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Temperature dependent behavior of thermal conductivity of sub-5 nm Ir film:
Defect-electron scattering quantified by residual thermal resistivity
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By studying the temperature-dependent behavior (300 K down to 43 K) of electron thermal conduc-
tivity (x) in a 3.2nm-thin Ir film, we quantify the extremely confined defect-electron scatterings
and isolate the intrinsic phonon-electron scattering that is shared by the bulk Ir. At low tempera-
tures below 50K, « of the film has almost two orders of magnitude reduction from that of bulk Ir.
The film has 9x/OT > 0, while the bulk Ir has Ox/0T < 0. We introduce a unified thermal resistivity
(® =T/k) to interpret these completely different x ~ T relations. It is found that the film and the
bulk Ir share a very similar ® ~ T trend, while they have a different residual part (®g) at 0K limit:
©®y ~ 0 for the bulk Ir, and @, = 5.5 m-K*/W for the film. The Ir film and the bulk Ir have very close
9O/OT (75-290K): 6.33 x 107> m K/W for the film and 7.62 x 107> m K/W for the bulk Ir. This
strongly confirms the similar phonon-electron scattering in them. Therefore, the residual thermal
resistivity provides an unprecedented way to quantitatively evaluating defect-electron scattering
(®¢) in heat conduction. Moreover, the interfacial thermal conductance across the grain boundaries
is found larger than that of Al/Cu interface, and its value is proportional to temperature, largely due
to the electron’s specific heat. A unified interfacial thermal conductance is also defined and firmly
proves this relation. Additionally, the electron reflection coefficient is found to be large (88%) and
almost temperature independent. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4905607]

I. INTRODUCTION

Metallic ultra-thin films are widely used as interconnects
in the microelectronics and play an important role in related
thermal design in micro/nanoscale devices and systems.'
The device performance in these applications is significantly
affected by the energy transport and dissipation in the metal-
lic films. These films are composed of nanocrystals and elec-
tron dominates in their thermal transport. When the film
dimension is either comparable to or less than the electron
mean free path, the grain boundaries and surfaces scatter
electrons strongly.”” As a result, the thermal properties of
metallic ultra-thin films differ significantly from their bulk
counterparts, especially at low temperatures when the
phonon-electron scattering diminishes gradually. The thinner
the film thickness is, the stronger grain boundary and surface
scatterings are. Subsequently, the thermal behavior differ-
ence between the film and their bulk counterpart becomes
larger. Data for these extremely confined domains will be in
high demand in the future applications. However, due to the
difficulties in accurate in-plane thermal conductivity charac-
terization of nanometer-thick metallic films at low tempera-
tures, few experimental results are available. Yoneoka et al.
measured thermal conductivity of platinum films with a
thicknesses of 7.3, 9.8, and 12.1 nm from 320K to 50 K. The
authors used the 3-Omega method to measure the thermal
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conductivity of the Pt film. Its measurement error is
9%-17%.* Zhang and co-workers investigated the thermal
transport in 53 nm and 76 nm thick Au nanofilms from 300 K
to 3K and 48 nm thick platinum nanofilms from 300K to
60 K using a direct current (DC) heating method. The authors
did not estimate the accuracy, but the accuracy of the ther-
mal conductivity depends on that of many other parameters,
like the temperature coefficient of resistance and the geome-
try of the sample. The error of these parameters would accu-
mulate when calculating the thermal conductivity.”® It is
noticeable that the thinnest metallic film whose temperature
dependent thermal conductivity has been measured so far is
the 7.3 nm platinum film studied by Yoneoka and coworkers.
For extremely thin films (sub-5nm thick), the temperature
dependent nature of thermal conductivity has not been stud-
ied before, even though such work is crucial for understand-
ing of electron thermal transport with extremely strong
defect scatterings at low temperatures. Therefore, it is of
great importance to extend the thickness limit and an in-
depth study of energy dissipation and transport in the sub-
5nm regime is overdue.

In this work, a robust and accurate technique’® named
transient electro-thermal (TET) technique, developed in our
lab, is used to characterize the thermal transport properties in
ultra-thin metallic films. The thermal diffusivity of the sam-
ple is only related to time and sample length, and these two
parameters can be measured easily and accurately. So the
TET technique is more robust and accurate in thermal

© 2015 AIP Publishing LLC
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characterization than the other methods. The response time
ranges from several hundred us to several seconds. So the
sample can be characterized in a very short time. Here, the
studied nanocrystalline Iridium (Ir) films have an average
thickness of 3.2nm and are studied from 300K to 43 K. The
temperature dependence of thermal conductivity is investi-
gated and compared with that of bulk Ir to reveal the
extremely strong structural scattering effect. A unified ther-
mal resistivity is introduced to interpret the completely dif-
ferent thermal conductivity variation trends against
temperature for the film and bulk Ir.

Il. SAMPLE STRUCTURE

The ultra-thin Ir films studied in this work cannot support
themselves due to its very fine thickness. Therefore, milk-
weed floss is selected as the substrate to support the ultra-thin
Ir films for reasons given later. The milkweed floss is col-
lected from a dry milkweed seed pod grown in Ames, lowa,
USA. The milkweed seeds and floss are shown in Figure 1(a).
Figure 1(b) depicts the scanning electron microscope (SEM)
image of a single milkweed fiber suspended across two elec-
trodes. The two ends of the fiber are long enough to avoid
being embedded in the silver paste. This ensures that the sil-
ver paste will not enter the hollow part of the fiber. The inset
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shows the smooth floss surface. Figure 1(c) depicts the SEM
image of the milkweed fiber cross section. The definition of
the maximum Ir film thickness dn,,x, diameter d, and cell wall
thickness 004 is shown in Figure 1(d). The average thick-
ness of Ir films is 94y, = 20max /7. During the Ir film deposi-
tion process using argon-ion discharge sputtering, the Ir
atoms will deposit on the floss like snow precipitation. This
makes the Ir film to have the largest thickness on the top,
and the least one on the side [as shown in Figure 1(d)]. The
measured properties are the effective properties of the overall
films whose thickness ranges from O to the largest thickness.
Afterwards, if not specially mentioned, the thickness will
be the average thickness. In this work, the Ir films on milk-
weed fibers are coated using a sputtering machine (Quorum
Q150T S). The thicknesses (dqx) of the deposited Ir films
are monitored using a quartz crystal microbalance. The accu-
racy of the thickness measurement is verified by an atomic
force microscope (AFM).

