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ABSTRACT

We present an experimental study of thermal conduction in
1 pum thick suspended CVD diamond film by time-domain
thermoreflectance (TDTR), an optical pump-probe technique.
Important aspects of signal analysis and measurement
sensitivity are discussed, outlining the various thermal
metrology challenges posed by this system. We measure the
properties of the near-interfacial coalescence region and high-
quality growth region by performing experiments on the
bottom and top sides of the suspended film, respectively, and
find that the small average grain size of the former, and strong
columnar anisotropy of the latter region are reflected in the
measurements of thermal conductivity., Our TDTR
methodology utilizes the information present in both the
amplitude and phase response of the system at the modulation
harmonic of the pump laser, in order to separate out the effects
of the transducer-diamond thermal boundary conductance
from the intrinsic diamond conductivity. Additionally,
measurements are made across a range of modulation
frequencies in order to obtain better estimates of the
conductivity anisotropy. For the 1 um thick film, we estimate
an in-plane to through-plane anisotropy ratio of ~ 0.3, and
through-plane conductivities of ~ 440 W/m-K and ~ 140
W/m-K for the high quality and coalescence regions,
respectively.

KEY WORDS: CVD diamond, heat spreaders, coalescence
and growth, columnar anisotropy, thermal boundary resistance
(TBR), time-domain thermoreflectance (TDTR)

NOMENCLATURE

C volumetric specific heat (Jm>K™)
L thermal penetration depth (m)

Vv voltage signal (V)

f frequency (Hz)

k thermal conductivity (Wm™'K™)

Greek symbols

a thermal diffusivity (m’s™)
n conductivity anisotropy
Subscripts

HQ  high-quality

IF interfacial

r radial (lateral/ in-plane)

vertical (through-plane)
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v volumetric (specific heat)
in in-phase

out  out-of-phase

mod modulation

p penetration (depth)
INTRODUCTION

Diamond has emerged as a promising heat sink material in
several niche applications involving high heat-flux hot spots.
This is due to its extremely high thermal conductivity in bulk,
single-crystalline form, which may be as much as 3000 W/m-
K at room temperature. However, commercial diamond
substrates are commonly grown synthetically using processes
such as chemical vapor deposition (CVD). CVD is based on a
nucleation and growth process, and results in diamond films
with a polycrystalline grain structure. Nucleation and
coalescence create near-interface regions of small grain size,
and consequently low thermal conductivity, while grain
growth results in higher quality regions away from the
interface with higher conductivity [1][2]. Moreover, the
columnar texture of the latter region results in a highly
anisotropic conductivity tensor, with a lower conductivity in-
plane as compared to through-plane [3]. The measurement of
the conductivity and anisotropy of these different regions
within a film is important for two main reasons. First, it
provides accurate data to model thermal effects in devices,
enabling more reliable predictions of their performance,
reliability and life-time. Second, it helps in the optimization of
CVD growth parameters that result in the highest quality
material with smallest thermal resistances. Previous efforts to
measure the nonhomogeneous and anisotropic thermal
properties of CVD diamond have focused on the
characterization of samples with large film thicknesses
(exceeding 10 um) [4], [5], and reported anisotropy ratios (in-
plane to through-plane conductivity) in the range 0.5-0.8. In
this work, we measure the nonhomogeneous and anisotropic
thermal conduction in a suspended 1 pm CVD diamond film
using time-domain thermoreflectance (TDTR), an optical
pump-probe technique. We first discuss the various challenges
associated with the metrology of such films with complex
microstructure, from the point of view of signal interpretation
and measurement sensitivity. We then present TDTR data, and
interpretation guided by our sensitivity analysis. We find that
the data are consistent with an in-plane to through-plane
anisotropy ratio close to 0.3, and through-plane conductivities
of around 440 W/m-K and 140 W/m-K for the high-quality
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columnar and near-interfacial  coalescence

respectively.

