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The thermal transport in polycrystalline diamond films near its nucleation region is still not well
understood. Here, a steady-state technique to determine the thermal transport within the nano-
crystalline diamond present at their nucleation site has been demonstrated. Taking advantage of sil-
icon nanowires as surface temperature nano-sensors, and using Raman Thermography, the in-plane
and cross-plane components of the thermal conductivity of ultra-thin diamond layers and their ther-
mal barrier to the Si substrate were determined. Both components of the thermal conductivity of
the nano-crystalline diamond were found to be well below the values of polycrystalline bulk dia-
mond, with a cross-plane thermal conductivity larger than the in-plane thermal conductivity. Also a
depth dependence of the lateral thermal conductivity through the diamond layer was determined.
The results impact the design and integration of diamond for thermal management of AlIGaN/GaN
high power transistors and also show the usefulness of the nanowires as accurate nano-thermome-

ters. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922035]

Diamond with its high thermal conductivity (x)" has an
outstanding potential for enhancing the thermal management
of electronic devices.>® To take full advantage of it, the dia-
mond should be used as close as possible to the heat source,
for example, to the electron channel in an AIGaN/GaN high
electron mobility transistor (HEMT).”™'* Managing effi-
ciently the Joule self-heating in these devices is essential for
increasing achievable electrical power densities and for
improving the device operational lifetime,'' making there-
fore their integration with diamond very attractive. Rather
than using the diamond only as a heat spreader attached to
the semiconductor device chip, different proposals have
emerged recently for growing polycrystalline diamond
directly onto different parts of AlGaN/GaN HEMTs for heat
sinking.>~'" This strategies typically rely on replacing the Si
or SiC substrate,*’ and/or growing the diamond on top of the
HEMT channel,>'*'%!3 which ultimately means that the
heat flux has to diffuse across the nucleation region of the
polycrystalline diamond, in which the size of the crystals lies
in the nanoscale.'* Polycrystalline diamond can reach
values similar to those from single crystal diamond
(>2000 W/mK)."> However, it is known that the abundance
of grain boundaries, and therefore, the grain size, can reduce
dramatically its thermal conductivity.'®"'® The average dis-
tance phonons travel between scattering events (MFP) in the
bulk diamond lattice is very large, being ~80% of the heat
carried by phonons with MFPs greater than 200 nm at room
temperature,'? making the role of the grain boundaries espe-
cially critical near the nucleation region. Here, the lateral
dimensions of the grains, which typically develop in a co-
lumnar shape, are not greater than a few hundreds of nano-
meters.'* To determine the thermal characteristics in the
near nucleation region, measuring the x of ultra-thin layers
of columnar nano-crystalline diamond (c-NCD) is needed;
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however, this is a challenging task, which is mostly per-
formed with transient measurements.?’ %’ Nevertheless,
these transient techniques are indirect methods having access
only to the thermal diffusivity, which requires a complex
data analysis for extracting the thermal conductivity. As a
result, in-plane thermal conductivities ranging from 20 W/
mK (Refs. 20 and 25) to 500 W/mK (Ref. 26) and cross-
plane thermal conductivities ranging from 80 W/mK (Ref.
24) to more than 800 W/mK (Refs. 22, 26, and 27) have been
reported for sub 2 um ¢-NCD.?*?® These large variations in
the reported values of x may arise not only from differences
in the samples but also because of the different experimental
techniques used in each experiment.”® This makes it difficult
to draw a clear conclusion about the phonon transport near
the polycrystalline diamond nucleation site, i.e., in the c-
NCD region. Therefore, despite being a crucial factor for the
optimal design of the next generation HEMTs with high dis-
sipation capability, extremely little is known about the ther-
mal properties of diamond near the nucleation site.

In this letter, a steady-state approach for measuring the
key thermal parameters of polycrystalline diamond near the
nucleation site is reported. The technique relies only on one
direct measurement technique, Raman thermography, mak-
ing use of silicon nanowires (NWs) acting as accurate sur-
face nano-thermometers. This enables the extraction of both
the in-plane and the cross-plane x as well as the thermal re-
sistance between the diamond and the substrate.

