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We report experimental demonstration of the Kennard-Stepanov �KS� relation, a fundamental equilibrium
relation determined by absolute temperature, between photoluminescence �PL� and PL-excitation spectra of a
doped quantum well. With the resonant excitation PL measurement technique, the KS relation has been
fulfilled at 5–220 K, thanks to the thermal bath provided by the resident carriers introduced with the doping.
Crossover to quasi thermal or nonthermal carrier distributions has also been characterized quantitatively via
systematic off-resonant excitations.
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The Kennard-Stepanov �KS� relation1–8 connects the lin-
ear optical spectra of luminescence I��� and absorption A���
for homogeneous luminescent materials under thermal equi-
librium. It is expressed by

I���/�2A��� � exp�− ��/kBT� , �1�

where ��, kB, and T are photon energy, Boltzmann’s con-
stant, and temperature, respectively. It is an important and
useful fundamental relation analogous to Wien’s law for
blackbody radiation or to the so-called Kubo-Martin-
Schwinger �KMS� relation between emission and
absorption.9–12 The KS and KMS relations have been widely
used, in both theories7–12 and experiments in various fields
including lasers,13,14 nanomaterials,15–17 and biology,3–6 to
derive I��� from A���, or vice versa, when only one of the
two is available or much more easily obtained than the other.
Moreover, these relations provide a basis for advanced stud-
ies of nonequilibrium or hot carrier dynamics.18 They are
also applicable to a temperature measurement standard, or a
model-independent noncontact method of evaluating the ab-
solute temperatures of samples or electron systems, particu-
larly in cryogenic environments, where thermal emission is
very weak.

However, previous experiments performed to try and
verify the KS and KMS relations in various prototypical sys-
tems such as dye molecules3–6 and semiconductors,15–17 have
mostly shown significant disagreements, where they ob-
served deviations from Eq. �1� or �-dependent “spectral”
temperatures or obtained inconsistent temperatures much
higher or lower than the environmental temperatures depend-
ing on the photoexcitation conditions. These were most
likely due to inhomogeneity and/or slow thermalization time
inherent to such systems, which could hinder one of the im-
portant requirements for the KS relation: that excited states
must be thermally equilibrated before emission.3–6 To estab-
lish an experimental basis for this useful and important gen-
eral relation, it is crucial to find a suitable system and exam-
ine the experimental possibilities and accuracy in order to
confirm the KS relation.

In this Brief Report, we report our study of photolumines-
cence �PL� and photoluminescence-excitation �PLE� spectra
in a modulation-doped quantum well �QW� with a moderate
doping density, to examine experimental conditions for real-
izing the KS relation. We found excellent agreements with
the KS relation at various temperatures ranging from 5 to
220 K, indicating excited-state thermal equilibrium, when PL
was measured under resonant excitation conditions, where
the excitation photon energy is set equal to the PL peak
energy. On the other hand, as the excitation energy in PL
measurements was changed to the nonresonant regime, we
found gradual deviations from the KS relation, especially at
low temperatures below 20 K, which suggested the forma-
tion of hot or nonequilibrium carrier distributions related to
inhomogeneity.

We grew a modulation-doped single QW on a nondoped
�001� GaAs substrate by molecular-beam epitaxy. It con-
sisted of the following layers: a 1-�m
�GaAs�9 / �Al0.36Ga0.64As�71 superlattice, 6.3-nm GaAs QW,
20-nm Al0.36Ga0.64As spacer, 1�1011 cm−2 Si delta doping,
450-nm �GaAs�9 / �Al0.36Ga0.64As�71 superlattice, and a
30-nm GaAs cap layer. The electron density in the QW was
6�1010 cm−2 at 4 K. The sample was mounted on a metal
cold finger having good thermal conductivity in a
continuous-liquid-helium-flow cryostat. The temperature of
the cold finger, or the environmental temperature T of the
sample, was controlled using an electric heater and measured
with a Si-diode temperature sensor located close to the
sample. The accuracy of the sensor was �1 K �1%� at tem-
peratures below �above� 100 K.

