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Abstract

In this work, we studied the free-carrier transport properties and space-charge
formation/polarization in a CdZnTe bar-shaped radiation detector using the Laser-Induced
Transient Current technique. We found out that a steady-state space charge ranging from
8x10% cm™ to 2.1x10° cm™ is formed throughout the detector at about 0.5 s following biasing.
The measured current waveforms were modeled by Monte Carlo simulations after taking into
account the electric and weighting fields inside the detector and shielding box. Modeling of the
unpolarized waveforms revealed an exceptionally high electron mobility-lifetime product of
UeTe = 0.095 cm? - V™1, The observed formation of positive space charge in the biased
detector and linear scaling of the current waveform shapes on applied bias revealed that the
detector polarization is attributed to carrier injection at the anode. Measurements in pulsed and
DC bias in modified electrode geometry proved the surface-charge formation.

I. INTRODUCTION

Large-volume CdZnTe (CZT) gamma-ray detectors can achieve excellent energy
resolution approaching the statistical limits when high-quality crystals with a low content of
defects are used !*. The production of such crystals is expensive principally due to the low
yields. In order to reduce the high cost of large volume high-quality CZT material, arrays of
small cross sections (around 5 mm x 5 mm) were introduced' in the form of 15-30 mm long
bar detectors with high aspect ratio. Such crystals can be produced less expensively and with
considerably higher yields. The geometry of such crystals is convenient for their assembly into
arrays of virtual Frisch—grid detectors, which have been under development for several years>.

Over the years large-volume detectors prepared from various materials (HPGe*,
CdZnTe®’, TIBr®, CsPbBr3'?, etc.) with different electrode configurations were studied, (e.g.,
coplanar grid”!!, strip'>!3, and Frisch grids®!'*). The performance of such devices was mostly
characterized by X-ray and gamma spectroscopy measurements with evaluations of the
mobility-lifetime product by the Hecht equation fit'>. The deviation of collected charge from
the theoretical prediction was often attributed to a space-charge formation in the biased detector
(i.e., detector polarization!®!”). The electric field profiles throughout the detector may be
determined by studying the transient charge pulses for individual events. For a more detailed
characterization of polarization phenomena and the electric field distortion, techniques based
on the Pockels effect®'* have been used, which allow direct determination of the electric field.
Gamma and X-ray scanning>'® and 3D-position sensing ' were also used to study the response
homogeneity. The use of pulse shape analysis (current transients!!) offers the possibility to



simultaneously determine the electric field and the charge carrier transport properties, although
it was rarely reported in the literature!!°.

Prior investigations demonstrated that defects, such as tellurium inclusions and
dislocations in CdZnTe detectors become increasingly problematic as the detector size
increases!®. Unfavorable effects of these defects can be suppressed to some extent by 3D
mapping of charge-trapping inhomogeneities and incorporation of charge-loss corrections!®.
This way, it is possible to fabricate a high energy-resolution detector even from lower-quality
crystals. Despite these corrections, the presence of a space charge that distorts the internal
electric field and subsequent formation of an inactive region are critical factors limiting the
maximum detector size. This was proven in'%, where 3D corrections of '*’Cs spectra led to a
FWHM 0f0.76 %, 1.06 %, 1.10 % and 1.6 % for 20 mm, 30 mm, 40 mm and 50 mm long bars,
respectively. The authors of this paper reported that one of the reasons for the decreased energy
resolution for the 50-mm detector is a lower electric field in a portion of the detector.
Considering that large-volume detectors are particularly useful for high-energy gamma and
hard X-ray detection, it is important to prevent or suppress the formation of either an inactive
or low charge-transport layer. Usually, this can be achieved by applying a higher bias, however,
tens of kV may be required for these types of thick detectors, which is impractical.

