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Abstract

Polycrystalline CVD diamond typically has inhomogeneous structure in cross
section, with grain size monotonically increasing from bottom (nucleation) side to top
(growth) side, this resulting in a significant difference in local thermal conductivity in
the layers adjacent to the two surfaces. The polycrystalline diamond films with both
sides of similar structure with coarse-grains are of interest for thermal management
applications. Here, we produced a double-side coarse-grain polycrystalline diamond
film by microwave plasma assisted chemical vapor deposition (MPCVD), by a
repeated diamond growth on nucleation side of a primary free-standing film. The
grain size, texture, morphology and phase purity of the samples were characterized
with SEM, XRD and Raman spectroscopy, while the thermal conductivity (TC)
perpendicularly to the film plane was measured by a laser flash technique in the
temperature range of 250 — 400 K. The thermal conductivity of a single layer and
bi-layered films are found to be almost identical, while the local TC values for latter
on both sides are expected to become similar. A simple model discretizing the film in
two regions, “poor” and “good” diamond layers, is considered to explain the observed

TC temperature dependences.

Highlights
- Free-standing double-side grown diamond films are obtained by MPCVD.

-The film thermal conductivity (TC) is measured by a laser flash technique.



-The TC of the single layer (80 um thick) and the bi-layer (160 pum) are found to be
identical with 940 W/m-K.
- For all samples the TC shows a slight increasing trend with temperature in the range

of 250 — 400K.
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1. Introduction
Diamond possesses many extraordinary properties including very high thermal

conductivity (TC). For single crystal diamond TC can reach 2200 W/m-K at room
temperature [1], and similar local values were found for coarse-grained thick CVD
diamond films [2], which is about 5 times more than that of copper (400 W/m-K) [3].
This property makes the CVD diamond a material of choice for heat spreaders in GaN
LED [4], high electron mobility transistor GaN transistors [5], high power thin disk
lasers [6], IR windows [7,8], and other applications which meet a critical problem of

effective heat dissipation.

The polycrystalline CVD diamond films typically exhibit non-uniform structure
with grain size increasing from the side adjacent to the substrate (nucleation) side to
the top surface (growth side) as a result of competitive growth between differently
oriented grains [9]. These structural features have a significant effect on thermal
conductivity of the CVD diamond films, which appear to be non-uniform and
anisotropic material in terms of thermal properties. First, the local thermal
conductivity increases with the grain size due to a reduction in defects abundance and
the number of grain boundaries in coarse-grain layers [10-12], therefore the TC
increases from nucleation side to the growth one. In thin films with grain size of the
order of 100 nm the TC is an order of magnitude lower compared to thicker films with
grain size of tens microns [11]. Second, the in-plane (k|) TC and perpendicular (k) to
the diamond surface thermal conductivities are different because of columnar structure
of polycrystalline films. The columnar crystallites grow perpendicularly to the film
surface, therefore phonons propagating along the column scatter with grain boundaries
less frequently that those moving in-plane. The difference (k. >k ) typically is of the
order of 10% in thick diamond films [13], but in some cases it can be as high as 50%

[14].

High quality polycrystalline CVD diamond (averaged over the thickness) shows
TC for as high as 2000 W/(m-K) [13,15,16]. In thermal management, the heat

dissipation of devices mounted on the nucleation side, can be essentially restricted



due to presence of small (submicron) grains, therefore, the heat source should be
positioned preferably in proximity to the coarse-grain growth side. If the good TC
required on both sides, a possible solution is the removal of the fine-grained defected
layer on nucleation side by polishing or laser cutting to improve thermal conductivity
of the substrate side and the average TC value [12]. Here, we report on an alternative
way to eliminate the problem of low-TC material on one of the diamond film surfaces,
and thus to increase local TC, but without removal of the nucleation layer. The
approach is based on repeated growth of diamond on nucleation side of a
free-standing diamond film to increase the film thickness and grain size on the
(initially) nucleation side. In other words, the defective fine-grain layer is buried in
the middle of the bi-layer film, which possesses now two growth sides. We produced
diamond samples with large grains on both sides, and compared the thermal

conductivity k, for single layer and double-layer films.

