
Abstract. The tangential thermal diffusivity Dk and thermal
conductivity kk of diamond plates grown from the gaseous
phase by chemical vapour deposition (CVD diamond) are
determined by the transient grating technique in the tempera-
ture range 25 ë 200 8C. Samples of insulating and boron-
doped polycrystalline diamond of thickness about 0.3 mm and
diameter 63 mm were synthesised in a microwave discharge in
mixtures of methane and hydrogen. In view of the intense
light scattering by the samples, a photosensitive grating
recording technique was developed and used for measure-
ments. It was found that the value kk amounts to 18 ë
20 W cmÿ1 Kÿ1 at room temperature, approaching the
thermal conductivity of the highest purity single crystals of
diamond. A comparison of the value of kk with the normal
thermal conductivity k? determined by the êash method
reveals a thermal conductivity anisotropy of about 10%ë
20% associated with the texture of the diamond élm, the
normal component of thermal conductivity being larger than
the tangential component. Boron-doped diamond displays a
dependence of the transient grating kinetics on the excitation
wavelength. The obtained results indicate that CVD diamond
is a promising material for preparing efécient heat sinks,
especially of large size, used in microelectronic devices and
laser engineering.

Keywords: polycrystalline diamond, semiconducting diamond, ther-
mal conductivity, thermal diffusivity, transient grating technique.

1. Introduction

Recent advances in the technique of synthesis of diamond
from the gaseous phase (chemical vapour deposition, or
CVD) have made it possible to prepare polycrystalline
diamond in the form of plates having an area of tens of

square centimetres and a thickness exceeding 1 mm. Many
physical parameters of CVD diamond are close to those of
the best single crystals found in nature [1, 2]. Promising
applications of CVD diamond include the fabrication of
heat sinks for semiconductor lasers, microwave transistors
and multichip modules [3], optical elements for high-power
CO2 lasers [4, 5], UV detectors [6], windows for powerful
gyrotrons and klystrons [2, 7].

The high thermal conductivity of diamond plays a
signiécant role in many applications. The best single crystals
of natural diamond of the IIa type have the highest thermal
conductivity k � 20ÿ 24 W cmÿ1 Kÿ1 at room temperature
among other materials. Depending on the synthesis con-
ditions, the thermal conductivity of polycrystalline diamond
plates may vary over a wide range. Hence, it is quite
important to control the heat transport parameters, prefe-
rably by contactless and quick methods. Generally speaking,
polycrystalline CVD diamond is thermally inhomogeneous
over its thickness (because the size of crystallites increases
gradually in the growing layer), and also anisotropic
(because the grains grow in the form of columns oriented
along the normal to the surface). As a rule, the normal
thermal diffusivity D? and thermal conductivity k? are
larger than the tangential thermal diffusivity Dk and thermal
conductivity kk (along the plate). The thermal conductivity
anisotropy may be as high as 50% [8].

In view of these circumstances, the heat transfer was
studied by using well-known methods, which provide
information about the heat transfer in directions parallel
and perpendicular to the sample surface. These methods are
the transient grating (TG) technique and the êash method
[9 ë 11].

The TG technique is based on the creation of a transient
thermal grating in the sample using interfering laser beams.
First measurements of the thermal diffusivity of diamond by
this technique were made in 1988 [12, 13] using a transient
grating excited at 10.6 mm. Although other versions like the
beam-deêection method [14] and the radiation technique
[15, 16] are now available for reading out gratings, the
method of diffraction probing by a cw laser [17, 18] remains
the most suitable for solving the problem of temperature
proéle control in the excitation region.

The thermal diffusivity Dk along the sample surface can
be determined from the measured time td of exponential
relaxation of the diffraction for a thermal grating having the
period L using the relation Dk � L2=(8p2td) [17]. Numerous
theoretical investigations have shown that this relation is
valid in many situations of practical importance, including
the problem under study. An advantage of the TG technique
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is that it is possible in principle to `feel' the layers of the
material at various depths from the surface by varying the
grating period because the characteristic penetration depth
for heat in an isotropic medium is � L=p [14]. However, a
depth proéle of the tangential thermal diffusivity can be
obtained only in the case of surface absorption of the laser
energy.

The êash method is based on the measurement of the
propagation time of a laser-induced thermal wave from one
side of the élm to the opposite side. This gives the value of
normal thermal diffusivity D?, which is basically averaged
over the sample thickness.