It should be pointed out that the floss surface is not
atomic-level smooth although the Ir sputtering machine can
deposit very fine grains on the floss surface. Also the sput-
tered layer cannot reach atomic level uniformity. In our pre-
vious work (supplementary material of Ref. 8), we checked
the surface roughness of 1 nm Ir film with AFM. The results
showed that the roughness of the film is about £0.4nm. So

FIG. 1. (a) A milkweed seed and floss.
(b) SEM image of a single milkweed
fiber suspended across two electrodes
(the long sample). The inset shows the
floss surface. (c) SEM image of the
milkweed fiber cross section. (d)
Profile of the milkweed fiber cross sec-
tion coated with a layer of Ir, and the
definition of maximum thickness Jax.
The average thickness of the Ir film is
5uve = 25max/n-
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the surface is not atomic smooth but the surface is not very
rough. What is more, in this work we deposited a 15nm
Ir film first to guarantee that the film had steady electrical
resistance and all the second, third, and fourth films contrib-
uted to thermal and electrical transport. Therefore, the aver-
age thickness refereed in this work represents an average
value: a value is obtained by the deposition mass divided by
the projected area in the deposition direction. The thick-
nesses in the deposition direction (dmax) of the deposited
Ir films are monitored using the quartz crystal microbalance
whose accuracy was verified by an AFM. Still the film shows
high-level thickness uniformity as shown in Figure 6(b),
which will be discussed later. From that figure, it is clear
the Ir film (32 nm average thickness in transmission electron
microscopy (TEM) study) is continuous along the surface
of the floss surface, and it shows nm-scale surface
smoothness.

Here, we choose milkweed floss as the substrate mate-
rial due to several reasons. First, the milkweed floss is a
unique natural cellulose fiber that has a low density due to
the presence of a completely hollow center.””'! No other
known natural cellulose fiber has such an overall low den-
sity.” Consequently, it will have a very low overall thermal
conductivity. This will provide a great advantage for study-
ing the Ir film on it because the overall thermal diffusivity
would have a great increase even when a very thin Ir film is
deposited on it. Second, the fiber surface is smooth and its
diameter is very uniform and well defined, as shown in the
inset of Figure 1(b). This ensures accurate control and mea-
surement of the metallic film’s geometry. Milkweed floss is
a single-cell fiber,” so our experiment can provide funda-
mental information about the energy transport capacity
along single plant cell wall as the byproduct. Furthermore,
milkweed floss has been used or reported as textiles and fill-
ing material.""~'* Plant cell fibers composed of cellulose
and lignin also could be an excellent platform for flexible
electronics. Therefore, it is of great interest to investigate
the heat conduction in Ir films grown on it, as well as its
own thermal properties.

As shown in Figure 1(c), the milkweed fiber is hollow.
Under a SEM, the average milkweed wall thickness is deter-
mined as 614 nm. In this work, four sets of experiments are
conducted from room temperature down to 10K. 10K is the
lowest temperature the sample could stay. When the temper-
ature is lower than 43 K, the electrical resistance does not
change with temperature linearly and also has very weak
temperature dependence. Therefore, the TET technique can-
not be used to characterize the thermal diffusivity accurately.
First, after the milkweed fiber is coated with the first Ir layer
with an average thickness of 9.6 nm, the effective thermal
diffusivity is measured from room temperature to 43 K.
Then, the temperature is allowed to rise slowly to room tem-
perature. We have confirmed that the electrical resistance of
the sample at room temperature remains unchanged after the
sample experiences the extremely low temperature environ-
ment. This firmly concludes that the structure of the milk-
weed and Ir film on it is unchanged in our thermal
characterization from room temperature to 10K. After the
first round of measurement is done, a second layer of Ir with
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an average thickness of 3.2nm (whose 0., IS Snm) is
coated. Subsequently, the measurement is repeated from
room temperature to 10 K. Then, again the temperature goes
back to room temperature slowly. These measurement proc-
esses are repeated four times and the third and fourth Ir
layers are the same as the second one. During these proc-
esses, the structure of milkweed and Ir films is not affected
by the low temperature. This is critical to ensure that the
properties of the four ultra-thin films are the same.

lll. THERMAL TRANSPORT CHARACTERIZATION

A. Differential methodology to characterize the
thermal transport in ultra-thin Ir films

A robust and advanced differential technology’® has
been developed in our lab to characterize the thermal proper-
ties of ultra-thin metallic films. The measured film thickness
can reach sub-5nm, even sub-nm while other technologies
cannot achieve this level. In this work, a milkweed fiber is
suspended across two electrodes as the supporting material
for the ultra-thin metallic films as shown in Figure 2(b).

