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Light scattering in heavily doped Ge, Si, and
GaAs is discussed with emphasis on the inter-
action between phonons and electronic continua.

I. Introduction

Scattering by electronic excitations represents the simplest
type of light scattering process in solids. It has first (A°) and
second (X.p) order perturbation contributions [1] while the
scattering by phonons corresponds to processes of at least third
order (twice A.p and once the electron-phonon interaction). With
the exception of scattering by electrons bound to impurities [1,2]
and in magneétic fields [3] the scattering of light by electrons
produces broad spectra, in contrast with the sharp spectra of
phonons. Hence little experimental attention has been given to
scattering by electronic continua and, in particular, to scattering
by interband transitions across the lowest gap of semiconductors.
These transitions are allowed for photon absorption and, because of
parity (Ge) or quasi-parity (GaAs), forbidden for light scattering.
While considerable theoretical attention has been given to these
processes [U4], only recently antistokes interband scattering has been
observed in GaSb [5] and Stokes scattering in InSb [6]. Intraband
scattering by free carriers (Fig. 1) has received attention as it can
interfere quantum mechanically with phonon scattering [7-11]. From
an analysis of the observed (Fano-) line shapes electron-phonon
interaction constants are obtained (magnitude and sign). Strong
electron-phonon interaction also occurs for Raman active LO-phonons
in polar materials [12,13]. It leads to dispersive mixed phonon-
plasmon modes [14,15]. We discuss these phenomena for Ge, Si, and
GaAs, together with resonant spin-flip scattering in GaAs and low
frequency scattering by multicomponent plasmas in n- and p-type Si.
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II. Intraconduction-Band Continuum in n-Type Si
Figure (2) shows the first and second order Raman spectra of

two heavily phosphorus doped Si samples compared with that of
intrinsic Si [8]. The spectrum of the heavily doped samples is basi-
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cally the same as the intrinsic one, except for a broad background
which can be associated with_the transitions of Fig.(la). The first
order phonon peak at 520 cm ! interferes with the background,
constructively below 520 cm ! and destructively above. The dashed
lines represent fits to the asymmetric first order phonon with a
Fano expression:

I(e) = (q+e)2/1+e2; with e = (w—wo—Awo)/F and q = (VTp/Te+AwO)/F. (1)

The width I contains two parts, the intrinsic width I. and the
: : i
imaginary part of the self energy [9]:
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P = Ty + mV°D(w); dwy = V°[D(w )(wo_w. —)dw', (2)
where D(w) is the density of continuum states and V the matrix
element for their interaction with the phonon. It can be written in
terms of the deformation potential Do (usually given in eV) [9]:
D
_ o 3 1/2
v o= —abﬁa /Mw,) (3)
where a is the lattice constant and M the atomic mass. I and Aw

can be easily evaluated from Egs. (2) and (3) and the masses of n-Si
provided D_ is known. The experimental T and Aw_  are in good agree-

ment with Simple calculations of D_ (D_ = -8.1 eV). These calcula-
tions also yield T_, T_ and their Pe1afive sign. Hence q and its sign
can be determined %heo?etically (no computer calculations needed) .
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Fig. 3
Raman scattering by optical phonons in
p-type S8i [7]
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Fig. 2
First and second order Raman scattering of n-type Si samples. Dashed
line: fit with a Fano-expression [8]

i i1 1 Intravalence-Band Continuum

1. p-Type Si. Figure (3) shows the first order Raman spectra
of four heavily B-doped Si samples and the corresponding fits with
eq. (1). A discrete-continuum interference is also apparent. The
continuum has been assigned to the transitions of Fig.(1b). The
relative strength of the electronic continuum, and thus q, depends
on laser frequency. The reason is the stronger resonance of the
scattering by phonons (m]Tplz) as the direct gap of Si (3.3 eV)
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is approached. The Fano parameters obtained from the fits of Fig.(3)
must be expressed with a modified form of Eq. (2): because of the
degeneracy of the valence bgnds the wave functions, and thus V,
depend on the direction of k. V must be replaced by a k-average, to
be obtained numerically [161], proportional to the deformation po-
tential constant d_ (in eV). The results for d_ = 27eV and T = 77K
are shown in Fig. °(4). Agreement with experim@nt is good except for
the sign reversal of Aw_ predicted for low doping (the result of the
fact that at this doping the continuum lies mostly below w_). This
reversal disappears when the calculation is performed at 300K.
Impurity scattering probably broadens the continuum and eliminates
the sign reversal of Fig.(4). We note that the discrete-continuum
interference of Fig.(3) is destructive below w_, opposite to the
case of Fig.(2): the sign of dO must be positive. Band structure
calculations yield d, = +27 eV [171.
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Fig. 4
Normalized real and imaginary parts of the self energy of the phonons
in p-type Si: Y = —(Awo/wo), 7 = F/wo[16]

