
Fast, spatially resolved thermometry of Si and GaP crystals using
pump-probe two-photon absorption

Chang-Ki Min,a� Ji Yong Park, David G. Cahill, and Steve Granick
Department of Materials Science and Engineering and Frederick Seitz Materials Research Laboratory,
University of Illinois, Urbana, Illinois 61801, USA

�Received 1 April 2009; accepted 28 May 2009; published online 8 July 2009�

Noncontact thermometry with micron-scale lateral spatial resolution and fast time resolution is
shown to be enabled by measuring the temperature dependence of two-photon absorption �TPA� on
crystalline semiconductors. In the proof-of-concept experiments reported here, for studies of Si, an
Er:fiber laser at �=1.56 �m is split into pump and probe beams; where they overlap, the large TPA
signal changes strongly with temperature because the two-photon energy lies between the indirect
and direct bandgaps of Si. We show that the TPA coefficient increases by a factor of 2 when the
temperature increases from 30 to 300 °C. For studies of GaP, we use instead a Ti:sapphire laser at
790 nm to achieve two-photon excitation above the direct bandgap. In GaP, contributions to the TPA
from the dominant direct transition show less temperature dependence than for Si but the additional
contribution of the indirect transition gives a similar magnitude as the temperature dependence of
TPA on Si. In the current implementation using Si, the spatial resolution of the thermometry is 6
�6�50 �m3 and the sensitivity is 0.6 K in a 1 kHz bandwidth. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3158063�

I. INTRODUCTION

Thorough characterization of heat generation and heat
transfer in microelectronic devices demands thermometry
with high resolution in space and time.1,2 Many phenomena
can serve as a thermometer; all that is required is a
temperature-dependent equilibrium property that can be con-
veniently measured. The thermometry of microelectronic and
microfluidic devices is typically based on optical pyrometry.
But since the wavelength of black-body infrared emission
near room temperature peaks at a wavelength of 10 �m,
spatial resolution is at best a few microns;3 and moreover,
since materials such as cooling water and glass absorb infra-
red radiation efficiently, implementation is sometimes prob-
lematic. Raman spectroscopy of the frequency, linewidth, or
population of optical phonons provides higher spatial reso-
lution but the weak cross section of Raman scattering limits
the rate at which data can be acquired.4 Thermographic
phosphors are intrinsically limited in time resolution by the
decay time of the phosphor.5 Linear optical properties of
semiconductors have often been used for noninvasive
thermometry.6–8 Linear optical spectroscopy also has limita-
tions because at photon energies below or near the bandgap,
the optical constants of a semiconductor depend on carrier
densities; and at photon energies above the bandgap, strong
optical absorption prohibits measurements within the bulk.

In this paper, we describe an alternative physical prin-
ciple for thermometry within the bulk volume of a semicon-
ductor based on the temperature dependence of two-photon
absorption �TPA�. For a semiconductor with an indirect
bandgap, one-photon optical absorption is highly tempera-
ture dependent if the photon energy lies between the energies
of the indirect and direct bandgaps because the cross section

for indirect transitions involves populations of phonons that
are temperature dependent.9 The temperature dependence of
TPA has not been described previously. However, it is rea-
sonably expected to be similar to the temperature depen-
dence of one-photon absorption when the initial and final
states in the transition are the same. For the laser wavelength
studied here, we confirm that Si TPA at photon energy h� has
the same temperature dependence as one-photon optical ab-
sorption at photon energy 2h�.

Our work is enabled by the recent commercialization of
cost-effective, high-performance fiber-laser oscillators,
which generate 100 mW, 100 fs pulses at �=1.56 �m at the
repetition rate of 100 MHz. Instead of a single-beam geom-
etry, to further improve the sensitivity and spatial resolution,
we utilize two-beam coupling in a pump-probe geometry to
create a strong signal from a small volume of material in the
overlap region of two beams. In the present implementation,
the lateral and depth spatial resolutions are 6 and 50 �m,
respectively, and data are acquired with a 2 kHz bandwidth.

