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ABSTRACT

We investigated the photoconductivity effect observed in a p-type SnTe quantum well in the temperature range of 1.9-100 K. The negative
photoconductivity effect is observed for temperatures below 4 K, and it is strongly dependent on the light wavelength. A systematic analysis
of the photoconductivity indicates that the origin of the negative photoconductivity is not related to the topological surface states but rather
to the reduction of carrier mobility when the SnTe quantum well is illuminated with energies above 2 eV.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056230

The phenomenon of photoconductivity provides an important
tool for the investigation of carrier dynamics and its interactions with
the band structure of a material. The observation of effects such as
negative photoconductivity (NPC), in which the material undergoes a
drop in the conductivity in the presence of light, and persistent photo-
conductivity (PPC), in which the conductivity takes a longer time to
return to its initial value after illumination is removed, constitute a set
of tools that enables the quantitative determination of the mechanisms
responsible for the dynamics of carriers, e.g., helping to locate defect
states and to calculate trap ionization energy. These effects have been
widely explored in different materials such as Cu,Se photodetectors,’
Cd,As, nanowires,” Cs,PbBrg single crystals,3 Ga,O; photodetectors,’
and carbon nanotubes networks.”

Regarding the photoconductivity effect for IV-VI compounds, a
more detailed analysis is found in the literature for lead-based com-
pounds such as the pseudo-binaries Pb,_,Eu,Te and Pb;_,Sn,Te.” *
Tavares et al.” showed that for the alloy Pb;_,Sn, Te, with x ~ 0.44, the
NPC effect is present even at room temperature. This behavior is asso-
ciated with defect states that alter the carrier dynamics via generation
and recombination rates when the sample is under illumination. In
this case, a competition between the generation and recombination
mechanisms is observed as a function of temperature and a level of
disorder of the system, introduced by the Sn atoms. On the other
hand, both the NPC and PPC effects are observed in a p-type
Pb,_,Eu,Te film,”* where these phenomena are also related to the
presence of defect states in the bandgap, which alters the generation
and recombination rates and becomes more evident at lower tempera-
tures since trapping is more effective as temperature decreases.

The narrow gap semiconductor SnTe is a binary compound that
possesses promising physical properties with potential application for
the development of optoelectronic devices, broadband photovoltaic
detectors,” thermoelectric devices,'”"" solar cells,”” and photodetec-
tors."” A few years ago, SnTe was identified as a topological crystalline
insulator (TCI), where the metallic surface states are protected by crys-
tal symmetries thanks to the rock salt structure of this compound."*
Due to the TCI phase, quantum coherent transport was observed in
SnTe thin films,"”” as well as other quantum effects such as
Shubnikov-de Haas oscillations and weak-antilocalization.'*'” It also
presents a positive photoconductivity effect, investigated in a SnTe:Si
ﬁlm.ls

In this paper, we present a detailed study of the electrical trans-
port properties and the photoconductivity effect in a 30 nm-wide SnTe
quantum well (QW). It was observed that the QW was sensitive to
broadband light, ranging from infrared (IR) to ultraviolet (UV) light
in a wide range of temperatures. Also, it was observed a transition
from positive to negative photoconductivity as temperature is reduced
below 4 K, when the sample is illuminated with energies above 2 eV.
We show that a simple classical model is able to explain the transition
from positive photoconductivity to negative photoconductivity consid-
ering the variations of carrier concentration and carrier mobility when
the sample is under illumination. We show that the reduction of car-
rier mobility leads to the NPC effect. We also found that there is no
indication of contribution from topological surface states to the electric
transport and photoconductivity in the SnTe QW.