For thermal characterization of a one-dimensional mate-
rial by using the TET technique, the material has to be elec-
trically conductive. Therefore, the milkweed fiber is first
coated with a Ir film of thickness J; (the first layer), and the
effective thermal diffusivity of the milkweed fiber-metallic
film system in the axial direction is measured as o,z ;. Then,
the same sample is coated with a second Ir layer of thickness
05, and the whole sample’s thermal diffusivity is measured
again as o,. The thermal diffusivity increment induced by
the second Ir layer is Act,p= 0tor.1 — %ep2. This thermal diffu-
sivity differential is directly related to the Lorenz number of
the second Ir layer of thickness &, and other parameters of
the sample, like the milkweed fiber’s geometry and thermal
properties. Theoretically, to measure the electrical and ther-
mal conductivities, and the Lorenz number of the second Ir
layer of thickness 0,, only one second layer (J, thickness)
needs to be coated. To improve the measurement accuracy
and significantly suppress experimental uncertainty, we
repeatedly deposit Ir layers of thickness J, and measure the
corresponding thermal diffusivity oz,.

After that, the thermal conductivity of a single Ir layer
of thickness 0, is determined based on the increment of ther-
mal diffusivity (Ao,;). Here, both 6; and 6, refer to the max-
imum thickness of the Ir films. The first Ir layer (J;
thickness) is used to make the sample electrically conduc-
tive. So the thickness of this layer can be the same or differ-
ent from &,. In this work, ¢, is chosen to be 15 nm, which is
thick enough to obtain a stable electrical resistance of the
sample. J is 5nm and three layers of Ir films with thickness
of J, are deposited layer by layer on the first layer. It is
physically reasonable that each deposited Ir layer (J, thick-
ness) has the same thermal properties because they have the
same thickness and are deposited under the exactly same
conditions. This assumption is fully checked and verified by
the experimental results and discussed later. Details of the
theory and experimental process for this differential technol-
ogy are given in below.
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FIG. 2. (a) Schematic of the experimental principle of the TET technique to characterize the thermal diffusivity of the sample. (b) SEM image of a coated
milkweed fiber connected across two electrodes (the short sample). (c) A typical V-t profile recorded by the oscilloscope for the sample shown in Figure (b)
induced by the step DC. The result is for the sample coated with the first Ir layer (01 max = 15 nm). (d) TET fitting results for the sample at room temperature.
The figure consists of the normalized experimental temperature rise, theoretical fitting results, and other two fitting curves with £10% variation of o4 to dem-

onstrate the uncertainty of the fitting process.

The measured thermal diffusivity (a.z) is an effective
value combining both effects of the milkweed fiber and Ir
coatings

ApKy +A1K1 + nAsiks

, 1
Ac(pCr), W

Qeff =

where n is the number of 9, thick layers. A,, A,,, A}, and
A, are the cross-sectional area of the coated fiber, the
bare fiber (including the hollow region), the first Ir layer,
and an individual 0, thickness Ir layer. The thin Ir layer
has negligible contribution to the overall cross-sectional
area of the sample, so we have A,=A,,. Moreover, the
contribution of ultra-thin Ir films to volumetric specific
heat is negligible (~1%), so we take the volumetric
specific heat to be unchanged ((pc,), = (pCp),). Cegr
increases with the number of film layers and the slope is

Asicr/Ac(pcp),. Az/Ac(pcy), is known already, so the
thermal conductivity (x,) of the 3.2 nm-thick Ir film can
be determined.

B. Thermal characterization of Ir-coated floss

The TET technique'>'® developed in our laboratory is
used to measure the effective thermal diffusivity (a.z)
of the Ir-covered milkweed fiber. A schematic of the TET
technology is presented in Figure 2(a). The to-be-measured
sample is suspended across two aluminum electrodes
and placed in the vacuum chamber of a cryogenic system
(CCS-450, JANIS). To eliminate heat convection in
the measurement, a liquid nitrogen cold-trapped mechani-
cal vacuum pump is used to reach a vacuum level of
0.4mTorr. During thermal characterization, a step DC is
fed through the sample to generate electric heat that
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induces a temperature rise of the sample. The temperature
rise of the sample will induce an electrical resistance
change, which leads to an overall voltage change.
Therefore, the voltage change of the sample can be used to
monitor its temperature evolution and determine the ther-
mal diffusivity of the sample. Details of the experimental
process and data reduction are given in below.

During TET thermal characterization, the average tem-
perature along the sample can be expressed as

GoL?48 1 — (—1)"

T:T”lz?m:l m?
1 —exp [f (m?* — f)n? (oct/Lz)}
" 1) @

As time goes to infinity, the temperature distribution along
the sample will reach a steady state. The average temperature
of the sample in the final steady state is

T(t — 00) = Tp + 2= 3)

More details for the above equation’s derivation are provided
in Refs. 15 and 17. With an effective thermal diffusivity
oo = o-(1-f), here fis defined as —8¢,6Ty>L? /dn*k (the radi-
ation effect), the normalized average temperature rise 7" is

48 i 1—(—=1)"1 — exp[—m?nPayt/L?] @

m? m?
m=1
The measured voltage change is inherently proportional to
the temperature change of the sample. The normalized
temperature rise 7* is calculated from experiment as
T* = (Vsampte — Vo)/ (V1 — Vo), where V, and V; are the ini-
tial and final voltages across the sample. In our work, after
T* is obtained, different trial values of o, are used to calcu-
late the theoretical T* using Eq. (4) and fit with the experi-
mental result. The value giving the best fit of 7™ is taken as
the effective thermal diffusivity of the sample.

