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ABSTRACT

The dominant techniques for laser-based thermal measurement, time-domain thermoreflectance (TDTR) and frequency-domain
thermoreflectance, generally require that samples be coated with a metal transducer layer. The properties of the transducer and its inter-
face to the sample are then important to the interpretation of results, and heat conduction in the transducer layer can limit measure-
ments of ultra-thin samples or in-plane conductivity. We demonstrate the feasibility of measuring semiconductor samples using
standard TDTR instrumentation, without the use of a metal transducer. A mathematical model accounting for non-zero laser penetration
depth as well as both thermal and charge carrier effects is presented, and the ability of the model to describe and fit to experimental data
for silicon and germanium samples is demonstrated. Though at this stage measurement uncertainties are larger than for traditional
TDTR, we anticipate that the use of this technique will expand the range of samples that can be measured with existing TDTR setups.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0069360

INTRODUCTION

The question of how to effectively and accurately measure the
thermal properties of materials is a long-standing one. Standard
approaches are based on applying heat and monitoring its diffusion
and then comparing the measured result to a thermal model.’
Local measurements require establishing a thermal diffusion length,
for example, through the use of a modulated heat source. For
decades, techniques based on heating via a modulated laser beam
have been used, with the measurement of the sample response via
the photoacoustic effect,”’ through photothermal deflection,””
with piezoelectric transducers,” or based on reflectivity changes.”™ "
In recent years, time- and frequency-domain thermoreflectances
(TDTR'' and FDTR,"” respectively) have become the dominant
approaches. TDTR and FDTR rely on temperature-driven changes
in the optical reflectivity of the sample surface," allowing monitor-
ing of temperature changes through the change in reflected inten-
sity of a second laser beam. By detecting the modulation in
reflection corresponding to the modulated heating, the thermal
response of the sample can be determined.

In their usual applications, both TDTR and FDTR involve the
deposition of a thin metal transducer layer on the sample to be

measured. This transducer is then the only layer that interacts with
either of the incident laser beams, acting as both heater and ther-
mometer for the rest of the sample. The use of a transducer allows
the assumption that the change in reflection is directly related to
the sample surface temperature as the primary component affecting
the reflectivity of metals is the distribution of free electrons, which
is temperature dependent.'* With an appropriate selection of metal
and laser wavelength, the coefficient of thermoreflectivity, dR/dT,
can be substantially larger than that in an unoptimized system."
Additionally, the optical penetration depth of the laser in the metal
transducer layer is small, allowing heating to be modeled as occur-
ring at the surface.

However, requiring a metal transducer layer adds complexity
and can limit measurement. Deposition of the transducer is a perma-
nent modification of the sample surface, removing the possibility of
in situ measurements. In interpreting results, additional parameters,
such as the thickness and heat capacity of the transducer and the
thermal interface conductivity to the sample, become important.
The conductivity of the transducer-sample interface must be high
enough compared to the conductivity of the sample for the measure-
ment to be sensitive to sample properties. For ultra-thin samples or
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FIG. 1. (a) In a transducer-coated sample, light absorption happens near the
surface of the material, whereas in (b) an uncoated semiconductor sample, light
penetrates into the material. () In a coated sample, heat must diffuse through
the transducer to reach the sample, and no charge carriers are generated. (d)
In an uncoated sample, heat and charge carriers are both generated and diffuse
directly in the sample.

measurements of in-plane conductivities, the transducer acts as a
thermal short and suppresses the sensitivity of the measurement to
the properties of interest, especially for samples with relatively low
thermal conductivities.'® Thus, a technique that does not require a
transducer layer is desirable. Key differences between measurements
with and without a transducer are highlighted in Fig. 1.

Others have pursued the goal of transducerless thermoreflec-
tivity measurements. Wang et al'* and Qian et al.'® demonstrated
the feasibility of FDTR measurements on uncoated samples;
however, their thermal model breaks down at short delay times and
in materials with long carrier diffusion lengths. Tanaka et al.'” use
a TDTR-like setup but use a thermal model that is only valid for
time scales shorter than those used in many TDTR measurements.
By using overlapped pump and probe beams, we avoid the complex
optical systems required for the beam-offset techniques of Fournier
et al." and Hurley et al.” In this paper, we demonstrate the usage of
standard TDTR instrumentation and measurement technique to
determine thermal conductivities of semiconductors without the
use of a transducer layer. We anticipate that such a technique can
extend the range of samples, which can practically be measured
using existing TDTR equipment.

