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Raman microprobe scattering of solid silicon and germanium at the melting temperature
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Raman microprobe spectroscopy is used to study c-Si and c-Ge heated to the melting point by a
tightly focused cw laser beam. At their respective melting temperatures, the Raman shifts of solid
Si and Ge are 481.7+0.4 and 281.4+0.5 cm ', and the linewidths are 24.3+0.3 and 14.1+0.5 cm
Optical-phonon coupling both to two and to three phonons is necessary to explain the Raman
linewidths measured here at the melting temperature and those measured elsewhere at lower tem-
peratures. Coupling to two phonons is important in determining anharmonic corrections to the Ra-
man energy shift, while coupling to three phonons of lower energy is relatively less important. Po-
larization analysis of the Raman spectra has been used to differentiate the contributions from par-
tially melted and nonmelted regions.

I. INTRODUCTION

The temperature dependence of first-order Raman
scattering by phonons in silicon and germanium has been
investigated extensively. ' With increasing tempera-
ture, the Raman shift decreases and the linewidth in-
creases in both semiconductors because of anharmonic
effects. ' Using this temperature dependence, Raman
spectroscopy has been used to probe the temperature
profile of conventionally heated' and laser-heated sil-
icon, sometimes with submicrometer resolution. Ra-
man analysis of semiconductors over a wide range of tem-
peratures, up to melting temperature, is needed to better
understand the contributions of volume expansion and
anharmonic intermode coupling to the Raman shift and
linewidth. For example, there are questions about the
relative importance of cubic and quartic anharmonic
terms in the potential for Raman scattering at high tem-
perature. Apparently, only one Raman study of these
semiconductors has been conducted at the melting point.
A CO2 laser was used to heat silicon Alms on quartz to
form coexisting solid and liquid regions at the melting
temperature. Raman scattering was performed with
mode-locked Ar-ion laser pulses and gated detection to
filter out blackbody radiation. In this work, Raman mi-
croprobe analysis is used to probe Ar-ion laser-heated
micrometer-dimension regions in bulk c-Si and c-Ge to
analyze optical phonons in the solid phase at the melting
temperature.

The coexisting solid and liquid phases in silicon formed
by high laser power heating have been examined by
several groups. ' Complicated stable or time-varying
structures, sometimes with solid or liquid lamellae, or
grating-type structures, have been observed for relatively
large ( —40—500 pm diam) partially molten regions.
Stable patterns were seen using CO2 laser heating, with
solid lamellae as narrow as 3 pm wide, while time-
varying patterns were observed when a laser at shorter
wavelength, such as an Ar-ion laser, was used for heat-
ing. " The coupling of light to the partially molten re-

gions is complex because the reAectivity of the molten re-
gion is higher than that of the solid region. Analogous
mixed solid-liquid regions are expected for the
micrometer-dimension heated spots examined here in sil-
icon and germanium.

II. EXPERIMENTAL PROCEDURE AND RESULTS
0

A linearly polarized cw Ar-ion laser (5145 A) was fo-
cused to a 0.8-pm spot size (half-width of intensity de-
crease to 1/e) onto the semiconductor sample, which was
mounted in an evacuated vacuum chamber (10 Torr).
The focused laser beam heated the sample and also pro-
vided photons for the spontaneous Raman spectrum.
The backscattered Stokes Raman signal was transmitted
through a rotatable k/2 wave plate, followed by a beam
splitter that transmitted light that was linearly polarized
in only one direction. This polarization-analyzed Raman
signal was measured by the detection system, consisting
of a triple spectrometer and an intensified diode array.
Laser-heated c-Si(001) and c-Ge(001) wafers were exam-
ined in z(x,y)z and z(x, x)z orientations, where x,y are
the crystal [100] and [010] directions and x is also the
laser polarization direction. Usually time-resolved Ra-
man spectra were taken.

