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Benefiting from the facile fabrication and tunable optoelectronic properties, Se and Se;_,Te, are promising
candidates for optoelectronic applications, e.g., thin film solar cells and short-wavelength infrared detectors.
However, the trap features of selenium based semiconductors are complicated mainly due to the low crystallinity
induced dispersive nature. In particular, the underlying charge transport properties of Se;_,Te, have not been
systematically investigated, which is crucial for device optimization in real applications. In this work, we
first introduce deep-level transient spectroscopy to characterize Se and Se-based semiconductors, and we also
compare it with reverse-bias deep-level transient spectroscopy. It was found that the latter technique can result in
much higher transient capacitance signal and better energy resolution. Based on the full analysis of the transient
capacitance, we found the introduction of Te into Se can easily form two additional deep trap states around
0.55 eV and 0.75 eV, respectively, and it also explains why the device performance of Se,_,Te, are still suffering

from the large dark current and recombination losses.

DOLI: 10.1103/PhysRevMaterials.8.033805

L. INTRODUCTION

Selenium (Se) is one of the most traditional semiconductor
materials used in optoelectric devices [1,2]. The fabrication
process of selenium-based solar cells is facile and can be
prepared at low temperature. In addition, it is environmentally
friendly and has excellent stability. This makes it possible
to mass-produce selenium-based solar cells at ultralow cost.
For instance, Li et al. fabricated highly efficient Se solar
cells based on a two-step melting process (TSMP) [3], and
Todorov et al. achieved the efficiency of 6.5% by optimizing
the thickness of the functional layers and employing a MoOy
hole-transport layer [4]. However, the bandgap of selenium is
1.8 ~ 2.0 eV [5,6], which is larger than the optimal bandgap
of single-junction photovoltaic devices (1~1.5 eV). This lim-
its the further improvement of the efficiency of Se solar cells.
More recently, pristine Se was mixed with narrow-bandgap
(0.33 eV) [7] semiconductor material-Te to form Se;_,Te,
alloy, resulting in a smaller and tunable bandgap, which
may help to overcome the Shockley-Queisser limit [8-10].
Meanwhile, selenium can also be used as an excellent pho-
todetector material. Some of the commercial X-ray imaging
chips are currently made of amorphous selenium [11-13].
Recently, short-wave infrared (SWIR) photodetectors based
on Se;_,Te, alloys have also been reported. For instance, Fu
et al. fabricated low-cost, high-performance, and highly stable
Se;_,Te, short-wave infrared photodetectors through low-
temperature evaporation and post-annealing processes [14]. Li
et al. have also realized highly sensitive, ultrafast photodiodes
by careful tuning the composition and charge carrier dynamics
of Se;_,Te, alloys [15].
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Another critical factor affecting device performance is the
trap features. Based on the energy level, trap states can be
divided into shallow level trap states and deep level trap states
[16]. Shallow level trap states are located near the band edge,
while deep level trap states are typically located in the mid-
dle of the forbidden band. Particularly, deep level trap states
pose the greatest threat to device performance. Due to the
high activation energy of deep level trap states, carriers are
difficult to be re-emitted at room temperature once they are
captured by these deep states. Therefore, such trap states will
become an effective recombination center, resulting in serious
nonradiative recombination [17]. It is well recognized in the
field that nonradiative recombination losses are the killer of
open-circuit voltage (Voc) of solar cells and reduce the power
conversion efficiency (PCE) remarkably [18]. In addition, trap
states can also act as the main reaction active sites of water
and oxygen [19-22], affecting the stability of devices. In
some circumstances, trap states can also influence the charge
transport significantly, and can be utilized for specific ap-
plications, e.g., the filterless narrowband photodiodes [23].
Hence, precisely characterizing and modulating the trap fea-
tures are of great importance for designing high-performance
optoelectronic devices. However, the characterizing of deep
level traps is extremely challenging. There is currently little
research on trap states in Se and Se;_,Te, alloys, especially
on deep level trap states. It is worth mentioning that multiple
energy levels of defects may exist in Se;_,Te, alloys, which
will bring additional difficulties to the characterization of their
trap information.