2. Experimental

The diamond films (see Table 1) were deposited on (100) oriented polished Si
substrates (50 mm diameter, 1 mm thickness) in methane-hydrogen mixtures using a
microwave plasma CVD system (PLASSYS SSDR150, 6 kW, 2.45 GHz). Prior the
deposition the substrates were seeded by mechanical polishing with a diamond grit.
The growth process was performed using total flow rate of 200 sccm, pressure of 168
mbar, microwave power of 3500W and the substrate temperature of 860°C as
measured with a pyrometer (Williamson-92-40-C). First, the single layer diamond
film #3 of ~80um thickness was obtained after stable and continuous growth for 50h
at relatively low CH,4 content (2%), then it was separated from the Si substrate by
etching silicon in acid mixture of HNO3 and HF. At the next step the growth was
continued in the same regime on nucleation side of the sample #3 to prepare the
double-layer sample #2 with total thickness doubled to 180 um. The double-layer
sample #1 was grown in a similar manner, with repeated growth on nucleation side to

the total thickness of 180 um in identical regimes, but at a higher CH,4 content (5%),



resulting in a more defective material. The double-layer sample #1 was opaque,
whereas other two films #2 and #3 of better quality were translucent.

The free-standing films were characterized by secondary electron microscopy
(SEM), X-ray diffraction (XRD) and Raman spectroscopy. The SEM images of the
film surfaces and cross-sessions were obtained with Quanta 200 (FEI) instrument, and
the film thickness was measured in cross-sections with the optical microscope
OLS3100 (Olympus). Raman spectra, excited at 473 nm, were measured on both sides
of each sample with a LabRam HR800 spectrometer (Horiba Jobin-Yvon) with
spectral resolution of 1.0 cm™ and spatial resolution of ~1 um. The laser beam was
focused on the sample surface, and the light from the sample has been collected in
backscattering geometry with the microscope objective (Olympus, magnification
%100, numerical aperture NA = 0.90). The film texture was analyzed by XRD with a
diffractometer (Empyrean, Panalytical) using Cu Ko radiation.

The thermal conductivity k in direction perpendicular to the film plane has been
measured with the laser flash technique (LFT) as described elsewhere [17 - 19].
Briefly, the diamond film was mounted in the cryostat in a vacuum to minimize the
convection heat dissipation. The thermal wave was generated on the front side of the
sample by the laser pulses at wavelength 2=1.06 um (pulse duration of 20 ns, energy
25 mJ, repetition rate of 1 Hz), while the temperature rise kinetics T(t) on the rear side
was traced by a fast HgCdTe infrared detector. The T(t) curves exhibit a sharp rise
front followed by a smooth approach to a plateau, with the typical time of temperature
rise to ¥ of temperature maximum being in the range of 2 - 18 us depending on
sample quality, thickness and temperature. The maximum rise AT of sample
temperature at rear side of the sample caused by the laser heating was less than 2°C.
The sample temperature was varied between 250 and 400K to measure k(T)
dependence. To enhance the laser absorption and infrared emissivity a bi-layer Cu-Ti
coating with thickness less than 300 nm was deposited on both sides of the sample.
The Kinetics T(t) was averaged over 100 laser pulses to reduce the noise. The thermal
diffusivity D was determined by fitting the experimental T(t) curves to a modeled

kinetics assuming one-dimensional heat flux [19]. Then, the thermal conductivity was



calculated as k(T)= D(T)pC(T), where p = 3.51 g/cm®is mass density of diamond and
C(T) is specific heat of diamond as tabulated in [20]. The overall accuracy of the
measurements was about +15%. The LFT provides the TC value principally averaged

over the sample thickness.

Table 1. Samples studied in this work: h is film thickness, Av is the width (FWHM) of
diamond Raman peak for two surfaces (surf 1 and surf 2), D is thermal diffusivity, k is

thermal conductivity at room temperature measured by LFT.