2. p-Type Ge. For N_ R 2x1019 cm—3 the intra-valence-band con-
tinuum of Fig.(1b) liesPabove the Raman phonon frequency. One must
also consider in egs. (2) electronic transitions from occupied to
empty heavy hole states (Fig.(1c)). The density of states for these
transitions, basically single particle excitations of a free electron
gas, depends on the Q-vector transfer (i.e. on the % of the phonons,
see Fig.(5)). The magnitude of this Q-vector equals U4mn/X., where n
is the refractive jindex and A, the laser wavelength. Henc€ it is pos-
sible to vary the %—vector, and thus the density of states, by vary-
ing the laser frequency [10]. The range of Q-vectors covered in exi-
sting experiments is indicated in Fig.(5): the corresponding phonons
lie below (above) the intraband continuum at low (high) hole concen-
trations. Egs. (2) yield parameters Aw, I', and q which depend strong-
ly on AL' Experimental results are shown in Fig.(6) together with a
fit for do = 32 eV (band calculations yield do = +33 eV [181]).

Bie p-Type GaAs. The average heavy hole mass is =0.6m_, much lar-
ger than for p-Ge. As a result in Fig.(5) (Q,w) is well Sutside the
free particle continuum for all standard laser frequencies. w_ is
also outside the light hole »+ heavy hole continuum. Neverthel&ss we
find an increase in T with Zn-doping and an asymmetric line width
[10] (q = -10_for N_ = 9x10'® ecm 3). The continuum arises from tran-
sitions with a-noncgnservation induced by the Zn impurities [19].
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Fig. 6
p-Ge S5x10" . .
¥ 177K . Real part of phonon self energy in
- p-Ge and fit with d, = 32 eV
af 4., p-Type Si: B-Induced Local Mode.
£ . L i = Two local modes appear on accggnt of
$ o[ poe 22007 the two B-isotopes (B°~ and B )
3 1277k [20,21]1. The g-parameters of the local
e modes have the same sign as for the
4\\*\~l_________________ Si-phonon but are smaller. The Raman
r ke cross-section per atom is much larger
\ n . '; for the local mode than for the Si-
Q/105cm™! phonon. These results are discussed

at this meeting by Chandrasekhar et al.
Similar effects, in particular a renormalization Aw_ of the phonon
frequency, occur for interband transitions in small gap semiconduc-
tors. For zincblende-type materials the deformation potential for
optical coupling across the E_ gap is nearly zero [22]. In the IV-VI
materials (GeTe) this coupling produces large softening of the TO
phonons [23] and may be responsible for a ferroelectric transition
[24].
Fig. 7
Dispersion of the coupled LO-phonon-plasmon
modes in n-GaAs, allowed configuration.
Dashed line: from Eq. (6). Solid line:

dashed line convoluted to include finite
penetration depth [25].

GaAs.n=77x10"7 cm® .
400

o IV. Coupled LO Phonons and Plasmons

e 1. n-GaAs. We consider first the scatter-
ing by free electron excitation in a single
valley system such as GaAs. The electron-

FREQUENCY SHIFT (cm™')

w= ol st photon coupling has the form:
200} T
B =H_+nu2); ). eg 3
. | A ep ep ep ep 2me’'s
0 05 10 15 (2) eg
SCATTERING WAVEVECTOR (10%cn') e e =
* 2mcKL‘p’ Hep - 2mCZKs'KL (3)

where Ks and KL are the vector potentials of the incident and scat-
tered light, respectively and 5 the linear momentum operator. H(2)

acts in first order and H(l) in second order. Away from resonances
both terms can be combined by using k.p theory: One obtains an ef-

