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The space charge accumulation in CdZnTe crystals seriously affects the performance of high-flux pulse detectors. The
influence of sub-bandgap illumination on the space charge distribution and device performance in CdZnTe crystals were
studied theoretically by Silvaco TCAD software simulation. The sub-bandgap illumination with a wavelength of 890 nm
and intensity of 8x 10~8 W/cm? were used in the simulation to explore the space charge distribution and internal electric
field distribution in CdZnTe crystals. The simulation results show that the deep level occupation faction is manipulated
by the sub-bandgap illumination, thus space charge concentration can be reduced under the bias voltage of 500 V. A flat
electric field distribution is obtained, which significantly improves the charge collection efficiency of the CdZnTe detector.
Meanwhile, premised on the high resistivity of CdZnTe crystal, the space charge concentration in the crystal can be further
reduced with the wavelength of 850 nm and intensity of 1x10~7 W/cm? illumination. The electric field distribution is

flatter and the carrier collection efficiency of the device can be improved more effectively.

Keywords: CdZnTe detector, sub-bandgap illumination, space charge, charge collection efficiency

PACS: 61.72.uj, 61.72.—y, 85.25.0j, 78.56.Cd

1. Introduction

Cadmium zinc telluride (CdZnTe) emerges as the lead-
ing semiconductor crystals for fabricating room-temperature
x-ray and gamma-ray detectors, which were widely used in nu-
clear medical images, non-destructive inspection, scientific x-
ray and gamma-ray imaging and spectroscopy.!'=>! However,
various structural defects were inevitably induced into crys-
tals during the complex crystal growth process, which is harm-
ful to the carrier transport process and collection seriously via
carrier trapping and recombination effect.!*! Especially when
the detector worked in the high counting rate mode, the ac-
cumulation of the space charge at defect levels will cause
electric field distortion and thus seriously deteriorate device
performance. -8 Therefore, it is of great importance to under-
stand the space charge accumulation mechanisms in the cad-
mium zinc telluride crystals and establish a method to avoid
device damage caused by the space charge accumulation ef-
fect.

In recent years, many efforts have been made to study
the effect of the sub-bandgap illumination on the device per-
formance. Alekseeva et al.!) showed that the sub-bandgap
illumination could regulate the occupation state of electrons
and holes in the deep level, thus improving the collection effi-

ciency of devices. Washington et al. also found that the sub-

DOI: 10.1088/1674-1056/abc67e

bandgap illumination has a significant influence on the inter-
nal electric field distribution.!'%! It has been demonstrated that
the sub-bandgap illumination is effective for improving the
charge collection efficiency under proper illumination wave-
length and power. However, the changes of deep levels oc-
cupation, space charge distribution, and their relation with
the electric field distribution under the sub-bandgap illumi-
nation have not been fully established in CdZnTe detectors.
Meanwhile, how to select appropriate illumination conditions
to suppress the adverse effects of the space charge accumu-
lation in crystals is a considerable interest to focus on. The
Silvaco TCAD simulation technique has high simulation ac-
curacy, which has outstanding advantages in semiconductor
device performance simulations.!''~4] So in the present re-
search, the Silvaco TCAD simulation technique is applied to
simulate the space charge distribution in CdZnTe crystal be-
fore and after sub-bandgap illuminations. The influences of
the sub-bandgap illumination on the defect level occupation
fraction, space charge, and internal electric field distributions
are investigated systematically. At the same time, the influ-
ence of sub-band gap illumination on the charge collection ef-
ficiency of detector is also discussed. The simulation results
will provide some theoretical guidance for improving the col-

lection efficiency of CdZnTe imaging devices.