The p-type SnTe quantum well was grown by molecular
beam epitaxy (MBE), using a Riber 32P system, on (111) BaF,
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monocrystal substrates. The sample structure is a 30 nm-wide SnTe
layer embedded with a 1.5um PbggEuy;Te buffer and a 300 nm
PbgoEugTe cap layer. The Eu content x ~ 0.10 provides the quantum
confinement since barriers are completely insulators for this Eu con-
centration.'” The electric contact preparation follows the van de Pauw
geometry [see the inset in Fig. 1(a)] using gold wires soldered with
indium pellets. The indium diffuses through the heterostructure and
crosses the layers (barriers and the well). The electric measurements
were carried out using a physical property measurement system
(PPMS) from Quantum Design composed of a He-cooled supercon-
ducting system with the magnetic field up to 9T and an operating
temperature of 1.9-400K. The optical excitation was provided by
light-emitting diodes (LEDs) with wavelengths 4 = 398, 449, 568, 591,
634, and 940 nm and a constant excitation current of 7 mA.

Figure 1(a) shows the metallic behavior of R(T) under dark and
light (UV LED) conditions indicating that the transport occurs in the
QW in both situations. The schematic illustration of the fabricated
contacts and the LED position is an inset of Fig. 1(a). The Ohmic
contacts were tested before the photoconductivity measurements.
Figure 1(b) shows the I-V curves of the sample measured at 300, 100,
and 42K, and the linear dependences indicate that contacts are
Ohmic. Figure 1(c) represents the sample structure, indicating the sub-
strate, the buffer, the QW, the cap layer, and the applied magnetic field
in the (111) direction, which will be used to further discussion later in
the text.

Figure 2(a) presents the time dependence of normalized photo-
conductivity 6/ap, where gy is the conductivity in the dark conditions,
for temperatures ranging from 1.9 to 100 K, when the sample is illumi-
nated by IR light. All the curves present the positive photoconductivity
effect in the whole range of temperatures, i.e., conductivity increases
under illumination and ¢/gy > 1. The illumination is switched on

ARTICLE scitation.org/journal/apl

and off in the positions indicated by the arrows in this figure. In addi-
tion, a strong PPC effect is observed for lower temperatures. The maxi-
mum amplitude of the photoconductivity, o), increases as the
temperature decreases down to 10K, but starts to decrease below this
temperature, as observed in Fig. 2(c). This behavior reveals the pres-
ence of trap levels that are active in this temperature region and are
also responsible for the persistent effect.'” Figure 2(b) shows the values
of 6/0y as a function of time when the sample is illuminated by UV
light. Similar to the case when the sample is illuminated with IR light,
the maximum amplitude increases as the temperature decreases from
100 to 10 K. However, a transition from positive to NPC takes place for
lower temperatures. This effect is more clear in Fig. 2(d), where around
3.9K g /0gy becomes smaller than 1 (see arrow). The drastic variation of
the g is observed and may also be related to trapping levels.
Information about trap levels can be obtained from the analysis
of decay curves of the photoconductivity once they follow the relation
o = ggexp(—£), where 7 is the recombination time. For this sample,
the decay curves are well fitted for the whole temperature range if we

consider a combination of two exponentials ¢ = goexp(—7)
+ opexp(— ;tz), suggesting the presence of two trap levels.”’ The fit-
tings using this combination are presented in the inset of Figs. 3(a)
and 3(b) at 75K. From the fittings, two recombination times are
extracted, one shorter (7;), that can be from shallower traps, and one
longer (1), due to deeper traps. The activation energy Ae of the trap
level, i.e., the barrier energy that carriers have to overcome to recom-
bine, can be obtained using the expression T = tpexp(— kAB—éT) Figures
3(a) and 3(b) show the natural logarithm plots of 7 as a function of
1/kgT when the sample is illuminated with IR and UV light, respec-
tively. In Fig. 3(a), two regions can be observed and the trap energies

obtained are Ag; ~ (0.24 = 0.02) meV, at lower temperatures, and
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FIG. 1. (a) Electrical resistance as a function of temperature showing metallic behavior indicating that the transport occurs in the well, the inset shows the schematic of the con-
tacts of the sample. (b) |-V curves for Ohmic contacts of the SnTe QW at 300, 100, and 4.2K. (c) Structure of the quantum well and the applied magnetic field along the (111)

direction.
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FIG. 2. Time dependence of the normalized photoconductivity in the SnTe QW in the temperature range of 1.9-100 K under IR radiation in (a) and UV irradiation in (b). The
arrows indicate the moment of switching on and off illumination. (c) Maximum amplitude of the photoconductivity normalized due to IR, and (d) UV illumination as a function of

temperature.

