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Abstract. Reflection, luminescence (PL), and luminescence excitation (PLE) spectra of 

a CdTe/CdMnTe heterostructure with quantum wells of different thicknesses are studied. It 
has been found that at low temperatures light emission comes from localized exciton states of 
quantum wells. The PLE spectra show that the contributions of excitons and free carriers to 
the population of quantum well depend on its thickness. The ratio of these contributions affects 
the dependence of the quantum well luminescence intensity on the level of optical excitation. 
It has been established that the coupling of quantum wells, separated by thick barrier layers, 
occurs through exciton excited states.
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Аннотация. Исследованы спектры отражения, люминесценции (PL) и спектры 

возбуждения люминесценции (PLE) гетероструктур CdTe/CdMnTe, содержащих 
квантовые ямы различной толщины. Было обнаружено, что низкотемпературная 
люминесценция обусловлена локализованными состояниями экситона в квантовой яме. 
Анализ PLE позволяет сделать вывод, что вклад экситонов и свободных носителей в 
заселение состояний квантовой ямы зависит от ее толщины. Показано, что соотношение 
этих вкладов в интенсивность люминесценции локализованного экситона квантовой ямы 
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зависит от уровня оптического возбуждения. Установлено, что квантовые ямы, разделенные 
широким барьером, взаимодействуют друг с другом посредством возбужденных состояний 
экситона.
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Introduction

The energy transfer process between quantum wells separated by barriers is of fundamental 
interest in semiconductor physics. One might expect that the quantum wells separated by a thick 
barrier would be independent at low temperature, because the energy transfer is inefficient by both 
tunneling and thermal excitation. In this paper, however, we present quantum well luminescence 
results that show evidence of efficient energy transfer between wells separated by thick (20 nm) 
barrier at low temperature.

Materials and Methods

We have studied reflection, photoluminescence (PL) and photoluminescence excitation (PLE) 
spectra of a CdTe/Cd1–xMnxTe heterostructure, containing three CdTe quantum wells (QWs) 16, 
8, and 4 monolayers (ML) thick (QW-1, QW-2, and QW-3, respectively), separated by 62 ML 
thick Cd1-xMnxTe barrier layers (Fig. 1). The heterostructure is grown on  GaAs-CdTe substrate, 
the QW-1 is separated from the substrate by a Cd1–xMnxTe layer 150 ML thick, the Cd1–xMnxTe 
cap layer have a thickness of 62 ML. A nominal value of x is 0.45, and 1 ML thicknesses are 0.324 
and 0.320 nm for CdTe and Cd0.55Mn0.45Te, respectively.

Fig. 1. Energy profile scheme of the CdTe/Cd1–xMnxTe heterostructure with three quantum wells 
QW- 1, QW-2, and QW-3

The He-Cd laser with 442 nm wavelength was used to excite a photoluminescence. The samples 
were placed in the closed-cycle He cryostat, and the spectrometer MDR-204 and photoelectron 
multiplier Hamamatsu R928 were used to record the low-temperature PL spectra. Micro-PL spectra 
were excited with Nd-YAG laser (λexc = 532 nm) and recorded using the optical complex based 
on spectrometer LabRAM HR Evolution (Horiba, France) equipped with a confocal microscope.

Results and Discussions

Under above barrier excitation three emission bands of QW-1, QW-2, and QW-3 are observed 
in the PL spectrum (Fig. 2), the QW-3 band overlaps with a broad band of Mn2+ intracenter 
luminescence. The FWHM of QW bands are 4.5, 10, and 45 meV, respectively, which is in 
agreement with the estimates of the inhomogeneous broadening of exciton levels due to one ML 
fluctuations of the QW thicknesses [1, 2].
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Fig. 2. Photoluminescence (a) and reflection (b) spectra of the CdTe/Cd1-xMnxTe heterostructure at 
Т = 5 K. The dashed lines show the features of the reflection spectrum, corresponding to the energies 

of free excitons (FE) of quantum wells

In the reflection spectrum against the background of interference fringes, features are observed, 
their energies corresponding to the energy levels of free excitons (FE) of three QWs (Fig. 2). At 
T = 5 K the maxima of QW bands are shifted towards low energy relative to the features of the 
reflection spectrum. This suggests that luminescence comes mainly from localized exciton states 
(LE) at low temperatures.

