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We recorded the hyper-Raman spectra resulting from the interaction of a near-infrared (near-IR) picosecond pulse and
a terahertz (THz) ultrashort pulse at the surface of a (111) silicon sample. A simple model is proposed to analyze the
evolution of the hyper-Raman spectra vs the time delay between the near-IR and THz pulses. It links the hyper-Raman
spectra to the multi-phonon absorption in silicon. This approach makes it possible to demonstrate that, during carrier
generation by the near-IR pulse, the two-phonon and three-phonon absorption bands are enhanced in modes involving
optical phonons. This process results from the very rapid and strong population of the optical phonons induced by the
photo-generated hot carriers. It occurs over a few hundreds of femtoseconds and lasts throughout the duration of the
near-IR pulse.

I. INTRODUCTION

Second-harmonic generation (SHG) has been established as a powerful and versatile technique for characterizing the surface
and interface of materials.'? In centrosymmetric materials, second-order nonlinear processes are forbidden in the bulk but occur
at the surface, where the inversion symmetry is broken. This highly sensitive technique has been widely used to characterize
silicon interfaces, which play an important role in many electronic devices.>"!! SHG can also be recorded in a centrosymmetric
material when a static field is applied.!>!> The phenomenon can also be used to measure rapidly varying electric fields guided
by transmission lines'®!” or freely propagating terahertz (THz) pulses.!® This latter technique, known as THz field induced
second-harmonic (TFISH), has been used to characterize buried silicon interfaces or crystalline silicon.!>?’ The development of
intense and broadband THz sources has given rise to the topical field of "THz nonlinear optics". TFISH belongs to this field, but
many other processes, including the THz induced Kerr effect’!, THz sum-frequency excitation of a Raman-active mode,?? and
coherent THz hyper-Raman scattering?>~2>> have also been reported.

At the surface of silicon, different processes have been identified to account for TFISH.!9:2026 However, the acronym TFISH
may be misleading. In this process, the generated field writes Etpisu (20 + Q) < x3 (0, ®,Q,20 + Q)E™) (Q)E* (), where
E)(Q) is the THz electric field or its complex conjugate, E(®) is the near-IR electric field and x*(w,®,Q,20m + Q) is the
third-order nonlinear optical susceptibility of the material. This expression shows TFISH is not actually a SHG process but
rather a hyper-Raman scattering (HRS) process leading to the generation, in the bulk of the material, of Stokes (2w — ) and
anti-Stokes (2w + Q) frequency components around 2. This process is strongly enhanced when one of the frequencies in the
nonlinear susceptibility y° (@, ®,Q,20 +Q), such as €, is resonant with the material.” Thus, the enhancement of the HRS signal
at a frequency of 2w % Q is the signature of a resonant infrared (IR) active mode of the material at Q;. In the following, we
use this process to reveal the significant increase in the two-phonon absorption and the enhancement of three-phonon absorption
involving optical phonons, as well as their evolution during the photoexcitation of Si(111) by a near-IR pulse.

