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Intra- and interband Raman scattering by free carriers in heavily doped Itt-Si
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Raman scattering from the free carriers in p-Si has been studied at high doping levels (p = 1.5)& 10'
cm ' and 1.5 X 10 cm '). The features observed in the Raman spectra at low frequency are similar to those
for n-Si: a strong tail which can be seen only in I » scattering symmetry. A theory of the Raman cross
section is formulated and it is found that this tail is due to fluctuations of the effective mass of the free
carriers in the warped upper valence band. The observed selection rule can be accounted for. For the more
lightly doped samples (1.5 )& 10" cm ') the dependence of the Raman spectra on uniaxial stress in the [111]
and [100] directions and on the exciting frequency has been studied. It can be explained in terms of the
stress-dependent band structure of Si and the frequency-dependent interaction for the scattering process,
respectively. Superimposed on the intraband tail a hump is also found, whose spectral position varies for
lower stress as the stress-dependent splitting of the topmost valence bands. Therefore this hump is attributed
to interband transitions. At higher stresses the hump gets pinned at a frequency of about 400 cm '. This
feature cannot be understood in terms of the stress-dependent band structure.

I. INTRODUCTION

Heavy doping in Si is known to produce free
carriers whose excitation can be observed in
Raman scattering. i Interband transitions between
valence ' or conduction '5 bands are of sufficiently
low frequency to interf ere with the zone- center
optic phonon and produce Fano-type asymmetric
line shapes. contraband scattering is usually
screened in an isotropic plasma but can be ob-
served both in n and P-Si (R-efs. 6—8) due to the
multivalley nature of the conduction band and the
complex warped valence bands, respectively. In
the Raman spectrum this intraband scattering takes
the form of a broad low-frequency tail in both n-
and p-Si. W'e have studied this low-frequency tail
in p-Si for high hole concentrations (p=1.5x 10'
and 1.5x 10ss cm s). The most detailed study was

performed for the lower conc entration where we
investigated the selection rules for a number of
polarization configurations, its behavior under uni-
axial stress along the [001] and [111]directions,
and the dependence of its intensity on exciting fre-
quency and carrier concentration. Existing theo-
ries for the Raman cross section, which are re-
stricted to the multivalley case~ or to nonparabolic
bands, are generalized for a plasma with carriers
in an energy band with arbitrary dispersion. It
turns out that the warping, as well as either the
multivalley structure or nonparabolicities, gives
rise to unscreened Raman scattering. This ex-
tended theory successfully explains several of the
observed features, such as the selection rules,
the dependence on the exciting frequency, and the
dependence on uniaxial stress.

When a uniaxial stress is applied we also observe
a broad hump superimposed on the intraband tail

due to interband scattering. This hump is not seen
without stress in the more lightly doped sample.
With increasing stress the frequency of this hump
follows the splitting of the valence bands under
stress for low stresses but becomes pinned at
about 400 cm ' for high stresses. No satisfactory
explanation has been found for this effect.

Section Q is a short survey of the experimental
details. The theory is presented in Sec. Qt. , while
Sec. p7 deals with the experimental results and
their interpretation.

II. EXPERIMENTAL DETAILS

Raman spectra were taken at room temperature
using the back-scattering geometry standard for
opaque samples. Spectra Physics Ar' and Kr'
lasers were used to provide the exciting radiation.
All measurements under uniaxial stress were done
using 400—600 mW of 6471-A radiation from a Kr'
laser. A Spex- triple or Spex-double monochroma-
tor with holographic gratings and a cooled photo-
multiplier equipped with photon counting elec-
tronics were used for detection. The data were
stored on a multichannel analyzer. Counting times
from 5 to 50 sec were used, the longer counting
times for polarization parallel to the slit in the
red region where the grating efficiency was poor.
The stress apparatus used, provided with digital
readout, has been described in the literature. ~'

Typical compressive stress up to 20 kbar could
be reached.

