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Fano-type interference in the Raman spectrum of photoexcited Si
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Free carriers introduced by high cw laser power densities i to 4x 10" W/cn?) 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 comparatbpeth
Si spectra in a wide temperature rari§e 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 plagomato 4x 10'° cm™3).
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[. INTRODUCTION of Raman allowed free-carrier transitions and the quasidis-
crete phonon spectrum takes place. paype Si this over-
Electron-hole plasma properties in Si are important inlapping takes place for almost any value of the carrier
both basic many-body physics and wide range of appncaconcentratioﬁ? while for n-type Si it takes place only above
tions. In this paper, we present a Raman spectroscopy studgrtain concentratioh,which is estimatetf to be about 4
of the electron-hole plasma in Si excited by cw lasers. To the<10'® cm™3. The interference results in the Fano line
best of our knowledge, the Fano-type interference in Si witrshape'®
the electron-hole plasma has not been systematically studied.
This interference has been observed only in experiments _ 2 2 o
with high-power pulsed laser excitatibnalong witﬁ the H(@)=Croo(ate)(ate), e=(w-w)llh (1)
sample heating to submelting temperatures. In this case the

Fano interference gives only a small contribution on theWhere“’ is the scattered photon enerdy,and wo are reso-

background of large thermal line broadening, and both effiance W'dth_and energy, respectively, and C are con-
fects cannot be separated unambiguously. In these expeﬁzams’."’mfiq is the symmetry parameter. !n the I|m|F of
ments the laser spot diameter was large compared to the laset> tNiS liné shape becomes a symmetric Lorentzian. We
penetration depth, so that in the center of the laser spot ond!!ll défine 14 as an asymmetry parameter. It is roughly
dimensional heat transfer takes place, resulting in very hig ropprtlonal tg)l}he free carrier concentration, as reported in
temperatures for the excitation density used. the literature.”
In this work we make use of efficient three-dimensional
he_at diss.ipation when the laser beam is focusc_ad to the.sub— Il EXPERIMENT
micron size spot, to reduce the sample heating for given
excitation density. Free carrier plasma concentration of 3 Floating zone lightly doped 810" cm™3 Si(100 wafer
% 10'° cm™2 has been achieved with the sample heating ofvas used as “pure” silicon sample. This doping concentra-
only 100 °C. The free carrier plasma concentration was estition is negligible for the Fano interference process. A thermal
mated by comparison with the Raman spectra of somexide layer of 75 nm thickness provides both passivation of
heavily doped samples in a wide temperature range, used asirface recombination centers and antireflection coating, re-
a calibration. ducing the reflectivity to 10%—-15% for the laser wave-
In contrast to the large amount of experimental 8i&a  lengths used. Si wafers heavily doped by borprtype) and
free carrier concentrations below#@m™3, for higher con-  arsenic (-type) were used as reference samples.
centrations measurements of temperature dependence of suchThe Dilor micro-Raman system was used to investigate
parameters as ambipolar diffusivity and Auger coefficient ardhe Raman scattering in the backscattering configuration. A
quite sparsé=® In experiments involving pulsed laser exci- microscope objective with numerical apert@iA) 0.95 was
tation, such as time resolved photoluminescence and tramsed at room temperatures, and with NA 0.55 at low tem-
sient grating, the material parameter extraction is noperatures, resulting in a spot size ¢ full width) of approxi-
straightforward for this concentration range, because mangnately 0.6. and \, respectively (A is the laser wave-
nonlinear parameters are involved simultaneou§fgtime  length. For the low temperature measurements the sample
reduction, band-gap narrowing, carrier-carrier scatteringywas attached with indium to the cold finger of a He cryostat
etc). for efficient heat sinking. For high temperature measure-
The Fano-type interference in Raman scattering has beanents a Linkam oven was used. An"Alaser with 514.5 nm
extensively studied in heavily doped silichAlt is knownto  wavelength and three Dye lasers tuned to 600 nm, 650 nm,
result in asymmetric line shape of the first order phononand 708 nm wavelength operated in the cw mode were used
Raman peak for both-type®® and p-type!®*! silicon, when  for excitation. The penetration depth for these lasers is
the overlapping of energies between the continuous spectruth um, 2 um, 3 wm, and 5um, respectively.
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FIG. 1. Raman spectra at 300 K pftype doped Si with 4 FIG. 3. Raman spectra of Si excited by the diffraction limited
X 108 B/_cm3 (short dashed ling 2x 10" Blem?® (solid line), and  focused laser beart514.5 nm: 5 mW (long dashed ling 27 mw
n-type Si doped with X 10'° As/cn? (long dashed ling (short dashed lingand 81 mW(solid line). All spectra are normal-

ized to the laser power.

