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Abstract. Micrometer resolved photothermal measurements on chemical vapour deposited
(CVD) diamond are presented. [t is shown that the thermal conductivity inside the grains is as
high as that of natural Ila diamond. Using two different approaches we measure the thermal
resistance of thermal barriers like grain boundaries or microcracks and obtain values of the
order of 10° m*’K/W. A simple model is presented, relating the overall thermal conductivity
for one-dimensional heat flow to the thermal resistance at barriers and the average size of the
grains. Good agreement between Predictions and literature data is found.

1. INTRODUCTION

As diamond has the highest room temperature thermal conductivity of all known materials
and also high electrical remstmty, it is a promising material for thermal management appli-
cations in electronic devices.' Deposition technologies now offer the possibility to Erow syn-
thetic diamond films with physical properties close to those of natural diamond.” However,
synthetic diamond grown by chemical vapour deposition {(CVD) is polycrystalline and com-
posed of single grains that are separated from each other by boundaries® and microcracks
resulting from sample preparation like polishing.” These grain boundaries and microcracks act
as effective thermal barriers and yield a lower in~plane thermal conductivity. Several authors
investigated the thermal properties. of diamond in dlfferent modifications using the photo-
thermal mirage™ 43 and transient thermal gratlng-techmques All these measurements, yielded
results averaged over at least several grains and did not provide a resolution required for the
investigation of individidual grains and thermal boundaries.

In this work we use a high-resolution photothermal microscope7 to determine local thermal
properties with micrometer resolution, Our goal is to investigate thermal barriers in CVD-

diamond layers and to relate their thermal resistance to the overall thermal conductivity of the
sample.

2. EXPERIMENTAL

We use a tightly focused, modulated Ar’-laser beam to generate thermal waves, and detect the
resulting surface temperature via the modulated reflectance of a HeNe-laser beam. The
experimental setup is incorporated in a commercial microscope allowing laser spot diameters
on the sample surface of approximately 1um, necessary for measurements with high lateral
resolution. The large thermal conductivity of CVD-diamond samples requires high modu-
lation frequencies of 5-12 MHz to obtain a reasonably short thermal length. Details of the
apparatus are discussed elsewhere.” The local nature of such measurements allows the use of
an analytical, three-dimensional model for data evaluation including only one thermal barrier
under investigation and half-infinite adjacent grains. 8.9

Two different procedures are used to obtain quantitative information about the height of the
thermal barriers, In mode 1: we measure thermal profiles by varying the distance between
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pump and probe beam, keeping the thermal barrier and the probe laser beam fixed at a certain
distance while scanning the pump laser beam. mode 2: We keep the distance between pump
and probe beam fixed and move the thermal barrier with respect to both laser spots.'® In both
cases we record the phase of the photothermal signal as a function of the scanned distance.
The sample under investigation was a free-standing CVD diamond plate of 10 x 10X 0.6 mm’
covere‘sl with a 20 nm gold layer to obtain a homogeneous surface absorption and thermo-
reflectance signal.

3. RESULTS -

To obtain an overview of the region of interest, we performed two-dimensional raster scans
using scanning mode 2 at 1, 3 and 5MHz modulation frequency, respectively. The photo-
thermal amplitude maps of these scans together with a CCD camera image are shown in Fig.
[, The photothermal amplitude exhibits a clear grain boundary structure that is only barely

visible in the microscopy image.

2,
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Figure | Microscopy image of the sample surface (left) also showing the laser spots. The
photothermally scanned area of 10 X 50 um” is shown as a rectangle. Photothermal amplitude
maps at 1. 3 and 3 MHz modulation frequency are shown on the right side.

For quantitative measurements we performed line scans in scanning mode 1 and 2. Figure 2
shows a phase profile obtained in scanning mode 1 with the pump beam crossing a thermal
barrier at 6 pm distance from the probe beam. When the pump beam is far away from the
thermal barrier. the slope of the phase curve is constant. As soon as the pump beam
approaches the thermal barrier. thermal wave interference occurs yielding a smaller slope.
[mmediately after crossing the thermal barrier the phase drops steeply while a further increase
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in distance again yields a straight line. The best fit of the thermal model to the data shown by
the solid line is obtained for a thermal conductivity k,=2300W/mK in the grain on the left
side of the boundary, k,=300W/mK for the grain on the right side and R,=8.5x] 0°m*K/W for
- the thermal resistance at the interface.

A measurement performed in mode 2 at a different thermal barrier on the same sample yields
a phase development as shown in Fig. 3. As long as both beams are distant more than the
thermal length from the thermal barrier, we observe a constant phase. Approaching the grain
boundary, the phase first rises to drop sharply when the beams are separated by the thermal
barrier. Fitting the data with the thermal model yields x,=2300W/mK in the grain on the left
side of the boundary, k,=1200W/mK for the grain on the right side and R,=2x10"m*K/W for
the thermal resistance at the interface. As the second method is more sensitive to lateral heat
flow, we assume the lower value for the thermal resistance as the more reliable,
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= 4 Figure 3: Photothermal scan at 12MHz
E ol . across a thermal barrier at x=0 (indicated by
3 Lo et e the dashed line). Pump and probe beam are
g 4 separated by 3um (mode 2). The solid line is
= - a fit of the thermal model of the experi-

5 5 mental data.

distance (tm)

Using the obtained values for the thermal conductivity within the grains and the thermal resis-
tance together with a simple model for the grain structure in the sample we are able to esti-
mate the total lateral thermal resistance from the contribution of all thermal barriers.
Assuming a sample with length A having cubic grains with an average length a, the total
quantity of grain boundaries within the sample is (A/a -1). The thermal resistance R gim for
one-dimensional heat flow across the sample is then the sum of the thermal resistance of the
bulk material A/k and the additional resistance Ry, from the grain boundaries, yielding
R gim=A/k+R ,(A/a -1).

Using this formula, an overall thermal conductivity for one-dimensional heat flow K dim Can be
estimate as

Kidin™ARygim™ A(A/x+R(A/a -1)),
reducing to

Kygim=1/(1/x+Ry/a)
for A>>a. This simple relation offers a practically useful way for calculating the thermal con-
ductivity of a polycrystalline sample resulting from one-dimensional heat flow"experiments
only by the knowledge of the average grain size. Taking the average grain size for our sample
(a=15pm) this procedure yields a one-dimensional overall conductivity k4. =1663W/mK,
well in accordance with measurements of comparable samples presented in literature,>'"
The model can be used to evaluate overall thermal conductivites for CVD- diamond data by
Graebner et al.'', where grain size and overall thermal conductivity of a series of CVD-dia-
mond samples were presented. Using our one-dimensional model, a conductivity of
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2300W/mK, a thermal resistance of 2x10°m*K/W and the grain sizes given in Ref. 11 we
obtain a thickness dependence of the overall one-dimensional conductivity as shown in Fig. 4.
Considering the simplicity of the model and that we calculated conductivities a priori without
any fit to the data from Ref. 10, there is a suprisingly good agreement between measured data
and our predictions.
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