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ABSTRACT

This work combines the principles of the heat spreader method and the imaging capability of the thermoreflectance measurements to mea-
sure the in-plane thermal conductivity of thin films without the requirement of film suspension or multiple thermometer deposition. We
refer to this hybrid technique as heat diffusion imaging. The thermoreflectance imaging system provides a temperature distribution map
across the film surface. The in-plane thermal conductivity can be extracted from the temperature decay profile. By coupling the system with
a cryostat, we were able to conduct measurements from 40 K to 400 K. Silicon thin film samples with and without periodic holes were
measured and compared with in-plane time-domain thermoreflectance measurements and literature data as validation for heat diffusion

imaging.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0024476

. INTRODUCTION

The continuous miniaturization of the electronic and optoelec-
tronic devices results in increased energy dissipation densities and
large local temperatures, which compromises the reliable operation
of the electronics' and calls for small scale thermal management
solutions. Thin films are often used in integrated circuits, such as
transistors and diodes; in energy conversion technologies, such as
light-emitting diodes (LEDs) and solar cells;® and as optical, elec-
trical, thermal, or protective coating layers.”” Understanding heat
transport in thin films is essential to address microscale to nanoscale
heat management and energy conversion and requires accurate mea-
surement of thermal conductivity, which can be challenging in
practice.

Measuring the in-plane thermal conductivity of thin film sam-
ples often requires film suspension”” and is demanding in terms
of the micro-fabrication processes needed. For delicate thin films,
it is preferred to measure directly on the substrate and avoid

potential damage to the sample during the substrate removal pro-
cess. In the case of thin films supported on a substrate, which is typi-
cal in devices, the options are limited. If the samples are isotropic,
a cross-plane measurement can be taken instead, using the 3w
method’ or the time-domain thermoreflectance (TDTR) method."’
In the case of anisotropic samples, two established in-plane mea-
surement techniques are the variable-linewidth 3w method'"'* and
the heat spreader method.'”'* The variable-linewidth 3w method
requires the knowledge of the cross-plane thermal conductivity
value to derive the in-plane one. It needs narrow lines and is limited
in the range of measurable thermal conductivity values. When the
variable-linewidth 3w method cannot be applied, the heat spreader
method is useful. Both methods use metallic thermometers, and
hence, an insulating layer needs to be deposited on conductive sam-
ples to prevent current leaks, which can be difficult to implement
and reduces the accuracy since the temperature is no longer mon-
itored directly on the sample. There has been an attempt to com-
bine thermoreflectance imaging with finite element modeling for
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measurement of the in-plane thermal conductivity of Si thin films
at room temperature,” but it requires intensive modeling and is
considered an indirect method to extract thermal conductivity.
Similar combinations of thermoreflectance imaging and finite ele-
ment modeling have been used by many groups to study heat
transport in devices and extract various parameters, such as ther-
mal boundary resistance between the layers and thermal conduc-
tivity of each layer of the device.'”” While additional oppor-
tunities for measuring in-plane thermal conductivities can be
provided using TDTR, typical measurements of the technique are
utilized for the extraction of the cross-plane thermal conductivity of
a material.

Here, we propose an approach that combines thermore-
flectance (TR) imaging and the heat spreader method for char-
acterizing the in-plane thermal conductivity of thin films on the
substrate, and we refer to this method as heat diffusion imaging.
A heater is deposited at one end of the film and subsequently
Joule heated. When heat flow reaches the thin film of interest, the
film, supported by a low thermal conductivity substrate, spreads
the heat laterally. Therefore, it is possible to extract its in-plane
thermal conductivity by measuring the temperature decay profile
along the film. This is known as the heat spreader method. The
traditional heat spreader method requires patterning of a series of
metallic lines along the sample. These metallic lines are used as
resistance thermometers (thermistors) to detect the local temper-
atures. To measure temperature, one needs to pass current and
measure resistance of the thermistors; hence, deposition of an insu-
lating layer between a conductive sample and these thermistors is
needed to avoid a current leak. This indicates that a limited num-
ber of data points (equal to the number of thermistors deposited)
are available for thermal conductivity extraction, and inaccuracy
exists because the temperature is not measured directly on the
sample.