The study has been carried out on polycrystalline dia-
mond films nucleated by bias enhance nucleation (BEN) on
275 pm thick single crystalline Si (100) wafers, grown by
hot filament chemical vapor deposition (CVD) at 750 °C and
1.5 kPa, with 0.4% CH, diluted in H,. Under such deposition
conditions, the resulting diamond film has a columnar nano-
structure (c-NCD),'* with elongated grains along the out-of-

© 2015 AIP Publishing LLC
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plane direction (i.e., normal to the substrate). In this condi-
tion, samples with different thicknesses (1 yum and 680 nm)
were grown stepwise. To enable controlled heating of the di-
amond for the determination of the thermal conductivity,
gold metal heaters, 100 nm thick and 5 yum wide were depos-
ited onto the diamond film surface, including a 10 nm thick
titanium adhesion layer. Current and voltage were independ-
ently measured in a 4-probe configuration for an accurate
control of the Joule heating dissipated in the metal heater
structure.

For measuring the in-plane thermal conductivity, thin
membranes, as shown in Fig. 1(a), were used with a ~100
x 500 pum area, after etching away the silicon below the dia-
mond. This results in a wide area at the center of the mem-
brane, in which the heat flow is linear from the metal heater
laterally through the diamond membrane. For analyzing the
cross-plane thermal conductivity, ring heaters were fabri-
cated on the same wafers (see Fig. 1(b)). This annular struc-
ture creates a radial symmetric temperature field, which
keeps the heater in a near-isothermal region, ensuring a ho-
mogenous power dissipation in the heater. The diamond is
also etched away outside the heater, thus minimizing the ra-
dial (in-plane) heat spreading inside the diamond membrane
by geometrical confinement, thus, increasing the role of the
cross-plane heat transport across the c-NCD. For measuring
temperatures, Raman thermography was used in the fabri-
cated structures, this has been successfully tested for similar
purposes elsewhere.®*** A Renishaw InVia Raman system
with a Raman shift resolution better than 0.lcm™' was
employed, using a 488 nm Ar-ion laser line focused with an
0.65 N.A. 50x objective onto a spot size smaller than 1 ym.°
The temperature dependence of the phonon mode of dia-
mond was determined for the studied layers by heating the
films in a hot stage (see Fig. 1(c)). This increased the accu-
racy since the residual stress in the grains impacts some
degree to the temperature dependence of the phonons in the
c-NCD. A typical Raman spectrum of the c-NCD films under
study is shown in the inset of Fig. 1(c). Note the distinct sp’
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diamond peak (1332.3cm ') in the spectrum and the ab-
sence of peaks near 1100cm ™" and 1500-1600cm ™" corre-
sponding to graphitic and non-sp® phases features, which are
typically identified in low thermal conductivity polycrystal-
line diamond.**?3 However, near the nucleation interface
some non-diamond phases appears in the first tens of nano-
meters (Fig. 1(d)). Since diamond is transparent for the laser
wavelength used here, the whole thickness of the diamond
membrane is measured, and it is also possible to simultane-
ously measure the temperature of the Si substrate, with the
signal originating from the first ~0.5 um of the Si due to the
absorption of the laser within the Si, thus enabling the mea-
surement of the AT between the NCD and the Si.

Silicon (Si) NW—~50nm in diameter and 2-5 um in
length—similar to those described in Ref. 36 were deposited
onto the metal heaters and onto the diamond surface (see
Fig. 2(a)). The purpose of the Si NWs is to act as accurate
local nano-thermometers through its phonon frequency tem-
perature dependence, which has a similar linear behavior
than the bulk Si (0.0222cm™'/K (NWs) vs 0.0224cm™'/K
(bulk Si), Fig. 2(b)). Since the Si NWs can absorb energy
from the laser, care needs to be taken to avoid sizable self-
heating effect in the NWs.*® However, it has been recently
demonstrated that the Raman signal of Si NWs can be col-
lected using ultralow laser powers, typically, <10 uW (see
Fig. 2(c)), removing any self-heating effect.*® This is possi-
ble due to an electromagnetic coupling between the laser
beam and the leaky modes of the NWs on some substrates
such as Au.’ Here, the electric field inside the NWs is
enhanced, which ultimately results in a great increase of the
Raman signal due to its dependence with |E|*.*

The NWs small dimension minimizes the heat transfer
with low density media, such as air, resulting in a near per-
fectly thermal isolation of the Si NWs from the surrounding
air, 3040 This, combined with their small mass, leads to a
good thermalization with the surface in direct contact with
the Si NWs.>** All of these properties make the Si NWs
therefore excellent Raman nanosensors, allowing to extract