Samples were cut from single crystals of Si and
x-ray oriented to within 1'. Typical dimensions
were 20x 1.3x 1.3 mm3, the stress applied along
the long dimension. The face used for Raman
scattering was polished to optical flatness with
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0.3 p, m alumina and polish-etched with dayton for
10 min. Care was taken to minimize fine hairline
scratches and hence Bayleigh scattering, in order
to make measurements of the inelastic tail reli-
able. The carrier concentrations of the samples
as quoted were determined by measuring the
resistivity with a four-probe technique. The re-
lationship between resistivity and electron con-
centration was taken from Ref. 12.

III. THEORY OF THE SCATTERING CROSS SECTION

The theory of light scattering from solid-state
plasmas has been reviewed recently. ~3'4 In par-
ticular, the Haman cross section has been derived
for n-doped material to describe scattering due to
intervalley fluctuations, ~ nonparabolicity of the
conduction band, '0 and spin-density fluctuations. ~ '~
For P-doped material the scattering cross sec-
tion has been formulated for the interband pro-
cess. '7 In the following we generalize the existing
theory by deriving an expression for the Haman
cross section, which is valid for both inter- and
intra-band scattering from carriers in an arbi-
trarily shaped energy band.

The Hamiltonian for the solid-state plasma reads

ao = E„(k)c„fc„„

4me2
+ j~ 2 CPIPfl +gC P( C IQIC P( (1)

vv', kk'0 ~0~

where E„(k) is the energy band and c„p denotes the
annihilation operator for a carrier in the vth band
of wave vector k. The second term in Eq. (1) de-
scribes the Coulomb interaction between the car-
riers screened by the dielectric constant &0 of the
semiconductor. The sum over v includes only en-
ergy bands which contain the carriers of the plas-
ma, i.e. , for p-Si the upper valence bands, The
interaction with the radiation field can be formu-
lated as

&i~c= Z &v~ (k~q)cvi+acv a
PP

and describes interband transitions if v, v' refer
to different bands (vg v'), while intraband transi-
tions correspond to v= v'. From Eq. (3.3) of Ref.
16 we obtain in the long-wavelength limit (q-0)
the expression

e' 1 1 ~ (vk~p~nk)(nk p, v'k) (nk~p v'k)(vk p nk)

E„(k)—E„(k)—iIv E„(k)—E„(k)+ Ke (3)

G(q, t) = g F„„.(k, q)F {k',q)

v, a ,Q, P '

x Bz„„„,(k, k', q, t), (4)

where A&, &u& (A~, v~) are the vector potential and

frequency of the incident (scattered) light. If

Se~@m~ are small compared with the energy gaps
E„(k)—E„(k), the dyadic expression in the large
square brackets represents the generalization of .

the inverse mass tensor. If in particular v, v'

refer to the different states of the topmost valence
band in Si (I"

8 symmetry), the large square bracket
becomes the Luttinger matrix, ' while for an en-

ergy band of arbitrary dispersion it is the k-de-
pendent inverse mass tensor.

In order to calculate the response of the many-
particle system

I Eq. (1)] to the external perturba-
tion [Eq. (2)] 'we proceed along the lines of pre-
vious work. ' The scattering cross section is ex-
pressed by the correlation function. of H„~ which
via the dissipation-fluctuation theorem can be re-
lated to the Green"s function

9„.„„„.(k, k', q, t)

= —za {t)&]:c„,f;(t)c„„(t),c„ I(0) „c.g ~,{0)1).

8(t) i.s the unit step function, c„„(t)is the time-
dependent Fermi operator

(t) eleotc (0)e 4Hpf

and the brackets () represent the thermal average.
We set up the equation of motion for 9„,„„„(k,k', q)
and solve it in random-phase approximation (cf.
Ref. 10). In the following we consider the Fourier
transform G(q, v) of ~. 4.

