
(solid curve) is included for comparison. In Fig.
10(b) we see that the line shape at low carrier con-
centrations is close to, but perhaps slightly narrower
(as expected) than the Gaussian. With increasing
electron concentration, the plasmon bulge develops
as expected. The plasmon bulge is similar both for
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FIG. 10. (a) SPS spectra for sample 2, as a function
of Q-switched incident laser intensity for the CDF
mechanism. Spectra are normalized to their respective
TO-phonon line, and reflect the increase in electron con-
centration with increasing laser power. (b) Spectra in
(a), normalized to a common height, demonstrate the
change in line shape from slightly narrower than the
Gaussian (solid curve) to appreciably broader due to the
development of the plasmon bulge.

the excited carriers and for an equivalent equilibri-
um population.

Comparing the evolution of the line shape with
changing carrier concentration for the SDF and
CDF mechanisms, it is evident that the line shape is
well preserved in the former case, but changes con-
siderably in the latter case due to the overlapping
effect of the plasmon contribution.

C. High carrier concentration (n >2X 10'*/cm?)

1. Analysis for combined effects of the CDF
and EDF mechanisms

The evolution of the line shapes for carrier con-
centrations of 2 10'%, 7x 10'®, and 7x 10'7/cm? is
illustrated for (&;||é;) in Figs. 11(a), 11(b), and 11(c),
respectively. At these carrier concentrations,
correction for the two-phonon contribution is no
longer necessary. The solid curve in each figure
again represents the simple Gaussian. The follow-
ing features are to be noted:

(i) The plasmon bulge, just beginning to appear at
n ~5x%10%/cm?, grows considerably and causes a
drastic broadening of the line shape at

n=2x10"%/cm?.
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FIG. 11. SPS spectra for the CDF and EDF mechan-
isms are shown for the increasing carrier concentration in
samples 7, 8, and 9, respectively. They demonstrate the
evolution of the plasmon contribution, the emergence of
the EDF mechanism for the SPS contribution, and the
narrowed, Lorentzian line shape for the latter. Zero-shift
Gaussian line shapes (solid curves) are shown for refer-
ence.

(ii) At progressively higher carrier concentrations,
as the plasmon frequency increases, the distinctive
plasmon peaks develop in the extremities of the SPS
spectrum. At the highest concentration, these peaks
lie completely outside the SPS spectrum and outside
the range of the plot.

(iii) As the collective modes of the plasma take
over, the contribution from single-particle excita-
tions for the CDF mechanisms should be quenched
by the increase in screening. However, a central,
symmetric peak remains at all carrier concentra-
tions. This peak represents the contribution from
the EDF-scattering mechanism which is not
screened out and grows with increasing carrier con-
centration.

(iv) The central peaks at n=7x10'® and
7%10'/cm? deviate considerably from the Gauss-
ian form; the halfwidth is considerably narrowed
and the line shape is Lorentzian.

Comparison of the several features described
above with the theoretical analysis in Sec. II shows
good qualitative agreement. If the observed
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plasmon contributions develop more slowly than ex-
pected, i.e., if the bulging is weaker and the plasma
peaks move out more slowly and grow less rapidly
than predicted by the theoretical analysis in Sec. II,
this can be attributed to the suppressive function
provided by electron collisions.

2. Analysis for the SDF-scattering mechanism

Figures 12(a), 12(b), and 12(c) show the SPS spec-
tra for the same set of samples above. The line
shapes here are substantially the same in all sam-
ples, with a narrowed Lorentzian form similar to
that at the higher carrier concentrations in the case
discussed above.

