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We demonstrate a procedure for measuring the thermal conductivity of non-ideal thin-films with

significant non-uniformity. By spatially mapping the thermal transport with time-domain

thermoreflectance measurements, followed by statistical analysis, we determined the thermal

conductivity of Cu composite films containing dispersed carbon nanotubes (CNTs). The thermal

conductivity of the composite decreased from 188 to 60 W=m K as 1.8 wt. % of multi-walled CNTs

was incorporated into nanocrystalline Cu. We compared the decreasing trend with that calculated from

a scattering model to find out that the CNTs scatter the heat carriers in Cu. VC 2011 American Institute
of Physics. [doi:10.1063/1.3606559]

I. INTRODUCTION

Quantitative thermal conductivity measurements of thin

films are conventionally applied to materials with planar uni-

formity. The preference for uniform materials is because

most thin film measurements lack an average-out mechanism

that is naturally present in bulk measurements. In addition,

further difficulties are caused for thin film measurements,

especially for contact methods, if any surface irregularities in

the non-uniform thin film introduce ambiguity in the contact

properties. Unfortunately, many interesting thin-film materi-

als in practice exhibit planar non-uniformity. For example,

composite thin-films usually have microscopic inhomogene-

ity which is intentionally introduced to improve the material

properties. Here, through a case study, we demonstrate a sim-

ple method that allows us to determine the representative

thermal conductivity of non-uniform thin-films. For this pur-

pose, we used the time-domain thermoreflectance (TDTR)

method1,2 with a microscopic mapping technique3 to deter-

mine thermal conductivities through statistical distributions.

As the subject material of our case study, nanocrystal-

line Cu composites incorporating various amounts of carbon

nanotubes (CNTs) were investigated. This material system

serves as a good example for our study since even a small

non-uniformity in the sample can sensitively induce appreci-

able non-uniformities in thermal transport because of the

highly contrasted physical properties of the constituents.

Additionally, it is an issue of great interest to mix CNTs into

a host material to enhance the thermal properties of compo-

sites. By exploiting the high thermal conductivity of CNTs,

which have reported values reaching >3000 W=m K at room

temperature,4,5 previous reports mostly showed that CNTs

could enhance the thermal conductivity of insulating host-

materials such as polymers6–9 and silica.10 On the other

hand, whether CNTs can also enhance the thermal conduc-

tivity of highly conducting metals, such as Al (237 W=m K)

or Cu (401 W=m K),11 remains an interesting, yet marginally

studied issue.

Previously, as one attempt, Chu et al. measured the ther-

mal conductivity of spark plasma sintered Cu-CNT bulk com-

posites; large additions of multi-walled CNTs (15 vol. %)

rather degraded the thermal conductivity of the bulk compos-

ite by 26.6%.12 On the other hand, Cho et al. showed an

increase in thermal conductivity by 3% in their spark plasma

sintered Cu-CNT bulk composites containing small amounts

of multi-walled CNTs (1.0 vol. %).13 Large additions of

multi-walled CNTs (>5 vol. %) still degraded the thermal

conductivity of their composites; the authors related this trend

to the bundling of CNTs. The dispersion of CNTs, which is

limited by the grain size of Cu since CNTs populate at the

grain boundaries in Cu-CNT composites, has been considered

a controlling factor for the transport property in these

composites.

II. SAMPLE PREPARATION

We prepared nanocrystalline Cu-CNT thin-film compo-

sites by incorporating dispersed multi-walled CNTs

(MWCNTs) into Cu in situ during the electrodeposition pro-

cess of Cu. In this process, the repulsive force between

CNTs, which makes it a dispersion solution, is present dur-

ing the whole deposition period. For electrodeposition, the

sample substrate served as a cathode which was prepared by

sputter-depositing Cu(30 nm) and Ti(10 nm) onto Si(100)

wafers. Cu plates were used for the anode. MWCNTs grown

by chemical vapor deposition were purified by a HCl acid

treatment process and subsequent annealing in a He atmos-

phere. The average diameter and wall thickness of the

MWCNTs confirmed by transmission electron microscopy

was 25–30 nm and �8 nm, respectively. The length of the

MWCNTs varied from hundreds of nanometers to �1 lm.

