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Abstract: Persistent photoconductivity (PPC) spectra of HgTe/CdHgTe heterostructures with dou-
ble quantum wells with different cap layers have been studied in the radiation excitation range
0.62-3.1 eV. We have shown that the material of the cap layer defines key features of the PPC
spectra—local extrema—and their origin. An unusual oscillatory behavior of the PPC spectra is
demonstrated. Such a behavior is shown to be independent of both cap and barrier layers.

Keywords: persistent photoconductivity; CdHgTe; heterostructures; double quantum wells

1. Introduction

The phenomenon of persistent photoconductivity, i.e., the effect that occurs when the
conductivity change persists after turning the radiation off, has been known for decades.
This effect is often used as an effective and simple method for controlling the concentration
of charge carriers. PPC can be observed both in bulk semiconductors [1-4] and in low-
dimensional structures [5-16]. In most cases, positive PPC takes place, which means that
the carrier concentration (and, accordingly, conductivity) increases when the illumination is
turned on. For example, in GaAs/AlGaAs heterostructures, the concentration of electrons
may increase by 2-2.5 times when the sample is illuminated with light in the visible or
near-infrared range [7]. Another type of this effect is negative PPC, which corresponds
to a decrease in charge carrier concentration [8-10] under the influence of radiation. The
PPC sign may depend on the structure’s composition and the doping type as well as on the
incident radiation. In the latter case, the conductivity of a structure may be increased or
decreased depending on the wavelength of the incident light. This type of PPC is called
bipolar and has the most practical interest. Bipolar PPC has been observed in, for example,
InAs/AlSb heterostructures [11-13] and HgTe/CdHgTe heterostructures [14-16].

HgTe/CdHgTe heterostructures are the subject of intense research since they are
the first experimentally discovered two-dimensional topological insulators [17]. In such
systems, the edge conductive states exist protected from scattering due to the time-reversal
symmetry. These states contribute to the conductivity even when bulk conductivity is
suppressed. At the same time, HgTe/CdHgTe heterostructures with double quantum wells
(DQWs) are of particular interest since they have more options for controlling the band
structure by changing the thicknesses of QWs and the barrier height between them. They
also provide a greater variety of topological phases compared to single HgTe/CdHgTe
QWs [18]. In particular, unique topological phases can appear in DQWs, such as the “double
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inversion” phase, in which the system can be considered as a higher order topological
insulator [19]. The latter is currently a hot topic in the physics of topologically non-trivial
systems [20-22].

Transport methods may be informative for studying various topological phases and
observing topological conducting edge states [17,23,24]. On the other hand, bulk con-
ductivity should be excluded in order to observe the edge states. This means that it is
necessary to control the Fermi level position. In most cases, this is achieved by fabricating
gated structures. Another way of controlling the carrier concentration is utilization of the
PPC effect. In this respect, HgTe/CdHgTe heterostructures with DQWs look like very
suitable objects for research. They demonstrate not only an ability to decrease or increase
the carrier concentration after illumination, but also the possibility of a reversible change in
the conductivity type [16].

To date, PPC in HgTe/CdHgTe heterostructures with DQWs has been studied in detail
only in [15,16]. In these two papers, the presence of the bipolar PPC was demonstrated, the
main features of the PPC spectra were detected, and the main reasons for their appearance
were identified. It was found that the resistance value established after illumination is
determined primarily by the concentration and type of charge carriers. The mentioned
parameters, in turn, are determined by the balance between the generation and recombi-
nation of electrons and holes, as well as their drift and diffusion in the QW. In addition,
the effect of the CdTe cap layer on key features of the PPC spectra was noted. Finally, an
optimal method for controlling the carrier concentration, which is related to the energy
parameters of the cap layer, was suggested [16].

In this paper, we directly demonstrate the effect of the cap layer on PPC spectra
studying HgTe/CdHgTe DQW heterostructures with different cap layers. We carried
out PPC spectra measurements in the wavelength range of 400-2000 nm at two different
temperatures. It was shown that the key features of the PPC spectra are determined by the
cap layer.