ARTICLE scitation.org/journalljap

TRANSDUCERLESS MEASUREMENTS

The mechanism of TDTR measurements is described in detail
elsewhere.'" TDTR is a pump-probe method in which an ultrafast
pulsed laser is divided into two beams, both of which are directed
to a sample. Our TDTR setup uses a 565 nm pump beam and an
800 nm probe beam. The pump beam is modulated, typically at a
frequency of 0.1-10 MHz, and the probe beam is passed through a
mechanical delay stage, temporally separating the incidences of the
pump and probe beams by some delay time—in our setup, up to
3 ns. This allows measurement both over the fast (picosecond to
nanosecond) timescale of the delay stage and over the slow (micro-
second) timescale of the pump modulation.

In transducerless time-domain reflectivity measurements, both
pump and probe beams are incident directly on the semiconductor
sample. We highlight the key processes that occur when a pump
pulse strikes our samples in Fig. 2. In our experiments, the pump
beam photon energy, hv, is greater than the bandgap of our
samples, E, and the pump has a non-zero penetration depth.
When a pump pulse is absorbed, electron-hole pairs with energy
hv are generated throughout a volume of the sample corresponding
to the region of absorption. Within a few picoseconds, excited car-
riers thermalize to the lattice temperature and relax to the band
edge,'”"” releasing thermal energy (hv - E,). Over the next tens of
picoseconds to hundreds of nanoseconds, the photogenerated carri-
ers and the generated heat diffuse into the sample, and the carriers
recombine. Assuming primarily non-radiative recombination, this
leads to an additional source of thermal energy E, for each recom-
bination event, serving as an additional distributed heat source.
Beyond the photocarrier lifetime, the population of carriers returns
to its background level, leaving only the thermal energy which con-
tinues to diffuse. At long enough timescales, sufficient spreading of
the thermal pulse has occurred that the sample can be treated as
having returned to equilibrium. Crucially, for intermediate time
scales (nanosecond to microsecond, depending on carrier recombi-
nation time), continued heating arising from carrier recombination
means that proper treatment of the sample temperature requires con-
sideration of both generation and diffusion of heat and the behavior
of the photoexcited charge carrier population. Accordingly, we coin
the term transducerless time-domain reflectance (tTDR), highlight-
ing that changes in optical reflectance are modulated both thermally
and electronically, as opposed to only thermally as in TDTR. As
with traditional TDTR, the sensitivity of the measurement to sample

l FIG. 2. Schematic of the processes

2 e | |
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responses across multiple timescales is beneficial—we are able to
measure thermal effects both at short delay times, where the sample
response is strongest, and at long times when electronic effects are
diminished. Additionally, though we do not explore it in this work,
we anticipate that the sensitivity of tTDR to both thermal and elec-
tronic effects could be used to probe links between variations in
thermal and electronic properties of materials.

Various authors have approached the problem of describing
coupled thermal and carrier behavior following laser incidence.
Stearns and Kino® and Fournier et al.” solve for the special case
with near-surface carrier generation. Sablikov and Sandomirskii’
solve for the carrier concentration in the sample and the surface
temperature caused by a non-zero pump penetration, but do not
give an expression for temperature below the surface. Tanaka
et al.'” extend the model of Sablikov and Sanomirskii to temper-
ature as a function of depth but do not consider heat generation
from carrier recombination. All these authors assume that the
laser spot is large enough to treat its lateral dimensions as infi-
nite, which eliminates the possibility of measuring sample
anisotropy. Yang et al.”’ and Qian et al.'® consider spots with
finite lateral dimensions and non-zero pump penetration but
model only the thermal diffusion from the initial laser incidence,
neglecting carrier effects. Here, we consider the full case where
the pump laser has a finite size, penetrates into the sample, and
generates free charge carriers that recombine as a further heat
source.

Carrier and temperature behavior

The behaviors of both the excited carriers and the temperature
field are governed by diffusion equations. As discussed above, the
temperature field depends on the carrier concentration; in princi-
ple, the carrier population is also a function of temperature.
However, we assume that the temperature excursions of our
samples are small enough that the population of carriers generated
due to increased temperature is small compared to the photoexcited
population, making this effect negligible and allowing the carrier
equation to be solved separately from the temperature equation. To
validate this assumption, we find an upper bound on the per-pulse
heating by assuming the full energy of the pump beam is converted
to heat in the volume in which it is absorbed. For the experimental
parameters used in this work, we expect approximately 2K of
temperature rise for germanium and 0.2 K for silicon, correspond-
ing to an increase in intrinsic carrier concentration of 2 x 102
and 1x10%cm™, respectively.””> Additionally, we assume that
the photocarrier population is large enough to dominate over the
background doping so that the total electron and hole populations
are similar, that is, N~ P. For our measurements, the pump
energy per pulse was approximately 107'°]J, corresponding to an
initial photoexcited carrier concentration of approximately
1.0x 10" cm™ in germanium and 1.4x10"”cm™ in silicon.
Figure 3 highlights the degree to which the photoexcited concen-
tration outweighs carrier concentrations due to both temperature
changes and the light doping of the samples measured.