*Project supported by the Young Scientists Fund of the National Natural Science Foundation of China (Grant Nos. 51702271 and 61904155) and the Natural

Science Foundation of Fujian Province, China (Grant No. 2020J05239).
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2. Silvaco TCAD simulation method description
and model establishment

In this paper, Silvaco TCAD!!?! is used to conduct (2D)
numerical simulation of Au/CdZnTe/Au detectors to study the
effect of the sub-bandgap illumination on the defect level oc-
cupation fraction, space charge, and internal electric field dis-
tribution in crystal. Three fundamental semiconductor equa-
tions: Poisson equation, carrier continuity equation, and cur-
rent density equation are used in this paper. SRH recombina-
tion model, Auger recombination model, and optical genera-
tion/radiative recombination are applied to simulate the carrier
transport processes, considering the recombination, trapping,
and de-trapping effects in the simulation.

CdZnTe crystal is set as n-type semiconductor, and its
specific parameters are shown in Table 1. In this simulation, a

compensation model with three defect levels!'®!

is adopted,
considering the shallow donor, shallow acceptor, and deep

donor levels in crystal. The distribution of defect levels is
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shown in Fig. 1(b). The concentration of the shallow donor
level is defined as 1.1x10'> cm~3. And the concentration of
the shallow acceptor level is defined as 1.2x10'> cm™3. The
shallow donor level and the shallow acceptor level are assumed
completely ionized at room temperature. Meanwhile, it is well
known that Teéd+ is a common deep donor level located at
Ey +0.86 eV!!7l in the CdZnTe crystal with doped In. The
specific simulation parameters of deep donor level are shown
in Table 2. The sub-bandgap illumination is incident from the
cathode side, as shown in Fig. 1(a). The sub-bandgap illumi-
nations with different wavelengths and intensities are selected,
and the specific simulation parameters are shown in Table 3
and Table 4. The penetration depths of sub-bandgap light with
wavelength of 850 nm, 890 nm, and 940nm in CdZnTe crys-
tal are 1.2 mm, 4.6 mm, 9.2 mm, respectively, which are larger
than the thickness of the CdZnTe crystal. The non-equilibrium
carriers are distributed uniformly. Thus, the diffusion effect

can be ignored.[1%1°]

b
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Fig. 1. (a) Au/CdZnTe/Au device structure diagram, (b) defect energy level distribution in the CdZnTe crystal.

Table 1. Basic information about CdZnTe crystals.[17-20-221
Type Value Type Value
Permittivity 10.9 Band gap/eV 1.6
Effectivs: density of states in the3 9.14x 1017 Fffective density of states . 5.19% 1018
conduction band at 300 K (cm™) in the valence band at 300 K (cm™)
Electron mobility [em2-(V-s5)~1] 1000 Hole mobility [em2-(V-s)~1] 100
Electron Auger coefficient (cm®-s~1) 5%x10730 Hole Auger coefficient (cm®-s~1) 1 x1073!
Optical recombination rate (cm3-s71) 1.5x10°10
Table 2. Basic information about CdZnTe crystals.[!7]
Elect t Hol t
Type Position (eV) Concentration (cm ) ee ron. cap urez o'e c.alp ure 2 Degeneracy
cross section (cm-) cross section (cm®)
Donor Ey+0.86 1x10'2 3x10714 3x10°15 2
Table 3. Basic parameters of illumination conditions. [%18:19:23]
Wavelength (nm) Extvin'ction Befractive . Ilhvlmination . A‘béorption_1
coefficient (k) index (n) intensity (W-cm™°) coefficient (cm™")
850 2.707x1074 29511 8x1078 40
890 1.417x1074 29196 8x1078 10
940 3.540x107° 2.8796 8x1078 5
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3. Influence of sub-bandgap illumination on car-
rier concentration of CdZnTe crystals

To explore the influence of sub-bandgap illumination on
the energy level occupation probability, the crystal is illu-
minated by a sub-bandgap illumination with wavelength of
890 nm and intensity of 81078 W/cm?. The simulation re-
sults of carrier concentration distributions in crystals before

and after illumination are shown in Fig. 2.
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Fig. 2. Carriers concentration (conc.) distribution of crystal (a) in dark, (b)
under illumination.