Here, we investigate the electron transport and space-charge formation in a bar detector
with dimensions of 194 mm x 6 mm x 6 mm using the laser-induced transient current
technique (L-TCT)?* 2. In this work, we tested just one detector to demonstrate our approach
and its benefits for characterizing CZT detectors for practical applications. Our priority is to
identify the space-charge formation mechanism, which can help resolve the problem with a
low electric-field region and allow the production of better-performing detectors. We also
address unusual features observed in the charge-carrier dynamics and report models explaining
their origins.

II. EXPERIMENTAL
II. A. LASER-INDUCED TRANSIENT CURRENT TECHNIQUE

The laser-induced transient current technique is based on recording and analyzing the
shape of photo-induced current pulses 2°?%2*. As an L-TCT probe, we used 670-nm (1.85 eV)
laser pulses (~500-ps long) generated by a SuperK Compact laser with a white spectrum. The
laser pulse intensity was chosen small enough to avoid distortions of the applied electric field
caused by the magnitude of drifting charge. The photogenerated charge was in the range of
hundreds of fC, which corresponds to an energy of about 9 pJ/pulse (depending on the contact
thickness, surface reflection and recombination). Due to the low signal-to-noise ratio, ~10
thousand transients were averaged into a single current waveform. In Fig. 1 we introduce the
coordinate system fixed with the sample. The center of the cathode (x=0 mm, y=0 mm,
z=0 mm) was illuminated with a roughly 0.2 mm? laser spot. The laser pulse spot is displayed
in red in Fig. 1. Fig. 1 also shows larger electrodes (green) added to make the electric field
inside the detectors more uniform and modify the weighting field of the collecting electrode.
Their effect is discussed in the last part of this manuscript.

Our experimental setup can bias the detector up to 600 V in the pulsed and £2 kV in
DC regimes. The bias pulsing was used to control the space-charge formation in the sample.
Moreover, a laser-pulse delay (relative to the bias pulse) was used to study the dynamic of the
space-charge formation. Its timing diagram is illustrated in Fig. 2. Individual pulsing



conditions are defined by the bias pulse width (150 ps-5 s or DC), depolarization time (100 ms-
10 s), and laser-pulse delay (100 ps-5 s). There is no depolarization interval in the DC regime,
so we use the laser pulsing period (10 ms) instead. A more detailed description of our setup
can be found in
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Fig. 1: Schematic of the experimental setup and illumination conditions. The additional
electrodes used for making the uniform electric field are shown in green.
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Fig. 2: Timing diagram of the laser and bias pulses
I1. B. DETECTOR DESCRIPTION

In this paper, we studied a CdooZnoiTe detector with dimensions
19.4 mmx6 mmx6 mm grown by the travelling heater method (THM). It was acquired from
Redlen Technologies, Inc. The detector material is slightly n-type having resistivity of 2x10'°
Q-cm determined by I-V measurement. The detector was equipped with semi-transparent gold
planar electrical contacts on both sides to allow photoexcitation of the sample.

III. THEORETICAL

According to the Shockley—Ramo theorem, the induced current waveform (CWF) is
proportional to the product of the electric field and the weighting field of the collecting
electrode. The measured current response is described by formula (1), where Q(t) is the



drifting charge, and v(r) and W(r) are the drift velocity and the weighting field of the
collecting electrode (i.e., detector’s anode), respectively.

1) = Qv (®) - W) > (1)

In planar samples, the weighting field is constant and is perpendicular to both electrodes, which
allows for relatively easy determination of the electric field from the shape of the CWF. In
a nonplanar geometry, the induced current calculations are more complex and requires a 3-
dimentional approach due to the vector nature of electric and weighting fields and their spatial
dependence.