A full treatment of the recombination of excited carriers
would require consideration of one, two, and three phonon
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FIG. 3. Carrier concentrations in germanium and silicon samples. With the
experimental parameters used in this study, the density of photoexcited carriers
far exceeds the intrinsic carrier concentration, the background doping of the
sample, and the population of carriers generated due to the increase in sample
temperature, validating the assumptions of our model. The background doping
for the silicon sample is shown as a range because the sample was too resistive
to directly measure the doping level.

processes, yielding

ON, b
—giom = —yN —y,N* —y;N?, (1)

where v;, ¥,, and v; are the carrier recombination rates for linear,
two-body, and Auger processes, respectively.'” Considering the full
form of this equation is not mathematically feasible, but given the
relatively high photoexcited carrier concentrations of our measure-
ments, we expect Auger recombination to dominate at small delay
times. Following the approach of Tanaka et al.,'” we approximate

8Nrecomb _ N

ot 7’ &

where
T = 1/}/3N2; (3)

with N being the initial carrier concentration.

We begin by considering the impulse response of the sample.
Each laser pulse is short enough to be modeled as a delta function
in the time domain, so, considering a Gaussian pump laser spot
with penetration depth 1/a and radius w,, we write the intensity in
the sample as

Apump = Ape 2 Memw5(1), @)

where A, is a constant coefficient representing the incident inten-
sity of the pump laser.

The excess carrier concentration caused by the laser, N, is
described by a diffusion equation with generation due to the laser
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spot and loss due to recombination. Carrier motion caused by
driving forces other than diffusion is assumed to be negligible.
To confirm this, we estimate the current density caused by thermo-
electric effects as

Js = SoaAT, (5)

with S being the Seebeck coefficient, o being the electrical conduc-
tivity of the sample, o being the absorption rate of the pump laser,
and AT being the temperature deviation caused by the laser inci-
dence. The diffusion current density is estimated from the electrical
diffusivity, D; the absorption rate of the pump laser, @; and the
concentration of photoexcited carriers, AN, as

Jp = eDaAN, 6)

with e being electron charge. For our germanium and silicon
samples, we expect Js to be 2 x 10°> and 1 x 10> A/m>>>** whereas
Jp will be 4 x 10® and 1 x 10° A/m?, showing that diffusion domi-
nates the carrier motion.

For modeling carrier diffusion, we assume in-plane diffusivity,
D,, to be independent of the direction but allow it to be different
from the out-of-plane diffusivity, D,, yielding

O’N 18(6N) ON _-N A

i -1 _5(t)e—272/wée—az’
o

-D, "
(7

o2 P\ ar
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with
¢ = (DK +iw + 1/7)/D,. (12)

Equations (11) and (12) represent the frequency response of
the excess carrier concentration, in the Hankel transform domain.

The excess temperature, T, is described by a diffusion equation
with generation due to both the laser spot and carrier recombina-
tion. We treat the thermal conductivity as constant with time,
neglecting variation caused by the pump incidence. For the germa-
nium and silicon samples studied here, the increase in thermal con-
ductivity due to increased carrier concentration was estimated from
the Wiedemann-Franz Law to be less than 0.5%.

As we did for the electrical diffusivity, we assume that
in-plane thermal conductivity A, is independent of the direction
but not necessarily identical to out-of-plane conductivity A, and

write
PT 19 (0T oT E
“A—— A== — =N
022 ror (r6r> to ot
A ,
+ =2 (v — EQ)8(t)e 2 e, (13)
T,

0

where ¢, is the heat capacity of the sample, E, is the bandgap, and
hv is the energy of a pump photon.

