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Large-area single-crystal “mosaic” diamond wafers, produced by homoepitaxial diamond chemical
vapor deposition (CVD) on seed crystals aligned in close proximity, are of increasing interest for high-
power electronic and optical applications, not least due to their extraordinary thermal properties. However,
thermal conductivity might be reduced if a significant thermal-barrier resistance (TBR) forms on junctions
between the single-crystal blocks of the mosaic. Here, using a steady-state longitudinal heat-flow method,
we measure with a high accuracy the in-plane thermal conductivity « (T) in the broad temperature range of
6—410 K for a diamond mosaic crystal grown by microwave plasma CVD. At room temperature, the con-
ductivity as high as 24.0 £ 0.5 W em~! K~ is determined within a single block, reducing by less than 2%
only for « (T) measured across the junction due to low enough TBR of approximately 10~ cm> K W~
However, below 100 K the TBR strongly increases with the temperature decrease, resulting in a dramatic
reduction of the mosaic thermal conductivity compared to that for the single-crystal block. We associate
the appearance of TBR with a layer (approximately equal to 20 pm thick) of defected and stress material
near the junction, as revealed with a confocal Raman mapping and transmission electron microscopy. The
phonon scattering from defects in the zone around the junction strongly reduces the local thermal conduc-
tivity, as confirmed by modeling of heat transport. The observed temperature dependence « (T) ~ T2 of the
local conductivity at 7 < 83 K suggests the dominance of the phonon-dislocation scattering among other
scattering processes. Our results show that the diamond mosaics preserve excellent thermal properties of
the constituent single-crystal blocks at room and higher temperatures, and can be effectively used in the

applications where the thermal conductivity is of primary relevance.

DOI: 10.1103/PhysRevApplied.16.014049

I. INTRODUCTION

Diamond, due to its superior properties like extraordi-
nary high thermal conductivity, wide optical transparency
window, high charge-carrier mobility, mechanical strength
is the prospective material for electronic and optical
applications [1—4]. The large-area polycrystalline diamond
(PCD) wafers, which currently can be produced in diame-
ters above 200 mm, are used particularly, as heat spread-
ers integrated to high-power GaN transistors [3,5,6], and
graphene-on-diamond devices [7], in thin disk lasers [8],
and as windows in high-power gyrotrons [9] and IR lasers
[10]. The useful function of diamond in those applications
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is the ability to effectively dissipate the heat, however,
due to phonon scattering on grain boundaries the ther-
mal conductivity in the PCD is inferior compared to that
for single-crystal diamond (SCD) [11—15]. The measured
conductivity of coarse-grain high-quality “white” PCD
typically lays in the range of 19-21 W cm™! K~! at
room temperature [12,14,16] and can approach approxi-
mately equal to 22 W cm™! K~! for thick (> 500 pm)
wafers provided a significant part of the wafer with fine-
grained bottom layer is removed [11,17], or if the mea-
surement method probes only the large-grained side of
the sample [18]. In comparison, single-crystal chemical
vapor deposition (CVD) diamonds demonstrate even a
higher thermal conductivity of up to approximately equal
to 24 W cm~! K~! [19]. Also, the interior defects and
the grain boundaries in PCD result in enhanced optical
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absorption and degradation of the potentially excellent
optical properties. Therefore, the large-area SCD wafers
are highly desirable to further improve the performance
of diamond-based devices and components. However, the
production of large size (several inches) SCD wafers still
remains a challenge.

There are two principal ways to extend the SCD size
to inch scale. The first one is based on heteroepitaxial
growth on iridium film, that allows production of SCD
wafers of approximately equal to 100 mm in diameter
[2022]. The second approach, known as “mosaic”
growth, uses the overgrowth of homoepitaxial diamond
by CVD on identically oriented several pieces of high-
pressure-high-temperature (HPHT) synthesized diamond
substrate assembled in one mosaic-tiled geometry, with
following separation from the substrate [23—26]. Mosaic
wafers produced on array of 10 x 10 mm? clone substrates
as large as 40 x 60 mm? were demonstrated in Ref. [27].
While the major volume of the mosaics can be a high-
quality low-stress material, the coalescence boundaries
(junctions) between the blocks contain an enhanced defect
concentration and stress [28—30] according to analysis with
Raman spectroscopy. The defects, such as dislocations, in
the junction region, are shown to degrade electronic per-
formance of devices such as Schottky barrier diodes [29].
One may expect that the defects localized around the junc-
tions can degrade also the in-plane thermal conductivity,
by forming thermal barriers [due to a small relative area
of the junction-affected defected zone, the decrease in con-
ductivity perpendicular to the wafer should be negligible
(< 1%)]. In the case if the junction-induced thermal bar-
rier resistance (TBR) would be significant, no advantage
the diamond mosaic crystals in thermal management will
have against the PCD. However, there is a lack up to now
of experimental data on thermal conductivity of diamond
mosaic crystals and on the TBR values due to their specific
block structure, either at room temperature or in a broad
temperature range.

Here, we report on highly accurate measurements of
temperature dependence of in-plane thermal conductivity
and TBR for a model simple diamond mosaic with only
two SCD blocks with well-defined junction region. We
demonstrate that at room temperature the TBR detrimental
effect is quite small, of a few percent, but becomes signif-
icant below approximately 100 K. Therefore, we confirm
expectations of the excellent thermal properties of large-
area diamond mosaics needed for advanced electronic and
optical applications.