A. Intraband scattering

For intraband transition (v= v') we obtain a
formula which is a generalization of Vfolff's re-
sult~o for a nonparabolic band:

L2(q, (u)
~lhtl'k( 0 2x I + (4xe2/~ q2)I (q +)

1 4we L, (q, (o) —I,,(q, (o)L2(q, (o)
2v &Oq 1+ (4me /zoq )Lo(q, ur)

where where
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I. (q, +) = —P 7„„(k,0) we obtain from Eq. (6)
k~v

vek 0 vek

E„(k) + E„(k—q)
(7)

&i....( ~~) = - (g 0"$)),'Ai),

f„)-, being the Fermi distribution function. For
o. =0 Eq. (7) represents the contribution of the
carriers to the polarizability. In this expression
we have neglected the effect of impurity scattering,
which for n-Si was considered in Ref. 7 and later
neglected on account of the observed experimental
facts. Later on we shall describe the polarizability
in the Drude model and consider only its depen-
denc e on the carr ier concentration.

From the discussion of Eq. (3) it is clear that
these results are valid for energy bands of arbi-
trary dispersion; the sum over v considers the
different parts of a multiply connected energy con-
tour as, e.g. , in the multivalley case of n-Si. If
we consider intraband transitions in P-Si, e.g. ,
scattering within the topmost valence subband, the
sum over v is redundant and shall be dropped.
Using the identity

F(k)8:(k') = —,'-( [P(k) —8:(k')] '
- S'(k) - V'(k )],

[ S(k) - V(k )] '

where

X),')), q)g))."q)), )S)

e (q, v ) = 1 —)I)) g g (k, q)

is the dielectric function of the free carriers,
which diverges for q and m tending to zero. There-
fore, the first term of Eq. (8) vanishes in the long-
wavelength limit, due to screening, and for the
second term, however, the divergence in e(q, ur)
can be compensated by the factor Q for q-0. In
this case the dominant contribution to G„„,is
given by

G„„.(q-o, ~) =—g [&(k)- &(k')] a(k, q)g(k', q) Q~(k, q).
k, k' k

(9)

%e finally obtain the Baman cross section for
intraband scattering

= (1+~~)™[G~ (ra(q ~)]
QQ) QQ (10)

G„„„(q,~) = ——g I &„„.(k, q)

v', k-q v, k

her —E, (k) +E„.(k —q)

where n„ is the Bose factor.
We see from Eq. (9) that intraband Raman scat-

tering from a solid-state plasma is due to devia-
tions of the energy band from the parabolic and
isotropic case, for which F(k) =P(k') =constant for
arbitrary k, k'. Thus nonparabolicity and warping,
or else the wave-vector dependence of the effective
carrier masses, cause the intraband Haman scat-
tering at low frequencies.

B. Interband scattering

For interband scattering we have to consider
Eqs. (4) and (5) for vw v' and p, g g' and obtain
from the equation of motion

v'k -e vk
X

Su —E„(k) + E„.(k —q)

and the Green's function

(12)

We see from Eq. (3) that interband scattering is
possible only via virtual transitions to higher and
from lower bands. "

C. Approximations for intraband scattering

Starting from Eq. (3) we realize that the Raman
cross section [Eq. (10)] is obtained from a fourth-
rank tensor contracted with the polarization vec-
tors of incident and scattered light (twice each).
Since a numerical calculation of the tensor com-
ponents is a difficult project, we try to formulate
them in an approximate way. For this purpose we
divide the hole plasma into components in such a
way that all carriers belonging to a particular
plasma component have the same k-dependent
mass tensor. %bile for n-Si this decomposition is
exactly possible due to the multivalley structure,
we will see in the next section that the valence
band structure of Si suggests an approximate de-
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composition, also for P-doped material. We as-
sume that all carriers of a plasma component oc-
cupy the Bloch states in a simply connected volume
of k space. With these specifications we can re-
write Eq. (7) as

polarization vectors e& and e2 of incident and scat-
tered light. The k sum in Eq. (13) defines the con-
tribution of the vth plasma component to the
polarizability of the free carriers

hm —E„(k) + E„(k—q)
(15)