With the same assumptions as above,
conditions are

the boundary

where 7 is the time constant of carrier recombination. lim T =0, (14)
Assuming a semi-infinite material with surface recombination e
velocity s at its free surface, we find boundary conditions
oT
—A,—| =EsN|,_ 15
lim N =0, (8) ozl ¢ l2=o (15)
Z—00
and following the same approach of taking Hankel and Fourier
ON i
ng — N, ) transforms and then solving the ODE, find
z=0 _ Ao —k*w2/8, —za —qz —qmz
T(z, w, k) = A e "M eTC 4+ e FCy e C;), (16)
We convert the partial differential equation to an ordinary dif- i
ferential equation in z by taking the Hankel transform (in r) and where
Fourier transform (in f), eliminating the derivatives in r and ¢,
respectively, and replacing J(¢) with ‘th = (AR + o)A, a17)
d’N -N A
—D,~— + DN + ioN = — + =L e Fmil8g-az, (10) I
dz T 4m C - —(Eg —hv) Eg (18)
g - Dal@ - )@ - )
This is solved by
A 1 D E D
N 0, k) = 20 s eor ST ) ) C = s st (19)
4nD, ¢ —a? s+D.q D.7(¢* — q3)(¢>* — a?) s+ D.q
—1[—a(E, —hv 1 s+ D, E, E,a
C3:—{ (2g . n — (—Egsr+ ! (Egsr+ qu2>+ - 2)} (20)
an | q,—o* (¢ —a)Det s+Dq T/ dn—@
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Equations (16)-(20) give the frequency response of the excess
sample temperature, in the Hankel transform domain.

To highlight the types of solutions generated by Egs. (11)
and (16), we calculate the delay time dependencies for the response
to a single pump pulse and plot the resulting solutions in Fig. 4.

a 0 ps
— 30 ps
—— 100 ps
3 —— 300 ps
S —— 1000 ps
o —— 3000 ps
=
———
0 50 100 150 200 250
Depth in sample (nm)
b 0 ps
—— 30 ps
—— 100 ps
3 —— 300 ps
3 1 —— 1000 ps
O —— 3000 ps
=
——— ﬁ
0 50 100 150 200 250
5 le-s Depth in sample (nm)
35 6 c °
s | - -°
4 __..—‘
.5 5 P 0"
el Eo= =z ———
8 41 Rl Y
> Se~s
[]
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8 \\\“
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£ ---- Integrated carrier deviation
0

102 103
Delay time (ps)

FIG. 4. Plots of the results of (a) Eq. (16) and (b) Eq. (11) for a germanium
sample, transformed to the time domain for a single laser pump pulse. At zero
delay time, curves match the exponential behavior of the pump distribution but
diffuse into the sample as time passes. Additionally, the carrier concentration
dies away and more heat is generated by recombination, as shown by (c) the
changing area under the curve.
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At zero delay time, the depth profiles of both the temperature and
the carrier distributions match that of the pump spot, and as time
increases carriers and heat diffuse into the sample, but at different
rates. Additionally, carrier recombination both in the bulk and at
the surface decreases the total carrier concentration and increases
the total temperature deviation. At long enough delay times, the
carrier concentration will decay to zero and the total temperature
deviation will plateau.

Reflectivity

We now consider the effect of the probe beam. We assume it
to be Gaussian in the transverse direction with radius w; and have
penetration depth &, into the sample, allowing its intensity to be
described by

Aprobe = A e(izrz/wf)eiz/& > (21)

where A; is a constant coefficient representing the incident inten-
sity of the probe laser.

The total reflectivity is a function of the complex refractive
index, # = n + ik, in the entire volume addressed by the probe. We
first consider the z dimension.

To properly address the reflectivity of the sample to the
penetrating probe beam, it is necessary to solve Maxwell’s equa-
tions in the material. We seek to consider the effects of both carrier
concentration and temperature, so we begin by assessing the
response to an arbitrary parameter affecting 7, which we denote
¢(z, w). For such a parameter, we expect a change in reflection,””

AR@) = L F@dz w)dz, (22)

where f(z) is a sensitivity function consisting of an exponentially
damped oscillation caused by the interference of reflections from
the surface and within the sampled depth*

f@=f (S—Z)Sin <4ﬁ¥ - 9) + g—:scos <4ﬂ¥ - 0))(”‘5‘, (23)

/
222 (2 4+ K2 — 1) + 2 + 2+ 1))

N 24
Mn+ 1) + x2)° 20

fo=38

_k(n* 4+ Kx7+1)

tanf=————-,
an n(n*+x2—1)

(25)

where 2 is the probe wavelength and 6 € [0, Z]. For the semicon-

ductors under study here, S—Z < g—;‘,, s0, to a good approximation
on | (4rnnz _
f(z) :f0<%sm<7—0>>e N (26)

which is plotted in Fig. 5.

