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Multivalley optical switching in germanium
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Multicolored optical switching phenomena are crucial for a broad range of applications, such as
telecommunications and optical computing. However, most materials typically exhibit single-colored
optical nonlinearity under intense laser illumination. Herein, our femtosecond time-resolved transient
transmission measurements reveal the coexistence of the transient Pauli blocking effect in both the � and
L valleys following intense optical excitation in Ge films, demonstrating their feasibility as multicolored
optical switching materials based on multivalley scattering. Additionally, a split-off energy of 240 meV at
the L point, attributed to the spin-orbit coupling effect, is directly observed from time-resolved transient
transmission spectra. Based on an accurately calculated band structure, a scheme has been developed to
interpret pump-probe transient transmission traces, effectively avoiding overinterpretation of overlapping
transient signals caused by multiple-transition pathways. Furthermore, analysis of transmission transients
using a three-level model indicates that the intervalley scattering time between the � and L valleys is
within 196 fs, and the intravalley scattering time is within 1.10 ps in the � valley, highlighting the poten-
tial for achieving an ultrafast multicolored optical switching device for key applications in multiband
communications and optical computing.
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I. INTRODUCTION

When a semiconductor material is irradiated by an
intense laser with excitation energy larger than its band gap
[1], optical switching can occur, making the material less
absorptive and potentially changing from an opaque state
to a transparent one within a specific wavelength region on
ultrafast timescales, i.e., femtoseconds to nanoseconds [2].
Such phenomena have attracted significant attention for
the development of optical switching devices in integrated
photonics compatible with Si-technology-based optical
communications owing to their ultrafast response time of
down to several tens of femtoseconds [1,3], which are not
achievable through conventional switching methods based
on the resistive-capacitive delays of electronic circuits.

From the perspective of solid-state physics, when a
large number of valence electrons are excited and injected
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into the conduction band after intense laser excitation,
they scatter among themselves (electron-electron scat-
tering) [4], with acoustic or optical phonons (electron-
phonon scattering [5,6]), and with the remaining holes
in the valence band (electron-hole scattering [7]). These
electrons then relax to the bottom of the conduction
band as thermalized electrons. Due to the Pauli block-
ing effect [8], the transient occupation of the thermal-
ized electrons in the conduction band allows incident
light to pass through the material, a phenomenon known
as optical switching or optical bleaching [1]. The ultra-
fast response of such optical switching is typically con-
strained by the relaxation mechanisms of excited carri-
ers, and largely depends on the electronic and phonon
band structures of the semiconductor material. How-
ever, the complicated interplay between excited carri-
ers and band structures often hinders the understand-
ing required for utilizing such ultrafast optical switch-
ing, necessitating continued experimental and theoretical
investigations.
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FIG. 1. (a) Calculated electronic band structure (solid lines) with spin-orbit coupling for diamond-structured Ge, compared with the
experiments (solid half circles and circled plus) from angle-resolved photoemission and inverse photoemission measurements [24,25],
where the valence-band maximum is set to zero. Note that the shaded regions show electronic occupation in the � and L valleys due
to carrier injection, and the states at the high-symmetry points of the Brillouin zone are labeled according to the double-group notation
of Koster et al. [26]. (b) Schematic representation of a multivalley optical switching device, wherein the switching material (Ge film)
reversibly changes from an opaque state to a transparent one for specific wavelengths due to the Pauli blocking effect in both � and
L valleys, triggered by intense laser irradiation. This optical switching mechanism can be examined using the pump-probe transient
transmission measurements.

Ultrafast optical switching has been well observed in
direct-band-gap materials, such as InN [1,9]. Femtosecond
time-resolved pump-probe transient transmission measure-
ments have demonstrated that the thermalized electrons
follow a hot Fermi-Dirac distribution, and subsequently
recombine with holes within several hundreds of picosec-
onds in InN films [1,10], enabling the possibility of
ultrafast optical switching. In contrast, utilizing multi-
valley semiconductors for ultrafast optical switching has
been less explored, possibly because the coexistence
of direct and indirect valleys complicates the under-
standing of carrier thermalization and recombination.
Intuitively, for multivalley semiconductors, excited elec-
trons may be simultaneously distributed across differ-
ent valleys due to intervalley scatterings [4,11], thereby
opening the possibility of achieving multivalley opti-
cal switching from the aspect of Pauli blocking. This
may even allow for optical switching at multiple dis-
tinct wavelengths, making multicolored switching devices
feasible.

