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Raman scattering by intervalley carrier-density fluctuations in n-type Si:
Intervalley and intravalley mechanisms
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We present an extensive study of Raman scattering by intervalley density fluctuations in n-type Si
for a wide range of electron concentrations (8 X 1018<N, <10%° cm™3), temperatures (80—473 K),
and laser frequencies (1.16 to 2.54 e¢V). The experiments were performed with a Raman (» > 20
cm™!) and a Fabry-Perot “Brillouin” spectrometer (o <20 cm™'). The results indicate that both
nonlocal intravalley diffusion and local intervalley scattering contribute to the light scattering. The
measured scattering efficiencies can be quantitatively interpreted without recourse to adjustable pa-
rameters. Failure to observe the scattering in ion-implanted laser-annealed samples is also dis-

cussed.

I. INTRODUCTION

Metals and heavily doped (degenerate) semiconductors
can scatter light either through single-particle or collec-
tive excitations of free carriers. The single-particle excita-
tions correspond to charge-density fluctuations and, as
such, they are screened at low frequencies in a self-
consistent manner by the carriers themselves. Thus, in
simple, free-electron-like carrier systems no low-frequency
scattering is observed. Instead, a peak at the plasma fre-
quency is seen.

In n-type silicon the electrons cannot be considered to
be such a simple system, as they occupy six equivalent but
differently oriented valleys centered along the six
equivalent {100} directions. In such multivalley systems,
besides the scattering peak at the plasma frequency,'
scattering by intervalley density fluctuations is seen.> Ex-
citations in which the density fluctuations induced in the
various equivalent valleys are out of phase and exactly
cancel each other become possible. These excitations have
no net charge and thus are not collectively screened by the
system of carriers. They lead to a low-frequency,
Lorentzian-like scattering tail which has been observed in
n-type Si,2 p-type Si,> and, more recently, n-type Ge.* At-
tempts to interpret quantitatively the phenomenon with
the theory developed by Platzman® for free-electron-like
systems have failed.? The theory proposed by Ipatova
et al.,’ % based on the collision-limited case of electronic
transport, seems to be more suitable for the heavily doped
semiconductors in which the carriers are strongly scat-
tered by the doping impurities. In this theory the poten-
tial corresponding to the incident and scattered fields
modulate against each other the energies of the various
electron valleys. This modulation encourages intervalley
electron transfer through scattering, thus equalizing the
Fermi energies of all the valleys. Two types of scattering
mechanisms are possible: a local intervalley one, charac-
terized by the scattering time 7y, in which the required
change of crystal momentum is supplied by either pho-
nons or impurities,® and a nonlocal one induced by intra-
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valley diffusion from one point of real space to another.’

In this paper we present a systematic study of the low-
frequency Raman scattering by intervalley density fluc-
tuations in n-type Si. Absolute scattering efficiencies are
measured in comparison to the scattering by optical pho-
nons in the same samples. The dependence of the scatter-
ing efficiency on the scattering frequency is fitted with
the theory of Ipatova et al.®~® The dependence on carrier
concentration is shown to follow the predictions of that
theory. An investigation of the dependence of the
Lorentzian widths of the scattering spectra on scattering
wave vectors shows that this width is determined by the
intervalley scattering time and also by the intravalley dif-
fusion. From the dependence of the intervalley-scattering
time 7, On temperature and carrier concentration it is
shown that T, is mainly determined by scattering
through LA phonons. The intravalley diffusion constant
obtained from the analysis of the Lorentzian widths is
compared with predictions from the electron mobility
based on Einstein’s equation.

II. THEORY

In the collision-limited regime the efficiency for Stokes

scattering can be written as®—%
a%s —#w/ky T wAB
=(1— Bhy—1_ 22 s 1
3030 (1—e ) o242 (1)

where A4 is a constant, with the dimensions of frequency,
which determines the “Lorentzian” width of the scatter-
ing profile. B is a constant with the dimensions of
[(length) X (frequency)] !, kjp is the Boltzmann constant,
T the temperature, and Q the solid angle. Equation (1)
represents the efficiency for Stokes scattering per unit
length and unit solid angle. The efficiency for anti-Stokes
scattering is obtained by replacing w by —w in Eq. (1).