J. Appl. Phys. 131, 025101 (2022); doi: 10.1063/5.0069360
Published under an exclusive license by AIP Publishing

131, 025101-5


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

3 —— Sensitivity
s

3 05'
=

=

2

@ 0.0
[

el

-

3

= —0.51
[0]

-4

0 200 400 600 800 1000

Depth in sample (nm)

FIG. 5. The result of Eq. (26), the sensitivity of the reflectivity of the sample to
deviations in carrier concentration and temperature, as a function of depth. 6 is
taken to be zero, corresponding to the case of negligible x and g—(’;, and all
other parameters are those of germanium probed at 800 nm.

We now consider how to define ¢(z, ). In semiconductors,
the refractive index is affected by both the carrier and thermal dis-
tributions,'”

An = ——AT + —AN, (27)

so instead of the single parameter ¢, we must consider both N and
T, yielding

AR(w, k) = Jw fosin (47;:12 - 9)

0
X (@AN(w, z, k)+%AT(w, z, k)>e’2/5ldz. (28)

ON

This adds two additional unknown parameters to the system,
g—g’, and g—?. The first, g—;’p can be estimated from the semiconductor
Drude equation™®

dn —2%e?

an e 29
dN  2znm’c? (29)

where 4 is the probe wavelength, e is the charge of an electron, m*
is the ambipolar effective mass of the charge carriers, and c is the
speed of light.

The second term, 9% is a result of several effects, including
Fermi smearing, electron-phonon collisions, and bandgap shift,
and is best estimated from empirical data.'” However, due to the
number of difficult-to-estimate initial coefficients of our equation,
we fit a normalized version of the signal such that only the ratio

%/g—’T‘ is relevant to the final result and can be determined in the
on

data fitting process. In most semiconductors, 5

on Onyon
o SO an/ T

is positive, unlike
is expected to be negative."”
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We now consider the lateral extent of the probe. The probe
measures a weighted average of the area it strikes.'' Taking the
Hankel transform of Eq. (21) and combining with the Hankel
domain solution AR(w, k), we find

00

ARprobe(w) = J AR(CO) k)eikZW%/Sk dk. (30)
0

Combined with Egs. (11), (12), (16)-(20) and (28), (30) gives
an expression for the frequency dependence of the measured
reflectivity.

Voltage signal

As described above, the measured tTDR signal is given by the
reflection of a modulated pulsed laser. The reflection is directed to
a photodetector, which provides a voltage signal which is sent to a
lock-in amplifier set to the modulation frequency, f. This means
that the signal samples the frequency response of the sample at + f
as well as at frequencies shifted by multiples of the frequency of the
laser repetition rate, 1/1'rep,11

AV(tdelay) = j_z Z <AR (T’ZP +f) + AR(;:; —f))

m=—00

X exp(27imtgelay/ Trep)s (31)

where AV is the measured voltage signal and ‘é—g is the responsivity
of the photodetector-amplifier system. By combining Egs. (30)
and (31), we find the predicted tTDR signal. An example of the
depth profiles of T and N and their combination into the final
signal is shown in Fig. 6.

RESULTS

We validate our time-domain approach to tTDR measure-
ments by confirming our ability to measure known samples. Here,
we focus on germanium and silicon, both indirect-bandgap semi-
conductors with bandgaps below the energy of our 565 nm pump
and 800 nm probe beams. We assume that carrier recombination
happens primarily through non-radiative mechanisms, validating
our assumption that each recombination event releases thermal
energy E,. We measure [100] wafers of both materials.

As is typical for TDTR, we perform measurements at a range
of modulation frequencies and fit our results for each frequency
independently (Table I). Optical penetration depths and refractive
indexes were determined by ellipsometry, and comparison to litera-
ture values shows good agreement. Electronic diffusivity was deter-
mined through Hall effect measurements for germanium and as a
fitting parameter for silicon. In both cases, diffusivities were found
to be lower in our samples than in the literature, more notably for
germanium, which we attribute to lower purity of our samples
than those studied elsewhere. The range of diffusivity considered
for germanium spans the standard deviation of the values found
through repeated Hall measurement, and for silicon, the range
covers the values found from fitting at different modulation fre-
quencies. Data fitting for silicon are described in more detail
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FIG. 6. Schematic of temperature profile and carrier concentration effects on the recorded tTDR signal, based on a germanium sample measured with a modulation fre-
quency of 1 MHz. Both (a) the temperature and (b) the carrier concentration affect (c) the refractive index, and multiplying the refractive index deviation by (d) the sensitivity
and integrating gives (e) the measured signal. The real part of the signal is influenced by both the single-pulse response and the modulation-frequency response, and the

imaginary part is primarily by the modulation-frequency response.