Here, we take the sample at room temperature as an
example to demonstrate how the effective thermal diffusivity
is characterized. The length and diameter of this sample are
981 um and 20.53 um, respectively. The sample is coated
with the first Ir layer (61 4e = 9.6 nm). The electrical resis-
tances before and after applying a step current are 615.99 Q
and 623.15 Q. The electrical current used in the experiment is
156 pA. This gives a voltage change at about 1% due to self-
joule heating. Figure 2(c) shows the transient voltage change
of raw experimental data. The normalized temperature rise
and the fitting result are shown in Figure 2(d). The effective
thermal diffusivity is determined as 1.03 x 10 ®m?s™ ",
which includes the effect of radiation and parasitic conduc-
tion. We vary the trial values of « to determine the fitting
uncertainty as shown in Figure 2(d). When the trial value is
changed by 10%, the theoretical results deviate from the ex-
perimental results evidently. It is evident that the experimen-
tal data falls within a range of £10% of the theoretical
fitting.

J. Appl. Phys. 117, 024307 (2015)

IV. THERMAL TRANSPORT IN AN INDIVIDUAL
3.2nm-THICK Ir FILM

A. Effective thermal diffusivity increments
by the Ir films

The effective thermal diffusivity of the sample is char-
acterized with the TET technique from room temperature
down to 10 K. When the temperature is lower than 43 K, the
electrical resistance does not change with temperature line-
arly and also has very weak temperature dependence.
Therefore, the TET technique cannot be used to characterize
the thermal diffusivity accurately. The measurement results
are shown in Figure 3. The effective thermal diffusivity
increases with decreasing temperature. The lower the tem-
perature is, the faster the thermal diffusivity rises.

As we can see from Figure 3, the effective thermal diffu-
sivity increases by the same amount when each average
3.2 nm-thick Ir film is added on the sample. The solid curves
represent the trends of the effective thermal diffusivity
change with temperature. Every time an average 3.2nm-
thick Ir film is added, the effective thermal diffusivity incre-
ment is denoted as Aa,y,;. The inset in Figure 3 shows the
change of thermal diffusivity at room temperature against
the number of average 3.2nm-thick Ir films. An excellent
linear trend is observed. This strongly proves that each layer
has the same thermophysical property. The effective thermal
diffusivity increment induced by each Ir layer at low temper-
atures bears a little more noise/uncertainty. Therefore, we
use the effective thermal diffusivity increment (Aa,y)
between the fourth layer and the first layer case to determine
the thermal transport properties of the Ir film. This data treat-
ment maximizes the thermal diffusivity difference and
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FIG. 3. Measured effective thermal diffusivity of the milkweed floss coated
with different layers of Ir films. “Ac,;” is the effective thermal diffusivity
difference between the 19.2nm film (“154+5+5+5nm” case whose
Oave =19.2nm) and 9.6 nm film (“15nm” case whose d,.. = 9.6). “Ad, lin-
ear fit” represents linear fitting of “Aw,;” variation against temperature.
“Aoy,” is the effective thermal diffusivity increment induced by each
3.2 nm-thick Ir layer. The solid curves are to show the trends of effective
thermal diffusivity changing with temperature. The inset shows the thermal
diffusivity changes against the number of film layers linearly to demonstrate
that each 3.2 nm-thick Ir film indeed has the same thermal conductivity and
follows the theory expressed by Eq. (1).
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efficiently suppresses measurement uncertainty. As we can
see from Figure 3, Ao, shows weak temperature depend-
ence and changes linearly with temperature. Also the uncer-
tainty in the data becomes small, which is more tolerable. A
linear fitting is used to smooth the effective thermal diffusiv-
ity difference Ao, and the result will be used for thermal
conductivity determination of the Ir film.

B. Thermal conductivity and unified thermal resistivity
of the Ir film

Based on Ao, induced by the three 3.2nm-thick Ir
films, we could find the thermal conductivity x of an individ-
ual Ir film as k = (pcp),, - (Am/A2) - (Avef/3). In this equa-
tion, A,,/A; is the cross-sectional area ratio of the sample to
the 3.2 nm-thick Ir film. The effective thermal diffusivity in-
crement induced by each 3.2nm-thick Ir film is Acy/3
because each 3.2 nm-thick Ir film has the same thermal con-
ductivity, which is verified by experimental results shown in
Figure 3. (pc,),, is the effective volumetric specific heat of
the sample. To determine the thermal conductivity of an
individual Ir layer, the effective volumetric specific heat
(pcp),, of the sample is needed. So we must determine this
property in advance. Details on how this property is deter-
mined are given in below.

During TET characterization, the average temperature rise
is AT = qoL?/12k,ss according to Eq. (3), here qo = 4I°R/
nd’L is the heat generation per unit volume. The temperature
rise during our TET characterization can be obtained from the
electrical resistance change (AR) as AT = AR/(nRo). 1 is
the temperature coefficient of resistance. Then, we can obtain
the effective thermal conductivity k.rr = qoL?/12AT. As the
effective thermal diffusivity has been determined for each
round of experiment (Figure 3), the volumetric specific heat
(pcp),, = Kefr/%efr can be obtained. The volumetric specific
heat of the milkweed fiber is determined four times because
the contribution of the ultrathin metallic films to the total volu-
metric specific heat is negligible (the maximum average contri-
bution of Ir is ~1%).