In this work, we used the TG technique and the êash
method for measuring the thermal diffusivity and the
thermal conductivity in two orthogonal directions for
two types of high-purity CVD diamonds: the insulating
and semiconducting boron-doped diamonds.

2. Experimental

Diamond plates were grown at the Natural Sciences Centre,
General Physics Institute, Russian Academy of Sciences, on
silicon substrates of diameter 63 mm in a microwave
discharge using a reaction mixture of methane and hydro-
gen [19]. Sample A (No. 112) of thickness 0.33 mm was
synthesised under the following conditions: methane con-
centration was 2%, pressure in the chamber was 100 Torr,
and microwave power was 5 kW at a frequency of
2.45 GHz. This material is transparent, its resistivity at
room temperature being about 1014 O cm. Sample B
(No. 125) of thickness 0.38 mm was doped with boron in
the course of synthesis [20]. The resistivity of this blue
semiconducting diamond is 103 O cm. The Raman spectra
of both samples contain only a narrow line (of width about
3 cmÿ1) of diamond at 1332 cmÿ1, and do not reveal any
other phases. Rectangular plates of size 5� 5 and 6� 8 mm
were cut by a laser beam from the initial discs removed
from the substrate, and were polished mechanically until
the surface roughness was below 10 nm.

The optical absorption of plates was determined from
the transmission spectra TIR measured with double-beam
Specord M400 and M80 spectrophotometers in the spectral
ranges 0.18 ë 0.9 mm and 2.5 ë 50 mm, respectively. The
effective absorption coefécient a � was assumed to be equal
to (1=h) ln (T 0

IR=TIR), where h is the thickness of the dia-
mond élm and T 0

IR is the transmission calculated for the
purest natural diamond of type IIa. According to the data of
spectral ellipsometry (measurements were made by V.I.Ko-
valev at the Institute of Radioengineering and Electronics,
Russian Academy of Sciences), the refractive index of the
investigated samples differs by no more than 0.01 from that
of natural diamond.

The experimental setup for the measurement of Dk or kk
by the transient grating technique is shown in Fig. 1. The
gratings were induced by a single-pulse LF114 Nd :YAG
laser with a DKDP crystal harmonic generator. The pulse
repetition rate and the duration of the generated pulses were
10 Hz and 9 ns, respectively. The pulse energy in the sample
plane was 1 ë 3 mJ for the wavelengths 1064 and 266 nm.

A relief diffraction grating beamsplitter was used to
form two interfering beams. Up to 80% of the energy was
pumped to minus and plus érst orders, whereas the zeroth
order was absent. The beamsplitter was imaged with a
reduction on the sample using a confocal system, the two

symmetric beams formed in the process being subjected to
spatial éltration. The TG period can be varied stepwise in
the interval 30 ë 120 mm by changing beamsplitters.

The TG excitation region was probed by a cw He ëNe
laser. The spatially éltered optical diffraction signal coupled
to an optical ébre was incident on a photomultiplier and
then fed to a digital oscilloscope for data storing and
processing. The use of an acoustooptic Q switch, synchron-
ised with the pulsed laser operation, in the probing beam
reduces the current through the photomultiplier caused by
light scattering, thereby preserving sensitivity and linearity.
The sample holder is equipped with a heater and a tempera-
ture control system.

The setup has certain peculiar features, which make it
possible to obtain reliable data for real samples containing
macroscopic and microscopic inhomogeneities. The optical
imperfection of samples usually leads to an uncontrollable
deêection and scattering of the probe beam, and hence to a
considerable distortion of the results of measurements. The
érst peculiarity of the setup shown in Fig. 1 is that two
diffraction orders are recorded photometrically instead of
one, as is usually the case with other setups. We described
earlier [18, 21] the two-aperture method of compensating
the effect of macroinhomogeneities of the samples. Using
this principle, we can reduce the error in the measurement of
the lifetime t of the thermal grating from random error to
systematic error, which can be taken into account easily in
an analysis of the results of measurements.

The second peculiarity is associated with the phase-
sensitive recording of the thermal grating to reduce the
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Figure 1. Experimental setup for measuring the tangential thermal
diffusivity by the TG technique.

