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We report a micro-Raman-based optical method to measure in-plane thermal conductivity of
ultrathin films. With the use of 20-nm-thick SiO, substrates that assure in-plane heat trans-
fer, sub-100-nm Bi films and Al,O3 films as thin as 5 nm were successfully measured. The
results of Bi films reveal that phonon boundary scattering, both at the surface [interface and
at the grain boundaries, reduces in-plane lattice thermal conductivity. The measurements
of amorphous Al,0j3 films were accomplished using thin Bi film as a Raman temperature
sensor, and the results agree with the minimum thermal conductivity models for dielectrics.
Our work demonstrates that the micro-Raman method is promising for characterization of
in-plane thermal conductivity and phonon behaviors of thin-film structures if the Raman
temperature sensor material and substrate material are carefully selected.

KEY WORDS: micro-Raman, in-plane thermal conductivity, thin films, phonon boundary
scattering

INTRODUCTION

In the past decades, thermal transport in thin-film structures has been extensively
studied for applications such as thermal management in electronic devices [1, 2] and thin-
film thermoelectrics [3—6]. Thin-film boundaries and interfaces contain roughness and
defects that can scatter phonons efficiently [7, 8] and reduce the lattice thermal conduc-
tivity, which is advantageous for thermoelectrics to increase the thermoelectric figure of
merit ZT = O’SZT/ k, where o is the electrical conductivity, S is the Seebeck coefficient,
T is the absolute temperature, and k is the thermal conductivity. On the other hand, sup-
pressed thermal conductivity in nanoscale semiconducting or dielectric films reduces the

Manuscript received 23 August 2013; accepted 5 February 2014.

Address correspondence to Xianfan Xu, School of Mechanical Engineering, Purdue University, 585 Purdue
Mall, West Lafayette, IN 47907. E-mail: xxu@ecn.purdue.edu

Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/umte.

183


mailto:xxu@ecn.purdue.edu

Downloaded by [Purdue University] at 11:24 19 April 2014

184 Z.LUO ET AL.

heat removal efficiency in electronic devices whose power density increases at the pace
predicted by Moore’s law. Therefore, it is crucial to characterize the thermal conductivity
of thin-film-based devices to both evaluate their performance and reveal the underpinning
physical nature of heat transport.

Much effort has been devoted to measuring thin-film thermal conductivity. To mea-
sure the cross-plane thermal conductivity, the 3w method [9-12] and the time-domain
thermoreflectance method [13—15] have been widely used. These are well-developed tech-
niques but are mostly limited to the measurement of cross-plane thermal conductivity,
because the characteristic size of the heat source (metal heater or focused laser spot)
is usually larger than the film thickness so that the cross-plane heat transfer into the
underneath layers or substrate is dominant. The thin-film in-plane thermal conductivity
measurement remains difficult [5] because the unfavorable heat flow into the substrate nar-
rows the choice of the substrate material and the measureable film thickness, usually to
hundreds of nanometers. The reported techniques include steady-state or transient (3w)
heater wire method on suspended film [16] and microfabricated heater bridge [17]. Most of
these methods require very careful sample preparation and handling and sometimes com-
plicated modeling due to the irregular geometry involving additional structures such as a
heater.

In this work, we describe a noncontact, micro-Raman spectroscopy—based technique
that can potentially be applied to the in-plane thermal conductivity measurement of thin
films with sub-100-nm thickness. Micro-Raman systems tightly focus a laser beam on the
sample and collect the scattered photons whose frequency changes by a certain amount
due to photon—phonon inelastic scattering with the sample molecules or the periodic lattice
structure, which is known as Raman scattering. In our work, the same laser also induces
a heating effect, shifting the Raman peak due to bond softening and thermal expansion.
Temperature information can be obtained by measuring this heat-induced Raman peak shift.
Using a simple heat transfer model, the in-plane thermal conductivity of the sample can be
extracted. To ensure that the heat transfer is in-plane dominated and can be neglected in the
cross-plane direction, the in-plane dimension should be much larger than the cross-plane
dimension of the film. In terms of measuring in-plane thermal conductivity of thin films,
the micro-Raman method has been applied to a limited degree to mechanically exfoliated
2D films such as single-layer graphene [18-21] (thickness ~0.35 nm). In this work, we
measured sub-100-nm-thick Bi films and used Bi films as Raman transducers to measure
Al,O3 films. SiO, membranes with a 20-nm thickness were used as substrates. This allows
a selection of various types of thin-film materials to be measured while still maintaining
a very small total film thickness comparing with the lateral dimension. The low thermal
conductivity of SiO, (k = 1.4 W/mK [22]) minimizes the parasitic in-plane heat flow in
the substrate, which enhances the measurement sensitivity.