6T}zlge strength parameter B for n-type Si can be written
as
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where e is the electron charge, ¢ the speed of light, N, the
total electron concentration, n the Fermi energy, €, (€s)
the polarization vectors of the incident (scattered) radia-
tion, 1/m, the effectivé-mass tensor, and (l/rga) its
average over all valleys [3(1/mg)=02m['+m Wl)l’
where for n-type Si m;=0.19 m, and m|=0.98 m,].
The sum in Eq. (2) is performed over the three pairs of
valleys +[100], £[010], and +[001]. Equation (2) as-
sumes that all valleys are equally populated. This is true
for unstressed n-type Si. If compressive stress along [100]
is applied, the +[100] valleys move down in energy while
+[010] and +[001] move up. The carriers are all
transferred to the equivalent +[100] valleys and the elec-
trons become a one-component system. Thus, the scatter-
ing by intervalley density fluctuations disappears. This
has been shown to be the case in Ref. 2. The expression
for B in the presence of a strain is given in Ref. 6.

In Ref. 6 the intervalley density fluctuations are as-
sumed to be induced only by intervalley scattering. Only
the scattering between two valleys at right angles in k
space (e.g., [100] and [010], the so-called f scattering) is
effective in producing intervalley fluctuations. That
which is between the equivalent [100] and [100] valleys (g
scattering) does not produce any effect since these valleys
are not split by the scattering Hamiltonian. If we call the
f-scattering time between two valleys Tiyer, we find®—3

eL : ’ (2)

3
2
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where the factor of 6 reflects the existence of six valleys.
The intervalley scattering time due to phonons of fre-
quency ; can be calculated with the expression’

Di2m3/2

(2mptio, 7)1/

-1

#io /ky T
Tinter = e !

(9 +w;) -1t (4)

Equation (4) assumes k7T <<n and thus includes only
phonon absorption processes. D; is the electron-phonon
coupling constant for f scattering, my; is equal to
(m, Imf )13, and p the density of the crystal. According
to Ref. 9, 7., is dominated by scattering by LA phonons
(w; =347 cm~™!, D;=2.5X10% eV/cm).

For the purpose of comparison with the experimental
data we express i, in the form

Foi/kpT _1)=1 (5)

6Timer=A (e
We have listed in Table I the values of 4y, found with
Egs. (4) and (5) for the samples measured here and also
the values found experimentally (see below).

It is also of interest to calculate the intervalley scatter-
ing rate due to scattering by the screened ionized impuri-
ties. The screening is in this case unimportant since the
transfer in wave vector k=(27/a()0.85V2 (a, is the lat-
tice constant) is much larger than the Thomas-Fermi
wave vector. Using Fermi’s golden rule we find for inter-
valley scattering

4qre?

€(k)K?

—1 21

Tinter = %

2
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where N, should be in cm~2 and e(«) is the dielectric con-
stant of undoped Si for @ =0. Using the expression given
in Ref. 10 we find e(x)~2.

Thus far we have treated the local intervalley scatter-
ing. For a density wave with wave vector q intervalley
fluctuations also result from the intravalley diffusion
from a minimum to a maximum of the charge density of
a given valley. This additional effect can be approximate-
ly expressed by replacing 4, in Eq. (3) by a Lorentzian
width 4.’

A=Ay+Dg?, 7)

where g=4mn /AL, n being the refractive index and A,
the laser wavelength, and D is the intravalley diffusion
constant which has been assumed to be isotropic (other-
wise, it must be replaced by a tensor). This constant is ob-
tained from the electron mobility with Einstein’s equa-
tion:!!