FIG. 1. (a) Optical micrograph and (b)
Electron microscopy (SEM) of the test
structures used for analyzing the heat
transport in ¢-NCD diamond. (c)
Temperature dependence of the c-NCD
diamond Raman shift. Inset displays
typical Raman spectrum collected from
the c-NCD samples used in this work.>’
(d) High resolution transmission
electron  microscopy  micrograph
of the 1 um NCD sample at the nuclea-
tion interface. Note the existence of
a transition zone containing various
nano-crystalline grains and amorphous/
metastable phases.
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FIG. 2. (a) SEM micrograph Si NWs (5 um length, 53 nm in diameter) de-
posited onto the metal heaters. (b) Temperature dependence of the Raman
shift of individual Si NWs deposited onto the heaters. (c) Raman shift of a
NW for a set of four increasing powers, ~5 uW (1), ~10 uW (2), 25 uW (3),
and ~50 uW (4).

the temperature of non-Raman active materials such as the
metals of the here studied structures with high spatial
resolution.

Temperature profiles obtained on the diamond mem-
branes (as in Fig. 1(a)) are shown in Fig. 3, for diamond
films of 1 um and 680nm thickness (Figs. 3(a) and 3(b),
respectively) when an electrical power of 0.2 W is dissipated
in the metal heater. Peak temperature is located, where the
metal heater is deposited, and it decreases along the mem-
brane away from the metal heater. Small deviations from a
linear behavior of the temperature profile are observed when
temperatures are determined from the diamond Raman
modes alone, in particular, near the location of the metal line
heater. This is most likely due to stress contributions to the
Raman peak position. For a stress-free measurement, Si
NWs aligned parallel to the line heater were used as surface
nano-thermometers, resulting in a significant improvement
of the accuracy of the measurement of the temperature
profiles.

The thermal conductivity of the diamond films was
extracted by fitting the measured temperature profiles to a nu-
merical solution of the heat equation on the exact three dimen-
sional (3D) finite element model in each case (Fig. 3, lines).
The temperature dependence of the silicon substrate x,*' and
losses by radiation and natural convection were taken into
account in the model. The fitted value for x was nearly inde-
pendent of the power dissipated in the structure (peak temper-
ature in the heater from 100 up to 400 °C). This illustrates that
for this temperature range, x is nearly constant. This is consist-
ent with what is expected for c-NCD."® Using this approach, «
values of 65 = 5 W/mK and 95 = 5 W/mK for the 680 nm and
1 um membranes were determined, respectively. These figures
are in good agreement with those reported in Ref. 20 for
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FIG. 3. Temperature profiles measured in the c-NCD membranes with the
line heater positioned in the center. Lines correspond to temperatures
obtained from fitting the numerical model (ANSYS) to the experimental
data using the indicated thermal conductivities.

similar c-NCD thin layers, for which, however, no cross-plane
thermal conductivity values were reported. Given that the two
samples were grown under the same conditions, the only dif-
ference between the two samples lies in their average lateral
grain size; the grains of the thicker samples when measured
from the top surface are a ~25% larger than the ones for the
thinner sample (160nm vs 130nm). This will impact the in-
plane x through phonon grain boundary scattering,'®™'®
explaining why the sample with the smaller average grains has
a smaller in-plane k. However, being the two samples grown
stepwise in identical conditions, their initial grain evolution
should be identical. Therefore, the 1 um thick sample was con-
sidered using a two layer model with a bottom layer of 680 nm
(65 W/mK), and allowing the « of the top 320 nm layer to be a
free fitting parameter. Using this approach, an in-plane x of
150 W/mK for the top 320 nm was found to fit the experimen-
tal temperature profile measured in the 1um sample.
Therefore, the lateral expansion of the columnar grains results
in a depth-dependence of the in-plane x in the c-NCD layer.
This result impact the optimal integration of the c-NCD on top
of a HEMT channel, in which the in-plane x for a given thick-
ness of the diamond film should be maximized by engineering
the c-NCD grain evolution.