(2)

fective hamiltonian H [17:
. e 1
Hep = Z¢ KS. H*'KL’ (4)

where %; is the effective mass tensor. Equation (4) represents a

longitudinal perturbation which produces a charge density wave of
amplitude proportional to eZ!, where e€_ is the dielectric function
including the free electron§. The scat%eging cross section is thus
proportional to the "loss function" im e_!. This function peaks at
the plasma frequency wD(e;ka)zO) and shéws little strength at low

frequencies w<<w_: Raman scattering does not couple to the low fre-
quency excitatiols of Fig.(5) as they are "screened out" by the
electron gas. In the presence of optically active phonons one must
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consider the total dielectric constant [13-151:
s
€(d,0) = by (w,q) + (wf-u®)/(u5-0?) (5)

where X _ is the polarizability of the free electrons. If X is real
(or if “the imaginary part is small), the scatterlng yield§ two
pea s at the "coupled mode" frequencies w? and w which fulfill

w )=0. As the losses become higher, the peak positions must be
ogtalned from the response functions:

2 2.2
a®o _ _ (wgme?) iy ] 6)
a0 (w%_wé)é TS

for an allowed LO phonon scattering configuration (w ‘w (1+C) where
C is the Faust-Henry coefficient) and

2 m2—w2
g T = =) dm — 1 (7)
dQdw 2 2
W= e(Q,w)

for a parallel-parallel forbidden LO configuration. The experimen-
tal w and w exhibit a Q-dependence which is observed as the laser
wavelength is changed (see Fig.(7)). In order to account for the
dispersion one evaluates the maxima of egs. (6) and (7) using for
s (d,w) the Lindhard function modified to include the effect of
c6llisions and finite temperature. The results are shown by the
dashed line in Fig. 7 [ 25 1. The disagreement with the experiments
in the region of Landau damping is due to the finite penetration
depth: at large Q's the mixed modes are broad and one sees mainly the
peaks for lower Q through the admixture produced by the Q-width. The
solid lines, which account well for the observed data, are obtained
by convoluting eq. (7) with a Lorentzian of width o (the absorption
coefficient). It has been recently pointed out [26] that the cumber-
some numerical integrations used for evaluating x_(Q,w) are not ne-
cessary. The experimental data in the region of Fig.(7) can be
fitted equally well by the simple expression [26]:
w2
g = - 7B, ®
w -DQ +iwwT

where D is a diffusion constant and w_ the scattering frequency.

2. p-GaAs. Figure (8) shows the scattering for p-GaAs sample (N_ =
9x10'¥ cem™ ') in "forbidden LO" configuration [27]. The coupled
modes whlch correspond to Q = 4mn/A. are not observed. Instead, a
broad and asymmetric line slightly “below the LO-line of pure GaAs is
seen. This line can be explained as w for Q>>Umn/) the non-conser-
vation of would then be produced by impurity scat%erlng [28]. The
solid lines of Fig.(8A and B) were obtained by convoluting Eqg. (7)
with the square of a screened Coulomb potential:

-2
2 = e 2
V@) = [Q7 + oy (9)
where Q is the screening radius. In Fig.(8A), the convolution was
carried " out to a maximum Q=2QF (Qn = Fermi radius). In Fig.(8B) to

Q=3Q this figure shows the experimental line plus a peak at w=w
not geen in the experiments. Although no detailed calculations of
this impurity-induced scattering have been performed, the cutoff

introduced above can be justified as due to a decrease in the

LO
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cross section of Eq. (6) with increasing Q.

Fig. 9
19 -3 . . X
pGaAs 9x10™ cm Spin-flip scattering
T=80K near E_+A  gap
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Fig. 8 V. Spin-Flip Scattering

Impurity induced Raman scatter-
ing in p-GaAs: The solid curves

The hamiltonian of eq. (4)
leads to a scattering peak near

were calculated by convolution
with the impurity potential (see
This hamiltonian, however, is

text) [271].

only valid away from resonances.
Near a spin-orbit split gap, such as E +A_ for n-GaAs, its derivation
breaks down and one must go back to Eq? (%). Spin-flip scattering,
which is not screened by the electron plasma, becomes possible for
w<<w_ [29] (see Fig.(9)). This scattering has been profusely studied
in the presence of a magnetic field [3,30] as it is the mechanism of
the spin-flip laser. For H=0, however, it has received little experi-
mental attention.

w_ and no scattering for w<<wp:

This spin-flip scattering exhibits a Lorentzian resonance around
the E_+A_ gap shgwn in Fig.(10) together with the corresponding re-
sonance of the w and w mixed modes. Recently a calculation of the
scattering lineshape without adjustable parameters has been published
[32]. In this calculation, shown in Fig.(11) together with experi-
mental results for N_ 6x10 cm °, the width of the spectrum for w=QvF
results from fluctualions in the impurity concentration.