Sample color , Av, cm” D, k
P um surf 1/surf 2 cm?/s W/em-K
#1 double black 180 6.7/9.5 3.6 6.5+1.0
#2 double white 160 2.2/2.8 5.2 9.4+1.4
#3 single white 80 2.3/4.0 5.3 9.5+14
3. Results
3.1. SEM

The sample #3 (80 um thick, single growth run) revealed crystallites with typical
dimensions of 30-40 um on growth side and of few microns on nucleation side (not
shown here). The SEM images of the two growth surfaces for samples #1 and #2 are
shown in Fig. 1. Hereafter, we define the following nomenclature for two surfaces of
the samples produced by repeated growth, in other words, for the films having two
growth surfaces, with nucleation side buried in between. The surface 1 is the growth
surface of a single layer film after the 1st deposition run, while the surface 2 is the
growth surface after the 2nd deposition run. Well-faceted grains with (111) dominant
orientation, up to 50 um in size, are seen for sample #2 (Fig. 1d, e). The grain size on
the surface 2 is somewhat larger than for surface 1(~40 um). This difference can be
attributed to a change in diamond nucleation process on Si (sample #3), that proceeds
on seeds, and on the substrate side of the primary diamond film upon the repeated
growth, when the epitaxy occurs on continuous fine-grain surface. Many penetration

twins can be seen on (111) facets on both sides, especially for opaque sample #1 (Fig.




1a, b), this being typical for (111) oriented films. The cross section (Fig. 1c, f) reveals
a fine grained (nucleation) layer in the middle, the columnar crystallites extending in
two directions, up and down. In contrast, the sample #1 demonstrates the grains of

similar size on both sides (Fig. 1a, b).

Surf 2

Fig. 1. SEM micrographs for sample #1: surface 1 (a), surface 2 (b), cross section (c);

and sample #2: surface 1 (d), surface 2 (e), cross section (f).

3.2 Thickness uniformity

The thickness of the 2-inch diameter diamond films was measured from the
center to the edge after the 1% and/or and 2" growth run. To this aim the free-standing
films were broken in two almost equal parts, and the cross section width has been
measured using the optical microscope with accuracy of £2 um in different positions
along the film diameter. This accuracy in the thickness measurement is close to the
size of the symbols in Fig. 2, and, for this reason, is not shown on plots. The thickness
radial profiles after the 1% and 2" growth steps for sample #2 (Fig. 2) show a good
uniformity (thickness deviation is as small as ~6% for both cases), thus the repeated

growth did not cause a detrimental effect on the thickness uniformity.
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Fig. 2. Film thickness radial profiles for the single-layer sample #3 (left) and
double-layer sample #2 (right). The position counts the distance from the sample
center. Inset shows how the thickness was measured for the half-disks, the arrow

indicating the direction from the diamond disk center towards to the edge.

3.3 XRD

XRD spectra for the sample #2 taken for angles (20) between 10° and 100°
exhibits (111), (220) and (311) reflexes for both coarse-grain surfaces as displayed in
Fig. 3. The diffraction pattern confirms the (111) dominant orientation of the

crystallites, in agreement with the SEM observation (Fig. 1).
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Fig. 3. XRD spectra for the surface 1 (top) and surface 2 (bottom) of the sample #2

demonstrate predominant (111) grain orientation on both film sides.



3.4 Raman spectroscopy

Raman spectra for all three samples, taken from both sides, are shown in Fig. 4.
The spectra for both translucent samples #2 and #3 display the narrow strong diamond
peak at 1332.5 cm™, without any signature of amorphous carbon contribution (Fig. 4a,
b). The single layer #3 shows the diamond peak full width at half maximum (FWHM)
Av as small as 2.3 cmfor growth side, which however increases to 4.0 cm™for
nucleation side. In contrast, the bi-layered sample #2 demonstrates the diamond peak
with small width values of 2.2 and 2.8 cm™ for both sides (see also Table 1), this
being in agreement with the fact that both analyzed surfaces were the growth sides
with large grains, while more defective fine-grain nucleation layer was buried, and,
therefore, was out of the probed volume upon the confocal Raman measurement.