2. Materials and Methods
2.1. Samples under Study

The structures under study were grown by molecular beam epitaxy on semi-insulating
GaAs substrates [25]. First, a thin (30 nm) ZnTe spacer was grown followed by a thick
(~5 pm) relaxed CdTe buffer layer, and then by the structure’s active part. The latter
consisted of a lower 30 nm thick CdyHg;_,Te barrier layer, two HgTe or Hg;,Cd, Te QWs
with a width d separated by a tunnel-transparent Cd,Hg;_, Te barrier with a thickness t, and
an upper 30 nm thick Cd,Hg;_, Te barrier. Finally, a cap layer was grown over the active
part, and for all the structures this layer was different. The structures were not intentionally
doped. For studying the PPC spectra, as well as for carrying out transport measurements,
4 x 5 mm samples with indium contacts deposited according to the Hall geometry were
prepared. The sample parameters are given in Table 1. The structure parameters were
chosen to provide the direct band spectrum [18]. The structure composition was controlled
in situ using ellipsometry [25].

Table 1. Growth parameters of the structures and the resistance values before illumination.

Sample No. d, nm t, nm x, % y, % Cap Layer  R*?K kOhm R77X kOhm
A 170320 6.5 3 65 ~8 CdTe 0.58 217
B 220912 4 3 63 0 ZnTe 121 23.6
C 220909 4 3 66 0 CdossHgo1sTe 107 140

2.2. PPC Spectra Measurements

The PPC spectra were measured in the wavelength range 400-2000 nm (corresponding
to the energy range 0.62-3.1 eV) using a grating monochromator MDR-206 with a sweep rate
of 50r 10 nm/min at T = 4.2 Kand T = 77 K. The sweep rate values were chosen to provide
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insignificant change in the incident radiation wavelength during the time needed for the
sample resistance to reach saturation. The chosen energy range was determined, firstly,
by the characteristic interband energies of the heterostructures under study (see energy
diagrams below) and, secondly, by the 600 lines/mm diffraction grating used. Optical
filters were installed at the monochromator output to eliminate the influence of second
and higher order diffraction. For the measurements, the sample was placed at the end of a
special insert, which was a metal tube polished from the inside. The insert with the sample
was placed in a helium or nitrogen Dewar. The light from the monochromator was guided
towards the sample through a quartz input window along a polished tube. The sample
resistance was measured using the four-probe method. The sample current was in the
range from 0.1 to 10 pA. The dependence of the sample resistance on the incident radiation
wavelength was taken. The scanning direction (from shorter to longer wavelengths and
vice versa) did not significantly affect the PPC spectral features.

2.3. Resistance Kinetics Measurements and Magnetotransport Measurements

To determine the dependence of the carrier concentration in the DQW on the wave-
length of the incident radiation, point-by-point measurements of the Hall effect and
Shubnikov—de Haas oscillations were carried out. During the measurements, the insert
with the sample was placed in a liquid helium cryostat, which contained a superconducting
solenoid generating a magnetic field up to 5 T. The longitudinal (Ryx) and Hall (Ryy) resis-
tances were measured. The sample was illuminated by radiation with a given wavelength
until the resistance reached a quasi-equilibrium value. Then the illumination was turned
off, and after a ‘new’ resistance value was established, magnetotransport measurements
were performed. The characteristic mobilities after illumination for samples A and B were
about 5 x 10* cm?/V-s and 103 cm?/ Vs, respectively. For sample C, the mobility could
not be reliably determined.

During the illumination of the sample and after it was turned off, the resistance kinetics
of the sample were recorded. A typical kinetics example is shown in the inset in Figure 1a.
The resistance values established after illumination (point-by-point recording) were in good
agreement with the resistance values obtained while recording the PPC spectra (continuous
recording), which indicates the presence of a pronounced PPC effect.
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Figure 1. Left panel: dependence of the resistance on the incident photon energy obtained at two
different temperatures during continuous scanning in samples A (a), B (b), C (c). For sample B (b),
dependence of the electron concentration on the energy of the incident photon is shown as well. It
was obtained by point-by-point scanning at T = 4.2 K. The vertical lines indicate the band gaps of
CdTe, ZnTe, and Cdg7sHgp 2 Te at T = 4.2 K; the numbers indicate the observed spectral features.
The inset shows the kinetics of the resistance change in sample A after turning off illumination with a
photon energy of 2.7 eV and then turning on illumination with a photon energy of 3.02 eV. Horizontal
lines denote the established resistance values. Right panel: energy diagrams of samples A (d), B (e),
C (f). The energies are given in meV. The GaAs substrate is located on the right side (not shown in
the figure). The vertical lines indicate the transitions associated with the key features of the spectra.