For the determination of the electric field, we start with the weighting potential @y, (1)
for which we can write:
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From here, we relate the measured current I(t) to the weighting potential of the collecting
electrode @, (t)

t I(tr) /
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The evaluation of v(t) (and related electric field) is now only a matter of finding the correct
function r(t) that ties @;(t) and &, (1) together. Because @,(t) defines the equipotential
surface on which electrons reside at time 7, we also need to know the CWFs captured
simultaneously from multiple electrodes (3D position sensing). Here, we applied a simpler
approach based on a quasi-1D model, where the electron path follows one fixed field line
calculated for an unpolarized detector or surface of the sample, if the field line exits the
detector. In such a model, a single CWF contains all information needed to determine the
position s along the chosen field line 7(s). Provided the weighting potential along the chosen
field line is uniquely defined by the position s, then @, (t) can be substituted into the inverse
function s(®y,). It is important to note that this simple model may be used only when the
diffusion contribution to the current transient can be neglected, and the variation of the electric
and weighting fields within the drifting charge region is negligible (i.e., a point-like charge
QO(t) is assumed). The downside of the quasi-1D approach is that the assumed electron
trajectory may deviate from the real one, which, in turn, affects the expected weighting field.
Such drawbacks must be considered during the data interpretation. With assumptions that the
charge trajectory along the bar-like sample remains fixed and matches the modeled trajectory,
the electron lifetime 7. is not affected by polarization and remains constant in the whole
detector, and Q(t) is given by Q(t) = Q,e /e, then we can obtain the electric field profile
along the drift trajectory. Here, Qg is the initial photogenerated charge determined as the
collected charge at the maximum bias. Considering that the weighting potential at the collecting
electrode @, (t,) is by definition equal to 1 as it is prescribed by the Shockley-Ramo theorem

. . t . o
25, the value of Qg is simply given by Q, = fOtr I(t")et"/*edt’, where t, is the transit time.
Note that the correctness of the evaluated electric field can be easily verified, since the line

integral of the electric field along any field line between the cathode and ending at the anode
must be equal to the applied bias.

IV.  MODELING OF THE WEIGHTING FIELD



The electric and weighting fields were calculated using the Comsol Multiphysics
software assuming the device geometry shown in Fig. 3. The detector (grey) is glued to the
dielectric sample holder (yellow). For the calculation, values of the relative permittivity of the
CZT ecaznre = 10.9 2° and the sample holder €040 = 5.26 were used. The &,qer Was
determined by the capacitance measurement of a parallel-plate capacitor containing the sample
holder. There are four conductive pads with attached pins in each corner of the sample holder.
Two of them (see Fig. 1) are connected by 50-um silver wires and silver paint to the detector
electrodes, voltage source and amplifier/ground. The remaining two pins are at a floating
potential. The green board in the pictures of Fig. 3 represents the printed circuit board (PCB)
used for readout. No conductive paths or electronic parts connected to or on this PCB were
considered in the calculation, since the PCB is relatively far from the sample, and its
components are small enough not to significantly affect the electric field. Conductive pads and
pins on the sample holder, however, must be considered as they are close to the sample. Lastly,
the detector and readout electronics are fully enclosed in the double ferromagnetic shield (grey
and orange box). According to our calculations, this shielding is responsible for most of the
field deformation besides the geometry of the detector itself. The ferromagnetic shielding and
detector's collecting electrode are always grounded. The high voltage is applied only to the
TCT-probed electrode of the detector.

Due to the large size of the simulated volume, we chose two different tetrahedral meshes
for the computation of the weighting fields. In the proximity of the sample, 5-100 um
tetrahedral cells were used, and 0.8-11.2 mm cells were used in the rest of the volume. The
weighting potentials for the electrodes of interest were calculated by placing the chosen
electrode at unit potential, while grounding the remaining electrodes (conductive parts of the
setup) apart from the floating electrodes.
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Fig. 3: a) Top and b) front view of the detector and our L-TCT setup. The dimensions used
for calculation of the electric and weighting fields are shown. Here: Detector — grey (top
view) and gold (front view), Sample holder — yellow, Conductive pads and pins — golden,
readout PCB — green, and double ferromagnetic shielding — grey and orange. The
ddimensions displayed in red show the distance from the detector to the shielding.

