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Fano-type interference in the Raman spectrum of photoexcited Si

Valentin Magidson* and Robert Beserman
Technion - Israel Institute of Technology, Haifa, Israel

~Received 16 March 2002; published 11 November 2002!

Free carriers introduced by high cw laser power densities (23106 to 43107 W/cm2) in silicon result in a
Fano-type asymmetric Raman line shape. This line shape is attributed to the interaction between the photoex-
cited holes and the zone center optical phonon. Raman spectra of photoexcited Si are compared withp-doped
Si spectra in a wide temperature range~5–750 K! for different laser wavelengths. The determination of the free
carrier plasma concentration from the Raman spectrum is demonstrated. These measurements provide an
additional source of information on recombination rates, ambipolar diffusion, and electron-phonon coupling
parameters for dense electron-hole plasma~up to 431019 cm23).

DOI: 10.1103/PhysRevB.66.195206 PACS number~s!: 78.30.Am, 61.80.Ba, 63.20.Kr
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I. INTRODUCTION

Electron-hole plasma properties in Si are important
both basic many-body physics and wide range of appl
tions. In this paper, we present a Raman spectroscopy s
of the electron-hole plasma in Si excited by cw lasers. To
best of our knowledge, the Fano-type interference in Si w
the electron-hole plasma has not been systematically stud
This interference has been observed only in experime
with high-power pulsed laser excitation,1 along with the
sample heating to submelting temperatures. In this case
Fano interference gives only a small contribution on
background of large thermal line broadening, and both
fects cannot be separated unambiguously. In these ex
ments the laser spot diameter was large compared to the
penetration depth, so that in the center of the laser spot
dimensional heat transfer takes place, resulting in very h
temperatures for the excitation density used.

In this work we make use of efficient three-dimension
heat dissipation when the laser beam is focused to the
micron size spot, to reduce the sample heating for gi
excitation density. Free carrier plasma concentration o
31019 cm23 has been achieved with the sample heating
only 100 °C. The free carrier plasma concentration was e
mated by comparison with the Raman spectra of so
heavily doped samples in a wide temperature range, use
a calibration.

In contrast to the large amount of experimental data2 for
free carrier concentrations below 1018 cm23, for higher con-
centrations measurements of temperature dependence of
parameters as ambipolar diffusivity and Auger coefficient
quite sparse.3–5 In experiments involving pulsed laser exc
tation, such as time resolved photoluminescence and t
sient grating, the material parameter extraction is
straightforward for this concentration range, because m
nonlinear parameters are involved simultaneously~lifetime
reduction, band-gap narrowing, carrier-carrier scatteri
etc.!.

The Fano-type interference in Raman scattering has b
extensively studied in heavily doped silicon.6,7 It is known to
result in asymmetric line shape of the first order phon
Raman peak for bothn-type8,9 andp-type10,11 silicon, when
the overlapping of energies between the continuous spec
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of Raman allowed free-carrier transitions and the quasi
crete phonon spectrum takes place. Forp-type Si this over-
lapping takes place for almost any value of the carr
concentration,10 while for n-type Si it takes place only abov
certain concentration,8 which is estimated12 to be about 4
31019 cm23. The interference results in the Fano lin
shape,13

I ~v!5C1s0~q1«!2/~q1«2!, «5~v2v0!/G, ~1!

wherev is the scattered photon energy,G andv0 are reso-
nance width and energy, respectively,s0 and C are con-
stants, andq is the symmetry parameter. In the limit ofq
→` this line shape becomes a symmetric Lorentzian.
will define 1/q as an asymmetry parameter. It is rough
proportional to the free carrier concentration, as reported
the literature.10,11

II. EXPERIMENT

Floating zone lightly doped 331015 cm23 Si~100! wafer
was used as ‘‘pure’’ silicon sample. This doping concent
tion is negligible for the Fano interference process. A therm
oxide layer of 75 nm thickness provides both passivation
surface recombination centers and antireflection coating,
ducing the reflectivity to 10%–15% for the laser wav
lengths used. Si wafers heavily doped by boron (p-type! and
arsenic (n-type! were used as reference samples.

