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Abstract

Halide perovskites have emerged as a potential photoconducting material for photovoltaics and
hard radiation detection. We investigate the nature of charge transport in the semi-insulating
chalcohalide Hg3;Se,l, compound using the temperature dependence of dark current, thermally
stimulated current (TSC) spectroscopy, and photoconductivity measurements as well as first-
principles density functional theory (DFT) calculations. Dark conductivity measurements and
TSC spectroscopy indicate the presence of multiple shallow and deep level traps that have
relatively low concentrations of the order of 10"°— 10" ¢cm™ and capture cross sections of ~107'°
cm’. A distinct persistent photoconductivity (PPC) is observed at both low temperatures (< 170
K) and high temperatures (> 230 K), with major implications for room temperature compound
semiconductor radiation detection. From preliminary DFT calculations, the origin of the traps is
attributed to intrinsic vacancy defects (Vig, Vse, and Vi) and interstitials (Sein) or other extrinsic
impurities. The results point the way for future improvements in crystal quality and detector

performance.
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Introduction

Hard radiation detection at room temperature is now a universal concern. There are huge
demands for X- and y-ray detectors that operate at room temperature in the science of astronomy
and applications of industrial and medical imaging, as well as in nuclear safeguard and national
security. The search for alternatives to CdZnTe, the currently preferred semiconductor, as a
room-temperature hard radiation detector material has intensified in recent years due to its high
cost and seemingly unavoidable growth issues, particularly microstructural defects [1-3].
Consequently, there has been a concerted effort to develop new low-cost semiconductor
materials with much improved detection properties. Recently perovskite structure compound
semiconductors have shown considerable promise for these applications. Using the concept of
lattice hybridization, the anti-perovskite structure ternary compound Hg-based chalcohalides
Hg;Q:X, (Q = S, Se, Te; X =1, Cl, Br) have been identified and recently proven to be very
promising and cost-effective for X-ray and p-ray detection at room temperature [4-7]. In the
family of Hg;Q,X, compounds the diverse ordering of the Hg vacancies in the crystal structure
can be described universally as anti-perovskite based. This ordering varies depending on Q and
X and yields a rich family of crystal structures ranging from zero-dimensional to three-
dimensional, with a dramatic effect on the properties of each compound [7]. In addition to their
excellent stability, these compounds have high specific densities ranging from 6.83 g/cm” to 7.78
g/em’ and energy band gaps of 2.0 eV < E, <2.6 eV [4]. Their intrinsic electrical resistivity is on
the order of 10" — 10" Q-cm [7]. Recently, large and high-quality single crystals of these
compounds have been grown by the Bridgman and vapor transport methods with each material
showing excellent photo sensitivity under energetic photons [7]. Detectors made from thin

Hg;Q,X; crystals show reasonable response under a series of radiation sources, including Ag X-
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ray, ! Am, and *’Co radiation. The carrier mobility-lifetime (u7) product for Hg;Q,X, detectors,
a figure of merit for charge transport, is on the order of 10 to 10 cm?/V [7]. On the basis of the
photoconductivity and hard radiation detection measurements, these Hgs;Q,X, crystals could
offer a low-cost alternative for room temperature radiation detectors.

Among the family of Hg chalcohalide compounds, Hgs;Se,l» crystals show the most
promise for room-temperature radiation detection, with an electron mobility estimated as 104 +
12 cm?/Vs and a lifetime of 100 ns leading to a mobility-lifetime (u7) product of 1.0 x 10”° cm*/V
[7]. Some of the advantages of this compound include an optical bandgap of 2.15 eV (indirect), a
high specific density of 7.38 g/cm’, and a small electron effective mass of m.* ~ 0.2mq [7].
HgsSesl, detectors have achieved spectroscopic resolution for both **' Am a-particles (5.49 MeV)
and **' Am y-rays (59.5 keV), with full widths at half-maximum (FWHM, in percentage) of 19%
and 50%, respectively [7]. Further improvements in detector response are expected to result from
increases in carrier lifetime. The question then arises as to what limits the lifetime. Is it carrier
scattering, Shockley-Read Hall (SRH) recombination, or carrier trapping? In this work, we
report on a detailed investigation of charge transport in semi-insulating Hg;Se,l, crystals to
determine the role defects play in limiting its detector performance and photoconductive
response. The charge carrier kinetics were analyzed using the temperature dependence of dark

current, thermally stimulated current (TSC) spectroscopy, and photoconductivity measurements.