Spectra of absorption A��� and luminescence I��� were
obtained via PLE and PL measurements, in which we excited
the sample with a continuous-wave titanium-sapphire laser.
The excitation light was focused onto a spot about 2 �m in
diameter via an objective lens. PL was collected in a
backward-scattering geometry, coupled and dispersed in a
0.75-m spectrometer and then detected with a liquid-
nitrogen-cooled charge-coupled-device �CCD� camera hav-
ing spectral resolution of 0.05 nm. To measure each PLE
spectrum, we took PL spectra by scanning the excitation en-
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ergies at 100 points with constant steps and plotted all the
spectral areas of the respective PL spectra. We minimized the
effect of nonlinearity, i.e., dependence of PL spectra on ex-
citation powers, to obtain the spectra in the linear-response
regime by reducing the excitation laser power to 1.7 �W.
The estimated photoexcited carrier density was less than 1
�109 cm−2. The exposure times for the PL and PLE mea-
surements were set to 60 and 4 s, respectively. All spectra
referred to in this Brief Report were measured at the same
position on the same sample.

It should be noted that we eliminated intense scattering
noise in the excitation light by keeping the sample surface
clean, tilting the sample by 10° from the normal plane of the
optical axis, setting the polarization of detection perpendicu-
lar to that of excitation light, and putting an iris between the
objective lens and the spectrometer coupling lens in the de-
tection path. These steps were essential to obtain high signal-
to-noise ratios in our particular measurements of PL spectra
in the resonant excitation condition, where the excitation en-
ergy was set equal to the PL peak energy and of PLE spectra.
Note that our PLE measurements plotted the total PL inten-
sities in all the spectral areas, while conventional PLE mea-
surements plot partial PL intensities in only low-energy tails
of PL peaks. Our method enables precise PLE spectral mea-
surements, which should directly give access to the optical
absorption, even when the PL spectral shapes change with
excitation photon energy.

First, we studied PLE and PL measured under the reso-
nant excitation conditions. Figure 1 shows typical results at
T=33�1 K. The dashed curve shows the PLE spectrum,
and the solid curve indicates the PL spectrum measured at
the excitation energy of 1.590 eV, which is the same as the
PL peak energy. Two peaks indicated by solid squares origi-
nated from the nonuniformity of the sample, or monolayer
�ML� thickness fluctuations. Also shown by vertical line seg-
ments in Fig. 1 is F���=ln�I��� /�2A����, where I��� and
A��� are determined by the PL and PLE spectra, respec-
tively. The length of each vertical segment of F��� indicates
the error bar estimated from the CCD camera noise in both
PL and PLE spectra. The data of F��� in Fig. 1 represent a
remarkably straight line with a constant slope against photon
energy.

To compare the straight line of F��� with the KS relation
in Eq. �1�, we performed line fitting to F���=−�� /kBT�

+C taking T� and C as �-independent fitting parameters. For

that, we used the weighted least-squares method,19 where the
phenomenological standard deviation was set to be consis-
tent with the calculated standard deviation. The estimated
slope 1 /kBT� was 0.347�0.002 �meV−1�, which corre-
sponds to T�=33.4�0.2 K. This agreed well with the envi-
ronmental temperature T=33�1 K. The KS relation was
satisfied rigorously.

Figure 2�a� shows F��� at various temperatures T from 5
to 220 K measured in the same way as in Fig. 1. Each result
is plotted with an arbitrary offset. Filled triangles indicate the
excitation energies for PL measurements set at the PL peak
energies under the resonant excitation condition. It is striking
that all the F��� data showed straight lines with constant
slopes against photon energy at all temperatures and in all
detectable photon energy regions, including not only the
higher energy sides but also the lower energy sides of the
excitation energies.