For the cross-plane thermal transport, we focus on the
1 um thick ¢c-NCD film which was explored by means of the
ring structures, as shown in Fig. 1(b). Again Si NWs were
deposited in this case onto the metal heater surface for
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measuring the local temperature in the metal (see Fig. 2(a)).
The temperature versus the electrical power dissipated in the
heater was determined for the diamond and the Si substrate
at symmetric points at a distance of ~500 nm from the heater
(see Fig. 4 sketch, points A and B). Heater temperature was
also determined from the Si NWs deposited onto the metal
near points A and B. Knowing the lateral thermal conductiv-
ity of the c-NCD (95 W/mK) and solving the heat equation
numerically in the exact 3D finite element model, a total
thermal resistance of 55.5 + 1.5 m?K/GW between the metal
and the substrate was determined from the silicon substrate
and silicon NWs temperature profiles. If this thermal resist-
ance is entirely attributed to the c-NCD, it corresponds to a
thermal conductivity of ~18 W/mK—~« = thickness/thermal
resistance. However, this rather low cross-plane x also
includes the contributions of the two thermal boundary resis-
tances (TBRs): Ti/c-NCD and ¢-NCD/Si substrate. When the
c-NCD temperature profile and the known TBR value for the
Ti/diamond interface—9.5 + 0.5 m*K/GW from room tem-
perature and above—*? are included, it is possible to unam-
biguously determine the different contributions to the
vertical thermal resistance of the c-NCD layer. The simulta-
neous fitting of all the measured temperature points in the
test structure (Fig. 4) leads to a c-NCD/Si TBR of 42.2 = 1.0
m?K/GW, and a ¢-NCD vertical thermal resistance of
3.3+ 1.3 m’K/GW. This corresponds to a cross-plane x of
~300 W/mK for the 1um thick diamond film. Using the
same strategy, a vertical thermal resistance for the 680 nm
thick ¢-NCD film of 2.7 = 1.0 m*K/GW, corresponding to a
cross-plane x of ~250 W/mK, was extracted (inset of
Fig. 4). This values are in the ranges reported by other
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FIG. 4. Temperature as function of electrical power measured in the ring
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on top of the metal heaters (NWs). The lines show the results from the si-
multaneous fitting in the numerical model when a c-NCD/Si TBR of 42.2
m’K/GW and a ¢-NCD vertical thermal resistance of 3.3 m°K/GW is
assumed.
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authors for c-NCD layers of similar thicknesses (~180-500
W/mK),?'"?* while the diamond/substrate TBR is similar to
the one reported in Ref. 24 for ¢c-NCD on Si. Combining
these results with the ones obtained for the in-plane x leads
to an anisotropy ratio of ~3 for the in-plane/cross-plane «,
thus higher than the ~50% observed in bulk polycrystalline
diamond.*? However, the accuracy of the determination of
the cross-plane conductivity of the diamond is limited by the
dominant role played by the TBR between the c-NCD and
the silicon. Its contribution is approximately one order of
magnitude larger than the c-NCD contribution to the total
cross-plane thermal resistance. Considering that in the
diffuse-mismatch model, the phonon rejection for the sili-
con/diamond interface only accounts for roughly 5 m’K/
GW,44 most of the thermal resistance should be addressed to
the c-NCD region in direct contact with the substrate. This
region is shown with more detail in Fig. 1(d), being clear the
existence of a rough transition zone of 5-25 nm composed of
very small diamond nanocrystals and cubic phase SiC par-
ticles embedded in an amorphous matrix. This defective
transition region in the ¢c-NCD acts as a bottleneck for the
cross-plane thermal transport, being crucial the optimization
of this region for taking full advantage of the polycrystalline
diamond as an efficient substrate for HEMTs.*

In conclusion, taking advantage of Si NWs and standard
Raman Thermography, a steady-state method for extracting
the thermal parameters of ultrathin diamond films has been
developed. The in-plane and cross-plane components of the
thermal conductivity as well as the thermal barrier in the dia-
mond/substrate interface have been measured with this tech-
nique. We found a strong depth-dependence of the lateral x
induced by the grain evolution during the ¢c-NCD growing
process. Also a higher cross-plane than in-plane thermal con-
ductivity has been found in the samples resulting in an aniso-
tropic heat transport in the polycrystalline diamond thin
layers. However, the cross-plane thermal transport seems to
be dominated by the first nanometers near the nucleation
interface. These results contributes to gain insight in the near
nucleation heat transport of polycrystalline diamond, and are
specially relevant for the integration of diamond near the
electron channel in AlIGaN/GaN devices, in which the spe-
cial characteristics of the polycrystalline diamond thermal
conductivity in the first micron cannot be neglected.
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