Experimental details

Semi-insulating HgsSe,l, single crystals were grown using a chemical vapor transport
(CVT) method reported elsewhere [7]. For the growth of compound HgsSe;l, via vapor transport,
the challenges include the management of the high vapor pressures of the Hg, Se and I

components, and the control of zone temperatures to accommodate each partial pressure. Efforts
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to accommodate each partial pressure were taken, and thus succeeded in growing single crystal
samples with appreciable dimensions. In addition, the vapor transport process also has a
beneficial effect of self-purification, which presumably leads to better performance [7].
According to its phase diagram, the compound Hgs;Se,l, melts incongruently at 420 °C
[8]. In order to grow such an incongruently compound from its melt, we tested different ratios of
the starting materials (Hgl2:HgSe), from stoichiometric to heavily Hgl, rich conditions, but
found that no one gave rise to large single crystals [7]. It should be noted that with heavily Hgl,
rich conditions during cooling, Hgl, suffers a destructive phase-transition around 127 °C, which
likely destroys the ternary crystal already grown. The thickness of the grown HgsSe;l, crystals is
in the range of 0.2 — 0.4 mm. For different samples, the temperature distributions within the
cold- and hot-zones during vapor growth was varied in the aim to find those with better yield and
improved transport properties. Specifically, sample YH1157 has better yield comparing to that of
sample YH1129 due to the former’s closer to optimal thermal distribution of the temperature
field. The thicknesses are around 0.2 mm. For electrical measurements, a 50-nm-thick layer of
Au was deposited on both sides of the sample by electron beam evaporation to form electrodes.
To determine the sample resistivity, 2-terminal /—V characteristics were measured by applying a
low bias voltage from - 10 V to 10 V. For temperature dependence of the dark and photocurrent
and photo-excitation measurements, either positive or negative bias was applied to the electrode
by an Agilent E3610A DC power supply. The current was measured by using a Keithley 2636A
source meter. A CW semiconductor diode laser with emission at 405 nm was used for
photoexcitation. To conduct thermally stimulated current (TSC) spectroscopy measurement, the
sample was mounted in a cryostat and cooled down in the dark to 80 K. Subsequently at 80 K,

the sample was photo-excited (400 mW/cm” intensity of a 405-nm laser) for approximately 13
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min to place the sample in a nonequilibrium state. About 10 minutes after the laser was turned
off, the sample was then heated up from 80 K to 200 K at a constant rate of 0.13 K/s and from

200K to 320 K at a rate of 0.08 K/s.

Results and Discussion
Temperature dependence of dark current (Ip-T)

The temperature dependence of the dark current was measured to determine the dominant
conduction mechanisms in semi-insulating Hgs;Se,l, detector devices. The dark current I, is

described by a summation of dark current components with different activation energies:

l

where I,; is a prefactor for the i component, E, is an activation energy, and k is the Boltzmann
constant. Figure 1 shows an exponential increase of dark current with increasing temperature
from 80 K to 320 K under a negative bias voltage of -5 V. As shown in Fig. 1, there are two
distinct characteristic slopes in the temperature dependence of the dark current. The activation
energies are extracted from the Arrhenius plots of the dark current. The activation energies at
low and high temperature (inset of Fig. 1) are 0.05 eV and 0.70 eV for sample YH1129, which is
attributed to Shockley-Hall-Read (SRH) charge transport involving shallow and deep level
defects, respectively. The activation energies for the measured samples are listed in Table 1. As
can be seen, activation energies in the range 0.7 — 1.15 eV are observed at high temperature (275
K < T < 325 K), which is tentatively attributed to ionization of deep electronic states. The

ionization energy of 0.05 + 0.01 eV at low temperature is attributed to shallow electronic states.
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FIG. 1. Temperature dependence of the pure dark current for Hg;Se;l,. Inset: Arrhenius plot of

the pure dark current of sample YH1129. The bias voltage is -5 V from the top electrode to the
bottom electrode.

