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Time-resolved Raman scattering measurements are made by using 110 fs laser pulses in germanium at

the initial carrier density of 3x10'® cm ~3.

Intensity build-up is clearly observed for the Raman scatter-

ing due to photoexcited electrons in L valleys and is quantitatively analyzed in terms of the theory on the
electronic light scattering from a multicomponent electron gas. We show that photoexcited electrons ini-
tially created in the I' valley are scattered into L valleys with a time constant of 1.2 £ 0.1 ps.

PACS numbers: 78.47.+p, 72.80.Cw, 78.30.Hv

The initial relaxation process of photoexcited carriers
(electrons and holes) in femtosecond to picosecond range
has been of great interest in several recent years not only
in the technological domain of high speed semiconductor
circuits but also in the basic research field and has been
investigated by several methods: pump-probe transmis-
sion spectroscopy, up-conversion luminescence spectrosco-
py, and time-resolved Raman spectroscopy.

The first subpicosecond time-resolved Raman measure-
ments were made in GaAs by Kash, Tsang, and Hvam
[1]. They showed that the Raman signal of LO phonon
grows gradually and has a peak value at 2 ps after excita-
tion. Recent femtosecond measurements in GaAs under
irradiation of —2 eV photons revealed that electrons in
the I" valley are scattered into side valleys within 100 fs
and return slowly with a time constant of ~2 ps [2-6].
Time-resolved Raman scattering of photoexcited elec-
trons (electronic Raman scattering) has been measured
by a single-pulse method by Kim and co-workers [2,3].
They obtained the temperature of the photoexcited elec-
trons and showed that the cooling time of photoexcited
electrons in the I' valley is much faster than 1 ps.

In contrast to GaAs mentioned above, little has been
done in germanium (Ge) concerning the fast relaxation
process, though some new aspects are expected in this
system, which will be useful in understanding the relaxa-
tion dynamics in semiconductors owing to some basic
properties different from GaAs. The bottom of the con-
duction band of Ge is located in L valleys which is 0.14
eV lower than the I' valley (indirect nature). The inter-
valley scattering process in this crystal has not been
clarified yet, whereas electrons created in the I' valley
have a destiny of going to L valleys after a while. Time-
resolved Raman measurements have been reported in Ge
and decay time of nonequilibrium phonons created by the
cooling process of electrons has been found to be 4 ps at
room temperature [7,8]. However, time resolution of
these measurements was restricted by the excitation pulse
width (4 ps). There remains an unsettled question of how
the photoexcited carriers relax in the very initial stage.
In addition, the Frohlich interaction does not exist in this
crystal (nonpolar nature). This leads to an expectation
that the relaxation process of electrons in Ge will be quite
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different from the situation in polar crystals, such as
GaA:s.

In this Letter, we report on results of the first observa-
tion of the subpicosecond time-resolved Raman scattering
from photoexcited carriers in Ge under excitation above
the direct gap (E; =0.8 eV). We determine the interval-
ley scattering time from I' valley to L valleys, and discuss
the initial relaxation process of photoexcited electrons.

We used a self-mode-locked 100 fs Ti:Al,O3 laser sys-
tem which is based on a commercial cw laser (SP3900S,
Spectra Physics), modified to have two high dispersion
prisms (SF-6) and a slit inside the cavity. It was pumped
by an 8 W cw Ar ion laser and a typical average power
was 240 mW under operation of 82 MHz at 800 nm.
The spectral bandwidth of the laser is so wide (FWHM is
about 110 cm ~!, the tail is spread over 150 cm ")
that it is difficult to observe the electronic Raman scatter-
ing because of its small energy shift. To overcome this
problem, we used a filter stage that can restrict the spec-
tral width of the laser, keeping the transform-limit time
response. In this study, we restrict the laser spectrum
within =90 cm ™! as shown by arrows in Fig. 1(a).
Pulse width of the laser after the filter stage measured by
the autocorrelation method was 110 fs. This enables us
to observe the Raman scattering down to a shift of =110
cm !

