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The traditional measurement of the thermoelectric Seebeck coefficient gives a global value for a given
material. This method requires heating and electrical contacts. Here, we report a local optical measurement
of carrier populations which are not in thermal equilibrium with the lattice of the material. This contactless
method enables access to the local gradients of the two fundamental thermodynamical properties, namely
the temperature and the electrochemical potential. Therefore, we can determine the Seebeck coefficient
related to the light-induced thermoelectric properties of the material. Moreover, we demonstrate the linear
relationship between voltage and temperature gradients at a micrometer scale.
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I. INTRODUCTION

The thermoelectric effect was discovered in 1821 by
Seebeck [1] by heating metals and observing a voltage
across the sample. Various techniques for measuring
Seebeck coefficients in semiconducting materials have
been developed for probing high-temperature conditions
[2,3], high resistivity [4], thermopower in molecules [5],
the organic semiconductor [6], and for measuring simulta-
neously the Seebeck coefficient and thermal conductivity
[7]. These different techniques are very useful not only
because each one addresses a specific scientific field,
but also because the Seebeck coefficient can be related to
other material properties influencing the electrochemical
potentials [8–11].
Moreover, measurements of thermopower in light-

sensitive semiconducting materials have been done under
different light intensities, exhibiting thereby the variation of
the Seebeck coefficient with the illumination. This so-
called photo-Seebeck effect was first described by Tauc in
1955 [12]. Many materials such as lead oxide [13], zinc
oxide [14], lead chromium oxide [15], silicon [16], cad-
mium sulfide [17,18], carbon nanotubes [19,20], molyb-
denum sulfide [21], graphene [22], and gallium arsenide
[23] have been probed.
These classical measurements of Seebeck and photo-

Seebeck effects suffer from electrical artifacts and rely on
thermocouples with known materials [2].
Here, we report a thermopower analysis obtained

without directly heating the lattice of the semiconducting
material. This is due to the presence of carriers having
an excess of kinetic energy [24] in the material thanks to
the low thermalization factor with the lattice [25]. The
generation of hot carriers is possible in special
designed structures reducing the electron-phonon inter-
actions [26]—often multi-quantum-well structures as

shown here—or by using high-incident photon fluxes
[24,27].
This method involves a light-induced thermopower by

illuminating the semiconducting material with a laser
beam. The generated hot-carrier electron-hole pairs recom-
bine radiatively and this photoemitted photon flux is
recorded as a photoluminescence spectrum. Therefore, this
technique is totally contactless in comparison to the
techniques previously mentioned and gets rid of uncertain-
ties linked to the electrical measurement. Moreover, it
enables us to study the carrier properties decoupled from
the thermal gradient in the lattice, which remains at an
ambient temperature locally and globally during the
measurements.

II. SETUP AND SAMPLE

In photoluminescence measurements, an incident light
generates electron-hole pairs in the material, and the
radiative recombination is recorded as a photoluminescence
spectrum, which obeys the generalized Planck’s law
[28,29].

ϕemðEÞ ¼ DE2AðEÞ
�
exp

�
E

kBTH
− μγ
kBTH

�
− 1

�−1
; ð1Þ

where ϕemðEÞ is the absolutely calibrated photoemitted
photon flux at the energy E of the emitted photon, AðEÞ the
absorption of the material that we experimentally measure
with a spectrophotometer, D a constant, and kB the
Boltzmann constant.
This last expression can be linearly fitted as a function of

the photon energy E and gives directly the temperature TH
of the carriers as the slope, −1=ðkBTHÞ, and the electro-
chemical potential difference between the electrons and the
holes that recombine μγ as the intercept μγ=ðkBTHÞ. TH is
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the effective temperature, representative of the electron-
hole plasma temperature: electrons and holes are consid-
ered to be at this temperature TH. The lattice of the material
remains cold at ambient temperature; this method is
applicable to a nonhomogeneous heated lattice too [30–32].
Spectrally resolved photoluminescence images have

been measured with a hyperspectral imaging setup, with
a spatial resolution down to the micrometer and spectrally
calibrated between 600 and 1700 nm with a resolution of
2 nm. The excitation wavelength is 980 nm (1.26 eV), so
carriers are mainly generated in the barrier energy region.
Thereby, spatial variations and the influence of the con-
sidered location according to the center of the spot of the
incident light in the case of a punctual illumination can be
investigated.
Photoluminescence is a well-known technique for quasi-

