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Probing carrier and phonon transport in semiconductors all at once through
frequency-domain photoreflectance
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Semiconductor devices favor high carrier mobility for reduced Joule heating and high thermal conduc-
tivity for rapid heat dissipation. The ability to accurately characterize the motion of charge carriers and
heat carriers is necessary to improve the performance of electronic devices. However, the conventional
approaches of measuring carrier mobility and thermal conductivity require separate and independent mea-
surement techniques. These techniques often involve invasive probing, such as depositing thin metal films
on the sample as Ohmic contacts for characterizing electrical transport or as optical transducers for char-
acterizing thermal transport, which becomes more cumbersome as the geometry of the semiconductor
devices becomes small and complicated. Here we demonstrate a noncontact frequency-domain pump-
probe method that requires no sample pretreatment to simultaneously probe carrier and phonon transport.
We find that the optical reflectance depends on both excess carriers and phonons in response to exposure to
a modulated continuous-wave pump laser source. By modeling the ambipolar diffusion of photoinduced
excess carriers, energy transfer between electrons and phonons, and phonon diffusion, we are able to
extract temperature-dependent electrical and thermal transport coefficients in Si, Ge, SiGe, and GaAs. The
continuous-wave pump and probe lasers enable a more efficient and compact experimental setup for the
assessment of electrical transport than conventional pulsed-laser methods. Our approach provides a conve-
nient and accurate platform for the study of the charge transport and energy dissipation in semiconductors.
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I. INTRODUCTION

In the age of artificial intelligence, we witness an ever-
growing demand for computation. Modern computer chips
consist of semiconductor transistors as the fundamen-
tal building block and the transistor density has grown
rapidly from several hundreds to over one hundred mil-
lion per mm2 during the past half century [1,2]. How-
ever, the power density has grown concurrently, leading
to the formidable challenge of effectively dissipating the
increasing amount of heat [3,4]. To suppress the heat gen-
eration and enhance the heat dissipation, materials with
high carrier mobility, which causes less Joule heating and
high phonon thermal conductivity, which lowers the chip
temperature rise are desirable. The ability to accurately
characterize the carrier and phonon transport in semicon-
ductor devices is vital for the discovery of materials with
desired properties and the rational design of electronic
devices with boosted efficiency. Conventionally, carrier
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transport and phonon transport are separately characterized
with different techniques. For instance, the carrier mobil-
ity can be measured by the time-of-flight technique [5] or
Hall effect measurement [6], and the thermal conductivity
can be measured using the 3ω method [7], time-domain
thermoreflectance (TDTR) [8–10] or frequency-domain
thermoreflectance (FDTR) [11,12]. However, these trans-
port characterization techniques all require the deposition
of a metallic film on the sample as an electrode or a heater,
which significantly lowers the sensitivity to the transport
coefficients in thin-film samples.

Direct optical pump-probe measurement on the bare
sample is a truly noninvasive method, at the cost of
creating a more complicated coupled transport scenario
where the electronic and lattice degrees of freedom are
both excited. Transient reflectance over several tens of
picoseconds after the pump laser pulse encodes transient
carrier density and temperature rise. For example, in sili-
con, the carrier and temperature contribute to the transient
reflectance at 760 nm with opposite signs [13]. The tran-
sient grating (TG) technique [14,15] has been used to
probe the ambipolar mobility and thermal conductivity
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simultaneously in cubic boron arsenide, where a pulsed
probe and a cw probe are used to probe the carrier ambipo-
lar diffusion at short times (approximately 100 ps) and
the phonon transport in the long times (approximately 100
ns), respectively [16,17]. TDTR without using metal trans-
ducer [18,19] has recently been used to measure the ther-
mal conductivity in semiconductors and the contribution of
the carrier to the signal is modeled and subtracted. How-
ever, under a pulsed pump the carrier-induced part of the
signal decay rapidly with time. And a substantial number
of carriers need to be excited initially, yet they experi-
ence complicated high-order recombination processes and
strong electron-phonon interactions [20,21], making it dif-
ficult to fit the electrical transport properties with enough
fidelity. In contrast, conducting the pump-probe measure-
ment in the frequency domain using modulated cw lasers
only weakly perturbs the material with an amplitude uni-
form in time, which is closer to the actual transport regime
in devices. Transducerless FDTR using cw lasers has been
used to measure several selected materials with mini-
mal carrier effect such that the signal is still proportional
to temperature [22,23]. However, the temporal behavior
of optical reflectance under modulated laser irradiation
encodes information about the dynamics of charge carriers
[24] yet the ability to simultaneously probe electrical and
thermal transport in frequency-domain photoreflectance
measurement has never been explored.

