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Abstract
The refractive index and its variation with temperature, i.e. the thermo-optic coe�cient, are basic optical
parameters for all those semiconductors that are used in the fabrication of linear and non-linear opto-
electronic devices and systems. Recently, 4H single-crystal Silicon Carbide (4H-SiC) and Gallium Nitride
(GaN) have emerged as excellent building materials for high power and high temperature electronics, and
wide parallel applications in photonics can be consequently forecasted in the near future, in particular in
the infrared telecommunication band of λ=1500-1600 nm.

In this paper, the thermo-optic coe�cient (dn/dT) is experimentally measured in 4H-SiC and GaN
substrates, from room temperature to 480 K, at the wavelength of 1550 nm. Speci�cally, the substrates,
forming natural Fabry-Perot etalons, are exploited within a simple hybrid �ber–free space optical
interferometric system to take accurate measurements of the transmitted optical power in the said
temperature range. It is found that, for both semiconductors, dn/dT is itself remarkably temperature
dependent, in particular quadratically for GaN and almost linearly for 4H-SiC.

Introduction
Over the last decade, we have assisted to the rapid development of industrial applications of
microelectronic devices based on new semiconducting materials, such as Silicon Carbide (SiC) and
Gallium Nitride (GaN). Power electronic applications, in particular, have taken huge advantages from the
adoption of these wide bandgap semiconductors, both of which allow the effective fabrication of high
breakdown voltage, low on-resistance, diodes and transistors1,2,3,4, capable moreover of operating at
much higher temperatures compared to Silicon (Si) ones5,6. As the deployment of these materials in
electronics is destined to grow in the coming years7, it can be expected that this will trigger the
development of passive and active photonic devices for communication or sensing purposes, possibly
monolithically integrated within the same chip8,9,10. An obvious prerequisite for the development of such
devices is the precise knowledge of the optical properties of these materials, in particular their
dependence on temperature variations that can be reached during the operating life.

However, although the temperature dependence of the refractive index is essential for understanding the
optical potential of novel materials, such as 4H-SiC and GaN, investigations on the thermo-optic
coe�cient (TOC) are limited. To date, only few studies on these wide-band gap materials can be found in
the literature11, based on different experimental methods, as interferometry12, z-scan13, thermal lens14

and light-induced transient thermal grating techniques15, and carried out in various wavelength ranges.

In particular, for the hexagonal (4H) polytype of SiC, although usually regarded among the best materials
for high-power electronic and optoelectronic applications16, an accurate value of the TOC and its
temperature dependence is still lacking at the common ber-optic wavelengths of λ ~ 1.55 µm.
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Scajev et al.15 applied a time-resolved four-wave mixing technique for the determination of TOCs in
heavily doped n-type and p-type 4H-SiC substrates at room temperature (RT). Spatial modulation of
thermal properties was achieved by intraband carrier excitation using a light-interference pattern at λ = 
1064 nm and subsequent carrier thermalization. Measurements were carried out in a range of
temperature T=10-300 K, with a calculated value dn/dT=3.6×10−5 K−1 at T=300 K.

Watanabe et al.17 investigated the temperature dependence of the refractive indices of 4H-SiC and GaN in
a wavelength range from the near band edge (λ = 392 nm for 4H-SiC, λ = 367 nm for GaN) to infrared (λ = 
1700 nm) from RT to T=500°C. Optical interference measurements were employed to precisely evaluate
ordinary refractive indices. Near the band-edge region, the temperature dependence of the refractive index
mainly originates from the temperature change of the bandgap. At λ = 450 nm, the TOCs of 4H-SiC and
GaN were measured to be 7.8×10−5 K−1 and 1.6×10−4 K−1, respectively.

Xu et al.18 measured, by the method of minimum deviation, from T=293 K to 493 K, the temperature-
dependent refractive indices of 4H- and 6H-SiC over a spectral range from λ = 404.7 nm to λ = 2325.4 nm.
The TOC dispersion formula as a function of wavelength and temperature was derived from the Sellmeier
equation. For 4H-SiC, at the wavelength of λ = 450 nm, at T=493 K, they calculated a dn/dT=8.18×10−5

K−1, very close to what reported in Ref.17. At the same temperature, for 6H-SiC, the TOC at the wavelength
of λ = 1523 nm is 5.94×10−5 K−1, not far from the value of 5.54×10−5 K−1 reported in Ref.11.