below. Literature values are used for heat capacities’ with an
assumed 10% uncertainty, and spot sizes are measured by analysis
of photos of the laser spot. For the germanium sample, a lower
magnification objective was used than for silicon, leading to a

TABLE |. Parameters affecting AV({yelay) after normalization.

larger spot size, and the spot size was determined from a photo of
the reflected laser, leading to uncertainty from setting the camera
focus; for the silicon, the camera was placed in the sample loca-
tion, minimizing this uncertainty. Multiple images were taken of
each laser spot and the range of spot sizes found was used in cal-
culating error bars on thermal conductivity.

Assessment of these parameters leaves the carrier recombina-
tion time, the surface recombination velocity, the ratio g—;‘,/%, and

Symbol Proper Function of - ;

b perty the thermal conductivity to be determined. Though we are unable
AL A, Thermal conductivities Sample to fit to all of these parameters simultaneously, only a narrow range
c Heat capacit Sample of values was found that gave consistent results at all modulation
P pacity p g
D, D, Electrical diffusivities Sample frequencies, and these were used in the final fitting to thermal con-
s Surface recombination velocity Sample ductivity. We analyze the total magnitude of our tTDR signal, nor-
E, Bandgap Sample malized to that just before the pump arrival.

T Carrier lifetime Sample and measurement
o Pump absorption rate Sample and measurement Germanium
s Probe ab ion denth Samol wa\(rlelength Best-fit values for germanium properties were found through
! robe absorption dept ample and measurement an iterative fitting procedure, starting with expected literature
wavelength . L -
Index of refracti h S ) d values. The carrier recombination time and surface recombination
" naex Ob e ractllon 21: the ample an lmeasllllrement velocity were perturbed, in turn, until high quality fits with consis-
o 10m _ probe wavelengt wavelengt tent values across modulation frequency were found. The signal at
/% Ratio of the carrier signal to  Sample and measurement L " . O dn
. small delay time is more sensitive to the ratio S%/$% than that at
the temperature signal wavelength . ON oT
" longer delay time, so fits to the first nanosecond of data were used
Wwo, w1 Pump and probe spot radii Measurement oo
o Modulation frequency Measurement to.determlne /57> and ﬁts to the full dataset were used to deter-
hv Pump photon energy Measurement mine the thermal conductivity.
2 Probe wavelength Measurement The significantly larger best-fit surface recombination velocity

compared to the literature value for germanium is not surprising,
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TABLE II. Values of parameters used for fits. Ranges listed were used in the calculation of error bars and are the smaller of the assumed uncertainty of the measurement in
which the value was found or the maximum range in which it was possible to find a good fit to the experimental data. See text for further description of ranges used and com-

mentary on comparison to literature values.

Literature Literature
Parameter Value for Ge Range for Ge values for Ge ~ Value for Si Range for Si values for Si
¢ Jm’K)”  1.70x10° 1.53 x 10° to 1.87 x 10° 1.70 x 10° 1.66 x 10° 1.49 x 10° to 1.83 x 10° 1.66 x 10°
D (m?/s) 53x107° 525x107°t0535%x107°  7.7x107>% 73%x107* 6.6%x107*t07.9x107* 35%x1072%
s (m/s) 80 72-104 0.8" 125 124-133 87-500""
7 (s) 1x107° 5x%1077 to 1x 1072 7%x1077 % 9% 1078 8.6%x107%t09.6x1078 3x107°%
a (1/m) 44%107 45x% 107 7.1x10° 7.1x10°**
8, (m) 23%x1077 20%x1077% 9.7x107° 9.7x107%
n 472 471" 3.69 3.697

Onydn (3 K)  —5.72x107%° —618%x 107 to =526 X 1072° —6x 10727 —754%x1072* —123x107* to —=8.69 x 10™** —9x 107° %

ON'OT
Effective spot 2.1 x 107> 1.68 x 107 to 2.52 x 10™°

size (m)

7.6x107° 7.37x107° to 7.83 x 107°

as surface recombination is very sensitive to surface quality and our
sample received no special surface treatment. The carrier recombi-
nation time estimated from the literature assumes a carrier concen-
tration equal to that immediately following the pump incidence;
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FIG. 7. Fitting results for germanium. (a) Fitted values of thermal conductivity.
Error bars are found by perturbing input parameters within their uncertainties.
(b) The overall fit of the model to the total magnitude of recorded tTDR data for
each modulation frequency. The large signal at small delay times is caused by
the dominance of the carrier response at those times.