Table 1. The calculated activation energies and the resistivity under negative and positive bias
voltages for a series of Hg;Se,l, samples.

Reverse bias (-5 V) Forward bias (+5 V) 20 20
Sample ID 0 "
Ea],n (CV) Ea2,n (CV) Ea“7 (CV) EaZ,p (ev) (XIO Qcm) (X 10 Qcm)
YHI1129 0.70£0.01 0.05+0.001 0.71£0.01 0.04+0.001 43+19 35+1.7
YH1157A  1.15£0.02 0.04+001 082+0.01 0.02+0.02 16+8 20+11
YH1157D1  094+0.01 0.02+£0.004 091+0.01 0.07+0.02 70+41 61+9
YH1157D2  0.70+£0.01  0.04+0.01 0.83+0.02  0.05+0.01 24+4 92+33

Thermally stimulated current spectroscopy

To investigate the nature of the defects involved in charge transport, thermally stimulated
current spectroscopy (TSC) measurements were conducted over the temperature range of 80 —
320 K. This technique has been widely employed to determine deep level defect energies in

highly resistive semiconductor materials [9],[10]. The thermally stimulated current, resulting



Kim et al PRB: Revised Sep 25,2017

from a return to equilibrium, was measured as a function of temperature. As shown in Fig. 2, the

TSC results clearly revealed peaks over the temperature range from 80 K to 320 K.
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FIG. 2. (a) Thermally stimulated current spectrum for sample YH1157D2 (1) and residual dark
current after TSC measurement (2). (b) Thermally stimulated spectrum after subtracting curve (2)
from curve (1) in (a).

A careful analysis of the TSC spectrum in Fig. 2(b) reveals at least four peaks below 180
K and three peaks observed above 250 K, as shown in Fig. 3. The maxima 7,, of the peaks gives
an approximate trap energy. According to Bube [9], the energy level of the trap, E;, is given by:

NSv,kT2

E, = kTypyln—————
¢ K g

)
where T, is the TSC peak temperature, N is the effective density of states, S is the capture cross section,
V¢ 1s the thermal velocity of carriers, & is the Boltzmann constant, and £ is the heating rate. Eq. (2) can

be rearranged with the temperature dependence of N ~ T3/2 and v,y, ~ T1/2 as [9],[11]

T 2 x 1016S,,
—) (3)

E, = kT, [In-=2 + 1
t km<nﬁ+n Et

for electron traps. By using the quasi-equilibrium approach of Bube and Fang [9],[12], the trap

depth, E;, can be approximated using,
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T
E, = kT, In <?> 4)

In general, the approximation represented by Eq. (4) is only useful to estimate trap depths due to
the uncertainty in the magnitude of the capture cross section. As seen in Fig. 3(a) and 3(b), a
total of nine traps are observed, labeled 7; — Ty. These trapping centers are tentatively considered
as electron traps, since the peaks only appear if illumination occurs through the negatively biased
contact. The trap concentration, Nr,, can be determined approximately from [12,13]

QTi

Np = ——
Te ™ 2 uteAE

)
where the charge Qr, is the temporal integration of each fitted TSC peak spectrum defined by

Qr, = [Ikscdt = % f; ILgcdT, i is the carrier mobility, 7is the carrier lifetime, e is the electron
charge, 4 is the area of electrode, and E is the applied electric field. The capture cross section, S;,
is given by [14]:

BE:

= — E./kT,,). 6
T S E/HT,) ©)

i
Using Egs. (4), (5), and (6), the trap depths, trap densities, and capture cross sections for the
observed traps were calculated and are listed in Table 2. It is worth noting that the traps observed
in Hg3Se, L, have relatively low concentrations ranging from 4.0 x 10" ¢cm™ to 5.3 x 10"° cm™,
indicating reasonably good quality crystals. By comparison, the trap concentrations for Cadmium
Zinc Telluride (CZT) is also in the range of 10" cm” to 10" cm™ [15,16]. However, the capture

cross sections of 107 cm” for HgzSesl, are two to five orders of magnitude higher than that of

CZT crystals, indicating these are neutral traps. The small capture cross sections in CZT are
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attributed to the effective screening of defects which contributes to their excellent carrier

transport [15,16].

