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Abstract--This work explores the applicability of photothermal radiometry for the temperature measure- 
ment of semiconductors. Although this technique has been used to measure the surface temperature of 
metals, additional considerations must be given for temperature measurement of semiconductors due to 
electron-hole pair generation by the laser. Criteria for the applicability of photothermal radiometry to 
temperature measurement of semiconductors are established in this work and experimental results are 
presented for temperature measurement of a silicon sample in a radiation environment. This study dem- 
onstrates that photothermal radiometry can be applied to the temperature measurement of heavily-doped 
samples, but care must be taken to minimize the effect of electron-hole pair generation by choosing 

appropriate experimental conditions. © 1998 Elsevier Science Ltd. All rights reserved. 

INTRODUCTION 

Radiation thermometry has been widely employed for 
temperature measurement in various industrial pro- 
cesses [1]. There exist, however, two factors limiting 
the accuracy of radiation thermometry. One is related 
to the unknown emissivity of the sample and the other 
is the influence of the ambient radiation. The first 
issue, although still remains challenging, has been 
addressed extensively in the literature. Various emiss- 
ivity correction methods such as in situ emissivity 
characterization [2], two-color, and multi-color py- 
rometry have been developed [1, 3]. The second issue 
has also been treated, mostly by improving the optical 
system to reduce the ambient radiation reaching the 
detector. Although those developments have greatly 
improved the accuracy and extended the application 
of radiation radiometry, there are still many indus- 
trial processes that require radiation radiometry with 
better accuracy. 

An alternative approach to minimize the ambient 
radiation effect is based on a photothermal effect [4] 
that is created by an external laser source. The sample 
temperature change can generate various detectable 
signals such as surface reflectivity, acoustic and ther- 
mal waves, and thermal emission. Experimental tech- 
niques based on the detection and analysis of the 
photothermal emission signal from the sample have 
been employed in numerous applications including 
thermophysical and electronic property charac- 
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terization, nondestructive testing, and optical spec- 
troscopy, and they are often called photothermal radi- 
ometry in these applications [5, 6]. The use of 
photothermal effect for direct temperature has been 
explored by Loarer and co-workers [7, 8] on stainless 
steel samples heated inside a furnace, and by Eyal et 
al. [9] on a blackbody source. Markham et al. [10] 
combined such a photothermal effect with a spec- 
trometer to develop an emissivity independent tem- 
perature measurement technique for monitoring com- 
bustion process. The temperature perturbation in 
these experiments can be periodic [7, 10] or stepwise 
[8, 9]. The advantage of temperature modulation is 
that the relatively weak photothermal signal can be 
captured easily with a lock-in amplifier. The advan- 
tage of a stepwise temperature perturbation is that 
fast processes can be monitored. 

The application of the photothermal radiometry 
technique to semiconductor sample temperature 
measurement is more problematic because of electron- 
hole pair generation when the excitation photon 
energy is larger than the bandgap of the semicon- 
ductor. The generated electrons and holes contribute 
to the thermal emission signal by changing the radi- 
ative properties of the sample. Such an electronic effect 
has been utilized for nondestructive diagnosis of elec- 
tronic properties such as dopant concentration, elec- 
tronic diffusivity, and recombination time [6]. 

This work explores the potential of photothermal 
radiometry for temperature monitoring in semi- 
conductor manufacturing processes. Conditions for 
successful temperature measurement of semi- 
conductor samples by the photothermal radiometry 
method will first be established based on an order 
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NOMENCLATURE 
A area [m 21 
B detector responsivity [A/W] 
c volumetric specific heat [J cm -3 K 1] 
C system constant [A" pm] 
D diffusivity [cm 2 s-1] 
E emissive power [W m 2] 
f frequency [Hz] 
F view factor 
G signal ratio 
h Planck constant [J s] 
k thermal conductivity [W cm- ~ K -  1] 
K system constant 
l diffusion length [cm] 
L thickness of semiconductor wafer [cm] 
n carrier density [cm -3] 
P absorbed power [W] 
r0 radius of laser beam [cm] 
R reflectivity at air-semiconductor 

interface 
S signal [A] 
t time [s] 
T temperature [K] 
V volume [cm3]. 

Greek symbols 
ct). absorption coefficient 

[cm 1] 
A2 bandwidth [#m] 
e emissivity 
2 signal wavelength [pm] 
v laser photon frequency [Hz] 
p reflectivity 
z transmissivity 
o) angular frequency [Hz]. 

Subscripts 
a ambient 
ac modulated 
b blackbody 
dc unmodulated 
e electronic 
L laser 
0 unperturbed 
s sample 
t thermal 
2 wavelength. 

of magnitude analysis, followed by a presentation of 
experimental results on the temperature measurement 
of a silicon sample inside a furnace. 