To solve the above issues, we introduce deep level tran-
sient spectroscopy (DLTS) to study the defect features of
operational Se-based photodiodes. DLTS is one of the most
powerful transient capacitance probe for measuring deep
level traps in semiconductor devices, which was proposed
by Lang in 1974 [24]. DLTS can effectively record the
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capture and reemission processes of charge carriers by the trap
state. Benefiting from its extremely high sensitivity and wide
detection range, it has been widely used for the characteriza-
tion of defects in traditional semiconductors. Through DLTS
testing technology, we can obtain information such as trap
type, concentration, activation energy, and capture cross sec-
tion [25-27]. In this work, we also introduce reverse bias deep
level transient spectroscopy (RDLTS) to conduct a detailed
study of Se and Se;_,Te, semiconductors. Compared with
DLTS, RDLTS more focuses on the carrier capture process
[28,29], normally has stronger signal and better energy resolu-
tion [28]. Combining both techniques, it is expected to resolve
the complex energy levels of Se based semiconductors, and
reveal the effect of Te composition on the trap features of
Se;_.Te, alloy.

II. RESULTS AND DISCUSSION

Both Se and Se;_,Te, thin films were prepared by ther-
mal evaporation, and all the samples were deposited on glass
substrates or indium tin oxide (ITO) transparent electrodes
(see the Supplemental Material [30] for more details). The
prepared thin films are uniform and the thickness can be
easily modulated by the evaporation rate and deposition time.
Figure S1 (see the Supplemental Material [30]) displays the
typical transmittance, reflectance, and reflectance-corrected
absorption spectra. With the increase of Te content, the ab-
sorption edge of the Se;_, Te, thin films shifted to the infrared
region, suggesting a reduced bandgap, which is in line with
the literature [15]. To validate the techniques used in this
work, we first evaluated the pristine Se-based devices with a
structure of ITO/SnO,/Active layer/Sb, and the active layer is
composed of Se;_,Te, alloy, with x varied from zero to one.
Figure S2 [30] schematically illustrates the device structure
used in this work. Figure 1(a) depicts the typical current
density-voltage (J-V) curves of the Se-based photodiodes both
in the dark and under one sun illumination (100 mW/cm?).
The devices showed decent rectifying characteristics and rel-
atively low dark current (<1 pA in the testing region). The
capacitance-voltage (C-V) curves [Fig. 1(b)] also exhibited
a typical bias dependent junction capacitance, resulting in a
build-in field of ~0.7 V, which is solid evidence suggesting
the formation of decent PN junctions between the P-type
Se;_,Te, active layer and N-type SnO, layer. In addition,
we also determined the energy levels of the pristine Se layer
as shown in Fig. S3 [30], which again confirmed the P-type
feature of Se-based semiconductor. Figures 1(c) and 1(d)
present the recorded transient capacitance decays at various
temperatures of DLTS and RDLTS measurements. The varia-
tions of transient capacitance in the emission process can be
governed by

AC(t) = ACma\xeer(tit())v (1)

where f( is the start time to record the transient capacitance
decays. ACyax is the maximal change of capacitance when
removing the filling pulse. Then, the mission rate (e) can be
extracted from the transient decays. It is worth noting that ey
is highly temperature dependent, given by
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FIG. 1. (a) J-V curves of Se-based photodiode measured in
the dark and under 100 mW/cm?; (b) C-V curves of Se-based
photodiode, recorded transient capacitance decays of Se-based pho-
todiode at various temperature based on (c) DLTS and (d) RDLTS
measurements.

where o is the trap capture cross section, E, is the activation
energy of the trap state, and N, is the carrier density in the
conduction band or valence band for electron and hole traps,
respectively. In addition, another crucial parameter is the trap
concentration (Nt), which is proportional to the amplitude of
the DLTS signal. This implies that the trap concentration can
be directly obtained from the transient change in capacitance,
given by

