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In this paper, the thermoreflectance (TR) coefficient of c-Si is numerically calculated over the wavelength range of 200-800 nm and the
temperature range of 300-500 K using a complex permittivity model that considers interband transitions and free carriers. The calculated results
are in good agreement with literature values, and it is found that the temperature dependence of the TR coefficient is almost negligible at
wavelengths above 500 nm. On the other hand, in the wavelength range of 200-500 nm, the TR coefficient depends strongly on the wavelength,
and the temperature stability also changes significantly depending on the wavelength. This suggests that the wavelength of the probe light for TR
measurement should be appropriately selected to realize high sensitivity and temperature stability, considering the constraints of the optical
system and the temperature range of the sample. © 2023 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP

Publishing Ltd

1. Introduction

The thermoreflectance (TR) is used in temperature measure-
ment based on the temperature dependence of the reflectance
of the material surface. TR measurement is a non-invasive,
noncontact, high-speed, high-spatial and temperature-resolu-
tion, and high-accuracy method; therefore, it has been used
especially for the measurements of the temperature and
thermal properties of micro and nano materials.'"”” In
addition, the temperature mapping of gold nanowires using
TR has recently been reported,'” and TR measurement is
expected to realize large-area temperature mapping with high
spatial and temperature resolutions.'"'® In current TR
measurement methods, a metal film with well-known optical
properties and a large reflectance change with respect to
temperature change (TR coefficient) is generally deposited on
the surface of a sample by vapor deposition or plating.®”

However, in many cases, it is difficult to form a metallic
reflective film owing to design or manufacturing process
restrictions, and the importance of TR measurement for
nonmetallic materials is increasing. With the improvement
of the sensitivity of optical elements and the development of
measurement techniques, even smaller reflectance changes
can be measured with high accuracy. Recently, there have
been more reports on TR measurement methods without
using metal reflective films on nonmetallic materials such as
silicon'?™" and GaAs.*'® In particular, single-crystal si-
licon (c-Si) occupies a large area in MEMS and semicon-
ductor devices, and the TR measurement of c-Si should play
an important role in measuring their temperature distribution
and evaluating their thermal characteristics.

In TR measurement, it is required that the reflectance itself
and TR coefficient be large, and the temperature stability of
the TR coefficient be high over the measurement range.
Therefore, the light source for the TR measurement of c-Si
should be carefully selected, taking into account the con-
straints of the optical system and the temperature range of

samples. This requires that the reflectance and TR coefficient
be clear over wide ranges of wavelengths and temperatures.

Regarding papers on the TR of c-Si, Balzarotti and
Grandolfo'® measured the TR coefficient of a c-Si sample
at 300 K in the wavelength range of 200-500 nm for normal
incident light and 55° oblique incident light while modulating
the temperature of the sample with a 10 Hz square wave
current. Furthermore, they discussed the relationship between
the singularity of the TR coefficient with respect to wave-
length and the band structure of Si. Shio et al."* numerically
calculated the TR coefficient of Si at 300 K in the wavelength
range of 200-500 nm. They measured the reflectance change
in the temperature range of 300-500 K using a 365 nm LED
light source obliquely incident at 70° and compared the
measurement results with the calculation results. Heller et
al.'” measured the TR coefficients of a c-Si sample in the
range of 300-500 K using a 633 and 1047 nm light source
obliquely incident at 65°. A theoretical discussion of TR
considering the semiconductor band structure has been
summarized by Matatagui et al., but they did not cover the
entire visible light region.'® As such, measurement reports
and theoretical approaches on the TR of c-Si are limited to
narrow ranges of temperatures and wavelengths,'?'*!7-1®

This study is conducted to numerically calculate the TR of
c-Si over wide wavelength (200800 nm) and temperature
(300-500 K) ranges, and to provide quantitative guidelines
for constructing measurement systems (especially for
selecting the wavelength of the probe beam) and validating
experimental results.

2. Experimental methods

2.1. Complex permittivity and TR coefficient

When the temperature of a material changes, the plasma
frequency and electron energy band structure change owing to
the volume change, resulting in a change in the complex
permittivity of the material.'® This is often observed as a change
in the reflectance of the material surface, and this relationship is

Content from this work may be used under the terms of the Creative Commons Attribution 4.0 license. Any further distribution of this
BY

work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

112006-1

© 2023 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd


https://crossmark.crossref.org/dialog/?doi=10.35848/1347-4065/ad07f8&domain=pdf&date_stamp=2023-11-17
mailto:m_shimofuri@nms.me.kyoto-u.ac.jp
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.35848/1347-4065/ad07f8

Jpn. J. Appl. Phys. 62, 112006 (2023)

M. Shimofuri et al.

linear for many materials with any probe beam
wavelengths.">'® TR is used to measure the temperature change
of materials from the reflectance change using this relationship.