Il. RESULTS
rameter 1¢ on the temperature of the oven heated sample for

A. High temperature measurements different laser wavelengths. Four lines represent the asym-

Figure 1 presents the Raman spectra of doped Si at 300 Knetry of the 2< 10'° B/cn?® sample(left axis), which is de-
For p-type samples % 10'8 B/cn® and 2< 10'° B/cnr® there ~ Creasing with increasing temperature and increasing with
is a Fano-type asymmetric broadening to the high energiegrobing photon wavelength. The upper lit@pen squargs
For n-type sample with X 10'° As/ci® no asymmetry is corresponds to the 1:410°° B/cm® sample measured with a
observed, because this concentration is lower than the Fan®8 nm laser, and the asymmetry values are indicated on the
interference threshold fon-type Si(Refs. 8,12 (about 4  right axis. The scale on the right-hand side of Fig. 2 is equal
X 10* cm™3). As seen later, in our experiments the conceno the scale on the left-hand side multiplied by 7, which is
tration of photo-excited plasma is estimated to be below 4he doping concentration ratio with thex20" B/cm’®
x 10" cm~3, so that the influence of electrons to the Fano(samplg. One can see that this linepen squaress close to
interference process may be neglected. Above this Fangalues for the 10" B/cm® sample measured with the
threshold the asymmetry of Raman peak fetype Si is Same laser wavelengttfull squares. It confirms our as-
smaller, and opposite in sign, to that pitype Si with the ~sumption that the &/ parameter is approximately propor-
same concentration. For the photoexcited free carrier plasniénal to the concentration of holes for all relevant tempera-
with equal concentration of electrons and holes, the contritures.
bution of electrons to the Fano interference may be neglected Stokes and anti-Stokes spectra where measured for lightly
to a first approximation. doped Si at different laser excitation densities. All spectra

Broadening of the first-order Raman line to the high en-where fitted with the Fano formul[&g. (1)]. The fit residuals
ergy is a “fingerprint” of the hole Fano-type interference. are smaller than 3% of the peak height in thet0 cm*
Other possible factors which are known to influence thespectral range. Figure 3 presents a few Stokes spectra mea-
shape of the Raman line, such as, heating, impurities, latticeured with the 514.5 nm laser normalized to the laser power.
imperfections, etc., generally cause the line to broad towardsano-type asymmetry increases with laser power. Figure 4
the low energy side of the peak. presents a few residuals of Fano fit to high laser power spec-

Figure 2 shows the dependence of Fano asymmetry pdta, which are attributed to the heating of the Si-SiOter-
face. When this residual peak is approaching 505 tm
(which corresponds to 700—-800°C), the upper Siayer

018r ‘m 1198 melts and the Si surface is destroyed by oxidation. It has
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FIG. 2. Fano asymmetry parameteq bf p-type doped samples
as a function of the oven temperature, measured with different laser

490 500 510 520

wavelength: 708 nnfsquarel 650 nm(circles, 600 nm(crosses Raman shift (cm™)

and 514.5 nntriangles. The upper linglopen squargsepresents

the 1.4x 10%° B/cm® sample spectra asymmetfsight axig. Other FIG. 4. Residuals of the Fano fit to the Raman spectra of Si
four lines represents thex210'° B/cm® sample spectra asymme- excited high power laser beaf614.5 nm: 54 mW (long dashed
try(left axis). The right to left axes ratio is 7. line), 81 mW (short dashed ling and 103 mWsolid line).
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FIG 5. Temperature Calculated fl’0m the StOkes to anti'Stokes FiG 7. Fano asymmetry parameter Of the Raman spectra, mea-
ratio of the Raman spectra of Si excited with different laser wave-sured as a function of the laser power for different excitation laser
lengths: 708 nn{squares 650 nm(circles, 600 nm(crosses and  wavelengths: 708 nrtsquare 650 nm(circles, 600 nm(crossel
514.5 nm(triangles. and 514.5 nn{triangles.