The mosaic diamond can be regarded as a special case
of PCD with very large grains (few millimeters) and well-
aligned grain boundaries (GBs). The phonon scattering
on grain boundaries of polycrystalline and nanocrystalline
diamond was experimentally studied in a number of works
[11-13,15,31-38]. Normally, the direct microscopic mea-
surements of thermal conductivity of PCD characterize

the effect of TBR of the GB by averaging it over a large
number of grains, which are different in size, orienta-
tion, and GB structure, while evaluation of the conduc-
tivity distribution across a single grain is a difficult task.
Recently, Sood et al. [39] using spatially resolved time-
domain thermoreflectance (TDTR) measurements in two-
dimensional (2D) version made measurements of local
thermal conductivity within few micrometers of individ-
ual GBs in boron-doped polycrystalline diamond, and
observed strongly suppressed thermal transport near dis-
ordered grain boundaries (the suppression zone extending
to distances of the order of 10 um from GB). Qualita-
tively a similar conclusion has been derived earlier from
local probing of conductivity by photothermal reflectance
microscopy (but in one-dimensional version) by Hartmann
et al. [32]. Both measurements were performed for poly-
crystalline films with random grain orientation at room
temperatures only, and without knowledge on the defect
structure of the particular GBs. In contrast, here we apply
an essentially macroscopic classical method of steady-state
temperature gradient to measure thermal transport across a
single very long junction (a kind of GB) between single-
crystal CVD diamond blocks of a mosaic sample, and
characterized the defects and stress distribution around the
junction. Moreover, we obtain the conductivity and TBR
data not only at room temperature but also at lower and
higher temperatures.

II. EXPERIMENTAL METHODS

A. Sample preparation

The mosaic diamond crystal is epitaxially grown in a
microwave plasma CVD system (PLASSYS SSDR 150)
in a CH4-H, gas mixture on two 3 x 3 x 1 mm?® Ib type
HPHT diamond substrates placed in close proximity [28].
The large faces of the substrate are (100) oriented, and the
side planes are (110) oriented. The diamond deposition is
performed at the following conditions: substrate tempera-
ture 850 °C, pressure 320 mbar, CH4 content of 7%, total
flow rate of 200 sccm, MW power 4.4 kW, growth time
100 h, growth rate 11 um/h. The grown layer is separated
from the substrate by a laser cutting, and mechanically pol-
ished from all six sides to the surface roughness R, of
less than 4 nm as measured with an optical profilometer
ZYGO NewView 5000. Finally, the CVD diamond plate
of 54 x 2.8 x 0.96 mm® dimension is obtained, with a
junction between the two crystals aligned perpendicular
to the longer side (Fig. 1). The sample contained 2.7 ppm
of paramagnetic substitutional nitrogen N;, evaluated from
optical absorption spectra in UV range as described else-
where [40]. The presence of an absorption band at 520-nm
wavelength imparted a very light pink tint to the mosaic.
No visible (macroscopic) defects could be observed in the
bulk or on the surface of the sample.
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FIG. 1. Photograph of the mosaic crystal consisting of two
blocks 0f 2.7 x 2.8 x 0.96 mm? each. The dashed red line marks
the junction position. The rectangular yellow box shows the loca-
tion on the junction line where a slice for TEM analysis is cut by
FIB. Raman spectra are taken along the short green dashed line
across the junction.

B. TEM characterization

To examine the diamond structure in cross section a
sample for TEM is prepared in form of an approximately
equal to 50-nm-thick slice by focused ion beam (FIB) tech-
nique on a scanning election and ion microscope Helios
Nanolab 600i. The TEM sample is cut exactly in the junc-
tion zone perpendicularly to the junction line, as shown in
Fig. 1 to be able to compare the orientations and defect
abundance on both sides of the interface between the two
crystals. Firstly, the diamond surface is coated first with
approximately 10-nm-thick Au film by magnetron deposi-
tion to prevent the sample charging, and then a protective
2-pum-thick Pt layer is formed locally on 15 x 2 um? area
by simultaneously using a Pt gas-injection system and FIB.
The FIB milling with 30 keV Ga™ ions resulted in 2-um-
wide cross sections of approximately equal to 15 x 5 um?,
the junction located approximately in the middle of the
slice. For electron transparency, the sample is thinned with
30 keV Ga™ ions, and then with 5 keV Ga™ ions. Final
cleaning is achieved with low (2 keV) FIB milling voltage
of Ga™ ion beam to avoid a possible damage in diamond
[41]. To compare the defect abundance near the junction
and far away from it, another slice is cut in a location
distant 30 um from the junction. The TEM investigation
is performed on a TEM and STEM Cs probe-corrected
microscope Titan 80-300.

C. Raman spectroscopy

To assess the distribution of defects and stress in a zone
around the junction between the crystals a confocal Raman
mapping is performed in steps of 2 um along a 400-um
path perpendicular to the junction, starting on one crystal
and ending on the second block [23]. The excitation laser

beam (A = 473 nm) is focused on the sample top surface
in a spot of approximately 1 pum, and the light from the
sample is collected in backscattering geometry with micro-
scope objective (Olympus, magnification x 100, numerical
aperture NA = 0.90). The diode-pumped solid-state laser
(Nd:YAG, Laser Quantum, UK) operated in TEMO00 mode
with horizontal polarization of output beam is employed,
the laser power of 100 mW and power density being kept
constant in all measurements. The spectrum for the mosaic
is measured in each location along the path. The diamond
Raman peak is fit with a Lorentzian profile, and then,
Raman peak position vg and width Av are evaluated. The
diamond Raman peak position is determined with accu-
racy of £0.3 cm~! and the peak width with accuracy of
+0.5 cm™'. The deviation of peak position from the value
of vgo = 1332.5 cm~! known for unstressed diamond (this
is calibrated by us using a high-quality natural Ila type
diamond) served to estimate the local stress [23], while
the peak broadening qualitatively characterized the defect
abundance.