V. RESULTS AND DISCUSSION

V. A. DETECTOR CHARACTERIZATION



We first measured the current waveforms in an unpolarized detector to determine the lifetime
and mobility of charge carriers. An unpolarized regime was attained by studying the detector
immediately after biasing (100 ps), when no significant space charge is present. Keep in mind
that because the cathode is located at x=0 mm, all CWFs and electric fields are negative. In
order to adhere to the CWF plotting convention, we plot the CWFs with the inverted current
axis. Selected electron current transients are shown in Fig. 4a. Their shape deviates from the
flat or exponential profiles observed in planar detectors 2!>2*27 This distortion is caused by
the inhomogeneous electric field and the weighting field representing the geometry of the
sample and setup. In order to model the shape of the CWFs and to precisely evaluate the
material’s electrical transport parameters (lifetime and mobility), it was necessary to determine
the electric field inside the detector and the weighting field of the collecting electrode 2°.
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Fig. 4: a) Bias dependence of selected electron current waveforms in an unpolarized sample
and fits using Monte Carlo simulations. b) Comparison of the absolute value of the weighting
fields for the detector’s cathode (positive) and anode (negative) for the bar detector in
ferromagnetic shielding. The weighting fields are evaluated along the electric field line starting
in the center of the cathode (x=0 mm, y=0 mm, z=0 mm). The dashed lines show the position
of the anode at 1.94 cm and the middle of the sample at 0.97 cm. The solid horizontal line
represents the weighting field of a planar detector with the same thickness.

The calculated electric and weighting fields along the field lines starting in the center
of the cathode (x=0 mm, y=0 mm, z=0 mm), as shown in Fig. 4b, were included in the Monte
Carlo (MC) simulation code °. The plots in Fig. 4b already represent the scalar product of the
respective weighting fields and the unit vector tangent to the field line. Because the anode and
the ferromagnetic shield are grounded, the electric field in the unpolarized detector is
proportional to the applied bias and the cathode weighting field. The current waveforms are
induced at all electrodes, but the signal is read out from the detector anode only. At first, most
of the charge is induced at the cathode and the shielding. As the electrons move further toward
the anode, the anode signal increases while the cathode signal decreases. At x=9.7 mm, the
positive charge induced in the shielding is at its maximum. Here, the electron cloud is the
furthest from both the anode and the cathode. Because of this the induced current at the
ferromagnetic shielding switches its polarity.

The best fits shown in Fig. 4a were obtained when all immediate surroundings of the detector



(i.e., ferromagnetic shielding, dielectric sample holder, electric contacts on the sample holder,
and connecting wires) were included in the field calculations. Using the MC, we evaluated the
electron mobility pe=950 cm?-V-!-s! and lifetime 7, > 100 ps indicating an excellent electron
mobility-lifetime product p,7, = 0.095 cm? - V1. Unfortunately, the hole signal consisted
of only exponentially decaying CWFs (not shown in this paper) with no apparent transit time
(falling edge of CWF). The corresponding hole lifetime was 7, ~5 ps, while the hole mobility
could not be accurately determined.

In the next step, we studied the space-charge formation in the biased detector. In this
measurement, the detector was probed at various dwell times after applying a -600 V bias. The
gradual changes of the electron transients due to the space charge build-up are shown in Fig. 5a.
Apart from the amplitude, the CWF measured at 100 ps is the same as the CWF for -600 V in
Fig. 4a. CWFs remain stable during the first 20 ms corresponding to the unpolarized state of
the detector, then significant changes occur after ~50 ms. The electric field in Fig. 5b was
evaluated using the procedure described previously in the theoretical section. All the required
criteria for the electric-field evaluation are met as the relative variation of the electric/weighting
field over the illuminated spot is less than 0.2 %, the diffusion broadening (~50 um) is
negligible, and the electron lifetime is long enough not to affect the charge collection. Also,
the weighting field varies within 10 % in each y-z cross-section of the sample. The error of the
evaluated electric field due to an electron trajectory shift is therefore estimated to be within
10 %.
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Fig. 5: a) Changes of electron current transients after -600 V biasing. b) The electric field
evaluated from the current waveforms in a). The solid horizontal line represents the electric
field in the planar sample. The dashed vertical lines mark the middle (0.97 cm) and anode
(1.94 cm) positions of the detector.