been checked that no Si melting takes plattee melting  and the second one is the dependence of thepafameter
point of Siis 1413 °QRef. 2]. The oxide melting has been on temperature for each hole concentration.
obtained with 514.5 and 600 nm laséssnaller penetration The key point in our method is to correct the second fac-
depth, while for 650 and 708 nm excitation the residual tor by measuring the ﬂi/parameter of doped Sampies at dif-
peak is not resolved due to the low laser powers available.ferent temperature€Fig. 2). For an exact determination of
There are two ways to calculate an average temperatute photoinduced carrier plasma concentration one has to
from the Raman spectra: Fig. 5 presents the temperatufighd a p-doped sample which has the same value of tie 1/
from the Stokes to anti-Stokes rafi@nd Fig. 6 presents the parameter as the photoexcited sample, when the doped
temperature from the spectral peak positiofthe left axis  sample is oven heated to the temperature of the photoexcited
represent the peak position, and the right axis represents tRgmple heated by the laser. One has to plot together two
corresponding temperatyréThe temperature is averaged on graphs: the graph of asymmetry versus laser power and the
the volume that is approximately defined by the laser spograph of asymmetry parameter for the doped sample oven
size (about 0.5um) and half of the laser penetration depth heated to the temperature calculated from Stokes to anti-
(from 0.5 um to 2.5um depending on the laser use®ne  Stokes ratio. The crossing of two lines gives the laser power
can see that for high laser powers the temperature estimategat excites the electron-hole plasma to the same density, as
from peak positions is about 50 °(€orresponds to approxi- the free carrier density of thp-type doped sample. As an
mately—1 cm™ ') higher than estimated from Stokes to anti- example, we consider 708 nm laser excitation and 2
Stokes ratios. This may be attributed to an additional spectrak 10'° B/cm® doped sample. From Figs. 5, 2, and 4 one can
shift due to the phonon-hole interaction, in quantitativesee that for the laser power of 130 mW the estimated tem-
agreement with the experimetft. perature is 75 °C, and for the doped sample at this tempera-
Figure 7 presents the asymmetry parametgral/a func-  ture the peak asymmetrydlis the same as for the photoex-
tion of the laser power for different laser Wavelength. Forcited Samp|e_ Figure 8 presents Corresponding Stokes and
high laser powers the slope is decreasing. The change in thti-Stokes normalized Raman spectra. The identity of the
Slope is attributed to two factors: the first one is the nonlineagpectra| Shapes confirms our basic assumption that in both
dependence of the carrier concentration on the laser poweases the physical processes influencing the Raman line
due to the nonlinear diffusion and nonlinear recombinationshape are the same: Fano interference with the zone-center
optical phonon and free holes.
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Si excited with different laser wavelengths: 708 Ksguarey 650
nm (circles, 600 nm(crossel and 514.5 nmitriangles. The right FIG. 8. Raman spectra of laser excited(Silid line) and oven
scale represents the temperature calculated with linear coefficiefeatedp-type 2x 10'° B/cm® boron doped silicondashed ling
for the thermal shift (42 °C/cm'), not taking into account the measured in the condition of the equal hole concentratises
Fano spectral shift. text).
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FIG. 9. Free carrier plasma concentration calculated from the F|G. 10. Low excitation values of the d.jparameter of the 4
asymmetry parameter d/for different laser wavelength: 708 nm  x 10'® B/cm® sample(circles, and high excitatior(120 mW val-
(squares 650 nm(circles, 600 nm(crosses and 514.5 nnitri-  yes of the 1d parameter for lightly doped Si. Laser wavelength is
angles. 708 nm.

For an exact determination of photo-induced free carrieconductivity of Si is very large at low temperatures that
plasma one has to measure mamyype Si samples with 0 @ first ‘approximation heatmg. may be _neglected _for me-
different doping. Each reference sample gives one exadium excitation powers. The validity o_f this assumption has
point on the graph of the plasma concentration versus lasé&€€n checked by means of photoluminescence imaging.