(13)

where v now refers to the different plasma com-
ponents;

Starting from Eq. (6) we obtain the Raman cross
section for intraband scattering in the long-wave-
length limit:

2n@c
vv (~~ )f/2 1 m+ 2

1
(14)

is essentially the inverse mass tensor of the car-
riers in the vth component contracted with the where

eii~ife~a~2O Tgf ea ~i
if e8

BcuBQ " 2& JI. f'

(16)

F( 1) g( 1 'l~ g P(l) 1

) (17)

In this form we will be able to discuss the polariza-
tion dependence and the selection rules of the intra-
band scattering (Sec. IVA) and the dependence of
the scattering intensity on the carrier concentra-
tion (Sec. IVE).

IV. DISCUSSION AND EXPERIMENTAL RESULTS

A. Selection rules

A low-frequency tail extending from near zero to
about 400 cm ' is observed in the I'». scattering
geometry. We have compared the intensity of the
tail for the sample with 1.5x10'~ cm 3 carriers at
several fixed Raman frequencies with that of the
peak intensity of the zone center optical phonon

(known to have I',„, symmetry). We find the in-
tensity ratio a constant [e.g. , (2.50 a 0.6) x 10 ' at
20 cm '] for the 10 different polarization con-
figurations used. We thus conclude that the intra-
band scattering has T'2&, symmetry. Using the
noise in the experimental data at 20 cm ' as the
limiting factor we infer that the intensity of the
tail in either J& or 1&, symmetry is a factor of
six or' more weaker than in 1~5. symmetry for the
sample with p=1.5x 10'~ cm 3 (Fig. 1).

From Eq. (9) we know that the strength of the
intraband scattering is determined by the devia-
tion of the energy band from isotropy and para-
bolicity. In the valence bands of Si the heavy hole
band, which has about ten times as many carriers
as the light hole band, is strongly warped. We
therefore attempt to explain the observed low-fre-
quency tail only with intraband scattering within
the heavy hole band. A typical constant energy
contour of the heavy hole band as calculated from
a 6x 6 Luttinger matrix (including the interaction

I

with the split-off band) is shown in Fig. 2. The
band parameters used were y&

——4.285, y~= 0.339,
y3

——1.446 and 4, ——44 me&. ' The strong deviation
from spherical energy contours (warping) is due to
the large difference between y~ and y3. The domi-
nant features of the surface of constant energy,
irrespective of the value of this energy, are the
strong lobes in the (110) directions. We assume
in the following calculations that the plasma can
be divided into one component consisting of all
carriers in a spherical central region of radius
k, around the zone center and 12 components with
the carriers in these lobes. We further assume
that, due to scattering by the impurities, the wave
vector k loses the property as a good quantum
number to such an extent that in the central region
all particles can be considered to have equal iso-
tropic mass, whereas in the 12 lobes, a mass
anisotropy still persists. With these assumptions
we calculate the scattering cross section by evalu-
ating the tensor components T,.& ~ of Eq. (17). As
can be seen from Eq. (17), T,J~ is related to -the
tensor of the inverse effective mass which for the
[110] lobe is

II

&«0 y«0

(
m

y«o ~s&o
L1i 0]

0 0 &«o.

(18)

where m is the free electron mass. This expres-
sion follows from the symmetry of the [110] direc-
tion if we assume the same mass tensor for all
carriers in the lobe. We decompose the mass ten-
sor in terms of the three Haman tensors I'f pf p,
and 1'2).
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' FIG. 1. Baman spectra for p-Si (p=&. 5x &0' cm 3) for four different polarization configurations. The low-fre-
quency tail appears only in the scattering geometries which contain the 1"25, component of the Baman tensor.
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where

1a = —,(2s&&o+5fio) 5 = e (~&so 5ffo) =y&fo

The contribution of different (110) lobes to T,, e-
can be found in Table I.