As the excitation level increases, the low-energy component of the doublet saturates, while 
the high-energy component relatively enhances (Fig. 3). This makes it possible to interpret these 
components as LE and free exciton (FE) emission, respectively. As the temperature increases, the 
LE component weakens, while the FE component increases, which confirms their origin (Fig. 4). 
In the QW-2 spectrum the doublet structure appears to be less distinct, in QW-3 spectrum it is 
not resolved at all. However, the temperature behavior of FWHM and maximum energy position 
of QW-3 PL band (Fig. 5) indicate the redistribution of the light emission intensity in favor of 
FE, when the sample is heated [3].

Fig. 3. QW-1 PL spectra at different excitation 
levels (from 0.5 up to 5·102 W/cm2). The spectra 

are normalized to the maximum

Fig. 4. Spectra of QW-1 PL at various temperatures 
(free FE and localized LE excitons). The spectra 

are normalized to the maximum

An anomalous dependence of QW-1 PL on the excitation level was revealed (Fig. 6). At an 
excitation level of less than 1 W/cm2 the QW-1 PL band practically does not stand out distinctly 
against the noise. However, at an excitation level of more than 100 W/cm2 the intensity of 
QW- 1 PL band already exceeds the intensities of QW-2 and QW-3 PL. Such behavior of the 
QW-1 PL can be explained by the presence of a non-radiative channel near QW-1, which 
saturates as the excitation increases. In the heterostructure under study QW-1 is significantly 
removed from the substrate and the surface, so the actual non-radiative centers are most likely 
located at the QW-1 interfaces.
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Fig. 5. Temperature dependences of FWHM and 
maximum energy of the QW-3 PL band

Fig. 6. PL spectra (shifted for clarity) of the 
CdTe/ Cd1-xMnxTe heterostructure at different 
excitation levels from 0.1 up to 5·102 W/cm2 
(lowest to uppest spectra, respectively), Т = 10 K

The question arises, why non-radiative centers affect QW-1 PL much stronger as compared to 
QW-2 and QW-3. The answer is provided by the study of the PLE spectra in the above-barrier 
region. As can be seen from Figure 7, in this spectral region the PLE QW-2 and QW-3 spectra 
have a distinct maximum at the region of 2.34 eV, which corresponds to the exciton states of the 
barrier. At the same time, in the PLE QW-1 spectrum the exciton maximum in this region is 
completely blurred and “the center of gravity” of the PLE spectrum is noticeably shifted to the 
short-wave region. This result means that the QW-1 states are filled mainly with free carriers, 
while the filling of the QW-2 and QW 3 states dominates by the exciton mechanism. Under 
weak excitation a carrier captured in QW-1, can relax to non-radiative center without waiting 
for a carrier of the opposite sign [4, 5]. When the exciton is captured, its relaxation as a whole 
to a non-radiative center is less probable. Moreover, the relaxation is limited by the fast exciton 
radiative recombination. In addition, it should be also taken into account that the higher mobility 
of carriers in thick QW increases the probability of their capture by the non-radiative centers.

Thus, the PLE spectra indicate that the narrower is the QW, the less efficiently it is filled 
through the free carrier mechanism. The reason may be a weak localization of carriers, the holes 
especially, in the narrow QWs. The exciton localization turns out to be more efficient, since the 
electron holds the hole with its Coulomb field.

Fig. 7. PL spectrum (a) and PLE spectra of QW-1 (b), QW-2 (c), QW-3 (d) and Mn2+ (e), T = 5 K

Additional information, concerning to the interaction of QWs, is provided by the PLE spectra 
in the below-barrier region. The structure of the PLE spectra suggests that the QW-1, QW-2, and 
QW-3 are coupled to each other. Indeed, the QW-2 PLE spectrum has a maximum at 2.020 eV, 
coinciding with the energy of the QW-3 excited state; the QW-1 PLE maximum at 1.891 eV 
coincides with the QW-2 FE excited state, the weaker maximum at 1.810 eV corresponds to the 
QW-2 FE ground state (Fig.7).
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It should be also seen from Figure 7 that the transfer of the above-barrier excitation to Mn2+ 
3d-shell occurs through the exciton mechanism, so that the shape of the PLE spectrum of manganese 
intracenter luminescence makes it possible to refine the exciton energy of Cd1–xMnxTe barriers. 
The maximum at 2.34 eV of PLE spectrum of manganese intracenter luminescence corresponds to 
the FE position in Cd1–xMnxTe for x = 0.47 [6], which is close to the nominal of x = 0.45.

Conclusion

The features, corresponding to the ground and excited exciton states, were found in the PLE 
spectra of all QW, studied in this work. We can conclude that in the case of QWs, separated by 
thick barriers, when there is no connection between the ground states of QWs, energy transfer 
may occur through the excited states.
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