Herein, diamond-structured Ge, a traditional semicon-
ductor material with a multivalley band structure, was
subjected to intense laser irradiation to study its ultrafast
carrier dynamics in different valleys and to evaluate the
feasibility of multivalley optical switching, with the aim

of achieving a multicolored optical switching device. The
conduction band of bulk Ge consists of one � valley, four
L valleys, and six X valleys. It has a direct band gap of
0.80 eV at the � point [12], and its indirect minimum at
the L point is only 140 meV below the direct minimum
[13]. The energy separation for direct transitions at the L
point has been established to be approximately 2.11 eV at
room temperature [14,15]. Recent experiments have also
observed the existence of Pauli blocking for direct transi-
tions at the L point in highly n-type doped Ge [16]. These
properties make Ge a more promising candidate for a mul-
ticolored optical switching material. For example, when
both � and L valleys are simultaneously filled with ther-
malized electrons following carrier injection and subse-
quent intervalley scatterings, as shown in Fig. 1(a), visible
(∼ 2.11 eV) and infrared (∼ 0.80 eV) light can tran-
siently pass through the sample due to the Pauli blocking
effect.

A femtosecond time-resolved pump-probe transient
transmission measurement system was developed to inves-
tigate multivalley optical switching phenomena, ranging
from the infrared to the visible region in the Ge film, trig-
gered by intense laser irradiation, as illustrated in Fig. 1(b).
A set of three-level rate equations, incorporating multi-
valley scatterings, was constructed to model the measured
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transient transmission traces. Using these rate equations,
we successfully deconvoluted the temporal distributions of
electronic occupation in different valleys in Ge, extracted
inter- and intravalley scattering probabilities from the tran-
sient transmission traces, and demonstrated controllable
multicolored optical switching with picosecond duration
and >15% magnitude in the multivalley Ge semiconduc-
tor. These new findings also provide a framework for
interpreting previous reports on the � → L intervalley
scattering times measured by using other methods.

II. EXPERIMENTAL AND COMPUTATIONAL
DETAILS

Considering potential applications of a Ge-based multi-
valley optical switching device in integrated silicon pho-
tonics [17], which is one of the emerging key technologies
addressing the ever-growing demand for higher data rates
and security due to internet traffic, a Ge-on-Si thin film
was fabricated to examine multivalley optical switching.
Molecular epitaxial evaporation, employing a low-high
temperature two-step growth approach with cyclic anneal-
ing [17], was used to grow the polycrystalline Ge film
on a 10-nm Si film coated on a c-sapphire substrate.
The fabricated Ge sample (300 nm) is p type, with a
hole concentration of 1.15 × 1018 cm−3 and a mobility
of 78.1 cm2/Vs. The film thickness, dielectric constants,
and absorption coefficients were determined using a Jobin
Yvon ellipsometer (UVISEL). The lattice constants, cal-
culated from (222) and (110) XRD peaks, are 5.645 and
5.649 Å, respectively, which are in good agreement with
the standard powder diffraction result (5.658 Å) [18].

Femtosecond time-resolved transient transmission mea-
surements were performed to investigate ultrafast carrier
dynamics based on the pump-probe technique. The Ge film
was excited by a 140-fs Ti:S laser pulse with a repeti-
tion rate of 76 MHz at room temperature, in which the
laser beam was split by a polarized beam splitter, with the
majority of the power used to excite the sample (pump-
ing at 1.55 eV) and the remaining power focused into the
supercontinuum device (FemtoWHITE 800, NKT Photon-
ics) for generating the probe light (400–1000 nm). Both
pump and probe lights were focused on the sample surface
using a 10× objective lens (Mitutoyo) with an incident
angle of 90◦ relative to the sample surface, where the spot
size of the 1.55-eV laser was 10.3 µm in diameter (1/e2

diameter), as determined using the knife-edge technique.
The transmitted probe light passed through a spectrom-
eter and was then collimated to enter a Si photodetector
(2107-FC, New Focus).