ORDER OF MAGNITUDE ANALYSIS 
The principle of photothermal radiometry has been 

presented in the work of Loarer et  al. [7, 8]. The basic 
idea is to create a small perturbation in the sample 
temperature using an external laser source. This small 
temperature perturbation is superimposed on the orig- 
inal sample temperature and creates a corresponding 
change in the thermal emission signal from the sample. 
Instead of measuring the direct thermal emission from 
the sample, the perturbed thermal emission signal is 
detected and used to obtain the absolute temperature 
of the sample. Under appropriate conditions [7], the 
perturbed signal is not affected by the ambient radi- 
ation. 

Electron-hole pairs may be generated inside sem- 
iconductor wafers if the laser used to create the tem- 
perature perturbation has a wavelength shorter than 
that corresponding to the semiconductor bandgap. 
These electron-hole pairs participate in the thermal 
emission and thus affect the accuracy of the tem- 
perature measurement. Although studies have been 
reported on the effect of electron-hole pair generation 
on the photothermal emission and photothermal 
reflection signals based on solving the coupled carrier 
diffusion and heat conduction equations [11-13], no 

simple analytical rules have been proposed to guide 
the selection of experimental conditions such that the 
effect of electron-hole pair generation is minimized. 
In this section, criteria for successful temperature 
measurement of semiconductors by the photothermal 
radiometry method will be established based on an 
order of magnitude analysis. 

For a system as shown in Fig. 1, the signal generated 
in the radiation detector is 

ICHOPPER I 

FURNACE ~ - ~  ARGON LASER 

THERMO=~r--<~ I I £::>R ~NSB 
-IDETEOTOR 

V'I  . . . . . . . . . .  1-1 
Fig. 1. Schematic drawing of a photothermal radiometry 
system for temperature measurement of a sample in a 

furnace. 



Photothermal radiometry for temperature measurement of semiconductors 2281 

+~rA[p,AF, rr+ T,AF,~]E~A(Ta)} dA (1) 

where CA ( =  %sF~dBAA2) is a system constant depend- 
ing on wavelength (2) and bandwidth (A2), the detec- 
tor responsivity (Bx), and the optical transmissivitity 
(%A) from the sample to the detector. The integration 
in equation (1) is over the area that can be viewed by 
the detector. The first term inside the bracket is the 
product of the sample emissivity (e~A) and its black- 
body radiative power (EbA). The last two terms rep- 
resent the ambient radiation, denoted by a tem- 
perature T, and the ambient emissivity erA, reaching 
the detector through the sample reflection (as rep- 
resented by reflectivity P~A) and transmission (as rep- 
resented by transmissivity v~A). The geometrical view 
factors from the front and back of the sample to the 
ambient are denoted by F~  and F~eo, respectively. 

Photothermal radiometry reduces the effect of the 
ambient radiation by introducing a small perturbation 
in the sample temperature and measures the perturbed 
signal. If  the radiative properties of the sample are 
independent of its temperature, the last two terms do 
not appear in the perturbed signal, which means a 
total elimination of the ambient effect. Because radi- 
ative properties generally depend on temperature, the 
ambient radiation contributes to the perturbed signal 
through the perturbation of the reflectivity and trans- 
missivity of the sample. To minimize the ambient 
effect, the temperature dependence of the radiative 
properties of the target should be small [14]. This 
requirement means that the photothermal radiometry 
technique is not applicable to lightly-doped silicon 
samples from 300-900 K where their emissivities 
depend strongly on temperature. With this in mind, 
the following discussion will no longer include the 
ambient effect but focus on the effect of electron-hole 
pair generation on the perturbed signal, i.e., the last 
two terms in equation (1) will be dropped such that 

S~ = C~ fA e~AEbA(T) dA. (2) 

The temperature perturbation considered in this 
work is created by a modulated external laser beam. 
The temperature in the vicinity of the irradiated area 
becomes 

T(r)  = To + Td~(r) + T , , ( r )  e ~'°' (3) 

where To is the original sample temperature, Tj~ the 
d.c. temperature rise caused by the laser heating, and 
T~ the amplitude of the sample temperature oscil- 
lation. In addition to the temperature perturbation, 
the laser also creates electron-hole pairs if its photon 
energy is larger than the bandgap. The local electron- 
hole pair density consists of three terms similar to the 
temperature distribution, 

n(r) = no + ndc (r) + nae (r) e i~'' (4) 

where no is the intrinsic carrier concentration at tem- 
perature To, ndo the d.c. carrier distribution and nac the 
amplitude of the carrier concentration oscillation. In 
addition to direct electron-hole generation by the laser 
beam, the carrier concentration is also dependent on 
the local temperature due to band gap variation with 
temperature. The effect of temperature variation on 
the last two terms in equation (4) is small compared 
to direct electron-hole generation by the laser beam. 