Values inside and outside the parentheses in Fig. 2�a� cor-
respond to the temperatures T� estimated from the slope of
F���, and the environmental temperatures T, respectively.
The relation between T� and T is plotted in Fig. 2�b�, in
which a line indicating T�=T is also drawn. Excellent agree-
ments between T� and T were found in these experiments. In
short, the KS relation, or Eq. �1�, was thoroughly satisfied in
a wide range of temperatures for the spectra of resonantly
excited PL and PLE.

From these results, we may conclude that, as long as PL
was measured under resonant excitation conditions, almost
perfect agreements with the KS relation for PLE and PL in
the doped QW were observed, which indicates that the
excited-state thermal equilibrium was realized. This has a
significant impact on the experimental study of the KS rela-
tion because such thorough agreements have never been ob-
served in other systems such as intrinsic semiconductor QWs
or dye molecules.3–6,15–17

Next, we studied the excitation-energy dependence of PL
spectra and resulting F���. Figure 3 shows the spectra at T
=33�1 K of PLE �a� and of PL with excitation at 1.588 eV
�b� and 1.598 eV �c�, which are below and above the PL peak
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FIG. 1. Normalized PL �solid curve�, PLE �dotted curve�, and
F��� �vertical line segments� measured at the environmental tem-
perature T of 33�1 K.
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FIG. 2. �a� F��� measured at various temperatures plotted on
each offset. Filled triangles indicate excitation energies set to be
resonant to the PL peak energies. Values inside and outside the
parentheses indicate T and T�, respectively. �b� Plots of estimated
temperatures T� as a function of environmental temperatures T. The
solid line indicates T�=T.
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energy, respectively. Corresponding plots of F��� are shown
in �b� and �c�, both of which fit straight lines very well.
However, the estimated values of T� were slightly different:
32.9�0.6 K and 34.5�0.2 K for �b� and �c�, respectively.
Compared with the case of resonant excitation shown in Fig.
1, T� changed by −0.5 K and +1.1 K. These straight lines
with T� slightly different from T are one of the typical fea-
tures of the nonresonant excitation condition.

The right panels �d�–�f� of Fig. 3 show results at T
=5.6�1 K. In the resonant excitation case shown in Fig.
3�e�, F��� fit a straight line well, and T� was 6.08�0.06 K,
which was almost the same as T. However, in the nonreso-
nant excitation case shown in Fig. 3�f�, F��� did not exhibit
a straight line. Significant deviation from a straight line was
found, in particular at around 1.596 eV, which corresponds to
the spectral structure of a 1-ML thinner QW. By fitting the
limited data near the PL peak in Fig. 3�f�, we obtained T� of
about 8.1�0.1 K, which was much higher than T. This de-
viation from a straight line and the large difference between
T and T� are unique features of nonresonant excitation at low
temperature.

Figure 4 summarizes T� thus obtained as a function of
excitation photon energies at various environmental tempera-
tures. The origin of the x axis at 0 meV indicates resonant
excitation. The environmental temperature T is displayed as
a horizontal gray bar with an error bar of �1 K. Except for
the region denoted by “partial fit,” each T� represented a
constant slope of a straight F��� line, as shown in Figs. 3�b�,
3�c�, and 3�e�. Under near-resonant excitation conditions
around 0 meV, we observed a slight and systematic increase
in T� against excitation energy. These observations indicate
the formation of quasi-thermal-equilibrium carrier distribu-
tions with hot or cold carrier temperatures T��T depending
on the excitation photon energies. The gradient of this in-
crease in T� was 0.5 K/meV at T=5 K and 0.2 K/meV at
T=33 K. Note that the measured T� and its gradient did not
depend on the excitation laser intensities because all the
measurements were done in the weak linear-response regime.
Thus, excitation-intensity-dependent heating of the sample or
hot phonon accumulations has been negligible.

In the region denoted by partial fit, we observed a clear

deviation in F��� from a straight line, as shown in Fig. 3�f�.
Such a significant deviation from the KS relation under non-
resonant excitation conditions must have originated from the
formation of nonthermal carrier distributions. This type of
deviation was found at T�20 K and with excitation energy
more than 4 meV higher than resonance. This energy gap of
4 meV is comparable to the 6-meV-higher energy position of
the 1-ML thinner QW. This suggests that inhomogeneity was
one of the key reasons for the deviation from the KS relation.