The Dilor micro-Raman system was used to investig
the Raman scattering in the backscattering configuration
microscope objective with numerical aperture~NA! 0.95 was
used at room temperatures, and with NA 0.55 at low te
peratures, resulting in a spot size (e21 full width! of approxi-
mately 0.6l and l, respectively14 (l is the laser wave-
length!. For the low temperature measurements the sam
was attached with indium to the cold finger of a He cryos
for efficient heat sinking. For high temperature measu
ments a Linkam oven was used. An Ar1 laser with 514.5 nm
wavelength and three Dye lasers tuned to 600 nm, 650
and 708 nm wavelength operated in the cw mode were u
for excitation. The penetration depth for these lasers
1 mm, 2 mm, 3 mm, and 5mm, respectively.
©2002 The American Physical Society06-1
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III. RESULTS

A. High temperature measurements

Figure 1 presents the Raman spectra of doped Si at 30
For p-type samples 431018 B/cm3 and 231019 B/cm3 there
is a Fano-type asymmetric broadening to the high energ
For n-type sample with 231019 As/cm3 no asymmetry is
observed, because this concentration is lower than the F
interference threshold forn-type Si ~Refs. 8,12! ~about 4
31019 cm23). As seen later, in our experiments the conce
tration of photo-excited plasma is estimated to be below
31019 cm23, so that the influence of electrons to the Fa
interference process may be neglected. Above this F
threshold the asymmetry of Raman peak forn-type Si is
smaller, and opposite in sign, to that ofp-type Si with the
same concentration. For the photoexcited free carrier pla
with equal concentration of electrons and holes, the con
bution of electrons to the Fano interference may be negle
to a first approximation.1

Broadening of the first-order Raman line to the high e
ergy is a ‘‘fingerprint’’ of the hole Fano-type interferenc
Other possible factors which are known to influence
shape of the Raman line, such as, heating, impurities, la
imperfections, etc., generally cause the line to broad towa
the low energy side of the peak.

Figure 2 shows the dependence of Fano asymmetry

FIG. 1. Raman spectra at 300 K ofp-type doped Si with 4
31018 B/cm3 ~short dashed line!, 231019 B/cm3 ~solid line!, and
n-type Si doped with 231019 As/cm3 ~long dashed line!.

FIG. 2. Fano asymmetry parameter 1/q of p-type doped samples
as a function of the oven temperature, measured with different l
wavelength: 708 nm~squares!, 650 nm~circles!, 600 nm~crosses!,
and 514.5 nm~triangles!. The upper line~open squares! represents
the 1.431020 B/cm3 sample spectra asymmetry~right axis!. Other
four lines represents the 231019 B/cm3 sample spectra asymme
try~left axis!. The right to left axes ratio is 7.
19520
K.
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rameter 1/q on the temperature of the oven heated sample
different laser wavelengths. Four lines represent the as
metry of the 231019 B/cm3 sample~left axis!, which is de-
creasing with increasing temperature and increasing w
probing photon wavelength. The upper line~open squares!
corresponds to the 1.431020 B/cm3 sample measured with
708 nm laser, and the asymmetry values are indicated on
right axis. The scale on the right-hand side of Fig. 2 is eq
to the scale on the left-hand side multiplied by 7, which
the doping concentration ratio with the 231019 B/cm3

~sample!. One can see that this line~open squares! is close to
values for the 231019 B/cm3 sample measured with th
same laser wavelength~full squares!. It confirms our as-
sumption that the 1/q parameter is approximately propo
tional to the concentration of holes for all relevant tempe
tures.

Stokes and anti-Stokes spectra where measured for lig
doped Si at different laser excitation densities. All spec
where fitted with the Fano formula@Eq. ~1!#. The fit residuals
are smaller than 3% of the peak height in the640 cm21

spectral range. Figure 3 presents a few Stokes spectra
sured with the 514.5 nm laser normalized to the laser pow
Fano-type asymmetry increases with laser power. Figur
presents a few residuals of Fano fit to high laser power sp
tra, which are attributed to the heating of the Si-SiO2 inter-
face. When this residual peak is approaching 505 cm21

~which corresponds to 700–800 °C), the upper SiO2 layer
melts and the Si surface is destroyed by oxidation. It h

er

FIG. 3. Raman spectra of Si excited by the diffraction limit
focused laser beam~514.5 nm!: 5 mW ~long dashed line!, 27 mW
~short dashed line!, and 81 mW~solid line!. All spectra are normal-
ized to the laser power.