II. EXPERIMENTAL DETAILS

Different light sources were used to study Si and GaP
because their bandgaps differ. For Si, our pump-probe sys-
tem is based on the optical design that we have used exten-
sively for time-domain thermoreflectance and transient ab-
sorption measurements of thermal transport properties.10,11

The main difference here is the replacement of the Ti:sap-
phire laser oscillator that we typically used in the past, with
a 100 mW Er-fiber laser oscillator operating at a peak wave-
length of 1.56 �m, a bandwidth of �75 nm, and a repetition
rate of 100 MHz. The pump beam is modulated at 10 MHz
by a LiTaO3 electro-optic modulator; the modulator has a
large group delay dispersion that broadens the duration of the
pump optical pulse from 150 to 500 fs. Figure 1 shows thea�Electronic mail: ckmin@uiuc.edu.
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measurement geometry near the sample. A 15� �f
=13.3 mm� reflective microscope objective focuses the
pump and probe to a 1 /e2 radius of �8 �m. Because the
signal arises from the product of the pump and probe inten-
sity distributions, the lateral spatial resolution in the present
implementation is �x�6 �m. The pump and probe beams
intersect within the volume of a double-side polished Si wa-
fer at an angle of 7°; the beams lie in the same plane as the
probe polarization. The spatial resolution along the beam di-
rection �z is approximately 50 �m, which in this experi-
ment is determined primarily by the finite spatial overlap
between the noncollinear pump and probe beams, i.e., �z
=�x /sin�7°�. After passing through the wafer, the probe
beam is collimated by a 25 mm focal length lens and focused
onto an InGaAs photodiode �PD� detector that is placed 300
mm from the lens. The changes in the probe intensity that are
correlated with the 10 MHz modulation of the pump beam
are measured by a rf lock-in amplifier.

To study GaP, two Ti:sapphire lasers whose repetition
rates differ by only a few tens of hertz are used as the re-
spective light sources for the pump and probe beams.12 For
example, when the difference of repetition rate is 22 Hz, a
3.3 fs delay is generated sequentially between pump and
probe pulse pairs at 82 MHz, the repetition rate of the lasers;
the delay between the pump and probe is swept over a range
of 12.2 ns every 45.5 ms. Both lasers generate 30 fs pulses at
the center wavelength of 790 nm after compensation of
group velocity dispersion using a pair of fused silica prisms.

The two laser beams are focused on the sample to a 1 /e2

radius of �3.5 �m using a 10� �f =20 mm� microscope

objective; see Fig. 1. The lateral spatial resolution is �x
�2.5 �m. The laser power on the sample is 3 mW for the
pump beam and 0.4 mW for the probe beam. In Fig. 1, the
waveplate �WP� and the polarizer in the path of the probe
beam are rotated together to change the polarization of the
probe beam. When only the WP is rotated, the power in the
probe beam can be controlled. This method has the advan-
tage of providing better control of polarization than position-
ing the WP after the polarizer. After passing through the
sample, the probe beam is focused onto an amplified Si de-
tector with 100 MHz bandwidth using the same lens as for
experiments on Si. The PD signal is measured using a PCI
data acquisition board with an external clock and an external
trigger. The external clock is generated by a second PD that
measures the timing of the probe pulses and the external
trigger is generated by second harmonic generation created
by the coincidence of pump and probe pulses in a �-barium
borate �BBO� crystal. Typically, 5000 measurements are av-
eraged to acquire each data reported below.

TPA signals are proportional to the square of laser
power. In our experiments, the correlation of pump and
probe powers is measured; therefore, the TPA signal is pro-
portional to the product of pump and probe powers. Over the
power ranges that we employed, we confirmed this depen-
dence and the absence of potential nonlinear effects such as
pump depletion. Figure 2 shows the power dependences of
the TPA signal as a function of the average pump power, P
for Si and GaP crystals using 1.56 �m and 800 nm light
sources, respectively. In Fig. 2, we plot the transient change
in probe power, �� normalized by the average probe power,
�. In the low power regime, both sets of data are well fitted
with linear equations with zero intercepts, as expected for a
signal created by TPA. In the experiments described below,
pump powers of 88 and 3 mW are used to measure the TPA
signal in Si and GaP, respectively; these pump powers are
well within the regime where TPA signal is proportional to
pump power.