D. Thermal conductivity measurement

The in-plane thermal conductivity «(7) is measured
in the temperature range from 6 to 410 K by a heated-
bar method under stationary thermal flux parallel along
the longer side of the sample, as shown schematically in
Fig. 2. The procedure is similar to that described else-
where [19]. The sample is mechanically clamped to one
end of a temperature-stabilized copper block (heat sink).
The good thermal contact is achieved by coating both the
Cu block and the sample side walls with In-Ga eutec-
tic. A miniature resistor attached to the opposite side of
the diamond plate with the IMI-7031 varnish, is the heat
source. The temperature drop along the sample is measured
with a battery of thin chromel-constantan thermocouples
of 25 um diameter (Omega Engineering, Inc.). The cop-
per legs, 0.13 mm wide, of the thermocouple battery are

AU34

Heater

Block 2

!

Heat sink (Cu) Junction Mosaic diamond

FIG. 2. Schematics of thermal conductivity measurements by
a heated-bar method. The battery of thermocouples in positions
1,2 and 3,4 determines the temperature differences used to cal-
culate the conductivity «;; within the single-crystal block 1, and
the conductivity , across the junction between blocks 1 and 2,
respectively.
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covered with Apiezon N grease, the distance between the
legs is L = 2.5 mm. The thermocouple sensitivity is cal-
ibrated with a pair of thermometers Cernox (Lake Shore
Cryotronics, Inc.).

The thermal conductivity « is determined according to
relation k = (Q/A)/(AT/L), where Q is heat power gen-
erated by the heater, 4 = a x b is the sample cross-section
area, a = 2.8 mm and b = 0.96 mm being its width and
thickness, and AT is the measured temperature difference
between the “hot” and “cold” legs of the thermocouple.
The measurements are carried out in vacuum, placing the
sample inside a multilayer radiation shield to minimize
radiation losses. The value of AT is very small, it ranged
from below 1 mK at liquid helium temperatures to 5 mK
at liquid nitrogen temperature (77 K), and further up to 50
mK at 400 K, whereas Q varied from about 0.15 mW to 80
mW through the entire 7' range. Note that due to extremely
high thermal conductivity at low temperatures and small
size of samples it is the very small AT to be measured that
often hinders the evaluation of « in the broad 7 range. The
estimated error of the measured conductivity is about 2%,
but at temperatures below 10—15 K it increased by several
times due to two factors. (1) Decrease the sensitivity of the
thermocouple: it is about 4.2 uV/Kat 10 Kand 2.2 uV/K
at 5 K. (2) Decrease the temperature drop AT generated by
the sample heater as the sample temperature approaches
the helium-bath temperature. To reduce this error, the con-
ductivity is measured at least 2 times at a fixed temperature
[on the temperature rise and fall segments of « (7) curve],
and up to 10 times below 6 K, then the collected data are
averaged. Details of the experimental technique and error
analysis are presented in Ref. [19].

For the case of thermocouples legs in positions 1 and
2 (see Fig. 2) within one crystal block, the obtained ther-
mal conductivity «;; refers to the single crystal, while
for the thermocouples legs in positions 3 and 4 the heat
flux crosses the junction, and the measured conductivity
k1p may differ from the «;; due to the junction thermal
resistance. The evaluation of this difference is one of the
main goals of the present work. Note that when measur-
ing the temperature dependence of thermal conductivity
(k11 or k1) in one experimental cycle, the battery of ther-
mocouples is in one fixed position at all temperatures.
Between experiments on «(7), the battery of thermocou-
ples is moved from one position to another to measure the
conductivity between its legs.

ITI. RESULTS AND DISCUSSION

A. Transmission electron microscopy

The results of TEM analysis of the sample cross sections
within and outside the junction are presented in Fig. 3.
The images in Figs. 3(a) and 3(b) correspond right to the
junction region and an area approximately 30 um away

from the junction, respectively. Numerous defects (stack-
ing faults, twins, and dislocations) spreading from junction
plane are clearly visible [Fig. 3(a)], while at the distance
of 30 um from the junction no such defects are observed
[Fig. 3(b)]. These findings and the spatial variation in the
defect density [Fig. 3(f)] suggest that defects observed near
the interface are related to mosaic growth defects and not
to ion-beam damage. Mostly the defects lie along {111}
planes that is known [31] to be typical for twins. Due to
the angle misalignment of the two crystals only a half of
the image in Fig. 3(a) (right side) is in focus, while the
left side is of less contrast. This can be further visual-
ized with convergent-beam electron diffractions (CBED)
patterns acquired from the left and right side of the junc-
tion as displayed in Figs. 3(c) and 3(d). The right crystal
is placed at exact zone axis (B = [110]), the left crystal
being slightly misoriented. The three misorientation angles
are defined in Fig. 3(e): the angles « and y denote out-of-
plane misorientations due to rotation of the plates around
the [110] axis and around the [110] axis, respectively,
while the rotation around the [001] axis results in the in-
plane misorientation angle 5. We find the values o« = 2.2°,
B =0.7°, and y = 2.0°, which indicate the junction to be
a low-angle grain boundary.