Il. EXPERIMENTAL SETUP

Our experiment setup, sketched in Fig. 1, is built around a 3.5 mJ Ti:Sapphire regenerative amplifier laser system. This laser
system operates at a 1 kHz repetition rate, delivering 50 fs pulses centered around 800 nm, which are split into two beams. In
the first beam, a 1 mJ pulse is used to generate ultrashort THz pulse from two-color femtosecond laser-induced filamentation
in air.>”-? This method involves focusing intense femtosecond laser pulses into a gas medium (typically air) to form a plasma,
which in turn generates THz radiation. When the fundamental (800 nm) and the second harmonic (400 nm) overlap temporally
and spatially in the filament, their superposition creates an asymmetric electric field. This field accelerates the free electrons in
the plasma non-symmetrically, inducing a time-varying current. This rapidly varying plasma current is responsible for emitting
broadband THz radiation. The generated THz pulse is transmitted through a 1 mm high-resistivity float zone (HRFZ) silicon
wafer set at the THz Brewster angle to minimize the absorption and reflection losses and filter out the remaining near-IR beam. It
is then collimated and focused onto the crystalline silicon sample (Siltronic, intrinsic, R> 200 Q.cm) using two off-axis parabolic
mirrors (PMs). The second beam is filtered by a zero dispersion line in the center of which a narrow slit is inserted. This system
makes it possible to generate a synchronized narrow band (AA~20cm™!) near-IR pulse centered at 800 nm whose duration at
full width half maximum (FWHM) is 7~500 fs. The energy of this pulse is adjusted to ~2 uJ using a zero order half wave plate
and a polarizing beam splitter. It is then focused (beam waist of ~50 um) onto the silicon sample through a hole in the PM
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FIG. 1. Experimental setup. HW: zero-order half-wave plate, PBS: polarizing beam splitter, DL: optical delay line, M, _¢: high reflection and
low dispersion mirror, L; . 4: lens, BBO: beta barium borate SHG crystal, PM: off-axis parabolic mirror, Si: high resistivity silicon wafer, F:
IR filter, MC+PMT: monochromator connected to a photomultiplier tube, and SP + CCD: spectrometer coupled to a thermally cooled charged
coupled device. The mirror Mg can be flipped to switch from one detector to the other.
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FIG. 2. Temporal evolution of the generated THz pulse (a) and its spectrum (b) after transmission by the HRFZ silicon wafer.

using a lens with a focal length of f =125 mm. The collinear THz and near-IR pulses are incident on the silicon sample at an
angle of 45° . The THz and near-IR pulses are respectively p- and s-polarized. Finally a motorized translation stage enables
precise control of the time delay between the two pulses. The HRS signal generated in the bulk near the surface of the silicon
sample is collimated and detected by either a photomultiplier tube (PMT) positioned at the exit of a monochromator (MC) or a
spectrometer connected to a thermally cooled charge device (CCD) camera. To record the evolution of the HRS signal the THz
pulse is chopped at 500 Hz. A lock-in amplifier enables us to subtract the surface SHG from the recorded signal, leaving us with
a pure HRS signal.

I1l.  EXPERIMENTAL RESULTS

First, we characterized the THz pulse at the sample position using an air biased coherent detection device (ZAP-APD from
DHC).? The THz waveform and its spectrum are displayed in Fig. 2. This very short THz pulse (~60 fs at FWHM) exhibits
a very broad spectrum centered at ~5 THz, extending up to 45 THz. The spectrum reveals two distinct absorption bands at
~35.4THz (~1160cm™") and ~18.5 THz (~610cm™"). They most likely correspond to absorption of impurities of interstitial
oxygen®® and two-phonon absorption in the thick silicon wafer, respectively. While the absorption of a photon with energy
below the band gap is forbidden in silicon due to its diamond-like structure, it may occur through the excitation of two phonons
whose sum or difference in energies equals the photon energy.>!-3>

Next, the pure HRS signal generated in the Si(111) sample was recorded as a function of the delay A¢ using the PMT. Its
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FIG. 3. a) Temporal evolution of the SHG signal recorded by the photomultiplier. b) Spectrum of the SHG signal recorded by the CCD camera
at the zero delay. c) Normalized Stokes spectrum vs the frequency shift.
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FIG. 4. Temporal evolution of the HRS spectra. a) HRS spectra for At > 0 when the THz pulse is ahead of the near-IR pulse. b) HRS spectra
for Ar < 0 when the near-IR pulse is ahead of the THz pulse.

temporal evolution is shown in Fig. 3a. It is well fitted by a Gaussian function with a FWHM of 520420 fs, close to the FWHM
of the near-IR pulse.