368 E.V.Ivakin, A.V.Sukhodolov, V.G.Ralchenko, A.V.Vlasov, A.V.Khomich



effect of light scattering on the results of measurement of t.
It was mentioned in the earliest publications on TGs [22]
that the mixing of coherent background with the diffraction
signal on a photosensitive detector can be used to enhance
the diffraction signal by controlling the phase of the
diffracted beam through heterodyning. However, this useful
property becomes a nuisance in the course of precise
measurements because of the random nature of the coherent
scattering background. Indeed, the one-exponential attenu-
ation of the temperature wave in the sample in the simplest
case leads to a two-exponential attenuation of the diffrac-
tion signal Id(t) with decay constants differing by a factor of
two [23]:

Id�t� � Ib � Id�0� exp
�
ÿ 2t

t

�

� 2g�IbId�0��1=2 exp
�
ÿ t

t

�
cosj .

Here, t � L2=4p2D is the quantity being measured; Id(0) is
the intensity of the diffracted beam for t � 0; Ib is the
coherent background intensity; j is the random phase
difference between the diffraction éeld and the éeld of
scattering at the detector surface; and g is the coherence of
the mixing éelds.

In the scheme shown in Fig. 1, we suggest the principle
of eliminating the third component in the above relation,
which is based on the recording of two arrays of accumu-
lated realisations separated by a half-period thermal grating
shift accomplished by a transverse displacement of the
diffraction beamsplitter by a quarter period. Subsequent
summation of these arrays automatically eliminates the
second (slower) exponential term, thus reducing the error
in the course of étting of results.

To demonstrate the eféciency of the proposed method,
we carried out model measurements of Dk in a glass plate of
thickness 100 mm. We érst performed measurements for a
sample of an optical quality, and then one of its surfaces was
frosted slightly, which resulted in the appearance of back-
ground scattering. Circles in Fig. 2 show the diffraction
kinetics for the initial sample of optical quality. As expected,
the kinetics is described by a single exponential curve with

constant t � 65:5 ms, corresponding to a thermal diffusivity
Dk � 5:15� 10ÿ3 cm2 sÿ1.

A different type of diffraction pattern was observed in
the case of the scattering plate. The érst accumulation of 100
realisations led to curve ( 1 ) in Fig. 2. After the érst
accumulation, the interference pattern at the sample was
displaced by a half-period, and a second array of 100
realisations was detected as shown by curve ( 2 ), which
differs signiécantly from curve ( 1 ). Finally, the summation
of both arrays led to curve ( 3 ), which passes almost entirely
through the points corresponding to the sample of optical
quality. The mean square deviation of the measured Dk
from Dk for the sample of optical quality was �3%. The
lowering of the inêuence of scattering is especially important
in polycrystalline diamond where scattering occurs from
internal grain boundaries.

The thermal diffusivity D? in the direction normal to the
sample surface was measured at room temperature by the
pulsed radiation thermometry (êash method) [10, 24]. A
pulsed 1.06-mm, 8-ns Nd :YAG laser excites on the sample
surface a thermal wave, which passes through the sample.
The propagation time of the thermal wave to the opposite
side of the sample is determined from the time dependence
of the IR radiation intensity measured at the back of the
sample by an HgCdTe detector with a time resolution of
300 ns. A metal waveguide is placed between the sample and
the detector to ensure the maximum collection of thermal
radiation. The absorption at the surface of the transparent
sample is provided by depositing a thin layer of Ti on the
illuminated side of the sample. A similar layer is deposited
on the opposite side of the sample to increase the yield of
thermal radiation. The variation in the sample temperature
in the course of measurements is insigniécant, being only 1 ë
3 8C, and hence the thermal data obtained can be treated as
room-temperature data.

3. Discussion of results

3.1 Optical properties

The IR transmission spectra TIR and absorption spectra a �

in the visible region are shown for samples A and B in
Fig. 3. The fundamental absorption edge in diamond lies in
the UV region at 0.225 mm. The two-phonon fundamental
lattice absorption band lies at 5 mm (2000 cmÿ1). The
absorption of light in sample A in the visible region is due
to single nitrogen impurity atoms occupying the substitu-
tion sites in the diamond lattice. The concentration of
paramagnetic nitrogen in sample A determined from the
UV absorption spectra by the method [25] was 3� 1017