As the placement of the two seeds in proximity on the
substrate holder before the growth process is performed
manually, without an objective control, and because the
real orientations of the polished facets of the seeds might
deviate from the main crystallographic orientations, the
nonzero misalignment angles seem to be inevitable and
could be expected. Recently, Matsushita et al. [42] used
electron backscatter diffraction (EBSD) technique to mea-
sure misalignment angles for a mosaic crystal composed
of four plates prepared with “clone” seeds and liftoff [43].
They determined smaller misalignments o ~ 0.5°, 8 =
0.5°, and y = 0.2° presumably due to the better oriented
individual clone seeds. The better alignment may result in
a suppression of defect generation on the interface.

The densely arranged defects occupy the layer of
approximately 1 pum thick on each side of the junction.
The number of defects N reduces with distance (X) from
the junction approximately following a Gaussian profile,
with FWHM of approximately equal to 2.0 um as shown
in Fig. 3(f) [the defect profile N(X) is plotted by count-
ing the number of crossing points of linear defects with a
vertical line at the distance X on the TEM image]. Interest-
ingly, the junction line in the vertical plane is not perfectly
straight but wavy, this reflecting nonplanar side walls of
the growing blocks meeting at the interface. A local tempo-
ral variation in lateral growth rate of each block affected by
surface features, such as, for example, steps, could be one
of the reason for the observed nonideal junction geometry.
On a larger scale the junction plane remains almost verti-
cal, however, we do not exclude that at different growth
parameters the interaction of two blocks could be more
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(a) Low magnification bright-field (BF) TEM image of junction area. Stacking faults (SFs) and dislocations (D) are marked

around the junction. Blue and yellow dots correspond to locations where CBED analysis is performed. (b) BF TEM image of a diamond
crystal slice extracted 30 um away from the junction, where no defects are seen. (c),(d) CBED patterns taken to the left and right of
the junction, respectively, in its proximity [see (a)]. Black ring marks direct beam position. Red dot points to approximate position of
zone axis B = [110]. (e) Schematics of two diamond crystals layout with the main crystallographic directions and misalignment angles
a, B, y. Open circles indicate direction normal to the drawing plane. (f) Distribution of density of defects N (X') across the line normal
to the junction between two blocks. The solid line is Gaussian fit with width (FWHM) of 2.07 um centered on the junction. (g),(h)
High-resolution HAADF STEM images of SF and nanotwin (NT) spreading from junction, respectively.

asymmetric, resulting in an inclined junction and domi-
nating one of the blocks even if vertical growth rates are
similar.

The STEM images with atomic resolution obtained with
a high-angle annular dark-field detector (HAADF) reveal
details of the structure of the most frequent defects in the
junction zone, which are stacking faults SF, twins NT,

and combined defects, such as SF+NT, or multiple twins
NT+NT. Examples of filtered HAADF STEM images of
a stacking fault and single twin are given in Figs. 3(g)
and 3(h). As mentioned earlier SF and NT lie along {111}
planes. Macroscopically the length of the defected zone
along the large face of the bicrystal amounts to only
approximately 0.04% of the total sample length of 5.4
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mm, however it can induce a stress field spreading over
distances of tens or even hundreds of micrometers from
the junction [28,42]. This fact is helpful for thermal trans-
port analysis as phonon scattering occurs both on defects
and strained region. The defected zone around the junction
in the mosaic diamond resembles the defects’ distribu-
tion near GB in polycrystalline diamond films according
to Steeds et al. [31], who observed with TEM a layer of
the order of 1 wm thick along GB enriched with defects,
mostly microtwins.

B. Plasma etching of defects

It is known that the defects in diamond, specifically dis-
locations, exhibit area-selective enhanced etch rate in H,
or Hy-O, microwave plasma, that is often used to detect
and quantify those defects [44,45]. To visualize the defect-
rich zone around the junction we expose the mosaic sample
to Hy + O, MW plasma for 15 min under the following
parameters: pressure 70 Torr, MW power 3.0 kW, temper-
ature 1000 °C, gas flow rate of 294 sccm for Hy, and 6 sccm
(2%) for O;.

Numerous square isolated etch pits with typical side
length of approximately 200 — 400 nm, and clusters con-
sisting of a few pits, corresponding to the surface and
subsurface defects, presumably dislocations, could be seen
on the optical microscope image (Fig. 4). The pits are uni-
formly distributed over the sample surface with density of
the order of approximately 103 cm~? as revealed by sur-
face imaging on a larger area (not shown here). In contrast,
a groove of approximately 1 um wide is formed along
the junction as a result of high defect concentration and
enhanced etching of defective material around the junc-
tion. The groove has the depth of 0.45 pum as illustrated
on optical profilometer scan [Figs. 4(b) and 4(c)]. The
groove width is in agreement with the width of defected
zone around the junction as revealed by TEM analysis [see
Fig. 3(b)].