2ACrax

T = Cr

where Nt is the trap concentration, Cy is the static capacitance
value under reverse bias voltage, and N is the concentration
of shallow trap states. Furthermore, DLTS can also distinguish
the types of defect induced traps. For ideal point defects, their
activation energy is hardly affected by the pulse width, that is,
the DLTS signal peak temperature does not change with the
variation in pulse width [31,32]. For extended defects, they
form deep one-dimensional bands rather than isolated levels.
The filling degree of extended defects varies with different
pulse widths, leading to different activation energies. There-
fore, the DLTS signal peak temperature is highly dependent
on pulse width for extended defects, given by [31,33,34]

ACamp  In(t,), 4)

Ny, 3

where Canp denotes the amplitude of the DLTS signal, and
1, is the pulse width. Here, we conducted DLTS and RDLTS
measurements on pristine Se samples. Compared with DLTS,
the transient capacitance signal obtained from RDLTS was
much higher, and the amplitude also changed sign as DLTS
used a forward bias voltage pulse and the RDLTS used a
voltage pulse at reverse bias. All of these transient capacitance
curves showed more or less single exponential decays, indi-
cating a single trap state existed in Se thin films. In addition,
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FIG. 2. (a) Comparison of DLTS and RDLTS spectra of Se-based
photodiodes at various pulse filling widths, and the label “H” rep-
resents the hole traps. Arrhenius plots of the emission rates as a
function of 1\T of (b) DLTS and (c) RDLTS measurements, and
(d) the comparison of retrieved activation energy. (e) Pulse width
dependent amplitude of DLTS measurement.

the RDLTS also showed a sharper signal at around 300 K,
which suggests the energy resolution of RDLTS could be
better, as the devices are the same for both DLTS and RDLTS
measurement.

Furthermore, we plotted the DLTS and RDLTS signals
versus temperature as shown in Fig. 2(a). It is more evi-
dent that the emission of trapped carriers resulted in a much
sharper and stronger signal from the RDLTS measurement.
In addition, the signal also increased with the increase of
filling pulse widths, which has the similar trend as DLTS.
However, DLTS measurement requires relatively longer filling
pulses compared with RDLTS. By fitting the Arrhenius plot of
emission rate as a function of the 1\T, we can further extract
the energy level of the hole trap state (H1) at various filling
pulse widths as shown in Figs. 2(b) and 2(c). The determined
activation energy (AE,) of the trap state of Se from DLTS
and RDLTS is shown in Fig. 2(d). Interestingly, the RLDTS
showed less pulse width dependent activation energy, and the
value retrieved from DLTS was more dispersive. Again, it
confirmed the point that RDLTS has better energy resolution
for determining the trap levels. Moreover, we also fitted the
amplitude of the DLTS and RDLTS as a function of filling
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FIG. 3. DLTS spectra of (a) SepoTep; and (b) SepsTep, based
photodiodes. RDLTS spectra of (c) SegoTep; and (d) Seg s Tey » based
photodiodes. The labels “E1,” “E2,” and “E3” represent the electron
traps.

pulse width, and found a linear dependency in Fig. 2(e),
suggesting the trap states are caused by extended defects
instead of pointlike defects. Based on the characterization of
a relative pristine sample Se, it has been confirmed that both
RDLTS and DLTS are capable to characterize the trap states
of Se-based semiconductors with almost the same results and
slightly different features.

Having established the techniques, we now move to more
complex samples, that is the Se;_,Te, alloy. Compared with
pristine Se, Te has a much lower bandgap and can easily cause
deep trap states within the Se;_,Te, alloy. However, how Te
affects the formation of trap states is not clear and has not
been studied systematically. In the following study, we focus
on the Se_, Te, thin film based devices with small Te contents
of 10% and 20%, respectively. We also fabricated similar pho-
todiodes as Se, and show their J-V and C-V curves in Fig. S4
[30]. The devices showed slightly increased dark current and
reduced build-in field compared with Se-based photodiodes.
However, these Se;_,Te, alloy based devices are still good
enough for DLTS measurements. Hence, we recorded their
transient capacitance decays as shown in Fig. S5 [30]. With
the addition of Te, the trap features of Se-based semiconduc-
tors changed profoundly.