The specific heat shown in Figure 4 shows a good linear
relation with temperature, so a linear fitting is used to smooth
the data for later use. The volumetric specific heat of milk-
weed fiber decreases with decreasing temperature. This is
because the short wave phonons are frozen out and only the
long wave phonons are excited to contribute to the specific
heat. In Figure 4, the volumetric specific heat of milkweed
fiber is compared with that of the microcrystalline cellulose
in the literature.'® Tt can be seen that the two lines overlap
using different vertical coordinates, which means that the
trends of volumetric specific heat against temperature are the
same for the milkweed fiber and the microcrystalline cellu-
lose. Using the volumetric specific heat of microcrystalline
cellulose as the reference, then we can obtain the volumetric
ratio of the cell wall as 12.85%. Subsequently, the cell wall
thickness is determined as 660nm, which is only 7%
larger than our SEM measurement result (614nm). The
measured thickness (614nm) is smaller than the expected
thickness (660 nm) based on the assumption that the thermal
property of milkweed cell wall is similar to that of the
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FIG. 4. Temperature dependent volumetric specific heat of milkweed and
microcrystalline cellulose. The inset in the upper left corner shows the effec-
tive and intrinsic thermal conductivity of the milkweed fiber. The inset in
the bottom right corner shows the effective thermal conductivity of the Ir-
coated milkweed fiber.

microcrystalline cellulose. This means that the real volumet-
ric specific heat of the milkweed cell wall is larger than that
of the microcrystalline cellulose. This can be explained by
several reasons. First, the contribution of metallic film gives
some contribution to this difference. Furthermore, the spe-
cific heat of the amorphous state is usually larger than that of
the crystalline state. Finally, the cell wall contains other
materials apart from cellulose, like lignin and hemicellulose.
The specific heats of these materials also affect the overall
specific heat.

The inset in the bottom right corner of Figure 4 shows
the effective thermal conductivity for the four cases. The
real thermal conductivity of the milkweed fiber (including
the effect of the hollow center) can be obtained by subtract-
ing the effects of the Ir films and radiation. The intrinsic ther-
mal conductivity of the milkweed fiber can be determined
after the volumetric ratio of the milkweed cell wall is known.
Details are described below and the results are shown in the
inset in the upper left corner of Figure 4.

To obtain the real and intrinsic thermal conductivity of
the milkweed floss, we need to subtract the effect of radia-
tion. Experiment on a long sample is conducted to determine
the surface emissivity &, based on ky.q; = te npcp, — 16,05
To’L,?/(d,7?) — 4L1oren:ToL,/ (R,md,?). Subscript n takes
1, 2, referring to the long sample and the sample used above,
respectively. osp is the Stefan-Boltzmann constant. We
use the volumetric specific heat of the sample used above
[2.33 x 10° J/(K-m3)] and the Lorenz number [2.29
x 107 W-Q-K 7] to calculate the emissivity. The length and
diameter of the long sample are 2366 um and 23.99 um,
respectively. The effective thermal diffusivity of the long
sample and the sample used above is 1.71 x 10 ®m?s™" and
1.00 x 10" °m?s ™", respectively. Only the real thermal con-
ductivity of the milkweed fiber k., and surface emissivity &,
is unknown in the two equations above and the surface emis-
sivity is determined as 0.40. The major parameters in this
work are summarized in Table I.
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TABLE I. Major parameters in this work.

J. Appl. Phys. 117, 024307 (2015)

Resistance Volumetric
(with 15nm Vacuum specific Thermal Ir film thermal
Length (L) Diameter (d) Ir coating) Current (/) pressure heat (pc,,) diffusivity (o) conductivity (k)
Unit pm Hm Q HA mTorr J/(m* K) m%/s W/(m-K)
Temperature Room T Room T Room T Room T Room T
Short sample 981 20.53 616 156 0.4 233x10° 1.00x 107° 43.6
Long sample 2366 23.99 1630 100 171 x 107¢

The real thermal conductivity of the milkweed fiber can
be determined after subtracting the effect of radiation and
parasitic conduction of the metallic film as K..u = Kf
—16¢,053To°L? /(dn®) — 4L1pren;TL/(Rnd?). The real ther-
mal conductivity of the milkweed fiber is obtained and
depicted in the inset in the upper left corner of Figure 4.
Because we know the thickness of the cell wall through
SEM measurement, the volumetric ratio is obtained as
14.78%. The intrinsic thermal conductivity of the milkweed
cell wall is also determined by dividing k.., by 14.78% and
shown in the inset in the upper left corner of Figure 4 using
the right coordinate axis.

The thermal conductivity of milkweed fiber decreases
with decreasing temperature. The thermal conductivity
shows a similar trend with the volumetric specific heat,
namely, changing linearly with temperature. Theoretically,
we can determine the thermal conductivity of an individual
Ir film by examining the thermal conductivity increment by
the addition of each Ir film. However, as shown in the inset
in the bottom right corner of Figure 4, the thermal conductiv-
ity data barely reveal good enough data to calculate the in-
crement. The effective thermal conductivity data carry much
more uncertainties than thermal diffusivity. This is because
the thermal conductivity evaluation relies on more data, like
electrical resistance temperature coefficient, resistance rise
in experiment, and electrical heating level. So we do not use
the directly measured effective thermal conductivity to eval-
uate the thermal transport in the Ir film.

Based on the volumetric specific heat (Figure 4) and
Ao, (Figure 3), the thermal conductivity (k) of an individual
3.2 nm-thick Ir film is calculated and shown in the left inset
of Figure 5. The orders of magnitude reduction of the film’s
thermal conductivity in comparison with that of the bulk Ir
are also obtained and shown in the right inset of Figure 5. It
can be seen that the thermal conductivity of the 3.2 nm-thick
Ir film is significantly reduced from the bulk value. When
temperature goes below 50K, the thermal conductivity
reduction reaches an extremely high level: close to two
orders of magnitude. This is due to strong grain boundary
scattering, which limits the electron mean free path signifi-
cantly. For the bulk Ir, the short wave phonons are frozen
out. Only long wave phonons contribute to the phonon-
electron scatterings at low temperature. The decrease of scat-
tering sources results in the increase of electron mean free
path and subsequently thermal conductivity.

