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Inelastic light scattering from photoproduced carriers is observed in stressed high-
purity silicon at low temperatures. The two electronic Raman structures observed
correspond to transitions between stress-split valence bands at the zone center. These
transitions can be stress-tuned to the &-point phonon energy, thereby exhibiting Fano-
type interference between competing scattering amplitudes.

When intrinsic silicon is illuminated with light
above the band gap, electron-hole (e-h) pairs are
produced which, at l.ow temperatures, bind into
excitons near the surface of excitation. Applica-
tion of uniform compressive stress parallel to
the [001] crystallographic direction causes nar-
rowing of the indirect gap and lowers the band
energy of indirect excitons. If stress is applied
through a spherical contact surface, the resulting
nonuniform stress exhibits a relative maximum
and, therefore, a potential-energy minimum for
excitons inside the bulk. With use of this method
of strain confinement, excitons are drawn from
the surface, where they are produced by a pump
laser, and collect in the strain well where con-
densation into an electron-hole liquid (EHL) oc-
curs at low temperatures (T (15 K)."A feature
of strain confinement is that a high concentration
of e-h pairs may be created, with moderate exci-
tation levels, in a nearly spherical volume ap-
proximately 100 p, m in diameter and totally with-
in the bulk of the sample. We probe the strain-
confined exciton gas or EHL by inelastic light
scattering using Nd-doped YA10, (10796 A) or
yttrium aluminum garnet (10644 A) lasers which
have photon energies just below the silicon indi-
rect band edge.

We observe, for the first time in elemental
semiconductors, two Haman-active inter-valence-
band transitions at the I" point over a wide range
of temperatures (1.8-68 K) and applied stress
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FIG. l. Overall spectrum from strain well. (1& %'ith
argon-ion pump laser only, (2) with YA10& probe laser
plus the Ar+ laser, and (S~ with yttrium aluminum gar
net probe laser plus the Ar+ laser. The energy dif-
ference between the two probe lasers is 132 cm '.

(40-170 kg/mm'). These transitions, labeled A
andB in Fig. 1, shift with applied stress and
thus provide a unique opportunity to tune each
one to the I"», phonon energy. The antiresonance
line shapes observed under these conditions are
in good agreement with a modified Pano theory'4
in which a transition to the discrete phonon state
mixes with the finite continuum of inter-valence-
band Haman transitions (A and 8) through elec-
tron-phonon interaction. This coupling is simi-
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lar to that observed between the I'». phonon and
a broad continuum of IV,) to IV,) hole transitions
in unstressed, heavily doped, P-type silicon. '
While in Ref. 5 the electronic continuum is not
experimentally accessible, the present case in-
volves a much simpler and fully characterized
spectrum of electronic transitions.

We utilize a single crystal of high-purity dis-
location-free silicon cut such that all faces are
(100). Compressive [001] stress is applied with

a steel rod, one end of which is a section of
spherical surface of radius R, with R =0.95-6.1
cm. Under these conditions, electrons and holes
created at a (010) surface by an argon-ion laser
are quickly drawn by the strain gradient into the
region of high strain (transit time -1 ps at 2 K),
where thermalization occurs prior to recombina-
tion, and EHL is formed when T s 15 K."

Theoretical' and experimental' considerations
suggest that with a spherical stressing geometry,
we should expect a nearly uniform and uniaxial
stress over a small volume about the stress max-
imum. This is verified in our case, where the
EHL luminescence displays no strain broadening.
The actual stress at the EHL site is determined
by measuring the luminescence spectral shift
which is then fitted to previous uniform-stress
data."