_
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C. Raman spectroscopy

To access the dimensions of the defected and stressed
zone adjacent to the junction a mapping of diamond Raman
peak position vz and peak width Av (FWHM) is per-
formed in the vicinity of the junction (before plasma
etching of the sample). Figure 5 (inset) compares the dia-
mond Raman peak taken on a SCD block 150 um away
from the junction, with that measured directly on the junc-
tion. The former spectrum reveals a narrow symmetric
line with width Av of 2.5 cm™!, while it notably broad-
ens to Av A 4.4 cm~! on the junction, manifesting the
presence of defects and/or nonuniform stress within the
junction zone. The asymmetric peak on the junction can be
deconvoluted to two more narrow peaks (not shown here)
centered at 1333.4 cm™! and 1331.4 cm™', so the entire
peak can be assigned to superposition of the response
from slightly compressed and stretched domains, respec-
tively. No features of amorphous carbon in the spectra are
observed.

Figure 5 demonstrates how the Raman peak position
and peak width vary when the laser-beam probe moves
from one SCD block to another, crossing the junction
in the middle. The distance X in the profiles vg(X) and
Av(X) is counted from the junction line, from —200 um
to +200 um. The Raman peak width Av (bottom line in
Fig. 5) is essentially broadened in a region of about 20 um
wide around the junction, while the smaller peak width of
approximately equal to 2.5 cm™!, characteristic for high-
quality diamond, is measured at distances X > 15 pum
from the junction. This Raman peak broadening is caused
by defects and spatially nonuniform defect-induced stress.
The variation of strain within the micronscale-probed vol-
ume results in superposition of shifted Raman peaks from
different locations within that volume, and thus, in the
increase of the peak width. Therefore, the measured peak
width allows a qualitative assessment of defect density in
the crystal.

Height (um)

Distance (um)

FIG. 4. Optical profilometry of a surface area 10 x 10 um? near the junction between two blocks of the mosaics after etching in
H;-0, microwave plasma. (a) Optical microscope image. Note a groove formed along the junction owing to preferential etching of the
defected zone. (b) Three-dimensional (3D) surface profile across the groove. (c¢) Linear cross-section profile of the groove.

014049-6



THERMAL CONDUCTIVITY OF DIAMOND MOSAIC...

PHYS. REV. APPLIED 16, 014049 (2021)

13338
1333.6
13334 |
13332
1333.0
1332.8

outside junction

position of

on junction

Raman line (cm™)

4.0

intensity (arb. units)

P R B 1L
1320 1340 1360
Raman shift (cm™)

Loy b AN by
\\

T T \WTTTT

3.5

FWHM (cm™)

3.0

257

1|
I
I
I
I
I
I
:
I
Il | Il | Il | Il | Il | Il | Il | Il
-200 -150 -100 -50 0

200

distance (um)

FIG. 5. Profiles of diamond Raman peak position vg(X) (top
blue line) and the peak width (FWHM) Av(X) (bottom red line)
on (100) face of the mosaic crystal along a path crossing the
junction. The profile starts at one SCD block and ends on the
adjacent block. The distance X is counted from the junction
position (X = 0) marked by dashed vertical line. Inset: Raman
spectra taken far from the junction (X = +150 pm, black line)
and directly on the junction (brown line). Note the broadening
of the peak on the junction. No normalization of the spectra is
performed.

The deviation of the peak position vy from the nor-
mal value vgy = 1332.5 cm™! for unstressed diamond (for
the spectrometer calibration we assign this value to the
Raman peak for a high-quality type-Ila reference sample
of natural diamond being in our disposal), is caused by
a stress, the positive shift vg — vgy > 0 corresponding to
compressive stress, while the opposite sign refers to a ten-
sile stress. The variation of the Raman peak position vz (X)
along the distance X shows (Fig. 5, top profile) almost
symmetric but a more complex picture: the peak shifts to
higher frequencies up to 1333.8 cm~! on both sides of
the junction, gradually decreasing within approximately
25 pum distance from the junction to a stable position at
1333.3 cm™! outside this stressed (defected) zone. Closer
to the junction, within approximately 10 um wide zone
around it, the peak position goes down to 1333.0 cm™!,
indicating a significant stress relaxation in proximity to the
junction. It follows that the strain field extends from the
junction to distances an order of magnitude larger com-
pared to the width of defected zone as evaluated with
TEM and plasma etching pattern. The maximum com-
pressive stress o =~ 0.5 GPa is estimated from the Raman
peak position shift vg — vgo &~ 1.1 cm~! using the relation-
ship 0 = 0.38(vg — vgo) GPa/ecm™! for hydrostatic stress
[46]. In the model of biaxial stress within (100) plane,
directed perpendicularly to the junction line, the relation
o = 0.61(vg — vgo) GPa/cm™! (Ref. [47]) gives somewhat

larger value o &~ 0.8 GPa. Note, that the interior regions,
distant from the junction, are under a low, uniform com-
pressive stress as follows from the baseline Raman peak
position at approximately equal to 1333.3 cm™!.