We noted that both samples showed multiple electron traps
(i.e., E1, E2, and E3) as shown in Fig. 3. Compared with
SepoTeo.1, Sep.sTep» sample showed stronger E2 and E3, and
the energy levels were hard to be distinguished. Hence, we
also characterized these Se;_,Te,-based devices with RDLTS
as shown in Figs. 3(c) and 3(d). Interestingly, we observed
similar trap features compared with DLTS data. However, the
emission peak of E1 was relatively week, but the E2 and E3
peaks are relatively strong and sharp. It suggests that E2 and
E3 are more sensitive to RDLTS testing, which could be more
related to the trap states spatially close to the interfaces, as
the depletion region was increased at reverse bias condition
[35,36]. From Fig. 3, it can be observed that E2 and E3
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FIG. 4. (a) Arrhenius plot of the emission rates of E1 extracted
from DLTS as a function of I1\T, (b) Laplace-RDLTS spectra of
Sep 9 Tep 1-based photodiodes, (c) Arrhenius plot of the emission rates
of E2 and E3 extracted from RDLTS as a function of 1\T, and
(d) obtained activation energy of all traps extracted both from DLTS
and RDLTS.

exhibit stronger signal in Seq gTep, compared with Seg oTeg ;-
This indicates that the concentration of E2 and E3 traps is
also related to the Te content in Se;_,Te,. Table S1 [30]
summarizes specific concentration values of E1, E2, and E3
traps under DLTS and RDLTS testing for the maximum pulse
width (£,=100 ms).

To further elucidate the trap information, we carefully
analyzed the RDLTS and DLTS data obtained from the
Sep.oTep.1-based photodiodes. We carefully extracted the ac-
tivation energy based on the Arrhenius plot of the emission
rates of discrete level E1 obtained from DLTS measurements
[Fig. 4(a)]. For overlapped E2 and E3 trap levels, we ana-
lyzed the recorded capacitance transients by using an inverse
Laplace transform, which offers much higher spectral reso-
lution and a possibility of distinguishing closely spaced trap
levels [37,38]. The typical Laplace-RDLTS spectra are shown
in Fig. 4(b) measured with a pulse width of 20 ms. We also
calculated similar spectra with variable pulse widths as shown
in Fig. S6 [30]. The emission peaks can be clearly observed

from the Laplace-RDLTS spectra. Based on the temperature
dependency, we can further extract the activation energy based
on the Arrhenius plots as shown in Fig. 4(c) and 4(d), respec-
tively. Figure S7 [30] further displays the Arrhenius plots of
emission rates as a function of 1000\T measured at various
filling pulse widths. It is worth mentioning that the extracted
energy levels of electron trap states E1 and E2 of Seg 9 Tey | are
less pulse width dependent. E3 has slight pulse width depen-
dency. Compared with E2 (~0.55 eV) and E3 (~0.75 eV), El
is relatively shallow (~0.2 eV), and should have less impact
on the device performance. In Fig. 3, we also observed several
anomalous behaviors of the hole trap H1 from the DLTS
measurement. However, the H1 peak is prominent in RDLTS.
In addition, the shape of the H1 peak was highly distorted,
affected by the E2 trap state, especially for longer pulse width.
Therefore, we performed DLTS testing with a short pulse
(t, =1 ms) and obtained a well-defined HI1 peak (Fig. S8
[30]). By constructing the Arrhenius plot, we determined its
activation energy to be 0.47 eV, which falls within the range
of activation energies for hole traps in pristine Se.

III. CONCLUSION

In summary, we systematically investigated the trap fea-
tures of Se and Se;_,Te, alloys combing both DLTS and
RDLTS, which are transient capacitance techniques. Based on
the full analysis of the obtained DLTS spectra, we extracted
the energy levels of these Se based semiconductors, and re-
vealed the impact of Te on the formation of deep electron
traps. Technically, RDLTS has stronger signal and requires
short pulse width, and exhibits much better energy resolution.
DLTS has better sensitivity to relative shallow, discrete trap
states. Combining both benefits, we successfully resolved the
complicated energy levels of the Se;_, Te, thin films based on
operational devices, implying that DLTS could be a powerful
technique to characterize Se-based semiconductors.
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