The carrier concentration after illumination is much
higher than before. At the same time, the bulk resistivities of
CdZnTe in the dark and with sub-bandgap illumination are de-
termined to be 6.66x10° Q-cm and 1.37x10% Q-cm, respec-
tively. On thermal equilibrium, Femi level is near the middle
of the energy band gap in CdZnTe crystals to achieve high
resistivity. However, when CdZnTe crystal was illuminated,
the quasi-Fermi energy level of electrons moved up, while that
of holes moved down,?* thus the concentration of carriers
in the crystal is increased. As shown in Fig. 2(b), the hole
concentration increased largely in comparison with electron
concentration after sub-bandgap illumination. The changes of
carrier concentration and resistivity indicate that the probabil-
ity of defect level occupation in the crystal is changed. The
possible mechanisms of the carrier concentration changes will

be discussed in the next section.

4. The influence of sub-bandgap illumination on
ionized concentration of deep level and space
charge distribution in crystals

The change of the carrier concentration in crystal before
and after sub-bandgap illumination indicates that the occupy-
ing probability of defect level in the crystal has changed. To
further understand the influence of sub-bandgap illumination
on CdZnTe crystals, the ionized concentration of deep donor
level is simulated under a sub-bandgap illumination irradia-
tion with a wavelength of 890 nm and an illumination inten-
sity of 8x 1078 W/cm?. The crystal was set under 0 V, 150 V,
and 500 V biases respectively. Figure 3 compares the distri-
bution of deep donor ionization and space charge concentra-
tion of crystals under different bias voltages before and after
illumination. According to Figs. 3(a)-3(c), the ionization con-
centration of the deep donor level decreases gradually from
cathode to anode under bias. This is caused by the band tilt of
Au/CdZnTe/Au structured devices under bias.!'®! Figure 3(d)
is the schematic diagram of MSM structure energy band of
Au/CdZnTe/Au under bias without sub-bandgap illumination.
As shown in Fig. 3(d), in the thermal equilibrium, the Fermi
level lies above or close to the level with deep centers. The ex-
act position of the Fermi level is dependent upon temperature
and concentration of free carriers. Nevertheless, it might be
considered that traps are neutral. At the metal-semiconductor
(MS) interface bands are tilted due to the Schottky effect. Un-
der biases the quasi-Fermi level is linearly sloped, intersects
the deep level and gets above it. Electrons, that so far oc-
cupied in neutral centers, leave the centers empty. With the
increase of applied bias voltages, the energy band tilted in-
tensifies, thus increased the ionization probability of the deep
donor. Meanwhile, as shown in Figs. 3(a)-3(c), the total con-
centration of ionized deep donor levels decreases under the
sub-bandgap illumination. With the increase of applied biases,
it is more effective in reducing the ionized concentration of the
deep donor level under sub-bandgap illumination. The reason
can be explained by Shockley—Read—Hall (SRH) model. !>
Six thermal and optical transition processes in this model are
used to describe the transition of carriers with the deep donor
level, including: electron capture (thermal emission) from (to)
conduction band, hole capture (thermal emission) from (to)
valence band, and optical emission of electron (hole) from de-
fect level to conduction (valence) band, as shown in Fig. 3(e).
The simulation results show that the concentration of the ion-
ized deep donor level is reduced under the sub-bandgap illu-
mination, i.e., the occupation probability of deep donor level
is increased. It may the due to the promotion of electron tran-
sition from valance band to the ionized deep donor under sub-

bandgap illumination (i.e., the process 6 plays the dominant
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role). Thus, the active deep donor level (Tel;;) turned to a
neutral state (Tegd) under the sub-band gap illumination. Fur-
ther, the concentration of space charge will be reduced and the
electric field will turn flat. The probability of excess carriers
being captured by ionized deep donor level will be reduced in

the charge transport process, thus significantly increasing the

charge collection efficiency of detectors, which will be dis-
cussed in the next section. On the other hand, the promotion
of electron transition from valance band to the ionized deep
donor under sub-bandgap illumination causes the increase of
hole concentrations, which is consist with the results as shown
in Fig. 2(b).