—1

kT
“ N, , (8)

e

dN,
dn

where p, is the average electron mobility.

D=pu,

TABLE 1. Values of A4, and Ay, calculated with Egs. (4)—(6) (theory) compared with those ob-
tained from the fit of the Raman scattering data (experiment).

|

Electron
Concentration Ay (em™) Ao (em™Y)
Sample® (cm—3) Theory Experiment Theory Experiment
P1 1x10% 154 122 22 49
P2 810" 147 118 16 49
Asl 5% 10" 135 126 8.7 82
P3 2% 10" 118 81 2.5 29
P4 8x10'® 107 87 0.8 23

2P and As stand for phosphorous and arsenic dopants, respectively.
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1. EXPERIMENT

Our Raman spectra were taken with a SPEX 1-m dou-
ble monochromator while the “Brillouin” data were ob-
tained with a five-pass Fabry-Perot spectrometer in the
backscattering geometry. Several lines of Art, Kr*, and
Nd yttrium aluminum garnet (YAG) lasers were used, the
detection being effected by photon counting.

The samples were x rays oriented to within 1°. The
scattering surface was polished to optical flatness with
Syton (Monsanto Chemical Co.) and then treated with
HF. The carrier concentrations (Table I) were determined
from the minimum in the ir reflectivity and the resistivi-
ty.1213 For low-temperature measurements the samples
were glued with silver paint to the cold finger of a liquid-
nitrogen cryostat, the temperature measured by a thermo-
couple attached to the sample. For high-temperature
measurements the sample was placed inside a small resis-
tive oven surrounded by an evacuated quartz envelope to
prevent oxidation.

IV. RESULTS AND DISCUSSION

Typical low-frequency scattering spectra taken at 80 K
for the samples listed in Table I are shown in Fig. 1.

n-type Si
T=80K
AZ5145A
x'(yz)%x'

o
T

8x10'9cm™3

o
T

o
T

o
T

2x10%cm™3

o e

8x108cm™3

m pure Si L.,
0 . h f n

-200 0 600
RAMAN SHIFT (cm™)

FIG. 1. Typical electronic Raman spectra at 80 K for the
five samples listed in Table I. The sharp line on the Stokes side
is the Raman phonon, forbidden in the scattering configuration
used. It nevertheless appears weakly, perhaps due to polariza-
tion leakage and slight misorientation of the sample.

RAMAN INTENSITY (arb. units)

These spectra were obtained with the 5145-A line of the
Ar® laser in the I}, scattering configuration [x'(y'z')X,
where x’, y’, z’ are along the (001), (110), and (110) crys-
tal axes, respectively. x’ and X’ indicate the direction of
the incident and scattered beam, y’ and z’ that of €, and
‘€5, respectively]. According to Eq. (2) the Raman tensor
for scattering by intervalley density fluctuations is expect-
ed to have the symmetry of the tensor,

1/
me \mg/’

i.e., for n-type Si, with the valleys along {100} and I';,
symmetry (E in molecular notation). The pure I';, depo-
larized configuration x'(y'z’)X’ was chosen to avoid the
second-order structure due to two TA phonons, which ap-
pears strongly in the I'; configuration,'* i.e., in any polar-
ized configuration, and also to maximize stray light rejec-
tion. We also performed measurements in the I',s config-
uration x'(y'+z',y’'—2')X’, in which no low-frequency
scattering is seen, thus confirming the I';, nature of the
corresponding Raman tensor. In the I',s: configuration
we observed the Raman phonon of silicon. Since its abso-
lute scattering efficiency is known,!> ¢ we used it to cali-
brate the efficiency of the I'y, scattering by intervalley
density fluctuations. In this manner, the scattering spec-
trum (in absolute efficiency units of 32S/303dw) shown in
Fig. 2 for N,=10% cm~>, was obtained. Note that the
point (represented by an asterisk) obtained at 10 cm™!
with a Brillouin spectrometer (calibrated with respect to
the acoustic phonons'>!%) agrees reasonably well with the
results of the Raman spectrometer; the scattering intensi-
ties are seldom measured to better than 30%.