With laser power P below that needed for melting, Ra-
man signals were observed with z (x,y)z orientation for Si
and Ge but not with z(x, x)z, as is expected. " Si melted
for laser powers P )0.4 W, while Ge melted for I' )0. 14
W. The onset of melting was noted by changes in the Ra-
man spectrum' and by the characteristic large-angle,
swirling nature of the reAection pattern. Typical Raman
spectra are shown in Fig. 1, for Si with P =1.2 W. There
are two peaks in the z (x,y)z spectrum, at 508.4 and 484.4
cm ' when fit as Lorentzians, and only one peak in the
z(x, x)z spectrum, at 481.3 cm '. When the asymmetric
line shape of the higher-energy z (x,y)z peak is used in the
fit, the lower-energy z (x,y)z peak coincides with the
z(x, x)z feature. Raman spectra were integrated only for
the first 0.5 sec of illumination for Si, because there was a
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FIG-. 1. Raman spectra of partially molten Si averaged for
the first 0.5 sec of sample heating using a laser power of 1.2 W
at 514.5 nm. For z(x, x)z analysis (a), only one peak is seen at
481.3 cm ', while for z(x,y)z Raman analysis (b), two peaks are
observed at 508.4 and 484.4 cm ' (Lorentzian fit), respectively.

III. DISCUSSION

When melting occurs, initially there is expected to be a
central region with coexisting solid and liquid phases,
surrounded by a hot solid zone. The outer solid zone ac-
counts for the high-energy peak in the z(x,y)z analysis
that is absent in the z(x, x)z analysis of these crystalline
semiconductors. ' The single z(x, x)z peak and the low-
energy z (x,y)z peak are due to solid silicon and germani-
um no longer in the I001] orientation, corresponding to
randomly oriented solid regions at the melting tempera-
ture Qoating in the molten zone. (Scattering from
misoriented recrystallized regions is also possible just
above melting threshold. '

) The decrease in Raman in-
tensity with increasing P is explained by the decreasing
fraction of solid material within the partially molten
zone, and by noting that molten silicon and germanium
have no Raman spectrum. For P )0.7 W, the laser-
heated zone in germanium is totally molten.

The z(x, x)z single peak appears to be only weakly
aQ'ected by stress. ' The possible interference between

Aow of molten silicon for longer times. Longer integra-
tion times were possible for germanium.

The z(x, x)z peak in the Si spectra is at 481.7+0.4
crn ' for P =0.9—1.8 W. In Ge, the peak is at
281.4+0.5 cm ' for P =0.16-0.70 W. The linewidths
[full width at half maximum (FWHM)] in these experi-
mental regions are 24.3+0.3 cm ' for Si and 14.1+0.5
cm ' for Ge, and are corrected for instrumental resolu-
tion. Using atomic line sources, the instrumental
response was found to closely approximate a Gaussian
with a 2.5 cm ' FWHM. This line shape was convoluted
with the assumed Lorentzian Raman profile.

The intensity of the z(x, x)z Raman signal decreases
slowly in partially molten Si and very quickly in Ge with
increasing laser power. No Raman signal was seen in Ge
for P )0.7 W.

Raman scattering by optical phonons and by laser-
created electrons and holes is discussed later in this sec-
tion.

Haro et al. ' have performed a detailed lattice-
dynamical calculation for Raman scattering in Si using
anharmonic force constants fit to experiment. The
second-order cubic anharmonicity term was used to
determine the linewidth I, and volume expansion and
both the second-order cubic and first-order quartic terms
were used to determine the Raman shift Q. Each of these
contributions becomes ~ T at high T. The relatively
good agreement with experiment obtained at lower tem-
peratures ((800 K) was an improvement over the earlier
shell-model calculation by Cowley. ' Higher-order
terms, starting with the second-order quartic terms
which are ~ T, must also be included for improved
agreement of these calculations with experiments at
higher temperatures. Narasimhan and Vanderbilt re-
cently obtained similar results for the linewidth variation
with T, using a less-empirical determination of anhar-
monic force constants and a similar perturbative ap-
proach. The molecular-dynamics study by Wang et al. '

obtained excellent agreement with the experimental fre-
quency shift and linewidth of optical phonons in Si to
1100 K. Because there are no calculations for Ge and be-
cause the Si calculations were not performed near the
melting temperature, simple perturbation models based
on the three-phonon (cubic) coupling and four-phonon
(quartic) coupling are used here to analyze the data.