In order to consider the polarizability factor F„
in evaluating Eq. (17), we use the Drude theory
according to which F„™n„,where n„ is the carrier
density in the ~th plasma component. A calcula-
tion for zero temperature yields for P =1.5x 101~

cm and an average heavy hole mass of 0.52mo a

carrier density no =3.5x 10"cm ' in the central
region [k, = 0.04(2ff/a)] . For f inite temperatures
a larger number of states outside the central re-
gion will be occupied at the expense of states inside
the central region; thus the value of no given
above can be regarded as an upper bound of the
actual carrier density in the central region. The
carrier density in cm o for each of the (110) lobes
is thus at least

n, » ——& (1.5 x 10"—3.5 x 10")= 1.22 x 10"cm '.
The nonvanishing tensor components of Eq. (17)

are obtained by using Table I:

TABLE I. Cartesian components of inverse mass
tensor for the different (110) lobes.
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FIG. 2. Characteristic contour of constant energy of
the topmost valence subband.
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where n„-, =n0+12n, « ——p. The inverse average
heavy hole mass is, in our case, oooo

——1/0. 52.
The remaining mass parameters were calculated
numerically from the eigenvalues of a 6x 6 I ut-
tinger matrix. We obtain for k= (k, k, 0)/yY

&~)0 =4 25 &gg0 = ~.5~ ri10

almost independent of k. Thus the numerical re-
sults support the assumption made above by at-
tributing the same inverse mass tensor to all
carriers in the (110) lobes. From these numbers
we calculate finally the ratio

I

V)
K
hl
Ix

x(yz)x
I

x(yy)x

P = 1.5 && 10~~ cm 3. (21)

Using Eq. (19) the components T,& o can be
readily identified in terms of the second rank
Baman tensors: T„„„„andT„„„arecombinations
of l", and I;2 while T„,is l2, The allowed scat-
tering configuration for interband scattering is
therefore 725. , it is 24 times as intense as 1& and

I'&2. according to this calculation. t

B. Behavior under stress

Haman spectra as a function of uniaxial stress
along the [001] and [111]crystal directions are
shown in Figs. 3 and 4 for p-Si (p = 1.5x 10~o cm o)

at room temperature. Comparing the spectra for
zero (solid lines) and high stress (15 kbar, dashed
lines) for either stress direction we see that the
intensity of the tail decreases with increasing
stress. This is expected, since the upper valence
bands split under uniaxial stress, the warping of
the topmost sub-band vanishes and the energy
contour becomes ellipsoidal. Thus at high stresses
we are left with a single component plasma with
equal (anisotropic) mass for all carriers which
does not contribute to the unscreened Haman cross
section [of Eq. (9)]. The increase of the Haman
intensity in the x(yz)x configuration at 5.5 kbar
(Fig. 3) and 6 kbar (Fig. 4) can be attributed to
interband scattering (see below).

I I I I I

200 400 600

FREQUENCY {cm-' )

FIG. 3. Stress dependence of Haman spectra of p-Si
(p=1. Gx10~~ cm-3) for uniaxial stress along t001j at
room temperature.

At low stress (dotted lines) we see a small de-
crease in the intensity of the tail for the x(yy)x
conf iguration for both stress directions, indicative
of the vanishing of the interband scattering at high
stress. In the x(zs)x configuration for [111J stress
(Fig. 4) the tail increases in intensity for low
stress and then decreases for high stress. This
behavior is possibly due to the fact that the twelve
[110J lobes become inequivalent under [ ill]
stress. The stress-dependent band structure in-
dicates an increase of k~ for the [110] directions
and a decrease of k„ for the [110J directions.
Thus we expect a redistribution of carriers among
the different plasma components which for low
stress values can lead to an increased scattering
eff iciency.

C. Interband scattering

Interband scattering between the valence bands
is observed in the x(ys)x configuration for both
stress directions as a hump superimposed on the
decreasing intraband scattering tail (Figs, 5 and
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FIG. 5. Stress dependence of Raman spectra for
x(ys)x polarization and stress along [001].