EXPERIMENTS AND MODELING
Sample Preparation

The thin-film substrates used were 20-nm-thick, 100 pm x 100 pm SiO, mem-
branes suspended on Si frames. The membranes were pure stoichiometric SiO, prepared by
sputtering from an SiO; target in an oxygen atmosphere. To measure the in-plane thermal
conductivity of Bi films, polycrystalline Bi films of thickness ranging from 20 to 145 nm
were thermally evaporated on the SiO, substrates with a vacuum pressure < 1076 Torr. The
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Raman shift in Bi produced by laser heating was used as the temperature sensor. To measure
the in-plane thermal conductivity of thin Al,O3 films, 5- to 30-nm-thick Al,O; films were
deposited on the same Si0, membranes by atomic layer deposition (ALD) and then coated
with 20-nm-thick Bi films as the Raman temperature sensors because ALD-prepared Al,O3
was amorphous and did not show Raman peaks. During each deposition process, a glass
substrate was coated simultaneously as a reference to measure the actual film thickness
by performing atomic force microscope scans after intentionally scratching the reference
thin-film sample.

Micro-Raman Measurement Method

The experimental setup is illustrated in Figure la. A 632.8-nm HeNe laser was
focused by an Olympus 50x objective (MPLN50x, Olympus America) at the center of the
sample placed in an open air environment at room temperature. This configuration suggests
a temperature distribution profile that is axisymmetric in the radial direction and uniform
in the vertical direction, because the film thickness is much smaller than its radial dimen-
sion. The excited Raman scattering was collected by a HORIBA LabRAM HR800 Raman
spectrometer (HORIBA Jobin Yvon, NJ, USA). The instrument has a spectral uncertainty
of 0.27 cm™! and peak fitting uncertainty of 0.02-0.07 cm~'. A power meter was placed
under the sample to measure the optical transmissivity 7. At the entrance of the Raman
microscope, a beam splitter was used to direct the reflected light from the sample into a
power meter; by using a metallic mirror reference we obtained the reflectivity R of the
sample. A variable neutral density filter tuned the input laser power to change the sample
temperature and subsequently changed the Raman peak shift. With a calibration process,
the Raman peak shifts were interpreted to the temperature variations, which were then used
to model the heat transfer process.

The laser spot radius ry is a critical parameter for the in-plane thermal conductivity
calculation. To obtain r(, a knife-edge measurement based on Raman intensity was per-
formed using a sharp Si sample. A piezo-electric stage drove the Si edge to pass through
the focused laser beam, and the intensity of the Si Raman peak at 520 cm~! was recorded
as a function of the stage position. Raman scattering intensity is proportional to the inci-
dent laser power, so the Raman intensity as a function of stage position can be written as an
integral of the Gaussian laser intensity profile and fitted by a complementary error function:

o pr 24y Lo (=%
dx) = lIyexp | ———— Jdxdy = C|1— ~erfc )
oo oo g 2 ro

Figure lc shows the data and fitting result. It yields a laser focal spot radius ry =
500 + 33 nm.

Heat Transfer Model

Under 1D assumption, the radial heat transfer equation for our thin-film laser heating
problem is described as follows:

1d daT
- = ) 44= 2
rdr(krdr> q=0 @)
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Figure 1 (a) Schematic of the experimental setup. (b) Schematic of the sample structure. The sample film is
sandwiched between the Raman sensor Bi and the substrate SiO,. The film stack lies on an Si frame. For the
measurement of Bi films, there is no layer in between. (c) Laser spot size measurement results. The blue curve is
the complementary error function fitting of the data.

The heat source term g is attributed to the absorbed laser power in Bi film, which spreads as
a Gaussian function along the in-plane direction and distributes uniformly in the cross-plane
direction:

. 1—R-T P r?
g=—"T"——=¢ep|—35 ) 3)

where 7 is the total thickness of the sample film stack, P is the total laser power, and ry is
the radius of the laser focal spot. Then the radial energy equation becomes

1d f dT +1—R—TP r? @
-— r— ——exp|{—— ) =0.
rdr \"C dr t nr(z) P r2

Here, k,, stands for the equivalent in-plane thermal conductivity of the film stack:

1 n
keg = D kiti ()
i=1

where k; and ¢; are the thermal conductivity and the thickness of the ith layer, respectively.
At the edge of the film stack, the temperature is assumed equal to the room tempera-
ture Ty, because the supporting silicon frame has a much higher thermal conductivity
(148 W/mK) than the film stack, thus acting as an efficient heat sink that immediately
lowers the boundary temperature to the ambient level.
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Because the experiments were performed in an open air environment, it is necessary
to evaluate the contributions of convective and radiative heat transfer. We estimated the 48-
nm Bi film sample with 100-uwW incident power. According to our numerical analysis, the
area-weighted average temperature rise in the film is within 5 K, then the convective heat
transfer geony = 2hA(Tave — To) = 2 WW, where the convective heat transfer coefficient
h is assumed to be 20 W/mzK and the sample area A = 100 x 100 wm?. In addition,
assuming that the temperature rise mainly occurs within a circular region of 20 pm radius
r, the radiative heat transfer can be estimated as gpq = 20nr2(Tpeak4 — To* = 0.78 uW,
with the peak temperature 7. = 340 K. It can be seen that both convective and radiative
heat transfer are much smaller and thus are neglected compared to the total absorbed laser
power on the order of 50 wW. With convective and radiative heat transfer neglected, the
temperature field can be solved from Eq. (4) as

roy 7. L—R=DP[[1 . r? ) s r ' 6
o= e () g e () ek o

where Fi(x) is the exponential integral, r;, is the equivalent radius of the square film,
which is the square root of A/, where A is the sample area. According to our numeri-
cal calculations using both circular and square sample geometries, the approximation of
using circular geometry with equivalent radius resulted in less than 4% discrepancy in the
deduced in-plane thermal conductivity.

The temperature measured by the Raman laser beam is the Gaussian-weighted
average temperature:

JoS T(ryexp (—%) rdr

fooo exp (—%) rdr

(7

TRaman =

It can be shown that the Raman-measured temperature at the laser focal spot rises linearly
with laser power, and the temperature rising rate is a function of the equivalent thermal
conductivity of the sample film stack given in Eq. (5):

|1 g r r r’
dTRaman _ I-R-T fo I:EEZ (_E)_ In %] eXP<_?0)rdr - |:1E1< r’%) rb]
2

0

1-R-T
27 kegt

C (ro, 1p). ¥

The above analysis is based on the 1D approximation that temperature distributes
uniformly in the cross-plane direction. To validate this assumption, we carried out 2D
numerical heat transfer calculation with a source term that decays exponentially in the
cross-plane direction to describe the actual laser absorption in the material and used the
dimensionless quantity AT /(Tmax — To) to evaluate the nonuniformity of the z-direction
temperature distribution at r = 0, where AT is the temperature difference between the top
and the bottom of the film, Ty, is the maximum temperature in the entire film, and T
is the ambient temperature. We found that as film thickness increased to over 85 nm, the
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dimensionless number became larger than 1% and we considered the cross-plane temper-
ature distribution to be noticeably nonuniform. Therefore, for films thicker than 85 nm, a
numerically solved 2D heat transfer model based on standard finite volume method was
implemented instead of 1D analytical model.

RESULTS AND DISCUSSION

To obtain accurate temperature data from Raman spectra, careful calibrations were
performed using a Linkam T95-HS heating stage (THMS720, Linkam, UK) for Bi films.
The Raman laser power was controlled at the minimum level to avoid excessive sample
heating while Raman scattering intensity was still strong enough to get accurate peak fitting.
As seen in Figure 2a, The Aj, Raman peak of Bi at ~97 cm~! showed good temperature
dependence. Figure 2b summarizes the calibration results of the A, peak. It is noted that
for films thinner than 50 nm, the calibrated temperature coefficients were higher. This could
be caused by microstructural changes for different film thicknesses or nonuniform cross-
sectional strain in the film because the substrate is thin.

During experimental measurements of each Bi film, Raman spectra were taken under
different laser powers. Raman peak shifts were then converted to temperature changes using
the calibration coefficients. The measured temperature change varies with the laser power
linearly as predicted by Eq. (8) (see the inset of Figure 3 as an example). Hence, the in-plane
thermal conductivity of Bi films can be extracted by substituting the data slope into Eq. (8).
The results are shown in Figure 3. It is noted that the sample temperature increased gen-
erally by 40-50° K at the laser irradiation center during the experiments; therefore, the
thermal conductivity results are the thermal conductivities of the average temperature of
the samples, which varies between 40 and 50° K above the room temperature at the center
and the room temperature at the edge. The error bars are mostly attributed to the uncer-
tainty of the slope of Raman-measured temperature vs. laser power (dTraman/dP), Which
accounts for 50-70% of the total uncertainty in thermal conductivity; for those very thin
films, the uncertainty of film thickness (typically 1-4 nm) also accounts for about 30-40%
of the error. The other uncertainty sources, such as absorption and laser spot size, have
been taken into account as well. One may note that in previously reported graphene ther-
mal conductivity measurements using micro-Raman [20, 21], the total relative uncertainty