Consider the case where a laser beam, which can be
regarded as a TEMO0O-mode Gaussian beam, is focused by a
lens with negligible aberration and is incident vertically from
a vacuum or air on the material surface. If the diameter of the
beam waist is larger than the laser wavelength and the near-
axis approximation is applicable, the incident beam can be
approximated as a plane-wave light incident perpendicularly
to the material surface.”’®” Therefore, when the complex
permittivity of the material is given by & = g + ie,, the
observed reflectivity R can be approximated using Fresnel’s
equation for the normal incidence case;

R:(n—l)z—i—fi2

, 1
(n + 1)? + k2 1
g =n>— K%, 2

& = 2nkK, 3)

where n and x are the refractive index and extinction
coefficient of the material respectively. When AT increases
with respect to a certain reference temperature 7, the
reflectance changes are as follows:

AR 4(n* — k* — )An + 8nkAr

R~ [(n— 1%+ K0+ D+ K
where An and Ak are the changes in refractive index and
extinction coefficient caused by the temperature change AT.
Using ag and (s, which are called Seraphine coefficients that
can be calculated from the relationship of & with n and x, we
can further rewrite them with the complex permittivity
change A2 = Ag + iAg, as follows:®

AR

“

2 asAeg + FsAes, )
2A

= — 6

as 1B (6)
2B

= 7

Bs B (N

A=nm® —3k%2 - 1), (8

B =r@Bn* — k% —1). 9)

Therefore, once the complex permittivity and its tempera-
ture coefficient at a temperature are obtained, the TR
coefficient of the material (1/R)(OR/OT) is calculated.

2.2. Numerical model of complex permittivity of c-Si
The complex permittivity of c-Si can be roughly divided into
the interband transition and free carrier contribution

&si = EsiB + EsiFC (10)

2.2.1. Contribution from interband transitions. The
model dielectric function (MDF) model has been proposed for
the contribution of interband transitions to the complex permit-
tivity of c-Si, which takes into account the energy band
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structure.”” Among parameters of the MDF model, the tempera-
ture dependence of parameters related to direct transitions was
measured by Jiang et al. in the temperature range of 293-803 K
and the wavelength range of 250-700 nm using p-type c-Si

(the acceptor concentration was estimated as 10 cem™ ).22)
6
B W) = Y &wW) (11)
i=1
. BiIn(1 — X}
) = Bl = %)
Xj
N B
2(E) = $
E1 — FE — ln
Fln 711:;2‘_'1
&(E) = — —
2m
. C4E}
Ba(E) = 52
E2 — E- + l’Y4EE2
R C-E?
B5(E) = ——— 20—
EO - E + l'YSEEO
R C.E?
Bo(E) = ——— i ———
El — E + 176EE1
X, = E + il
E;
E + il
Xom = Ez
_E+ iDL
Xel El
E = hw.

Here, & is Plank constant. The temperature dependence of the
parameters measured by Jiang et al. can be approximated by
linear regression as follows:

E;= —42 x 107*T + 3.49,

B; = 6.05 x 107*T + 6.13,
I = 0.076,
By, = —1.17 x 107°T + 1.69,
Ey=—-32x 107%T + 4.3,
[ = —4.0 x 10757 + 0.105,
F=—-43 x 1073T + 5.25,
Cy =29 x 1073T + 1.44,

= 1.4 x 107*T + 0.0492,
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Ej = —85 x 10T + 3.49,
Cs =245 x 107%T + 0.0194,

vs = 2.32 x 1075T + 0.0755,

E/ =533,
Ce = 0.164,
Y6 = 0.077.