cmÿ3. Paramagnetic nitrogen at such low concentrations
does not affect the thermal conductivity directly [26], but
may induce structural defects in diamond grown from the
gaseous phase [25], which exert a more signiécant effect on
heat transport. Note that along with impurities and defects,
scattering of light at the surface and in the bulk of the
diamond élm makes an additional contribution to the
absorption spectra. The concentration of the impurity
bound hydrogen, measured from the intensity of the ³ ±¯
vibrational absorption band in the region of 3.33 ë 3.57 mm
(2800 ë 3000 cmÿ1) is about 6� 1018 cmÿ3. The concen-
tration of hydrogen may serve as a qualitative indicator of
the defect structure of diamond because hydrogen is
assumed to decorate these defects [11, 25].
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Figure 2. Time dependences of the diffraction intensity Id for a glass
plate of thickness 100 mm: circles correspond to the initial optical-quality
sample; curves ( 1 ) and ( 2 ) correspond to a ground plate for two TG
positions shifted by half-period; curve ( 3 ) is the sum of curves ( 1 ) and
( 2 ) for the thermal grating period L � 51:6 mm and an excitation
wavelength of 266 nm.
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In accordance with the generally accepted classiécation
of diamonds, the boron-doped sample B is a type IIb
diamond possessing semiconducting properties due to the
presence of the acceptor impurity. The lattice absorption
region for type IIb diamonds is characterised by absorption
bands with maxima at 4.07 mm (2460 cmÿ1), 3.56 mm (2810
cmÿ1), and 3.41 mm (2936 cmÿ1) (Fig. 3a). In addition, a
band at 7.75 mm (1290 cmÿ1) is also observed in the region
of one-phonon transitions, which belongs to an uncompen-
sated boron acceptor impurity in the sample. The absorp-
tion related to the acceptor transitions between the ground
state and the excited states of the boron acceptor impurity is
superimposed on two- and three-phonon absorption in the
crystal lattice, and a continuous structureless absorption
associated with the photoionisation of the acceptors is
observed above 0.37 eV (3.35 mm). The short-wavelength
part of this absorption extends to the visible spectral region
and imparts a typical blue colour to boron-doped diamonds
(see Fig. 3b). The concentration of the uncompensated
acceptors determined from the IR spectra using the known
relations [27] between the intensities of the characteristic
absorption bands is equal to 6� 1017 cmÿ3.

3.2 Tangential thermal conductivity

The temperature dependences of the thermal diffusivity Dk
and thermal conductivity kk of CVD diamonds obtained by
the TG technique are presented in Fig. 4. The following
measurement parameters were used: the lattice period L �
78.5 mm and the excitation wavelength l � 266 nm for
sample A, and L � 131 mm, and l � 1064 nm for sample B.
At room temperature, Dk � 8:4 and 10.1 cm2 sÿ1 for
samples A and B, respectively, and the values of these
parameters decrease by a factor of more than three upon an
increase in temperature to 200 8C. The êuctuations of Dk
over the sample area did not exceed 10%ë 15%. In view of
the smallness of the optical absorption in samples at the
excitation wavelengths, thermal gratings were produced

almost uniformly over the sample thickness, so that the
obtained values of Dk can be treated as averaged over the
thickness of the sample.

Thermal conductivity was determined from the relation
kk � DkrC, where r � 3:515 g cmÿ3 and C are the density
and speciéc heat of diamond, respectively. Because of the
high Debye temperature of diamond Y � 1860 K, the spe-
ciéc heat strongly varies in the temperature interval consi-
dered above, by about 100%. The data on the temperature
dependence C(T ) were taken from studies [26, 28] of dia-
mond single crystals, because the density and speciéc heat
for CVD diamond coincide [29] within an error of 1% with
the corresponding values for natural single crystals. At room
temperature, the value of thermal conductivity is kk � 14:5
and 17.8 W cmÿ1 Kÿ1 for samples A and B, respectively.