To remove systematic errors created by drifts of the laser
power, we normalize �� by the product of � and P; i.e., we
use �=�� / ��P� to summarize our results. Therefore, �, the
signal normalized by the pump and the probe power, is in-
dependent of the pump and probe powers. The temperature
calibration is needed only for one pump and probe power in
linear region. � is an experimental parameter and can be
converted into a more fundamental physical parameter, the
TPA coefficient, using the exact pulse shape, but that is not
needed in our thermometry. The background scattering from
the pump beam can be measured by adjusting the relative
time delay such that the pump and probe are not temporally
aligned. When calculating the TPA signal, this background is
subtracted from the measurement. In the temperature calibra-
tion and measurements, we use perpendicular polarization of
the pump and probe and use a polarizer to block scattered
light from the pump. In this configuration, scattered light
from the pump that reaches the detector is negligible. Specu-
lar reflection is ignored.

Four types of Si wafers and one GaP wafer were used in
these experiments: Si �100� oriented, n-type, 1 	 cm, thick-
ness 1 mm; Si �100� oriented, p-type, 1 	 cm, thickness 0.3
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FIG. 1. Schematic drawing of the geometry used to measure the tempera-
ture, polarization, and crystal orientation dependence of TPA Si and GaP
crystals. Pump and probe beams are focused within the sample using a 10�
or 15� microscope objective lens �L1�; after passing through the sample,
the probe beam is refocused on a PD using a f =25 mm lens �L2�. The
polarization of the probe relative to the pump is controlled by a � /2 WP and
polarizers �P1 and P2�. Pump scattering is removed by another polarizer
�P3� when pump and probe polarizations are perpendicular. The orientation
angle 
 of the sample is specified by the angle between the polarization of
the pump beam �ê� and the �011� direction of the crystal. The two inset
figures describe the different ways that the relative delays between the pump
and the probe beams are generated in the two experiments. In the Si experi-
ment, the relative delay is adjusted by an optical delay line. In the GaP
experiment, two lasers with slightly different repetition rates generate the
relative delay.
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mm; Si �111� oriented, p-type, 0.1 	 cm, thickness 0.5 mm;
Si �100� oriented, p-type, 10 	 cm, thickness 0.5 mm; and
GaP �100� oriented, n-type, 0.73 	 cm, thickness 1 mm. The
two-photon signals of all these Si samples show the same
signal strength to within 2%; see Fig. 3. The data reported
below refer to the first of the Si wafers listed above.

In these initial experiments, we have focused on the
measurements of the changes in the intensity of the probe
beam after the probe passes through a wafer. Alternatively,
essentially the same temperature-dependent data can be ac-
quired from reflections of the probe beam from the back side
of a wafer. The counterpropagating pump and probe beams
in a reflection geometry make the analysis of the transient
absorption signal more complex but we anticipate that a re-
flection geometry will be easier to implement in practical
applications of these ideas.

III. RESULTS AND DISCUSSION

As expected for TPA, the duration of the transient ab-
sorption signal mimics the time correlation of the pump and
probe beams. This is illustrated in Fig. 4, where this quantity
is plotted against the delay time between the pump and probe