Ag; ~ (7.1 = 0.8) meV at higher temperatures. The temperatures for
which the thermal energy kT corresponds to the trapping levels Ag;
and A¢, are T ~ 2.8 and 81.2 K, respectively, i.e., above these tempera-
tures the trapping mechanism becomes less effective.

For the case when the sample was illuminated by UV light, we
found Agz ~ (32 = 6) meV, see Fig. 3(b). The temperature for which
thermal energy corresponds to 32 meV is T' ~ 371 K. This temperature
is much higher than the temperature for which the photoconductivity
effect was observed in the SnTe QW [see Fig. 2(b)] when light is
switched off, which explains well why the sample presents the high
persistent effect after being illuminated by the UV LED. Figure 3(c)
displays the time-dependent photoconductivity curves for UV and IR
light at 100 K. In fact, even at 100 K, one can observe that the sample
exhibits a strong persistent effect after being illuminated by UV light

when compared to the situation where the sample is illuminated with
IR light. This indicates that Ae; is located inside the band above 2 eV
in L point for the SnTe band structure since this trap level is accessed
only when the sample is illuminated by UV light with ~3.4eV. This
observation is further corroborated by the fact that when the sample
was illuminated by IR light, Ag; is not observed. Figure 3(d) shows a
schematic representation of the QW structure, where the wider gaps
correspond to the barriers, and the narrow gap corresponds to SnTe.
In the region of the QW, the valence and conduction bands are
inverted (see inverted colors), representing the band inversion caused
by the strong spin-orbit coupling in this compound. Under IR illumi-
nation, carriers are photogenerated from the valence band to the con-
duction band (process 1), which causes the positive photoconductivity.
The photogenerated carrier remains in the conduction band and, after
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FIG. 3. Arrhenius plot for the SnTe QW. The relaxation time ¢ was obtained from decay curves after switched off the (a) IR and (b) UV LED. The dashed lines represent a fit-
ting using two exponentials. The insets show the photoconductivity decay at 75K together with the fitting using two exponentials. (c) The photocurrent measurement as a func-
tion of time in the presence of UV and IR light at 100 K. Pictorial representation of the quantum well illuminated by (d) IR and (e) UV lights. The colors show the inversion of
the conduction and valence bands in the well. Open and dark circles represent the holes and electrons, respectively.

a given time, it recombines in the defect level with energy barrier Ae,
(processes 2 and 3). The trapping in this level causes the persistent
effect and, after a certain time, the carrier recombines back in the
valence band (process 4). Figure 3(e) represents the QW structure illu-
minated by UV light. Under illumination, the electrons are photogen-
erated from the valence band to the conduction band, where they
remain from a certain time (processes 1 and 2). After that, electrons
decay to the defect level with energy barrier Aes (process 3) leading to
the persistent effect when the sample is under UV light illumination.
Later, electrons recombine back to the valence band (process 4).

