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Thermal conductivity of hybrid SiC/Si substrates for the growth of LED

heterostructures
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The thermal characteristics of SiC/Si samples obtained by the method of coordinated substitution of atoms at
different thicknesses of SiC have been experimentally investigated. It has been found that for SiC thicknesses less
than 200 nm, the thermal resistance of SiC/Si is approximately equal to 2 K/W, which is the same as for pure
silicon substrate. Such samples will perfectly remove heat from the light-emitting heterostructure grown on SiC/Si.
With an increase in the thickness of SiC, the SiC film is detached, which leads to a loss of thermal contact between
SiC and Si. The thermal resistance increases at the same time by more than two orders of magnitude. The ability
to remove easily the opaque part of the substrate can form the basis of the technology for manufacturing flip-chip

LED.
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Light-emitting diodes (LEDs) based on gallium nitride
(GaN), solid solutions AlGaN and InGaN, and other III-V
semiconductor solid solutions are used widely at present
in the fabrication of light sources [1]. The growth of
III—V heterostructures is commonly performed on sapphire
substrates. Since these substrates (especially those with
a large diameter) have a number of drawbacks, efficient
alternative materials have been actively searched for in
recent years [1]. The use of hybrid silicon carbide on
silicon (SiC/Si) substrates, which are fabricated using the
method of coordinated substitution of atoms in a chemical
reaction between the initial single-crystalline silicon and
gaseous carbon monoxide (CO), is one of the viable options
here [2,3]. Substrates of this type have the following
significant advantages: lack of lattice mismatch dislocations
in a SiC layer; fine matching of the lattice constants of GaN
and SiC; and fine matching of the coefficients of thermal
expansion of GaN and SiC. Specifically, the authors of [4,5]
have succeeded in growing light-emitting heterostructures
based on AllnGaN on hybrid SiC/Si substrates. A serious
issue related to the removal of heat from a p—n junction
arose in the process of fabrication of LEDs based on these
structures. The matter is that a pore layer forms in silicon
beneath a SiC layer in the process of SiC growth from Si
by coordinated substitution of atoms, since the volume of
a single SiC cell of a cubic polytype is approximately two
times smaller than the volume of a single Si cell [2,3]. The
thicker a SiC layer is, the greater is the amount of SiC
forming beneath the layer and the higher is the number
of pores in a Si layer with a thickness of 1—5um below
SiC. The pores themselves are partially filled with SiC, and
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the volume of this material is approximately equal to the
volume of voids [2,3]. A question then arises: how does the
porosity of Si affect the removal of heat from a p—n junction
in a light-emitting structure grown on SiC/Si? The aim of
the present study is to examine this issue by measuring the
thermal resistance of grown structures as a function of the
SiC layer thickness.

The thermal parameters of grown SiC/Si structures were
analyzed by comparing the values of thermal resistance. The
method for examination of thermal resistance was based
on the determination of transient temperature-dependent
characteristics (forward p—n junction voltage in response
to an abrupt impact of a heating current pulse) with
a Thermal Transient Tester T3Ster instrument [6], which
performs measurements in accordance with the JESD 51-
14 international standard [7]. The T3Ster software provides
an opportunity to determine cumulative and differential
structure functions [8] that illustrate the thermal impedance:
thermal capacity and thermal resistance of elements of a
thermal circuit (ie., individual layers of the structure and
interfaces between them). A similar method was used to
examine the thermal parameters of polysiloxane-graphite
composites [9].

Samples of hybrid SiC/Si substrates grown on boron-
doped 50 €2 - cm Si(111) with a SiC thickness of 100, 200,
and 400nm and a clean boron-doped 502 -cm Si(111)
substrate (ie., the sample with zero SiC thickness) were
studied. Sections 1.15 x 1.15mm in size were cut out of
all samples with a diamond disk. The indicated dimensions
correspond to those of an Epistar LED chip that was used as
a heating indicator element. LED chips were secured to the
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studied SiC/Si samples with contactol, which has a thermal
conductivity of 29 W/(m - K). The samples themselves were
then secured with contactol to an aluminum heatsink. Thus,
the thermal resistance between a p—n junction of an Epistar
LED and the aluminum heatsink with the studied sample
mounted on it was measured in our experiments. A
significant fraction of supplied electrical energy is converted
into light in efficient LEDs. Therefore, the value obtained in
electrical measurements (with T3Ster) of thermal resistance
Rin of LEDs was corrected with account for output optical
power Pop. The structure of layers is presented in Fig. 1.

Figure 2 shows the cumulative structure functions for
all four SiC/Si samples with different thicknesses. Near-
horizontal sections correspond to a slight variation of
thermal capacity and a considerable variation of thermal
resistance; i.e., these are the regions of a sufficient thickness
and low thermal conductivity. In contrast, near-vertical
sections represent thin layers with a high thermal conductiv-
ity. Abrupt slope changes correspond to interfaces between
different structure layers (heterostructure, substrate, metal-
lization, etc.) [8].

It can be seen that the samples with a small SiC thickness
(100 and 200 nm) and the clean Si substrate with zero SiC
thickness are virtually indistinguishable and have exactly the
same parameters of heat removal from the chip, whereas the
heat removal efficiency of the sample with a SiC thickness
of 400 nm is much lower. This is attributable to detachment
of the 400-nm-thick SiC film from the Si substrate. The SiC
layer has no thermal contact with the aluminum heatsink
via silicon. The thermal circuit at SiC thicknesses below
200 nm is a series arrangement of the initial chip, contactol,
the hybrid SiC/Si substrate, and the aluminum heatsink; at a
SiC thickness of 400 nm, contactol and SiC/Si merge into a
single element with a very high thermal resistance, and the
process of removal of heat directly via the hybrid substrate
thus ceases almost completely. The difference in structure
of SiC/Si samples with a thickness of 200 and 400 nm is
evident in microstructural cross-sectional images of these
samples (Fig. 3).