Subsequently, the HRS signal was recorded at the zero-delay (A = 0). The latter which includes the surface SHG is displayed
in Fig. 3b. The spectrum highlights three distinct spectral regions. The narrow central peak, labeled B, is centered at half the
wavelength of the near-IR pulse with a spectral width of ~20 cm™~!. It persists even when the THz pulse is blocked, indicating its
link to surface SHG. The broadband spectral features, labeled A and C, are almost mirrored across the SHG peak. Their maxima
are shifted by roughly £21THz (£11 nm) compared to the SHG peak. They disappear when either the near-IR or THz pulse is
blocked. Two marked dips appear in each side bands, offset by about +18.5 THz (+10nm or £625cm~!) and 37 THz (+20nm
or +1250cm~!) from the SHG maximum. These dips correspond to those exhibited by the THz spectrum [Fig. 2b] due to the
absorption of the filter. The temporal evolution of the entire spectrum, allows us to infer that a four-wave mixing is giving rise to
the HRS signal. The normalized Stokes spectrum, ranging from 402 to 435 nm, is presented in Fig.3c. The temporal evolution
of the entire signal (HRS +SHG) is displayed in Fig. 4. We notice that the amplitude of the narrow SHG peak remains almost
constant, while the A and C side bands change drastically in terms of shape and amplitude, but remain mirrored across the SHG
peak. As shown in Fig. 4a, when the THz pulse is ahead (Ar > 0) of the near-IR pulse, the side band amplitudes decrease rapidly.
However, the dips at ~18.5 and ~37 THz remain clearly visible. This is notably different in Fig. 4b, where the near-IR pulse is
ahead of the THz pulse (Ar < 0). The side band amplitudes are in this case larger and the two dips at ~18.5 THz and ~37 THz
are significantly broadened.

The temporal asymmetry of the (anti-)Stokes amplitudes is clearly evident from Fig. 5, where the Stokes signal S(20 — Q;,Ar)
at415 nm (Q = 27THz) has been extracted. That is, the signal envelope is slightly asymmetric, with a maximum delay of ~50 +
20fs..
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FIG. 5. Evolution of the amplitude of the Stokes spectral component centered at 415 nm vs the delay between the near-IR and THz pulses
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FIG. 6. (a) Illustration of the mechanisms in play and the relevant time scales. (b) Time evolution of pertinent quantities. Namely, the near-IR
pulse I, the number of carriers n¢, optical phonons nep, and acoustic phonons nyp.

IV. THE MECHANISM IN PLAY

Before addressing the theoretical description of the phenomenon we recorded, we will discuss the physical mechanisms
accounting for the temporal evolution of the hyper-Raman spectra. These mechanisms, illustrated in Fig. 6, result from the
absorption of the near-IR pulse in the sample. The near-IR photon energies are above the silicon band gap. At time 7y, the
intensity of the Gaussian near-IR pulse [, is sufficiently large to highly excite carriers (i.e. electrons and holes) far above and
below the conduction and valence band edges, respectively. Initially, these carriers are correlated. However, due to carrier-
carrier scattering, they quickly dephase after a few tens of femtoseconds. This process results in a high-density non-equilibrium
distribution of very hot carriers (HCs) at the surface silicon sample, over a thickness of Ly,s ~ 1 um. The HCs rapidly transfer
their excess energy within a few hundreds of femtoseconds through carrier-carrier scattering and/or interactions with optical
phonons (OPs). Thereby, the HCs thereby thermalize and form a quasi-equilibrium Fermi-Dirac distribution . Meanwhile,
carriers are continuously photoexcited throughout the duration of the near-IR pulse. The above-described HCs are particularly
excited during the full width half maximum (FWHM) duration 7,. The temporal evolution of the carrier population can be
expressed as

nelt) o o+ 1+ exfle/ %), ®
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where erf() denotes the error function and g ~ 10! per cm? is the initial and very low carrier density in our sample. Considering
that in our experiment 60% of the near-IR pulse energy is absorbed by silicon and that each photon creates an electron hole-pair,
the 2 uJ pulse creates ng ~ 6 102! carriers per cm® within its interaction volume. The ongoing excitation of non-equilibrium HCs
leads to an ever-increasing and out-of-equilibrium population of hot OPs. Hence, the population of OPs n,, rapidly increases, and
because the carriers are already highly excited, the remaining hot OPs cannot easily relax. After roughly 2 ps,3* the abundance
of OPs scatters with the few acoustic phonons (APs) present at room temperature. This allows the OP population to decay, while
the AP population n,;, increases, and in turn, permits the HCs to decay to equilibrium. Finally, a THz pulse delayed with respect
to the near-IR pulse is shined on the sample. Since the THz pulse is much shorter (~60 fs) than the near-IR pulse, one can
consider that the experiment reveals the evolution of the far-IR absorption (i.e. the Stokes or anti-Stokes bands) in the sample
during the near-IR pulse. Moreover, the measured far-IR spectra are primarily limited in resolution by the spectral width of the
near-IR pulse (i.e. ~ 20 cm™1).