With a TR imaging system, the thermistor fabrication pro-
cesses are no longer necessary. The temperature can be measured
directly on the sample and continuously along the film with a spa-
tial resolution on the order of 100 nm. A temperature map of the
sample surface is acquired based on how surface reflectivity changes
with respect to temperature variations. With heat diffusion imag-
ing, one only needs a metallic heater line deposited on top of the
thin film to provide the initial heat flow by Joule heating. The
accuracy is improved from the heat spreader method since more
temperature-position data points are available for analysis. Heat dif-
fusion imaging is less sensitive to the thermal contact resistance
between the thin film sample and the substrate, compared with
the 3w method. It provides a wider range of measurable thermal
conductivity compared with in-plane TDTR—as long as the thin
film is more conductive compared with the underlying substrate
insulating layer, the film’s in-plane thermal conductivity can be
measured.

Heat diffusion imaging is of interest to the thermal commu-
nity and in particular of interest to the thermoelectric community.
The electrode configuration that is commonly used for thermoelec-
tric power factor measurements can also be used for heat diffusion
imaging to enable thermal conductivity measurements and hence
extraction of the thermoelectric figure of merit, ZT.

We select silicon thin films as the test bed for our heat diffu-
sion imaging technique, since Si is one of the most studied materials
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and can serve as a good reference. We measure two samples: one is
a plain Si thin film and the other is a holey Si thin film with periodic
holes spaced 100 nm apart. Both films are 100 nm thick. The in-
plane thermal conductivity of the holey Si sample is greatly reduced
compared to that of the in-plane silicon film, as phonons with mean
free paths longer than the neck size are suppressed.””” Informa-
tion on this reduction in thermal conductivity can shed light on the
phonon interactions with boundaries and can be useful in finding
low thermal conductivity films and, in particular, efficient thermo-
electric materials.”” > Our measurement results are compared with
those measured by in-plane TDTR on the same samples, as well as
data from the literature.

Il. DEVICE AND METHOD
A. Silicon thin films

An illustration of the device configuration of the two silicon
thin film samples is shown in Fig. 1. These devices are fabricated
from a silicon on insulator (SOI) wafer and have a 100 nm thick
active Si layer of area 30 x 200 ym?, sitting on a 2 ym thick buried
oxide (BOX). The holey Si device is boron-doped (3 x 10*° cm™3
-10 x 10" cm™?). The arrays of holes of 55 nm diameter are spaced
with a center-to-center distance of 100 nm or, in other words, a
neck size of 45 nm. The plain Si thin film is lightly doped (boron,
~10'® cm™?) and has the same dimensions as the holey silicon film
but without the holes. The Al/Au contact (1 ym/50 nm) deposited at
the end of the thin film is used as the heater for our measurements,
and its length is more than 2500 ym.

B. Heat diffusion imaging

A thermoreflectance imaging system utilizes the fact that the
surface reflectivity (R) of a material changes with temperature (T).
Their relation is expressed as AT = C%R A—RR, where Cry is the ther-
moreflectance coefficient. Crg mainly depends on the material sur-
face, the ambient temperature, and the wavelength of the illumina-
tion. In order to find the absolute temperature on the sample surface,
Crr has to be known, and it can be calibrated for with controlled
temperature changes.

A working diagram of our TR imaging system from Microsanj,

LLC,” is shown in Fig. 2(a). The function generator generates a

Function

Generator /\
< .

Plain Si / Holey Si

Thin Film

FIG. 1. Schematic drawing of the device configuration. The Al/Au heater is more
than 2500 um in length. The dimensions are not to scale in this drawing.
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FIG. 2. (a) Working principle of the thermoreflectance imaging system. (b) Picture
of the system coupled with a cryostat. The inset shows how a sample is mounted
to a DIP and then to the sample stage inside of the sample chamber.

voltage pulse to excite the device under study, which is synchro-
nized with a light pulse emitted from the LED light source (530 nm
green light in this case) by the control unit. A charge-coupled device
(CCD) camera captures the changes in the reflected light off the
sample when the LED is activated and deactivated to determine the
temperature change, AT, at a certain delay time. The captured reflec-
tivity information is averaged over many thermal excitation cycles
to provide a complete temperature map of the area of interest with
minimum noise. The magnification of the microscope objective can
be selected based on the sample size. The optical resolution of a tem-
perature map is diffraction-limited. For our wavelength of 530 nm,
it is about 330 nm under a 100x magnification objective and about
380 nm under 60x magnification.