For nanostructured metallic material, the phonon contribu-
tion to the overall thermal conductivity is larger than the bulk
counterpart. At low temperatures, the phonon contribution to

the thermal conductivity is significant but the electron contribu-
tion still dominates.* Here, we take the 43K case as an exam-
ple to estimate the upper limit of the phonon thermal
conductivity. The phonon heat capacity of Ir can be calculated
by using the Debye model [Cpimoe = (127*NakpT?)/(5T3)1.
Here, N4 is the Avogadro constant and kg is the Boltzmann
constant. T is the Debye temperature of Ir at low temperatures
(420K)." The molar mass of Ir is 192 g/mol and the density is
22.5 x 10 kg/m>. We cannot find the phonon velocity of Ir so
we use the sound velocity (4800 m/s) of Ir to estimate the ther-
mal conductivity.?® The phonon mean free path would be lim-
ited by the film thickness (3.2nm). So the thermal conductivity
(1 = Cpyyvl/3) is determined as 1.25 W/m-K. Other scatter-
ings like phonon-electron scattering, point defect-phonon scat-
tering, and phonon-phonon scattering would also limit the
phonon mean free path. Its value should be smaller than
3.2nm. So the thermal conductivity should be smaller than
1.25W/m-K at 43K. The measured thermal conductivity is
7.81 W/m-K. Therefore, we can conclude that the phonon con-
tribution to the overall thermal conductivity at low tempera-
tures is becoming more important, but the electron contribution
still dominates in the temperature range of this work.
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FIG. 5. Temperature dependence of unified thermal resistivity of the 3.2 nm-
thick Ir film and the bulk Ir (for comparison). “3.2nm” is the data calculated
from the linearly fitted Ao,z shown in Figure 3. “Imperfection” represents
Ojpper induced by the imperfect structure in the film. The left inset shows
the thermal conductivity variation against temperature and the right inset
shows the orders of magnitude reduction of film’s thermal conductivity from
that of the bulk Ir (data from White and Woods). In the left inset, the
“3.2nm” depicts the thermal conductivity obtained directly from Ay,
while the “3.2 nm_fit” shows the thermal conductivity obtained from the lin-
ear fitting values of Ac,sr (shown in Figure 3).
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The film’s thermal conductivity decreases with decreasing
temperature. This trend is completely opposite to that of the bulk
Ir. This kind of phenomenon also has been observed in gold and
platinum nanofilms,**'** nickel nanowire, and alloys.** The
reduced thermal conductivity was attributed to the increased
scatterings of heat carriers from structural imperfection and the
contribution of phonon thermal conductivity.*** Here, we will
provide an explanation of the abnormal temperature dependent
thermal conductivity of these metallic nanostructures.

The thermal conductivity of electrons can be expressed
as K = va%r/3. Here, C, is the volumetric electron heat
capacity; vg is the Fermi velocity; and t is the relaxation
time. Besides the electron’s relaxation time, the thermal con-
ductivity is strongly and directly affected by temperature.
This effect stems from the electron heat capacity in the ther-
mal conductivity relation. The heat capacity is C =T, where
7 is 3.1 mJ-mol~"-K 2 for Ir when the temperature is not too
high.'” The temperature in the thermal conductivity’s
expression overshadows the physics behind the variation of
x against T. The traditional thermal resistivity is defined as
W=x'!= 3/yTv%r. Instead of directly looking at W, we
define a unified thermal resistivity: ® = W x T. It is clear
that this unified thermal resistivity is solely related to the
electron relaxation time (t). This unified thermal resistivity
plays the same critical role as the electrical resistivity in
reflecting the electron scattering in metals.

We plot out the unified thermal resistivity variation
against temperature in comparison with the bulk’s val-
ues,>?® as depicted in Figure 5. “3.2nm” is for the ® of
3.2 nm-thick Ir film calculated from Ax,z shown in Figure 3.
One striking phenomenon is that the unified thermal resistiv-
ity follows a very similar trend to the behavior of electrical
resistivity. When temperature is extended to 0, ® of bulk Ir
is almost 0 with a negligible residual value. For the Ir film, it
has a residual value of about 5.5 m K*/W [®,]. This value
makes the dominant contribution to the overall ®. At room
temperature, the overall © is only about 7 m K?/W. Also the
unified thermal resistivity of the 3.2 nm thick Ir and the bulk
Ir share the similar trend against temperature, although the
one of 3.2nm thick Ir has a smaller slope. When the temper-
ature approaches zero, both reach a constant value (residual
resistivity) while the Ir film has a much larger residual value.
This trend similarity is totally different from that of the ther-
mal conductivity comparison in the left inset of Figure 5. In
the left inset, no observable conclusion can be made about
the comparison, since the thermal conductivity of the Ir film
and the bulk Ir shows totally different absolute values and a
totally different trend of variation against temperature.
Therefore, the unified thermal resistivity ® is a critical prop-
erty to reflect the electron scattering that determines thermal
transport. The comparison with that of its bulk counterpart
provides a great way for evaluating the effect of structural
defects on electron thermal transport.

Now we can explain the completely different trend of x
variation against T for the Ir film compared with bulk Ir. The
left inset shows that the thermal conductivity of bulk Ir rises
sharply at low temperature. That is, because the residual
part of bulk Ir (®g) is close to zero at low temperatures.
Unlike that of bulk Ir, @, of the 3.2 nm-thick Ir film (about
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5.5mK?/W) is much larger than the temperature dependent
part ©,;,, (1.57mK?*W) at room temperature. Moreover,
the effect of the temperature dependent part diminishes with
decreasing temperature. This means that the effect of @
increases with decreasing temperature. All of these factors
contribute to the decreased thermal conductivity of the Ir
film when temperature decreases.