(@)
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FIG. 3. Deconvoluted peaks of thermally stimulated spectrum after subtracting the dark current
in the temperature range of (a) 80 K — 180 K (b) 180 K — 320 K.

Table 2. The peak temperatures, extracted trap energies, their densities, and capture cross
sections for the TSC peaks (Sample YH1157D2).

80 K — 180 K 180K -320K
T,K) E, Nr_ S: T(K) Nr_ S;
V) (x10"cm?®) (x10"%m’) Evn(eV) (x10"em™)  (x107°cm?)

T, 93 0.16 0.5 12 Ts 255  0.54 12 41
T, 105 0.19 2.9 1.4 T, 273 0.59 6.9 4.4
T; 133 025 2.3 1.9 Ts 293  0.64 53 4.8
T, 134 025 13 1.9 Ty 300  0.65 7.2 4.9
Ts 162 031 0.4 24

Calculations using density functional theory

Regarding the identity and nature of the defects obtained from the TSC and dark
conductivity measurements, preliminary first principles density functional theory (DFT)
calculations indicate that disorder in Hgs;Sesl, arises from intrinsic point defects including
vacancies, antisite disorder, and interstitials. Figure 4 shows the crystal structure of HgsSe,l»

9
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represented by a ball and stick model. Hg and I atoms are each present in three different lattice
sites. There are seven types of vacancy defects (3 Vi, 1 Vse, and 3 V), fourteen types of antisite
defects (3 Semng, 3 Ing, 1 Hgse, 1 Ise, 3 Hgy, and Sep), and twenty-one possible types of interstitial
defects (7 Hgin, 7 Sein, and 7 ILiy). From the calculations of defect formation energies, Vi, Vse,
and Vi are the most dominant defects, whereas Sei,: defects become dominant in Se-rich growth
conditions. The ionization energies for these native defects indicate that the interstitial defect
Seint is a localized level located close the middle of the gap. In a neutral state, this defect is a
deep donor. Thus, by comparing the activation energies from dark conductivity (Table 1) and
TSC (Table 2) to those from DFT calculations, the defect levels in the range 0.54 — 1.15 eV are
presumably due to the selenium interstitials Sej,; or to other extrinsic impurities that were not
considered in the DFT calculations. The defect levels in the range 0.16 — 0.31 eV are presumably
due to vacancy defects (Vig, Vse, and Vi). In order to reduce carrier trapping effects it is

desirable to have low concentrations of the deep centers (Sein) in HgsSesl, crystals.

10
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FIG. 4. The crystal structure of HgsSe,l,. Black, gray and light gray balls correspond to Hg
atoms at three different lattice sites. Dark purple, purple and light purple balls correspond to
three types of | atoms. Se atoms are represented by the red balls.

Photoconductivity and persistent photoconductivity (PPC)

To determine which mechanism best describes the origin of the photoconductivity in
Hg;Sel,, temperature dependence of photocurrent was measured under a bias voltage of -5 V in
the temperature range 80 — 320 K (Fig. 5). The photocurrent was measured with 2 K increment
steps and a 15 s delay time to stabilize the current at each temperature. The magnitude of the
photoconductivity depends on the mobility-lifetime product. In general, photoconductivity

Aay,p, (T) can be written as a function of temperature [17] given by the equation:

Aoy (T) = G(T)[ete(T)e(T) + htpn(T)pn(T)], (7)
where G(T) is the generation rate of electron-hole pairs, 7,and 7, are the electron and hole
lifetime respectively, and p, and p, are the carrier mobility of electrons and holes. The
generation rate can be assumed to be constant over the entire temperature range when above-gap
light is used, and the sample thickness is much greater than the expected penetration depth of the
light. Since the HgsSe,l, samples are highly resistive and contain a number of deep level defect
states, the lifetime of carriers is dominated by the Shockley-Read-Hall (SRH) recombination [17].
As shown in Fig. 5, below 250 K the photoconductivity is moderately enhanced with decreasing
temperature. This behavior suggests that impurity scattering due to defects is dominant at low
temperatures (80 K < 7 < 250 K), thereby suppressing the mobility and consequently the

photoconductivity according to Eq. (7).