ARTICLE scitation.orgljournal/rsi

The in-plane thermal conductivity can be extracted by ana-
lyzing how heat propagates along the thin films. When current
passes though the metallic line at one end of the Si thin film, the
generated heat from Joule heating results in a temperature gradi-
ent, which gradually decays with increasing distance away from the
heater line. This temperature decay can be described by the classical
fin equation”’ and is expected to be exponential in the lateral direc-
tion. Temperature, T, as a function of distance away from the heater,
X, is

T(x) = T(c0) oc e VI _ o=px (1)

where the parameter § = \/hi/(k.d) is defined for simplicity, h;
is the cross-plane thermal conductance of the underlying insulat-
ing layer, k, is the in-plane thermal conductivity of the thin film
of interest, and d is its thickness. Dividing the cross-plane thermal
conductivity of the substrate insulator, k; ;, by the layer thickness,
d;, gives us hj, i.e., hi = ki ;/d;. k. can be extracted from the tem-
perature profile as long as the thin film thickness and the substrate
insulating layer parameters are known. This theoretical model has
been discussed extensively in the heat spreader method * and has
been verified for Si thin ﬁlms on the Si0,/Si substrate” and for few
layer graphene on SiO,."”

Since heat diffusion imaging is based on the heat spreader
method, similar limitations apply. The thin film of interest should
have alarge in-plane thermal conductance relative to the cross-plane
thermal conductance of the substrate insulating layer. In order to
satisfy the conditions of the fin equation, it has been proposed that

the healing length, defined as /371 = \/k«dd;[ki., should be much
larger than the combined thickness of the thin film and the substrate
insulating layer, d + d;.” Jang et al. studied heat transfer in a few lay-
ers of graphene on SiO;. Even though the healing length was on the
same order of magnitude as the SiO, substrate thickness, they have
shown that the heat spreader model is still valid,"” which should be
the limiting condition to justify the application of this model. The
bulk substrate at the bottom needs to be highly thermally conductive
to maintain the isothermal condition.

Figure 2(b) shows the entire setup. The cryostat from Advanced
Research Systems (ARS) has been specially engineered so that the
sample chamber has an optical window on top for imaging. The win-
dow is made of 1 mm thick N-BK7 glass with Vis 0° anti-reflective
coating from Edmund Optics, which provides >99.5% transmissivity
for wavelength between 425 nm and 675 nm and has a transforma-
tion temperature above 800 K. The thickness of the window glass
needs to be corrected for by the correction collar of the objective,
in order to avoid blurry images caused by changes in the refractive
index. We use the 60x magnification objective from Nikon, which
can correct for cover glass thickness up to 1.3 mm and offers a
relatively long working distance up to 2.6 mm. The sample is wire-
bonded to a ceramic dual in-line package (DIP) for electrical con-
nections inside the chamber and is shown in the inset of Fig. 2(b).
A heater is embedded in the sample stage to set the temperature.
Vibrations caused by the vacuum pump and the helium compres-
sor have been minimized by using low-vibration design from ARS,
placing the setup on an optical table, and having a floor stand and
sandbags to support the cold head and a stand to support the TR
imaging camera system.
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C. In-plane time-domain thermoreflectance

We deposit a nominally 80 nm thick Al film on an identical
plain Si device for the implementation of time-domain thermore-
flectance (TDTR) to extract its in-plane thermal conductivity. We
implement a two-tint TDTR configuration, whereby the output of
a 80 MHz oscillator centered at 808.5 nm is spectrally separated
into pump and probe paths. The pump path is electro-optically
modulated and creates a frequency dependent heating event at the
sample surface. The probe is mechanically delayed in time and
monitors the thermoreflectance at the sample surface, creating a
cooling curve that is compared to the heat diffusion equation. Addi-
tional details regarding the two-tint experimental configuration,”
as well as the analyses associated with TDTR,'"***! can be found
in the literature. We mount the specimen into a liquid helium
cryostat (JANIS ST-100) for measurements at 80 K, 124 K, 193 K,
and 294 K.