C. Characteristic structure size for electron scattering

Like the electrical resistivity, the classical thermal resis-
tivity is also composed of two parts: W = Wy + Wy
=3(t0 ' + ter—pn ')/ (yTv%). Here, subscripts “0” and “el-
ph” represent the thermal resistivity induced by the structural
imperfections and by phonon scattering, respectively.
According to Matthiessen’s rule and relaxation time approxi-
mation of scatterings, the unified thermal resistivity can be
expressed as ® = Oy + Ou_pp = 3(10 " + Ta—pi 1)/ (V7).
So O® is composed of two parts: the residual part @, that is,
temperature independent, and the temperature dependent
part ®,; . Similar to electrical resistivity, we define the
slope of ® variation against temperature as the temperature
coefficient of thermal resistivity (TCTR). The TCTR of the
3.2nm thick Ir film (6.33 x 107> mK/W from 290K to
75K) is a little smaller than but still close to that of the bulk
material (7.62x 107> mK/W from 290K to 75K). This
strongly proves that they share the similar phonon-electron
scattering. The unified thermal resistivity goes down with
decreasing temperature due to the reduction of phonon den-
sity. This behavior is very similar to that of electrical resis-
tivity (to be detailed in future publication).

The residual part of the 3.2nm thick Ir film (about 5.5 m
K?W) is much larger than that of the bulk material
(1.4 x 10 m K*W). The Fermi energy of Ir is 0.761 Ry.*’
The Fermi velocity can be determined as 1.91 x 10°m/s
[ve = (2EF /me)o‘s]. Then, we can obtain the value of 7 as
3.8 x 107" 5. Finally, the mean free path (/o) at low tempera-
tures is determined as 0.73nm (/p = tovr). At low tempera-
tures, the effect of phonon-electron scattering diminishes. The
structure scatterings, such as grain boundary scattering, sur-
face scattering, and point defect scattering, dominate the elec-
tron transport. Therefore, the calculated [/, gives a
characteristic structure size that scatters electrons during heat
conduction. The crystalline size of the thin films is estimated
to be about 8 nm according to the X-ray diffraction (XRD)
results. The characterization details will be described later.
This size is much larger than the film thickness, proving that
the film has columnar structure in the vertical direction. The
size given by XRD represents the characteristic size of the col-
umns in the lateral (in-plane) direction of the film. This is also
the electron heat conduction direction studied in this work.

The above revealed nanocrystalline structure of the Ir
film is confirmed by high-resolution transmission electron
microscopy study. XRD is also used to characterize the
structure of milkweed fibers. The XRD system (Siemens D
500 diffractometer) is equipped with a copper tube that was
operated at 40kV and 30 mA. Because one milkweed fiber is
too small compared with the XRD spot size, we use a bunch
of milkweed fibers and align them parallel to each other.
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These fibers are suspended and scanned by XRD. They are
confirmed amorphous. To obtain the structure information of
the Ir film, a layer of 3.2 nm-thick Ir film (J,,, = 3.2 nm and
Omax = 5 nm) is not enough to generate a sufficient XRD sig-
nal. So these fibers are coated with 10 layers of 3.2 nm-thick
Ir films and scanned for XRD again. The result is shown in
Figure 6(a). The peak appears at 40.8°, which indicates that
the film is composed of crystals. The crystalline size is esti-
mated to be about 8 nm.

Additionally, after XRD characterization, the same sam-
ple is studied by TEM (a JEOL 1200EX TEM with a 14A
resolution). For the TEM sample preparation, a liquid resin
is used with plasticizers and then mixed together with milk-
weed fibers. They are put into a vacuum chamber to drive air
out of the liquid and the liquid flows into the hollow part of
the fibers. This liquid mixture is poured in a mold and
allowed to slowly polymerize at room temperature. After the
solidification, this resin with fibers is sliced into thin pieces
as the samples for TEM study. The low-magnified TEM
images of 10 layers of 3.2nm-thick Ir films coated on
milkweed fiber are shown in Figure 6(b). We can see that
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the maximum film thickness appears at the top and the thick-
ness decreases gradually. Figure 6(c) shows the diffraction
pattern of 10 layers of 3.2nm-thick Ir films. The bright
spots in the diffraction pattern show the existence of nano-
crystals clearly. The high-resolution TEM image is shown in
Figure 6(d). The yellow parallel lines show the lattice orien-
tation. The different orientations of the lattice confirm the
nanocrystalline structure of the Ir films on milkweed fiber.

D. Physical mechanism behind the observed
temperature-dependent behavior of thermal
conductivity

For the characteristic size we revealed using the residual
unified thermal resistivity, it includes the effect of point defect
scattering, surface scattering, and grain boundary scattering as:
T = Tugfeer + Tgrin + Tunface: The characterization length
groups all the effects of point defect scattering, grain boundary
scattering, and surface scattering as I I = (VP Tdefeer)
+(vag,.am)71 +(vFrs,,,~face)7l. In our previous work, the weak
dependence of thermal conductivity on Ir film thickness

FIG. 6. (a) XRD pattern of 10 layers of
3.2nm-thick Ir films on milkweed
fibers. The peak appears at 40.8°,
which indicates that the Ir film is com-
posed of crystals. The crystalline size
is estimated at about 8 nm. (b) Low-
magnified TEM image of 10 layers of
3.2 nm-thick Ir films coated on milk-
weed fibers. (c¢) The diffraction pattern
of 10 layers of 3.2nm-thick Ir films.
The bright spots in the diffraction pat-
tern show the existence of nanocrystals
clearly. (d) High-resolution TEM pic-
ture of the Ir film. The yellow parallel
lines show the lattice orientation.
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proved that the surface scattering has little effect. Rather, the
grain boundary scattering plays the major role in scattering
electrons. Therefore, to first order estimation, the thermal re-
sistance relation can be written as lg4in/K = lgrain/%c + R.
Here, x. is the thermal conductivity of the bulk Ir and R is
the interfacial thermal resistance. Under this scenario, we can
calculate the interface thermal conductance as G = R™!
= (lgrain/K~lgrain/ Kc)fl. The results are shown in Figure 7
and compared with the Al/Cu interface thermal conductance.
The calculated Ir/Ir thermal conductance is much larger than
that of the Al/Cu interface. This is because the Al/Cu interface
is more highly mismatched than the Ir/Ir interface.

