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Raman spectroscopy can be used to determine the temperature of a material when other more 
direct means are either impractical or not possible. The material’s temperature can affect the peak 
position of Raman bands. When a Raman band shifts significantly with temperature, the monitoring 
of the peak position can be the most straightforward manner of determining temperature provided 
the Raman spectrometer has sufficient spectral resolution. Another method is to determine the tem-
perature from the ratio of the Stokes and anti-Stokes signal strengths of a given Raman band. The 
latter method requires the ability to detect light at wavelengths longer and shorter than that of the 
laser and an accurate measurement of the wavelength-dependent instrument response function.

Raman Thermometry
Molecular Spectroscopy Workbench

R aman spectroscopy is well known as an analytical 
method for identifying chemical compounds and 
characterizing the chemical bonding and solid-state 

structure of materials. Perhaps less well known is the fact 
that one can use Raman spectroscopy to determine the 
temperature of the material being analyzed. The tempera-
ture can be determined in one of two ways. If a Raman 
band is sufficiently narrow, the peak position can be seen 
to shift with temperature. As the temperature increases, 
the bond length will increase and consequently one can 
expect a decrease in the energy of the vibrational mode. 
Likewise, a decrease in temperature will lead to a shorter 
bond length and an increase in the energy of the vibra-
tional mode. The increase or decrease in bond length 
causes a change in the vibrational force constant, which 
results in a shift of the Raman peak position. A second 
way of determining the temperature is to measure the 
signal strengths of a particular Raman band at the Stokes 
and anti-Stokes positions and calculate the temperature 
based on a Boltzmann distribution of the ground and first 
excited state populations. The expressions most frequently 
given to describe this relationship are shown in equations 
1 and 2 (1):
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where T is the temperature, k is Boltzmann’s constant, 
h is Planck’s constant, vl is the frequency of the laser, vv 
is the frequency of the vibrational mode (Raman band 
position), and the Stokes (IS) and anti-Stokes (IAS) Raman 
scattering strengths are based on energy detection of the 
signals. The means of experimentally detecting the Stokes 
and anti-Stokes Raman scattering is very important. The 
use of equation 1 is appropriate when spectra are ac-
quired with energy-based detection, whereas equation 2 
should be used when photon counting is the basis for de-
tection (2,3). The spectra reported here were all acquired 
using a charge-coupled device (CCD) detector, a photon 
counting device, so equation 2 is more appropriate for 
the analysis of our data. An additional point about units 
should be clearly understood. Planck’s constant is in units 
of J·s and Boltzmann’s constant is in units of J/K. There-
fore, vv must be in units of s-1 for units to cancel provid-
ing T in degrees Kelvin when rearranging equations 1 
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and 2 to calculate T.
Another important experimental consideration is the 

wavelength dependent instrument response function 
(IRF) of the Raman spectrometer. If one is to measure 
the signal strengths of the Stokes and anti-Stokes Raman 
bands, the photons detected will be of different absolute 
wavelengths. The wavelength-dependent sensitivity of the 
spectrometer must be accounted for if one is to accurately 
make use of either equation 1 or equation 2 for tempera-
ture determination. If the IRF is not correctly known, 
then one cannot determine the temperature accurately 
because the measured intensities do not reflect the true 
signal strengths of the Raman band pair. I have selected 
bands from the spectra of three materials that are near 
each other in terms of absolute wavelength so that any 
error in the characterization of the IRF will not contrib-
ute to the variability of the temperature measurements 
reported for these materials. Temperatures are calculated 
from the spectra of three single-crystal materials, namely 
Si, LiNbO3, and KTiOPO4.

The purpose or goal of this installment of “Molecular 
Spectroscopy Workbench” is to inform readers of the 
capability of Raman spectroscopy for the determination 
of temperature. It is not intended to be a thorough study 
comparing the two methods and reporting on their ac-
curacy and precision. That would require many more 
measurements than are presented here and for a vari-
ety of materials and multiple bands within a material’s 
spectrum. Rather, the purpose is to introduce you to the 
capability of temperature determination by Raman spec-
troscopy so that you can decide to make use of it for those 
situations that you deem appropriate. I have included ref-
erence publications that may assist you in learning more 
about the use of Raman spectroscopy for determining 
temperature (4–12).

