Transmission of phonons through grain boundaries in diamond films
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The influence of grain boundary scattering of lattice waves in high quality diamond films has
been determined by the measurement of thermal conductivity down to 0.15 K. We find that the
mean free path for lattice vibrations (phonons) exceeds substantially the crystallite size and
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phonons occurs between the grains of these polycrystalline diamond materials.

With the advent of new growth techniques, research on
the properties of diamond has undergone a rebirth in re-
cent years. The capability of producing very high quality
polycrystalline films has greatly enhanced the prospects of
exploiting the extreme physical properties of this sub-
stance. One area of great interest has been the thermal
conductivity « of synthetically produced diamond. Vapor-
deposited material is now made routinely with room tem-
perature thermal conductivities up to 85% that of bulk
single crystals. It is not yet clear, however, what processes.
limit the conductivity to values below that of single crystal
material. Some time ago, it was recognizedl’2 that the poly-
crystalline nature of the film morphology could provide
some limitation to the thermal conductivity at and even
above room temperature. More recently, detailed studies of
the anisotropy of the thermal conductivity as well as a
through-the-thickness gradient in «™ +5 have provided some
indirect evidence of the influence of grain boundary scat-
tering. On the other hand, it has also been shown® that very
low levels of defects within the grains, most likely associ-
ated with small concentrations of nondiamond carbon, are
capable of strongly degrading the thermal conductivity
over the temperature range 20-300 K. Separation of the
influence of grain boundaries and other defects is compli-
cated by the fact that samples with smaller grains usually
have more defects since the latter tend to be concentrated
at grain boundaries.” One can, in principle, differentiate to
some extent between the effects of intragrain defects and
grain boundaries on the heat conduction by measuring &
over a wide temperature range. This is due to the different
frequency dependences of the scattering processes. Pub-
lished data to date extend over the temperature range of
approximately 4400 K. Near the upper end of this range,
intrinsic phonon-phonon processes begin to limit the con-
ductivity in high quality material. Near the lower end,
grain boundary scattering plays a large role; however, other
defects still influence the conductivity in this temperature
range. In order to determine unequivocally the magnitude
of grain boundary scattering, the thermal conductivity

®Presently Visiting Scientist, Massachusetts Institute of Technology,
Cambridge, MA 02139.

1085 Appl. Phys. Lett. 62 (10), 8 March 1993

0003-6951/93/101085-03$06.00

must be measured to still lower temperature to eliminate
completely the effect of intragrain defects. In this letter, we
present measurements of k down to 0.15 K which allow us
to determine directly the influence of grain boundaries on
the thermal conductivity of vapor-deposited diamond. Sur-
prisingly, we find that the phonon mean free path exceeds
the average crystallite size of the samples by roughly an
order of magnitude, implying a large transmission coeffi-
cient of phonons between grains at low temperatures.
The samples used in this work were fabricated at the
Raytheon Company by standard chemical vapor deposi-
tion (CVD) processes discussed in the literature.® We have
studied two samples which are characteristic of high qual-
ity vapor-deposited diamond: a sample, designated H,
grown by hot-filament vapor deposition and a second sam-
ple designated M and grown using microwave plasma as-
sisted vapor deposition. Both of these samples exhibit a
columnar grain structure typical of all CVD material. Near
the substrate surface, the grains are a few micrometers in
size, while at the top surface, the grain size is in the range
50-100 pum, yielding an average grain size on the order of
25-50 um. Sample M, however, has been polished on both
sides so that the average grain size is larger than that of
sample H, on the order of 40-70 um. Additionally, sample
H exhibits one-phonon absorption in the infrared,’ indicat-
ing the presence of defects which are most likely associated
with nondiamond carbon. The infrared spectrum of sample
M, on the other hand, is nearly the same as bulk single
crystal diamond. The thermal conductivity of these two
samples was previously measured from 7-300 K.% At room
temperature, the thermal conductivity of sample M was
17.8 Wem 'K~!, while that of sample H was 11.1
Wem KL '
The thermal conductivity was measured using the
steady-state technique from 7 K down to 0.15 K by clamp-
ing the samples to the mixing chamber of a dilution refrig-
erator. A small metal film heater was attached to the free
end of the sample using thermally conductive epoxy. The
temperature difference across the sample was determined
by calibrated germanium resistance sensors traceable to an
NBS standard. The maximum relative error in the deter-
mination of the temperature difference is estimated to be
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FIG. 1. Thermal conductivity of two diamond films from 0.15 to 300 K.
Sample H, closed circles, was grown by hot filament CVD, and sample M,
open circles, by microwave assisted CVD. Solid line indicates typical
thermal conductivity of single crystal natural diamond.