In order to obtain time-resolved Raman spectra, we
utilized the pump-probe method, where pump and probe
pulses were set to have the same photon energy (1.52 eV)
and the same average power (25 mW) with polarization
perpendicular to each other. We measured three spectra
under different excitation conditions: (a) only probe
pulse, (b) only pump pulse, and (c) both pulses. Time-
resolved spectra are obtained by a computational subtrac-
tion procedure of these spectra: (c) —[(a)+ (b)]. In case
of the electronic Raman scattering, the obtained spec-
trum is interpreted as the Raman spectrum of photoexcit-
ed carriers created by the pump pulse and detected by the
probe pulse delayed by 4 to the pump pulse. The pump
and probe pulses are focused onto the nondoped Ge crys-
tals having (100) surface. We denote the crystal axis of
[100] direction and two equivalents as x, y, and z. The
initial carrier density generated by the laser irradiation is
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FIG. 1. Time-resolved Raman spectra of germanium at room
temperature in z(y,x)Z configuration at t4 =0 ps (b), t;=0.4 ps
(c), ta=4 ps (d), and the ordinal Raman spectrum under
steady excitation (e). The spectrum of the excitation laser
(1.52 eV, 110 fs) is shown in (a). Arrows represent the limit
position of the filter stage. The broken and solid curves in
(b)-(e) are fitting curves described in the text. Obtained fitting
parameters T1(K), T2(K), I'(cm ™) are (b) 2170, 2100, 260;
(c) 1940, 1400, 235; (d) 420, 360, 105; (e) 415, 400, 115, re-
spectively.

about 3x10'® cm 73 per pulse, assuming that the electron
generation efficiency by one photon is unity. All mea-
surements were made at room temperature. Secondary
emission light from the sample was observed in the back-
scattering geometry and dispersed by a triple polychro-
mator (DILOR) attached with a charge-coupled device
camera cooled by liquid nitrogen (Princeton Instru-
ments). The obtained spectra were corrected for the in-
strumental response and the ordinate scale in the figures
is proportional to the photon number per unit energy in-
terval.

Typical time-resolved spectra are shown in Fig. 1(b)
(t4=0 ps), Fig. 1(c) (t4=0.4 ps), and Fig. 1(d) (1;=4
ps) in the z(y,x)Z configuration. Here, the notation *y”
in the polarization configuration represents the polariza-
tion of the probe pulse. In each case, one can find a
broad spectrum centered at 0 cm ~! and a background
luminescence. The background luminescence is found to
have an exponential shape as

IuL(w) =exp(hw/kgT,) , 1)

where @ is the Raman shift (+ sign corresponds to the
Stokes side). This result suggests that the luminescence
is a hot luminescence which arises from the recombina-
tion of hot electrons and holes having the effective tem-
perature Ty, as is reported in GaAs [5,6,9,10].

We found that the intensity of the broad spectra
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around 0 cm ! increases linearly with the increase of the

intensity of the pump pulse. Similar broad spectra to
those shown in Figs. 1(b)-1(d) have been observed in
heavily electron-doped multivalley semiconductors and
assigned to the electronic Raman scattering due to excita-
tions in an electron gas [11,12]. It is suggested that the
broad spectra in Figs. 1(b)-1(d) also originate from the
electronic Raman scattering due to photoexcited carriers
created by the pump pulse. Following Ipatova, Suba-
shiev, and Voitenko [13] and Klein [14], we write the
spectral shape of the scattering due to excitations in a
multicomponent electron gas as

-1
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2)
where 7', is the temperature of electrons which is respon-
sible for electronic Raman scattering. In Eq. (2), I' rep-
resents the dumping constant of electrons relevant to the
light scattering, R denotes the resonance effects and the
polarization selection rules, N and u are the number of
carriers and chemical potential of the system, respective-
ly. Ipatova, Subashiev, and Voitenko derived Eq. (2) for
the collision-limited electron gas in an equilibrium state
of the temperature 7';, where the carrier-carrier scatter-
ing process takes place much faster than other processes
(inter- and intravalley scattering by phonon emission and
absorption). The theory successfully explained the elec-
tronic Raman spectra in heavily electron-doped Si [11]
(n=8x10"8-10%) and Ge [12] (n=1.6x10"%).