To quantitatively investigate the origin of the NPC effect
observed under UV light, as shown in Fig. 2(b), Hall measurements
were performed on the SnTe QW structure in the range of 1.9-300K,

under UV illumination (on) and dark conditions (off). Figure 4(a)

shows the carrier concentration as a function of temperature. In dark
conditions, one observes that the carrier concentration increases as
temperature decreases and reaches a maximum value around 100K
and then drops slightly as temperature is lowered. For temperatures
below ~100K, carriers cease to be thermally promoted to the valence
band and are trapped in the level instead, which causes the decrease in
the hole concentration observed. In fact, 100K corresponds to the
thermal energy (kgT) of 8.6 meV, which is close to the value of the
trap level Ae; ~ (7.1 = 0.8) meV obtained from the photoconductiv-
ity results presented earlier. However, when the sample is under illu-
mination by the UV LED (open squares), an increase in the hole
concentration is observed below 100K due to the photogenerated
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tion of temperature. (c) and (d) show the comparison between experimental and theoretical values of Ac as a function of temperature when the sample is illuminated by the

UV LED and the IR LED, respectively.

carriers from traps and from the valence band to the conduction band.
For T > 100K, the photogenerated carriers are negligible due to the
high recombination rate and do not contribute to the total carrier con-
centration. Figure 4(b) presents the carrier mobility as a function of
temperature under light and dark conditions. Without illumination, a
decrease in temperature leads to an increase in carrier mobility as
expected. Under illumination, the behavior of the mobility curve for
T >100K is basically the same as the one in the dark condition.
However, for temperatures below 100 K, the carrier mobility becomes
smaller than the mobility values in dark conditions. Charge carrier
mobility depends on its effective mass and scattering time. Since the
theory has indicated that both of these quantities can be strongly
dependent on the carrier density in semiconductors, we believe that
the increase in the carrier concentration for T < 100K can lead to a
decrease in the carrier mobility under light conditions. Such behavior
was also observed in the PbTe QW at low temperatures.21

The basic processes that govern the magnitude of the photocon-
ductivity are the generation of electrons and holes through the

absorption of incident photons and their recombination. In the pres-
ence of trap levels, a significant fraction of photogenerated carriers
may become immobilized. The photoexcitation may change both the
carrier density and the carrier mobility, thus the variation of the elec-
trical conductivity under illumination can be described by a simple
classic model as

Ac = quoAp + (po + Ap)gAp, 1)

where g is the electronic charge, py and p, are the carrier density and
mobility in the dark, respectively, Ap = pygwe — po, and Au = g
—1to. This model predicts that the NPC effect can be observed in the
case of Ap < 0 and/or Ap < 0.

Figure 4(c) shows Ac obtained from Fig. 2(b) (open circles)
together with Ac calculated from Eq. (1) (solid line) using the Hall data.
According to this figure, the experimental values are close to the ones
calculated from Eq. (1) for temperatures above 4.2 K. Hence, the model
predicts a transition from positive to negative photoconductivity at
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4.2 K by taking into account the carrier density and mobility variations.
In this case, the model shows that the NPC is mainly caused but a
reduction of carrier mobility under illumination (Au < 0). However,
the Ag amplitude calculated by the theoretical model deviates from the
experimental values for the temperature range of T=3.5-1.9K. The
same deviation between theoretical and experimental values is observed
when the sample is under IR illumination, see Fig. 4(d). The origin of
this discrepancy at lower temperatures indicates that Eq. (1) does not
take all effects present in this temperature region.

We have also investigated the magnetic field (B) dependence of
the photoconductivity to verify its influence on the NPC effect
observed in the SnTe quantum well under UV light. Figure 5(a) shows
the longitudinal resistance (R.,) as a function of the magnetic field B
applied perpendicularly to the sample surface under dark and light
conditions at 3 K. At a low magnetic field, the dark resistance presents
a sharp increase in Ry, that characterizes the presence of the weak