FIG. 4. Residuals of the Fano fit to the Raman spectra of
excited high power laser beam~514.5 nm!: 54 mW ~long dashed
line!, 81 mW ~short dashed line!, and 103 mW~solid line!.
6-2
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been checked that no Si melting takes place@the melting
point of Si is 1413 °C~Ref. 2!#. The oxide melting has bee
obtained with 514.5 and 600 nm lasers~smaller penetration
depth!, while for 650 and 708 nm excitation the residu
peak is not resolved due to the low laser powers availab

There are two ways to calculate an average tempera
from the Raman spectra: Fig. 5 presents the tempera
from the Stokes to anti-Stokes ratio,1 and Fig. 6 presents th
temperature from the spectral peak position15 ~the left axis
represent the peak position, and the right axis represent
corresponding temperature!. The temperature is averaged o
the volume that is approximately defined by the laser s
size ~about 0.5mm) and half of the laser penetration dep
~from 0.5mm to 2.5mm depending on the laser used!. One
can see that for high laser powers the temperature estim
from peak positions is about 50 °C~corresponds to approxi
mately21 cm21) higher than estimated from Stokes to an
Stokes ratios. This may be attributed to an additional spec
shift due to the phonon-hole interaction, in quantitati
agreement with the experiment.10

Figure 7 presents the asymmetry parameter 1/q as a func-
tion of the laser power for different laser wavelength. F
high laser powers the slope is decreasing. The change in
slope is attributed to two factors: the first one is the nonlin
dependence of the carrier concentration on the laser po
due to the nonlinear diffusion and nonlinear recombinati

FIG. 5. Temperature calculated from the Stokes to anti-Sto
ratio of the Raman spectra of Si excited with different laser wa
lengths: 708 nm~squares!, 650 nm~circles!, 600 nm~crosses!, and
514.5 nm~triangles!.

FIG. 6. Spectral position of the Raman spectra~from Fano fit! of
Si excited with different laser wavelengths: 708 nm~squares!, 650
nm ~circles!, 600 nm~crosses!, and 514.5 nm~triangles!. The right
scale represents the temperature calculated with linear coeffi
for the thermal shift (42 °C/cm21), not taking into account the
Fano spectral shift.
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and the second one is the dependence of the 1/q parameter
on temperature for each hole concentration.

The key point in our method is to correct the second f
tor by measuring the 1/q parameter of doped samples at d
ferent temperatures~Fig. 2!. For an exact determination o
the photoinduced carrier plasma concentration one ha
find a p-doped sample which has the same value of theq
parameter as the photoexcited sample, when the do
sample is oven heated to the temperature of the photoexc
sample heated by the laser. One has to plot together
graphs: the graph of asymmetry versus laser power and
graph of asymmetry parameter for the doped sample o
heated to the temperature calculated from Stokes to a
Stokes ratio. The crossing of two lines gives the laser po
that excites the electron-hole plasma to the same densit
the free carrier density of thep-type doped sample. As a
example, we consider 708 nm laser excitation and
31019 B/cm3 doped sample. From Figs. 5, 2, and 4 one c
see that for the laser power of 130 mW the estimated te
perature is 75 °C, and for the doped sample at this temp
ture the peak asymmetry 1/q is the same as for the photoex
cited sample. Figure 8 presents corresponding Stokes
anti-Stokes normalized Raman spectra. The identity of
spectral shapes confirms our basic assumption that in
cases the physical processes influencing the Raman
shape are the same: Fano interference with the zone-ce
optical phonon and free holes.

s
-

nt

FIG. 7. Fano asymmetry parameter of the Raman spectra, m
sured as a function of the laser power for different excitation la
wavelengths: 708 nm~squares!, 650 nm~circles!, 600 nm~crosses!,
and 514.5 nm~triangles!.

FIG. 8. Raman spectra of laser excited Si~solid line! and oven
heatedp-type 231019 B/cm3 boron doped silicon~dashed line!,
measured in the condition of the equal hole concentrations~see
text!.
6-3
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V. MAGIDSON AND R. BESERMAN PHYSICAL REVIEW B66, 195206 ~2002!
For an exact determination of photo-induced free car
plasma one has to measure manyp-type Si samples with
different doping. Each reference sample gives one ex
point on the graph of the plasma concentration versus l
power. For heavily doped semiconductors the dopant at
are fully ionized, so that free carrier concentration is equa
the doping impurities concentration.16 Below the Mott tran-
sition concentration,17 one has to correct for the nonionize
doping atoms to calculate the concentration of free hole
the doped sample for the given temperature.