For the determination of the in-plane thermal conductivity of
the Si membrane, we perform measurements in two configurations,
following the guidelines of Jiang et al.’”” First, we perform TDTR
measurements using a 10x objective (effective 1/e*> pump/probe
radius = 12.3 ym) and moderately high modulation frequencies
(8.4 MHz) on the Al/SiO; region of the device. This allows us
to extract the thermal conductivity of the oxide layer while being
negligibly sensitive to the in-plane thermal conductivity of the Al
transducer. Next, we perform measurements using a 20x objec-
tive (effective 1/¢* pump/probe radius = 6.5 ym) and low modu-
lation frequencies (500 kHz) on the Al/SiO, region of the device
for the extraction of the in-plane thermal conductivity of the Al
transducer while fixing the thermal conductivity of the underlying
SiO,. Finally, measurements in this configuration are performed
on the Al/Si/SiO; stack for the determination of the in-plane ther-
mal conductivity of the Si membrane, where we input the Al and
SiO; thermal conductivities as known parameters derived from mea-
surements on the Al/SiO, region of the device. For all measure-
ments, we assume literature values for the volumetric heat capaci-
ties of Al, $iO2, and Si.”” The error in the reported TDTR values
includes uncertainties of 2.5% in the volumetric heat capacities of
the Al transducer, Si membrane, and SiO; layer, as well as varia-
tions in the extracted Al thermal conductivity, typically on the order
of 15%-20%. We are not aware of any works examining the spot
size dependence of the thermal conductivity of thin Si films mea-
sured via TDTR. We note that Wilson and Cahill”’ have examined
the spot size dependence of the thermal conductivity of bulk Si.
They observed a minimal dependence at spot sizes comparable to
those used in this work, and thus, we do not expect our used spot
sizes to influence the apparent thermal conductivity of the thin Si
film.

Ill. RESULTS AND DISCUSSION

Pulses of 5 ms duration, up to 5 V and 20% duty cycle, were
applied to the heater line at one end of the thin film to gener-
ate Joule heating. An example of the temperature decay map of
the plain Si thin film in the steady state, averaged over a few hun-
dred thermal excitation cycles and taken under 100x magnifica-
tion, is shown in Fig. 3(a). A representative map of the holey Si

ARTICLE scitation.orgljournal/rsi

sample is provided by its side in Fig. 3(c) for comparison. The
same thermoreflectance coefficient, Crg, is used for all tempera-
ture maps across all materials, which means that an arbitrary unit
is adopted for temperature. Calibrating for Cyx to get the absolute
temperatures on the thin films is not necessary here because the
parameter 8 is determined by an exponential fit of the tempera-
ture profile and depends only on how fast the temperature drops.
Nevertheless, since Crg of Au for our green light wavelength is
known,”” the temperature rise of the heater (less than 50 K) was
closely monitored throughout measurements to ensure that it is rea-
sonable to assume a single thermoreflectance coefficient. We have
included uncertainties in the sample temperature to account for the
impact from this temperature rise. The distance that the tempera-
ture gradient extends over is much shorter on the holey Si thin film
than on the plain Si one because of a greatly suppressed thermal
conductivity.

Knowing that the Si thin film thickness d = 100 nm and that
the insulating SiO; layer thickness d; = 2 ym, the in-plane thermal
conductivity calculation is reduced to

— hi
" 3d

ki,z
X ﬁ .

We use the recommended values of fused SiO,™® for k; . in our cal-
culations, as it has been shown that the temperature dependence
of the thermal conductivity of micrometer-thick SiO, matches well
with the bulk values.” #; is typically on the order of 10° W/(m?* K)
-10° W/(m?* K), which means that the air convection to the sur-
roundings’’ and the thermal contact resistance between the Si layer
and the SiO, layer” " are negligible in comparison. An exponential
fit to the temperature line profile taken along the thin film yields j3,
and then ki is obtained. A few representative temperature profiles
of both films and their corresponding exponential fitting curves at
room temperature are shown in Figs. 3(b) and 3(d). As expected, f8
is smaller for plain Si based on a more gradual temperature decay,
which results in a larger k.. In order to reduce the uncertainty, for
each measurement, multiple temperature line profiles that start from
the edge of the heater and continue along the length of the thin films
have been taken into account and an averaged thermal conductivity
is reported.