The opaque sample #1 produced at enhanced concentration of methane 5%, has
been measured by Raman spectroscopy on nucleation and growth sides before the
repeated deposition, when that intermediate sample was a single layer. Its spectra
display the significantly broaden diamond peak at 1332.5 cm™both for growth side
(Av = 6.7 cm™) and nucleation side (Av = 9.5 cm™) (Fig. 4c). Moreover, a significant
contribution of non-diamond sp2 carbon with prominent broad D-band at 1360 cm™
and G-band at 1600 cm™ is revealed on the nucleation side. A less, yet obvious,
contamination of amorphous carbon is seen also on the opposite side, as deduced from
the presence of a wide band centered at 1500 cm™. We concluded, therefore, that the
opaque sample has a more defective structure compared to samples #2 and #3 as

could be expected.
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Fig. 4. Raman spectra for samples #3 (a), #2 (b) and #1 (c). The sample #1 has been

measured before deposition of second layer.

3.5 Thermal conductivity

The temperature dependences of thermal conductivity k(T) for the three samples

are shown in Fig. 5. All k(T) curves demonstrate as lightly increasing trend with

temperature. The thermal conductivity for the opaque double-layer film (sample #1) is



a factor of 1.5 lower than the single-layer or double-layer translucent films #2 & 3.
The k(T) values at room temperature are presented in Table 1. The TC inversely
correlates with the Raman diamond peak width Av (Table 1): the low k= 6.5 W/cm-K
at room temperature was found for the opaque sample #1 with largest Av, up to =10
cm™, whereas the double-layer sample #2 and the single-layer film #3 with a narrower
Raman peak (2.2 ~ 4.0 cm™) revealed the higher (and similar) values k = 9.5 W/cm K.
Thus, the doubling the film thickness by the growing the film on nucleation side does
not give an increment in TC. This is reasonable result since the double-layer sample
can be considered just as the material consisting of two identical parts with the same

thermal properties.
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Fig. 5. The temperature dependences of thermal conductivity k(T) for the three
samples measured by LFT: double-layer opaque film #1 (black squares); double-layer
translucent film #2 (red squares), and single-layer translucent film (circles). Inset:
schematics of the single-layer film with total thickness d containing a defective

bottom part of thickness 6.

We observed the TC decrease towards low temperatures, while single crystals and



high quality coarse-grain diamond films are known to demonstrate the inverse trend
[16,18,21-23]. The latter behavior is a consequence of different phonon scattering
mechanisms superimposed on temperature dependent heat capacity of diamond C(T).

The thermal conductivity can be estimated according to formula for phonon gas:

k=1/3CvL (1)
where L(T) is phonon free path, and v is sound speed (constant). The k(T) increases
towards lower temperatures (between room temperature and the temperature for
maximum k) because the phonon free path L increases due to reduction in
phonon-phonon scattering frequency, which is the main source of thermal resistance
at high temperatures. This improvement in k(T) occurs in spite of a decrease in heat
capacity C(T) towards lower T. At very low T, typically below T~100K, the phonon
free path L varies only slightly, and the C(T) term in eq. (1) governs the temperature
dependence, and k(T) rapidly decreases. The behavior of k(T) around maximum is
controlled mainly by points defects. The contribution of different defects, grain
boundaries and phonon scattering mechanisms to entire thermal resistance of diamond
films was analyzed in detail, in particular, in [18,22]. However, the situation changes
when the defects abundance becomes too high (or grain size reduces to submicron
scale that restricts the value of L due to scattering by grain boundaries [11,24]).
Typically, a monotonic decrease in k(T) upon cooling is observed for nanocrystalline

films [24] and polycrystalline diamond films with room temperature TC of less than