Fermi-level splitting and temperature investigations in
semiconducting materials. The quasi-Fermi-level splitting
is by definition the electrochemical potential difference
between electron and hole carriers. As an electrochemical
potential difference is related to the potential from which
electrical work can be obtained, it can be identified as the
internal voltage of the material [33] and can be further used
for Seebeck coefficient calculations.
Multi-quantum-well materials have challenged the meas-

urement of in-plane [34] and cross-plane [35–37] Seebeck
coefficients or superlattices [38]. Here, we report measure-
ments of the ambipolar Seebeck coefficient in the plane of
the wells, but the same method could be used for the cross-
plane Seebeck coefficient if there were luminescence
emission coming from the barrier energy region. The
sample studied here is an intrinsic quantum-well structure
of InGaAsP alloy. The global structure is shown Fig. 1.

III. METHOD

The sample is probed with a fibered continuous-wave
monomode laser emitting at 980 nm (1.26 eV), so the light

is absorbed by both the wells and the barriers. The circular
spot on the sample’s surface has a radius of 8.87 μm, and
the corresponding area is 2.473 × 10−10 m2. The light
emitted by the semiconducting material goes through the
hyperspectral device (Photon etc.) and the data are recorded
with a Xenics CCD camera [39]. Calibration procedures of
the whole system are described in Ref. [33]. All experi-
ments are done at room temperature. Sixteen data sets have
been recorded at 16 different incident photon fluxes spread
according to a logarithmic scale.
After converting these Cartesian maps into polar coor-

dinates, the electrochemical potential and temperature
gradients are calculated as differences between the con-
sidered pixel r on the radial coordinate, and the nearest
neighbor located at rþ 1. Indeed, as the spot is circular,
there is no variation of these quantities on the angular
coordinates. This work is done in an area close to the
incident laser beam to have noticeable variations of each
quantity. The plot of this spatial electrochemical gradient
against that of the temperature, shown Fig. 3(a), exhibits a
linear relationship:

μγ;rþ1 − μγ;r ¼ aðTH;rþ1 − TH;rÞ þ b: ð2Þ

The slope a of the linear fit of this last expression gives
the Seebeck coefficient α of the material, as

a ¼ μγ;rþ1 − μγ;r
TH;rþ1 − TH;r

⇔ α ¼ grad
⟶

μγ

grad
⟶

T
⇔ a ¼ α: ð3Þ

Thereby, the fit of the gradients plot gives the Seebeck
coefficient at the given incident photon flux. Repeating this
work 16 times at each different incident photon flux gives
the variation of the Seebeck coefficient according to the
incident illumination, as shown Fig. 3(b).
The Sackur-Tetrode expression for the entropy per

particle of a monatomic gas of N particles is written as

S°

N
¼ kB ln

�
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N

�
U
N

�
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2
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�
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�
4πm
3h2

��
;

where V is the volume of the gas, U the internal energy of
the gas, m the mass of one gas particle, and h Planck’s
constant.
The density of carriers at ambient temperature is

written as

N
V

¼ 1

4

�
2me;h

πℏ2

�
3=2

ðkBTÞ3=2 exp
�
− EG

2kBT

�
;

with me, mh the effective masses of electrons and heavy
holes in the material (0.069 m0 and 0.47 m0, respectively).
The internal energy per particle of the monatomic gas is

written as

FIG. 1. Structure of the studied sample: barriers of
In0.8Ga0.2As0.44P0.56 and wells of In0.78Ga0.22As0.81P0.19. This
strain-balanced sample is grown by molecular beam epitaxy.
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U
N

¼ EG þ 3

2
kBT:

T is taken at 300 K for the computations.

IV. RESULTS AND DISCUSSION

At a given incident photon flux, from the photolumi-
nescence data shown Fig. 2(a) (in this figure the photo-
luminescence intensity has been integrated in each pixel
over all recorded wavelengths) it is possible to fit the
spectrum of each pixel [Fig. 2(b) shows three spectra at
different incident photon fluxes measured at the point at
(94.1 μm; 70.0 μm); the linear fit is done between 0.81
and 0.86 eV]. According to Eq. (1), we therefore access
the electrochemical potential and temperature map [see
Figs. 2(c) and 2(d)]. The spatial variations of the observed
electrochemical potentials and temperature are due to the
diffusion of carriers in a permanent regime under local
illumination [40,41].
The plot of this spatial electrochemical difference vs

that of the temperature is shown in Fig. 3(a). We found
a linear relationship between the two quantities, which
is the Seebeck coefficient α of the material. Thereby, the
slope gives the Seebeck coefficient at a given incident
photon flux.
This result is experimental evidence of the micrometer-