Another important parameter to evaluate, is the thickness of the layer contributing to the spectra displayed in Fig. 3 and 4.
As mentioned, the narrow SHG peak at 400 nm results from the top atom layer of the silicon sample,> while the broad side
bands are linked to the HRS taking place in the bulk. The thickness over which these later spectral components are generated in
reflection is about the coherence length Leop ~ 1/Ak(20w +Q), where

20+ Q Q

AK(20£Q) = k(20%Q) +2k(0) £K(Q) = ——n(20+Q) + 27wn(a)) +—n(Q). )

Since Q@ < w and n(Q) =~ n(w) ~ n(2m + Q) for silicon, the coherence length Leoy ~ ¢/4wn(®w) = A /8zn(A). Here, n(A) is
the refractive index at wavelength A. The refractive index of silicon is n(1) & 4 at the central wavelength of the near-IR pulse
(A =800 nm). Thus, the coherence length for the HRS process is Lcon ~ 8 nm. This interaction length is very small compared to
the typical absorption length of THz and near-IR waves (> 1 um). We will therefore consider that the amplitude of the near-IR
and THz fields remains almost constant over Ly, in our experiment.

V. A SIMPLE MODEL

The interaction between the near-IR and THz pulses, centered at the @ and Q frequencies, respectively, generates different
nonlinear polarization terms in the bulk and at the surface of the silicon. Hereafter, we will only retain the spectral components
of the nonlinear polarization relevant to describe our experimental results.

The first term results from the interaction of the near-IR pulse with the silicon. It is written as follows:

2 2
PP 20) = 1) Q0)Ej(0)E(0) +cc. | 3)
where E (o) are the components of the near-IR electric field, xi(jzk) (2w) are the components of the second-order susceptibility
tensor, and c.c. is the complex conjugate of the previous expression. We will consider that the second-order susceptibility tensor
does not depend on the different spectral components within the near-IR field. Since silicon is a centrosymmetric material,

2)

this nonlinear polarization is only generated at the surface itself, and the y; j tensor components reflect the sample surface

symmetry.>
The second term results from the mixing of the near-IR and THz pulses in the silicon sample. It gives rise to the Stokes (C
band) and anti-Stokes (A band) spectral components. It is written as follows:

PP 20— 0.8 = i3} (20— Q. ANE (@) E(@)E{ (Q)e ™ +cc. : Cband, @
])5(3)(2(” + QA1) = Xi(;)l(za) +Q,ANE;(0)E (0)E/(Q)e* +-c.c. 1 Aband. )

where E*(Q) is the complex conjugate of the THz field, xl.(jSk)l(Za) + Q,At) are the components of the effective third-order
susceptibility tensor, and Az is the time delay. These polarization components are generated over the coherence length L,
starting from the surface. The crystal symmetry rules make it possible to infer the different non-null components of xi(;k)l. The
effective third-order nonlinear susceptibility *) can be decomposed into a resonant and a non-resonant term

%(3) — 1(23)+%1£13R) (6)

We will consider that the non-resonant contribution does not depend on the time delay Af nor the near-IR and THz frequency
components. To account for the evolution of the phonon population upon creation of photocarriers in the sample by the near-IR
pulse, we will assume that the resonant contribution mainly depends on the THz frequencies and the delay Az:

Cj(Ar)
@ — Q% iy (AnQ

x](f) o +Q,A) = Z (7)

J
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Here Q; is the pulsation of the resonance mode j, C; is its amplitude, and 7; is its damping constant. We introduce C;(Ar) and
¥j(At) to account for the frequency change in both optical and acoustic phonons induced by the photo-generated carriers and
lattice softening in silicon.>*