For an approximate calculation one may use an assu
tion that the 1/q parameter is proportional to the carrier co
centration. Figure 9 presents the plasma concentration ca
lated this way: the 1/q parameter is divided by the 1/q
parameter of the doped sample at corresponding temper
and multiplied by the doping concentration (231019 cm23

in this case!. These results are in qualitative agreement w
the theoretical expectation: lasers with smaller penetra
depth produce higher excitation per unit volume, and ex
denser plasma for a given laser power. At large concentra
the Auger recombination and nonlinear diffusion cause
nonlinear dependence on the laser power.

An infrared spectral image of the sample was measu
with 1 mm spatial resolution to verify the validity of dete
mination of the sample temperature. Photoluminesce
spectra from different points of the sample have been c
pared to spectra from samples heated in an oven with
power laser excitation. These measurements generally
firm the temperatures obtained from Stokes to anti-Sto
ratios, but large photoluminescence width at elevated t
peratures decrease the precision of this method of temp
ture determination.

B. Low temperature measurements

The method of determination of the electron-hole plas
concentration from Raman spectra may be extended to
temperatures. However, the algorithm used to determine
centration described above may not be used, because
anti-Stokes Raman peak is not measurable at very low t
peratures, when the thermal optical phonon population
very small. In this case, the temperature determination by
Stokes to anti-Stokes ratio has to be replaced by lumin
cence measurements or numerical simulation. The ther

FIG. 9. Free carrier plasma concentration calculated from
asymmetry parameter 1/q for different laser wavelength: 708 nm
~squares!, 650 nm~circles!, 600 nm~crosses!, and 514.5 nm~tri-
angles!.
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conductivity of Si is very large at low temperatures,2 so that
to a first approximation heating may be neglected for m
dium excitation powers. The validity of this assumption h
been checked by means of photoluminescence imaging.

Circles in Fig. 10 presents the 1/q parameter of the 4
31018 B/cm3 sample measured in the cryostat with low las
excitation power. One can see that the peak asymmetry
creases with increasing temperature. The flat region betw
150 K and 250 K may be attributed to the reduction of t
concentration of free holes at low temperatures. This
region is not observed for samples with higher doping c
centrations (231019 B/cm3 and 1.431020 B/cm3) which
have zero impurity ionization energy.16

The peak asymmetry of lightly doped Si excited with
given laser power~120 mW! shows an opposite temperatu
behavior, which is presented by the triangles in Fig. 10. T
1/q parameter is close to zero at 10 K. The peak becom
asymmetrical with increasing temperature and the 1/q pa-
rameter stabilizes above 300 K. This means that the con
tration of thee-h plasma excited under the same conditio
is lower at reduced temperatures. This can be attribute
the increase of the free carrier mobility at low temperature2

resulting in a very efficient carrier diffusion from the excit
tion point.

One can see that the point of interception of the two lin
in Fig. 10 shows that the photoexcited plasma concentra
at 110 K is the same as the hole concentration in the
31018 B/cm3 sample ~neglecting the laser heating of th
photoexcited sample!.

Our explanation of the enhanced diffusion origin of t
absence of observable peak asymmetry at very low temp
tures is confirmed by measurements of photoexcited bo
doped samples presented in Fig. 11. The hole concentra
in this experiment is a sum of the concentration originat
from the doping and the photoexcited plasma dens
Charged boron impurities reduce the free carrier mobil
and at low temperatures become the dominant scattering
ters. This results in a weaker thermal dependence of
plasma diffusivity, compared to that of intrinsic silicon. Bo
231019 B/cm3 ~squares! and 431018 B/cm3 ~circles!
samples measured with an NA0.55 objective in a He cryo
exhibit a significant increase of the peak asymmetry at
high excitation conditions~120 mW of 708 nm laser! at all
temperatures.

e FIG. 10. Low excitation values of the 1/q parameter of the 4
31018 B/cm3 sample~circles!, and high excitation~120 mW! val-
ues of the 1/q parameter for lightly doped Si. Laser wavelength
708 nm.
6-4
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To summarize, at the low temperatures the Fano
shape analysis of Raman spectra is less suitable for thee-h
density determination, because the temperature may no
deduced directly from the Raman measurements. Howev
provides an optical probe of low temperature free car
diffusivity.

IV. DISCUSSION

Numerical simulation of the Si wafer illuminated by th
focused laser spot was performed using the Finite Elem
Method.