Silicon is an indirect transition semiconductor, and direct
transitions do not occur for lights from band-gap energy to
critical energy for direct transitions (1.1-3.3 eV). However,
weak absorption occurs owing to the interaction between
electrons near the band edge and phonons. The parameters
given by Jiang et al. do not include the contribution of the
electron—phonon interaction, resulting in deviations from
experimental values in wavelengths longer than 500 nm. A
model for the interaction between the electrons in the band
edge and phonons interaction is given by Eq. (12), the
temperature dependence of which has been experimentally
measured by Timans>®

a5 (E. T)

| BE — E(T) + k6)

-3

F(E — E/(T) — k@-)]

v exp(0;/T) — 1 1 — exp(—6;/T)
(12)
0.504/x + 392(x — 0.0055)? (0.0055 < x)
Fx) = 0.504/x (0 < x < 0.0055)
0 x <0
18.08Vx + 5760(x — 0.0055)? (0.0055 < x)
hx) = 18.08/x (0 < x < 0.0055)
0 x <0
2
Fy(x) = 536x° (0 < x)
0 x <0
(a) 3 .
e 6 3 .
% /
.—g 4 f’ S00 K
2 ; ]
E- L | Ret 55 = Rcz- 32 |
CR: R::lt. 3 J
o= PRI |
100 1000
Wavelength (nm)
Fig. 1.

Fatx) = {988x2 0 <)

0 (x<0)

T2
E/(T) = 1.155 — 473 x 10*4m (13)
0,_4 = 212, 670, 1050, 1420[K]. (14)

Here, « is the absorption coefficient, which can be written as
Kk = a\/4m using the extinction coefficient x and the light
wavelength \. E, is the band gap energy. One simple way to
smoothly connect these two models at around 500 nm is to
weight them using the sigmoid function w

Er(N) = wOVER () + (1 — wQDEET(N)  (15)

1

1 + exp (ax‘); x)

w

w\) = (16)

Here, )\ is the center wavelength of the connection and )\, is
the width of the connection. In this paper, Ay and A,, are set to
500 and 200 nm, respectively, and a is set to 4.6 so that the
effect of the smaller contribution at the edge of the connec-
tion region becomes 1%.

In actual devices, impurity-doped c-Si is often used instead
of intrinsic Si, and the effect of dopant concentration must be
considered. Studies on the effect of dopant concentration on
the temperature dependence of interband transitions are limited
to highly doped cases (Np, Ny > 10" cm ™) and no data are
available for lightly doped c-Si (Np, Ny ~ 107 cm ). Heavy
doping is known to affect interband transitions*> " (see Fig. 1
in Sect. 3). On the other hand, according to Basta’s model,?®
the effect of dopant concentration on interband transitions is
negligible in lightly doped c-Si (Np, Ny ~ 107 cm™).
Therefore, the effect of impurity concentration on interband
transitions is not considered in this paper.

2.2.2. Contribution of free carriers. Most of the lasers
for TR measurements use visible light, and in this wavelength
region, interband transitions predominate, and the effect of
free carriers has been considered negligible. However, in
semiconductors, the free carrier concentration changes
rapidly with temperature, and its effect on the TR coefficient

(b)

10! —— :
o \
o © L

" / \
= 10! E Ref. 25 _
2 Ref. 31 '
2 N
= & 400K
Q 3L 300 K 50 ‘\ i
g 10 2k AW as0k
g Ref.33  \¥
2 105f
=
84

=7 i i i e .NQ:. 1

100

Wavelength (nm)

Calculated (a) refractive index and (b) extinction coefficient of c-Si. The blue solid and dashed curves are respectively the calculated results for

intrinsic and doped (Np = 1013, 10'7 cm’3) ¢-Si at 300, 350, 400, 450, and 500 K. Red circles, squares, diamonds, and triangles are experimentally measured
values from Refs. 25 (Np = 9 x 10'8 cm™3),*" (intrinsic),*® (Np = 1 x 102 cm™?), and®® (intrinsic), respectively.

112006-3

© 2023 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd



Jpn. J. Appl. Phys. 62, 112006 (2023)

M. Shimofuri et al.

may not be negligible. Therefore, it is considered in the
calculations.
The contribution of the free carriers of c-Si to the complex

permittivity can be expressed using the Drude model as

follows?>:

R 2l N, 1
5Si,FC(UJ) = ES iw * iw
ol Me w+ — my w+ —
e h

N

; A7)

where e is the elementary charge, N, j, is the electron and hole
concentrations, and me>|< 5 1s the effective mass of electrons and
holes. In the case of metals, the concentration of free carriers
is constant regardless of temperature because the Fermi level
exists in the conduction band above RT, and only 7, depends
on temperature. On the other hand, in the case of semicon-
ductors, since the Fermi level exists in the band gap, the
temperature-dependent parameters include not only 7, but
also N, ;. The temperature dependence of 7, in the case of

silicon is given by the following equation:*”
1 1 1
— = + , (18)
Te,h Te,h—1 Te,h—d
Y = 19 oo T 141,
o ()
13 % 107[em 7]
Th = 94 + 10,

| N 0.76
+ (1.9 X 10'7[cm’3])