D. Dependence on exciting energy

I I I I
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FR EGUEN C Y (crn 1

800

W'e have studied the intraband tail as a function
of exciting frequency for several laser lines whose
energies ranged from 1.65 to 2.54 eP. A crossed
polarization configuration was chosen so that only
the tail and the zone-center optical phonon appear.

FIG. 4. Stress dependence of Raman spectra of p-Si
(p=1.5x10'~ cm 3) for uniaxial stress along [111]at
room temper ature.

z [111)

y (112]

p-Si (p= 1.5x1019crn 3) XII C1111

x(yz) x

6). lt is present in the other two scattering con-
figurations, but in these cases is difficult to dis-
tinguish from the strong second-order (2TA) scat-
tering. The central frequencies of the hump as a
function of stress are plotted in Figs. 7 and 8. For
low stresses (up to 8 kbar) the frequency of the
hump follows the splitting of the valence bands at
k =0 under stress. It also corresponds closely to
the calculated maximum of the combined density
of states for transitions between these bands (Fig.
7). This fact leads us to ascribe the hump to inter-
band scattering. At stresses higher than 8 kbar the
hump tends to be pinned at a frequency of about
400 cm ~ and fades away at 18 or 20 kbar. Since
this behavior cannot be explained by peculiarities
of the stress-dependent band structure we con-
jecture that the pinning must be due to electron-
phonon interaction with optical phonons with wave
vectors much larger than q (momentum transfer
in the scattering process).

x f110]
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I I I I I I.. I I I I I I.. I I I I I I.. I I
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FIG. 6. Stress dependence of Raman spectra for
x(ys)x polarization and stress along [111].
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FIG. 7. Position of the hump (circles and triangles)
as a function of uniaxial stress along [001]. The circles
represent the central frequency of the hump read directly
from the spectra, while the triangles are obtained by
subtracting the line shape of the tail. The valence-band
splitting at k = 0 (full line) and the position of the maxi-
mum of the interband continuum calculated for T= 300 K
(squares) are also given for comparison.

The scattering by optical phonons in this energy
range (away from the 3.4-eV Eo resonance) should
have an ~~~ dependence, where ~~ is the exciting
laser frequency. The relative intensity of the tail
to that of the peak of the optical phonon divided by
co~4 is plotted in Fig. 9 for the sample withP=1. 5
x 10'9 cm 3. The intensity of the tail was mea-
sured at 20, 50, 100, and 150 cm '. Figure 9
demonstrates a systematic decrease of the tail
intensity with increasing frequency. Inspection
of the frequency dependence of F„„[Eq.(3)] leads
us to expect an increase of the scattering effi-
ciency with increasing laser energy (below the
+o gap).

More recently, however, the absolute Raman
cross section of the phonon has been measured for
Si as a function of the exciting laser energy.
These data demonstrate, besides the off-resonance
~4 dependence, an increase of the Raman cross
section due to resonance enhancement for laser
energies used in our experiments. In light of these
results the experimental data of Fig. 9 indicate that
the resonance enhancement of the phonon process
is stronger than that of the intraband scattering.

FIG. 8. Position of the hump (circles) as function of
uniaxial stress along [111]. The valence-band splitting
at k = 0 (full line) is also given for comparison.

In order to confirm this conjecture we ought to
evaluate the frequency dependence of the intraband
scattering along the lines of Sec. III C by calculating
the frequency dependence of P„„[Eq.(3)] for the
different plasma components. Since, however,
the resonance enhancement of the intraband scat-
tering is caused by shifting the exciting frequency
towards the energy gaps occurring in the denomi-
nators of Eq. (3), a simplified calculation seems
to be appropriate. The main contribution to 5„„
comes from the lowest conduction bands, corre-
sponding to the gaps Eo and E~ at 0 =0 (Ref. 23).
Thus the characteristic frequency dependence of
the scattering matrix elements is given by