Application of Eq. (2) to the time-resolved electronic
Raman spectra is supported by the consideration men-
tioned below, though it is not justified a priori because of
the nonequilibrium nature of the hot carriers just after
the ultrafast pulse excitation. In several semiconductors,
such as GaAs, femtosecond luminescence and Monte
Carlo simulation studies [6,9] revealed that the carrier-
carrier scattering process is much faster than other pro-
cesses (<100 fs). Carriers created by the femtosecond
pulses redistribute over a wide spectral range within 100
fs and are thermalized to hot Fermi distributions within
300 fs, even at excitation densities as low as 10'7 ¢cm ~3.
Although Ge has a different band structure and a
different crystal structure from GaAs, there should be no
significant difference in the thermalization process as far
as the carrier-carrier scattering is concerned: The car-
rier-carrier scattering rate is closely related with the car-
rier density, the effective mass, and the dielectric constant
[9], the latter two of which are similar in GaAs and Ge.
Considering current experimental conditions in Ge, the
carrier density is almost 1 order larger than that in the
study of GaAs, which rather makes the scattering rate
large. Therefore it is quite plausible to assume that hot
carriers in Ge are thermalized to hot Fermi distributions
within 300 fs and Eq. (2) can be applied to the time-
resolved electronic Raman scattering. As shown in Fig.
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1, hot luminescence spectrum even at 0 ps, which includes
the whole processes taking place within the pulse duration
(~100 fs), has a broad spectrum spread over the wide
range which includes the high energy region (< — 1000
cm~') and the spectra are well described by Eq. (1).
This result suggests that the carriers are thermalized to
hot Fermi distributions within the pump pulse duration.

We try to fit time-resolved spectra to Eq. (3). Convo-
lution integral is carried out for the electronic Raman
component to take into account the finite spectral width
of the laser

I(w) =A|IHL(w)+A2f_°;IER(w— v)Iiaser(V)dv.
3)

Here I1.asgr(v) is the spectrum of the laser pulse, and A4,
and A, are arbitrary constants. Time-resolved spectra
can be fitted quite excellently at any delay time as depict-
ed in Figs. 1(b), 1(c), and 1(d) by the broken curve for
total fitting and by the solid curve for the hot lumines-
cence component.

At t4=0 ps, the spectrum of the electronic Raman
scattering has a broad width and a symmetric shape. On
the other hand, the spectrum at t; =4 ps has a narrower
width and an asymmetric shape. This result tells us that
the dumping constant I and the temperature 7T, de-
creases with increasing t4. In Fig. 2 are shown ¢4 depen-
dence of T, and I', which are determined from the curve
fitting to several time-resolved spectra, by closed circles
and open circles, respectively. They are fitted to phenom-
enological equations (4) which are shown by solid curves
in the figures.

T,(¢t) =1700exp(—1¢/0.7) + 360,

I(t) =170exp(—1/1.3) +98. @

From these equations, it is found that the carriers cool
down to the thermal equilibrium with lattice within a
time constant of 0.7 ps and the dumping constant de-
creases with 1.3 ps. As for the integrated intensity of the
electronic Raman component, it is noteworthy that the
scattering intensity once decreases at 0.4 ps and then re-
covers at 4 ps (as seen in Fig. 1).

In order to identify the time-resolved spectrum at 4 ps,
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FIG. 2. Delay time dependence of T (closed circles, left
scale) and I' (open circles, right scale). Solid curves are ob-
tained by the fitting to phenomenological equations (4).

we measured electronic Raman scattering under steady
excitation conditions. A cw Ti:Al,O3 laser was used with
the spectral width of 0.5 cm~'. The result for the
z(y,x)z configuration is shown in Fig. 1(e). One can see
the electronic Raman component and the hot lumines-
cence along with LO-phonon Raman lines at = 300
cm !, This spectrum also can be fit to Eq. (3), using the
narrower laser spectrum. Obtained carrier temperature
T, and dumping constant I" are 400 K and 115 ¢cm 7!, re-
spectively. They are consistent with the data obtained at
300 K in n-type Ge (n=1.6x10"') by Mestres and Car-
dona [12], where free electrons exist in L valleys in the
steady state. Therefore, under steady excitation condi-
tions, the origin of the electronic Raman scattering is the
electrons in L valleys created by photoexcitation. Furth-
ermore, one can find that the spectrum of ;=4 ps [Fig.
1(d)], is almost the same as that obtained under steady
excitation [Fig. 1(e)]. Therefore, we conclude that the
origin of the electronic Raman scattering at 4 ps is pho-
toexcited electrons in L valleys. These results indicate
that electrons initially created by the pump pulse in '
valley are scattered into L valleys within 4 ps.