The gradual increase of the transient current at t=0 s and the electric field strength
beneath the cathode proves the presence of positive space charge formation in the bar. Applying
Gauss law to the electric field profile in Fig. 5b, we estimate the average space charge density
to be ~8x10® cm™ in the steady state at 5 min after application of -600-V DC bias, when the
space charge stopped forming. A similar electric field profile was observed by the Pockels
effect in 5-cm-long bar detectors in '#. For the sake of the polarization model definition, it is
also important to note that despite the polarization manifested by the significant transit time
extension from 7.3 ps observed shortly after biasing to 13.3 ps at DC, the transit time is still
observable. That means that the process of detector polarization terminates when the electric
field strength near the anode diminishes to a low, but effectively nonzero value. Note that



because we know the electric field only along one field line, the mentioned value also
encompasses the effective contribution of space charge outside the electron trajectory.

It also worth mentioning that the CWFs measured under DC bias scale linearly over a
wide interval of voltages (DC -0.6 — -1.8 kV), as shown in Fig. 6a. To highlight this voltage
dependence, we plot CWFs against a bias-normalized time scale to compress CWFs measured
at different biases to a similar time range and to better highlight the space-charge effect®°. The
similarity of the scaled CWFs is clearly seen after such normalization. In an unpolarized
detector, this normalization aligns the falling edges of the current waveforms for all biases. In
a polarized detector, the alignment strongly depends on the bias—space-charge relationship.
Here, the bias normalization of the time scale results in the lining-up of whole steady-state
CWeFs. This leads to an important conclusion: the space-charge responsible for deformation of
the electric field varies linearly with the applied bias, as shown in Fig. 6b.
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Fig. 6: a) Normalized electron waveforms obtained in the steady-state regime, measured 5 min
after DC biasing. b) Dependence of the average space-charge density on the applied bias. The
charge density was determined using the 1D Gauss law from the electric field.

Based on our findings, we consider the following models for polarization of the bar-
type detector. There are two possible mechanisms responsible for positive space-charge
formation — electron depletion or hole injection. The case of electron depletion due to a
blocking cathode leads to a fixed space charge induced by the stabilization of the quasi-Fermi
energy defined by the Schottky barrier at the cathode. In this case, the space charge spreads
through the detector’s bulk according to the well-known square root dependence?® on the bias.
This model does not produce linearly bias-dependent space charge and cannot explain the
observed results. The injecting anode model offers a much more promising explanation.
Because of hole injection, the electric field strength beneath the anode remains permanently
low. Once the field strength near the anode increases/decreases, the electric current follows the
trend in the same way inducing a corresponding increase/decrease of the space charge, which
damps respective deviations. Consequently, since the electric field strength near the anode is
low, it fixes the total space charge necessary to screen the electric field appropriately (linearly)
scaling the positive space charge at the cathode. This setting remains valid at each bias (in
studied polarity) unless the injecting ability of the anode declines. According to the proposed
model, the space charge scales linearly with bias exactly as determined by the experimental
observation. We thus conclude that we have unambiguously proven that the polarization of the
detector is caused by hole injection from the anode.



The reasons for the bump in the central part of the CWFs formed at time >100 ms after
biasing (see Fig. 5a) and the corresponding oscillation of the electric field near 1.5 cm (see
Fig. 5b) are not yet satisfactorily explained. To better resolve these observations, we scanned
the cathode (10%10 grid) and measured the transit time of the individual electron current
waveforms for a DC bias of -600 V. The map of the resultant transit time is presented in Fig. 7a.
It clearly shows that the electron transit time is systematically higher near the left side of the
sample (positive y). The central bump of the CWF is also more prominent in this region than
in the region with a short transit time (t,, < 12us ). In addition, the total collected charge is
nearly the same throughout the map, which proves that electrons reach the anode at all regions.
In accordance with this recognition, the bump and longer transit time are consistent with
electrons passing through the negative and positive space-charge region located primarily in
the left side of the detector (positive y). The simultaneous formation of both positive and
negative space charge in the bulk is not commonly observed in polarized detectors. We
analyzed similar behavior in a semi-insulating GaAs:Cr detector, where we explained the effect
by the presence of spatially variable hole conductivity?’. Positive and negative space charge
formed in this model also scales linearly with bias.