D. Thermal conductivity

The temperature dependencies of thermal conductivity
of the mosaic sample as measured within one single-
crystal block (k;;) and across the junction (xi;), are
displayed for the temperature range of 6410 K in a
log-log scale in Fig. 6, the inset shows the data in lin-
ear scale at high temperatures 7 > 290 K (the error bars
represent the total errors, including systematic and ran-
dom, of measurements). The «;(7) exhibits an increase
with T decrease down to T, = 77 K, where a maxi-
mum kmax = 183 £4 W ecm™! K~! is reached, and then
it decreases towards low temperatures, to approximately
equal to 6 W em™! K~! at 6 K. A very high conductivity of
value 24.0 £ 0.5 W cm~! K~! is determined for the single
block at room temperature (298.15 K). This can be com-
pared with literature data on conductivity of most high-
quality single-crystal CVD diamonds: 22.0 W cm~! K~
[2],23.0+33Wem™ ' K7'[16],25.0+2.5Wcem™! K™!
[48], and k &~ 20 W cm™~! K~! for “white” polycrystalline
CVD diamond [16]. The maximum conductivity xyax for
the SCD block is one of the highest ever reported, but
still lower compared to that measured for most pure CVD
diamonds (278 W ecm~! K~! at 62 K) [19] because of
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P | within SCD block 1
MM 100 \ =
\g : :
[ across junction ,
% L i
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temperature (K)

FIG. 6. Temperature dependence of thermal conductivity « (7)
of the mosaics as measured within one crystal block (k1, circles)
and across the junction (k, crosses) in double logarithmic scale
(for thermocouple positions see Fig. 2). The error bars are larger
than the symbol size at temperatures below 9 K. Inset: the con-
ductivity versus temperature in linear scale at high temperatures.
The lines are fits « (T) = k(298 K) x (7/298)7".
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significant nitrogen impurity present in the mosaic sam-
ple. The conductivities k1 (7) and x1,(7) are rather close
to each other at high temperatures, but become diverge at
low T (< 150 K), the conductivity across the junction sig-
nificantly reducing, the ratio «;;(7)/x12(7T) increasing to
1.32 at the conductivity maximum (77 K) and to approx-
imately equal to 1.73 at 10 K. This clearly indicates the
presence of a thermal barrier resistance at the interface
between two single-crystal blocks of the mosaics, which
gets more pronounced with temperature decrease.

The « (T) behavior at elevated temperatures 290410 K
is shown in more detail in the inset in Fig. 6. Both «;(T)
and «1»(7) decrease with temperature due to enhancing
contribution of the anharmonic phonon-phonon scatter-
ing [12,13,49]. The curves «;(7) and «12(T) go nearly
parallel, with the conductivity across the junction being
systematically approximately equal to 2% lower than that
for the SCD block. Particularly, the presence of the junc-
tion results in diminishing of conductivity from 24.0 + 0.5
t0 23.7+0.5 W cm~! K~! at 298 K. The observed (just
small) effect of the junction on conductivity at room tem-
perature is in agreement with results of Cheng et al. [50]
who found only a minor variation (approximately 8%)
in local conductivity near GB at room temperature for
high-quality undoped thick PCD.

The «(T) curves above 290 K (Fig. 6, inset) can
be approximated with a power law «(7) = k(298 K) x
(T/298 K)™" known to hold above room temperature
at least to 460 K [14,51]. We found the exponent

10_1 T T L R T T T

—_—
(e}

L
LR |
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—_
o
&
LR |
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n=1234+0.01 to give a very good fit for the both
curves. The values of n = 1.26—-1.36 are typical for high-
est quality natural and HPHT diamonds of I1a type [14,51],
while for the SCD with high nitrogen impurity content or
low-grade polycrystalline CVD diamond with k(298 K) =
6 —8 W cem™! K™!, the exponent n reduces to the values
as low as 0.2-0.6. Thus we confirm, now for the single-
crystal CVD diamond, the previously deduced trend for
exponent n versus diamond quality.

The measurements of «1; (7) performed at different posi-
tions of the thermopile on the single-crystal block gave
the same value of thermal conductivity within the exper-
imental error in the whole temperature range under inves-
tigation. Also we check in the measurement of «(7) on
the adjacent single block that it had the similar high qual-
ity as the counterpart block, with almost identical (< 1%
difference) curve k (7). Similar repeated measurements are
performed for «1,(T) by shifting the line between points 3
and 4 along the junction (Fig. 2), and, again, we reveal high
reproducibility for the «1, value. Therefore, the divergence
for k11 (7T) and k12(7), seen in Fig. 6 is caused mostly by
the presence of thermal-barrier resistance induced by the
interblock junction.

E. Thermal boundary resistance

We estimate the junction thermal barrier resistance
R; (T) from the measured difference of x1; and k1. Assum-
ing the two crystal blocks to have identical quality and

_
=)
-

10

oo
L Annl?

6L =20 um

thermal conductivity (W em™ K™")

thermal boundary resistance (cm” KW ™) @

10—5 |
5 10 100 500

temperature (K)

(V)]

10 100 500
temperature (K)

FIG. 7. (a) Thermal boundary resistance R; between two single-crystal blocks as a junction of temperature. Circles are experimental
data; the solid line is the best fit of power function to these data. The gray shaded area corresponds to the uncertainty in smoothed
experimental data. (b) The effective local thermal conductivity «; (7) of the defected layer of 20 um width around the junction. Circles
are experimental data. Solid red line represents the calculated «; (7), the best fit of the model to experimental data. The straight solid
line shows «; (7) ~ T* dependence. The dashed line shows ; (7) for the case of point defect-free crystal except of the '*C isotopes
(App = Aiso)-
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conductivity of ki, the R; value is found from equation
L/ki» = L/ki1 +R;, where L is the distance between
the thermocouple junctions. The temperature dependence
R; (T) is displayed in Fig. 7(a). The conductivities «1; and
k1, are measured in different areas of the same sample. The
sample and its heater are not disassembled between these
experiments, and only the battery of thermocouples moved
over the sample surface. Due to these circumstances, some
systematic errors, for example, errors due to the geomet-
ric factor, heat losses, are the same for the measured ki
and «1,, and they are excluded (in the first approximation)
when calculating the total error of the thermal resistance
of the junction. Systematic error reduced from 2% to
1%. In Fig. 7(a), the gray shaded area corresponds to the
uncertainty in smoothed experimental data. The upper and
lower boundaries of this area are R; + SR; and R; — 8R;,
respectively, with Fj being the smooth approximation of
the “experimental” dependence. The absolute error R; is

defined as 8R; = L(8x/k) (k;,* + K1_22)1/2’ where 8k /k is
the relative error of the measured value of thermal conduc-
tivity (we assume that this error is approximately the same
for both x; and «1,).