2.4. Energy Diagram Calculations

Energy diagrams of all the structures under study were calculated in order to interpret
the measured PPC spectra. The values of the Cd,Hg;_,Te bandgap were calculated using
the Lorenti formula [26], whereas the value of the ZnTe bandgap was taken from [27]. The
valence band offset at the CdTe-HgTe heterointerface and the positions of the spin-split
band for pure CdTe and HgTe were taken from [28], the same values for ZnTe were taken
from [29]. For CdHgTe solid solutions, the values were obtained by linear interpolation.
The resulting diagrams for all samples are shown in Figure 1d—f.

3. Results and Discussion
3.1. Key Features of the PPC Spectra

Figure 1 shows the measured PPC spectra, as well as calculated band diagrams, for
all the structures under study. We will start by discussing results from the “reference”
sample, A. This sample has an electron conductivity type in the entire range of the incident
radiation quantum energies used. The cap layer of this sample is CdTe, which is traditional
for heterostructures based on CdHgTe. The same structure was studied in [16]. In the
PPC spectrum (Figure 1a) measured at T = 4.2 K, two main features are observed. Feature
1 is a sharp drop in resistance near the energy of 1.55 eV, whereas feature 2 is a local
resistance maximum at the photon energy of 2.42 eV. As already noted in the Introduction,
the resistance value established after illumination is determined by a certain balance of
the processes responsible for increasing and decreasing the number of electrons or holes
in the QW. When considering sample A, this makes it possible to state that appearance of
the feature 1 is related to “switching on” generation of electron-hole pairs in the CdTe cap
layer (Figure 1d). This process shifts the balance in such a way that the number of electrons
entering the QW increases, and the sample resistance decreases accordingly. In addition, the
generation of electron-hole pairs in the CdTe buffer layer can also make a small contribution.
Moving on to the discussion of feature 2, we, following the authors of [16], state that it
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appears due to the transitions between the spin-split band of the Cdg ¢5Hgp 35Te barrier
layer and the conduction band of the CdTe cap layer (Figure 1d). The mentioned process
increases the number of holes reaching the QW, so that the sample resistance increases. The
energy position of feature 1 is somewhat smaller than the CdTe bandgap (1.55 eV versus
1.6 eV), which is caused by the penetration of mercury atoms from the Cd¢;Hgp35Te
barrier layer into the cap layer, which leads to a decrease in the bandgap.

An increase in temperature to T = 77 K leads to a small shift of the features’ positions
towards lower energies. This shift takes place due to a slight (~1%) decrease in the band
gaps of the cap and barrier layers [26].

Next, we will discuss results obtained for sample B with the ZnTe cap layer. Like
the “reference” sample, A, it has the electronic type of conductivity in the entire range
of incident photon energies used in our measurements (Figure 1b). Just as in the case
of sample A, the conductivity and resistance are completely determined by the electron
density in the DQW (see Figure 1 in [16]). This statement is confirmed by magnetotransport
measurements carried out after the illumination with a given photon energy is turned
off. As can be seen from Figure 1b, an increase in resistance is accompanied by a decrease
in the electron concentration and vice versa. At the same time, an increase (decrease)
in concentration is also accompanied by a corresponding increase (decrease) in mobility,
which means that both factors have the same influence on the resistance of the sample.
There is a good correspondence between the PPC spectra measured during continuous
scanning and the dependence of the concentration on the incident photon energy, obtained
during point-by-point scanning. This fact proves that persistent photoconductivity indeed
has the greatest effect on the obtained spectra.

The replacement of the CdTe cap layer with ZnTe in sample B leads to a qualitative
change in the PPC spectra (Figure 1b). In the PPC spectra of sample A, feature 1 is observed,
which is a sharp resistance drop near the incident photon energy of 1.55 eV. On the other
hand, there is only a small minimum at the same quantum energy (feature 3) in the spectra
of sample B. We believe that feature 3 appears due to the generation of electron-hole pairs
in the CdTe buffer layer, which leads to a slight shift in the balance and an increase in the
number of electrons reaching the QW.