Let us now discuss the present results. As long as PL was
measured under the resonant excitation condition, almost
perfect agreements with the KS relation for PLE and PL in
the doped QW were observed, which have never been ob-
served in other systems.3–17 We interpret these findings as
indicating that doping is one of the key factors in realizing
the excited-state thermal equilibrium, which relaxed the
problem of finite thermalization time against PL lifetime. In
the doped QW, the doped majority carriers are in thermal
equilibrium with the lattice and their environments, and the
minority photoexcited carriers can quickly reach thermal
equilibrium with the doped carriers via strong electron-
electron interactions. This is not the case with intrinsic semi-
conductor QWs15,16 and wires,17 where the photoexcited car-
riers must interact directly with the lattice via a slow
electron-phonon relaxation rate.

In some previous experiments with molecular systems,3–6

sample inhomogeneity was a key problem that made it diffi-
cult to realize the excited-state thermal equilibrium. Actually,
the inhomogeneity also existed in the present sample, as evi-
denced by the ML terrace peaks marked by solid squares in
Figs. 1 and 3. However, such a problem must have been
reduced by carrier diffusion or mobility in the QW. We ex-
pect the excited-state thermal equilibrium to be realized
when the diffusion length of photoexcited carriers is more
than the characteristic length of the inhomogeneity, for ex-
ample, at elevated temperatures. This reasonably explains the
observed absence �existence� of ML peak structures in F���
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FIG. 3. Normalized PLE, PL spectra, and F��� measured at 33
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excitation energies for the PL in �b� and �c� and for the PL in �e�
and �f�.
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shown in Fig. 3 and the agreement �disagreement� with KS
relation at high �low� temperatures. Moreover, to minimize
the inhomogeneity problem, resonant excitation was of great
help in a QW because spatially separated ML-thin QW re-
gions with far higher energy participate in PL measurements
with high-energy off-resonant excitations, but they do not
participate in PL measurements with resonant excitations.

Now, let us discuss possible reasons for the 0.2–0.5
K/meV gradient of T� against excitation photon energy that
appeared under near-resonant excitation conditions in Fig. 4,
and corresponding quasithermal distributions with T�	T.
Note that the calculated increase in the initial temperature of
photogenerated carriers due to excess photon energy is 11.6
K/meV, and the measured gradient is much smaller than this
�by a factor of 20–50� and independent of the excitation pho-
ton densities. This excludes the possibility of uniform heat-
ing of the electron gas and/or lattice to achieve quasiequilib-
rium because their masses and heat capacities are far larger
than those of photoexcited carriers. Instead, the excess en-
ergy of photoexcited carrier must have been shared with lo-
calized electrons and/or lattice. This is possible, for example,
in local quasithermal distributions, where photoexcited car-
riers share their excess energies with only neighboring local-
ized electrons or puddles in the nonlinear screening regime

formed by the potential inhomogeneity.20,21 Such a possibil-
ity needs to be further investigated in future studies by
changing the doping density and sample homogeneity.

Finally, we point out the relevance of the current Brief
Report to cryogenic technology and low-temperature basic
studies of electron transport and optics because it provides a
rare example and a powerful way to directly measure the
internal temperature or electron temperature of a semicon-
ductor sample attached to a cold finger in a cryostat without
assuming any model and any calibrations.

In summary, we reported an experimental investigation of
the KS relation in a doped GaAs QW. Under resonant exci-
tation conditions, we found that the ratio between PL and
PLE spectra was determined by only the environmental tem-
perature �5–220 K� in the form of the KS relation. On the
other hand, nonresonant excitation caused deviation from the
KS relation, which originated from the formation of a quasi
equilibrium with hot carrier temperatures or nonequilibrium
carrier distributions, especially at low temperatures below 20
K.

This work was partly supported by KAKENHI �Grants
No. 20104004 and No. 20360135� of MEXT, Japan.
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