70, =223 x 102,

0, =1.06 x 102,
Te—d _ Th—d :( T )1'5
0, T, 300)
—-3.8
To | = T‘J,I(L) ,
300

0 T -3.6
Th—] = Thfl ﬁ .

The free carrier concentration N, ;, can be obtained by the
charge neutrality condition (19), the impurity ionization
Egs. (20a) and (20b), and the mass action law (22) in
conjunction.””*”

Ey — Ep

N, = Nyexp| - —+—=% 21b

h v P( T ) (21b)
E

N,N, = NeNy exp| ——% (22)
kgT

Here, Np and N, are the concentrations of dopants and
acceptors respectively, and superscripts indicate their ions.
Ep and E; are the energy levels of dopants and acceptors, and
E¢ and Ey are the energy levels at the conduction band and
VB edges, respectively.

3. Calculation results and discussion

3.1. Calculation results of optical properties

The results of the calculation of n and ~ of intrinsic and
doped (Np = 10'3, 10'7 cm™>) ¢-Si at 300, 350, 400, 450,
and 500 K are shown in Fig. 1. The values obtained using the
model are in good agreement with experimental values®' =%
over the entire wavelength range of the calculation. The
dopant concentration has almost no effect on the temperature
dependence in the visible light wavelength region
(Np, Ny < 107 ¢cm™). The literature values® for heavily
doped c-Si deviate significantly from the value obtained
using the model; indicating that therefore this means the
model proposed in this paper may not be applicable for
heavily doped c-Si (Np, Nj > 107 cm ™).

3.2. TR coefficient calculation results

The TR coefficient is defined as®

1 OR
R= 2o (23)

The calculated reflectance and TR coefficients at 300, 350,
400, 450, and 500 K are calculated using Eq. (1) shown in
Fig. 2. The results are only for Np = 10" cm ™ because the
effect of impurity concentration was confirmed to be negli-
gible for lightly doped c-Si in Sect. 3.1. Figure 2(a) shows
that the reflectance has the same trend at a high temperature
of about 500 K as at 300 K. c-Si has high reflectance below
400 nm, where direct transitions begin to occur, and wave-
lengths in this region are advantageous for TR measurements.
Since reflectance decreases monotonically in the region
above 400 nm, shorter wavelengths are advantageous for
TR measurements.

The red dots in Fig. 2(b) are the values measured by
Balzarotti and Grandolfo at 300 K,B) and the trends are in
good agreement with the calculated values; this indicates that
the model is suitable for calculating the TR coefficient. There
is a difference in absolute value, because the Balzarotti and

- _ +

Ne o Na = N+ Np (19) Grandolfo’s measurements did not consider the effects of the

surface oxide or adsorption layer and the surface roughness

Np = Np (20q) of the sample. Jiang et al.?? confirmed that the surface

1 + 2exp [(Er — Ep)/ksT] adsorption layer causes deviation from the model, and

Jellison et al.>” reported that the measured reflectance is

N, = Np (20b) small owing to the surface roughness of silicon. However,

1 + 4exp[(Ex — Ep)/kgT] since these sample surface conditions have little effect on the

trend of the TR coefficient, as shown in their reports,22’27) the

N, = Np exp(—EC - EF) (21a) model proposed in this paper without these effects is
kgT sufficient for qualitative discussion.

© 2023 The Author(s). Published on behalf of
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(a) Reflectance of c-Si calculated for intrinsic c-Si at 300, 350, 400, 450, and 500 K; b) calculated TR coefficient (10~* K’l) of ¢-Si at 200-1000 nm

at 300, 350, 400, 450, and 500 K. Red dots indicate the data obtained from Ref. 13.
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(a) Temperature dependence of TR (10~* K1) at 193, 240, 248, 266, 295, 308, 330, and 355 nm between 300 and 500 K; (b) temperature

dependence of TR 10—+ K’l) at 365, 370, 405, 436, 488, 532, 642, and 780 nm between 300 and 500 K.