The decrease of the Raman shift of q =0 optical pho-
nons with increasing temperature is due the change of
harmonic frequency with volume expansion and anhar-
monic coupling to phonons of other branches. The real
part of the phonon self-energy shift can be written as

where y is the Gruneisen parameter for the optical Ra-
man mode, 0.98 for c-Si and 1.13 for c-Ge, and a(T) is
the coefficient of linear thermal expansion.

The correction of the self-energy due to anharmonic
coupling can be modeled as

b, I '(T)=C 1+ 1

(e ' —1)

+D 1+ +
(e~—1) (e~—1)

(3)

where the first term corresponds to coupling the optical
phonon to two identical (x& =x2) or different (x&&x2)
phonons and the second term corresponds to coupling to
three identical phonons. The notation used here closely
follows that of Ref. 2.

Similarly, the Raman linewidth can be modeled as'

where coo+ 6, ' '(0) is the Raman shift as T~0 K, b "'(T)
is the thermal-expansion contribution to the line shift,
and b, ' '(T) is due to anharmonic coupling. b,"'(T) can
be written as'

T
b,"'(T) =coo exp —3y f a( T')dT' —1
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TABLE I. Comparison of experiment and model prediction of the Rarnan shift (Q) and linewidth (I ) at the melting temperature in
Si (1690 K). The fits are obtained using data from Refs. 1 and 2, with coo fixed at 528.0 cm

Model
No.

I
II
III

IV

V
VI

Model

Klemens [6' "(T)—:0]
Klemens [6' "TWO]
Menendez-Cardona
[6"'( T)%0]
Menendez-Cardona +
four-phonon term
[6"'( T)%0]
Balkanski [b,'"(T)—=0]
Balkanski [6"'(T)%0]
Experiment:
Ref. 8

Experiment + model:
Ref. 24 (1673 K)
Experiment:
This work

(cm ')

1.3200
1.3200

1.3200

1.2254

1.2130
1.2130

B
(cm ')

0.0
0.0

0.0

0.0946

0.1070
0.1070

C
(cm ')

—3.500
—3.500

—3.500

—3.485

—3.356
—3.450

D
(cm ')

0.0
0.0

0.0

—0.015

—0.144
—0.050

1690 K

496.7
487.5

484.4

482.6

478.7
481.2

480+2

478.9
481.7
+0.4

r
1690 K

11.8
11.8

12.9

24.7

25.2
25.2

28

25.3
24.3
+0.3

I (T)=A 1+ +1 1

(e ' —1) (e ' —1)

This linewidth is usually equal to the phonon damping
rate, which is the imaginary part of the phonon self-
energy. When the real part of the self-energy changes
rapidly with frequency, which is not expected here, there
is an additional contribution to the linewidth. ' This
model for the linewidth includes phonon decay into two
identical or different phonons (three-phonon process) and
into three identical phonons (four-phonon process) and is
similar to Eq. (3). Above the Debye temperature, the first
terms in Eqs. (3) and (4) are linear in temperature, while
the second terms are quadratic.

Klemens considered the coupling of the optical pho-
non with frequency coo to two phonons of equal frequency
coo/2 [x, =x2 =%coo/2k~ T and B =D =0 in Eqs. (3) and
(4)] and did not include the thermal-expansion term.

(This is called model I in Tables I and II and Figs. 2—5.
When thermal expansion is included for 0, , it becomes
model II.) Balkanski et aj. improved the fit of 0 and I
obtained from Si Raman spectra at high T by adding the
second term in Eqs. (3) and (4), which includes coupling
to three phonons with equal frequency ~o/3(y =%coo/
3k& T). Again, the effect of thermal expansion was not in-
cluded in the analysis (model V). Inclusion of thermal ex-
pansion (model VI) decreases the value of D in Eq. (3);
that is, the four-phonon process appears to become less
important. Menendez and Cardona' noted the impor-
tance of thermal expansion in determining 0 for Si and
Ge, but they did not compare their model with experi-
mental Raman shifts. In their discussion of the Raman
linewidth, they also noted that in coupling the q =0 opti-
cal phonon to two phonons, the most important contribu-
tion need not be to two identical phonons. They claimed
that for Ge and Si the highest final joint density of states
occurs when these two phonons are from different
branches (LA and LQ) and have different
frequency, ' leading to x

&
=0.35%coo/kz T and xz

TABLE II. Comparison of experiment and model prediction of the Raman shift (A) and linewidth (I ) at the melting temperature
in Ge (1210K). The fits are obtained using data from Ref. 1, with uo fixed at 306.2 cm

Model
No.