Temperature Response  
of an Opaque Semiconductor—Si
Raman spectra of Si, LiNbO3, and KTiOPO4 were ac-
quired using a Horiba LabRAM HR Evolution Raman 
spectrometer with 532-nm excitation and a Synapse back-
illuminated deep depleted CCD detector. The detector 

is a photon-counting device and so equation 2 should 
be more appropriate for determining temperature from 
spectra acquired under these conditions. Samples were 
placed in a Linkam TST350 stage for temperature control, 
and a long-working-distance Olympus LMPlanFL N 50× 
objective was used to deliver laser excitation and collect 
the backscattered light.

The first measurements that we will consider are from 
single-crystal Si. A room-temperature spectrum consist-
ing of Stokes and anti-Stokes Raman scattering is shown 
in Figure 1. You should notice a significant difference 
between the Stokes and anti-Stokes signal strengths, 
which are related to the populations of the ground and 
first excited vibrational states, respectively. (Technically, 
I should be referring to populations of phonon states; 
however, I will use the language of molecular spectros-
copy for pedagogical purposes.) At room temperature 
the partition function informs us that the population 
of the ground state will be much higher than that of the 
excited state for an oscillator with energy proportional to 
520 cm-1. Consequently, we can expect that the higher the 
energy of the vibrational mode is, the lower the popula-
tion of the excited state and therefore the weaker the sig-
nal strength of the anti-Stokes Raman band will be.

A small Si (100) chip was placed in the LinkamTST350 
stage and the temperature was varied from room tem-
perature to a maximum 150 °C in increments of 25 °C. 
Stokes and anti-Stokes Raman spectra were acquired at 
each temperature. Signal strengths IS and IAS were de-
termined by measuring the counts at the Raman peak 
maximum and subtracting the counts at the baseline. 
One might ask whether it would be more reliable to mea-
sure the peak area rather than peak height as a measure 
of signal strength. Note that the intensities to be inserted 
into equations 1 or 2 are for a single frequency. Therefore, 
the peak area of a broad Raman band will introduce error 
into the temperature calculation. A peak area can give 
similar results to that of peak intensity for a narrow band 
such as that of Si, but broader bands of widths greater 
than 10 cm-1 will manifest significant differences in tem-

–520

520λex: 532 nm

–500 500–400 400–300 300–200 200–100

In
te

n
si

ty
 (

ar
b

it
ra

ry
 u

n
it

s)

1000
Raman shift (cm–1)

Figure 1: Raman spectrum of Si.
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Figure 2: Raman spectra of Si acquired at 26 °C (red), 50 °C (blue), 75 °C 
(brown), 100 °C (navy), 125 °C (green), and 150 °C (black). The spectra are 
all plotted on the same intensity scale.
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peratures calculated from peak areas 
and peak heights.

The stage’s temperature control 
setting and temperatures of the Si 
sample calculated using equations 1 
and 2 are shown in Table I.

The temperatures determined 
using equation 2 (T3) rather than 
those of equation 1 (T4) are closer 
to those of the stage as set by the 
controller. We would expect better 
agreement of T3 temperatures with 
those of the stage controller because 
our detection is with a CCD photon 
counting device. However, the differ-
ences between the stage temperature 
and T3 are significant below 100 °C. 
There is much better agreement at 
125 °C and 150 °C. Of course, these 
are only single spectra and a statisti-
cally significant number of spectral 
measurements should be made when 
determining the temperature of a 
material.

As discussed earlier, the Raman 
band position can change with tem-
perature because of the change in 
bond length and vibrational force 
constant. The Stokes Raman spectra 
of Si acquired at the various tem-
peratures are shown in Figure 2. The 
spectra are all plotted on the same in-
tensity scale. The peak position of the 
Raman band at room temperature 
is 520.6 cm-1 and the band shifts to 
progressively lower energy, reaching 
517.3 cm-1 at 150 °C. The cluster of 
four spectra obtained at temperatures 
of 100 °C and lower are significantly 
stronger than the two obtained at 
125 °C and 150 °C. There should 
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Figure 3: Raman spectrum of a LiNbO3 single crystal.
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Figure 4: Raman spectra of LiNbO3 acquired at 27 °C (red), 50 °C (blue), 75 °C (brown), 100 °C 
(navy), 125 °C (green), and 150 °C (black). The spectra are all plotted on the same intensity scale.
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Figure 5: Raman spectra of LiNbO3 acquired at 27 °C (red), 50 °C (blue), 75 °C (brown), 100 °C 
(navy), 125 °C (green), and 150 °C (black). The spectra are all plotted on the same intensity scale.