cathode anode cathode anode

10.0 10.0
n 8.0} (a) 7.0 p " (b) —e— 150 V-dark " ——500 V-dark
5= 70 30 3 8.0 —8— 150 V-890 nm 3 3.0 —8—500 V-890 nm
5 30 g, 8x10~8 W /cm? g : 8x10~8 W /cm?
< § 6.0 201 iy RN < £
QHU : L1520 30 a0 ° 6.0t ~2° 6.0
o= 5.0 = —
o = g L g
T <2 <2
A 0 V-dark { S< 40} ST 40
g4 3 0 V-890 nm g g ' g2
29 o 8X10~8 W /cm? = o 2.0 =0 20
9 o ° [ o °

1.0 B 0 . B 0 :
0 200 400 600 800 1000 0 500 1000 0 500 1000
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e o® @@

Fig. 3. Distribution of ionized deep donor level concentration (cons.) under different biases (a) 0 V, (b) 150 V, (c) 300 V before and after sub-bandgap
illumination, (d) schematic diagram of MSM structure energy band under biases, (e) diagram of major processes containing a deep donor defect level in
CdZnTe crystals under sub-bandgap illumination (arrow direction is the direction of electron transitions).

5. Influence of sub-bandgap illumination on in-
ternal electric field distribution and charge
collection efficiency

Figure 4 shows the space charge distribution and inter-
nal electric field distribution under bias voltages of 150 V
and 500 V before and after sub-bandgap illumination, respec-
tively. The variation of space charge concentration under sub-
bandgap illumination directly affects the electric field distri-
bution in the CdZnTe crystal. The electric field distribution in
the CdZnTe crystal can be calculated by Poisson equation!!!

¢ dE p

_ 4 + + -
Tl & ;S_;S(p+NSD+NDD_n_NSA)7 QY

where @ is the electrostatic potential, E is the electric field,
& 18 the dielectric constant, NS+D is the concentration of the
ionized shallow donor level, Ng, is the concentration of the
ionized shallow acceptor, N]“)LD is the concentration of the ion-
ized deep donor level, n (p) is the concentration of free elec-
trons (holes). As shown in Fig. 4, the internal electric field
becomes significantly flatter under the sub-bandgap illumina-
tion with a wavelength of 890 nm and illumination intensity of
8x 1078 W/cm?. As it has been discussed above, the process
of electron optical excitation from valence band to the ionized

deep donor level under the sub-bandgap illumination plays the
dominant role in transitions. This process results in a decrease
of ionized deep donor level’s concentration, thus reducing the
space charge concentration and flattening the electric field.

The charge collection efficiency is the ratio of the quan-
tity of carriers received by electrodes to the total quantity of
carriers generated by implying the ray into the device. To fur-
ther understand the effect of electric field on charge collec-
tion efficiency with sub-bandgap illumination. The famous
Hecht equation®®! is utilized to analyze the collection effi-
ciency (CCE) of the CdZnTe detector carriers,

Z—D
CCE = ,U,CTCE<1 —exp(w>>

—Z
+ UnhE (1 —exp <,uh’l'hED> ) R 2)

where (. and 7. are the mobility and lifetime of electrons,
respectively, and the product of which is 3x1072 cm?-V~!,
Up and 7y, are the mobility and lifetime of the hole, respec-
tively, and the product of which is 5x 107> cm?-V~1.[26] E ig
the internal electric field, which is imported by Silvaco TCAD
simulation. D is the thickness of the detector which is 0.1 cm
in this simulation, and Z is the position where the incident ray
interacts with the crystal.
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Fig. 4. (a) Space charge distribution in CdZnTe crystal under bias of 150 V, (b) under bias of 500 V, (c) internal electric field distribution of CdZnTe
crystal under bias of 150 V, (d) bias of 500 V before and after sub-bandgap illuminations.
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Fig. 5. CCE distribution before and after sub-bandgap illuminations: (a) total charge collection efficiency and (b) charge collection efficiency

of electron and hole.