regions,

TDTR SETUP

TDTR is a well-established optical technique used to
measure the thermal properties of thin films. Our setup is built
around a 1064 nm Nd-YVO, mode-locked laser (Time-
Bandwidth products) that emits ~ 9 ps wide pulses at a
repetition rate of 82 MHz. Pump pulses are amplitude
modulated at a frequency f,,.q (typically between 1-10 MHz)
using an electro-optic modulator (Conoptics M360-80), and
frequency doubled to 532 nm using a periodically poled
LiNbO; crystal. While the pump pulses travel a fixed path, the
probe pulses travel a path of variable path length that includes
an optical delay stage. The pump pulses are used to heat up the
sample via photo-thermal energy conversion in a thin Al
coating (~50 nm), while the time-delayed (0 to 3.5 ns) probe
pulses are used to interrogate the transient changes in the
reflectivity of the Al film. The output signals from the
experiment are the in- and out-of-phase voltage components of
the reflected probe intensity at the first harmonic of the
modulation frequency, V;, and V,,, measured using an SRS 844
lock-in amplifier (Stanford Research Systems). The unknown
thermal properties can be extracted by fitting the amplitude, R
= (Viy? + Vo))" or the ratio (tangent of phase angle) r = -
Vi/Vour data to a multilayer thermal diffusion model that
accounts for radial heat spreading, anisotropic thermal
conductivities, and finite thermal interface conductance [6].
Pump and probe laser spot sizes of 10 pm and 6 pm,
respectively, were used in these experiments.

SAMPLE DESIGN

The sample consists of a 1 pm thick diamond film grown
by microwave plasma CVD on a silicon substrate. Prior to
growth, the substrate was seeded in an ethanol based
suspension prepared using detonation nanodiamond powder.
The nanodiamond material is characterized by a high degree
of grain size homogeneity, with an average particle size of 4.0
nm. The seeding was carried out through an ultrasonic
treatment in the nanodiamond suspension followed by an
ethanol rinse and immediate spin-dry, resulting in a uniform
initial seed density of > 10'? nuclei/cm”[7]. CVD growth was
carried out in an ASTEX 1.5 kW microwave plasma
deposition system using purified methane and hydrogen as
reactant gases, with the methane to hydrogen ratio varied from
0.7% during film coalescence to 0.3% during the remaining
diamond deposition. The growth parameters were: 15 torr,
750° C, 800 Watts. The initial stage of deposition consists of
film growth from the dispersed nanodiamond seeds, without
re-nucleation. The resulting diamond film comprises
crystallites with a columnar structure normal to the growth
interface; survival of the competing grains causes the lateral
grain size to increase with the film thickness. The coalescence
region is estimated to be ~300 nm, which is the thickness at
which the films are pinhole free. The presence of pinholes is
checked by treating diamond films grown on oxidized silicon
wafers with buffered HF, and observing etch-pits in the
underlying oxide through optical microscopy.

. The central (~5 mm diameter) portion of the film was
suspended by back-etching the silicon in order to provide
direct experimental access to the coalescence region. The
sample was coated from the top and bottom sides with a 50
nm thick aluminum film that acts as a transducer for TDTR
measurements (see Figure 1).

METROLOGY -
SENSITIVITY

As discussed above, the complex microstructure of CVD
diamond results in a nonhomogeneous and anisotropic
variation of the thermal conductivity within the thickness of
the film. Any thermal measurement technique averages over
the properties of material within a finite volume depending on
the characteristic length scale of its probe. This poses a
challenge to the correct interpretation of conductivity data. In
this section, we perform theoretical sensitivity analyses to
show how various sample properties of interest affect TDTR
data, and what strategies may be adopted to extract
meaningful information from them.

Probe

THEORETICAL ANALYSIS OF
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Fig 1 Sample schematic in cross-section

Amplitude versus Phase (or Ratio) Data

The amplitude (R) and ratio (r) of the voltage signal
generated by the reflected probe light at the modulation
harmonic are sensitive in different measures to different
thermal properties within a sample stack. These properties
include the thickness, through- and in-plane thermal
conductivity and specific heat of constituent layers, and the
thermal boundary resistance (TBR) of interfaces between
layers. To enable a quantitative analysis, we define the
sensitivity coefficients Sy as follows

B Olog(y)
7 olog( B)

where y is either the amplitude R or ratio 7, and f is one of the
thermal properties listed above. The value of the sensitivity
coefficient is a function both of the modulation frequency and

(1)



the probe delay time. A large magnitude of Sy indicates that
the measurement is sensitive to the property S, while a value
close to zero means that it is insensitive. In the following
section, we theoretically analyze the sensitivity of TDTR
measurements in different scenarios, starting from a typical
homogeneous isotropic film on substrate, including the effects
of non-homogeneity, finally leading up to the case of a
suspended anisotropic film.