With use of a conventional 90' scattering geome-
try with z as the stress axis, both inelastically
scattered light and recombination luminescence
are analyzed by a single-grating 0.5-m Spex spec-
trometer and detected by photon-counting tech.-
niques with a Varian VPM-164 photomultiplier
tube. Typical recorder traces for applied stress
8 &10' dyn/cm2 and T = 2 K are shown in Fig. 1.
With only the Ar' pump laser on, the observed
spectrq, m, trace 1, contains TA and LO-TO pho-
non-assisted EHL recombination luminescence
emanating from the potential mell. At high stress-
es, LO- TO luminescence becomes totally polar-
ized perpendicular to the stress axis, while the
TA peak remains partially polarized, making the
LO- TO replica appear much weaker. Detailed
discussion of these observations will be the sub-
ject of a subsequent paper. With the simultaneous
operation of the probe beam carefully focused on
the strain well (traces 2 and 3), we observe new
Haman transitions A and 8 in addition to the usual
zone-center optical phonon. The Raman nature
of these new peaks is evident from their spectral
shift when the probe-laser frequency is changed
by 132 cm '. Unlike the I -point phonon, the in-
tensity of A and 8 is found to be proportional to
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FIG. 2. Stress dependence of the peak position of
& and~ transsitions. The solid 1ines are shifts cal-
culated from Eqs. (1). The inset indicates band spllt-
tings under stress and the vertical arrow indicates
stress at which' overlaps with the phonon.

the number of e-h pairs in the well, therefore es-
tablishing their electronic origin.

We have looked for, but find no evidence of,
scattering from plasma oscillations. We esti-
mate a plasma frequency ~~=120 cm ' for the
strain-confined EHL and a scattering efficiency
about 10 ' times that of the I' phonon, correspond-
ing to an integrated intensity of about 10 counts/s
in our experiment.

Spectral variation of both A and & lines with
stress, Fig. 3, is consistent with their assign-
ment to electronic transitions between stress-
split valence-band states. Thus A. is identified,
in the I J, m, ) total-angular-momentum represen-
tation, as a transition from IV,) = I-,', —,') (light-hole
band) to the stress-mixed state IV,) =al2, ~) —bl2,
—,') (heavy-hole band), and B is consistent with
electronic transitions from the spin-orbit-split
band IV~) =biz g)+al —,',—,') to empty states in IV,).
The mixing coefficients a and b depend on stress. ""
From our observed polarization intensities we
conclude that both types of transitions seem to
proceed via nearly direct virtual transitions to
p states in the I'„conduction band. Observed
and computed selection rules are stress depen-
dent because of stress-induced mixing of m, =

&

states and are summarized in Tahl. e I for a stress
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TABLE I. Observed (calculated) polarization selec-
tion rules. (0 T =2K
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of 10"dyn/cm'. Our crossed analyzer-polarizer
extinction ratio was measured to be 22:1. The
spread in the calculated ratio 1'Z/YX for A is a
consequence of the uncertainty with which the de-
formation potentials are known. ' It should be
noted thatA is strictly forbidden in (ZZ) sym-
metry, while I3 is symmetry allowed in (ZZ) but
is very weak; (ZX:ZZ)) 50:1, while experimen-
tally (ZX:ZZ)~», = 20:1.

The stress-dependent valence-band splittings
can be written in terms of deformation-potential
parameters b, and 5,"":

V, —V2= —2(b, ,+ g5, ) —[(6,—25,)2+ 2&~ ]'~2,

V, —Vs=[(60 —p 5,) + 262 ]'~2,

where (), = 2(b, + 2b ~)(S» —S»)X, &, = 2(b, —b ~)(S»
—S»)X, b.,+0.044 eV is the spin-orbit splitting,
X is the applied [001]stress, and S» and S» are
elastic compliance constraints. ' In Fig. 2 the
stress dependence of valence-band splittings pre-
dicted by Eqs. (1) is compared with Raman shifts
of A and B. Def ormation-potential parameters
consistent with our measured shifts are b, = —1.56
+ 0.05 eV and b, = —0.06+ 0.05 eV. These values
are 18%%uo lower than those obtained from infrared
(ir) absorption measurements on n-type silicon. '
This difference is probably representative of un-
certainties in the absolute value for the applied
stress in uniform-stress measurements.

The spectral line shapes of the new Haman
transitions are not quantitatively understood.
The A line is fitted well by a simple Lorentzian
with full width at half maximum=4 MeV, nearly
3 times broader than the spectrum obtained by
simply considering vertical transitions between
the two hole bands with a Fermi distribution of
holes in the EHL. The Lorentzian character of
the A line suggests lifetime broadening due to a
scattering mechanism with relaxation time v
= 0.18 ps.