Table I: Temperature measure-
ments of Si from the 520 cm-1 
Stokes and anti-Stokes band pair 
determined using equation 1 (T4) 
and equation 2 (T3)

Stage Temperature (°C) T3 (°C) T4 (°C)

26 13 7

50 30 24

75 61 53

100 79 70

125 119 108

150 151 138
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not be such a sudden drop in signal 
strength from 100 °C to 125 °C. The 
abrupt change in signal suggests an 
error in spectral acquisition, and the 
stronger Stokes signals between room 
temperature and 100 °C are consis-
tent with calculated temperatures 
lower than those of the stage control.

There are several important ob-
servations to make from these mea-
surements. First is the significant 
drop in Stokes signal strength as 
the temperature increases. The cor-
responding anti-Stokes bands (not 
shown) manifest an increase in signal 
strength with increasing tempera-
ture. The second observation is the 
shift of the Raman band to lower 
energy with increasing temperature. 
This shift can be understood as the 
bond length increasing with temper-
ature and a commensurate reduction 
in the chemical bond’s vibrational 
force constant. Consequently, one 
can use the peak position of a specific 
Raman band for a particular mate-
rial as a measure of the temperature. 
Of course, the peak shift method 
requires the accurate control of the 
reference material’s temperature, and 
perhaps measurement by indepen-
dent means, to calibrate the Raman 
spectra as a method of temperature 
measurement.

Temperature Response of an 
Electro-Optic Material—LiNbO3
A 0.5-mm-thick single crystal of 
LiNbO3 was analyzed over the same 
temperature range as that for Si. 
A Stokes and anti-Stokes Raman 

spectrum of one face of the LiNbO3 
crystal acquired at room temperature 
is shown in Figure 3. This spectrum 
very nicely demonstrates how the en-
ergy of the vibrational mode directly 
affects the populations of ground 
and excited states. Note how intense 
the anti-Stokes band at -153 cm-1 is 
compared to its Stokes counterpart 
at 153 cm-1. As one moves to higher 
energy in the Stokes spectrum, the 
corresponding anti-Stokes band 
becomes progressively weaker. That 
decrease in signal strength occurs 
because the thermal energy at room 
temperature is insufficient to popu-
late the excited states of vibrational 
modes at higher energy. A good ex-

ample of this is the signal strength of 
the Stokes Raman band at 872 cm-1 
compared to that of the anti-Stokes 
band at -872 cm-1. The Stokes Raman 
band at 872 cm-1 is quite strong 
whereas the anti-Stokes counterpart 
is very weak. A weak anti-Stokes 
band with a low signal-to-noise ratio 
can lead to temperature determina-
tions that are both inaccurate and 
imprecise even with a statistically 
significant number of measurements. 
Consequently, this Raman band pair 
would not be a good choice for tem-
perature determination based upon 
the Stokes and anti-Stokes intensity 
ratios.

The LiNbO3 crystal was placed 
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Figure 6: Raman spectrum of a KTiOPO4 single crystal.
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Figure 7: Raman spectra of KTiOPO4 acquired at 28 °C (red), 50 °C (blue), 75 °C (brown), 100 °C 
(navy), 125 °C (green), and 150 °C (black). The spectra are all plotted on the same intensity scale.

Table II: Temperature  
measurements of LiNbO3 from the 
578 cm-1 Stokes and anti-Stokes 
band pair determined using equa-
tion 1 (T4) and equation 2 (T3)

Stage Temperature (°C) T3 (°C) T4 (°C)

27 26 20

50 49 42

75 76 67

100 106 96

125 134 123

150 154 141
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in the thermal stage. Temperatures 
ranging from room temperature to 
150 °C were set, and spectra were 
acquired in 25 °C increments. The 
stage temperatures along with those 
determined from the acquired spec-
tra based on equations 1 and 2 are 
shown in Table II. The temperatures 
were calculated based upon the sig-
nal strengths of the Stokes and anti-
Stokes bands at 578 and -578 cm-1, 
respectively. This time we see that 
there is good agreement between 
the stage temperature and the de-
termined values, particularly with 
T3. The 578 cm-1 Stokes peaks used 
for these temperature determina-
tions are shown in Figure 4. Notice 
that unlike the Si Stokes bands, the 
LiNbO3 578 cm-1 band does not shift 
significantly with changing tem-
perature. The peaks associated with 
temperatures from 27 °C through 
100 °C are at 578.0 cm-1, and the 
150 °C spectrum manifests a shift 
to 576.0 cm-1. The spectra are all 
plotted on the same intensity scale. 
One can see that the Stokes signal is 
indeed decreasing with increasing 
temperature. Although not shown 
in the figure, the anti-Stokes signal 
strength is increasing with higher 
temperature, yielding the increased 
temperature by calculation.