pulses. For experiments with Si, since the pump beam passes
through an electro-optic modulator and the probe does not,
the pump pulse has a different temporal profile than the
probe and the time correlation is not symmetric in delay
time. In Fig. 4, TPA time correlations of Si are slightly dif-
ferent from those of Fig. 3, because pulse shapes can be
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FIG. 2. Transient changes in probe power normalized by the average probe
power, �� /�, at zero delay time as a function of pump power, P, for Si
�panel �a�� and GaP �panel �b�� crystals using 1.56 �m and 790 nm light
sources, respectively. Pump and probe polarizations are orthogonal and
pump polarizations are parallel to the �011� direction of the crystals. The
symbols are measurements and the lines are fits to linear equations with
intercept=0. In Si, all data points are used to fit it, but in GaP, only five data
points at low power are used.
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FIG. 3. Transient absorption of the probe beam as a function of the time
delay between pump and probe for four types of Si crystals using the
1.56 �m light source. The data are labeled by the orientation, carrier type,
resistivity, and thickness of each wafer. Laser polarizations and sample ori-
entations are the same as Fig. 2. The signal measured by the rf lock-in is
normalized by the average voltage output of a PD detector and the incident
power in the pump beam; in other words, we plot �=�� / ��P�, where � is
the power in of the probe beam and P is the power of the pump beam. Near
zero delay time, the fluctuations in the data for the thinnest Si wafer �0.3
mm thickness� are due to optical interference between reflections from the
front and back surfaces of the wafer.
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FIG. 4. Transient absorption of the probe beam as a function of the time
delay between pump and probe for Si �panel �a�� and GaP �panel �b�� crys-
tals; 1.56 �m and 790 nm light sources generate transient TPA in Si and
GaP, respectively. The pump and probe powers are 88 and 2 mW in Si; and
3 mW and 0.4 mW in GaP, respectively. The pump and probe polarizations
are denoted ê and p̂, respectively. In both configurations of the relative
polarizations, we select the crystal orientation that produces the maximum
signal.
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different when an Er:fiber laser is operated in different re-
gimes of mode locking. For experiments with GaP, pump and
probe pulses are controlled to be almost identical so that the
TPA correlation is symmetric.

In principle, other processes could contribute to the tran-
sient absorption, among them electron-hole pairs generated
by TPA and one-photon optical absorption, and heating of
free carriers. These potential effects appear to be negligible,
as these processes would have a finite lifetime and the tran-
sient absorption at delay times longer than pulse duration are
much smaller than the transient absorption near zero delay
time. The temporal resolution of the data in Fig. 4 could be
increased if needed by elaborating the optical setup to pro-
duce shorter pulses.

Previously, isothermal TPA in GaAs and CdTe was stud-
ied by Dvorak et al.13 using two-beam coupling. TPA is con-
trolled by the imaginary part of the third-order susceptibility
tensor ��3�. For cubic crystals of space group 432, m3m, or

4̄3m, the ��3� tensor has three unique components: �xxxx
�3� ,

�xyxy
�3� , and �xxyy

�3� in a degenerate case; Dvorak et al.13 showed
how these three components can be determined from the data
for the changes in TPA as a function of the polarizations of
the pump and probe beams and their orientations relative to
the crystallographic axes. Figure 5 shows our data for TPA in
Si and GaP for beams propagating along directions close to
the �001� crystallographic axis. For this geometry, Eqs. �23�
and �24� of Ref. 13 simplify to

��
� = − 3� �1
2

�1
2 + �2

2

leff�

�0n2c2�0
2

�Im	�xxxx
�3� −

�xxxx
�3� − �xxyy

�3� − 2�xyxy
�3�

2
cos2 2

 ,

�1�

��
� = − 3� �1
2

�1
2 + �2

2

leff�

�0n2c2�0
2

�Im	�xyxy
�3� +

�xxxx
�3� − �xxyy

�3� − 2�xyxy
�3�

2
cos2 2

 .

�2�

Equation �1� applies when the pump and probe have par-
allel polarization and Eq. �2� applies when the pump and
probe are cross polarized. Here �1 and �2 are pulse widths of
pump and probe pulses,  is the angular frequency, leff is the
effective length of interaction, � is the ratio of pump peak
power to average power, 0 is the 1 /e2 radius of the beam, n
is the refractive index, c is speed of light, �0 is the permit-
tivity of free space, and 
 is the angle between the polariza-
tion of the pump beam and the �011� direction of the Si
crystal. The fits of these equations are shown in Fig. 5. In Si,
the independent ��3� tensors are reduced to �xxxx

�3� and �xyxy
�3�

��xyxy
�3� ��xxyy

�3� � because the optical transitions are far from Si
resonances.14 The fit of these equations to the data in Fig.
3�a� gives Im��xxxx

�3� � / Im��xyxy
�3� �=2.1 for Si. This same degree

of anisotropy is observed in third-harmonic generation using
�=1.56 �m laser light.15 Zhang et al.16 found a comparable
degree of anisotropy for both TPA and the Kerr nonlinearity
using single-beam measurements. In Fig. 5�b�, the fit of
equations to the data gives Im��xxxx

�3� � / Im��xyxy
�3� �=5.1 and

Im��xxyy
�3� � / Im��xyxy

�3� ��0.06 for GaP. Here the error bars are
estimated from the angle between the laser and surface,
which cannot be avoided because of the finite angle between
the pump and probe pulses.