power. For heavily doped semiconductors the dopant atoms Cigcles in Fig. 10 presents theqlparameter of the 4
are fully ionized, so that free carrier concentration is equal to* 10'° B/cm® sample measured in the cryostat with low laser

the doping impurities concentratidf Below the Mott tran-  €xcitation power. One can see that the peak asymmetry de-
sition concentratioA’ one has to correct for the nonionized créases with increasing temperature. The flat region between

doping atoms to calculate the concentration of free holes if°0 K and 250 K may be attributed to the reduction of the
the doped sample for the given temperature. concentration of free holes at low temperatures. This flat
For an approximate calculation one may use an assump€9ion is not obserg/ed for samples Wlth0h|gher dopmg con-
tion that the 14 parameter is proportional to the carrier con- centrations (10*° B/en® and 1.4<10°° B/cm®) which
centration. Figure 9 presents the plasma concentration calcf}2V€ Z€ro impurity ionization energy. o _
lated this way: the Ij parameter is divided by the 4/ The peak asymmetry of lightly doped Si excited with a
parameter of the doped sample at corresponding temperatugd/en laser powef120 mW shows an opposite temperature
and multiplied by the doping concentration X20Y° cm3 behavior, which is presented by the triangles in Fig. 10. The
in this casé These results are in qualitative agreement withl/d parameter is close to zero at 10 K. The peak becomes
the theoretical expectation: lasers with smaller penetratioRSymmetrical with increasing temperature and the da-
depth produce higher excitation per unit volume, and excité@meter stabilizes above 300 K. This means that the concen-
denser plasma for a given laser power. At large concentratioffation of thee-h plasma excited under the same conditions
the Auger recombination and nonlinear diffusion cause thdS lower at reduced temperatures. This can be attributed to
nonlinear dependence on the laser power. the increase of the free carrier mobility at low temperatéres,

An infrared spectral image of the sample was measureé_eSU|tin_9 in a very efficient carrier diffusion from the excita-
with 1 um spatial resolution to verify the validity of deter- tion point. _ _ . .
mination of the sample temperature. Photoluminescence ONn€ can see that the point of interception of the two lines
spectra from different points of the sample have been comin Fig. 10 shows that the photoexcited plasma concentration
pared to spectra from samples heated in an oven with lovt 118 K'is the same as the hole concentration in the 4
power laser excitation. These measurements generally cork 10" B/cm® sample (neglecting the laser heating of the
firm the temperatures obtained from Stokes to anti-StokeBhotoexcited sample o o
ratios, but large photoluminescence width at elevated tem- Our explanation of the enhanced diffusion origin of the

peratures decrease the precision of this method of temper@bsence of observable peak asymmetry at very low tempera-
ture determination. tures is confirmed by measurements of photoexcited boron

doped samples presented in Fig. 11. The hole concentration
in this experiment is a sum of the concentration originating
from the doping and the photoexcited plasma density.

The method of determination of the electron-hole plasmaCharged boron impurities reduce the free carrier mobility,
concentration from Raman spectra may be extended to lownd at low temperatures become the dominant scattering cen-
temperatures. However, the algorithm used to determine coners. This results in a weaker thermal dependence of the
centration described above may not be used, because tptasma diffusivity, compared to that of intrinsic silicon. Both
anti-Stokes Raman peak is not measurable at very low ten2x 10*° B/cm® (squares and 4x 10" B/cm® (circles
peratures, when the thermal optical phonon population isamples measured with an NA0.55 objective in a He cryostat
very small. In this case, the temperature determination by thexhibit a significant increase of the peak asymmetry at the
Stokes to anti-Stokes ratio has to be replaced by luminesiigh excitation condition§120 mW of 708 nm lasgrat all
cence measurements or numerical simulation. The thermaémperatures.

B. Low temperature measurements
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FIG. 12. Comparison between the experiment and numerical

v 1'(:;1?"3/1#3 Low tempec;ai;rf Olgsémrr:‘lsetry |Ioarameteq|1 bf 2 simulation results for the laser induced carrier concentration for 600
e (squaresan e (circles samples mea- nm laser excitation: experimental poiritsosses, same as at Fig, 7

s_ured with the 708 nm laser. Full marker_s repre§en_t the low eXCltagimylation with the diffusion concentration dependence and Auger
tion values; open markers represent high excitation vali@9 coefficient 1.2 10" % cmf/s (solid line), Auger coefficient 3.8
mw). X 1073 cmf/s (short dashed and simulation neglecting diffusion

. . concentration dependendeng dashe
To summarize, at the low temperatures the Fano line P deng .

shape analysis of Raman spectra is less suitable foethe ger coefficient C,, which has been neglected in our model.
density determination, because the temperature may not & room temperature it changes from %803 cm®/s for
deduced directly from the Raman measurements. However, High concentrations to 1410 2 cré/s for low concentra-

provides an optical probe of low temperature free carrietjon At all concentratiorC, increases with temperature.