The choice of the 578 cm-1 peak 
temperature determination by Stokes 
and anti-Stokes signal strength is 

made because it consists of a single 
Raman band and manifests a small 
shift with increasing temperature. In 
fact, it is only at 100 °C that one can 
detect a shift to lower energy from 
the 578.0 cm-1 peak at room tem-
perature. In contrast, consider the 
peaks in the region from 250 cm-1 to 
350 cm-1 of the same spectra shown 
in Figure 5. At room temperature, 
there is a band at 331.5 cm-1 with 
a partially resolved shoulder at 
322.0 cm-1. As the temperature in-
creases, the 331.5 cm-1 band shifts to 
lower energy reaching 327.1 cm-1 at 
150 °C and the original shoulder at 
322.0 cm-1 can no longer be resolved. 
The band now appears to be one peak 
with asymmetric broadening on the 
low-energy side. Likewise, there is a 
band at 263.6 cm-1 with a partially 
resolved peak at 273.0 cm-1 at room 
temperature. As the temperature in-
creases, the 273.0 cm-1 peak vanishes 
and a single peak with asymmetric 
broadening to the high-energy side 
emerges. These peak shifts and merg-
ers of adjacent bands into single 
bands illustrate the importance of 
peak selection when determining the 
temperature based upon the Stokes 
and anti-Stokes intensities. Tempera-
ture determination by Stokes and 
anti-Stokes signal strength is best ap-
plied to a single band whose shift is 
minimal with temperature change.

Temperature Response  
of a Nonlinear Optical  
Material—KTiOPO4
A 1-mm-thick single crystal of 
KTiOPO4 was analyzed over the 
same temperature range as that for 
Si. A Stokes and anti-Stokes Raman 
spectrum of one face of the KTiOPO4 
single crystal acquired at room tem-
perature is shown in Figure 6. Once 
again we see how the anti-Stokes 
band strength diminishes with in-
creasing energy of the vibrational 
mode because of the decreased popu-
lation of the excited state. The most 
intense Stokes band at 764 cm-1 is 
very weak at -764 cm-1. Note that the 
cluster of bands in the region near 
1000 cm-1 cannot be seen in the anti-
Stokes spectrum. There are many 
bands from which to choose for our 
temperature determination. I select 
the pair at 517 cm-1 and -517 cm-1 
because it is a single band and it ap-
pears in the same spectral regions for 
which we made our Si and LiNbO3 
temperature determinations.

The 517 cm-1 Stokes peaks ac-
quired in the range from room 
temperature to 150 °C and used for 
these temperature determinations are 
shown in Figure 7. As expected, there 
is a decrease in signal strength as the 
temperature increases. Conversely, 
the anti-Stokes bands (not shown) 
increase in strength with increasing 
temperature. Note how very little the 
band changes shape or peak position 
with increasing temperature. In con-
trast, the bands in the region from 
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Figure 8: Raman spectra of KTiOPO4 acquired at 28 °C (red), 50 °C (blue), 75 °C (brown), 100 °C 
(navy), 125 °C (green), and 150 °C (black). The spectra are all plotted on the same intensity scale. 

Table III: Temperature measure-
ments of KTiOPO4 from the 
517 cm-1 Stokes and anti-Stokes 
band pair determined using equa-
tion 1 (T4) and equation 2 (T3)

Stage Temperature (°C) T3 (°C) T4 (°C)

28 30 23

50 51 43

75 70 61

100 91 81

125 123 111

150 151 138
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270 cm-1 to 375 cm-1 shown in Figure 8 manifest signifi-
cant shifts with increasing temperature. Consequently, we 
would expect the Stokes and anti-Stokes signal strengths 
of the 517 cm-1 band to yield a good temperature determi-
nation and indeed we find good agreement between the 
stage temperature and T3 as shown in Table III.

Conclusion
Raman spectroscopy has been shown to be capable of de-
termining the temperature of a material by two methods. 
The measurement of the Stokes and anti-Stokes signal 
strengths of a Raman band can be used to determine the 
temperature. The Stokes and anti-Stokes ratio method 
works best for Raman bands that don’t shift significantly 
with a change in temperature. Some Raman bands shift 
more than others with a change in temperature. The peak 
shift method requires the accurate control of the refer-
ence material’s temperature, and perhaps measurement 
by independent means, to calibrate the Raman spectra as 
a method of temperature measurement.
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