the lower carrier concentration at longer delay times would lead to
a longer recombination time, explaining the difference to our mea-
sured value. We repeated our measurements at laser powers lower
than those reported here and did not see a significant difference in
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FIG. 8. Calculated thermal and carrier contributions to the magnitude of the total
tTDR signal recorded for the Ge sample at (a) 10 and (b) 0.3 MHz. The total signal
is the absolute value of the sum of the (positive) thermal contribution and the (nega-
tive) carrier contribution. The carrier effect is more significant at the higher modula-
tion frequency, but the thermal signal is larger except at very small delay times.
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normalized signal, despite the expected dependence of carrier
recombination time on pulse energy due to the weak dependence
of the final signal on the recombination time. The calculated litera-
ture value of g—;‘,/g—; relies on both estimation of % based on data
measured at longer wavelengths and on the validity of the Drude
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FIG. 9. Fitting results for silicon. (a) Fitted values of thermal conductivity. Error
bars are found by perturbing input parameters within their uncertainties. We
attribute the larger error bars at 0.1 MHz to the larger instrument noise at low
frequency. (b) The overall fit of the model to the total magnitude of {TDR data
for low modulation frequencies, where thermal conductivity was the fitting
parameter. (c) The overall fit of the model to the total magnitude of tTDR data
for higher modulation frequencies, where carrier properties were fit.
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model for g—;’,, meaning that the difference from it to the best-fit
value is not significant.

Once best-fit values for all parameters (as listed in Table IT)
were determined, uncertainties were assessed. Because of the numeri-
cal complexity of the model, our ability to consider the simultaneous
effects of multiple parameters, for example, through the Monte Carlo
method, was limited, and error bars were estimated based on the
effects of each parameter individually. The uncertainties for the
carrier recombination time and the surface recombination velocity
were found by changing the value of each parameter individually
until the model failed to find a good fit to the data, defined as a dou-
bling of the residuals of the fit or a difference of more than 40% in
values found for different modulation frequencies. The range of
g—l’f,/% considered was that given by the fits for different modulation
frequencies. The effect of the uncertainty in each input parameter
was determined by repeating the fitting to thermal conductivity with
that parameter modified to the limits of its uncertainty and recording
the resultant change in fitted value, AA; for parameter i. The

Q
=
U o

Magnitude, a.u.
o
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

10.0 MHz
51 e —— |Total signal|
,,*”—— —-==- Thermal
,’/ -=—~ Carrier
-10 = r . : . : :
0 500 1000 1500 2000 2500 3000

Delay time, ps

Magnitude, a.u.
o

e (0.3 MHz
S | Total signal|
PPl === Thermal
el --- Carrier
—-10-— T T y T y y
0 500 1000 1500 2000 2500 3000

Delay time, ps

FIG. 10. Calculated thermal and carrier contributions to the total tTDR signal
recorded for the Ge sample at (a) 10 and (b) 0.3 MHz. The total signal is the
absolute value of the sum of the (positive) thermal contribution and the (nega-
tive) carrier contribution. The carrier effect dominates in both cases, but the
thermal effect is non-negligible at low modulation frequency.
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magnitudes of the error bars are found as

A = [> (AN (32)

i

Fitting results for the germanium sample are shown in Fig. 7.
Our average fitted thermal conductivity of 60 W/mK matches
the value found by Maycock’ and aligns well with the result we
measured by standard TDTR of 51-57 W/mK. Over the tens of
picoseconds to nanoseconds of delay time typical of a TDTR mea-
surement, the model is a good fit.

As discussed above, the measured tTDR signal is a combina-
tion of thermal and carrier effects. In Fig. 8, we examine the relative
components of the thermal and electrical signals for germanium.
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The measured signal is explained primarily by the thermal behavior
at long delay times, but at short delay times, the carrier behavior is
also relevant.

Silicon

Fits for the silicon sample, shown in in Fig. 9, were found
through a similar procedure to those for the germanium sample.
However, in contrast to the case of germanium, for silicon,
the signal is dominated by the carrier response (Fig. 10) due to the
much higher value of 92/22 for the silicon sample. We attribute
this to silicon having a weaker dependence of refractive index on
temperature than germanium for measurements at 800 nm.
Because of the dominance of the carrier response, we were only
able to find fitting values for the thermal conductivity for the
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FIG. 11. Sensitivity plots for (a) Ge at 10 MHz modulation frequency, (b) Ge at 0.3 MHz, (c) Si at 10 MHz, and (d) Si at 0.1 MHz.
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measurements at the lowest modulation frequencies, where the sen-
sitivity to the thermal properties is strongest. We used the data col-
lected at higher modulation frequency to determine the electrical
diffusivity, carrier recombination rate, and surface recombination
velocity by a similar iterative procedure to that used for the germa-
nium fitting, and then fit 2%/2% and the thermal conductivity based
on the low frequency data. Error bar calculations for the silicon
sample were performed as for the germanium sample.