Case a) Homogeneous and isotropic film on substrate.
This case corresponds to the most common application,
wherein a film may be epitaxially grown or deposited on top
of a substrate. The film is thermally isotropic and
homogeneous. The sample configuration modeled here
consists of a 1 um film (kz;, = 10, 100, 1000 W/m-K; C, = 1.8
MJ/m’K) on a semi-infinite silicon substrate (k = 140 W/m-K,
C,=1.86 MJ/m3K), coated with a 50 nm aluminum transducer
film. The baseline values for the TBR at the interfaces
between the aluminum/film and film/substrate are taken to be
15 m’K/GW. The modulation frequency of the pump is taken
to be 6 MHz.

In Figure 2 we plot the sensitivity coefficients for the
conductivity of the film kg, and the TBR at the Al/film
interface as a function of probe delay time. Since these two
quantities are fitted simultaneously, the accuracy with which
the two can be extracted independently depends on their
relative sensitivity coefficients.

The plots show that at low to intermediate values of kg,
both the amplitude and ratio provide sufficient sensitivity to
simultaneously extract the Al/film TBR and kg;,. However,
when the conductivity of the film exceeds about 100 W/m-K,
the amplitude signal becomes increasingly sensitive to the
TBR and insensitive to kg, such that the two quantities
cannot be accurately separated by a single measurement. The
ratio signal on the other hand provides sufficient sensitivity to
krim even for highly conducting films.
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Fig 2 Sensitivity analysis for an isotropic film on substrate
corresponding to Case (a)

Case b) Two-layer nonhomogeneous film on substrate.
We now consider the case where the film consists of sub-
layers with different thermal conductivities. The sub-layers
themselves are locally isotropic. This case models the
morphology that might result from the nucleation and growth
of a polycrystalline material comprising equiaxed grains, or
from the growth of a film with a disordered near interfacial
region. Here, the film is modeled as comprising two sub-
layers, a 200 nm thick low conductivity near-interfacial layer
(k=10 W/m-K) and an 800 nm thick high-quality layer (ko
= 40 W/m-K). All other material parameters are identical to
those in Case (a).

We examine the sensitivity of the amplitude and ratio
signals to k;> and kyo. The analysis is performed at two
different modulation frequencies: 1 MHz and 10 MHz. The
modulation frequency of the pump laser f,,, determines the

thermal penetration depth: L, ~/a/7f, , where a is the

thermal diffusivity of the sample given by A/C,. Smaller
modulation frequencies enhance the measurement sensitivity
to thermal properties of buried films and interfaces, while
higher modulation frequencies enhance the sensitivity to
properties of films and interfaces that are closer to the heat
source.

As shown in Figure 3, the ratio signal is more sensitive to
the properties of the buried near-interfacial region (k;z) as
compared to the amplitude, which is almost insensitive to it
even at the lower modulation frequency. We also see that the
sensitivity to k;- is higher at the lower modulation frequency
both in the amplitude and ratio signals, consistent with the fact
that the penetration depth scales inversely with f,,,,.
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Fig 3 Sensitivity analysis for a two-layer nonhomogeneous
film on substrate, corresponding to Case (b)

Case ¢) Anisotropic film on substrate. We now examine
the case of a film whose thermal conductivity tensor is
anisotropic, i.e. whose conductivity in the through-plane
direction is different from that in the in-plane direction. Such a
scenario might arise for instance in the case of a
polycrystalline film, whose grains are oriented in a columnar
fashion with the long axis pointing in the film-normal
direction, or even simply in a crystalline film with an
inherently non-cubic lattice structure. We analyze the




sensitivity of the amplitude and ratio signals to the in- and
through-plane conductivities &, and k, of the film. The model
considered here is identical to that in Case (a) in all respects
apart from the anisotropic nature of the film’s conductivity; £,
and £, are taken to be 60 W/m-K and 100 W/m-K respectively.
No division into near-interfacial and high-quality regions is
taken into account, i.e. the film is assumed to be
homogeneous.

The sensitivity plots in Figure 4 show that while both the
amplitude and ratio signals are reasonably sensitive to k. they
differ in their relative sensitivities to the in-plane conductivity
k.. While the amplitude is almost insensitive to k. at both low
and high modulation frequencies, the ratio is sensitive to k, at
low frequencies. Lower f,,; correspond to greater in-plane
thermal spreading, thereby making the temperature
oscillations dependent on the lateral thermal conductivity.