In this paper, we present a method of probing the car-
rier and phonon transport in semiconductors in the fre-
quency domain, where the time-harmonic responses of
carrier and phonon coexist. The difference between the
electron temperature and phonon temperature is found
to be insignificant below the characteristic frequency
for electron-phonon coupling determined by the mate-
rial properties. The carrier diffusion is nearly in-phase,
whereas the phonon diffusion is responsible for a larger
phase lag that varies more rapidly with modulation fre-
quency. This difference in the dependence on modulation
frequency enables the extraction of the ambipolar diffusion
coefficient and phonon thermal conductivity in a single-
shot frequency-sweep measurement. Our work provides
a simple approach to characterize the carrier and phonon
transport in semiconductors, which can be readily applied
to the study of actual devices.

II. RESULTS AND DISCUSSION

We use a 458-nm cw pump laser with its power being
modulated at the given frequency f . The pump-induced
change in reflectance of a 532-nm probe laser is modu-
lated by the relevant excited degrees of freedom in the
material at the same frequency such that �R(t) = �Reiωt,
where ω = 2π f is the angular frequency. Because of
the optically induced nature, we call �R the photore-
flectance. More details of the experimental setup can be

found in Sec. III. Figure 1 presents the carrier dynamics
in semiconductors under the irradiation of a modulated
laser. The absorbed pump photons excite electrons across
the band gap to generate electron-hole pairs. The excess
electrons/holes then start to diffuse away from the center
of the pump laser spot [Fig. 1(b)]. When colliding with
other carriers and phonons, the excited electrons/holes
quickly thermalize (within 1 ps in silicon [25]) among
themselves via electron-electron scattering [26,27] and
electron-phonon scattering [28], particularly with phonons
that have low energy and high momentum to populate
different valleys. The thermalized electrons follow a quasi-
Fermi-Dirac distribution with an effective electron tem-
perature Tel, referred to as hot-electron temperature [29]
and an effective chemical potential EF,c. Accordingly,
the number density of excess hot electrons is given by

ρ = ∫
gc(E)

[
e(E−EF,c)/kBTel + 1

]−1
dE − ρ0, where gc(E)

is the density of states for conduction-band electrons, kB is
the Boltzmann constant, and ρ0 is the number density of
free electrons without the pump laser excitation. Similarly,
there exist an effective temperature Th and an effective
chemical potential EF,v for the hot holes. For simplicity,
we assume that the electron and hole temperatures are the
same, represented by a single variable Tel, which is a rea-
sonable approximation for common semiconductors [30].
The hot electrons and holes gradually transfer their energy
to the lattice via electron-phonon interaction [28], which
heats up the phonon subsystem. The phonons thermalize
with other phonons through anharmonic phonon-phonon
scattering achieving a local temperature Tph and diffuse
towards colder areas, depicted in Fig. 1(c). In parallel to
these scattering events, the electrons and holes experience
frequent recombination events that annihilate electron-hole
pairs [Fig. 1(a)].

To quantify the pump-induced dynamics, we model the
transport processes of excited charge and energy carriers
using the ambipolar diffusion equation with carrier gen-
eration and recombination, the electronic heat equation
and the phonon heat equation with electron-phonon energy
transfer,

∂ρ

∂t
= ∇ · Da · ∇ρ − ρ

τ
+ P

Ephoton
, (1)

Cel
∂Tel

∂t
= ∇ · κel · ∇Tel − ge−p

(
Tel − Tph

)

+ ρEgap

τ
+ P�E

Ephoton
, (2)

Cph
∂Tph

∂t
= ∇ · κph · ∇Tph + ge−p

(
Tel − Tph

)
, (3)

where ρ, Tel, and Tph are the excess carrier density, elec-
tron temperature, and phonon temperature, respectively.
Cel is the total volumetric heat capacity of electrons and
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FIG. 1. Schematic for the frequency-domain photoreflectance. (a) The carrier dynamics induced by pump photons in p-type Ge.
The incident photon first generates an electron-hole pair across the direct band gap. The excess free carriers (electrons and holes)
interact with phonons and quickly thermalize achieving the electron temperature Tel. The phonons are excited by those hot carriers
and the phonon temperature is Tph. (b),(c) The pump and probe laser geometry in experiment. The reflectance for the probe beam is
modulated by the carriers and phonons. The intensity of the reflected probe beam consists of dc and ac parts. The ac part contains
the information of transport processes including carrier diffusion (b) and phonon diffusion (c),(d). The real parts of the ac signals
due to excess carriers, electron temperature and phonon temperature dynamics. The power of the modulated pump is assumed to be
P(t) ∝ eiωt and its real part is a cosine wave Re{P(t)} ∝ cos(ωt). In semiconductors with strong electron-phonon interaction under a
modest modulation frequency, the electron and phonon temperatures are approximately the same. The carriers normally diffuse faster
than phonons, thus having a smaller phase lag.