I
II
III

IV

V
VI

Model

Klemens [b"'(T)=—0]
Klemens [b,'"(T)%0]
Menendez-Cardona
[6"'( T)%0]
Menendez-Cardona +
four-phonon term
[b."'( T)%0]
Balkanski [6"'(T):—0]
Balkanski [b,'"(T)%0]
Experiment:
This work

(cm ')

0.7500
0.7500

0.7500

0.7352

0.7283
0.7283

B
(cm ')

0.0
0.0

0.0

0.0148

0.0217
0.0217

C
(cm ')

—1.200
—1.200

—1.200

—1.198

—1 ~ 132
—1.187

D
(cm ')

0.0
0.0

0.0

—0.002

—0.068
—0.013

0
1210 K

293.0
285.4

284. 1

283.8

279.8
282.9
281.4
+0.5

I
1210 K

8 ' 3
8.3

9.1

11.9

12.5
12.5
14.1

+0.5
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FIG. 2. Rarnan shifts of Si as a function of temperature, fit
using models I—VI. Data reproduced from Ref. 1 are the
squares; data from Ref. 2 are the triangles. The shift at the
melting temperature obtained in this work is the circle at 1690
K. The fitting curves, from top to bottom at 1690 K, are model
I ( —~ .—~ .), II (~ ~ ~ ~ ), III (————), IV ( ), VI ( —~ —~ ),
and V (- - -). Models I—VI are defined in the text and in Table I.

FIG. 4. Raman shifts of Ge as a function of temperture, fit

using models I—VI. Data reproduced from Ref. 1 are the
squares. The shift at the melting temperature obtained in this
work is the circle at 1210 K. The curves, from top to bottom at
1210 K, are model I (—-.—- ) II (. -) III (————), IV
( ), VI ( —.——), and V (- - -). Models I—VI are defined in
the text and in Table II.

=0.65k'coolk&T in Eqs. (3) and (4) (8 =D =0) (model
III). The calculations of Narasimhan and Vanderbilt
suggest that coupling to pairs of LA-LO phonons does
not occur, but that model III is still reasonable because
coupling to pairs of LA-TA phonons near the edges of
the Brillouin zone is very important. At high tempera-
tures, coupling to three phonons, possibly with different
frequencies, can be included. (With coupling to three
identical phonons, this is model IV. )

In Table I and Figs. 2 and 3, comparison is made be-

tween the Raman parameters measured here and by
Nemanich et ah. for Si at the melting point T = 1690
K, and data from earlier studies conducted at lower tem-
peratures. ' The Raman shift at 1690 K measured here
is very close to that measured in Ref. 8, though the
linewidth measured here is significantly smaller. Also
listed in Table I are values that Compaan et al. de-
duced for 1673 K from their study of pulsed laser heating
(with no melting), after their Raman data were deconvo-
luted to account for temperature nonuniformity. The
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FIG. 3. Rarnan linewidth of Si as a function of temperature,
fit using models I—VI. Data reproduced from Ref. 1 are the
squares; data from Ref. 2 are the triangles. The linewidth at the
melting temperature obtained in this work is the circle at 1690
K. The curves, from bottom to top at 1690 K, are model I
(—- ~ —~ .), III (————), IV ( ), and V (---). Models
I—VI are defined in the text and in Table I. Note that the
linewidths are identical for models I and II, and also for models
V and VI.