From 14 to 83 K the experimental data R; (T) nicely fol-
low the dependence R;(T) ~ T~ as shown by a solid
line in log-log scale in Fig. 7(a). The TBR is as high
as approximately equal to 4 x 1072 cm®> K W~ ! at 6 K,
but decreases to relatively low value approximately equal
to 2 x 107* cm* K W' at 7> 100 K. These low TBR
values are within the measurement uncertainty at high tem-
peratures above 7~ 150 K. We note that the determined
TBR value for the mosaic diamond at room temperature is
comparable to TBR of (1.7 —3.2) x 10~* cm®> K W~! for
interface GaN-diamond with 20-30-nm-thick SiN inter-
layer reported by Cho ef al. [52] and grain-grain thermal
resistance of (6 — 600) x 107 cm®> K W' (Ref. [53]),
or (0.3 —1.8) x 107> cm?> K W~! (Ref. [15]) on grain
boundaries in thin (1 wm) nanocrystalline diamond films.

The thermal boundary resistance of the interface
between single-crystal blocks within the acoustic mis-
match model and the Debye approximation of the phonon
spectrum can be evaluated by using the following expres-
sion (Ref. [54], page 620):

-1
R = (1.02 x 1010 [ZcﬁD T3, (1)

1

where ¢; are the sound velocities, one longitudinal (L)
and two transverse (T), in cm/s; R; in cm?> K W™l
Taking c; = 17.5 x 10° cm/s and cr = 12.8 x 10° cm/s
(see, e.g. Ref. [54], page 620), we arrive at R; ~ 2.4 x
107° cm? K W~ at 300 K. The diffuse mismatch model
yields twofold higher value in our case (Ref. [54], page
623). The value of TBR at 300 K we obtain from the exper-
iment, is more than 1-2 orders of magnitude higher than

the theoretical estimate. The observed temperature depen-
dence of TBR is substantially weaker than the 7° at low
temperatures expected within the theoretical models [54].
This suggests the measured TBR to be in fact an effective
thermal boundary resistance caused in a great extent by
phonon scattering off imperfections next to the interface
between crystallites, and only little by the interface itself.
This picture of the thermal transport is similar to that pro-
posed in Refs. [15,36]. The total width AL of the highly
defected zone summed on both sides of the crystal junc-
tion, is approximately 2 — 4 pum as deduced from TEM
analysis [Fig. 3(b)], and approximately equal to 20 um as
follows from Raman spectrum broadening (Fig. 5). Inter-
estingly, the latter value is close to the doubled distance
of 10 um from the GB for which a reduction in thermal
conductivity within an individual grain in a PCD wafer
was observed by Sood et al. [39]. Assuming the local
thermal conductivity in that defective layer to be spatially
constant, and neglecting the contribution of the interface
boundary resistance, we obtain the average thermal con-
ductivity «; of the adjacent defective layer according to
R; = AL/k;, with AL ~ 20 um. The plot «; (T) displayed
in Fig. 7(b) is actually the scaled reversed plot of R; (7), it
reveals a significantly reduced conductivity near the junc-
tion, of approximately equal to 6 — 10 W cm™' K~! at
temperatures above 100 K. Such low values are compa-
rable with the conductivity of low-grade polycrystalline
diamond films [14,55,56], or thin (a few microns) micro-
crystalline diamond films [57], but much lower than the
measured conductivities «1; and «1, for the mosaic. The
effective junction conductivity «;(7T) varies as 72 at T <
100 K as shown in Fig. 7(b), indicating a strong effect
of lattice imperfections on thermal transport within the
layer around the junction. Point defects mostly contribute
to thermal resistance at higher temperatures (> 100 K),
while, additionally, phonon-phonon scattering enhances
roughly above room temperature. Klemens [58] and Car-
ruthers [59,60] shown theoretically that under the domi-
nance of the phonon scattering from dislocations over all
other processes the « (7) should have a 7% dependence. We
approximate «; (T) using the phenomenological model pro-
posed in Ref. [19], based on the full Callaway theory [61]
with the parameters describing the intrinsic anharmonic
three-phonon processes determined from the best fit of the
model to experimental data for high-purity single-crystal
diamonds [19]. Here we add to the model the phonon
scattering from static strain field surrounding dislocations
[60]. The rate of this scattering from an array of randomly
oriented independent edge and screw dislocations is [60]