holes and Cph is the volumetric heat capacity of phonons.
Da, κel, and κph are the ambipolar diffusivity, electronic
thermal conductivity [31] and phonon thermal conductiv-
ity tensors. ge−p is the electron-phonon coupling factor.
τ is the effective lifetime of the excess carrier, predomi-
nantly determined by the radiative recombination process
caused by above-band-gap photon emission at modest
defect concentrations [32]. Ephoton is the energy of a pump
photon. P = 2P0α/(πσxσy)e−2x2/σ 2

x e−2y2/σ 2
y e−αzeiωt is the

absorbed laser power density. Here α is the inverse pene-
tration depth for the pump beam. P0 = Ppump(1 − R) is the
absorbed pump power, with Ppump the peak pump power,
R = ((n − 1)2 + κ2)/((n + 1)2 + κ2) the reflectance at the
pump wavelength, and n and κ the real and imaginary
parts of the refractive index. σx and σy are the 1/e2 beam
radii for the pump beam in x and y directions. Egap is
the direct band gap energy and the second-to-last term in
Eq. (2) describes the heating due to carrier recombina-
tion. The remaining energy transferred from a photon to
the hot-carrier ensemble is given by �E = Ephoton − Egap,
where the energy-transfer process is considered as instan-
taneous. We apply the Fourier transform to Eqs. (1)–(3) in
the in-plane directions to solve for ρ̃(q‖, z, t), T̃el(q‖, z, t)
and T̃ph(q‖, z, t), where q‖ is the in-plane reciprocal vector.
Then, the inverse Fourier transform renders the spatial pro-
files of ρ(r, t), Tel(r, t), and Tph(r, t) (Secs. II and III within
the Supplemental Material [33]). Note that the carrier

density and temperatures are deviations (ac parts) from
their corresponding background values rather than the
absolute values (dc+ac parts). For conciseness, we will
refer to the deviation in the excess carrier density as the
excess carrier density and the deviation in temperature as
temperature in the following.

The photoreflectance of the probe beam encodes the
contributions from the time-varying excess carrier density,
electron, and phonon temperatures. In the limit of linear
response,

�R
R

= Re
{
Aρ + BTel + CTph

}
, (4)

where the overline indicates the weighted average of the
physical quantity X over the probe beam profile, such that
X = 2γ /πσ ′

xσ
′
y

∫
X (r)e−2(x−xo)2/σ ′2

x e−2(y−yo)2/σ ′2
y e−γ zd3r,

where σ ′
x and σ ′

y are the probe-beam waists, (xo, yo) is the
position of probe-beam center relative to the pump center
and γ is the inverse penetration depth of the probe beam.
A is the coefficient of carrier-induced reflectance (CCR), B
is the coefficient of hot-electron thermoreflectance and C
is the coefficient of phonon thermoreflectance. The carrier-
induced reflectance originates from the dielectric response
of free carriers introduced by the pump beam and the order
of magnitude of CCR can be estimated using the Drude
model (Sec. I within the Supplemental Material [33]).
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FIG. 2. (a) The excess carrier density profile ρ(z) and (b) the electron and phonon temperature distribution Tel(z) and Tph(z) in p-type
Si0.98Ge0.02 using the full model with modulation frequency f = 7.96 MHz and absorbed pump power P0 = 78 mW at 273.15 K. The z-
dependent carrier density and temperature profiles are obtained by X (z) = 1

πσ ′
xσ ′

y

∫
X (r)e−2x2/σ ′2

x e−2y2/σ ′2
y dxdy. The weighted average

of the carrier and temperatures can be computed by X = γ
∫ ∞

0 X (z)e−γ zdz. The shaded area indicates the region where electron
temperature has the opposite sign to the electron temperature at the surface. (c),(d) The phase and amplitude of photoreflectance �R

R in
p-type Si0.98Ge0.02 at 273.15 K. The lines correspond to the best fits using the carrier and phonon model. Note in (c) we multiply the
carrier part by negative one to plot the phases of different part of the signal together. (e),(f) The real and imaginary parts (Re

{
�R
R

}
and

Im
{

�R
R

}
) of the photoreflectance as a function of the beam offset distance, where the color represents the modulation frequency.