Figure 2(b) shows that the TR coefficient decreases gradu-
ally and monotonically at wavelengths longer than 500 nm,
and it is almost constant, especially at wavelengths longer than
750 nm. Therefore, compared with wavelengths longer than
500 nm, shorter wavelengths have larger TR coefficient and
reflectance, which is advantageous for TR measurements. On
the other hand, the TR coefficient shows a complex behavior at
wavelengths shorter than 500nm. In particular, there are
singularities of TR coefficient at around 240, 295, 330, 370,
and 400 nm (5.17, 4.28, 3.76, 3.35, and 3.1 eV, respectively).
As pointed out by Balzarotti and Grandolfo,'® these singula-
rities correspond to critical points of interband transitions
(31 eV: L3’ — Ll, 34eV: F25’ — Fls, 3.8eV: Fzs’ — Fz’,
40eV: Xy — X;,and 5.4¢eV: Ly — L3*). The TR coefficient
corresponds approximately to the wavelength derivative of
permittivity, which is attributed to the shift of the absorption
center wavelength due to temperature changes.®”’ Therefore,
these singularities can be interpreted as a strong effect of the
temperature dependence of the band structure.

Figure 2(b) shows that the temperature dependence is strong
at wavelengths where the curves are spread out on the vertical
axis. Although the TR coefficient reaches its absolute maximum
near 360 and 380 nm, its temperature dependence is significantly
large, indicating that the linearity of the TR coefficient is poor. It
is expected that the error will become larger for measured
samples with large temperature variations or temperature

112006-5

distributions. The wavelengths with large TR coefficients and
weak temperature dependence in the range of 300-500 K are
270 nm (TR coefficient: —1.15 x 1074 + 1% K '), 285 nm
(—1.2x107* + 3% K "), 310nm (1.6 x 1074 + 6% K1),
and 435nm (1.5 x 107* + 1% K_l). These wavelengths are
recommended for samples with large temperature variations or
temperature distributions.

Next, the temperature dependence of the TR coefficient at
193 (ArF), 240, 248 (KrF), 266 (FHG-YAG), 295, 308
(XeCl), 330, 355 (THG-YAG), 365 (Hg: i-line), 370, 405
(Hg: g-line), 436 (Hg: h-line), 488 (InGaN), 532 (SHG-
YAGQG), 642 (AlGalnP), and 780 nm (AlGaAs) as representa-
tive wavelengths is shown in Fig. 3. These wavelengths are
frequently used optically or have positive—negative inverted
TR coefficients.

From Fig. 3, it is confirmed that the TR coefficients at
266, 436, 488, 532, 642, and 780nm are large (around
1 x 107 K™") and highly linear, as expected from Fig. 2(b).
They are good choices for measuring samples with large
temperature variations or temperature distributions. Although
the wavelengths of 308, 365, 370, and 405 nm seem to be
unsuitable for TR measurements owing to their low linearity as
shown in Fig. 2(b), the curves at 308, 365, 370, and 405 nm
take extreme values at 300, 325, 430, and 300 K, respectively.
Therefore, the probe beams with these wavelengths have high

sensitivity and good linearity for measurements in a narrow
© 2023 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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temperature range around the temperatures at which the extreme

values are taken. On the other hand, 193, 240, and 248 nm have 2)
poor linearity and small TR coefficients, making them unsui- 3)
table for TR measurements. 295, 330, and 355 nm have large 4)
coefficients but low linearity, so they are also unsuitable for TR
measurements. 5)
4. Conclusion 6
In this paper, we propose a calculation model for the TR  7)
coefficient of c-Si over wide ranges of wavelengths and g;
temperatures, which can be used as a quantitative guideline 10)
for the construction of TR measurement systems and for the
validation of experimental results. 11)
A complex permittivity model that considers the tempera- 13
ture dependence of interband transitions and free carriers of c- 4)
Si was proposed and used to calculate TR coefficients in the
wavelength range of 200-800 nm and the temperature range of
300-500 K. The values obtained using the proposed complex 15)
permittivity model were in good agreement with literature 4
values for c-Si, and the calculated TR coefficients were also in
good agreement with measured values. The calculations show ~ 17)
that 308 and 405nm can be used for probe beams in TR 8)
measurements with high sensitivity (around 2 x 10~* Kb
and good linearity at around 300 K. Similarly, 365 and 370nm  19)
have high sensitivity (—3 x 10~* K~") and good linearity at 29
around 325 and 430 K, respectively. The wavelengths of 266, 23
436, and 488 nm have good linearity in the 300-500 K range
and a large TR coefficient of ~1 x 10~* K™' (a negative 23)
coefficient at 266 nm), making them effective for probe beams gg;
for measuring samples with large temperature variations or 26)
temperature distributions. The wavelengths above 500 nm for
probe beams have similar characteristics to each other, and  27)
they also have good linearity in the range of 300-500 K and a
large TR coefficient of ~1 x 10~* K~ '. These results should 28)
be useful in the implementation and interpretation of the 29)
conventional empirical TR measurement of c-Si.
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