These MWCNTs were functionalized with sodium dodecyl
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sulfate and polyacrylic acid to promote the dispersion of

MWCNTs and adsorption of MWCNTs to Cu, respectively.

The electrolyte was composed of copper sulfate (29 g=l),

ammonium sulfate (50 g=l), and varying amounts of func-

tionalized MWCNTs (0–15 g=l) to control the MWCNT con-

tent in the product film. Citric acid (5 g=l) was added to the

electrolyte to suppress the growth of Cu grains. Electrodepo-

sition was driven by 10 V voltage pulses of 0.2 ms width and

50 Hz frequency. After deposition, the composite films were

annealed in vacuum at 200 �C for 2 h in order to remove the

residual organic additives.

An Al transducer layer was sputter-deposited on top

of the composite film for thermal transport measurements.

Figures 1(a)–1(d) show the microstructure of the nanocom-

posite films observed with a field emission scanning electron

microscope before depositing the top Al layer. The incorpo-

rated MWCNTs appear well-dispersed in the Cu matrix.

(Hereafter we simply refer to the incorporated MWCNTs as

CNTs.) The grain size of Cu is critically related to this dis-

persion since inhibiting the grain growth of Cu during the

electrodeposition process promotes the dispersion of CNTs.

In our samples, the average grain size measured with SEM

was �20 nm. The CNT content of the samples estimated

with a carbon analyzer (Eltra CS-800) was 0, 0.5, 1.0, and

1.8 wt. % [Figs. 1(a)–1(d)]. The thickness of the Al and Cu-

CNT composite layers was 56=270, 60=211, 62=207, and

83=217 nm, respectively; the thickness was measured by

picosecond acoustics with complementary analysis using

Rutherford backscattering spectroscopy.

III. MEASUREMENT PROCEDURE

The thermal conductivity of the samples was measured

by the TDTR method,1,2 which probes the time-resolved

change in reflectivity induced by heating the top transducer

layer with a modulated pump beam. The probe beam, which

probes the change in reflectivity, arrives at the sample sur-

face with a controlled pump-to-probe delay time, and the

reflected intensity is recorded as a function of delay time.

The change in the reflected intensity is proportional to the

rise in surface temperature, which allows us to obtain a cool-

ing curve. In the procedure, the intensity signal of the

reflected probe beam is separated into an in-phase signal

(Vin) and out-of-phase signal (Vout) by an RF lock-in ampli-

fier. We utilize the ratio �Vin=Vout to analyze the thermal

transport properties of the sample. The cooling curve

(�Vin=Vout versus time) represents the thermal transport

property of a microscopic area with the size of the beam

spot, which is �5.8 lm in 1=e2 radius in our setup.

In samples with significant non-uniformity, however,

measuring the transport at a few locations does not suffice to

determine the thermal conductivity of the film. Particularly,

our Cu-CNT composite films exhibit variation in the cooling

curves as the measurement location is shifted. These varia-

tions are mainly due to the micron-scale variation in CNT

density, which affects both the thermal conductivity of the

composite film and the interfacial thermal conductance

between the composite film and the Al transducer layer. Fur-

thermore, some locations on the film surface, where the

CNTs protrude from the Al transducer layer, produce non-

true signals coherent with the modulation frequency.

We work around these complications by mapping the

in-phase to out-of-phase ratio �Vin=Vout of the reflected in-

tensity at a fixed pump-to-probe delay time,3 thereby obtain-

ing spatial maps convertible to a distribution profile to

determine the representative measurement value. During the

mapping, the optical setup is fixed and only the sample is

displaced by a two-dimensional (2D) motion controller. This

way, 2D maps that roughly scale to the thermal effusivity
ffiffiffiffiffiffiffi

KC
p

(K¼ thermal conductivity, C¼ volumetric heat

capacity) of the film are obtainable without temporal chal-

lenges. Comparing the distribution profile and the qualitative

features on the �Vin=Vout ratio map helps to gain insight on

the distribution. Afterwards, we take full time scans of

�Vin=Vout over a �4 ns delay time at representative loca-

tions to determine the appropriate parameters for model anal-

ysis, from which the thermal conductivity of the composite

film is extracted.