1%. The absolute error in the measurement is determined
by the geometry of the samples, which are bars of rectan-
gular cross section, and is not more than 5%. The actual
sample dimensions were 11.1X3.0X0.5 mm® and 10.0
X 3.0x0.6 mm?®, respectively.

Figure 1 shows our results for the conductivity of sam-
ples H and M below 7 K combined with earlier measure-
ments above this temperature. The data thus extend over
three decades in temperature and six orders in conductiv-
ity. As the temperature is lowered below 300 K, both sam-
ples exhibit a peak in conductivity, at 170 K for sample M
and 240 K for sample H. Below the maximum in « for
sample H, a strong depression in the curve centered near
50 K is observed. Sample M, on the other hand, exhibits a
much weaker and broader depression centered near 15 K.
Because the dip in sample M occurs at lower temperature
than in sample H, the conductivity of the latter sample
actually exceeds the former in the range 2-20 K. Below 2
K, the curves cross again and begin to approach the classic
T? dependence of diffuse scattering from a boundary.

The dips in the thermal conductivity curves for dia-
mond films have been attributed® to scattering from large
scale (as opposed to point) defects of unknown origin. In
this picture, the defects scatter phonons independent of
frequency w for phonons with > w, and at a rate propor-
tional to »* for phonons with @ <@, The crossover fre-
quency is determined by the spatial extent D of the defect
and is given by w,=uv/ D, where v is the phonon velocity.
The dip in the thermal conductivity curve occurs at a tem-
perature when the dominant phonon frequency equals w,.
This results in a defect size of approximately 5 A for sam-
ple H and 15 A for sample M. The combination of this
scattering rate with a frequency independent rate due to
grain boundary scattering and a standard!® phonon-
phonon Umklapp rate provides a very good fit to the data
over the range 4400 K.® Because the dip in the conduc-
tivity seems to be larger in samples which contain fairly
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FIG. 2. Phonon mean free path as a function of temperature for samples
H and M. Symbol designation is as in Fig. 1. Hatched areas indicate
average crystallite size of samples H and M, respectively, and solid line is
the phonon mean free path in bulk single crystal natural diamond.

large amounts of sp>-bonded carbon, it has been suggested®
that these defects may in fact be regions of disordered
carbon material at a very low level of concentration. Some
support for this picture is provided by recent results on
single crystals in which regions of disordered carbon are
created by neutron irradiation.!!

In understanding the present results, more light can be
shed on the nature of the conduction process by applying
the simple kinetic relation for the heat conductivity:

k=1/3c, pvL,

where ¢, is the specific heat per unit mass, p the mass
density, and L the phonon mean free path. The validity of
this approach in analyzing the thermal conductivity of sin-
gle crystal and CVD diamond has been discussed previ-
ously.!? Values of L, derived from this formula using the
mass density and specific heat'® of bulk diamond'* and the
phonon velocity calculated from the bulk elastic con-
stants'® are shown in Fig. 2. The depressions in the con-
ductivity referred to above occurring near 50 and 15 K for
samples H and M, respectively, are clearly visible on the
monotonically decreasing (with increasing temperature)
L(T) curve. What is surprising is the magnitude of the
phonon mean free path at low temperatures. Despite the
fact that these materials are polycrystalline with grain sizes
on the order of 50 um, the phonon mean free path ap-
proaches 200 um for sample H and over 500 um for sample
M. These values are on the order of the sample thickness,
indicating that the specimen surface is becoming the pre-
dominant scatterer of phonons as the temperature is low-
ered. This implies that, in these CVD diamond materials, a
large transmission of phonons occurs between grains at low
temperature.

The above conclusion raises some interesting questions
about the conductivity of CVD diamond at temperatures
above 1 K, in particular with regard to the “dips” occur-
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ring at 50 and 15 K, respectively, for samples H and M.
One possibility is that the transmission of phonons across
grain boundaries in this material is dependent on the de-
gree of the grains’ surface roughness relative to the phonon
wavelength, and significantly larger transmission coeffi-
cients are obtained when the phonon wavelength exceeds
the size of the surface asperities. This would imply surface
roughness features of approximately 5 A for sample H and
15 A for sample M. As has already been mentioned, there
is strong evidence that defects tend to be concentrated at
grain boundaries in CVD diamond. If this is the case, then
the present results would be consistent with a phonon-
grain boundary transmission coefficient dependent on the
concentration and spatial extent of disorder at the inter-
face. While thermal conductivity studies cannot pinpoint
the nature of the defect, rather only its size and concentra-
tion, this scenario is certainly consistent with optical inves-
tigations and provides a consistent explanation of the con-
ductivity over the entire investigated temperature range.
Since these effects can influence the magnitude of the con-
ductivity at room temperature and even higher, their un-
derstanding is crucial to heat transfer applications in which
the highest conductivity material is required.
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