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The effect of free electrons on the optical phonon of silicon at the center

of the Brillouin zone is studied using the Raman scattering technique. Heavy
doping gives rise to a continuous electronic Raman scattering and makes the
phonon line shape assymetric. The profile factor which is related to the dis-
symetry, is shown to have the signes of the matrix elements of the electron—

phonon interaction.

THE EFFECT of free electrons on the optical phonon
of silicon at the center of the Brillouin zone is investi-
gated using the Raman scattering technique. Heavy
doping (n 2 10?°® cm™3) gives rise to a continuous
electronic Raman scattering, and affects the position
of the one phonon line shape. In contrast to p type
silicon, which exhibit a dissymmetry on the high side
of the phonon peak maximum,!+2 n type silicon shows
a low energy side dissymmetry. The dissymmetry of
the line in p type silicon was attributed in reference 2
to the interference between scattering processes on
interband transitions and on optical phonons. (Fano
interaction.®) In this letter the line shape in n type
silicon will also be expressed in terms of the Fano
interaction. However, the comparative analysis of the
symmetry of the electron states in p and in n type
silicon shows, that the difference in the line dissym-
metry is connected with the negative sign of the Fano
profile factor ¢q in n type silicon.

* The authors reserve all rights to any further use of this
work. This manuscript is registered at the All Union
Agency on CoPyright, which is the sole representative
of the authors’ interest.
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The measurements reported here were performed
at room temperature on arsenic and phosphorus doped
silicon. The exciting laser sources are the 4480 A argon
laser line and the 6471 A krypton one, silicon has been
doped by diffusion at high temperature.

Figure 1 shows the Raman spectrum of pure
silicon, and of silicon containing 2.3 x 10%° P/cm™
and 7 x 10?° P/cm™3, the dotted line represents the
Raman intensities difference between the doped and
the pure silicon. The dotted line clearly exhibit the
interference pattern between the continuum and a
discrete state, the minimum is on the high energy side
of the phonon peak, and the continuum extends on
a wide range of frequencies.

3

The continuum Raman scattering arises from
electronic transitions between heavy and light hole
bands in p type and between A; and A, bands in n
type silicon. Figure 2 shows the band diagram of n
type silicon.* The vertical distance between A, and
A’ bands equals AE = 0.35 eV ® (according to refer-
ence 4, AE = 0.5 eV). The minimum frequency of
the scattering by the continuum excitations depends
upon the Fermi energy, via.
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F1G. 1. Raman scattering of silicon containing 2.3 x
10%° and 7 x 10% phosphorus donnors per c.c. The
laser wavelength is 4880 A at room temperature. The
dotted line is the scattering intensity out of which the
double phonon intensity has been deduced.

hwmm = 2(AE/4 — Eg).

The interference is possible only if the optical
phonon frequency 2
Wmin < < wWmax = AE.
The condition is satisfied forn > 7 x 10" cm™.

The line shape in the presence of the interference
can be expressed by
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A is the scattering frequency, €2 is the dressed pho-
non frequency, I is the phonon damping.

The profile factor of the line, g can be expressed
through the ratio of the Raman tensors for purely lat-
tice (Ryq¢) and purely electronic (R.;) Raman scatter-
ing 3
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F1G. 2. Conduction bands of silicon along the direction
(1 0 0) near the edge of the Brillouin zone.

Here V,;, is interband matrix element of the electron—
phonon interaction between the states which contri-
bute to the interference.