800 g -0.010 1 1 T T 1 T 7T
700 'e i
L ) [
S 600 T L ]
;i I %’ 0.015 r }
> 500 = r i
2 4ol 3 t
Q —| — —
£ = 0.020 i ¥
c 300 ) i ]
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& 200 & -0.025 |- -
100 ]
£ [ ]
€ o030l L vty
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Figure 2 (a) Raman spectra taken under different temperatures during the calibration of 85-nm-thick Bi sample.
Data are shifted vertically for a clearer view. The inset numbers denote the Lorentz fitted peak position of the Ay
Raman mode. (b) Calibration results of Raman peak shift vs. temperature.
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Figure 3 In-plane thermal conductivity of Bi films. The inset plots the measured temperature vs. absorbed laser
power for the 85-nm film, and the black solid line is a linear fit. The inset pictures are atomic force microscope
images of the 24- and 37-nm film surfaces, which show different surface feature densities. The scale bars are all
1 pm.

is relatively large, usually ~30% or higher, whereas in our work the uncertainty is less than
20%. This is mainly because the single-layer graphene absorbs only about 3% of the total
laser power, yielding large relative uncertainties in the final results even with a very small
uncertainty in determining the absorptivity. In contrast, our Bi films absorb 30—40% of the
total incident power, which is much greater than that of graphene; therefore, the relative
error of absorptivity is reduced, which gives more accurate in-plane thermal conductivity
values.

At the nanoscale, it is known that the lattice thermal conductivity can be dramatically
reduced as the characteristic length approaches the phonon mean free path (~150 nm for
bulk Bi [23]). For films thicker than 100 nm, the measured in-plane thermal conductivity is
in agreement with that of bulk Bi (~12 W/mK) reported by Gallo et al. [24], indicating that
the film thickness and grain size are comparable to or larger than the phonon mean free path.
As film thickness decreases, the in-plane thermal conductivity drops from about 12 W/mK
to less than 9 W/mK. This reduction can be attributed to phonon boundary scattering at
the film surface and interface, which restricts the phonon mean free path and subsequently
reduces the lattice thermal conductivity. It is also possible that the grain size varies for
different film thicknesses and further reduces the phonon mean free path. To take a closer
look into grain boundary scattering, X-ray diffraction experiments were performed on these
Bi samples using a Panalytical X Pert Pro High Resolution X-ray diffraction (Panalytical
Inc., MA, USA) system with Cu Ko X-ray radiation of wavelength 1.54 A. The classic
Scherrer equation [25] was used to estimate the sample grain size L:

K
" Bcos§’

€))
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Figure 4 Grain sizes of Bi films calculated from the (003) peak of the X-ray diffraction data using Eq. (9). Grain
size uncertainty is ~1 nm. The dashed line corresponds to where the grain size equals the film thickness. The inset
shows a typical X-ray diffraction pattern. The angle step size is 0.02°.

where K is the Scherrer constant and is taken as 0.94, A is the wavelength of the X-ray
radiation, B is the full width at half maximum of the diffraction peak, and 6 is the Bragg
angle. Instrument broadening was considered to be minor due to small thickness and poly-
crystalline nature of the measured films, and the strain-induced broadening was likely to be
constant for thermally evaporated Bi thicker than 20 nm [26], so the Scherrer equation is
expected to give a good estimation of the grain size. From Figure 4 it is seen that the grain
size is roughly equal to the film thickness, which indicates that in the thinner films the
grain boundaries were more densely distributed in the lateral direction. In these Bi films,
the atomic level disorders at the grain boundaries act as phonon scattering sites and there-
fore reduce the lattice in-plane thermal conductivity together with phonon surface/interface
boundary scattering.