The electron’s specific heat is proportional to 7 when T
is not too high (=yT). The observed thermal conductance
variation with temperature is mostly determined by the
specific heat of electrons. To check this point, G/T is also
calculated and shown in the inset of Figure 7. G/T in fact rep-
resents a unified interface thermal conductance and gives
more direct information about the electron scattering behavior
at the grain boundaries. Consequently, a unified interface ther-
mal resistance: RT can also be used for studying the electron
scattering behavior at the grain boundary. Here, R is the inter-
face thermal resistance, and T is temperature. From the inset
in Figure 7, we can see that G/T shows very weak temperature
dependence. Its value changes from 2.61 x 10" W/m* K* at
room temperature to 2.27 x 10’ W/m* K* at 43K. This indi-
cates that interfacial thermal conductance is proportional to
temperature and this temperature factor stems from the elec-
tron heat capacity. If point defect scattering is not considered
and surface scattering is specular,”® this interface thermal re-
sistance is induced by the fact that some electrons are
reflected instead of transmitting through the grain bounda-
ries. Some reflected electrons could exchange energy with
phonons at the grain boundaries before they are reflected
back. Then, these phonons exchange energy with phonons
on the other side of the grain boundaries. In this case,
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FIG. 7. Temperature dependent interfacial thermal conductance and electron
reflection coefficient. “G of Ir/Ir” is the results of this work. For comparison,
“G of Al/Cu (exp)” is the experimental results of Al/Cu interfacial thermal
conductance and “G of Al/Cu (diffusive mismatch model, DMM)” is the
prediction values of Al/Cu interfacial thermal conductance according to the
DMM.* The inset shows the variation of G/T against temperature to demon-
strate that the G-T relation shown in the figure mainly comes from the elec-
tron’s specific heat against 7.
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the reflected electrons still have some of their energy trans-
mitted across the grain boundaries. According to Mayadas-
Shatzkes (MS) model,?®?’ the effective electron reflection
coefficient by the grain boundary can be obtained and shown
in Figure 7. As we can see, the electron reflection coefficient
is large and almost constant. The electron reflection coeffi-
cient is 87.2% at room temperature. This means that most of
the electrons which scatter with the grain boundary are
reflected back. This value becomes 88.7% when temperature
goes down to 43 K. The very weak temperature dependent
reflection coefficient indicates that the chance of electrons
transport through grain boundaries is almost temperature-
independent. The slightly higher grain boundary reflection
coefficient at low temperatures gives rise to the slightly
lower unified interface thermal conductance as indicated in
the inset. It is noted that the grain boundary electron reflec-
tion coefficient we report here includes the effect of
electron-phonon energy exchange adjacent to grain bounda-
ries and the phonon-phonon energy exchange across grain
boundaries. Therefore, the real electron reflection coefficient
should be a little higher than the values reported in Figure 7.

V. UNCERTAINTY ANALYSIS

The relative error of length and diameter measurement
with SEM, and electrical current and electrical resistance
measurement are estimated as 1% and 0.5%, respectively.
The relative error of the Ir film thickness measurement is 2%
determined by the quartz crystal microbalance in the sputter-
ing system. For thermal diffusivity, every value is measured
twenty times and the average value is determined as the final
result. The maximum relative error for the fitting process is
10% but the real error is much smaller than 10%. Through
fitting the thermal diffusivity difference (Aa,fs), the average
absolute error is 1.35 x 107® m?/s. The relative error of
Aa,fr is then 6%. The fitting of volumetric specific heat
shows a relative error of 6.4% and the volumetric specific
heat is measured four times. So the relative error of average
volumetric specific heat is 3.2%. Finally, the relative error of
the thermal conductivity of the Ir film is estimated as 7.2%.

VI. CONCLUSION

In this work, the thermal conductivity of bio-supported
average 3.2 nm-thin Ir film was characterized for the first time
from room temperature down to 43 K. Close to two orders of
magnitude reduction was observed for x of the film at low
temperatures. x of the film increased with increasing tempera-
ture, while that of bulk Ir decreased against temperature. We
introduced a unified thermal resistivity (®) to explain the
completely different x ~ T relation of the 3.2nm film and the
bulk Ir. It was found that the 3.2 nm film and the bulk Ir share
the similar trend for ® ~ T relation. At OK limit, the bulk Ir
has a zero residual ®, while the 3.2nm film has a very large
residual © (5.5 m K*/W), which dominated the overall unified
thermal resistivity. The unified thermal resistivity played a
critical role in quantitatively explaining the effect of defect in
scattering electron during heat conduction. The evaluated
interfacial thermal conductance among the grain boundaries
was larger than that of the Al/Cu interface. It was proportional
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to temperature, and this relation was confirmed by the weak
temperature dependent unified interfacial thermal conduct-
ance. It was found that the electron reflection coefficient was
large (88%) and almost temperature independent.
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