1000 W/m-K [10,23]. Due to inhomogeneous columnar structure of the diamond films,

and the presence of a fine-grained defective layer adjacent to nucleation side, the
bottom part always has a lower TC compared to the top growth side, and exhibits a
decrease in k(T) at T lower 400K [25]. In a simplest model with only two layers,
“poor” nucleation layer and “good” coarse-grain top layer, the entire k(T) for the
whole film will be determined by a superposition of the two different trends, the
rising and falling ones. The schematic structure of the film in cross-section, with the
two layers of different quality, is displayed in inset in Fig. 5. We estimated k(T) for

the bi-layer model using the total thermal resistance as the sum of the partial



resistances for each layer:
Ktotal= (81+32)/(81/K1+82/k2) (2)

where 31, ki and &, k; are thickness and thermal conductivity of the bottom and top
layers, respectively. As an example, a double-growth sample was considered with
thickness of 170 um consisting of 50 pm thick nucleation layer with low k; = 5.0
W/cm-K, at which the k(T) should falling rather than rising trend towards low
temperatures, and the rest 120 um thick coarse-grain top layer. It was found that to get
the experimentally observed value of kia= 9.5 W/cm-K, the top layer should have the
TC as high as 14.9 W/cm-K, with expected rising trend [10,23,26]. In our case the
impact of the low-k nucleation layer seems to be somewhat stronger than that of
higher-k of the top layer, and we observe a slight decrease in k(T) toward low T for
the temperature range of 250 — 400K, for translucent and opaque films (Fig. 5). The
single layer (sample #3) and bi-layer (sample #2) produced in identical growth
conditions exhibit identical TC, as follows from eq. (2) and because the doubling the
thickness is simply a summation of two identical 80 thick um single layer parts
(possibly with a complex interior) with the same TC, that does not change the total
TC value.

Note that the perpendicular TC as measured by laser flash technique is more
sensitive to the presence of a fine-grained defective layer adjacent to nucleation side
compared to in-plane TC. Qualitatively, it is clear why LFT method is so sensitive to
bottom layer, even if it is relatively thin. For low enough k; the overall TC will follow
the k(T) for this poor quality portion of the film, while in case of in-plane TC this part
will be simply excluded from the heat transport, and the loss in TC is simply

proportional to this layer thickness.

Conclusions
Free-standing 160 um-thick polycrystalline diamond film with two growth sides
(with the nucleation side in middle) have been produced by MPCVD to obtain a

similar grain size on both surfaces. Both the primary single-layer film and the



double-layer film with the thickness increased by two times, showed good thickness
uniformity. The temperature dependence of perpendicular thermal conductivity k(T)
for the translucent samples was measured by laser flash technique and gave the same
thermal conductivity of 9.5£1.4 W/cm-K at room temperature for the single-layer and
the double-layer films grown at almost identical process parameters. A slight decrease
in k(T) toward low T for the temperature range of 250 — 400K was observed and

ascribed to the effect of poor quality material adjacent to nucleation side.
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(9.5£1.4 W/cm-K at room temperature) as measured by a laser flash technique.
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Figure captions

Fig. 1. SEM micrographs for sample #1: surface 1 (a), surface 2 (b), cross section (c);
and sample #2: surface 1 (d), surface 2 (e), cross section (f).

Fig. 2. Film thickness radial profiles for the single-layer sample #3 (left) and
double-layer sample #2 (right). The position counts the distance from the sample
center. Inset shows how the thickness was measured for the half-disks, the arrow
indicating the direction from the diamond disk center towards to the edge.

Fig. 3. XRD spectra for the surface 1 (top) and surface 2 (bottom) of the sample #2
demonstrate predominant (111) grain orientation on both film sides.

Fig. 4. Raman spectra for samples #3 (a), #2 (b) and #1 (c). The sample #1 has been
measured before deposition of second layer.

Fig. 5. The temperature dependences of thermal conductivity k(T) for the three
samples measured by LFT: double-layer opaque film #1 (black squares); double-layer
translucent film #2 (red squares), and single-layer translucent film (circles). Inset:
schematics of the single-layer film with total thickness d containing a defective

bottom part of thickness 6.
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