In silicon the phonons with the symmetry I'ys con-
tribute to the one phonon Raman scattering. For the
phonon polarisation X the only non-zero lattice Raman
tensor component is RYZ . Therefore the interference
phenomenon is determined by the corresponding com-
ponent of purely electronic scattering RYZ. In p type
silicon the main contribution to RYZ comes from
the virtual transition between I';s and I'ys bands, so
that
_ XZ|Pz| XXX |Py|XY)

El, —Ep —hw;

(3)
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In n type silicon the main contribution to RYZ is deter-
mined by the virtual transition between X, and X,
bands
X Py XaX Xy |Pz|X1)

Ep —F 3% — hw;

Ri% (4)
Here X, X,, X4 are degenerated states at the Brillouin
zone boundary which develop into A,, A, and As
states, correspondingly.
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The symmetry of the I' and Xy points gives the
possibility to determine the relative sign of R}ZZF and
RZ%.InT point

(XZ|Pz|X) = (XY |Py|X)
so that
RYZ ~ KXY |Py|X)? (5)
B —Fp—hw

The analysis of the symmetry of the states in X point
of the space group O},, which includes nontrivial trans-
lations gives the relation

X1 |PylXy) = — (}?1‘|P2|X4)
from which if follows

<X 1Py | X))
RY% ~———5——. 6
el, X ng‘z _E;:(p — hew; ( )
Equation (1) shows, that the sign of ¢ determines
the dissymmetry of the line. Therefore the sign of g
is different for p and for n type silicon.

According to equation (1) the profile factor ¢ can
be deduced from the experimental curve

LaptLip
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q= )
where I'yr and ' are respectively the width of the
high frequency side of the maximum and the width of
the low energy side of the maximum. When the free
carrier concentration increases from 2 x 10% ¢cm™ to
7 x 10% cm™ the interference increases and g de-
creases from 12 to 9, which approves the electronic
nature of the interference observed.

All the experiments®+2 show, that g does not
change its sign with the doping. Consequently Ry, does
not also change its sign with doping. It follows from
the equations (5) and (6), that experimentally estab-
lished difference between the profile factor sign for p
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and » type silicon can be attributed to the difference
between the signs of the electronic Raman tensors of
the scattering in I" point (p type) and in X point (n
type). From this fact we conclude that the sign of the
matiix element of the electron—phonon interaction is
the same for I'ys and X, states.

According to equation (2) the line shape is a func-
tion of the exciting laser energy. As it was shown in
reference 2 the frequency dependence of Ry, can be
approximated by the function Ry ~ (EY — EL —hew;) ™
However, the frequency dependance of R, in n type
silicon differs from that of the p type. The difference
between the forbidden gap width in X point
(EX: —E¥ =4.1eV) and the energy of the exciting
light is much larger than the scattering frequency
Aw ~ Q. Therefore R,; can be apparently better ap-
proximated by the function R, ~ (EX — EX —hw;)™!,
which corresponds to nonresonant scattering case.

Thus,

q(w) (X —Ef —hw XEe —Ey —hw,)*?
q(w,)  (Ez —Ey —hw,)*(EX —Ef —hw,)
(8)

The calculated ratio g(w; )/g(w,) = 1.6 is in good
agreement with the experimental value of 1.6.

Thus, the shape of the spectrum, the concen-
trational and frequency dependance indicate the
existence of the interference of the phonon and elec-
tronic scattering in # type silicon. The sign of the pro-
file factor evidences the coincidence of the signs of
the matrix elements of electron—phonon interaction
in p and in n type silicon. ‘

Acknowledgements — One of the authors (AS) would
like to thank Prof. M. Balkanski for the hospitality ex-
tended to him at the Laboratoire de Physique des
Solides, Université de Paris VI, where his contribution
to this work was partly carried out.

REFERENCES
1. BESERMAN R., JOUANNE M. and BALKANSKI M., 11th Intern. Conf. Semicond., Warsaw (1972)

(PWN—Polish Scientific).

FANO U., Phys. Rev. 124, 1866 (1961).

ok WS

LIU L., Phys. Rev. 126, 1317 (1962).

CERDEIRA F., FIEDJY L.A. and CARDONA M., Phys. Rev. B8 4734 (1974).

HENSEL J.C., HASEGAWA H. and NAKAYAMA M., Phys. Rev. 138A, 225 (1965).