To explain the ultrafast dynamics of transient transmis-
sion, the photoexcited carrier density (Ne) was estimated
using the calculation method developed by Menéndez et
al. [19], which accounted for the lateral diffusion of excited

electrons during pumping. In the calculation, the room-
temperature average carrier lifetime, carrier-diffusion coef-
ficient, and surface-recombination velocity were set to
0.9 ms [19], 53 cm2/s [20], and 100 cm/s [21], respec-
tively. For a pumping power of 240 mW at 1.55 eV, the
photoexcited carrier density was estimated to be 2.99 ×
1018 cm−3, where the reflectance and absorption coeffi-
cients used, measured using a UV-vis spectrophotometer
(UV-3600iPlus, Shimadzu), were 0.445 and 48 548 cm−1,
respectively.

Density-functional-theory (DFT) calculations were per-
formed using the Vienna ab initio simulation package
[22] with the projector-augmented-wave method [23]. The
experimentally measured lattice constant with fixed frac-
tional coordinates was used to calculate the band structure
of Ge using the Heyd-Scuseria-Ernzerhof (HSE06) hybrid
exchange-correlation functional with a plane-wave cutoff
of 450 eV, where the spin-orbit coupling effect was also
included to accurately represent the splitting of the valence
bands. Note that fixing fractional coordinates ensures that
the symmetry of the unit cell for diamond-structured Ge
remains unchanged.

III. RESULTS AND DISCUSSION

To interpret the observed experimental results, we first
calculated the band structure of diamond-structured Ge
with a lattice constant of 5.645 Å by using the HSE06 func-
tional, taking into account the spin-orbit coupling effect, as
shown in Fig. 1(a). Over a wide energy range, the DFT
band structure agrees well with the photoemission and
inverse photoemission experimental data [24,25]. The cal-
culated direct gap is 0.82 eV, which is in good agreement
with the experimental values of 0.81 eV at room temper-
ature [12]. The calculated indirect gap is 0.72 eV at the
L+

6c point, which is consistent with the value (0.7 eV) from
the inverse photoemission experiment [24] and slightly
larger than the well-established value of 0.66 eV obtained
from optical measurements [13]. The energy of the �1
conduction-band minimum is 0.95 eV above the valence-
band maximum, and the energy separation between X5c
and X5v is 4.65 eV, which is larger than the reported
experimental value (4.36–4.38 eV at 300 K) determined
using spectroscopic ellipsometry [14,15]. The spin-orbit
coupling causes the splitting of the valence bands, and
the energy separations for the top valence band are cal-
culated to be 0.32 and 0.20 eV at the � and L points,
which are in good agreement with experimental values of
0.30 and 0.23 eV, respectively [15,27]. The energy at L−

6v

is 1.74 eV below the valence-band maximum, consistent
with the reported value (1.74 eV) from the angle-resolved
photoemission measurement [24,25]. The intervalley ener-
gies along the [111] and [100] directions are 1.67 and
2.56 eV, respectively.
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FIG. 2. Time-resolved transient transmission spectra measured at a pumping fluence of 7.58 × 10−3 J/cm2. Herein, a pump laser
with an energy of 1.55 eV was used, and a pump laser with an energy of 1.55 eV was used, and the transient transmission spectra were
measured using a probe laser with energies ranging from 1.38 to 2.56 eV.