Only scant data on thermal conductivity at temperatures
above room temperature are available for natural semi-
conducting diamonds, which are encountered very rarely. A
set of 18 samples of blue natural single crystals of diamond
was studied in Ref. [30]. The thermal conductivity of these
diamonds belonging to type IIb did not differ much from
the nitrogen-free samples of the IIa type, and was 18.4 ë
20.2 W cmÿ1 Kÿ1 at temperature T � 320 K, and 11.4 ë
13.5 W cmÿ1 Kÿ1 at T � 450 K. The decrease in thermal
conductivity upon heating is due to an increase in the
frequency of phonon ë phonon collisions [26, 31], and a
dependence k � T ÿ1 (the temperature is in kelvins) should
be expected [31] at very high temperatures of the order of Y,
when this scattering mechanism dominates. By approximat-
ing the experimental curves ( 3 ) and ( 4 ) in Fig. 4 by a power
function k � T ÿn, we found that n � 0:95� 0:07 (sample A)
and 1:03� 0:05 (sample B) in the investigated temperature
range. These values of n are in accord with the measure-
ments made by Burgemeister [30] who found that n � 1:26
for crystals of IIa type in the interval 320 ë 450 K, while the
value of n decreases down to � 0:6 for diamonds with a
lower thermal conductivity. Note that for CVD diamonds
with a high degree of imperfection (k � 5 W cmÿ1 Kÿ1), the
thermal conductivity almost does not change in the temper-
ature range from 293 to 393 K [29].
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Figure 3. (a) IR transmission spectra and (b) UVë visible absorption
spectra for diamond samples A and B.
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Figure 4. Temperature dependences of the thermal diffusivity Dk (curves
1, 2 ) and thermal conductivity kk (curves 3, 4 ) of samples A (curves
1, 3 ) and B (curves 2, 4 ) of CVD diamonds. The solid curves correspond
to the approximation by the power function k � T ÿn.

370 E.V.Ivakin, A.V.Sukhodolov, V.G.Ralchenko, A.V.Vlasov, A.V.Khomich



3.3 Normal thermal conductivity
The values of D? and k? measured by the êash method
were found to be higher by 20% and 12% than the cor-
responding values of Dk and kk for samples A and B,
respectively (Table 1). An anisotropy of the order of 10%ë
20% is quite typical of polycrystalline diamond élms
[8, 15, 29], which is due to their columnar structure and
also because the impurities and defects are concentrated
predominantly near the grain boundaries. Since the local
thermal conductivity increases with distance from the lower
éne-grain side of the élm (in contact with the substrate)
[32], we can assume that the local coefécients k? exceed
20 W cmÿ1 Kÿ1 in the upper coarse-grain layer, at least in
sample B. Thus, the thermal properties of boron-doped
CVD diamonds are close to those of natural semiconduct-
ing single crystals. To our knowledge, measurements of
thermal diffusivity and thermal conductivity of CVD dia-
monds of this type were made for the érst time.

3.4 Nonthermal refraction in boron-doped diamond

A comparison of the excitation of transient gratings by IR
(curve 1 ) and UV (curve 2 ) radiation reveals interesting
peculiarities in the diffraction kinetics of boron-doped
samples (Fig. 5). Curve ( 2 ) has two components, a fast one
associated with the formation of thermal grating, and a
slow one associated apparently with the presence of boron
(this spectral effect is not observed in undoped samples).
Note that the components correspond to induced refractive
indices of opposite signs. This is indicated by going through
zero of the diffraction intensity 0.3 ms after the beginning of

the process. At this instant, the components make identical
contributions to diffraction (zero on the intensity scale
corresponds to the background scattering). An analogous
pattern was observed earlier for synthetic diamond single
crystals [33], although the above-mentioned components
have the same sign in that case.

The slow diffraction kinetics shown in Fig. 5 was
observed due to long-lived refraction induced in the élm
by UV radiation. IR radiation does not excite the higher
levels related to boron, and hence the slow component is not
observed. Further experimental studies are being under-
taken at present to determine the origin of the observed
long-lived refraction.

4. Conclusions

The temperature dependences of thermal diffusivity and
thermal conductivity of insulating and boron-doped poly-
crystalline diamond synthesised in a microwave discharge
were measured by the pulsed TG technique in the temper-
ature range 25 ë 200 8C. It was found that at room
temperature, k attains the values 18 ë 20 W cmÿ1 Kÿ1,
approaching the thermal conductivity of perfect single
crystals of diamond. A comparison with the data obtained
by the êash technique reveals an anisotropy of about
10%ë 20% in the thermal conductivity along (kk) and
across (k?) the élm surface, associated with the texture of
the diamond élm, the normal component of thermal
conductivity being larger than the tangential component.
Long-lived refraction induced by pulsed UV radiation at
the grating was observed in a semiconducting diamond. The
advancement of the technology of synthesis of high-quality
CVD diamonds makes this material promising for fabricat-
ing effective heat sinks and for use in microelectronic
devices and laser engineering.
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