These nonlinear polarizations will radiate electric fields oscillating at the 2@ and 2@ 4 Q frequencies. The radiated fields
write:

JE;(20,2) .20 (2
T = ITPJ (260,2) 5 (8)
aEf(z“;iQ’At) :i2wCiQP;3)(2wiQ,At) . )
Z

When integrated over the coherence length L., the spectral density of the HRS signal S(2 + Q,Ar) is proportional to
LY ij (2w + Q,At)|*. Hereafter, we will consider that in our experiment we are always very close to a phonon resonance so

that 1(3) is imaginary and negative.

VI. DISCUSSION

The crystal symmetry group (m3m) implies that one should not expect any interaction between a single phonon and THz
radiation in perfect silicon. However, impurities and structure defects can introduce such THz absorption. In addition, the
simultaneous interaction of two, three, or four phonons can also produce an electric dipole moment with which IR radiation
can interact. These have been shown to result in absorption ranging from 9 THz (~300cm™~") up to 57 THz (~1900 cm~1).33-36
Since the highest phonon energy in silicon is 15.7 THz (~520 cm~")3? we will assign the very low tail absorption ranging from
60.7 THz (~2000cm™") to 45.4 THz (~1500cm™") to four-phonon absorption, the weak band between 45.4 THz (~1500cm™ 1
down to 30.3 THz (~1000 cm™1) to three-phonon absorption, and the main band below 30.3 THz (~1000 cm Dtoa two-phonon
absorption.

In the latter case, selection rules dictates that the two phonons must be of distinct branches of the vibration spectrum. They
can either have opposite or equal momenta, giving rise to the so-called summation and difference bands, respectively. The
summation band originates from two phonons being simultaneously emitted or absorbed, while the difference band emerge from
one being absorbed and another being created.>! The two-phonon absorption resulting from the summation, a(Q; + ), and
the difference, o/(Q — Q») bands scale as [(n(Q1) + 1)(n(Q2) + 1) — n(Q1)n(Q2)] and [n(Q)(n(Q2) + 1) —n(Q2)(n(Q1) +
1)], respectively. Here n(Q) is the occupation number of a phonon mode whose pulsation is Q. At thermal equilibrium it
writes n(Q) = [exp(hQ/kgT) — 1]~! where T, / and kg are the temperature and the reduced Planck and Boltzmann constants,
respectively.

TABLE I. Assignment of multi-phonon absorption peaks in silicon.323?
v (cm™!) Q/2r (THz) Amplitude Width (cm™1) Suggested assignment

493 14.9 0.6 20 LA+TA

566 17.1 0.2 6 LO+TA

610 18.5 0.47 2.5 TO+TA

740 224 0.6 12 LO+LA

819 24.8 0.4 13 TO+LA

896 27.1 0.5 13 TO+LO

964 29.2 0.4 13 TO+TO

1100 333 0.5 15 interstitial oxygen mode
1302 394 0.2 12.5 TO+LO+LO
1380 41.8 0.2 12.5 TO+TO+LO
1450 43.9 0.2 12.5 TO+TO+TO

As mentioned, the energy of the photoexcited carriers in silicon is mainly transferred to OPs, which have higher energy.
Upon photoexcitation by a picosecond near-IR pulse, the generation rate of the OPs greatly exceeds their decay rate, giving
rise to an out of equilibrium OP population that subsequently transfers their energy to APs. After excitation, the carrier-OP
coupling process continues until the excess energy of the HCs is less than the OP energies. Then, OPs decay into APs. Thus, all
multi-phonon processes involving OPs are rapidly enhanced within less than 100 fs after excitation. During the photoexcitation,
the amplitude of three- or even four-phonon processes involving OPs is expected to be substantially increased compared to the
two-phonon processes involving an AP. Furthermore, it must be kept in mind that the photocarrier generation also results in a
shift and non-negligible broadening of the phonon modes.*
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to unity). b) In the solid black line is the computed hyper-Raman Stokes spectrum of silicon at room temperature (normalized to unity). In the
red dashed line, the experimental hyper-Raman Stokes spectrum previously displayed in Fig.3c.