To our knowledge, to date, there is however a lack of studies in the literature highlighting that the TOC for
4H-SiC and GaN, at λ = 1550 nm, is itself temperature dependent, and in a not negligible manner.
Therefore, in this letter we report an experimental characterization of this coe�cient for both wide
bandgap materials, from RT up to T=480 K, about, at said �ber optic communication wavelength. The
results should be helpful for the proper design of 4H-SiC or GaN-based passive and active optoelectronic
devices, like waveguides, couplers, interferometers, lasers, switches, modulators, etc. An unknown thermo-
optic effect may cause, in fact, incorrect functioning of devices where the refractive index dependence
scales with wavelength and temperature.

Experimental
The samples used in this work are two commercially available19 semi-insulating thick substrates of 4H-
SiC and GaN. The characterization of the thermo-optic coe�cient was pursued with the experimental set-
up schematically shown in Figure 1.

In brief, the sample is contained in a U-bench (Thorlabs, FBC-1550-FC) and it is placed on a resistive
heater to ensure a uniform heating at the desired temperature. The actual temperature of the device under
test (DUT) is monitored by a high accuracy PT-100 sensor, �rmly glued on it close by the monochromatic
light spot. A probe beam at the wavelength of λ = 1.55 µm, produced by a remotely controlled tunable
laser diode, is launched across the sample, orthogonally to the surface. The sample, which is polished at
an optical grade on both sides, behaves like a Fabry-Perot (FP) cavity. In order to calculate the value of
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dn/dT, the optical tuning and detuning of the FP cavity is monitored with the temperature change. In fact,
the aim is to measure the temperature variation that is necessary for producing a complete FP detuning,
by monitoring the transmitted radiation amplitude collected at the output by an InGaAs, switchable gain,
ampli�ed photodetector (Thorlabs, PDA10CS-EC).

For a FP cavity with symmetric mirrors, the transmitted light signal can be calculated by the following
expression:

It =
Io

1+
4F2

π2 sin2∅
 (1)

where, Io is the incident light intensity, F is the re�ecting �nesse of the cavity, and ϕ is the signal phase
de�ned by ∅ = 2πnL/λ, with n and L the refractive index and the length of the cavity, respectively.

The sin term confers periodicity to the equation, depending on the variation of the refractive index and on
the FP cavity length, which both change with temperature. This trend is explicated by:

∂φ
∂T =

2πL
λ

∂n
∂T + α(T)n(T)  (2)

where the term α = ∂L/L∂T is the thermal expansion coe�cient of the semiconducting material.

The temperature dependence of the thermal expansion coe�cients for 4H-SiC and GaN are reported in
Table 1 together with some speci�c geometrical parameters. 

Table 1
Main features of the 4H-SiC and GaN samples.

  4H-SiC GaN

Substrate19 Semi-insulating <0001> Semi-insulating (Fe-doped)
<0001>

Resistivity19 >105 Ω × cm >106 Ω × cm

Roughness19 <0.5 nm <0.5 nm

Energy gap (eV) (T=300 K) 3.2 3.43

Thickness L (mm) 19 2 0.35

Thermal expansion coe�cient α
(10−6 K−1)

-1.0971×10−5T2+1.8967×10−2T-
1.9755 20

3.17 21

n (T=300 K, λ = 1.55 µm) 2.56 22 2.32 4,11,23

( )
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Results And Experimental Discussion
Several temperature sweeps were run on each sample. Figure 2 is an example of the transmitted signal
amplitude for the 4H-SiC substrate as a function of temperature from RT to T=480 K.

The same kind of plots were also obtained from the GaN sample. A sample graph is reported in Figure 3
in the same range of temperature.

According to (2), the evaluation of the TOC, dn/dT, is obtained from the measurement of the distance in
temperature between two consecutive transmission maxima (or minima), ΔTπ, corresponding to a phase
shift of the optical propagating �eld of Φ = π.

Note that, at each temperature, α(T) is calculated according to the relevant equation in Table 1, while n(T)
is updated with the value extracted at the last temperature step, like in a recursive method.