The electron and phonon thermoreflectance are caused
by temperature-dependent electronic band structures and
electron damping [34–37]. By examining Eqs. (2) and (3),
we find that the electron and phonon temperature obey a
simple relation, namely Tel ≈ Tph

(
1 + √

iω/ωe−p
)
, where

the characteristic frequency for electron-phonon coupling
ωe−p = ge−pκel/Cphκph (Sec. VII.B within the Supplemen-
tal Material). This expression implies that the electron
temperature has a smaller phase lag than the phonon tem-
perature when the modulation frequency is much smaller
than ωe−p, as depicted in Fig. 1(d). In Ge, the characteris-
tic frequency is found to be ωe−p/2π = 332 MHz, where
we take Cph = 1.6 × 106 J/(m3 K), κph = 60 W/(m K),
κel = 2 W/(m K) and ge−p = 1017 W/(m3 K) (according
to Ref. [38], ge−p ∼ 1017 − 1018 W/(m3 K) in GaAs, Si,
AlAs, etc.). In the typical modulation frequency range
in our experiment (500 Hz to 50 MHz), we make the
approximation Tel ≈ Tph. We can therefore combine the
electron and phonon temperatures’ contributions in Eq. (4)
into a single term CTph, where C can be regarded as the

effective coefficient of thermoreflectance (CTR). In this
case, the photoreflectance signal consists of carrier and
phonon contributions only. It can be shown that the phonon
temperature can be calculated without the explicit knowl-
edge of Cel, κel, and ge−p, as long as ω 	 ωe−p, which
further simplifies the model (Sec. IV within the Supple-
mental Material [33]). We call such a simplified model the
carrier and phonon model, in contrast to the model with the
explicit inclusion of a distinct electron temperature and all
relevant physical parameters, which we call the full model.

The average carrier density, electron, and phonon tem-
perature under modulation are all represented by com-
plex numbers, obtained from solving the transport equa-
tions, Eqs. (1), (2), and (3). Figure 2(a) illustrates that
the real and imaginary part of the carrier density ρ(z)
in Si0.98Ge0.02 decreases with depth as a consequence of
ambipolar carrier diffusion. The unique feature of ambipo-
lar diffusion under modulation is that it involves two
types of diffusion lengths. In Si0.98Ge0.02, the ambipolar
diffusivity is Da = 30.4 cm2/s and the carrier lifetime is
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τ = 0.52 µs at 273.15 K, yielding the ambipolar diffu-
sion length

√
Daτ = 39.8 µm. However, at a modulation

frequency f = 7.96 MHz, the decay length of the car-
rier density is much smaller than the ambipolar diffusion
length, as it is also limited by the diffusion length over
one period

√
Da/(2π f ) = 7.8 µm (Sec. II.A within the

Supplemental Material [33]). The excited carrier density
is on the order of 1017 cm−3, much smaller than the typi-
cal excited carrier density by a pulsed laser (approximately
1019 cm−3) [39]. This is because the carrier density’s con-
tribution to the photoreflectance under a pulsed pump laser
becomes minimal once the delay time goes beyond the car-
rier recombination lifetime, whereas under a modulated cw
pump there are constantly other carriers generated and the
carrier-density part of the signal never decays with time,
regardless of the modulation frequency. Our approach cre-
ates a nonequilibrium regime that is far more efficient in
sensing carrier transport than pulsed-laser methods.

The phonon thermal diffusivity is given by Dph =
κph/Cph = 0.29 cm2/s. Hence, the phonon diffusion length
over one period (also known as the thermal penetration
depth) is only

√
Dph/(2π f ) = 0.76 µm. Both the real

and imaginary parts of phonon temperature decay with
depth while oscillating across zero [Fig. 2(b)], as there is a
spatially varying phase lag arising from the phonon diffu-
sion (Sec. IX within the Supplemental Material [33]). The
electron temperature has almost exactly the same distri-
bution to the phonon temperature since f 	 ωe−p/(2π),
justifying our use of the simplified carrier and phonon
model.