11
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FIG. 5. Temperature dependence of photoconductivity under -5 V for sample YH1129. 100
mW/cm® intensity of 405 nm laser was used for photoexcitation.

Photosensitivity ([1[1/[1) of the Hg;Se,I, samples was also determined by illuminating
the crystal with a 405-nm diode laser excitation. Here Ao'is the change in the conductivity upon
illumination and ¢ is the conductivity in the dark. [1[1/[Jvalues of ['1* and 10 were measured at
low and room temperatures, respectively. After photoexcitation was terminated, however, a high
residual leakage current, a persistent photocurrent (PPC), was observed. This can be seen in Fig.
6(a) that shows the variation of current with time before, during, and after photoexcitation. The
PPC persisted for 10 - 24 hours depending on sample and illumination conditions. The time
decay of the PPC after laser excitation was terminated is shown in the inset of Fig. 6(a). The
excitation intensity of the laser was 100 mW/cm?. The decay curve can be described by the well-

known stretched exponential function for complex relaxation kinetics, given by [18-22]:

Ippc(t) = Ippc (0) exp[—(t/ D7), @)
where Ipp (0) is the current at the instant when the light illumination is terminated, 7is the PPC
decay time constant, and 8 is a characteristic exponent. When = 1, Eq. (8) describes a first

order decay process, but when £ is less than 1, the decay involves a distribution of time decay

12
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constants. A larger f value in the range of 0 < < 1 indicates a narrower distribution of time
decay constants while a smaller £ value indicates a wider distribution of time decay constants.
The values of 7and S determined using the stretched exponential fitting are 46.5 + 3.8 min and
0.65 £ 0.05, respectively at 295 K. The £ value of 0.65 + 0.05 indicates rather narrow

distribution of time decay constants. Hence, we ascribe the PPC effect to multiple transitions

involving defect states within the gap of the material as described by Luo et al. [23].
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FIG. 6. (a) Variation of current with time for sample YH1129 at room temperature before (open
circle), during (open square), and after (solid squares) laser excitation. Inset: Stretched
exponential function fitting of the PPC decay curve at room temperature. (b) Time evolution of
the dark current at room temperature under various bias voltages after the illumination was

terminated.

To compare the dark conductivity and PPC effect before and after the sample
illumination, the temperature dependence of the dark current and photocurrent was measured in
the following sequence. First, the sample was cooled down to 80 K in the dark and the pristine
dark current was measured while the sample was warmed up to 320 K at a rate of 0.13 K/sec
(solid blue squares in Fig. 7). The sample was then cooled down again to 80 K, and the dark and
photocurrent were alternatively measured during the warm up to 320 K (solid black circles for

13
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OFF state and open red circles for ON state in Fig. 7). The laser (400 mW/crnz) was ON for 4 s
to measure the photocurrent at each temperature. Finally, to investigate the duration of the PPC
the dark current was again measured with increasing temperature from 80 K to 320 K at a rate of
0.13 K/sec (open purple triangles in Fig. 7). As shown in Fig. 7, all the dark current curves
(including the current with OFF state laser power) differ from one another, which indicates that
there are two distinct PPC effects — one below ~170 K and another above ~230 K. Interestingly,
while the PPC in the low temperature region is quenched at ~170 K during the warm up process,
the observed PPC above 230 K (open purple triangles in the Fig. 7) remains until 320 K. This
difference clearly shows there are different origins for the low temperature PPC and the room
temperature PPC. Upon correlating our charge transport measurements to the DFT calculations,
we tentatively attribute the PPC observed in Hg;Sesl, crystals at low temperature to these
intrinsic vacancy defects (Vig, Vse, and Vi) while the PPC observed at high temperature is most

likely due to intrinsic selenium interstitial point defects and/or other extrinsic impurities.