3. The Lorentzian form of the SPS line shape

In the regime of transition from the CDF- to the
EDF-scattering mechanism, and for the SDF-
scattering mechanism at n >2X 10'%/cm?, the SPS
spectrum develops a more or less common line
shape that is more Lorentzian than Gaussian. The
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FIG. 12. SPS spectra are shown for the SDF mechan-
ism for increasing carrier concentration in samples 7, 8,
and 9, respectively. They demonstrate a similar
Lorentzian line shape, much narrower than the Gaussian
curves shown for reference, and attributed to short col-
lision times.

theoretical analysis of Hertel and Appel'® for the
CDF-scattering mechanism demonstrates that such
an evolution of the line shape can occur for suffi-
ciently short collision times. This result appears to
apply for the EDF- and SDF-scattering mechan-
isms as well. However, we recall the discussion at
the end of Sec. II that other complicating factors
may begin to affect the line shape just in the regime
where the impurity and carrier concentration be-
come large enough (> 5x 10'/cm’) to invoke large
collision frequencies.

V. SUMMARY

We have been concerned with determining to
what extent the single-particle-scattering spectrum
can be used as a probe of equilibrium or nonequili-
brium populations of electrons in semiconductors.
We have reassessed the view in much of the original
and review literature that the line shape is adequate-
ly represented by a Gaussian, and specified several
misconceptions and pitfalls that may be encoun-
tered in using the single-particle-scattering spec-
trum as a probe. We summarize the various factors
that contribute to complications in the SPS line
shape in n-GaAs at 300 K as follows:

(1) Competitive contributions. At low carrier con-
centrations, such that n <5x10%/cm3, there is a
competitive contribution to the spectrum from
two-phonon scattering that must be subtracted to
extract the SPS contribution. The two-phonon con-
tribution can be minimized (but not made to disap-
pear) by choosing an appropriate scattering configu-
ration. What constitutes the optimum configura-
tion may not be the same for the CDF- and SDF-
scattering mechanisms.

(2) Scattering mechanisms. Of the three single-
particle-scattering mechanisms, charge-, energy-,
and spin-density fluctuations, the latter is the most
suitable for probing an electron distribution. It is
the only mechanism where the scattering strength is
linear with carrier concentration. Its line shape is
not complicated by plasmon contributions, which
cause bulging of the CDF line shape. The price to
be paid for using the SDF mechanism is that it is
much the weaker of the two mechanisms.

(3) Band-structure effects. Complexities in the en-
ergy band structure of the material are responsible
for the very existence of the EDF and SDF
mechanisms. The band structure further affects the
light-scattering cross section through the k-
dependent terms in the resonant enhancement fac-
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tors, Ay and By. The major consequences for
1.06-um laser radiation in GaAs at 300 K, are 10%
and 20% narrowing of the halfwidths of the line for
the CDF and SDF mechanisms. Further small de-
viations due to nonparabolicity were not included in
this analysis. These perturbing effects can be re-
duced by operating further from the band edge, at
the expense of reducing the resonant enhancement
of the scattering strength. The effect of strong non-
parabolicity per se, as in n-InSb, have been dealt
with separately by Wolff.!!

(4) Collisions. With decreasing collision time, the
halfwidth of the single-particle-scattering spectrum
narrows, and the nearly Gaussian line shape eventu-
ally becomes Lorentzian. Where there is a com-
bination of single-particle and plasmon contribu-
tions to the scattering spectrum, collisions broaden
and damp the plasmon peaks, until in the limiting
case, a Lorentzian line shape is achieved. The com-
bination of single-particle and plasmon scattering
occurs only for the CDF mechanism. Its sensitivity
to collisions makes it least amenable for analysis of
the carrier distribution.

(5) High carrier concentration. The SPS line

shape for very high carrier concentrations ap-
proaches a common narrowed Lorentzian form,
presumably because of the strong impurity scatter-
ing. However, the line shape in this regime can also
be affected by degeneracy, band-tailing effects due
to the impurities, and nonparabolicity.

(6) Zero shift of the SPS spectrum. The slight (4-
cm™!) Compton zero shift of the SPS for n-GaAs
for 90° scattering is not negligible and has a visible
effect on the fit of the theory to the observed line
shape at n~5x10""/cm’. With the additional
complications at higher carrier concentrations and
the transformation in line shape, the zero shift be-
comes less apparent in both the experimental and
theoretically calculated spectra.
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