FIG. 5. Raman linewidth of Ge as a function of temperature,
fit using models I—VI. Data reproduced from Ref. 1 are the
squares. The linewidth at the melting temperature obtained in
this work is the circle at 1210 K. The fitting curves, from bot-
tom to top at 1210 K, are model I ( —~ ~ —~ ~ ), III (————),
IV ( ), and V (- - -). Models I—VI are defined in the text and
in Table II ~ Note that the linewidths are identical for models I
and II, and also for models V and VI.
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data from Refs. 1 and 2 were fit by using models I—VI
and then the fits were extrapolated to T . Note that for
the linewidths, models I and II are identical and so are
models V and VI. The value of coo has been fixed at 528.0
cm ', which is the value from Ref. 2. In three-phonon
coupling (8 =D =0), A and C are determined using the
lowest temperature points in Refs. 1 and 2. When four-
phonon coupling is also included, B and D are chosen to
get a good fit near 1200 K. (Note that small differences
in model extrapolations to T may be due to details of
the fitting procedure. )

When thermal expansion is neglected, the Klemens
three-phonon model (model I) gives a poor fit of the Ra-
man shift, while a good fit is obtained when the four-
phonon term (from Balkanski et al. , model V) is added
(Fig. 2 and Table I). Inclusion of thermal expansion im-
proves the three-phonon models (II and III), giving a sa-
tisfactory fit with the Menendez-Cardona model (III).
When the four-phonon term is also added to the Klemens
(VI) or Menendez-Cardona (IV) three-phonon model,
very good fits to the lower temperature and melting tem-
perature data are obtained. Note that in models IV, V,
and VI, the amplitude of the four-phonon term D is al-
ways negative and its magnitude decreases with model
refinement, even though the Q(T ) prediction remains
essentially the same: first with the inclusion of thermal
expansion (model V to VI) and then with the improved
three-phonon term (model VI to IV).

As seen in Fig. 3, inclusion of the four-phonon term is
necessary to model the Raman linewidth in silicon. The
extrapolation of the low-temperature data to the melting
point agrees well with the linewidth measured here.

A similar comparison of the Raman parameters is
made in Table II and Figs. 4 and 5 for Ge. Equations
(1)—(4) are used to extrapolate the lower-temperature ex-
perimental data from Ref. 1 to T =1210 K. 3, B, C,
and D are chosen in a way similar to that used for Si,
with T-750 K data used to determine B and D. The
linewidth fit is insensitive to the choice of ~0, while the fit
of the Raman shift is very sensitive to mo because
0( T =0)=a~o+ C +D [from Eqs. (1) and (3)]. Figure 4
has been plotted with coo=306.2 cm '. Increasing ~o to
306.3 cm almost eliminates the four-phonon term in
model VI, with D changing from —0.013 to —0.005
cm '. Decreasing coo to 306 0 cm ' changes D to
—0.029 cm . This last modification leads to a slightly
poorer fit at lower temperature and a large splitting (3
cm ') between the model III and VI predictions of
A, (T ). Models III—VI all give fair fits to the Raman
shift data in Ge.

The Raman linewidth in Ge extrapolated to the melt-
ing point is 6 cm ' smaller than the present measure-
ment when only three-phonon coupling is included. The
measured linewidth is within -2 cm of the extrapola-
tion when four-phonon coupling is also included.

Though it is not possible to uniquely fit the data in
Figs. 2—5 with these models, some points are clear. In
fitting the Raman linewidth in Si and Ge, terms both
linear and quadratic in temperature are necessary. In
contrast, the linear terms alone, including that due to

volume expansion, provide an adequate fit to the Raman
shift data, while the quadratic terms make only a small
correction needed for temperatures near the melting
point.

The connection of the models used here to analyze the
Raman spectra and the anharmonic potential should be
clarified. ' Both the self-energy correction in Eq. (3)
and the linewidth in Eq. (4) have been described as the
sum of two terms, the first term couples the optical pho-
non to two phonons and the second term couples it to
three phonons. Above the Debye temperature, they vary
as —T and —T, respectively. For I (T), this model of
phonon decay corresponds closely with theory. The two
terms in Eq. (4) correspond to cubic and quartic terms in
the potential, respectively, both in second-order perturba-
tion. For b, ' '(T), the correspondence between the model
and each term in the anharmonic potential is less direct.
Second-order cubic and first-order quartic terms both
have the linear temperature dependence at high T exhib-
ited by the first term in Eq. (3). The cubic term couples
the optical phonon to two lower-energy phonons as in the
model, while the quartic term is a renormalization based
on the creation and annihilation of a phonon, and does
not directly relate to a term in the model. Second-order
quartic terms and other higher-order terms exhibit the
quadratic temperature dependence of the second term in
Eq. (3). One of these second-order terms corresponds to
the coupling of the optical phonon to three lower-energy
phonons, as in the mod, el.