Figure 2 shows the transient transmission, probing from
1.38 to 2.56 eV, under optical excitation at 1.55 eV with
a pumping fluence of 7.58 × 10−3 J/cm2, where the tran-
sient transmission signal is defined as dT/T = [T(t) −
T(0)]/T(0) with the transient transmission, T(t), and the
static transmission, T(0). The overall temporal response
shows three notable switching regions, offering the possi-
bility for use as a multicolored optical switching material,
where multicolor refers to three distinct wavelengths. The
most prominent switching region is centered at approxi-
mately 1.41 eV, while two additional switching regions
are located at around 2.08 and 2.32 eV. These switching
states can be explained in terms of Pauli blocking, which
causes a change from an opaque state to a transparent
state. Simply speaking, the probing level in the conduc-
tion band becomes occupied by a large number of excited
electrons following intense pumping, allowing the probing
pulse to pass through the excited sample, as clarified by the
Burstein-Moss effect [8]. It is worth noting that, even if all
the excited electrons (2.99 × 1018 cm−3) are injected into
the conduction band simultaneously without considering
carrier depopulation, their collective motion has a negligi-
ble effect on the visible transmittance from 1.92 to 2.56 eV,
as calculated by the classical Drude model.

Understanding the observed optical switching requires
a detailed examination of ultrafast carrier dynamics fol-
lowing intense excitation. Generally, for a direct-band-gap
material, excited electrons typically relax to lower energy
levels in the conduction band through the electron-phonon
or electron-electron scattering mechanisms shortly after
pumping, a process commonly referred to as thermaliza-
tion [1,5–7,28]. This relaxation results in a transient occu-
pation of thermalized electrons in the � valley, thereby
initiating optical switching. Considering Ge as a multival-
ley semiconductor, in addition to the relaxation of electrons
within the � valley, a portion of the excited electrons are
scattered into the L valley, contributing to optical switching
in the L valley.

Based on the above physical picture, the strongest opti-
cal switching, centered at 1.41 eV, is attributed to the
direct optical transition, due to the transient occupation of
thermalized electrons in the � valley. The optical switch-
ing observed around 2.32 eV is attributed to the optical
transition from L−

6v to L+
6c, while the weak one near 2.08

eV is considered to be due to transitions between L−
4v+5v

and L+
6c. The energy separation (224 meV) between two

switching centers is close to experimentally reported val-
ues (170–240 meV) at the L point, as shown in Table I, and
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TABLE I. Calculated splitting energies and gap energies at
the L point in Ge, obtained from the DFT-HSE06 calculations
with a room-temperature lattice constant of 5.645 Å. Experimen-
tal values measured around room temperature are provided for
comparison.

Splitting (meV) Gaps at L (eV)

�SO(�) �SO(L) L−
4v+5v → L+

6c L−
6v → L+

6c

Present Calca 320 200 2.25 2.45
Calcb 290 200 2.08 2.27
Expt.c – 170 2.09 2.26
Expt.d – 200 2.15 2.35
Expt.e – 180 2.134 2.314
Expt.f – 200–240 2.11–2.14 2.33–2.36
Expt.g – 210 2.115 2.325
Expt.h – 187 2.111 2.298
Expt.i – 196 2.107 2.303
Expt.j – 198 2.105 2.303
Expt.k – 200 2.1 2.3
Expt.l – 200 2.09 2.29
Expt.m – 201 2.065 2.266
Expt.n 290 190 2.05 2.24
Expt.o 286 200 2.11 2.31
Present Expt.p – 224 2.08 2.32

aOur calculation by using the HSE06 functional.
bTheoretical calculation by Fourier expansion [29].
cElectroreflectance measured at room temperature [30].
dAbsorption experiments at 295 K [31].
eThermoabsorption experiments at 295 K [32].
fElectroreflectance measured at room temperature for n and p
types with different carrier densities [33].
gElectroreflectance measurements at room temperature [34].
hEllipsometry measurements at room temperature [14].
iElectroreflectance measured at room temperature [35].
jElectroreflectance measurements at room temperature [36].
kReflectance measurements at 300 K [37].
lPiezoreflectance measurements at room temperature [38].
mElectroreflectance measured at room temperature [39].
nElectroreflectance measured at room temperature [40].
oData were extrapolated at 300 K based on the temperature
dependence of interband critical point energies obtained from
ellipsometry measurements [15].
pPresent pump-probe experimental work.

agrees with the present DFT calculation. To the best of our
knowledge, the simultaneous occupation of thermalized
electrons in the � and L valleys has not been previously
reported.