The charge collection efficiency (CCE) of electrons and
holes of the CdZnTe detector is calculated by Hecht equation,
as shown in Fig. 5.

As shown in Fig. 5(a), the charge collection efficiency of
the detector is significantly improved under the sub-bandgap
illumination, especially in the area near the anode. Mean-
while, the charge collection efficiency of holes improved more
significantly than electrons, as shown in Fig. 5(b). This is
mainly due to the sub-bandgap illumination, the internal elec-
tric field becomes flatten, which improves the total charge
collection efficiency of the device. However, the charge col-
lection efficiency of detector has already reached 97% at the
distance of 0.01 cm from cathode without sub-band gap illu-
mination. Thus, the improvement of detector collection ef-
ficiency under sub-bandgap illumination near the cathode is
non-significant.

6. The influence of sub-bandgap illumination
with different conditions on space charge dis-
tribution and charge collection efficiency

The simulation results of the resistivity of CdZnTe crys-
tal under different sub-bandgap illuminations are shown in Ta-
ble 4. It can be seen that with the increase of illumination in-
tensity, the resistivity decreases gradually. When the illumina-
tion intensity is 5 x 10~7 W/cm?, the resistivity is as low as the
value of 2.89x 107 Q-cm. In this section, on the premise of en-
suring high resistance of crystals, three different wavelengths
of sub-bandgap illumination (number 1-3) and six different
illumination intensities of sub-bandgap illumination (number
3-7) are selected to explore their influence on ionized concen-
tration, space charge, and internal electric field distribution of
CdZnTe crystals.
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Table 4. Resistivity of CdZnTe crystal under different sub-bandgap il-
luminations.

Illumination intensity

Number Wavelength (pum) (W-em™2) Resistivity (Q-cm)
1 940 8x 1078 2.58x108
2 890 8x 1078 1.37x108
3 850 8x10~3 1.76x108
4 850 3x107° 2.81x10°
5 850 1x10~8 1.92x10°
6 850 4x1078 3.44%108
7 850 1x1077 1.42x108
8 850 5x1077 2.89%107
6.1. Effects of sub-bandgap illumination with different

wavelengths on space charge distribution and charge
collection efficiency

In order to further understand the influence of sub-
bandgap illumination on the ionized concentration, space

10 Ocathode anode
1 (a) —e—dark
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15
=)

Tonized deep donors
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o
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charge, and internal electric field distribution in crystals. In
this section, the wafer is irradiated under three different wave-
lengths of 850 nm, 890 nm, and 940 nm, respectively, with the
illumination intensity of 8 x 1078 W/cm?. The relevant ionized
concentration, space charge, internal electric field distribution,
and charge collection efficiency obtained at bias voltage of
500 V are shown in Fig. 6. It can be seen that, the ionized
concentration of deep donor level under 850-nm illumination
is significantly lower than that under 890-nm and 940-nm illu-
minations. And the space charge concentration under 850-nm
illumination is lower, either, which results in a flatter internal
electric field and more effectively improving charge collection
efficiency of the detector. The simulation results correspond

to the experimental results of Cola.[>!

cathode anode
a"?\ (b) —e—dark
g 1.9 \ —8—850 nm
5 —4—890 nm
~ 1.0 —A—940 nm
i
= \
Z 0.8t g\
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5 0.6} Y,
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5 0.2 .
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CCE

400 600 800
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00 200 1000

Fig. 6. (a) Distribution of ionized deep donor level concentration (conc.), (b) space charge concentration, (c) internal electric field, (d) charge
collection efficiency under different subbandgap wavelengths and 500 V bias.