scale linear relationship between the temperature and
electrochemical potential gradients.
Repeating this work 16 times at each different incident

photon flux gives the variation of the Seebeck coefficient

according to the incident illumination, as shown Fig. 3(b).
In the studied intrinsic sample, the incident photon flux
exceeds the rate of intrinsic carriers, so that the variation of
the Seebeck coefficient depends only on the incident
photon flux.
This observation of a thermopower in an intrinsic

material is in agreement with Gurevich’s work about
the nature of thermopower in bipolar semiconducting
materials [42]. The obtained values are at the same
magnitude as ab initio computational modeling on this
kind of structure [43].
By considering the Seebeck coefficient as an entropy per

carrier, the Seebeck coefficient can be seen as

α ¼ kB
q
lnðϕincÞ − kB

q
lnðϕBBÞ − 1

q
S°; ð4Þ

where q is the absolute value of the elementary charge, ϕinc
the incident photon flux, ϕBB the black body flux at
ambient temperature, that is, the incident photon flux
without light illumination, and S° the entropy per carrier
at ambient temperature. With this simple model, the
Seebeck coefficient should be linear with the logarithm
of the incident photon flux with a slope of ðkB=qÞ ¼
8.617 × 10−5 eVK−1. The fit performed on the experi-
mental data and shown Fig. 3(b) exhibits a slope of
8.7223 × 10−5 eVK−1, which is in good agreement with
the theoretical prediction: the error is about 1.2%. This
result is also in agreement with the linear decrease of the
Seebeck coefficient with the logarithm of the carrier

FIG. 2. Absolutely cali-
brated photoluminescence
data and extracted thermody-
namical parameters for one
incident photon flux. (a) In-
tegrated photoluminescence
intensity map m−2 s−1.
(b) Absolutely calibrated
photoluminescence spectra
at the same point on the
map for three different
incident photon fluxes
(5.05 × 1022 in red at the
top, 4.92 × 1021 in green in
the middle, 8.03 × 1019 in
blue at the bottom,
cm−2 s−1). The high-energy
tail variation is mainly due to
carrier temperature variation.
(c) Carrier electrochemical
potential map (eV). (d) Car-
rier temperature map (K); the
temperature decreases with
the distance from the spot
of the laser beam.
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density called phenomenological Seebeck coefficient [44].
This linear decrease has also been observed in photo-
Seebeck experiments, in which the Seebeck coefficient is
measured while a light intensity modifies the carrier
density [13–15].
Moreover, the slope appears to be disconnected with the

material properties: indeed, the incident photon flux is
independent from the material properties as well as kB=q.
The material-dependent quantity is given by the intercept
C0 in Eq. (4). From the linear fit of the Seebeck coefficient
with the incident photon flux, C0 ¼ −0.004 643 VK−1.
This intercept is obtained when ϕinc ¼ ϕBB and enables us
to access to the entropy per carrier of the material at
ambient temperature as

C0 ¼ −
1

q
S°:

S° ¼ 7.4 × 10−22 J K−1 carrier−1, which is 1.4 times
more than the value given by the Sackur-Tetrode [45]
expression, when summing the electron and hole contri-
butions: S° ¼ 5.4 × 10−22 J K−1 carrier−1. The difference
between the Sackur-Tetrode value and the experimental one
may come from the entropy of the lattice. Indeed, the
Sackur-Tetrode expression is true for a monatomic gas; the
fitted value corresponds to the entropy of the semiconduct-
ing material, carrier plasma, and lattice, divided by the
number of electron-hole pairs. Finally, the contribution of
the lattice of the material is more important than that of the
carriers to the Seebeck coefficient: the material properties
are closely related to the lattice, so that the intercept is the
relevant quantity to compare different materials. The slope
of the Seebeck coefficient with the incident photon flux
does not depend on the material properties, but only on the
carrier density.

V. CONCLUSION

The photoluminescence hyperspectral imaging has
given the possibility to demonstrate the linear relationship
between the temperature and electrochemical potential
gradients at micrometer scale. This purely light-induced
thermopower has been characterized by an optical con-
tactless technique. The variation of the Seebeck coefficient
with the carrier density is in good agreement with the
theory. We also showed that the variation of the thermo-
power with the incident photon flux gives an access to the
entropy per carrier in the material at an ambient temper-
ature. These are useful quantities for characterizing the
carrier populations in the semiconducting materials.
This Seebeck measurement technique facilitates the

material research and the fundamental comprehension of
the thermopower in the thermoelectric community, as we
do not have to deal with material or electrical artifacts.
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