Feature 2 is not observed in the PPC spectra of sample B. The resistance maximum
at the energy of 2.25 eV cannot be associated with transitions from the spin-split band of
the CdHgTe barrier to the conduction band of the ZnTe cap layer, as the energy of this
transition should be about 2.9 eV (Figure le). It also cannot appear as a result of transitions
to the conduction band of the CdTe buffer layer, because the energy of this transition should
practically coincide with the position of feature 2 in sample A (2.4 eV), since the barrier
compositions in samples A and B are almost identical.

The bandgap of ZnTe is 2.39 eV at T = 4.2 K, so it is possible to state that the resistance
maximum observed in the PPC spectrum of sample B at the energy of 2.25 eV, and the sub-
sequent decrease in resistance, are related to the activation of electron-hole pair generation
in the ZnTe cap layer, in an analogy with sample A. However, in contrast to sample A,
turning the generation on in the cap layer leads not to a sharp, but to a smooth, decrease in
the resistance (feature 1 in Figure 1b). Apparently, this happens due to the penetration of
both mercury and cadmium atoms from the barrier layer into the ZnTe cap layer, which
can lead to strong inhomogeneities (they appear because mercury diffuses more strongly)
and blurring of the absorption edge. This also causes a decrease in the bandgap of the cap
layer, at least in some areas, and, consequently, a shift in the resistance maximum (2.25 eV)
relative to the band gap of “pure” ZnTe (2.39 eV). Strong blurring of feature 1 can also mask
feature 2, or at least make it less clear. Increasing the temperature to T = 77 K logically leads
to a resistance maximum shift towards lower energies.

In the PPC spectra of sample C, almost the same features as in samples A and B are
observed (Figure 1c). Feature 1, which is a sharp resistance drop at the energy of 1.15 eV, is
similar to the sharp drop at 1.55 eV in sample A. It is natural to associate the appearance
of this feature with “switching on” the interband transitions in the Cd,Hg;_,Te cap layer.



Photonics 2023, 10, 877

7 of 10

The position of feature 1 corresponds well to the band gap of a solid solution with the
cadmium fraction x = 0.78 (Figure 1c), although this value is slightly less than the nominal
cap layer cadmium fraction x = 0.85. Such a decrease in the cadmium fraction (and, hence,
an increase in the mercury fraction) may be caused by the penetration of mercury atoms
from the CdHgTe barrier layer during the structure growth.

Feature 2 in sample C is a local resistance minimum at 2 eV (Figure 1c), in contrast to
the peaks in samples A (Figure 1a) and B (Figure 1b). As in [16], we assume that this feature
appears due to transitions between the spin-split band of the Cdg ¢sHgp 34Te barrier layer
and the conduction band of the Cdg 7sHgp 22 Te cap layer (Figure 1f). The energy position
of this feature agrees well with the energy of this transition. As mentioned earlier, such
a transition increases the number of holes entering the QWs, which causes an increase
in resistance in samples with the n-type conductivity (in our case, these are samples A
and B) in the considered energy range, and a decrease in resistance in samples with the
p-type conductivity (in our case, sample C). The same behavior for samples with different
conductivity types was demonstrated in [16].

Feature 2/, which is a drop at the energy of 2.38 eV (Figure 1c¢), is similar to feature 2.
We associate feature 2’ with transitions between the spin-split band of the Cdg gsHgp 34Te
barrier layer and the conduction band of the CdTe buffer layer. The energy of such
transitions exactly coincides with the position of feature 2’.

When the temperature is increased to T = 77 K, a slight shift in the spectral position of
features 2 and 2’ towards lower energies can be observed (Figure 1c), just like for samples A
and B. This is associated with a decrease in the band gaps of the cap layer and the CdHgTe
barriers. At the same time, a significant (0.1 eV) shift in the feature 1 position towards lower
energies turned out to be unexpected. This shift cannot be caused only by a decrease in
the band gap of the Cd 7sHgp 22 Te cap layer and requires additional checks. In addition,
there is a resistance peak at 1.55 eV, which is very close to the band gap of CdTe. This
peak may be similar to feature 3 in sample B and its appearance may be associated with
the electron-hole pair generation in the CdTe buffer layer. However, this statement also
requires additional verification.