6.2. Effects of sub-bandgap illumination with different il-
lumination intensities on space charge distribution
and charge collection efficiency

The influences of different wavelengths on space charge
distribution and charge collection efficiency have been inves-
tigated in the previous section. The simulation shows that
the charge collection efficiency can be improved more effec-
tively under the sub-bandgap illumination of 850 nm. Based
on Table 4, the resistivity of the crystal decreases with in-
creasing illumination intensity. When the illumination inten-

sity is 5x 1077 W/cm? at wavelength of 850 nm, the resis-

tivity of crystal reaches as low as 107 Q-cm. To avoid intro-
ducing excessive leakage current due to illumination, differ-
ent illumination intensities (3 x 107° W/em?, 1108 W/em?,
8x1078 W/em?, 4x107% W/em?, 8x107® W/em?, and
1x10~7 W/cm?) under the bias voltage of 500 V and the
wavelength of 850 nm are selected to simulate the ionized
deep donor concentration distribution, space charge, internal
electric field, and charge collection efficiency in crystals. The
corresponding results are shown in Fig. 7. As shown in Fig. 7,
different illumination intensities have different effects on the

occupation probability of defect level in crystals. When the
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illumination intensity is 3x107° W/cm?, the ionized deep
donor level concentration (at the same position of the crystal)
is significantly higher than that under other conditions. The
larger ionization concentration of deep donor level, leads to
an increase of space charge concentration in the crystal, which
makes the internal electric field even more uneven. Therefore,
it is detrimental to the charge collection of detectors. With the
increase of illumination intensity, the concentration of ionized
deep donor level decreases. When the illumination intensity

cathode anode

—@— dark
—— 850 nm 3X10~? W/cm?
850 nm 1X10~8 W/cm?

Ionized deep donors dens (10! cm~3)

2.0 850 nm 8x10~
1.0 —¥— 850 nm 1X10~7 W/cm? .
) 200 400 600 800 1000
Depth (pm)
cathode anode
12.0 —@— dark

—— 850 nm 3x10~? W/cm?
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Electric field (103 V-em—1)
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Depth (pm)
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increased to 1x10~7 W/cm?, the concentration of the ionized
deep donor level at the same position in the crystal is greatly
reduced, thus reducing the concentration of space charge and
making the internal electric field flattening. As shown in
Fig. 7(d), when the illumination intensity is 1 X 1077 W/cm?,
the carrier collection efficiency at the anode position of the de-
tector is significantly improved therefore, it is more effective

in improving the overall charge collection of detectors.
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Fig. 7. (a) The distribution of ionized deep donor level concentration, (b) space charge concentration, (c) internal electric field, (d) carrier
collection efficiency in the crystal under bias of 500 V, wavelength of 850 nm with different illumination intensities.

7. Conclusions

In this paper, the effects of sub-bandgap illumination on
the space charge distribution, internal electric field distribu-
tion, and charge collection efficiency of CdZnTe detector are
simulated using the semiconductor device simulation software
named Silvaco TCAD. The simulation results show that, under
sub-bandgap illumination with wavelength of 890 nm and light
intensity of 8x10~8 W/cm?, the sub-bandgap illumination
promotes optical excitation of electrons from the valence band
into the ionized deep donor levels (located in Ey + 0.86 eV
with concentration of 1x10'2 cm ~3). A neutral state of deep
donor level is formed due to the increasing probability of deep
donor levels being occupied by electrons. Thus, the space
charge concentration is reduced in the crystal and the internal
electric field turns to flat under the sub-band gap illumination.

Therefore, the charge collection efficiency of the detector is

significantly improved. When the wavelength of sub-bandgap
illumination is 850 nm, the concentration of the ionized deep
donor level and space charge at the same position of the crystal
can be further reduced, thus making the internal electric field
flatter. At this time, ensuring the CdZnTe crystal with high re-
sistivity, enhancing the light intensity to 1x10~7 W/cm? can
also reduce the concentration of the ionized deep donor level
and space charge. This results in a flatter internal electric field,
which greatly reduces the probability of carriers being trapped
or recombined by defect levels during charge transport pro-
cesses and then significantly improves the charge collection
efficiency of detectors.
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