Now, we proceed to the temporal behavior of the Ra-
man intensity. In the high temperature and dilute limit
(7> 300, N <10'), dN/du in Eq. (2) can be rewritten
as

ON _ N

ou  kgTy '
Therefore we can estimate the number of electrons in L
valleys at any delay time for the scattering intensity
Ier(w) by Eq. (2). In Fig. 3(a) are shown intensities of
the time-resolved spectra monitored at —115 cm ~! by
closed circles against the delay time 74. They are decom-
posed into the electronic Raman component (open cir-
cles) and the hot luminescence component (crosses).
This decomposition was carried out through two process-
es: (1) estimate the temperature 7'; from the data simul-
taneously measured at large shifts in both Stokes and
anti-Stokes sides, and (2) the amplitude of Raman
scattering and hot luminescence contribution (A4, and
A,) are adjusted so as to reproduce the spectral shape of
the time-resolved spectra. As shown in the figure, the
Raman intensity decreases rapidly from ¢z, =0 ps and has
a minimum at ¢ty =0.4 ps and then increases gradually.
After t4 =2 ps, it decreases slowly. To estimate the effect
of the T, and I to the Raman intensity at a fixed Raman
shift, we calculated the intensity by using the second term
of Eq. (3) and Egs. (4). If N were constant in these
equations, the decrease of 7', and I' with respect to the
delay time (Fig. 2) would bring the Raman intensity at
—115 cm ™! and would increase the delay time only by
~15% from O to 1 ps and little change after 1 ps. There-
fore we can say that the change of 7> and I' does not
influence so much the Raman intensity at —115 cm ~!
and the main origin of the increase after 0.4 ps is the in-
crease of the number of electrons in L valleys.

(5)
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FIG. 3. (a) Time development of the Raman intensities ob-
served at —115 cm ™! (closed circles). Decomposed com-
ponents are depicted by open circles (electronic Raman) and
crosses (hot luminescence). (b) Time development of the num-
ber of carriers responsible for the electronic Raman scattering
(closed circles). Open squares are the same obtained directly
by the fitting of the time-resolved spectra to the Eq. (3) with
Eq. (5). The solid curve is the fitting curve described in the
text.

Figure 3(b) shows the time development of the number
of electrons, /N, responsible for the electronic Raman
scattering which are calculated from the Raman intensity
at —115 cm ~! [open circles in Fig. 3(a)] and the second
term of Eq. (3) with @ = —115. In this case, values of
T, and I' are determined by the phenomenological equa-
tions (4). This analysis is justified by the agreement with
data shown by open squares which are directly obtained
from the spectral fitting of time-resolved spectra (param-
eter 4;) at several delay times. We fit the temporal
change of /V to a phenomenological curve which consists
of two components. One is the component with an ultra
fast decay (r) and the other is the component with a rise
(73) and a slow decay (z3), where 7| < 7, < 73. We cal-
culated the convolution integral for the pump and probe
pulses to take the finite width of the laser pulse into ac-
count. The result is shown by the solid curve in Fig. 3(b).
Each component is also shown by the dotted curve in the
figure. Obtained parameters, 7, 72, and 73 and 120 £ 50
fs, 1.2+ 0.1 ps, and 8 £ 2 ps, respectively.

We are now ready to consider the relaxation process of
photoexcited carriers. Under irradiation of 1.52 eV light,
the vertical transition occurs only in the I' valley from the
heavy-hole, light-hole, and split-off-hole band and the ini-
tial electron distribution in the conduction band consists
of three peaks. As is usually assumed in GaAs in the
high carrier density region (> 10'7/cm?), we consider a
model in which electrons are quickly thermalized in the I'
valley to hot Fermi distributions by the carrier-carrier
scattering [5,6,9] and then cool down by phonon emission
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processes (intra- and intervalley scattering). On the basis
of the model, it is concluded that the 1.2 ps rise of the
carrier number is ascribed to the intervalley scattering of
photoexcited electrons from the T valley to L valleys.
The time constant 1.2 ps is much longer than the value
reported in GaAs [4-6,9]. This might be due to the non-
polar nature (lack of the Frohlich interaction) of Ge
which will reduce the magnitude of the electron-phonon
interaction and consequently reduce the rate of the inter-
valley scattering.

As for the component with ultrafast decay (120 fs),
one of the possible candidates for the origin is the single
particle excitation in I' valley under extreme resonant
condition with the incident laser light. In this case, the
decay time will be assigned to the thermalization time of
electrons which localize on the dispersion curve of the
conduction band in the I" valley in the very initial stage.
The long decay of 8 ps will be originated from the spatial
diffusion of photoexcited carriers which has been already
observed in time-resolved reflectivity measurements [8].

In summary, we made time-resolved electronic Raman
measurements in Ge by 110 fs pulses. The analysis based
on the thermalized multicomponent electron gas shows
that photoexcited electrons initially created in the I' val-
ley are scattered into L valleys with a time constant of 1.2
ps.
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