Finally, the local maxima or minima observed in the PPC spectra of all samples at low
energies (E < 1-1.2 eV) (Figure 1a—) do not have a clear association with the characteristics
of the energy diagrams (Figure 1d-f). Most likely, they are related to transitions to or from
some deep impurity centers in the cap or barrier layers or with the individual features of
the samples (cf. Figure 2a in [16] and the corresponding explanation).
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3.2. Oscillations in the PPC Spectra

In all samples at all temperatures, an oscillatory change in resistance with increasing
photon energy in the range from 0.7-0.9 eV to 1.5-1.6 eV was observed (Figure la—).
The most evident oscillations are present in the PPC spectra of sample B (Figure 1b).
Figure 2 shows the dependence of the oscillation period on the energy at which a resistance
minimum of a particular oscillation is observed. The spread of values is, first of all,
determined by a random error that occurs when subtracting the baseline and choosing the
position of a specific minimum. It can be seen that all dependences for different samples
and different temperatures have the same trend. Specifically, in the long-wavelength region,
the oscillation period remains practically unchanged and is equal to about 40 meV, and
then, starting from energies of ~1.1 eV, it starts to decrease, reaching 15-20 meV in the
short-wavelength region.

A similar oscillatory behavior of the conductivity in the PPC spectra was also observed
for another InAs/AlSb heterosystem [11,12]. However, a comprehensive explanation
of this phenomenon has not yet been presented. The authors of [11] associated these
oscillations with the emission of a longitudinal optical phonon cascade. Phonons, in this
case, were emitted by light holes which were excited during direct optical transitions
in the GaSb cap layer and then injected into the AISb barrier. The observed period of
oscillations in the long-wavelength region (~80 meV) was approximately double (due to the
closeness effective masses of the electrons and light holes) the energy of the optical phonon
in AlSb. A decrease in the oscillation period to 50 meV in the short-wavelength region
was associated with an increase in the effective electron mass due to the non-parabolic
dispersion law. However, in [12], for similar InAs/AlSb structures, a significantly shorter
oscillation period was observed (~50 meV in the long-wavelength region and ~40 meV in
the short-wavelength region). This made the authors of [12] conclude that the mechanism
discussed above was not suitable for explaining the oscillation appearance. They proposed
another mechanism—the interband excitation of electrons into higher subbands in the InAs
quantum well, followed by their capture by ionized deep donor centers in barrier layers.

Our studies do not demonstrate any correlation between the dependences of the
oscillation periods and heterostructure composition. It can be noticed that the dependences
are similar for all the samples under study (Figure 2). Moreover, an additional study of
oscillations in the PPC spectra of HgTe/CdHgTe DQWs with x = 0.34 in the Cd,Hg;_,Te
barrier layers demonstrated the same dependence. This means that the oscillations cannot
be associated with the cap or barrier layers. In addition, they cannot be associated with a
Fabry-Perot resonator formed by structure layers. In this case, the oscillation period should
remain practically unchanged (the refractive index of the layer materials in the considered
range changes by no more than 10% [30]), which is not observed. Thus, oscillations can be
associated either with the CdTe buffer layer, or with the HgTe QWSs themselves, or with
something else. Revealing the specific reason for the oscillation appearance in the PPC
spectra requires additional studies.

4. Conclusions

The PPC spectra of HgTe/CdHgTe DQWs with different cap layers were studied in
the incident photon energy range of 0.62-3.1 eV. Oscillatory dependence of the resistance
in the energy range of 0.7-1.6 eV was observed in the PPC spectra. The appearance of such
oscillations is not related to the cap layer.

In addition, three main features were distinguished in the PPC spectra of the structures
under study. They are associated with the interband generation of electron-hole pairs in the
cap layer (feature 1), transitions from the spin-split band to the conduction band of the cap
layer (feature 2), and interband generation in the CdTe buffer layer (feature 3). The spectral
positions of the dominant features, 1 and 2, depend on the cap layer material: when a
narrower band material is used, a red shift in the feature positions takes place.
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Thus, the replacement of the cap layer material in HgTe/CdHgTe heterostructures
with DQWs leads to a qualitative change in the PPC spectra and has a significant effect on
the key features of the spectra.
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