The transport coefficients used in Figs. 2(a) and 2(b) are
obtained by fitting the experimental data with the carrier
and phonon model. The fitting scheme is detailed in Sec.
III. The photoreflectance is a complex number �R/R =
reiφ , where φ and r are the phase and amplitude. The phase
and amplitude of the measured photoreflectance �R/R are
presented in Figs. 2(c) and 2(d). Using the carrier and
phonon model, we fit the phase and amplitude simultane-
ously to utilize the full information of the signal (Sec. III).
We choose A, C, Da, and κph as fitting variables, as these
variables have higher fitting sensitivities than others (see
the sensitivity analysis in Sec. VI within the Supplemen-
tal Material [33]). We observe that the carrier and phonon
model fits experimental data well. As the modulation fre-
quency increases, the carrier transport plays a more and
more significant role. At low modulation frequencies, the
phase lag of the carrier density is zero and its amplitude
approaches a constant.

The effective beam radius is a geometrical mea-
sure of carrier generation source, defined by reff =√

(σ 2
pump + σ 2

probe)/2, where σpump and σprobe are the beam
radii for the pump and probe beam. We find the effective
beam radius is reff = 10 µm, by directly extracting it
from a beam offset measurement at highest modulation

frequency. Since the effective beam radius is much
smaller than the ambipolar diffusion length, the ambipo-
lar diffusion reaches the steady-state limit ρ(ω = 0) =
P0/(2

√
πEphotonDareff) at low modulation frequencies

ω 	 4π2Da/r2
eff (Sec. II.A within the Supplemental Mate-

rial [33]). In Si0.98Ge0.02, the phonon diffusion length is
only slightly larger than the effective beam size at low
modulation frequencies. With decreasing frequency, the
phonon temperature has sufficient time to closely follow
the modulated heating and rises to higher values, hence the
amplitude of phonon temperature increases and the phase
lag decreases. As a result, at low modulation frequencies,
the phase is dominantly determined by the phonon tem-
perature. As for the overall amplitude, it is dominated
by the phonon temperature, yet the carrier part cannot be
neglected. At high modulation frequencies, the phase lag
of the carrier contribution starts to increase, since the dif-
fusion length over one period

√
Da/(2π f ) begins to limit

the carrier distribution. Note that the carrier term Aρ and
phonon term CTph contribute to the photoreflectance with
the opposite signs. Consequently, the amplitude of pho-
toreflectance is slightly lower than that of the phonon part
above 50 MHz. The phase lag of the photoreflectance
becomes much larger than that of phonon temperature.
Eventually the phase lag surpasses 90◦, which is the upper
bound of temperature given by the Fourier heat-conduction
model. This is a strong evidence that the reflectance
signal cannot be explained by the phonon system
alone.

We also study the case where the pump and probe beams
are offset from one another. In Figs. 2(e) and 2(f), we
show the real and imaginary parts of photoreflectance at
various modulation frequencies when offsetting the pump
with respect to the probe. At high modulation frequencies,
the real and imaginary parts follow a Gaussian-like dis-
tribution with respect to the beam-offset distance. This is
because the carrier and phonon diffusion are both smaller
than the effective beam size and the geometry of excita-
tion source plays a more significant role. At the modulation
frequency decreases, both the carrier and phonon diffu-
sion lengths increase, which is observed in the increase
of the full width at half maximum of the real and imagi-
nary components of the photoreflectance signals. We note
that the real and imaginary components of the photore-
flectance signals both experience a change of sign at
certain modulation frequencies, which is not explainable
by the Fourier heat-conduction model alone, but can be
simply explained as a natural consequence of two contribu-
tions, the carrier-density term Aρ and phonon temperature
term CTph, respectively, having opposite signs. In other
words, the CCR and CTR have opposite signs. The solid
lines are solutions to the carrier and phonon model using
the best fits without offset in Figs. 2(c) and 2(d). Although
we did not directly fit the data with offset, the fact that the
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FIG. 3. Coefficients of reflectance and transport properties from temperature-dependent frequency-domain photoreflectance in sev-
eral semiconductors. (a),(b) The phase and amplitude at different temperatures in p-type Ge. The solid lines are fitted values of
Aρ + CTph and the dashed lines are the phonon part CTph. Note that at 93.15 K the phases of the photoreflectance and the phonon part
are both shifted by 180◦ for comparative purposes with other temperatures, as the sign of CTR at 93.15 K is positive while negative
at the other three temperatures. (c) The effective coefficients of thermoreflectance as a function of temperature. (d) The coefficients
of carrier-induced reflectance as a function of temperature. (e) The phonon thermal conductivity from the direct measurement (filled
circle) and a separate measurement with a metal transducer (open circle). (f) The ambipolar mobility as a function of temperature. The
lifetime is assumed to be a temperature-independent constant as it mostly depends on the band gap and impurity concentrations and
the lifetimes that give the best fits across all temperatures are 1.1 µs, 0.52 µs, 5 ns, 9 ns in Si, Si0.98Ge0.02, Ge, GaAs, respectively.