The main point is that TPA in Si is strongly temperature
dependent when two-photon energy is between the indirect
and direct bandgaps of Si, as Fig. 6�a� demonstrates. Since
the initial and the final states of transitions are the same and
the density of state of the intermediate state of the TPA tran-
sition is near zero, we can reasonably expect that TPA will
have the same temperature dependence as one-photon ab-
sorption at the two-photon energy used in our experiments,
�=780 nm or equivalently 1.59 eV. For Si, 1.6 eV lies above
the indirect bandgap of Eg=1.1 eV and below the direct
bandgap of 3.4 eV; therefore, photoexcitation of an electron-
hole pair by a 1.6 eV photon �or by two 0.8 eV photons�
requires the absorption or emission of a phonon. Higher tem-
peratures produce greater phonon populations and stronger
optical absorption. Phonons from more than one branch con-
tribute to the process.17,18 The one-photon optical absorption
A�hv ,T� as a function of photon energy h� and temperature
T is given by17,18
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FIG. 5. Normalized transient absorption at zero delay time as a function of
the orientation of the pump and probe polarizations and the orientation of
the Si�001� �panel �a�� and GaP�001� �panel �b��. The symbols are measure-
ments and the solid lines are fits to Eqs. �1� and �2� used to determine the
ratio Im��xxxx

�3� � / Im��xyxy
�3� �=2.1 in Si and Im��xxxx

�3� � / Im��xyxy
�3� �=5.1 in GaP.

Maximum TPA is produced when the polarizations of the pump and probe
beams are parallel and aligned along a �011� direction of the Si crystal.
Minimum is when these polarizations, aligned along a �011� direction of the
Si crystal, are orthogonal to one another.
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A�hv,T� = D�
i=1

4

Pi� �hv − Eg�T� + �i�2

exp��i/kT� − 1

+
�hv − Eg�T� − �i�2

1 − exp�− �i/kT� � . �3�

Four phonons with energies of �i /k=212, 670, 1050, and
1420 K are included in this calculation; the coupling con-
stants are P1=0.033, P2=1, P3=0.063, and P4=0.063. Here
D is a fitting parameter and Eg�T� is obtained from Ref. 18.
Figure 6�a� shows the comparison between the predictions of
Eq. �3� and the data. We use the data acquired with perpen-
dicular pump-probe polarizations to reduce the influence of
diffuse scattering from pump beam. The agreement between
this model and the data is excellent for both orientations of
the Si crystal.

TPA has a weak temperature dependence when the two-
photon energy is greater than the direct bandgap as shown
for GaP �100� in Fig. 6�b�. In this case, the one-photon en-
ergies �centered at 1.57 eV� are below the indirect bandgap
of 2.26 eV and the two-photon energies are above the direct
bandgap of 2.76 eV. One-photon absorption for an allowed
transition at energies above the direct bandgap is typically
well described by9

A�hv,T� = D��hv − Eg�T� . �4�

In Fig. 6�b�, we compare the data to the predictions of
Eq. �4� using previously published data for Eg�T�.19 The dif-
ference between the fit and the data can be explained by a
contribution to the absorption from indirect transitions. We
estimate the strength of the indirect transition at 300 K as
10% of the strength of the direct transition,20 and estimate
that the strength of the indirect transition increases by ap-
proximately 100% when the temperature is increased from
300 to 500 K, similar to what �Fig. 6�a�� we observe in Si.

