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Photoluminescence of CdTe/CdMnTe and CdTe/CdMgTe heterostructures
with quantum wells separated by thick barriers
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The low-temperature photoluminescence (PL) and PL excitation (PLE) spectra of two systems of CdTe quantum
wells (QWs) separated by CdMnTe and CdMgTe barriers 20 nm thick are studied. The experimental PL spectra
are compared with calculations that take into account the exciton effect and the influence of internal strains. The
scatter of our data does not exceed that expected for monolayer fluctuations of the QW width. In the PLE spectra
of a thick QW, bands were found that correspond to the increase of PL from a thick QW upon excitation of a
neighbor narrow QW. The mechanism of energy transfer between QWs separated by thick barriers is discussed.
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1. Introduction

An important characteristic of semiconductor nanostruc-
tures is the degree of coupling between their individual
elements. Transport properties of nanostructures depend on
the electron, hole and exciton transfer, that is a tunneling
of particles through potential barriers plays an important
role. It has been shown that tunneling is efficient between
quantum wells (QWs) separated by a narrow, typically
< 10nm barrier (see, for example, [1,2]). In the structures
under consideration, the barrier thickness is 20 nm, which
allows to conclude that we are dealing with a different
mechanism of energy transfer between QWs. In addition to
tunneling, transport can take place via a Forster-type dipole-
dipole interaction (DDI) mechanism. The role of DDI in
energy transfer in solid-state nanostructures of various types
has been actively studied [3-5]. In this respect, it seems
relevant to study the mechanism of interaction between
QWs separated by thick barriers.

The temperature dependence of the energy transfer
probability is determined by the activation energy equal to
the barrier height. One can expect that the QWs separated
by a thick barrier will be isolated at low temperature, since
energy transfer due to thermal excitation is inefficient in
this case. However, a number of works have presented
results on QW photoluminescence (PL), which manifest
efficient energy transfer at low temperature between the
wells separated by a thick (10—30nm) barrier. In these
works, it is suggested that an important role in energy
transfer under such conditions belongs to the dipole-dipole
interaction, which does not require the overlap of wave
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functions or thermal activation of carriers [6-9]. This
mechanism was proposed by Forster [10], who showed that
the transfer rate between dipoles decreases as R™%, where
R — the distance between the dipoles. Generalization of
the Forster model to excitation transport in dipole-layer or
layer-layer systems in molecular structures and to transport
between QW separated by thick barriers in semiconductor
structures leads to power law with exponential function
from —4 to —2 or even to a weaker logarithmic dependence
on the barrier thickness [6-8].

In the present work an energy transfer between QW
separated by thick barriers in structures CdTe/Cd;_xMnyTe
(x =0.45) and CdTe/Cd;_xMgxTe (x = 0.35) is studied
and the mechanism of this process is discussed.

2. Samples and experimental details

In our work, the PL and PL excitation spectra of
samples A and B fabricated by molecular-beam epitaxy
(MBE) on a GaAs (100) substrate with a CdMgTe buffer
layer have been investigated. = Sample A consists of
three CdTe QWI1-QW3 QW of 16, 8, and 4 monolayer
(ML) thicknesses (1ML CdTe=0.32nm) separated by
Cdg.55Mng 45Te barriers of 20nm thick. Sample B consists
of four QW CdTe QW1-QW4 of widths 32, 16, 8, and
4ML separated by CdgesMgo.3s Te barriers of the same
thickness. The samples were placed in an optical cryostat,
and the PL was excited by the 456nm line of a solid-
state laser. The halogen lamp radiation passed through
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a — PL spectra of samples A and B at the above-barrier excitation 2.805eV; b — QW1 PL excitation spectra, samples A and B;
¢ — QW2 PL excitation spectra, samples A and B; d — QW3 PL excitation spectra, samples A and B; e — QW 4PL excitation spectrum,
sample B. The vertical black arrows indicate the resonance bands in the PL excitation spectra of QW1 and QW2. The recording energies
of the PL excitation spectra are shown with colored arrows. T = 5K. (The colored version of the figure is available on-line).

a monochromator was used to obtain the PL excitation
spectra.

3. Experimental results

Figure,a shows the low-temperature PL spectrum of
sample A obtained under excitation to the barrier energy
region. At temperature 5K, the spectrum consists of three
bands with half-widths (FWHM) of 6, 20, and 33 meV.
These bands correspond to exciton recombination in QW
QWI1-QW3. The fine structure of the PL bands, clearly
manifested in the emission spectra QW1 and QW2, is due
to the contribution of free excitons and excitons localized
on the QW broadening. In the figure,a the spectra of PL
excitation obtained by registration at the points indicated
by the arrows are also shown, and the interpretation of
the spectra features on the basis of the model described
below is given. It can be seen that in PL excitation spectra
of thick QW1 in addition to the peaks corresponding to
the excitation of heavy and light exciton (E1H1 and E1L1,
respectively), there is a strong band with energy 1.89 eV
coinciding with the E1L1 band in the QW2 PL excitation
spectrum. This result indicates an energy transfer between
QW2 and QW1. Similar evidence of energy transfer is also
observed in the PL excitation spectra of QW2 and QW1 in
sample B (see Figure, b).