diffusivity. Figure 12 compares the measured and the calculated free
carrier concentrations for the 600 nm laser excitatiaver-
IV. DISCUSSION aged for the Raman probing regjorOne has to take into

Numerical simulation of the Si wafer illuminated by the account the temperature of the Si-Siditerface which is

focused laser spot was performed using the Finite Eleme igh under the laser spot and may increase the valug, of
Method. he calculation has been performed for two values of the

Auger coefficient Ca: 1. 1030 cmf/s (deliberately overes-
timated and 3.8<10 ' cm®/s (slightly underestimated
One can see that in both cases the carrier concentration is
—V(D,V(n))+An+Bn?+C,n3=G (20  overestimated in numerical simulation. In the concentration
range of about 1§ cm™2 the room temperature value bBf,

is solved fdt the _roohm temperature. ';E"e's dfree carg!erl is about 1/3 of the low concentration value, due to carrier—
concentrationD, is the concentration dependent ambipolar ., jer scattering. For the concentration range of about

diffusivity coefficient® A is the low injection recombination 1017 cm™3 the increase ob, with temperature in the 300—
rate (the inverse of the lifetime B is the radiative recombi- 420 K range has been obséérved experimenfaw,s a result
nation rate'’ C, is the ambipolar Auger coefficiedtandG ¢ tpis numerical simulation we may assume that the tem-

IS a frse ct:_arrlerl gehnerell)tlon Ta:e é:)er gnl_trhvollume.bSurfac erature dependence Bf, for the 13° cm™2 range is simi-
recombination also has been introduced. The laser beam Weg 1 the temperature dependence for thé” 12 range.

assumed to have a Gaussian profile on the surface, absorbipg, long dashed line in Fig. 12 presents the carrier concen-
exponentially with sample depth and expanding according to
the Gaussian optics rules.

At the second step the equation for temperature distribu-
tion is solved,

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

ry

w

o
T

—-V(kVT)=0Q. ()

Herek is the temperature dependent thermal conductfvity,
andQ is the heat source term that is composed of two parts.
The first part is the free carrier thermalization energy that is
released at the point where the photon is absorbed, and the ) )
second part is a heating from bulk recombination and surface 50 100
recombination obtained from the previous step. Laser power (mW)

Itis possible to return to step 1, using temperature depen- g 13. Comparison between experiment and numerical simu-
dent parameters, then return to step 2 and continue until thgton results for laser induced sample heating for the 600 nm laser
iterations converge. Unfortunately we do not find experimenwavelength: experimental pointsrosses, same as in Fig, Simu-
tal data on the temperature dependencé®gffor the con-  |ation with the diffusion concentration dependence and Auger coef-
centration range of #8-10'° cm™3, andC, for T>400 K. ficient 1.1x10"%° cnf/s (solid line), and Auger coefficient 3.8

Another problem is the concentration dependence of the Aux 103 cmf/s (short dashed

Temperature (°C)
>
o

w
o
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tration calculated with low concentration value Bf,, ne- holes Raman scattering processes. We demonstrated a new
glecting the carrier—carrier scattering. One can see that thimethod for a precise determination of electron-hole plasma
approximation significantly underestimates the concentradensity from Raman measurements. It may be easily applied
tion, and the proper effective value for the diffusion coeffi- to a “pump-probe” measurement configuration. Spatial reso-
cient lies between these two extremal cases. lution of this method is limited by the wavelength in visible

Figure 13 presents a result of the second step of the nuange, and is at least at factor 2 better than the resolution
merical simulation—the average temperature. The slight unebtained by any method based on infrared measurements,
derestimation of the temperature is attributed to as enhancetlich as photoluminescence or infrared absorption. It may be
surface recombination under the laser spot, and possibly alsssed for any Si sample, from intrinsic to heavily doped or
to the flux dependent thermal conductivity. damaged. This method may be used simultaneously with ex-

isting methods of electron-hole plasma characterization.
V. CONCLUSION

In conclusion, we have presented the measurement of the
asymmetric Fano-type line shape of the Raman spectrum of
Si at high laser excitation densities. This line shape is attrib- This work has been made possible by a grant from the
uted to the interference between phonon and photoexciteldraeli Ministry of Science and Arts.
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