The ability to tune the electronic Raman transi-
tions with stress allows a unique opportunity to
study interference between the scattering ampli-
tude of a discrete state (the I'», phonon) and that
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FIG. 3. Stress tuning of antiresonance. The solid
lines are experimental traces normalized for system's
response. Circles represent the line shape calculated
from Zq. &2). Note the marked asymmetry at maximum
overlap.

~p(Z)T. '(Z, -Z —r)'
[E, E+V'R(E)]'+ -w'V'p'(E) '

where r = VT~/T„a—nd T, and T~ are the Raman
transition amplitudes (assumed real) for A and

(2)

of completely experimentally characterized con-
tinua of electronic excitations represented by the
A. and 8 lines. In what follows we consider only
interference between A and the I' phonon.

The symmetry of the zone-center optical pho-
non in silicon is the same as that of a pure [111]
shear strain, namely I'„.. The Raman tensor
for A transitions also has the same symmetry,
and Fano-type antiresonance behavior is observed
in all polarizations attainable in our scattering
geometry. The effect is shown in Fig. 3 at three
representative stresses. As [001] stress is in-
creased and the high-energy tail of the A transi-
tions visibly overlaps with the I' phonon, it be-
comes possible for holes to make IV,)—IV,) tran-
sitions by directly absorbing or emitting an opti-
cal phonon, in addition to the Raman process.
We then observe a decrease in the peak intensity
of both lines with marked broadening of the pho-
non on the high-energy side. At maximum over-
lap, the mixed line has about one-fourth the orig-
inal peak intensity of the phonon and nearly three
times that of the noninteracting A line. At high-
er stresses, the two Raman transitions again
separate and return to peak intensities close to
their original values. Throughout these changes
in line shape, the integrated intensity of the spec-
trum remains constant with 10%. This behavior
is well described by a modified Fano analysis of
discrete-continuum interaction with line shape
given by
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the phonon, respectively. F., is the phonon ener-
gy, V is the electron-phonon interaction, p(E)
and R(E) are the density of states and spectral re-
sponse of A transitions, and D is a scale factor.

Because of the Lorentzian character of A when
far away from the phonon, we use the complex
response function

C

E, -E -iy/2

to describe the spectrum of electronic transitions.
Then w p(E) = ImG, and R(E) = ReG, . C can be in-
terpreted as the number of holes per unit cell,
whereas E, and y are the peak position and the
full width at half maximum of A, respectively.
A more microscopic theory of interference line
shapes may be found elsewhere. "'"

We can estimate the magnitude of the pertinent
parameters as follows. When A is sufficiently
removed from the phonon, we obtain y= 34+ 3 cm '
independent of stress and E,= 527 + 1 cm '.
ratio of the integrated intensity of A to that of the
phonon when both are well separated, is obtained
from Eq. (2); g =(T,/T~)'C. Experimentally, we
find g =1.0+ 0.2. From the ratio of peak intensi-
ties of A before and after the phonon, we also de-
termine ~ = 13.0 + 0.2 cm '. Then from g and x we
obtain CV =170+30 cm '. As an upper limit of
C we assume that the strain weO contains EHL
with average e-h pair concentration of 3.7 &&10"

cm '.' Then C =1.5 &10 ' from which we obtain
the electron-phonon interaction, V = 420+ 35 meV,
as well as T~/T, =(4.0+ 0.4) &&10 '. The uncer-
tainty in these figures reflects the spread in y
which is due to experimental noise. It should be
emphasized that all three spectra in Fig. 3 are
fitted with the same parameter values given
above, allowing only E„ the spectral position of

the A peak, to be varied with stress.
In summary, we have observed new electronic

Raman lines in optically pumped, stressed Si
due to inter-valence-band hole excitations. The
shift with stress, selection rules, and interfer-
ence behavior of the new lines with optical pho-
nons are reasonably well understood, allowing
measurement of the electron-phonon interaction.
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