To estimate the efficiency of energy transfer between
narrow and thick QWs, we can use the ratio of the PL
intensity of the thick QW under excitation to the energy
band shown by the vertical arrows in panels A and B
(see Figure) to the PL intensity under direct excitation in
the E1H1 transition. As can be seen from the figure,
the efficiencies of this transfer in samples A and B are
comparable.
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4. Discussion

As follows from the figure, the QW1 PL excitation
spectra for of both samples show at least 4peaks. The
first two peaks can be identified with exciton transitions
EIL1 and E1H1, the origin of the other two peaks is not
so unambiguous. In order to verify the resonance between
the QW1 and QW2 energy levels, numerical calculations
by the variations method within the framework of the
self-consistent field approximation [11] were carried out.
When calculating exciton energies, it is necessary to use
a number of parameters of heterostructures, the values
of which, according to literature data, have a significant
variation. Our calculation was aimed to show that the
energies of certain peaks in the PL excitation spectra of
thick QWs correspond to the exciton energies of narrower
QWs. The QW potential was assumed to be rectangular,
the effective mass of particles was assumed to be constant
in the direction of the structure growth and independent of
the QW thickness. In result, a set of parameters (see table)
was found that allows identification of all observed peaks in
the PL excitation spectra (see figure) by varying only the
thickness of the QW.

The energy gap width of Ey was determined from the
exciton energy of the barrier: Q — the ratio of barrier height
for electron and hole, dQ (meV) — the strain caused by the
lattice constant mismatch of the barrier material and the QW
(see table).

Up = Eg — Egcdate, Ug = Q- Up + dQg,
Ug=(1-Q)-Uy—dQu, UL=(1-0Q) -Uy+dQ,

Up — total barrier height for electron and holes, in-
dices E, H and L correspond to electron, heavy and
light holes, y1» — Luttinger constants, my;, = 1/(y1 + 12),



544

International Conference PhysicA.SPb 23—27 October, 2023

Parameters used in the calculation

Eg, meV Q dQe dQu dQ. mg ' my 71 72 € ML, nm
Sample A
2.348 | 0.7 | 0.005 | 0.005 | 0.012 | 0.12 | 0.8 | 0.12 | 5.35 | 1.73 | 10 | 0.32
Sample B
2372 | 08 | 0 | 0 | 0005 | 009 | 08 | 012 | 535 | 173 | 10 | 032
meyL = 1/(y1 —y2), € — dielectric permittivity, ML — [2] D. Guzun, Yul. Mazur, V.G. Dorogan, ME. Ware,

monolayer thickness. For each of the QWs, a series of
calculations were performed for the nominal QW thickness
and its one monolayer fluctuations.

Evidence of efficient exciton effect in thick QWs while
exciton generation in narrow QWs was also observed
in [12] for the CdTe/Cd;_xMnyTe structure with CdTe QWs
with thicknesses of 4, 6, and 10nm separated by 50nm
barriers. The authors proposed the hypothesis of long-
range magnetic interaction along the chains of spin-polarized
manganese ions connecting QWs. Our results show that
efficient excitation transfer between QWs is also observed
in sample B, where magnetic manganese atoms are replaced
by nonmagnetic magnesium atoms in the barriers. This is
in favor of the Forster mechanism of energy transfer in the
samples investigated in our work, as well as in the sample
investigated in [12].

5. Conclusion

In work, efficient energy transfer at low temperature was
observed between the exciton states in two sets differing in
QW width CdTe/Cd;_xMnxTe and CdTe/Cd;_xMgxTe. In
both sets, the thickness of the barriers separating the QWs
CdTe is 20nm, which excludes the possibility of carrier
and exciton tunneling. The analysis of the obtained data
indicates in favor of the energy transfer via the resonant
dipole-dipole interaction.

Funding

This work was supported by the grant of SPbSU
Ne 93020138 (N.G. Philosofov, V.F. Agekyan, S.Yu. Verbin,
AYu. Serov, LV. Strom) and the grant UMO-
2021/41/B/ST3/03651 (G. Karczewski).

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] J. Shah, K. Leo, D.. Oberli, T.C. Damen. Ultrashort
Processes in Condensed Matter, ed. by W.E. Bron (Plenum,
N.Y, 1993).

3]
[4]

[5]

E. Marega, jr., G.G. Tarasov, C. Lienau, G.J. Salamo. J. Appl.
Phys., 113, 154304 (2013).

JD. Cox, M.R. Singh, G. Gumbs, M.A. Anton, F. Carreno.
Phys. Rev. B, 86, 125452 (2012).

H. Kim, I. Kim, K. Kyhm, R.A. Taylor, J.S. Kim, J.D. Song,
K.C. Je, LS. Dang. Nano Lett., 16, 7755 (2016).

M.R. Singh, D. Schindel, A. Hatef. Appl. Phys. Lett, 99,
181106 (2011).

A. Tomita, J. Shah, R.S. Knox. Phys. Rev. B, 53, 10793 (1996).
V.Ya. Aleshkin, L.V. Gavrilenko, D.M. Gaponova, Z.F. Krasil-
nik, D.I. Kryzhkov, D.I. Kuritsyn, S.M. Sergeev, V.G. Lysenko.
Pisma ZhETF 94, 890 (2011). (in Russian).

SK. Lyo. Phys. Rev. B, 61, 13641 (2000).

AN. Poddubny, A.V. Rodina. ZhETF, 149, 614 (2016). (in
Russian).

Th. Forster. Ann. Phys. (Leipzig), 2, 55 (1948).

LV. Ponomarev, L1 Deych, V.A. Shuvayev, A.A. Lisyansky.
Physica E, 25, 539 (2005).

M. Godlewski, Z. Wilamowski, T. Wojtowicz, G. Karczewski,
J. Kossut, P.O. Holtz, J.P. Bergman, B. Monemar. J. Cryst.
Growth, 184/185, 957 (1998).

Translated by Ego Translating

Semiconductors, 2023, Vol. 57, No. 7