The modulation in temperature and carrier density 
creates a modulation in the detected signal. While the 
blackbody emissive power depends only on tempera- 
ture, emissivity of semiconductors depends on both 
temperature and the carrier density. Substituting 
equations (3) and (4) into equation (2) and using 
Taylor expansion yields the a.c. component of the 
signal as 

S~'ac = C2 fA ~(~sA ~  aoLb  

0/~sA 6~Eb,~ ) +  nacebA+  A    cldA (5) 

where the values of emissivity, the blackbody emissive 
power, and their derivatives are taken at To+ Tdc and 
no+ndo. It is assumed that the d.c. temperature rise 
can be calibrated and the sample temperature to be 
discussed later refers to To + Tdc. 

To accurately determine the sample temperature 
based on the measured ac signals, the first two terms 
in equation (5) must be much smaller than the last 
term, i.e., the signal is dominated by the modulation 
in the emissive power. This leads to the requirement 
that the dependencies of emissivity on temperature 
and carrier concentration must be small. A more 
quantitative discussion on the requirement of the tem- 
perature dependence of emissivity has been given 
before in conjunction with the elimination of the 
ambient effect [7, 14]. The emphasis here will be on 
establishing conditions such that the electron-hole 
pair generation effect can be minimized. This requires 

fA Ot"sA ~ a" fn ~EbA T ~-n na~C, bAUA << e~A~T-- a~dA. (6) 

The above integration depends on the actual dis- 
tributions of the a.c. temperature and carrier con- 
centration, which could be obtained from solving the 
carrier and the thermal diffusion equations [11 13]. 
The solutions are complicated due to coupling of the 
two equations. The following order of magnitude 
analysis will lead to a simple criterion that can be used 
to guide the design of experiment. 

Order of magnitude speaking, equation (6) can be 
expressed as 

OEbA C3'°'sA nacEbAAeac << es. ~ TacAta c (7) 
~n ~ -  

where Aeac and Atac are the a.c. affected region due to 
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electron-hole pair modulat ion and temperature modu- 
lation, respectively; na~ and T,~ are the characteristic 
amplitudes of carrier and temperature modulation,  
respectively. In taking the a.c. affected area rather 
than the detector viewed area, it is implied that the 
a.c. affected area is smaller than the detector viewed 
area. 

The a.c. affected area is proportional to 

Aac ~ 7t(r  0 + / a c )  2 (8 )  

where l,~ is the diffusion length (electronic or thermal) 
and r0 is the radius of the laser beam. The diffusion 
length is proport ional  to the square root of the prod- 
uct of  the (electronic or thermal) diffusivity and a 
characteristic time. 

The ac diffusion of electron-hole pairs is determined 
by the shorter of two characteristic times : the recom- 
binat ion time and the modulat ion period. As it will 
become clear later, the modulat ion period must be 
long. The electronic diffusion length thus is deter- 
mined by the recombination time, loac ~ x~D~r, where 
De is the electron-hole pair diffusivity and T the recom- 
binat ion time. At room temperature, electron-hole 
pair diffusivity is ~ 10 cm 2 s I and the recombination 
time is typically less than 10 -5 s [15], which leads to 
an electronic diffusion length less than ~ 100/~m. 

To determine the a.c. temperature response area, 
there are also two characteristic lengths to consider. 
One is the electronic diffusion length, which deter- 
mines the size of the heat generation region because 
most of the energy released in the recombination pro- 
cess is converted into heat. The other is the thermal 
diffusion length : ltac ~ N~t/CO, where co is the angular 
modulat ion frequency. The thermal diffusivity, D~, of 
silicon is ~0.9  cm 2 s-~ at room temperature. For  a 
modulat ion frequency of 1 KHz, the thermal diffusion 
length is ~ 120/~m. Since the modulat ion frequency 
must be low, the thermal diffusion length should be 
used in the evaluation of the a.c. temperature response 
area. 