model and experiment match well with physically realistic
parameters infers that the carrier and phonon model cap-
tures the essential physics correctly. The deviation between
model and experiment at large offset distances and low
modulation frequencies may be the result of a slightly
asymmetric tilt in the incident pump beam with large offset
as well as the impact 1/f noise.

We further validate our model by measuring several
semiconductors at various temperatures. In Figs. 3(a) and
3(b), we show the phase and amplitude of photoreflectance
in Ge. The signs of the CCR and CTR are the same at
high temperatures. The total phase lag is smaller than that
of the phonon temperature, as the carrier density gener-
ally has a low phase lag. At 93.15 K, the sign of the
CTR flips and CCR and CTR now have opposite sign,
hence we see that the amplitude of phonon part is larger
than the total amplitude. The sign change of the CTR
may be due to the competition between different inter-
band electron transition channels as the band structure
changes with temperature [34]. The sign flip in CTR

also significantly impacts the phase of photoreflectance.
At the low temperature, the phase of photoreflectance
curves downward with increasing frequency, when com-
pared with phonon temperature. In contrast, the phase
curves upward with frequency at higher temperatures due
to the sign change in CTR (Fig. S8 within the Supple-
mental Material [33]) and eventually curves downward at
even higher frequencies due to the shrinking carrier dif-
fusion length over a period. In Si and Si0.98Ge0.02, the
CCR is negative and the CTR is positive for the entire
temperature range. In GaAs, both CCR and CTR are
positive for the entire temperature range. According to
the Drude model [40], the real part of refractive index
n decreases with increasing carrier density (dn/dρ < 0).
Qualitatively speaking, the pump-induced free carriers
can help to absorb more probe photons via free-carrier
absorption [41], thus leading to a smaller reflectance. How-
ever, when the excited carriers are mostly localized near
the surface in a length scale smaller than probe wave-
length (e.g., trapped by defects), the electromagnetic field
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of the probe photon inside the material is only partially
altered [42]. Near the surface, dn/dρ contributes to the
photoreflectance negatively (Sec. I.B within the Sup-
plemental Material [33]). Consequently, the change in
reflectance is positive, resulting in a positive CCR. The
CTR generally has a much stronger temperature depen-
dence than the CCR, because the temperature-dependent
band structure and electron-phonon scattering rate both
contribute to CTR, whereas though a temperature-
dependent effective mass can cause change in CCR, it is
a more subtle effect than the previously mentioned effects.

The phonon thermal conductivity in Si, Si0.98Ge0.02, Ge
and GaAs from the frequency-domain photoreflectance
agree well with the conventional FDTR measurements on
gold-coated samples (the corresponding methodology can
be found in Ref. [12]). The ambipolar mobility is given by
μ = eDa/kBT, where e is the elementary charge and the
ambipolar mobility is related to the unipolar mobilities via
μ = 2μnμp/(μn + μp), with μn and μp the electron and
hole mobilities at their corresponding effective chemical
potentials EF,c and EF,v, respectively [43]. We find that the
ambipolar mobility in Si and Si0.98Ge0.02 are similar while
thermal conductivity in Si0.98Ge0.02 is much lower than
that in Si, implying that the alloy scattering affects phonon
transport more than carrier transport. GaAs has the low-
est ambipolar mobility, as the low intrinsic hole mobility
in GaAs significantly limits the ambipolar mobility despite
the intrinsic high electron mobility. The mobility in Ge has
a peak around 235 K. The peak can be partially due to
the temperature-dependent electronic band structures and
partially due to the uncertainty in fitting the ambipolar dif-
fusion coefficient. As shown in Fig. 3(e), there is a peak
in CCR around the same temperature as well, which sig-
nifies that CCR and ambipolar diffusivity can be inversely
correlated in fitting.