Figure 7b displays the computed Stokes spectrum (black line) that should be recorded at the very early stage of photo-
excitation. That is, when density of generated photocarriers in silicon is so low that its IR absorption is comparable to the
room temperature value. First, we computed the far-IR absorption of silicon at room temperature (Fig. 7a), which evolves like
[Tm( xl(f)(Za) +Q))|, where Im denotes the imaginary part. This spectrum was calculated by considering different Lorentzian
contributions as specified in Table I.>> We neglected the weaker IR absorptions occurring at lower frequencies (/27 <10 THz)
resulting from difference absorption processes.>® Notably, the two-phonon absorptions ranging from 14.9 THz (~493 cm™!) to
24 .8 THz (~819cm™!) results from the combination of an AP and OP, whereas those in between 27.1 THz (~896cm™") to
33.3THz (~1100cm™!) are due to the combination of two OPs. Above 33.3 THz (1300 cm™ ), the three-phonon absorptions is
associated with the combination of three OPs. By adjusting these parameters, we were able to closely reproduce the previously
published IR absorption of silicon.??

Figure 7b displays the computed Stokes spectrum (black line) that should be recorded at the very early stage of photoexcitation.
That is, when the density of generated photocarriers in silicon is comparable to the room temperature value. According to Eq.
(9), one can calculate the Stokes and anti-Stokes spectra upon generation of photocarriers. In Figure 7, we have also plotted the
Stokes spectrum recorded at zero delay (red dashed line) from Fig. 3c. A strong discrepancy is seen between the computed and
measured spectra. This clearly evidences that the far-IR absorption of silicon is significantly modified during its photoexcitation

by the near-IR pulse.
Similarly, we can obtain the evolution of the far-IR absorption |Im( xl(f) (2w £ Q,Ar)| from our recorded (anti-)Stokes spectra

S(2w+ Q) [ Fig. 3b] by deconvolution with the experimental THz spectrum (Fig. 2b). That is, Im(xl(f)(Za) + Q Ar))| <
VS(2w —Q)/|E(Q)[2. The resulting Stokes spectra are shown in Fig.8a-b along with our model for unexcited silicon at room

temperature [Fig.8c] Hereinafter, we will mainly focus on the spectral feature of |Im()(1(z3 )(2a) + Q, Ar)| ranging from 5 to
50 THz, where the signal-to-noise ratio is large enough to conduct a meaningful discussion. In Fig. 8c, the dotted lines indicate
the frequency ranges where the far-IR absorption results from the combination of an optical and an acoustic phonon (AP+OP),
two optical phonons (OP+OP) and three optical phonons (OP+OP+OP).

When comparing Fig. 8(a) and 8(b) with Fig.8(c) many interesting features emerge. In the two-phonon band up to 25 THz,
the main peak around 19 THz almost disappears, indicating a significant broadening of the related phonon modes. The features
between 25 and 35 THz, resulting from two OPs (TO+LO, TO+TO), are enhanced compared to those below 25 THz involving
AP modes (LO+TA, TO+TA, LO+LA, TO+LA). In the three-phonon band between 35 and 50 THz, |Im( 751({3) 2w —Q,At))| is
significantly increased below 40 THz. The shift of the three-phonon absorption towards lower frequencies is likely related to
the shift of the individual phonon modes upon photocarriers generation.’* In Fig. 8a-b, the peak around 39 THz is close to the
absorption resulting from the 2LO+TO modes. This peak is larger compared to the broad peak around 43 THz (2TO+LO,3TO).
This may indicate that the LO phonon mode is more strongly populated than the TO phonon mode during the photogeneration
of carriers.