scitation.org/journal/apl

antilocalization (WAL) effect. We also verify the possible contribution
from topological surface states to the NPC effect investigating the pres-
ence of quantum oscillations.'” The presence of quantum oscillations
can be verified if the second derivative of the longitudinal resistance
with respect to the magnetic field is applied. The inset in Fig. 5(a)
shows the curve of dszx/de as a function of B at 3 K, where there is
no presence of beating patterns. The absence of oscillations in the
magnetoresistance curves indicates that the topological surface states
do not contribute to the NPC effect. Moreover, a transition from nega-
tive to positive photoconductivity has also been observed at 0.7 T, and
it can be better observed in Fig. 5(b) (indicated by the arrow). These
results reveal that the NPC effect can be easily suppressed by the mag-
netic field, which can be interesting from the viewpoint of applications
in devices. This interesting behavior of suppression of negative photo-
conductivity by the magnetic field may be correlated with the electron
mobility, which influences the recombination rates of the carriers.
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FIG. 5. (a) Longitudinal resistance (Ryx) as a function of the magnetic field applied perpendicularly to the p-type SnTe QW sample surface. The inset shows the curve of d?R,/
dB? as a function of B at 3K, where there is no presence of beating patterns. In this figure, it is clear the presence of WAL. (b) Time dependence of the normalized photocon-
ductivity under different magnetic fields at 3 K. We can see that the magnetic field influences the amplitude of the NPC effect. (c) Evolution of the photoconductivity with differ-
ent wavelengths of incident light for sample A2 at 3.5K. (d) Pictorial representation of the band structure of SnTe. The horizontal lines represent the energy of the LEDs.
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It has been reported that in systems with magnetic or ionized impuri-
ties, an increase in the mobility upon magnetic field can be associated
with the decrease in the spin-flip scattering.”>”" Since the recombina-
tion rate should decrease with increasing mobility, it is expected a
reduction of the NPC effect with the increase in the magnetic field.
Such behavior is clearly observed in Fig. 5(b), where a transition from
NPC to PPC occurs when the magnetic field increases from 0 to 2.0 T.

Despite the change in carrier concentration being the origin of the
photoconductivity effect observed in the SnTe QW, in the present case,
our results indicate that a small change in mobility made the major con-
tribution to the negative photoconductivity. Furthermore, since the
NPC was observed only when the sample was illuminated by UV light,
we believe that the band above 2¢eV is also responsible for the effect
observed. To investigate both the influence of the band above 2 ¢V and
the mobility in the NPC mechanism, a detailed study of the photocon-
ductivity effect was performed in another SnTe QW (sample A2) that
presents slightly higher mobility, u,, than sample Al (y; = 51.4 and
1, = 56.9 cm?/V s). Figure 5(c) illustrate the photoconductivity behav-
ior of sample A2 under LED excitations at 398, 449, 568, 591, 634, and
950 nm at 3.5K. First, we observe that the positive photoconductivity
decreases gradually by reducing the light wavelength from 950 nm
(1.3eV-IR light) to 634nm (1.9 eV-red light). The positive photocon-
ductivity can be understood by the light-induced electron-holes pairs,
which increase the carrier concentration when the light energy increases
from IR to red. The increase in the carrier concentration leads to a
decrease in the mobility of the carriers, which means changes in the
intensity of the photoconductivity. From 591 (yellow LED-2.1eV) to
398 nm (UV light-3.1 eV), the NPC effect was observed at the beginning
of the illumination, and then the effect becomes positive.

In order to illustrate this assumption, Fig. 5(d) presents a sche-
matic representation of the band structure of the SnTe, where the
energies’ positions according to the LED energies are indicated by the
solid lines. This diagram illustrates that when the LED energy
approaches to the energies around 2eV, the NPC manifests itself,
which is in accordance with Fig. 5(c).

We have investigated the origin of the NPC effect observed on
the p-SnTe QW sample. We showed that a strong dependence of the
photoconductivity on the incident radiation wavelength is observed
and that it is possible to tune the photoconductivity from positive to
negative. A systematic analysis of the photoconductivity indicates that
the origin of the NPC is not related to the topological surface states,
but it is probably due to the dynamic between the carrier mobility and
concentration when the sample is under illumination. In addition, the
strong persistent effect observed can be explained due to the influence
of the trap level in the dynamics of the recombination rates.
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