Each DUT underwent several temperature ramps, from RT to T=480 K and, again, from T=480 K down to
RT over a long period of time (one month). Each temperature sweep required approximately a full day of
measurements. In fact, once each operating temperature was reached, the system was kept in a stable
condition for about ten minutes before starting the transmitted optical intensity measurement. Five
successive and independent acquisitions of the photodetector output signal and the corresponding
precise temperatures provided by the PT-100 sensor, subsequently averaged to get a single couple of
measurement points, required, instead, only a few seconds. The overall results are summarized in Figure
4 together with measurements made during the different measurement days.

The same experimental setup was exploited for the characterization of GaN substrate. All of the results
are reported in Figure 5. In this case, the distance in temperature between two consecutive transmission
maxima (or minima) is larger with respect to the 4H-SiC substrate due to the reduced thickness of the FP
cavity (L=0.35 mm), therefore the number of the experimental points of TOC as function of temperature is
limited to only few values. However, the dependence of the TOC on temperature variation is evident,
although less remarkable if compared to the 4H-SiC.

Note that few comparable values of dn/dT are found in the literature for 4H-SiC17,18 and GaN17,23, while
no temperature dependence has been reported to date.

The experimental data obtained from measurements, at λ = 1550 nm, were modelled with the 2nd -order
polynomial best-�ts, fL(T), described by the following equations:

∂n
∂T = − 5.55 ∙ 10 −11T2 + 1.46 ∙ 10 −7T − 2.36 ∙ 10 −6  for 4H-SiC   (3)

∂n
∂T = − 3.55 ∙ 10 −10T2 + 3.37 ∙ 10 −7T − 1.99 ∙ 10 −5 for GaN  (4)
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The high coe�cients of determination (R2), provided in Figure 4 and 5, respectively 0.9899 and 0.9699 for
4H-SiC and GaN, demonstrate the good agreement between the experimental points and the polynomial
�ts.

Another important parameter characterizing the goodness of the calculated TOCs, at the different
considered temperatures during all the performed measurements (both positive and negative temperature
ramps), with the polynomial best-�t, is the root-mean-square error (rmse). In Figure 6 and 7 the
polynomial �t and the relative error bars are reported for both substrates. The corresponding rmse values
of 4H-SiC and GaN TOCs, in the investigated temperature ranges, are 4.74∙10−7 K−1 and 3.78∙10−7 K−1,
respectively, about two order of magnitude lower with respect to what can be calculated from equations 3
and 4.

Conclusions
In this study, the measurement of the thermo-optic coe�cients (dn/dT) and their temperature
dependences were reported on 4H-SiC and GaN. The results were accurately evaluated over a wide
temperature range from RT to T=480K at the �ber-optic communication wavelength of λ = 1.55 µm. The
experimental data were modelled with a 2nd -order polynomial best-�t and the coe�cient of
determination (R2) and the room mean square error (rmse) were calculated. The curves, �tting the TOCs
achieved at different temperatures, matches very well the experimental data with a value of R2 of 0.9899
and 0.9699 for 4H-SiC and GaN, respectively. The TOC increases with temperature for both
semiconductors, especially in 4H-SiC where it increases by about 25% for a 100 K temperature variation.

The results can be helpful for the proper design of SiC/GaN-based optoelectronic and nonlinear optical
devices, operating in the infrared telecommunication region, that actively use, or are affected by, the
refractive index change with temperature.
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Figures

Figure 1

Experimental setup exploited for TOC characterization vs. temperature.

Figure 2
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Example of a transmitted signal amplitude plot as a function of temperature for the 4H-SiC sample.

Figure 3

Example of a transmitted signal amplitude plot as a function of temperature for the GaN sample.
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Figure 4

Thermo-optic coe�cient as a function of temperature for the 4H-SiC sample
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Figure 5

Thermo-optic coe�cient as a function of temperature for the GaN sample.

Figure 6

Polynomial �t and error bar of thermo-optic coe�cient of 4H-SiC at wavelength of 1.55 μm.
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Figure 7

Polynomial �t and error bar of thermo-optic coe�cient of GaN at wavelength of 1.55 μm.