A robust calibration for thermometry based on TPA fol-
lows from these considerations. For temperatures between
300 and 500 K, the dependence of � on temperature T can be
empirically approximated by �=�0 exp�T /T0�. Solving for
temperature T gives

T = T0 ln� �

�0
� , �5�

which fits the experimental data nicely using the parameters
T0=328 K and �0=0.0127 and 0.0218 W−1 for the two ori-
entations of the crystal. The fit of the data to Eq. �5� is
indistinguishable from the fit of the data to Eq. �3�; see Fig.
6.

Next, we demonstrate an implementation of this ther-
mometry to measure temperature distributions. TPA ther-
mometry was performed on a strip of Si wafer heated by a
pulse of electrical current passing between two thin-film Cr
electrodes. The decay of temperature after heating, not just at
the center of the heat source �point A� but also at 5 mm
removed from the center of the heat source �point B�, is
shown in Fig. 7. In this example, we used a 100 �s time
constant at the output stage of the rf lock-in; therefore, the
bandwidth of the measurement is �2 kHz. At the end of the
heating pulse �80 V applied for 2 s�, the temperature at point
A is �50 K higher than the temperature at point B. This
temperature difference decays with a time constant of �0.3
s, as expected since the thermal diffusivity of Si at these
temperatures is D�0.5 cm2 /s and �5 mm�2 / �2D��0.25 s.
An analysis of the noise in this experiment shows that the
rms variation in this measurement of temperature is �0.6 K
in a 1 kHz bandwidth. Because of low frequency noise in our
apparatus, noise does not scale with the square root of the
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FIG. 6. Temperature dependence of the TPA for perpendicular polarizations
of the pump and probe aligned along the �001� and �011� directions of Si
�panel �a�� and GaP �panel �b�� crystals. The laser source is an Er:fiber laser
operating at a center wavelength of 1.56 �m �panel �a�� and a Ti:sapphire
laser operating at a center wavelength of 790 nm �panel �b��. The symbols
denote measurements. For Si, solid lines, which appear linear on these axes
to the eye, are fits to Eq. �3� using one fitting parameter, the constant of
proportionality, D. For GaP, the dashed lines are fits to Eq. �4�; the differ-
ences between the dashed lines and the data are attributed to contributions to
the absorption from indirect transitions. The solid lines in panel �b� are fits
to Eq. �5�.
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indicated in the schematic in the figure inset, is measured as a function of
time after heating, 10 ms–50 s, at two points separated by 5 mm along a Si
strip. A Cr layer with 120 nm thickness is used as the electrical contact; the
gap between the contacts is 2 mm.
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bandwidth and improves to only �0.2 K in a 1 Hz band-
width. Tighter focusing of the beams would result in both
higher spatial resolution and lower noise.

Heating of the Si substrate by TPA is negligible in this
demonstration of Si temperature measurement. The problem
of local heating in the probe area can be considered on time
scales that are short and long compared to the laser repetition
rate. In the short time regime, heating by each pump and
probe pulse creates a transient temperature rise. The instan-
taneous temperature rise by a single pair of pump and probe
pulses is estimated to be 0.5 mK by

Ea

�0
2zRC

, �6�

where Ea=80 pJ is the absorbed energy by a single pump
pulse, 0=8 �m is the 1 /e2 beam radius, zR=460 �m is the
Rayleigh length in Si, and C=1.62 J /cm3 K is the volumet-
ric heat capacity. In the long time regime, accumulation of
heat from multiple optical pulses is dissipated by conduction
into the surrounding crystal. The steady-state temperature
rise is calculated to be 40 mK by

Pa

2�zR�
ln� zR

0
� , �7�

where Pa=4 mW is the absorbed power and �
=142 W /m K is the thermal conductivity of Si. Shorter
pulse durations will reduce the local heating while maintain-
ing the same signal strength.

IV. CONCLUSIONS

The transient absorption of Si near zero delay time,
which arises from TPA, displays temperature dependence in
excellent agreement with theory and therefore enables non-
contact thermometry with a temperature calibration based on
well-understood solid-state physics of Si. This physics is
general and, if the laser wavelength can be chosen appropri-
ately, should be applicable to any semiconductor with an

indirect bandgap, e.g., GaP, Ge, and SiC, but would not be
expected to apply to amorphous materials or semiconductors
where the optical absorption is dominated by a direct transi-
tion.
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