Case d) Anisotropic film — suspended. Here we consider
the case that corresponds closely with our experiment, in
which the silicon substrate in Case (¢) has been back-etched
resulting in a suspended film. The conductivity tensor in the
film is identical to that in (¢) with k.= 60 W/m-K and &, = 100
W/m-K, i.e. an anisotropy ratio of 0.6. The film is coated on
the top-side with a 50 nm thick Al layer, and suspended in air
(k= 0.03 W/m-K, C, = 1000 J/m’K). In Figure 5 we analyze
the sensitivity of the ratio and amplitude signals to k,.and £.

The qualitative comparison between the amplitude and
ratio signals is similar to Case (c). At low f,,, the ratio signal
is sensitive to the in-plane conductivity k. while at high f,,,4
both the amplitude and ratio are sensitive only to k.. However,
we note the difference in magnitudes of sensitivity coefficients
between Figures 4 and 5. A measurement of the suspended
film yields a larger sensitivity to the in-plane conductivity than
in the on-substrate film. Qualitatively, this is due to the fact
that heat is confined to a far greater extent within the film and
forced to spread laterally when it is in contact with air (k =
0.03 W/m-K) as compared to when it is on silicon (k = 140
W/m-K).
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Fig 4 Sensitivity analysis for an anisotropic film on substrate,
corresponding to Case (c)
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Fig 5 Sensitivity analysis for a suspended anisotropic film,
corresponding to Case (d)

The main findings of this section are summarized below:

1. For homogeneous and isotropic films with low to
intermediate conductivity, both the amplitude and ratio
signals provide sufficient sensitivity to extract the film
conductivity and Al-film TBR in a simultaneous fit.
However, for films with high conductivity, the
amplitude signal is dominated by the TBR.

2. For films that are non-homogeneous with depth, the
ratio signal is more sensitive to properties of buried
sub-layers. This is more pronounced at lower
modulation frequencies, as the corresponding thermal
penetration depth is larger.

3. The ratio is more sensitive to the in-plane conductivity
of a film as compared to the amplitude. The effective
(isotropic) conductivity of a film with a columnar grain
structure (with k. < k,) extracted using the ratio signal
would therefore be smaller than that measured using the
amplitude signal. The former would be a direction
averaged value lying between £, and k., while the latter
would be closer to k., This is more so at lower
modulation frequencies, where the lateral spreading of
heat is greater.

4. Suspended films provide far greater sensitivity to in-
plane properties as compared to on substrate. This is a
direct consequence of the confinement of heat within
the film and enhanced conduction in the lateral
direction.

We now employ our understanding of TDTR signal types
and their sensitivity to various sample properties to the
measurement of thermal conductivity in thin film CVD
diamond.

EXPERIMENTAL RESULTS AND DISCUSSION

Bottom-Side (Nucleation Region) Measurements

TDTR measurements were performed on the bottom-side
of the diamond film, for direct access to the thermal properties
of the coalescence region. Thermal decay traces were taken at
four different modulation frequencies: 2, 4, 6 and 8 MHz. The
TBR at the interface between the Al transducer and bottom-



side of the diamond film (“bottom-side TBR”) was found by
fitting the amplitude data, owing to its larger sensitivity to this
quantity compared to the ratio data. Its value was found to be
~21.2 m*K/GW, fairly independent of f;,,,, suggesting that it
was extracted independently of the conductivity. Using this
value of TBR, the ratio data was fit for the thermal
conductivity of diamond. It was seen that the data did not fit
well when the diamond film was assumed to be isotropic.
Good fits were obtained by allowing both the through-plane
conductivity k, and the anisotropy ratio n (=k/k,) to vary as
free parameters (see Fig 6). The best fit values for £, and # are
plotted in Figure 7a,b as a function of f,,,,. Averaged over all
frequencies we get values of &k, = (139 + 12) W/m-K and # =
(0.31£0.13).

Top-Side (High-Quality Region) Measurements

Similar measurements were performed on the top-side, for
thermal access to the properties of the high-quality columnar
region. The TBR at the top interface between the Al
transducer and high-quality diamond (“top-side TBR”) was
found to be ~8.4 m’K/GW using the same methodology as
above. The difference between the top-side and bottom-side
Al/Diamond TBRs is not entirely unexpected. While this
difference may be due to variations in sample surface
conditions alone, the higher resistance of the bottom interface
may also be a result of the low thermal conductivity of the
near-interfacial region, consisting of the nucleation layer and
small grained coalescence region.