A. Multiple-transition pathways

Figure 3(a) shows three transient transmittance mea-
surements at various probing energies under a pumping
energy of 1.55 eV. With reference to the band dispersion
shown in Fig. 1(a), the optical switching detected at a
probing energy of 2.21 eV is directly attributed to tran-
sient electronic occupation in the L valley, whereas those

measured at probing energies of 1.48 and 1.73 eV reflect
transient Pauli blocking in the � valley. Importantly, the
direct transition pathways can originate from the heavy-
hole (HH), light-hole (LH), and split-off (SO) bands for
both pump and probe pulses, as indicated by the dashed
arrows in Fig. 3(b). By analyzing the energy separation
between the conduction and valence bands, the highest
excitation level is determined to be 1.45 eV above the
valence-band maximum for a pumping energy of 1.55 eV.
The results of this analysis suggest that direct transitions
from HH, LH, and SO bands at a probing energy of 1.48 eV
can capture electronic occupation at different energy lev-
els below 1.45 eV in the � valley, which almost ranges
from 0.80 to 1.45 eV, as shown in Fig. 3(b). Such multiple-
transition pathways cause an overlap of the dT/T signals,
and make data interpretation challenging. Due to the lack
of detailed information on the nonthermal and thermalized
electrons following excitation, a quantitative evaluation of
contributions of transitions from different valence bands to
the dT/T signal is hardly possible.

On the other hand, at a probing energy of 1.73 eV, only
two direct transitions from the SO bands to the conduc-
tion band are allowed below the highest excitation energy
of 1.45 eV, as shown in Fig. 3(b). The energy separation
between two probing levels is 30 meV. This small sep-
aration allows us to approximate two probing levels as
a discrete level (a single-transition pathway) and then to
analyze the temporal behavior of transient electronic occu-
pation in the � valley. In contrast, because the dispersion
of the top valence band (L−

4v+5v) is fairly flat around the
L point, a single direct transition pathway is sufficient to
explain the experimental data.

It is worth noting that the effects of band-gap renormal-
ization caused by laser heating and carrier-carrier interac-
tions on the band structure of Ge are neglected in the above
discussions. Band-gap normalization is typically induced
by two factors: (1) an increase in lattice temperature, and
(2) carrier-carrier interactions between the massive excited
carriers following intense pumping. In the pump-probe
measurement, continuous pumping leads to a rise in lattice
temperature, which can be estimated by the Cahill formula
[41], namely, �T = αp/2

√
πw0κ , where α is the absorp-

tion coefficient at 800 nm, p is the pump power, w0 is
the 1/e2 radius of the pump beam, and κ = 39 W/mK is
the thermal conductivity of the Al2O3 substrate [1]. The
estimated temperature rise is 108 K. This temperature rise
can result in band-gap shrinkage due to thermal expan-
sion. The indirect band gap of Ge as a function of lattice
temperature can be expressed using Varshni’s empirical
formula [14]:

Eg(θ) = Eg(0) − αT2

T + β
, (1)
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FIG. 3. (a) Transient transmission traces detected at different probing energies, where the pumping energy is 1.55 eV and its fluence
is 7.58 × 10−3 J/cm2. (b) Multiple vertical transition pathways occur under a pumping energy of 1.55 eV (dashed arrows) and probing
energy of 1.48 eV (dotted arrows). In contrast, two closely spaced vertical transition levels at a probing energy of 1.73 eV (solid arrows)
are considered to be a single-transition pathway. Note that the optical transition energies between the two bands were calculated based
on the band dispersion obtained from the DFT-HSE06 calculations with the spin-orbit coupling effect.

where Eg(0) = 0.741 eV is the indirect band gap of Ge
at 0 K, α = 0.456 meV K−1, and β = 210 K [14]. A
simple calculation shows that the band-gap shrinkage is
only 40 meV compared to the value at room temperature.
On the other hand, carrier-carrier interactions are reported
to induce a band-gap shrinkage of only approximately
10 meV, when the excited-electron concentration reaches
3.50 × 1020 cm−3 [42], which is significantly higher than
that in the present experiment.