Alternative models depicting the bump formation are less convincing. Specifically, the
bump could be an effect of variable effective electron mobility (shallow level trapping) or
variable drift mobility (ionized impurity scattering). However, this model is not plausible. The
bump is not present in the unpolarized detector, which means that the variation of the effective
mobility cannot be caused by inhomogeneous shallow-level trapping. Space charge populates
only the deep defect levels near the Fermi level. The highest estimated space charge density
2.1x10° cm? is also much lower than the characteristic ionized impurity density that could
affect the electron mobility at room temperature, where it is dominated by the optical phonon

scattering. An impurity concentration of at least 10! cm™ would be necessary for this model
29
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Fig. 7: a) Transit time of steady-state electron current waveforms (DC at -600 V) obtained by
scanning the front face. The transit time in the black regions was not discernable. b) Modeled
electric field in the horizontal cross-section of the unpolarized bar detector and its
surroundings. The region between the dashed lines encompasses the trajectories of all
photogenerated carriers. The electric field lines are slightly shifted towards the negative y (and
negative z) axis because of the asymmetric geometry of our setup (see Modeling and weighting
field section).



In addition, the bump formation may also be affected by the surface charge and its
transport properties. Once the electrons and holes drifting through the detector reach the
surface, they can no longer follow the field lines exiting the detector, see Fig. 7b. They can
only drift along the surface. The surface, therefore, experiences electron (hole) accumulation
that appears even in the detector equipped with ohmic or blocking contacts. At the crossing
point x=1.7 cm (Fig. 7b), the nature of the surface current and charge changes: in between the
cathode (x=0 cm) and x=1.7 cm, the surface current consists mainly of electrons, and the
accumulated charge is negative. From x=1.7 cm to the anode (x=1.94 cm), it consists of holes.
Surface charge forms this way and compensates the outward components of the electric field,
which in the ideal case results in a uniform electric field similar to the planar sample. The
inhomogeneity discussed above distorts the field lines, and therefore the surface charge also
compensates outward components of the electric field caused by the inhomogeneity. The lateral
compensation, however, amplifies the longitudinal effect of the bulk inhomogeneity. However,
this is not true for a conductive surface, which could drain the screening surface charge.
Assuming the existence of the surface charge, the bump can be also explained by the variable
surface conductivity analogous to the bulk case suggested above, although this model is
disproved by the measurement with enlarged electrodes described in the next section.

The remaining puzzle is the fact that we could detect the transit time despite the
injecting anode. The low electric field strength near the anode would be expected to smear the
waveform as was demonstrated in 2!. According to our MC simulations, the calculated anode
weighting field produces a more discernable transit time compared to the planar geometry (for
a non-zero electric field beneath the anode). If the space-charge density in the region beneath
the anode is lower than in the rest of the sample, the weighting field even produces the final
increase of the CWF. The nearly flat profile of the DC electric field from the position 1.2 cm
up to the anode, which is apparent in Fig. 5b, is not consistent with the theory of space-charge
limited current. This feature is probably caused either by a complex transport mechanism
combining bulk and surface transport or more likely by the participation of electrons at the
space-charge formation. A model that thoroughly investigates such features was presented in
30 As described above, the space-charge formation in bar detectors is complex. For further
investigation, a 3D model of the electric field and electron (hole) position tracking is needed
to distinguish between the surface and bulk charge contributions.