U

eV

; 5 1 o T experiment n=64x10"®
€ | Eo*do GaAs T=80K
§ n=7x 107cm3 § Voitenko et al.
w20 T=2k ] o T= 40K
g - El n=6x10'%cm
< >
> 15 4 SPIN-FLIP | r
b o w* MODE 2
& [0026ev_ e W~ MODE E
5 ol — THEORY |
czz 1 1 & 1 ‘[b 1 I
I w/Q-V;
I S5+ 4
3 \ Fig. 11
oLt &Y 1 ...li \ Spin-flip scattering near EO+A for
185 190 195 n-GaAs (Nn = 6.4x10%® cm ?)%and calcu-
wlev) lation_by Voitenko et al. [32] (Qvy =
Fig. 10 280 cm ')

Resonance of the spin-flip and the mixed mode scattering in n-GaAs.
Solid line: Lorentzian fit.
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VI. Scattering by Multicarrier Systems

1. n-Type Si. We may set up charge density fluctuations in the
various valleys with no net charge density fluctuation. This type
of excitation is not screened at low frequencies as it has no net
charge. It is therefore expected to give low frequency scattering
[33] which has been recently observed in n-Si [34] (see Fig.(12)).
To test the nature of this scattering, we apply a stress along [001]
which lowers the valleys along [001] with respect to those along
[100] and [010] and thus transforms the multicomponent system into
a one-component plasma. The low frequency tail is reduced by the
stress (see Fig.(12)) thus proving that it is due to the multivalley
nature of the plasma. The scattering cross section is given by [34]:

. 2= =

5 (1+nw)1m_2_(ui—uj) Qin) R

d“c i W, = R .2k, 3 = Q.—=%.8, (10)
dwdg Ho(fw+ e ) s P L'my "7s” i 'ﬁ?' 2

ng, is the Bose-Einstein factor and 1/m¥ the inverse mass tensor of
valley i. The sum of Eq. (10) is extended to all components of the
plasma.

~4zlo0n
f—o y (1io
*M0} Stress X 11 [001]

6471 A — Okbar
-==- 16 kbar

Equation (10) represents a rather com-
plicated tensorial dependence of the scat-
tering cross section: an eighth rank
tensqQr contracted with the directions of

> A (twice each) and @ (four times).

Si (n=15x10%cm3)

The experiments for n-Si do not agree with
the selection rules derived from this ten-
sorial dependence. They agree, however,
with the result of removing Q. and Q. from
Eq. (10). In view of the examples ofJvio-
lation of conservation due to impurity
scattering seen above we conclude that
this violation is also effective in re-
moving the Qi 3 terms of Eq. (10).

3

x(zz)%

RAMAN INTENSITY (ARBITRARY UNITS)

2 p-Type Si. The hole band of Si is
strongly warped and a wide distribution
of hole masses is present. Thus carrier
density fluctuations from regions of high
mass to regions of low mass with no net

x(yy) X

ENERGY (cm-1)

Fig. 12

Low frequency scattering
due to intervalley fluc-
tuations in n-Si: The
scattering decreases un-
der a uniaxial stress
along [001]1[34].

d2 (1+nw)
dwdw

The integral of Egq.

% ~ o> > 2
= M e TREL) I{:I [u(@)-u(k")] “aspasg, .
F

charge fluctuation are possible. These
fluctuations should also give unscreened
scattering at low frequencies [35]. The
scattering disappears, together with the
warping when a uniaxial stress is applied.
The cross section should be proportional
to the generalized version of Eq. (10)
[351]

(11)

(11) represents the mean square fluctuation of

the heavy hole mass around the Fermi surface. Although it should
be evaluated numerically, it is possible to approximate it by a

sum of the type of Eq.

(10) including only groups of carriers along

high symmetry directions. Such calculation yields for p-Si a low
frequency scattering of mainly P25, symmetry, in agreement with ex-

periment [35].
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