Surprisingly, an increase in the measured thermal conductivity is observed for films
with thicknesses of about 20 nm. Two samples with similar thicknesses were used to verify
this result. It was found that the surface asperities, which can scatter phonons, are prob-
ably responsible for the abnormal trend. As shown in the inset of Figure 3, the 24-nm
Bi film has much less surface features than the 37-nm film. For the ~20-nm films and
other thicker films, the average number densities of asperities are 3.4 and 5-6 pm=2,
respectively, and the average asperity sizes (full width at half maximum) are 117 and
160-230 nm, respectively. The relatively smaller number density and size of these sur-
face features result in more specular and less diffusive phonon scattering at the sample
surface for thinner Bi films; therefore, the thermal conductivity reduction effect due to dif-
fusive phonon scattering is lower and causes higher in-plane thermal conductivity. The
observed in-plane thermal conductivity increase for the ~20-nm films may provide an
insight into the roles of surface scattering and grain boundary scattering for reducing the in-
plane thermal conductivity of Bi films. The measured in-plane thermal conductivity value
of the ~20-nm films, 11 W/mK, is close to those of the thickest Bi films measured in this
work, ~12—13 W/mK. This means that grain boundary scattering contributes no more than
2 W/mK of the total thermal conductivity reduction, and the low thermal conductivity of
the 37-nm film, ~8 W/mK, can be attributed to surface scattering. Therefore, surface scat-
tering may have an equal or even larger role than grain boundary scattering in reducing the
in-plane thermal conductivity of Bi films.
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Figure 5 In-plane thermal conductivity of Al,O3 films. The dashed line corresponds to the kinetic theory predic-
tion by Eq. (10) under the assumption that the phonon mean free path is restricted to be equal to the interatomic
distance in amorphous solids.

We then used Bi film coated on Al,O3 film as a Raman temperature sensor to mea-
sure the in-plane thermal conductivity of Al,Oj3 films. Bi transducer film was deposited on
Al,Os3 instead of SiO, and therefore was calibrated separately and showed almost the same
calibration result as Bi-SiO, samples of similar thicknesses (both are —0.017 cm~!'/K).
From Figure 5, the measured in-plane thermal conductivity values fall around 2 W/mK,
consistent with the experimental results reported by Stark et al. [27] This value is much
smaller than that of Al,O3 crystals (over 30 W/mK), which can be understood in the
scope of minimum thermal conductivity model for dielectric crystals proposed by Slack
[28]. In this model, a crystal is assumed to have strong intrinsic atomic-scale disorder that
scatters the phonons frequently and consequently the phonon mean free path is limited to
the interatomic distance, yielding the minimum thermal conductivity that can be reached
in such disordered crystals. Because ALD-prepared Al,O3 films are in amorphous states,
they resemble highly disordered Al,O3 and are expected to exhibit the predicted minimum
thermal conductivity. A rough estimation can be carried out using the classic kinetic theory:

1
k= =Cyli, 10
3G (10)

where C, is the volumetric heat capacity, v is the average phonon group velocity, and [ is the
phonon mean free path and is taken as the equivalent interatomic spacing (the edge length
of the average cubic space that is occupied by each atom) for the amorphous Al,Oj3 films.
Taking C, = 3.1 x 10° J/m3K [29], v = 11 km/s [30], [ = 2.04 A [28], Eq. (10) indicates
that the minimum thermal conductivity of Al,O3 is 2.3 W/mK, shown as a dashed line in
Figure 5, which is in good agreement with the data. The minimum thermal conductivity
model developed by Cahill et al. [31] gives a similar value of ~1.8 W/mK [32]. It is also
seen that the measurement uncertainty is quite significant for 10- and 5-nm films. This is
due to the reduction in the in-plane thermal conductance in the Al,O; film as film thickness
decreases. Because the Bi film used as the Raman temperature sensor has a much larger
thermal conductivity (~10 W/mK) than the Al,O3 film (and the SiO, substrate), the steady-
state temperature distribution becomes less sensitive to the Al,O3 thermal conductivity for
very thin Al,O3 films, yielding relatively large uncertainties.
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CONCLUSIONS

In this work, a micro-Raman-based optical method to measure in-plane thermal con-
ductivity is presented and applied to Bi and Al,O; thin films. The measured results of Bi
films reveal that the phonon boundary scattering, both at the surface/interface and at grain
boundaries, may be the cause of the reduction of the in-plane lattice thermal conductiv-
ity. The measurements of Al,O3 films were accomplished with the assist of Bi coatings
as Raman temperature sensors, and the measured in-plane thermal conductivity results
agree with proposed minimum thermal conductivity for dielectric solids. Our work demon-
strates that the micro-Raman method is capable of measuring in-plane thermal conductivity
of thin-film structures. In addition, a careful selection of the Raman temperature sensor
material and the substrate material is necessary. The most desirable scenario is that the
temperature sensor and substrate films have small thicknesses to assure 1D radial heat con-
duction, as well as low thermal conductivities to enhance heat flow through the sample
film.
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