IV. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show examples of the �Vin=Vout

ratio map obtained from the composite. The spatial resolu-

tion of these maps is roughly in the range of 2–5 lm depend-

ing on the local transport property of the sample, which is

smaller than the 1=e2 radius of the beam size but larger than

the diffraction limit.3 Higher values in the �Vin=Vout ratio

roughly represent higher thermal conductivities. The map

obtained from a nanocrystalline Cu film without any CNT

content, shown in Fig. 2(a), displays a relatively uniform

thermal transport property. Figure 2(b) is a map obtained

from the composite with a 0.5 wt. % CNT content. The non-

uniformity in thermal transport is explicitly noticeable by the

color distribution. However, we find that the abnormally

high ratio values (higher than 8–9) depicted as red are false

values; topologically irregular locations identified with

atomic force microscopy tended to show a strong correlation

FIG. 1. SEM images of the Cu-CNT composites taken after vacuum anneal-

ing. CNT content in the samples are (a) 0 wt. %; (b) 0.5 wt. %; (c) 1.0 wt.

%; (d) 1.8 wt. %.
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with such spots yielding abnormally high ratio values (data

not shown). These values are to be excluded from the assess-

ment of the thermal conductivity of the sample.

For each sample, maps were obtained as shown in

Fig. 2, from which the distributions of the �Vin=Vout ratio

were extracted and plotted in Figs. 3(a)–3(d). In the sample

without CNT content, Fig. 3(a), the distribution appeared

narrow and symmetric. By contrast, samples containing

CNT content, Figs. 3(b)–3(d), appeared broader and asym-

metric, reflecting the non-uniformity of the sample. The dis-

tribution in the film with a 1.0 wt. % CNT content, Fig. 3(c),

is broader than that in the film with a 0.5 wt. % CNT content,

Fig. 3(b), implying that the broad distribution is due to the

variation in CNT density. Asymmetric upper tails with high

ratio values are noticeable in Figs. 3(b) and 3(c), which are

due to surface irregularities as discussed previously. Note

that such an upper tail is not present in the distribution in

Fig. 3(d). Compared to other samples, the Al transducer layer

is> 20 nm thicker in this sample, making it less vulnerable

to surface irregularities. This fact supports our interpretation

of the abnormally high ratios observed in other samples.

From the distributions in Figs. 3(a)–3(d), we assign the

most frequent value in each distribution as the representative

value of the composite film. This way, non-true high ratio val-

ues are naturally excluded. In addition, the most frequent value

resembles the value corresponding to the average thermal

transport, provided that the distribution in thermal transport

properties is closely symmetric near the peak value. By paying

attention to the most frequent value, a consecutive down-shift

is noticeable as the CNT content increases in the composite

film. This decreasing trend indicates that the thermal conduc-

tivity of the sample has degraded with the addition of CNTs.

To quantitatively investigate the trend in thermal con-

ductivity K, K was extracted by model-analyzing the cooling

curves obtained at locations that yield the previously deter-

mined representative values. Any thickness variations are

taken into account in this model-analysis. Details of the anal-

ysis procedure are described in Ref. 2. Figure 4 shows the

result of the procedure for the sample with a 0.5 wt. % CNT

content. The determined K values of all of the samples are

plotted in Fig. 5.

The value of K obtained from nanocrystalline Cu without

any CNT content was K�188 W=m K (Fig. 5), which is 47%

of the accepted bulk value 401 W=m K of Cu,11 and 69% of

the reported value 272 W=m K of an evaporated Cu thin film

with 181 nm thickness.14 Considering that the heat conduction

in Cu is dominated by the electronic contribution, the nano-

granular microstructure [Fig. 1(a)] with grain sizes (�20 nm)

significantly smaller than the electronic mean free path of Cu

(39 nm) primarily accounts for the low value of our nanocrys-

talline Cu films.15 For reference, the thermal conductivity of

sputter deposited Cu films with larger grain sizes (39 nm aver-

age grain size, 1.6 lm thickness) was measured as> 280

W=m K with our measurement system. The effect of nanogra-

nular microstructures on the thermal conductivity of metals

has been studied with electrodeposited metal wires in other

reports. For electrodeposited Ni, the thermal conductivity was

shown to drop to 36.3 W=m K, which is 40% of the bulk

FIG. 2. (Color) Spatial maps of the �Vin=Vout ratio obtained from the Cu-

CNT composite with a (a) 0 wt. % and (b) 0.5 wt. % CNT content. The delay

time between the pump and probe beams was fixed at 940 ps to avoid acous-

tic echoes. The wavelength of the beam was 785 nm and the repetition rate

of the mode-locked Ti:sapphire laser was 75.8 MHz. The modulation fre-

quency of the pump and probe beam was 9.47 MHz and 250 Hz, respec-

tively. The powers of both beams were adjusted to �8 mW.