Temperature dependent data were acquired by repeating the
measurements at different sample stage temperatures. The highest
magnification offered for an objective with the correction collar and
adequate working distance is 60x, so the temperature map resolu-
tion is slightly reduced at temperatures other than room tempera-
ture. Limited by the working distance of this microscope objective,
the mounted sample had to be brought to within 1 mm of the opti-
cal window. This led to a discrepancy between the sample stage
temperature and the sample surface temperature. This temperature
difference was measured using a silicon diode temperature sensor
inside the cryostat, by mounting the sensor onto the DIP, where the
sample was mounted. The error in the measured sample tempera-
ture is estimated to be within 1 K and has been taken into account in
the thermal conductivity calculation.

The temperature dependence of the in-plane thermal conduc-
tivity of the plain Si film is plotted in Fig. 4 and is compared with
data from the literature.””"’ Phonon-boundary scattering dominates
phonon-impurity scattering in micrometer-thick plain Si thin films

ke =5x 10"

2
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FIG. 3. Example temperature maps of (a) the plain Si sample and (c) the holey Si sample u
coefficient is assumed for both maps, and an arbitrary unit for temperature is adopted. N
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FIG. 4. Temperature dependence of the in-plane thermal conductivity of the plain
Si thin film measured by heat diffusion imaging, compared with in-plane TDTR
measurement on the same sample and data from the literature on suspended
samples of the same thickness (100 nm).?>

with carrier concentration less than 10" cm™>, and their thermal
conductivities are nearly identical against temperature, independent
of the exact concentrations.” Therefore, it is justifiable to compare
the results of our 100 nm thick, slightly doped (10'® cm™?) plain Si
thin film with thermal conductivities of intrinsic silicon thin films
of the same thickness.””"’ Our values agree with literature data for
suspended samples in the temperature range from 40 K to 400 K
with reasonable errors. While the uncertainty in our TDTR measure-
ments is large, there is generally good agreement found with values
extracted from heat diffusion imaging. These comparisons show the
feasibility and reliability of the heat diffusion imaging method.

Data for the holey Si sample are presented in Fig. 5. The val-
ues are much lower than those of the plain Si sample, as the higher
doping concentrations and the periodic holes introduce more fre-
quent phonon scattering events. We were not able to perform TDTR
measurements on the in-plane thermal conductivity of the holey Si
film due to its low thermal conductivity. As the neck size between
holes is the major deciding factor in the suppression of the in-plane
thermal conductivity,” > we compared our results with those of
suspended holey Si samples of the same thickness but different neck
sizes.”””" Our values for 45 nm neck size are lower than the data for
59 nm neck size and higher than those for smaller neck sizes,”””" as
expected.
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FIG. 5. Temperature dependence of the in-plane thermal conductivity of the holey
Si thin film measured by heat diffusion imaging, compared with that of holey Si
thin films with the same thickness (100 nm) but different neck sizes from the liter-
ature.”>?* The carrier concentration of each sample is noted in the legend, with B
for boron-doped and P for phosphorus doped.

IV. CONCLUSION

We have measured the in-plane thermal conductivity of holey
Si and plain Si thin films from 40 K to 400 K using heat diffu-
sion imaging, which combines thermoreflectance imaging with the
heat spreader method. By comparing the obtained data for plain Si
with values measured by in-plane TDTR and from the literature,
we have demonstrated the reliability of our method. Heat diffusion
imaging can be implemented to measure the thermal conductivity
of supported thin films with minimum required micro-fabrication
processes and is of great importance in the study of heat transport in
thin films.

SUPPLEMENTARY MATERIAL

See the supplementary material for discussion on accuracy of
in-plane TDTR measurement, determination of steady state and
thermoreflectance signals from the substrate layers in heat diffu-
sion imaging, SEM image of the holey Si structure, and example
temperature decay curves under the 60x objective.
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