To better understand the source of uncertainty in our fit-
ting scheme, we conduct an uncertainty analysis. We first
consider the case when A/C = 10−24 m3 K and A/C =
−10−24 m3 K, with the remaining parameters taken from
Ge’s properties at 293.15 K. We then vary the pump
beam radius and the ambipolar diffusion constant and cal-
culate the corresponding uncertainty in Da when fitting
Da and A together. The carrier lifetime in Ge is fixed
at 5 ns, faster than most of the modulation periods. The
carrier density at different q‖ is expressed by ρ(q‖, z) ∝
P0/(Da

√
q2

‖ + (Daτ)−1 + iωD−1
a ). As a result, the carrier

part of the signal has a negligible imaginary part at most
modulation frequencies. When the ambipolar diffusion
length is significantly larger than the beam size, the car-
rier density approaches the steady-state limit, ρ ∝ P0/Da.
When the ambipolar diffusion length is much smaller
than the beam size, the carrier density is found to satisfy
ρ ∝ P0/

√
Da (Sec. II within the Supplemental Material

[33]). In both cases, the mobility and the CCR are highly

anticorrelated, preventing us from fitting them together
with very high confidence. When the ambipolar diffusion
length is just slightly smaller than the beam size (

√
Daτ ∼

reff/2π ), the carrier density experiences both limits when
sweeping the modulation frequency. This is advantageous
since the change in the way that the signal depends on
diffusivity (from one limit to the other limit) lowers the
uncertainty. In Ge, the beam radius is much greater than
the ambipolar diffusion length, corresponding to a region
far below the zone of theoretical minimum uncertainty
(reff = 10 µm,

√
Daτ = 0.08 µm in Ge at 293.15 K) in

Fig. 4(a). Accordingly, we observe the enlarged uncer-
tainty in Ge in Fig. 3(f). Other the other hand, if we flip
the sign of the CCR, as illustrated in Fig. 4(b), the uncer-
tainty is found to decrease. This is because the opposite
signs of CCR and CTR lead to a larger phase lag than the
phase lag of the phonon system alone. Consequently, in
the same frequency-sweep range, the phase varies over a
larger range thus leading to a higher sensitivity to and a
lower uncertainty in the ambipolar diffusivity.

In Si0.98Ge0.02, the uncertainty is found to be much lower
than Ge, for either case of A/C > 0 or A/C < 0. The car-
rier lifetime in Si0.98Ge0.02 is 0.52 µs, much larger than
that in Ge. When the modulation frequency is on the same
order of magnitude ω ∼ τ−1, the imaginary part in the car-
rier density becomes relevant. As we sweep the modulation
frequency from low to high values, the carrier transport
can be limited by the beam size, the diffusion length over
one modulation period or the ambipolar diffusion length,
depending on which quantity is the smallest. The carrier
part of the signal is more sensitive to the diffusivity, which
leads to a lower uncertainty than Ge. When A/C > 0, the
real parts of the carrier-density term and the phonon tem-
perature term are both positive and the phase lag of the
signal is between the phase of the phonon temperature and
the carrier density. When A/C < 0, the real parts of the
carrier-density term and phonon-temperature term can can-
cel and the real part of the total signal can be either positive
or negative. The narrow stripe with the lowest uncertainty
corresponds to the near-zero real part at low modulation
frequencies with a phase lag close to 90◦.

When the ambipolar diffusion length is above or below
this stripe, the phase at low frequencies either approaches
the phase of the phonon-temperature term (0◦ when ω →
0) or the phase of the carrier-density term (180◦ when
ω → 0). As a consequence, near the stripe, the phase is
highly sensitive to the carrier diffusivity. At large beam
radius and large ambipolar diffusion length, the phonon
part and carrier part of the signal may cancel (both the
real and imaginary parts), leading to a near-zero total signal
and hence increased uncertainty. On the other hand, when
A/C > 0, a zero component in signal case will never occur
for a finite modulation frequency.

To conclude, we model the carrier- and phonon-
induced frequency-domain photoreflectance and explore
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(a) (b)

(c) (d)

FIG. 4. The uncertainty of Da when fitting Da and A, as a function of the effective radius and the ambipolar diffusion length in
Ge: (a) A/C = 1024 m3 K and (b) A/C = −1024 m3 K and in Si0.98Ge0.02: (c) A/C = 1024 m3 K and (d) A/C = −1024 m3 K. The
color represents the common logarithm of the uncertainty. The uncertainty in the ambipolar diffusivity is lower in Si0.98Ge0.02 than Ge,
since Si0.98Ge0.02 has a larger carrier lifetime. Note that to avoid the complexity from the choice of the scaling constant in front of the
amplitude when fitting the phase and amplitude together, we consider the case of only fitting phase in this uncertainty analysis.

the possibility of applying the model to extract transport
properties in semiconductors. In common semiconductors,
the CCR is almost temperature independent and the CTR
varies more with temperature. With the proper choice of
modulation frequency and beam size, we can measure the
ambipolar mobility, thermal conductivity, CCR and CTR
at the same time with high confidence. Our modeling can
be applied to analyze the transient reflectance as well,
which expands the possibility of using optical reflectance
to probe electron transport and phonon transport simulta-
neously.