FIG. 3. (Color online) Histograms showing the distribution of the ratio values obtained from Cu-CNT composites with a (a) 0 wt. %; (b) 0.5 wt. %; (c) 1.0 wt.

%; (d) 1.8 wt. % CNT content. All measurements were conducted at room temperature.
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value, as a result of reducing most of the grains to a size of

�10 nm.16 This size is comparable with the electron mean

free path of Ni (6 nm). A similar effect was also observed

with electrodeposited Ag wires.17

The depression in K caused by the addition of CNTs is

understood in terms of increased electron scattering in the

composite. To estimate the effect of electron scattering, we

calculated the magnitude of the depression in K based on a

model by Jongenburger18 assuming that vacancy scattering

centers are present with an amount equivalent to the CNT

volume (Fig. 5). Though exact agreement is not expected

due to the discrepancy in the scattering origin, the estimated

depression approximately matches the data, supporting the

idea of electron scattering. This agreement is a significant in-

dication that, in the Cu composite, the incorporated CNTs

hardly contribute to heat conduction but rather impede the

electronic transport, and thus the thermal transport. We also

note that the sensitive dependency of K on the CNT content

implies that any local variations of the CNT content can

cause significant variations in the local thermal transport

properties of the composite films. This conclusion supports

the explanation that the CNT density variation in each sam-

ple is the main cause of the non-uniformity observed in the

maps of thermal transport.

The identification of CNTs as scattering sources indi-

cates that the thermal coupling through the interface between

the Cu and CNTs is extremely poor. For the phonon-phonon

coupling at the interface of Cu and CNTs, it has been

reported that this route is even more resistive than CNT-

polymer interfaces.19 Such phenomenon constitutes the

understanding that the effective heat transport at CNT inter-

faces, where the bonding is weak, is through the low fre-

quency phonon modes,20,21 while the number of phonon

modes available at low frequencies is relatively small for

metals. On the other hand, the direct coupling between elec-

trons and phonons at the interface is generally considered as

a non-significant process.22

Another thermal coupling process to be considered is

the electron-electron coupling through the interface between

Cu and CNTs. Electron-electron coupling is known as the

dominant coupling mechanism at metal-metal interfaces,

being an order more conductive than typical phonon-phonon

coupled interfaces.23 Though CNTs are known as phonon-

dominant heat conductors, the metallic character of

MWCNTs calls upon for the consideration of this coupling

process. However, our identification of the CNTs as thermal

impediment sources indicates that the electron-electron ther-

mal coupling between the Cu and the CNTs is also extremely

poor in our samples. The electrical contact resistance

between Cu and CNTs could possibly be related to the poor

electron-electron coupling. In fact, a study observed that the

electrical contact resistance between Cu and metallic CNTs

is higher than well-wetting metals such as Ti, Cr, or Fe.24

However, further examination of this aspect is beyond the

scope of our present work.

This finding explains the difficulty of producing results

conforming to the effective medium theory in metal-CNT

composites. In addition, the highly resistive property of the

interfaces between Cu and CNTs implies that greater disper-

sion of the CNTs can rather degrade the overall thermal

transport capability more seriously.

V. SUMMARY

In summary, through a case study with Cu-CNT com-

posite films, we demonstrated a procedure of determining

the thermal conductivity of samples that are non-ideal for

thin film thermal measurements. From the statistical distribu-

tions obtained by TDTR mapping, we were able to avoid

complications from irregularities and non-uniformities. The

determined thermal conductivity values of the Cu-CNT films

revealed that the CNTs serve as a source impeding the heat

transport in the host metal Cu.
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