B. Modeling of transmission transients

Based on the discussion above, selecting a suitable prob-
ing energy in the pump–probe-based transient transmission
measurements can minimize the influence of multiple-
transition pathways on the dT/T signals and enable precise
analysis of temporal evolution of electronic occupation at
specific energy levels. For a multivalley semiconductor,
this approach also enables the detection of the tempo-
ral evolution of electronic occupation at specific levels in
different valleys by using multiple probing lasers simul-
taneously, thereby making the analysis of multivalley
scattering possible.

In the case of Ge, after pumping, excited electrons
rapidly thermalize from the pumping level to the � and
L valleys, forming two distinct hot Fermi distributions.
From the aspect of pump-probe measurements, the tem-
poral evolution of electronic occupations at specific levels

in both the � and L valleys can be detected by suitable
probing energies. In the � valley, thermalized electrons
occupying the probing level may originate from the pump-
ing level through thermalization, scatter to the L valley,
or depopulate from the � valley. On the other hand, in
the L valley, thermalized electrons occupying the probing
level may originate from the � valley, backscatter to the �

valley through electron-optical phonon scattering [19], or
depopulate from the L valley. Figure 4(a) illustrates these
possible evolutions, where � and L conduction-band states
are treated as continuous, except for the pumping level.
This is because the highest pumping level under 1.55-eV
excitation is 0.65 eV above the � minimum, as shown in
Fig. 3(b), which is significantly higher than the maximum
Fermi-level shift caused by carrier injection, and thus, the
pumping level is regarded as a discrete energy level in
our experiment. To describe these situations, the following
three-level rate equations have been developed:

dNP

dt
= G(t) − k�NP, (2)

dN�

dt
= k�NP + kL�NL − k�LN� − kD�N� , (3)

dNL

dt
= k�LN� − kL�NL − kDLNL, (4)
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FIG. 4. (a) Schematic diagram of a three-level model describing the intravalley and intervalley carrier relaxations, as well as carrier
depopulation from the � and L valleys following optical excitation. Dashed line represents the valence-band maximum. (b) Numerical
fits of measured transient transmission traces to the three-level model using the Runge-Kutta method, where the scatter points represent
experimental data. Vertical transitions of 1.73 and 2.21 eV are considered to be two single-transition pathways in the � and L valleys,
respectively.

where NP is the photoexcited-electron concentration at
the pumping level; N� and NL are the thermalized elec-
tron concentrations in the � and L valleys, respectively.
The intravalley scattering rate in the � valley is k� ,
and the intervalley scattering rates between the � and
L valleys are k�L and kL� , respectively. For complete-
ness, the depopulation rates in the � and L valleys are
considered as kD� and kDL [43], respectively, due to
recombination or other effects [44,45]. The term G(t) =
Ne

√
2/πτ 2

p exp[−2(t/τp)
2] stands for carrier generation by

a Gaussian optical pulse, where τp is the pulse width.
Recent studies indicate that intervalley scattering

between the � and L valleys in Ge can be facilitated by
forbidden TA and LO phonon modes, which dominate
indirect absorption and emission near room temperature
[19]. Specifically, although the electron-phonon coupling
exactly at the � and L points is forbidden by symmetry
for TA and LO phonon modes [46], it becomes allowed
for states slightly off these high-symmetry points [19].
Furthermore, the ratio of phonon-assisted intervalley scat-
tering to backscattering from the � to L valley can be
expressed as [47,48]

k�L

kL�

∝ DL

D�

(
m∗

L

m∗
�

)3/2

, (5)

where DL = 4 and D� = 1 represent the degeneracies of
the L and � valleys, respectively. The effective masses of
electrons are m∗

L = 0.12me and m∗
� = 0.04me at the L and

� points, respectively, where me denotes the free-electron
mass. As a result, the ratio k�L/kL� is approximately
21, indicating that L → � backscattering is negligible.
This conclusion is further supported by photoluminescence
experiments [45].