At the first step the equation for the free carriers distrib
tion,

2¹~Da¹~n!!1An1Bn21Can35G ~2!

is solved at the room temperature. Heren is free carrier
concentration,Da is the concentration dependent ambipo
diffusivity coefficient,5 A is the low injection recombination
rate ~the inverse of the lifetime!, B is the radiative recombi-
nation rate,18 Ca is the ambipolar Auger coefficient,3 andG
is a free carrier generation rate per unit volume. Surf
recombination also has been introduced. The laser beam
assumed to have a Gaussian profile on the surface, abso
exponentially with sample depth and expanding accordin
the Gaussian optics rules.

At the second step the equation for temperature distr
tion is solved,

2¹~k¹T!5Q. ~3!

Here k is the temperature dependent thermal conductivi2

andQ is the heat source term that is composed of two pa
The first part is the free carrier thermalization energy tha
released at the point where the photon is absorbed, and
second part is a heating from bulk recombination and surf
recombination obtained from the previous step.

It is possible to return to step 1, using temperature dep
dent parameters, then return to step 2 and continue unti
iterations converge. Unfortunately we do not find experim
tal data on the temperature dependence ofDa for the con-
centration range of 1018–1019 cm23, andCa for T.400 K.
Another problem is the concentration dependence of the

FIG. 11. Low temperature asymmetry parameter 1/q of 2
31019 B/cm3 ~squares! and 431018 B/cm3 ~circles! samples mea-
sured with the 708 nm laser. Full markers represent the low exc
tion values; open markers represent high excitation values~120
mW!.
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ger coefficient3 Ca , which has been neglected in our mod
At room temperature it changes from 3.8310231 cm6/s for
high concentrations to 1.1310230 cm6/s for low concentra-
tion. At all concentrationCa increases with temperature.

Figure 12 compares the measured and the calculated
carrier concentrations for the 600 nm laser excitation~aver-
aged for the Raman probing region!. One has to take into
account the temperature of the Si-SiO2 interface which is
high under the laser spot and may increase the value ofCa .
The calculation has been performed for two values of
Auger coefficient Ca: 1.1310230 cm6/s ~deliberately overes-
timated! and 3.8310231 cm6/s ~slightly underestimated!.
One can see that in both cases the carrier concentratio
overestimated in numerical simulation. In the concentrat
range of about 1019 cm23 the room temperature value ofDa
is about 1/3 of the low concentration value, due to carrie
carrier scattering. For the concentration range of ab
1017 cm23 the increase ofDa with temperature in the 300–
420 K range has been observed experimentally.19 As a result
of this numerical simulation we may assume that the te
perature dependence ofDa for the 1019 cm23 range is simi-
lar to the temperature dependence for the 1017 cm23 range.
The long dashed line in Fig. 12 presents the carrier conc

a-

FIG. 12. Comparison between the experiment and numer
simulation results for the laser induced carrier concentration for
nm laser excitation: experimental points~crosses, same as at Fig. 7!,
simulation with the diffusion concentration dependence and Au
coefficient 1.1310230 cm6/s ~solid line!, Auger coefficient 3.8
310231 cm6/s ~short dashed!, and simulation neglecting diffusion
concentration dependence~long dashed!.

FIG. 13. Comparison between experiment and numerical si
lation results for laser induced sample heating for the 600 nm la
wavelength: experimental points~crosses, same as in Fig. 5!, simu-
lation with the diffusion concentration dependence and Auger co
ficient 1.1310230 cm6/s ~solid line!, and Auger coefficient 3.8
310231 cm6/s ~short dashed!.
6-5



th
tra
fi-

n
u
c
a

f t

rib
it

new
ma
lied
so-
le
tion
nts,
be

or
ex-

the

-

p

ys

S

, J

ol

ev.

olidi

pl.

V. MAGIDSON AND R. BESERMAN PHYSICAL REVIEW B66, 195206 ~2002!
tration calculated with low concentration value ofDa , ne-
glecting the carrier–carrier scattering. One can see that
approximation significantly underestimates the concen
tion, and the proper effective value for the diffusion coef
cient lies between these two extremal cases.

Figure 13 presents a result of the second step of the
merical simulation—the average temperature. The slight
derestimation of the temperature is attributed to as enhan
surface recombination under the laser spot, and possibly
to the flux dependent thermal conductivity.

V. CONCLUSION

In conclusion, we have presented the measurement o
asymmetric Fano-type line shape of the Raman spectrum
Si at high laser excitation densities. This line shape is att
uted to the interference between phonon and photoexc
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