V. B. MODIFICATION OF WEIGHTING FIELDS

As was demonstrated in the previous section, the electric field beneath the anode is low
in the unpolarized sample (red curve in Fig. 4b), and it is further lowered by the hole injection
(Fig. 5b). That is why we attempted to modify the geometry of the electrodes. We placed 20
mm X% 30 mm copper-foil electrodes at each end of the detector. These additional electrodes
were connected both to the cathode and anode of the detector. Here, the foil and detector anode
act as a single electrode. There were 6 mm x 6 mm holes cut in the center of both foils (see
Fig. 1) to allow for sample illumination. The electron CWFs measured in this geometry in an
unpolarized and DC regime at -600 V are presented in Fig. 8a together with the CWFs
measured without additional electrodes. The corresponding electric field is plotted in Fig. 8b.
As a result, both the CWF and electric field in the unpolarized regime are flatter than before.
The ratio of the electric field beneath the cathode to anode decreased from 2.6 to 1.4, and the
transit time was reduced from 7.3 ps to 6.9 us (6.6 ps in planar detector with the same length).
Surprisingly, the electric field in the steady state is almost the same as before. This finding
further proves the model of hole injection and bulk inhomogeneity. The additional electrodes
do not contribute to the bulk current (i.e., the injection ability of the anode and therefore the



bulk space charge remains the same). Larger electrodes also play a similar role to the surface
charge — they both lower the outward components of the electric field. The only difference is
that the impact of larger electrodes is immediate, while the surface charge must form first. In
both cases the surface charge-formation stops when the electric field lines near the surface run
parallel with it. In the end, the surface-charge density differs, but the resultant electric field is
the same in both cases. The similarity of the DC electric fields with and without the additional
electrodes indicates that surface charge indeed forms in the detector and plays a significant role
in the detector performance. It also disproves the model of the CWF bump formation due to
the variable surface conductivity. After the application of the enlarged electrodes, the surface
current and related surface charge lowers, but the CWF bump is the same. The small difference
between DC CWFs in Fig. 8a is caused purely by the weighting field of the collecting electrode
(anode only vs. anode plus additional collecting electrode).
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Fig. 8: a) Comparison of electron current waveforms with and without additional 20 mm x 30
mm electrodes in an unpolarized and DC regime at 600 V. b) The electric field evaluated from
the current waveforms in a).

The change of the detector geometry is clearly not enough to increase the electric field
beneath the anode. For the polarization suppression and the restoration of the electric field, we
propose the preparation of ohmic contacts. However, the manufacture of perfect ohmic contacts
is difficult, especially for detectors with low electric fields, where even a small space charge
concentration significantly deforms the electric field. A more stable design could be reached
by making slightly blocking contacts, which can be controlled by additional illumination as
was demonstrated in 32, This would be especially useful for the fabrication of bar detector
arrays, where each bar may have slightly different properties despite the use of standardized
surface treatment and contact preparation methods. Array configuration of detectors will also
lead to an improvement of the electric field uniformity in the array center (in the unpolarized
regime). The situation near the edges of the array will remain the same; however, preparation
of non-conductive surfaces that allow surface charge formation would resolve this issue
without the need for additional electrodes like those we tested here.

VI. CONCLUSIONS



We demonstrated the significance of L-TCT characterization of large-volume detectors.
Monte Carlo simulations of current waveforms, together with modeled electric and weighting
fields, revealed a remarkably high electron mobility-lifetime product y,7, = 0.095 cm? - V1
in the unpolarized detector. We found that in the steady state, the space-charge density linearly
increases with applied bias. Further analysis revealed that a positive space charge up to 2.1x10°
cm™ is formed at 1.8 kV due to hole injection, and its linear bias dependence is caused by the
mutual dependence of the decreasing electric field strength beneath the anode and hole
injection. In order to keep the electric field high in the whole detector, more reliable ohmic or
slightly blocking contacts are required. The space-charge formation also caused an unusual
bump in the central part of the electron current waveform. We explain this feature by the
simultaneous negative and positive space-charge formation due to the spatial inhomogeneity
of the detector. Experiments with enlarged electrodes show significant improvement of the
electric field in the unpolarized detector. However, once the space charge is formed the electric
field is almost the same as before. We consider this to be a proof of hole injection and surface-
charge formation.
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