The Raman data of Fig. 2 were fitted with Eq. (1). The
results of this fit are shown by the solid line in this figure.
The fit is excellent. The values of B obtained from the fit
are plotted in Fig. 3 versus N,. They should be propor-
tional to dN, /d7, the density of states at the Fermi ener-
gy, which, in the case kpT <<7, is proportional to N!/3.
We have thus fitted the experimental results with a curve
proportional to

T T T T T
Si:P (1020 cm3)
T=300 K
A=5145A7
—— Fitted with function
g -1 ABw
(1-ehw/kgT ) oY)

=)
T
1

* BRILLOUIN DATA .

d2s/dQdw (1099sr'cmi'sec)
o———;—n—-—d

200 300 400 500 600
STOKES SHIFT (cm™)

0 I
0 100

FIG. 2. Electronic Raman line shape (efficiency in absolute
units) for the heaviest doped sample at- 300 K. The solid line
represents the curve of Eq. (1), obtained with 4 and B as adjust-
able parameters. The point (% ) was obtained at 10 cm~! with a
Fabry-Perot spectrometer.
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FIG. 3. Parameter B normalized to the height of the scatter-
ing by Raman phonons in the x'(y'z’)X’ configuration. The
solid line represents a fit with Eq. (2). The absolute values of B
(right-hand scale) were obtained with the value of
dS /dQ=1.25%10"* sr~'cm~! found in Ref. 16 at 5145 A and
the phonon line with a half width at half maximum of 1.3 cm™!
from Ref. 20.

dN. _ N. .
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_n_
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)

The results of the fit, which is quite satisfactory, are
displayed by the solid line in Fig. 3. The coefficient of
the fit in Fig. 3 should be compared with the results of the
calculation with Eq. (2): We find the theoretical B to be
eight times lower than the experimental one. This
discrepancy can be reduced if one considers the fact that
Eq. (2) is only valid for w;, g <<®,, where w, is the gap
which determines the effective masses in k-p theory."”
This gap E, amounts to about 4 eV in n-type Si (slightly
less than the E, gap or the gap at the X point!’), which is
only less than twice as large as the photon energy used in
Fig. 3 (2.41 eV). Thus, if we neglect the longitudinal in-
verse mass m| >>m,, in Eq. (2) we should multiply the
prediction of Eq. (2) by the enhancement factor'®

2

E,

2

1 1

+
E,—fio, | Eg+fog

(10)

’

which for #w; =2.41 eV amounts to ~2.5. Hence, the
discrepancy between the theory of Eq. (2) and the experi-
mental results is partly removed when the resonance
enhancement factor of Eq. (10) is taken into account. A
discrepancy by a factor of 3 remains, the experiment being
larger than the theory. A discrepancy in the same direc-
tion, but somewhat larger, has also been found in n-type
Ge.* This discrepancy is not too serious when one consid-
ers that typical measurements of absolute cross sections in
solids are affected by errors of about 50%. One may,
however, speculate that the explanation for the discrepan-
cy lies in the way the resonance enhancement has been in-
troduced in the phenomenological, -collision-limited
theory. Thus, a microscopic treatment, dealing with the
intervalley and intravalley scattering in perturbation
theory on the same microscopic level as the resonance, is
needed.

T T T T T T

01x1020cm3 (=-—) X !

1501 v8x1019c¢m3 (~=--) n-type Si, T=80K
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%08x1018cm‘3 (——)

oob L ¢
Alcm) % R 2— é

501

50 100 130
q2( 1010cm—2)
FIG. 4. Dependence of A4 on the square of the scattered wave
vector. Solid and dashed lines are fitted according to Eq. (7).