III. METHODS

We use a fiber laser (Coherent OBIS LX 458 nm) with
digital modulation of the power as the pump and a cw laser
(Coherent OBIS LS 532 nm) as the probe. Little beam

asymmetry along x and y directions for pump and probe are
found therefore we assume pump and probe beam are both
isotropic. The 1/e2 radius of the probe is rprobe = 2.98 µm,
determined by the knife-edge method (Fig. S18 within the
Supplemental Material [33]). The effective beam radius
can be extracted from the beam-offset measurement on a
sample coated with gold thin film at the highest modulation
frequency, as the amplitude at such a frequency is follow-
ing a Gaussian distribution and the standard deviation is
equal to reff/

√
2 (Fig. S19 within the Supplemental Mate-

rial [33]). Then, the pump radius is rpump =
√

2r2
eff − r2

probe.
The beam offset is achieved by moving the angle of the
mirror to change the location of the pump beam while the
probe beam is unchanged.

The probe beam goes through a half-wave plate first
before reaching the sample. The half-wave plate is rotated
by a motor until reaching an angle that minimizes the
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intensity difference between the perturbed (reflected off
the sample) and unperturbed probe so that their com-
mon noises are reduced. Then, the unperturbed probe
and perturbed probe are sent to a balanced photodetector.
The detected signal is amplified by the lock-in amplifier
(Zurich Instruments HF2LI). We take the ratio of the ac
part divided by the dc part as the photoreflectance signal.
Note that we measure the pump phase before measuring
the sample and make sure it is subtracted in the measured
phase. We also make sure the perturbed and unperturbed
probe beam do not have any optical path difference as it
can lead to a larger phase difference at higher modulation
frequencies. Other details of the setup can be found in Refs.
[44,45].

The Si, Si0.98Ge0.02, Ge and GaAs are commercial
available (MTI Corp.) with resistivity 1 − 10 
 cm,
> 50 
 cm, 0.0007 − 0.005 
 cm, 0.6 × 108 − 2.0 ×
108 
 cm, respectively. For measurements with a trans-
ducer, the gold thin film is coated using an E-beam evapo-
rator. A 3-nm Ti layer is used as the adhesion layer and
another 92-nm Au layer is deposited, confirmed by the
SEM image.

We use a nonlinear least-squares fitting scheme
to extract material properties of interest. We vec-
torize the amplitude and phase data at N modu-
lation frequency points into a 2N -by-1 vector v =
(r1, r2, . . . , rN , φ1, φ2, . . . , φN )T. Since the amplitude
(dimensionless) and the phase (in the unit of degrees) are
typically at different orders of magnitude, we rescale the
amplitudes ri by a scaling factor of 104. The objective
function is defined by the difference between the measured
and the computed data, f(x) = vexpt. − vmodel(x), where
x = (x1, x2, . . . , xM )T is the vector consisting of M vari-
ables to be fitted. The goal of the optimization is to find
the best fits of x that minimize the L2 norm of the objec-
tive function ‖f(x)‖. We use the lsqnonlin function in
MATLAB to perform this optimization.

The experimental data and the modeling data from the
best fits for phase and amplitude for all samples can be
found in Sec. VIII within the Supplemental Material [33].
The error bar in the transport properties for the sample
with gold transducer are calculated using the Monte Carlo
method. The parameters in the Fourier heat-conduction
model, except the fitting variables, are randomly sampled
in 100 times according to the normal distribution with
an assumed relative standard deviation of 3%. The fitted
variables roughly follow normal distributions with differ-
ent standard deviations. The error bar in Fig. 3 and the
uncertainty in Fig. 4 are both computed using the covari-
ance matrix assuming a 3% uncertainty in all parameters
except the fitting variables. The formalism to compute the
covariance matrix is detailed in Ref. [46]. We also briefly
discuss how to model non-Fourier phonon heat conduction
in Sec. X within the Supplemental Material [33] following
Ref. [47].
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