Using the value of the top TBR = 8.4 m’K/GW, the ratio
data were used to extract diamond conductivity. Similar to the
measurements made on the bottom-side, it was found that the
data fit poorly when the film was assumed to be isotropic.
Fitting both &, and # as free parameters led to good fits (see
Fig 6), at all £,,,4. Best fit pairs of k, and # are plotted in Figure
7a,b. Averaged over all frequencies, the through-plane
conductivity and anisotropy ratio are k, = (440 £ 55) W/m-K
and # =(0.30£0.11).

Therefore, we find that values of # in the range 0.2 to 0.4
consistently fit data taken from the top and bottom sides of the
film. This strong anisotropy in conductivity is a result of a
highly columnar grain structure with the long axes of the
grains oriented in the film-normal direction. Fewer grain
boundaries impede the transport of phonons in the vertical
direction as compared to in-plane, leading to a larger
conductivity in the former. Further, we note that the through-
plane conductivity measured on the top-side is ~3 times that
measured on the bottom-side. This is consistent with the
highly non-homogeneous microstructure present within the
first few pm of CVD diamond. The high concentration of
grain boundaries and smaller average grain size in the
coalescence region lead to large amounts of phonon scattering,
and low thermal conductivity. Average grain size (both in the
vertical and horizontal directions) increases with distance from
the growth substrate, and hence so does the local conductivity.
The measurement averages the thermal properties of the film
over the characteristic thermal penetration depth L,. Using the
through-plane conductivities measured from the top and
bottom-side, L, is found to be between 1.8 um (at 8 MHz) and
3.5 um (at 2 MHz) for measurements made from the bottom-
side and between 3 pm (at 8 MHz) and 6 pm (at 2 MHz) for

measurements made from the top-side. We note that the actual
thermal penetration depth is likely smaller than this, as the

expression Lp ~.Jal 7 oq DProvides good estimates of

diffusion depth in semi-infinite media. At best, L, gives an
order of magnitude length scale for thermal penetration into
the diamond film in our case. Given that L, is comparable to
the film thickness (1 um), the extracted values of conductivity
are averaged over the entire film thickness. However, this is a
weighted average with greater weight given to material closer
to the laser spot, explaining why a smaller effective
conductivity is measured from the bottom side. A larger
fraction of high-quality columnar diamond would lead to a
larger difference between the through-plane conductivity
values measured from the top and bottom sides.
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Fig 6 TDTR ratio data and fits to the isotropic and anisotropic
models for measurements taken from the (a) top-side and (b)
bottom-side, at f,,,; = 4 MHz. In either case, the best fit is
obtained by allowing both the through-plane conductivity and
anisotropy ratio to vary as free parameters. A lower
conductivity in-plane compared to through-plane (n < 1) is
required to correctly explain the data, consistent with the
columnar anisotropy of CVD diamond films.
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Fig 7 a) Through-plane thermal conductivity and b)
Anisotropy ratio of 1 pm thick suspended CVD diamond film,
measured from the top and bottom sides.

In a recent paper [2] similar measurements were reported
by us on the same set of samples, where the thermal
conductivity of the 1pum thick sample was found to be 80
W/m-K as measured from the bottom-side. This measurement
was made using the amplitude data, at a modulation frequency
of 5 MHz. The difference between this earlier data point and
the values reported here is due to the fact that we assumed the
diamond film was isotropic; therefore, 80 W/m-K is a
direction averaged value lying between the in-plane (~40
W/m-K) and through-plane (~140 W/m-K) conductivities
extracted here.

CONCLUSIONS

The thermal metrology of diamond films presents a
unique challenge, due to the complex nature of the material’s
microstructure and the manner in which the transport of
phonons is affected by the local density of defects. Optical
techniques such as TDTR provide a useful platform to probe
the thermal properties of these materials at small length scales,
in a non-destructive manner. Studies in the past typically used
two or more techniques in tandem to measure the anisotropy

of diamond films, such as the transient thermal grating (TTG)
method to measure in-plane and the laser-flash technique to
measure through-plane conductivity [8][9]. Here, through
careful experimental design and signal interpretation, we have
used a single technique to obtain an estimate of these
properties. We obtained approximate values of the anisotropy
ratio of between 0.2-0.4 for a 1 pm thick film, and showed
how the non-homogeneity in grain size is reflected in
measurements of thermal conductivity. Ongoing and future
work includes improving the methodology to enhance
measurement accuracy, and correlating the thermal data with
material properties obtained through microstructural and other
characterization means.
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