To estimate intravalley and intervalley scattering times
in Ge films, probing energies of 1.73 and 2.21 eV, corre-
sponding to two single-optical-transition pathways in the
� and L valleys, as discussed above, were selected to
investigate the temporal evolution of electronic occupa-
tion in both valleys. Then, the rate equations (2)–(4) were
used to fit their transient transmission traces by varying
k� , k�L, kD� , and kDL. Figure 4(b) illustrates the best-fit
curves for transient transmission traces probed at 1.73 and
2.21 eV. The fitting curves are in good agreement with
experimental data. From the fits, the extracted lifetimes
are 1/k�L = 196 fs, 1/k� = 1100 fs, 1/kDL = 360 fs, and
1/kD� = 200 fs.

The intervalley scattering time is estimated to be
1/k�L = 196 fs, which is in close agreement with the 165-
fs value derived from the broadening of the interband crit-
ical point in the ellipsometry spectrum [15] and the 100-fs
value determined using a four-wave mixing technique
[49]. In the Ge/SiGe quantum well system, the interval-
ley scattering time is reported to be 185 fs [50]. Zhou et al.
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also reported a fitted value of 230 fs for bulk Ge, extracted
from a simple exponential fitting of the pump-probe trans-
mission trace [28,51]. Notably, these intervalley scattering
times are obviously smaller than the 1.2-ps experimental
value obtained via time-resolved inelastic light scatter-
ing [52]. On the other hand, intravalley scattering was
not accounted for in other studies. Our fitting reveals
that the intravalley scattering time, 1/k� , is 1100 fs, and
this timescale is primarily attributed to electron-phonon
scattering rather than ultrafast electron-electron scatter-
ing, which typically occurs on a much shorter timescale
of ≤ 100 fs [53]. Since intravalley optical-phonon scat-
tering is symmetry forbidden in the � valley [54], this
long intravalley scattering time can be attributed to scatter-
ing interactions between thermalized electrons and lower-
energy acoustic phonons, which possibly originate from
anharmonic decay of optical phonons [55,56] generated
by intervalley scatterings. Moreover, the maximal fraction
of electrons transferred to the L valley is estimated to be
approximately 63%, indicating the feasibility of multicol-
ored optical switching. This result is corroborated by other
photoluminescence experiments, where indirect-gap emis-
sion from the L minimum is much stronger in bulk Ge
samples [57], and the direct-gap emission in Ge films can
be enhanced by optical excitation [45].

IV. CONCLUSIONS

We investigated the multivalley optical switching phe-
nomenon in the Ge film under intense laser irradiation
via femtosecond time-resolved transient transmission mea-
surements. Ultrafast optical switching was observed in
both the � and L valleys, suggesting the coexistence of
intravalley and intervalley scatterings. Moreover, a split-
off energy of 240 meV at the L point is directly observed
in the time-resolved transient transmission spectra. Due
to the complicated valence-band structure, the transient
signal strongly depends on the exact region of the band
structure involved. With reference to the band dispersion
calculated using the HSE06 functional and spin-orbit cou-
pling effect, we chose two suitable probing energies to
minimize the overlap of transient signals due to multiple-
transition pathways, thereby allowing accurate capture of
transient electronic occupation in both the � and L valleys.
By fitting the measured transient transmission traces with
the three-level rate equations, the intravalley and interval-
ley scattering times were determined to be 196 and 1100
fs, respectively. Although the three-level rate equations
are simple, they provide valuable insights into carrier-
scattering mechanisms in multivalley semiconductors and
help to avoid complications associated with more detailed
calculations.

Overall, our experimental results highlight the potential
of Ge as a multicolored optical switching material. The
present study demonstrates the potential of polycrystalline

Ge films for multivalley optical switching, and an epitax-
ial Ge film on the Si film or Si substrate [58] is expected to
exhibit better performance. These findings lay a solid foun-
dation for the development of novel multicolored optical
switching devices in integrated photonics.
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