These features do not drastically change with the delay Ar between the near-IR and THz pulse. A noticeable change vs
At is the amplitude of the two-phonon absorption band compared to the three-phonon absorption band. When the THz pulse
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FIG. 8. (a) and (b) Evolution of |Im( 751(13) (2w — Q,Ar))| normalized to unity vs the delay between the near-IR and THz pulse. ¢) Computed

spectrum of |Im( 11(23) (2w —Q))| for unexcited silicon at room temperature. The dotted lines separate the two-phonon absorption resulting from
the combination of acoustic and optical phonons (AP+OP), from the two-phonon and three-phonon absorption resulting from the combination
of two optical phonons (OP+OP) and three optical phonons (OP+OP+OP), respectively.

precedes the near-IR pulse (A¢ > 0), the two-phonon absorption band is weaker than the three-phonon band. Then, it increases
and reaches a maximum when the near-IR and THz pulses are perfectly overlapped (Ar = 0). Afterwards, it rapidly decreases.
This behavior may be related to the rate at which we populate the OP modes. When the THz pulse precedes the near-IR pulse,
this rate decreases. It reaches its maximum when Ar = 0. Afterwards, it steadily decreases. This could indicate that when
the generation rate of OPs is very high, the two-phonon absorption becomes stronger. The phenomenon likely depends on the
density of photogenerated carriers.

The asymmetry displayed in the Fig. 5 is not surprising, as the photogenerated HCs need ~400fs before emitting an OP
through their interaction with the lattice.’” This depends on the density of photogenerated carriers*®>. While Fig.5 also reveals
the kinetics of the creation and relaxation of the LO phonon, its evolution is mainly driven by the temporal evolution of the
near-IR intensity /(®). Indeed, the latter is responsible for both the creation of the photocarriers, inducing a modification of
2% (2w + Q,Ar), and the generation of the nonlinear polarization P®) (2 + Qy,Ar) o< x®) (20 4+ Q, Ar)I(, Ar). Tt is therefore
very difficult to extract a meaningfully time constant for the LO phonon time constant.

So far, we have neglected the interference between x ) and ¥ processes. We can evaluate this by examining the amplitude
of the Stokes and anti-Stokes bands near the SHG peak (Fig. 3). Around this peak, the anti-Stokes component is almost null,

while the Stokes can be clearly observed. Since the Stokes and anti-Stokes Raman susceptibities are related by 751(;) () =

%123)*((%\')’ it follows that Im( 11(13)(2(9 —Q)) = —Im( xl(f)(Za) +Q)).3® Therefore, we can conclude that the SHG peak should
have approximately the same amplitude at both sides but interferes constructively with the Stokes field and destructively with

the anti-Stokes field.

VIl. CONCLUSION

We have reported on the HRS spectrum resulting from the interaction of a picosecond near-IR and an ultrashort THz pulse
near the surface of a (111) silicon sample. These spectral contributions are large and very broad compared to the SHG signal
purely generated by the near-IR picosecond pulse at the silicon surface. The HRS spectrum, whose amplitude depends on
the temporal overlap between the near-IR and THz pulses, exhibits distinct dips related to two-phonon and interstitial oxygen
absorption, which are broadened throughout the duration of the near-IR pulse. To account for the shape of the HRS spectrum and
its temporal evolution, we proposed a simple model. It relates the HRS spectrum to multi-phonon absorption in silicon. Based
on this model, we showed that during the generation of photocarriers by the near-IR pulse, the two- and three-phonon absorption
bands are largely enhanced. Mainly towards the modes involving two or even three optical phonons. This process happens
within ~ 100fs upon photoexcitation and results from the very rapid and strong population of optical phonons. This technique
can easily be extended to study multi-phonons absorption in other crystals belonging to the m3m symmetry group, such as
diamond or germanium. While our current experimental setup limited the study of the hot phonon dynamics, it could easily be
studied in a pump-probe experiment. This limitation can be easily circumvented by implementing a pump-probe setup. A short
optical pump pulse should be used to populate the hot phonons in the sample. The temporal evolution of these hot phonons could
then be probed using the approach described in this paper. It is worth noting that in this configuration, the temporal and spectral
resolution will be limited by the duration of the picosecond pulse. The application of this technique to new superconductor,
topological insulator,*” and 2D hetero-structures*' will help improving our understanding of the electron-phonon interactions in
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all these novel materials.
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