The best-fit value of the surface recombination velocity was
within the range expected from the literature. As in germanium,
the fitted carrier recombination rate was lower than expected from
Auger recombination based on the initial carrier concentration,
which we attribute to the lower carrier concentration at longer
delay times. We did not observe a significant dependence of our
signal on laser pulse energy, but this does not rule out a depen-
dence of carrier recombination time on pulse energy as the final
signal is not very sensitive to recombination time, especially, when
that time is larger, as occurs at lower pulse energies. Our estimate
of g—f,/g—; for silicon is similar to that of germanium, whereas our
observed values are quite different, which highlights the limitations
of our method for estimating g—;’,/%.

Despite the larger uncertainty caused by the lower sensitivity
to thermal conductivity and higher noise in our system at low fre-
quency, our average fitted result for the thermal conductivity of
silicon of 148 W/mK compares well to the literature value of
149 W/mK'” and to our result from standard TDTR of 140 W/mK.
We highlight that our consideration of photoexcited carriers allows
our model to describe the behavior of this sample, unlike the
model presented by Qian et al., which fails to fit their experimental
data for silicon.'® We anticipate that laser wavelengths other than
those used here may allow measurement with lower uncertainty: a
shorter pump wavelength would provide more thermal energy per
incident photon, without increasing the initial carrier density, and
a different probe wavelength might provide a higher 9% and so
more sensitivity to thermal changes.

Sensitivity analysis

To better understand the properties of our model, we perform
a quantitative sensitivity analysis. Defining the sensitivity to a
parameter x as S, = ‘gll‘r‘lf and comparing the relative sensitivities of
various parameters, we can establish how strongly each parameter
influences our result. Results for Ge and Si at high and low modu-
lation frequency are shown in Fig. 11.

For the germanium sample, the sensitivity to thermal conduc-
tivity is higher than that to other parameters except for the spot
size and heat capacity. At low delay times and high frequencies,
gﬁ/g—; has a significant impact on the signal, but this sensitivity is
decreased at larger delay times. Sensitivity to carrier lifetime is neg-
ligible, implying that surface recombination occurs significantly
faster than bulk recombination in this sample. Though the sensitiv-
ity to spot size is larger than that to thermal conductivity, the fact
that it is nearly constant with delay time, and we fit to normalized
data means that uncertainty in spot size has minimal effect on the
fitting result. As long as the heat capacity of the sample is well
known, fitting to the thermal conductivity will be reliable.

ARTICLE scitation.org/journalljap

By contrast, the sensitivity to thermal conductivity in the
silicon sample is very small—indeed, negligible at high frequency.
As shown in Fig. 10 and indicated by the high sensitivity to 9%/22,
the sample response is determined primarily by the carrier
response, not the thermal one. To have any confidence in a value
measured for the thermal conductivity, we took advantage of the
minimal sensitivity to thermal properties at high frequency and fit
to the carrier diffusivity, carrier recombination rate, and surface
recombination velocity, increasing our confidence in our input for
fits at low frequencies. Thus, even though the fits at 0.1 and
0.3 MHz are still dominated by the carrier properties, we have suffi-
cient confidence in the values of those properties to determine a
thermal conductivity.

CONCLUSIONS

The dominant noncontact methods of measuring thermal
conductivity, TDTR and FDTR, generally require the use of a metal
film transducer. However, the use of a transducer complicates the
measurement and can restrict access to or reduce sensitivity to
certain material properties of interest. In this paper, we demon-
strate that time-domain transient reflectivity measurements of the
thermal properties of semiconductors can be made without the use
of a transducer. We present a model for both carrier and thermal
responses to heating with, and measurement by, laser spots of finite
dimension and non-zero penetration depth. We show that the
model accurately describes the signal from direct measurements of
germanium and silicon samples. Though we do not explore fully
the possibility in this work, we anticipate that this result will be
easily extended to the measurement of samples, which cannot be
easily measured with a transducer, for example, ultra-thin films or
suspended membranes.
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