YH'i 157D1 "—m— Dark current before illum.
10000¢ —e— Laser OFF ]

1000 [ —o— Laser ON . ]
©_—a— Dark current after illum.

100t [(Cet@) @ ]

1t

Current (nA)

o
N

0.01¢
1E-3L°

100 150 200 250 300
Temperature (K)

FIG. 7. Temperature dependence of dark currents (before, during, and after illumination) and
photocurrent under -5 V for sample YH1157D1 sample. 400 mW/cm® intensity of 405 nm laser
was applied.
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Figure 8 shows the configuration-coordinate model that describes the PPC effect. Upon
photoexcitation, electrons are excited from the valence band (£,)) into the conduction band (E.)
leading to photoconductivity. Thermal quenching of the photoconductivity results when
electrons are captured by the defect level, D [24]. Capture requires overcoming the energy
barrier labeled, Ej. In the case where neutral defects are charged by trapping of photoexcited
carriers (dashed curve in Fig. 8), the barrier, £, will be modified due to coulombic interaction.
The barrier height, £, depends on the magnitude of the lattice relaxation the defect undergoes
upon electron capture. The barrier prevents the photoexcited electrons in the conduction band
from being captured by the defect state. When the electrons in the conduction band have
sufficient thermal energy to overcome the barrier £,, the PPC will be quenched. Subsequently,
the electrons captured by the defect can either recombine non-radiatively with holes in the

valence band or ionize to the conduction band.

FIG. 8. Schematic configuration-coordinate diagram for PPC. E¢ and Evy are the conduction and
valence band, respectively. D and D “are the ground and excited states of the defect. The energy
E, is the photoionization threshold for the defect. £, is the capture barrier height, E, is the

thermal binding energy of the state, and £ is the thermal height of the thermal barrier for electron
emission from the deep center to the conduction band [25].
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Summary and Conclusions
In summary, the charge transport properties of defect anti-perovskite HgsSe,l, single

crystals were investigated over the temperature range of 80 — 320 K. The as-grown crystals

exhibit high intrinsic electrical resistivity on the order of 10" Q-cm. We observed an

exponential dependence on temperature of the dark current with activation energies in the range
0f 0.02 — 0.07 eV and 0.70 — 1.15 eV in the low and high temperature regimes, respectively. The
single crystals showed a colossal photosensitivity (4o/[] of ~10* below 170 K.

TSC spectroscopy was used to characterize the traps in the HgzSe,l, compound. At least
nine trapping centers were observed in the temperature range from 93 to 300 K. All the discrete
traps measured, with energy levels of 0.16 — 0.65 eV, have relatively low concentrations of the
order of 10" — 10" cm™ and capture cross sections of ~10"° cm?®. Based on first principles
density functional theory, traps 7; — 75 (0.16 — 0.31 eV) were attributed to vacancy defects (Vyg,
Vs, and V) while traps Ts — Ty (0.54 — 0.65 eV) were attributed to Se interstitials and/or other
extrinsic impurities.

Persistent photoconductivity was observed in Hg;Se;I, at both low temperature and room
temperature. The PPC was described by a configuration coordinate diagram involving electron
transitions between the conduction and a deep donor level. Likewise, the low temperature PPC
was attributed to intrinsic vacancy defects (Vug, Vse, and Vi) while the high temperature PPC
was due to intrinsic Se interstitials and/or other extrinsic impurities, based on preliminary DFT
calculations. By analyzing the room temperature PPC excitation and decay kinetics using a
stretched exponential function in time, a decay time constant of 47 min was obtained with a

characteristic exponent, S, value of 0.65 indicating a narrow distribution of traps energies.
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Notwithstanding the presence of native defects/impurities, the potential of Hg;Se,l, as a
hard radiation detection material is promising. Further improvements remain to be made in the
vapor growth procedure of these compounds through purification of the starting materials and
precise control over the crystal stoichiometry. This should lead to larger u#7 products and high
efficiency detectors that are highly sensitive to X-rays and p-rays. Future efforts will focus on
native defect control and continuing improvement of HgsSexl, as a room temperature radiation

detector.
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