We show in Fig. 4 the dependence of 4 on g2 found ex-
perimentally (points) and the corresponding least-squares
fit with Eq. (7). Despite the large error bars involved, it
appears clear that the experimental A4’s include both inter-
valley scattering (4(540) and intravalley diffusion (D=£0)
contributions. We note that the data for the one As-
doped sample measured fall out of line with those for P-
doped samples of almost the same carrier concentration
(Ag~two times higher). The larger A4, is difficult to
understand: it is difficult to believe that As ions produce
a larger intervalley scattering than that given simply by
the Coulomb potential of Eq. (6) [the pseudopotential of
As is actually closer to that of Si than that of P (Ref. 10)].
There may, however, be As clusters or other defects which
may produce large f-type intervalley scattering. A sys-
tematic investigation of As-doped samples is required be-
fore reaching any definite conclusions.

The dependence of 4 on N, for the P-doped samples is
shown in Fig. 5 for different laser wavelengths (i.e., ¢’s) at
80 K. The lines in this figure were calculated with Eqgs.
(6) and (7) using the value of A4, obtained from Fig. 4 and
the values of p, given in Ref. 18. For our purpose the

T I I T T I T I
n-type Si,80K
150  AL® Theory  Experiment -
647184 — <]
51458 —— a
48808 ---- o
100 —
Aleem®| e + S
50
0 ! | ! I I | | | L |
0 20 80 100

40 60
Ne (10'8cm3)

FIG. 5. Electron concentration dependence of 4. The solid
and dashed lines represent calculations based on Egs. (7) and (8).
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FIG. 6. Temperature dependence of Ao. The solid and
dashed lines represent fittings done according to Eq. (11).

mobility u, of the heavily doped samples can be assumed
to be independent of temperature.

The intercepts of the plots of Fig. 4, and similar ones
for other temperatures, yield the values of 4, which have
been plotted as points in Fig. 6 versus temperature. The
lines in this figure represent fits to the experimental
points with the equation

Fiwr; /g T

Ag=Ag+Aple -1, (11)

where A, represents the contribution of the impurities to
the intervalley scattering [of Eq. (6)] and A4, that of the
phonons [of Eq. (5)]. Aq; and A4, were used here as fit-
ting parameters. The values of 4, and A4y, so obtained
for the various samples measured are listed in Table I.
The agreement between theoretical and calculated values
of Ay, is quite good. For A4, the agreement is good at
the highest doping levels but the experimental A, de-
creases with decreasing N, more slowly than the theoreti-
cal N} [Eq. (6)]. Part of the discrepancy surely lies in
the assumption of degenerate statistics, made in the
derivation of Eq. (6), which should not hold for the less-

doped samples. We feel, however, that our data are not
sufficiently accurate to warrant a fit taking into account
the temperature dependence of A4, relative to the statis-
tics of the free electrons.

Several unsuccessful attempts were made to observe
light scattering by intervalley density fluctuations in sam-
ples produced by ion implantation and laser annealing,!®
with carrier densities up to 10?! cm~>3. The most likely
reason for the absence of observable effects in these sam-
ples is the possible existence of a very large 4, due to de-
fects in these samples. This large 4,; would broaden the
Lorentzian of Eq. (1) to the point of making it unobserv-
able (below the noise level).

V. CONCLUSIONS

We have presented a detailed study of the light scatter-
ing due to carrier-density fluctuations in n-type Si as a
function of the carrier concentration, temperature, and
scattering wave vector. Our results demonstrate the con-
tribution of both intervalley (local) and intravalley (nonlo-
cal) relaxation mechanisms to these Raman spectra, the
former being usually dominant. Although the theory of
Refs. 6 and 7 explains the results well, a discrepancy still
remains between the calculated and experimental values of
the quantity B. This discrepancy is brought down to a
factor of 3 when resonance enhancement of the “effective
mass” is taken into account. A microscopic theory taking
into account the intervalley and intravalley relaxations on
the same level as the resonance enhancement of the effec-
tive masses is needed.
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