ED' E0EA
vv( . ) E2 (g~)2 @12 (@&)2

We used the parameter values (Ref. 23)

(22)

Eo ——4.1 eP, E =21.6 eg

E,'=3.4 ev, E,'=14.4 eV

and divided the values obtained for ~F (&o)
~

~ by the
phonon Raman intensity of Ref. 22 and normalized
it to the value of 0.4 at 1.5 eV in Fig. 9. From Fig.
1 of Ref. 22 we used the mean value between the
experimental and the theoretical intensities to ob-
tain the solid line of Fig. 9 which follows the de-
crease of the observed intensity ratio with in-
creasing exciting energy.
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FIG. 9. Dependence of the Raman intensity for intra-
band scattering on the exciting energy. The calculated
curve is obtained by dividing the theoretical values for
the tail intensity by the first-order Raman cross section
of Ref. 22. (See text).

E. Dependence on carrier concentration

Raman spectra for a sample of p =1.5 x10 ' cm
taken from a (110) face for three polarizations at
zero stress are shown in Fig. 10. The spectra
start at 10 cm ~ and the quality of the sample sur-
face was not as good as for the more lightly doped
samples. Therefore a Rayleigh scattering tail can
be seen for the (zz) and (yy) polarizations, which
nevertheless is small enough to be unobservable in
the crossed (yz) configuration. For (yy) the Hay-
leigh scattering disappears around 20 cm ' (the
point where the slope changes) and for the (zz) at
38 cm ~. In the (zz) spectrum a small leakage of
the zone center phonon is also seen, probably due
to a slight misalignment. In the (yz) spectrum one
can see the hump of interband scattering at zero
stress, which was not observable for lower doping.

gn comparison with the results for the more
lightly doped material we find the same selection
rule for the intraband tail: Only the I"». sym-
metry is present in the (yy) and (yz) configurations
but not in the (zz) configuration (Fig. 10). In order
to quantify the observed variation of the tail in-

200 400
FREQUENCY (cm')

600

FIG. 10. Baman spectra for p-Si (p=1. 5&&10 cm )

for three different polarization configurations.

tensity with the carrier concentration, we com-
pared this intensity to that of the 2TA(X) phonon
which appears to remain unchanged with concen-
tration (Table II). It turns out that the efficiency
for the intraband scattering increases by a factor
of about 5 as tQe doping is changed from 1.5x10"
to 1.5x10 cm 3. Along the lines of Sec. IVA we
obtain for the more heavily doped sample with the
sa,me normalization as Eq. (21)

P=1.5x10" cm ';

thus the calculated intensity ratio is

T„,(1.5x 1020 cm ~)

T„,(1.5x 10"cm 3)

which is in reasonable agreement with the ex-
perimental result.

The observation of the interband scattering of
zero stress is in accordance with the calculated

, interband density of states, which as a function of
the Raman shift increases more steeply and
reaches higher values for p =1.5 x 102 cm than
for the more lightly doped material.
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TABLE II. Relative intensity of the tail with respect to 2TA(X) scattering of an exciting
frequency of 6471 A for different doping.

Frequency at
which tail was

measured (cm ~)

Intensity of tail
Intensity of 2TA(X)

1.5x10" cm ' ]..5x1020 cm 3
A(1020)
g(1019)

50
100
150

0.84
0.73
0.60

3.93
3.70
3.48

4.68
5.07
5.80

F. Addendum

After this paper had been written a llutter re-
porting a phenomenon similar to that of Fig. 7
appeared. 4 In this work the holes are produced
in high-purity silicon through optical injection.
The "pinning" of Fig. 7 is not seen in this work
although only one point is displayed in the region
where our pinning occurs. We do not know at this
point whether the authors of Ref. 24 tried to ob-
serve the pinning or whether the pinning was ab-

sent in their experiment carried out under condi-
tions quite different from ours. A detailed com-
parison of both types of experiments should help
to clarify the nature of the pinning observed by us.
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