T & g by o = AaxT, 2)
where p; is the density of dislocations per unit area, b is

the Burgers vector of the dislocation, y is the Griineisen
parameter, w is the phonon frequency, and x = hw/kgT,
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where i is Planck constant and kg is Boltzmann constant.
The semiquantitative nature of this expression has been
confirmed recently by Li et al. [62], Sun ef al. [63], and
Li et al. [64]. In our calculations, the rates of point defect
and dislocation scatterings are adjustable parameters, and
the phonon free path /, in the boundary scattering is taken
constant. The /, = 5.8 mm is determined from the fitting
of the model to the experimental data « (7) for the single-
crystal block, in which the dislocation scattering is negli-
gible. With optimized parameter 4; = 1.0 x 107 s~ 'K~!
the model yields very good approximation for the experi-
mental «; (T) down to 7 = 10 K as the Fig. 7(b) evidences.
Taking y ~ 1.1 (Ref. [65]) and b ~ +/2/3a, a = 3.567 A
is the lattice constant, we find for the dislocation density
pa ~ 2.2 x 10" cm™2. Since Carruthers’ theory underes-
timates the rate of dislocation scattering by 4—6 times
[60,63], a more realistic estimate of the dislocation den-
sity would be py < 5 x 10'° cm™2, which is in qualitative
agreement with p; in polycrystalline CVD diamonds (see,
e.g., Ref. [13]) and within junction zone of mosaic crystals
as reported by Ohmagari et al. [29].

For the phonon-scattering rate by point defects ‘[P_Dl in
our calculations we use the standard expression of the
Rayleigh type 75y = Appx*T*. The best fitting is obtained
with App = 6.7 x 1072 s7!'K~*. This value exceeds by
16 times the value for a perfect crystal of diamond with
natural isotopic composition [19]. The very high value
of thermal conductivity for single-crystal block near the
room temperature indicates very weak phonon scattering
by point defects other than the isotope '*C atoms. Optical
spectroscopy has not detected defect centers in substan-
tial concentrations except the nitrogen with content below
3 ppm. Therefore, highly likely the vacancies and their
complexes are those point defects in the 20-pum-wide layer
near the junction that reduce much thermal conductivity
here. Using the expression for the phonon scattering by
single vacancies after Ratsifaritana and Klemens [66] with
a correction proposed recently by Katcho et al. [67] we
estimate the concentration of vacancies within the 20-um
layer to be about 30 ppm (5.5 x 10'® cm~3).

Our Raman studies find a compressive stresses with a
maximum value of approximately equal to 0.5 GPa around
the junction, that hypothetically could alter the magni-
tude of « (7). To our knowledge, there are no experimental
data on thermal conductivity of diamond as a function
of applied pressure. Ab initio calculations [68] show that
hydrostatic pressure increases the thermal conductivity of
diamond at temperatures above 80 K, the conductivity
increases slightly, by 0.5% at pressure of 0.5 GPa at 300 K.
We find the opposite result: suppressed conductivity near
the junction. Obviously, lattice defects near the junction
decrease the thermal conductivity much more strongly than
compressive stresses increase it.

Molecular dynamics (MD) simulation of heat transport
in NCD films assuming the thickness of GB of a few

atomic distances (with no defects outside of the GB) [69]
results in a TBR lower limit of 1077 — 107% cm? K W~!
at room temperature, 2—3 orders of magnitude lower with
respect to our TBR data. However, one should bear in mind
that the TBR measured here is an effective value, with con-
tributions of the junction itself and the defect zone field
around it, which could not be discriminated in the present
experiment. The TBR of the interface itself, of atomic scale
thickness, could be much less than 10~* cm? K W™!, that
is closer to the values expected from the MD simulation.
On the other hand, it would be possible to further reduce
the effective TBR for mosaic crystals provided a more reg-
ular interface between block would be organized, the later
requires a better control for orientation of the faces of
the seeds, and their alignment on substrate holder in the
reactor.

IV. CONCLUSIONS

In summary, using a steady-state longitudinal heat-flow
method we precisely measure the in-plane thermal con-
ductivity «(T) of a diamond mosaic crystal in the broad
temperature range of 6410 K. The single-crystal blocks
of the mosaic grown by microwave plasma CVD revealed
conductivity of 24.0 0.5 W cm~! K™!, one of the highest
ever reported for diamond at room temperature. However,
when the heat flux crosses the junction between two adja-
cent blocks, the conductivity reduces by a few percent, due
to thermal resistance R; of the junction. Being low at room
temperature, R; (298) ~ 2 x 107* cm* K W~!, the TBR
strongly increases below 100 K. Towards low tempera-
tures the impact of the junction TBR becomes significant,
resulting in reduction of «(7) by a factor of 1.75 at 10 K
compared to that for single-crystal block.

Combining TEM analysis, Raman spectroscopy, and
plasma-surface etching we ascertain distribution of defects
and stress in the vicinity of the junction, which contribute
to the observed thermal boundary resistance. The complex
structure of the junction region consists of three zones with
different length scales: (i) atomic scale interface between
the crystals; (ii) an approximately 1-um-thick layer in
proximity to the interface, highly enriched with defects
such as dislocations, twins, and stacking faults; and (iii)
an approximately 10-pum-thick layer of enhanced stressed.
The interface itself leads to only negligible TBR according
to our modeling, rather the actual local thermal resis-
tance near the block’s junction is caused by the defected
and stressed zone around the junction. The phonon scat-
tering by dislocations dominates at temperatures below
100 K and results in temperature dependence of the junc-
tion thermal resistance R; (T) ~ T" 2 in the low-temperature
domain. At 100 < T < 410 K the point-defect scattering
and intrinsic phonon-phonon scattering processes deter-
mine the local thermal resistance. We show that the dia-
mond mosaics preserve excellent thermal properties of
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the constituent single-crystal blocks at room and higher
temperatures, and can be used as heat spreaders as effec-
tively as the single crystals.
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