It follows from Fig. 2 that the thermal resistance of SiC/Si
at SiC thicknesses up to 200 nm is approximately equal to
2K/W, which corresponds to a fine thermal conductivity;
at a SiC thickness of 400nm, the thermal resistance

SiC/Si

Figure 1. Schematic diagram of the studied SiC/Si samples on an
aluminum heatsink.
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Figure 2. Cumulative structure functions for all four SiC/Si
samples with different SiC layer thicknesses. The cumulative
functions of samples with a SiC layer thickness of 0—200nm
are virtually indistinguishable, while the cumulative function of
the sample with a 400-nm-thick SiC layer differs greatly from the
others.

of the SiC/Si sample in combination with contactol is
approximately equal to 250 K/W. Thus, it effectively turns
into a thermal insulator due to the lack of a thermal contact
between SiC and Si.

Thus, the obtained data suggest the following conclusion.
Hybrid SiC/Si substrates with a SiC thickness up to 200 nm
provide efficient removal of heat from a light-emitting p—n
junction.  Specifically, SiC films with a thickness of 70
and 100nm were used in [4,5]. Despite the presence of
a porous layer, the thermal conductivity of a hybrid SiC/Si
substrate is virtually equal to the thermal conductivity of
pure silicon, since the thickness of SiC is small relative
to the one of Si (~ 500um). A further increase in the
SiC thickness (to values in excess of 200nm) leads to
the loss of thermal contact between SiC and Si; SiC/Si
samples of this type can no longer serve as substrates for
LED chips of the face-up design with light being output
through transparent conducting contacts deposited on top
of the p-region of a heterostructure. At the same time, such
structures may be used efficiently in fabrication of flip-chip
LED with an opaque reflective contact, which is mounted
directly on a heatsink, deposited on top of the p-region of
a heterostructure. As was demonstrated above, the removal
of an opaque part of the substrate (needed for light output
from a flip-chip LED chip) is maximally streamlined in the
case of SiC/Si structures with a SiC layer thickness in excess
of 200nm. Light is then output through a transparent SiC
layer of a hybrid substrate.
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Figure 3. Microstructural cross-sectional images of SiC/Si samples with a thickness of 200 (a) and 400 nm (b).

Engineering of the Russian Academy of Sciences (St.
Petersburg). The parameters of samples were studied at
the common use center ,,Hardware Components of Radio
Photonics and Nanoelectronics: Technology, Diagnostics,
Metrology:“

Funding

S.A. Kukushkin and A.V. Osipov performed their part
of the study with support from the Ministry of Science
and Higher Education of the Russian Federation under
state assignment No. FFNF-2021-0001 of the Institute
for Problems in Mechanical Engineering of the Russian
Academy of Sciences.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] Gallium oxide. Materials properties, crystal growth, and
devices, ed by M. Higashiwaki, Sh. Fujita. Springer Ser.
in Materials Science (Springer, Cham, 2020), vol. 293.
DOL: 10.1007/978-3-030-37153-1

[2] S.A. Kukushkin, A.V. Osipov, Russ. J. Gen. Chem., 92, 584
(2022). DOL: 10.1134/S1070363222040028.

[3] S.A. Kukushkin, A.V. Osipov, Condens. Matter Interphases, 24,
407 (2022). DOIL: 10.17308/kemf2022.24/10549.

[4] N.A. Cherkashin, A.V. Sakharov, A.E. Nikolaev, V.V. Lundin,
S.0. Usov, VM. Ustinov, A.S. Grashchenko, S.A. Kukushkin,
AV. Osipov, AF. Tsatsul’nikov, Tech. Phys. Lett., 47, 753
(2021). DOI: 10.1134/S106378502108006X.

[5] LK.  Markov, S.A.  Kukushkin, ILP.  Smirnova,
AS. Pavlyuchenko, A.S. Grashchenko, A.V. Osipov,
G.V. Svyatets, A.E. Nikolaev, A.V. Sakharov, V.V. Lundin,

AF. Tsatsulnikov, Tech. Phys. Lett, 48, 31 (2022).
DOI: 10.1134/S1063785022020043.
[6] T3Ster MicReD, ,T3Ster [Electronic source]. URL:

https://www.mentor.com/products/mechanical/micred/t3ster/
[7] IC Thermal Measurement Method — Electrical Test Method

EIA/JEDEC JESD51-1 Standard [Electronic source]. URL:

http://www,jedec.org/standards-documents/results/JTESD51-1]

[8] C. Lasance, A. Poppe, Thermal management for LED
applications. Solid State Lighting Technology and Application
Ser. (Springer, N.Y., 2014). DOI: 10.1007/978-1-4614-5091-7

[9] J. Vishnu Chandar, S. Shanmugan, D. Mutharasu,
M. Khairudin, A.A. Azlan, Polym.-Plast. Technol. Mater., 59,
106 (2020). DOI: 10.1080/25740881.2019.1625392

Translated by D.Safin

Technical Physics Letters, 2023, Vol. 49, No. 7