To estimate the amplitude of the modulat ion of 
the carrier concentration and temperature, a lumped 
analysis is used by assuming that all the excited elec- 
tron-hole pairs are uniformly distributed in a volume 
determined by g e a  c = Ae,cl~,o and that the heat gen- 
eration is uniformly distributed inside a volume deter- 
mined by Vt,~ = Atac/ta c. The carrier generation density 
and temperature rise are then given by 

Pr  
(9) 

n,~ hv L V~c 

P 
Tac ~ - -  (10) 

Cco Vta c 

where h is the Planck constant,  P the absorbed laser 
power, c the volumetric specific heat, and VL the fre- 
quency of the laser photon. Substituting equations 
(8)-(10) into equation (7) yields 

(_Oc'Clta c 0~s) " 1 0Eb2 
<< (11) 

hvflea~,~ On Eb~ O T "  

The normal emissivity of a semiconductor wafer 
can be expressed as 

(I - R~,)(I - -e  -~,L) 
(12) 

e~ = 1 -- R:~e -~'~L 

where L is the wafer thickness, R). the reflectivity at 
air-semiconductor interface, and a). the absorption 
coefficient. The free-carrier density modulat ion can 
create variations in both the interface reflectivity and 
the absorption coefficient, and thus a modulat ion in 
the sample emissivity. The reflectivity variation as esti- 
mated from the Drude model is dR~/dn ~ 10-22R~. 
[16]. The variation in the absorption coefficient can 
be estimated from an empirical relation between the 
absorption coefficient and free-carrier density as 
do~/dn ~ 10-2°T22 (era 2) [17], where wavelength 2 is 
in micron. It can be shown that the modulat ion in the 
free-carrier density dominates the modulat ion of the 
sample emissivity, and that 

de~ d ~  
~ n  " ~ ( 1 - R ~ l z  e-~L'- dn " (13/ 

Combining equations (11)-(13) leads to the following 
criterion 

10-2°c(1 - R~.) e - ~ L z x / ~ , c o  C2 e c:/~r 
<< 

hv ( 2 T )  3 ( e  c 2 ) ' T  - -  1) 

(14) 

where C2 ( =  14 387 pm K) is a constant  in the Planck 
distribution. For  thermal radiation, the exponential 
term is very large and the above equation can be 
further simplified to 

1.15 × 105, /~ ,  (151 
x~<< kZ2L(2T)  3 (1 - Ra) e -~L 

where k is thermal conductivity in W cm -  ] K -  ], 2L is 
the laser wavelength in micron. Using typical silicon 
properties at room temperature (k = 1.42 W cm -~ 
K - l ,  Dt = 0.9 cm: s -~, Ra = 0.3, z = 10 -5 s), and 
setting e -~L = 0.1 and 2L = 0.5 /~m yield x/f<< 251 
~ a t  room temperature. At high temperatures, for 
example at 900 K, the frequency limit is reduced by a 
factor of 27 if all the other quantities in equation 
(15) are temperature independent. In reality, thermal 
conductivity decreases and absorption coefficient 
increases with increasing temperature. Recom- 
bination time is also likely to decrease at high tem- 
peratures. These property variations increase the fre- 
quency limit and weaken the explicit inverse 
temperature dependence of the frequency limit in 
equation (15). For  direct band gap semiconductors 
such as GaAs, the recombination time is much shorter 
( ~ 1 0  -9 s) and the modulat ion frequency can be 
higher. 
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If equation (15) is satisfied, the a.c. signal can be 
expressed as 

aEbz 
S.~ac = C~es.~ ~ -  TacA .... (16) 

The ratio of the a.c. signal at two different wavelengths 
can be used to eliminate the a.c. temperature rise and 
area, 

S,~,a ~ ~s~,OEb~.I/OT 
G ( T )  - ~ - K ~  (17) 

where K represents the ratio of the products of the 
transmissivity of the optical system and the detector 
responsivity at the two wavelengths. The ratio of the 
sample emissivity at the two wavelengths runs into the 
classical problem in two-color pyrometry [1]. Often, 
wavelengths are chosen such that the emissivities are 
equal to each other. Another approach is to determine 
the emissivity of the sample through calibration. In 
the following work, the emissivities of the silicon 
sample will be assumed to equal each other for the 
chosen wavelengths. 

EXPERIMENTAL RESULTS ON SILICON 

Figure 1 shows the experimental system for 
implementing the photothermal pyrometry for mea- 
suring the surface temperature of a silicon sample 
situated in a furnace. The length of the tabular furnace 
is 15 cm and its inner diameter is 5 cm. A modulated 
argon laser is directed at the sample to create a small 
temperature modulation in the irradiated area. The 
bulk temperature of the sample is controlled by a 

furnace. The average sample temperature is measured 
by a K-type thermocouple with 127 /~m diameter 
leads. Thermal emission of the sample from the 
irradiated area is collected by an infrared lens and 
detected by a liquid-nitrogen cooled InSb detector. 
The signal is sent to a lock-in amplifier and computer 
for data processing. A germanium window integrated 
into the detector blocks the argon beam scattered into 
the optical system. The wavelength of the thermal 
radiation is selected by two infrared filters centered 
at 3.205 pm and 4.51 #m, respectively. During the 
experiment, care is taken to avoid the heating of inter- 
ference filters because their bandwidths are sensitive 
to temperature. The bandwidths of the filters are cal- 
culated from their transmission spectra provided by 
the manufacturer as 111 nm for the 3.205 /~m filter 
and 65 nm for the 4.51 #m filter for an equivalent 
peak transmissivity of 100%. The signal at each wave- 
length is collected in separate runs. 