The possible interference between Raman scattering by
optical phonons and by laser-created electrons and holes,
known to produce a Fano-like line shape, should be con-
sidered before concluding this discussion. It is difficult to
assess the importance of free carriers in this experiment,
even though there have been detailed Raman studies of
doped Si and Ge at 77 and 300 K. Past work has
shown that as the continuum electronic scattering be-
comes more important, the Raman profile typically shifts
down in frequency and broadens, eventually becoming
asymmetric and then very distorted. In both Si and Ge,
electronic scattering of holes is much more important
than that of electrons. At 77 and 300 K, hole densities of
-2 X 10 /cm produced by dopants broaden and down-
shift the Raman peak by —5 —20 cm ' in these semicon-
ductors (5145 A).

An upper limit for the steady-state density of electrons
and holes during laser irradiation is estimated by balanc-
ing carrier creation by photon absorption and loss by
Auger recombination, giving —5 X 10 /cm at the
center of the spot at the surface for both Si and Ge. This
peak value is over an order of magnitude larger than the
free-carrier density for each semiconductor at the melting
temperature (unirradiated), and may well be an overesti-
mate because it neglects diffusion and the effect of the
nearby conducting, molten regions. The Raman mea-
surements made at lower temperature cannot be used at
1690 K because the band structure is very different near
T . For instance, in Si the band gap of the direct transi-
tion Eo decreases from 3.3 to -2.6 eV as T increases
from 300 to 1690 K. Because of resonance effects, this
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change should decrease the importance of electronic
scattering relative to phonon scattering at T . Also,
the exact shapes of the heavy- and light-hole bands at
1690 K, which critically aftect the scattering of holes, are
not known. Furthermore, the probability that there is a
hole in the initial scattering state but not in the final state
decreases by a factor of -2 from 300—1690 K, which
would again tend to lessen the relative importance of
electronic Raman scattering at 1690 K. In the Raman
study of pulsed laser-heated Si, Compaan et al. estimat-
ed an electron-hole pair density of -2X10 /cm, but
found that their T =600—1400'C data were well modeled
assuming a much lower density —2X10' /cm (and the
300 K parameters). This lower density would lead to a
decrease of 0 by &0.5 cm ' and an increase of I by -2
cm

In Ref. 8, heating was provided by light with energy
below the Si band gap, so no free carriers were created by
photon absorption. If carrier effects were important here,
a smaller shift and a broader linewidth would have been
measured in this study. The frequency shifts measured
here and in Ref. 8 in Si are efFectively the same, while the
linewidth measured here is in fact smaller. Also, no
change in the Raman shift or width and no asymmetry
was seen for Si or Ge over the range of laser power and
corresponding carrier density (-P '

) examined here.
Small changes would be measurable if the high carrier
densities estimated here were accurate (assuming the pa-
rameters at 300 K). Note that in Ge the experimental
frequency and linewidth data are —1 —2 cm ' below and

above model predictions at T, respectively. One cannot
rule out the possibility that these differences are due to a
small free-carrier effect.

IV. CONCLUDING REMARKS

Coupling of the optical phonons produced in Raman
scattering both to two and to three phonons is needed to
describe optical-phonon decay up to the melting tempera-
ture in both silicon and germanium. Three-phonon pro-
cesses and volume expansion, which both have a linear
temperature dependence, are very important in determin-
ing anharmonic contributions to the real part of the pho-
non self-energy and can fit the Raman shift dependence
on temperature very well. Terms with a quadratic tern-
perature dependence above the Debye temperature, such
as the coupling of an optical phonon to three lower-
energy phonons, seem to have a less significant effect on
the Raman shift.
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