Figure 2 shows the photothermal emission signals 
at two wavelengths for a heavily-doped n-type silicon 
sample with an electrical resistivity ~0.01 cmfL The 
corresponding carrier concentration in the silicon 
sample is ~ 1017 cm -3 [15]. The laser power used is 
166 mW and laser beam diameter is ~ 1.5 mm. The 
d.c. carrier concentration due to laser excitation is 
estimated to be ~ 1016 cm 3 for a recombination time 
of 10 -5 s. The d.c. temperature rise caused by the laser 
is about 3 K. The laser beam modulation is at 100 Hz. 

The ratios of the two signals at 20 Hz and 100 Hz 
are shown in Fig. 3. To derive the temperature of the 
sample from the ratio of the photothermal signal at 
the two wavelengths, equation (17) is calculated based 
on the information on the filters and the detector 
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Fig. 2. Photothermal emission signals for a heavily doped silicon sample at two different wavelengths at 
100 Hz. 
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Fig. 3. Theoretical and experimental ratio of the photothermal emission signals for the silicon sample at 
20 and 100 Hz. 

provided by manufacturers and by assuming that the 
emissivities of the sample at the two wavelengths equal 
to each other. Although the emissivities of bare heav- 
ily-doped silicon wafers at 3.2 and 4.5 #m are close to 
each other [18], SiO2 films developed on the surface 
can create interference effect and change the emissivity 
ratio. Theoretical calculations carried out based on 
wave optics show that the emissivity ratio is not 
changed from that of bare silicon samples for the 
oxide thickness in 20-500 A range at the chosen wave- 
lengths. The oxide growth rate at 700°C (the 
maximum experimental temperature) is < 2.6 A/h and 
the initial oxide thickness is ~20  A_. This slow oxi- 
dation rate is not expected to affect the results of 
the reported experiment. Calculated calibration curve 
according to equation (17) is shown in Fig. 3 as a 
solid line. The curve can be well represented by a cubic 
polynomial fit, which is used for deducing the sample 
temperature from the measured signal ratio. 

A comparison of the thermocouple temperature 
reading and the corresponding photothermal radi- 
ometry temperature reading at a modulation fre- 
quency of 20, 100, and 500 Hz is shown in Fig. 4. An 
examination of the figure reveals that the experimental 
determination of the silicon sample temperature using 
the photothermal radiometry method is close to the 
thermocouple reading for the low temperature region. 
With increasing modulation frequency and at higher 
temperatures, the error tends to be larger, in quali- 
tative agreement with equation (15). For  100 Hz, the 
maximum relative error between the radiometer and 
the thermocouple temperature reading is 3%. For  500 
Hz modulation, the electronic effect is larger and the 
maximum relative error becomes 6.5% at 900 K. The 

experiment demonstrates that photothermal radi- 
ometry may be applied to heavily-doped semi- 
conductor samples if the effect of electron-hole pairs 
can be minimized by careful consideration of exper- 
imental conditions. These conditions in turn limit the 
industrial process that can be monitored by the tech- 
nique. For  example, the slow modulation requirement 
makes it difficult to apply the technique to rapid ther- 
mal processes. It should be reminded, however, that 
the electron-hole generation can be avoided by choos- 
ing a laser with a wavelength longer than that cor- 
responding to the semiconductor band gap. 

CONCLUSIONS 

This work explores the applicability of the pho- 
tothermal radiometry technique for the temperature 
measurement of semiconductor samples. The effect of 
electron-hole pair generation due to the excitation 
laser beam is considered. Based on an order of mag- 
nitude analysis, criteria are established for successful 
temperature measurements of semiconductor samples 
by the photothermal radiometry method. Exper- 
imental results on a heavily doped silicon sample dem- 
onstrate the feasibility of photothermal radiometry as 
a tool for temperature measurement of heavily-doped 
semiconductors. The modulation frequency should be 
set at low value in these measurements to minimize 
the effect of electron-hole contribution to the photo- 
thermal emission signal. 
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