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29 studied are outlined in this paper. Finally, the influence of the electrical parameters in the design of future detectors is
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especially important, since non-conventional elec-
trodes such as coplanar anodes or pixel arrays are
needed in such thick detectors for high-resolution
spectrometry. Gaps between strips in coplanar
electrodes are so narrow that only a very good
quality surface enables a correct electric field
distribution in the surface.

As a consequence of the above observations,
large volume CZT devices are more sensitive to
surface and bulk problems than conventional
devices. A good knowledge of their electrical
properties is therefore a major issue. The aim of
this paper is to report current measurements
performed on two large volume CZT coplanar
detectors with gold electrodes and the interpreta-
tion of the experimental data according to
theoretical models. One of the detectors, labeled
as MO02.2-1, was constructed by eV-Products,
USA, with dimensions 1.5cm diameter and
1.0cm thick. It is a coplanar grid detector, with
anode pattern corresponding to generation [V
design with cylindrical symmetry reported else-
where [4]. The CdZnTe crystal of the second unit,
referred in this work as M0904, was grown and
processed by eV-Products. Electrode deposition
and detector mounting were carried out by BSI,
Latvia. The dimensions of the detector were
1.5cm x 1.5cm area and 1.0cm thick. The same
coplanar grid design was used for this detector,
this time using the generation IV pattern with
rectangular symmetry [5].

The main goal of the measurements presented in
this paper is the characterization of the detectors
as electrical devices in their operation range. Since
these units were developed to be used as sensors in
remote radiation survey systems, we will mainly
concentrate on the voltage and temperature ranges
of interest to their practical application. Operation
bias for the cathode in these detectors is between
1000 and 1800V, whereas a differential bias on the
order of 20 V must be applied between anodes for
the coplanar detector to work in the differential
anode gain mode [6]. Nominal operation tempera-
ture range will be between 10 and 50 °C.

CZT detectors are modeled as metal-semicon-
ductor-metal devices with two back-to-back
Schottky barriers. Several treatments were applied
to this model within the last few years. From our

point view, the interfacial-layer thermionic-diffu-
sion (ITD) model is the one that better fits the
experimental results with a detector similar to the
ones reported in this paper. This model, together
with the diffusion model, is used in this work to
interpret the /—7V curves. A detailed presentation
of the second model is provided. A discussion
concerning the applicability of this model to our
detectors is also presented in this paper. Two
different regions are treated: the bulk, currents
between anodes and cathode, and anode surface,
currents between collecting anode and non-collect-
ing anode. Finally, the influence of this electrical
characterization in the design of future detectors is
discussed.

2. Models for carrier transport in CZT devices
2.1. Transport theories in Schottky barriers

The two basic theories for modeling the
majority-carrier transport through a Schottky
barrier fabricated on lightly doped semiconductors
are the thermionic emission theory and the
diffusion theory. Both theories are based on the
assumption that the barrier height is much larger
than AT [7]. The thermionic theory also assumes
that the carrier collision in the depletion layer of
the semiconductor is negligible. In the diffusion
model, the carrier transport across the barrier
height is mainly limited by carrier diffusion in the
space-charge region of the semiconductor. Com-
paring these two models, the thermionic theory is
more likely to be valid for semiconductors in
which the doping level is expected to give a free
carrier concentration in excess of about 10'*cm ™3
and where the application of modest biases can
produce carrier avalanching or minority carrier
injections [8]. For thick detectors with relatively
low mobility and high resistivity, such as the ones
reported in this work, the diffusion model is
expected to be a better approach.

However, the two theories above did not
satisfactorily interpret the I—1V characteristics
measured in the Schottky barrier diodes in all the
cases. A more general theory based on the
assumption that an interfacial layer of atomic
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dimension was created between the metal and the
semiconductor was developed in order to consider
the origin of the barrier height formation. This
new theory, based on the interfacial-layer concept,
included the effects of the applied bias drop and a
transmission coefficient across the interfacial layer
[9]. A synthesis theory for majority-carrier trans-
port was developed by Wu [10], which incorpo-
rated the thermionic emission theory, diffusion
theory and interfacial-layer theory into the so-
called ITD theory.

Bolotnikov et al. [11,12] validated this model for
CZT devices. According to their experimental
results, the thermionic-diffusion model only re-
produced the measured currents at low voltages.
At high voltages, the measured curves increased
much faster than the predicted curves by this
theory. The inclusion of the insulating layer
predicted by the ITD model enabled experimental
and theoretical results to fit very accurately. The
presence of the interfacial layer causes the current
to decrease significantly at low biases and to rise
exponentially at very high bias. A detailed
formulation of the dependence of current density
versus applied voltage can be found in Ref. [10]. A
more practical formulation to fit experimental

data with CZT detectors is given in Ref. [11] which
according to the author’s opinion, is one of the
most rigorous works published on this subject for
CZT detectors.

In this paper, we show that the ITD theory can
be excessively complex for interpreting our detec-
tors. We compare the results of the ITD theory
and the diffusion model. The application of the
diffusion model to devices similar to the ones
presented in this paper is not widely reported in
the literature. To better understand the fits we
obtain, a detailed formulation of the diffusion
model is provided.

2.2. Diffusion model

The formulation of the diffusion model in our
devices is outlined below, and was derived
basically from the treatment of the diffusion
model in Refs. [7,8]. An important simplification
can be made in the two back-to-back Schottky
barrier formulations for our metal-semiconduc-
tor—metal devices. Because of the high resistivity of
this material, the series resistance of the unde-
pleted bulk material is much higher than the
resistance of the forward-biased Schottky barrier,

Metal CdznTe
Ec(V.=0) Vi
q¢Bn
(q9=qVpi +qV,)
qVy
Eq (V. <0)
Ep (V= 0,x=L)
— l
qVC q( V)l+ V()
| Ep(V, <0, x=L)
______________ I
x=0 x=L

Fig. 1. Energy band diagram proposed for the CdZnTe-metal contact.
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and the width of the depleted barrier in this
contact is much smaller than the detector thick-
ness. Therefore, the effect of this barrier can be
disregarded and the CZT detector can be con-
sidered as a reverse biased Schottky metal-semi-
conductor (or semi-insulating) contact. The energy
band diagram of this contact is represented in Fig.
1, at two different biases: V. = 0 and reverse bias
(V.<0) assuming thermal equilibrium. E. repre-
sents the conduction band and Ef the Fermi level.
¢p, 18 the barrier height at thermal equilibrium,
Vi the built-in potential and V), = ¢g,— Vi [7].

In the space-charge region of this contact, the
carrier transport is generally described by the
conventional current flow equation. Assuming a
one-dimensional (1D) n-type semiconductor de-
vice, this equation is given by

0
Jj=(=9 {n(X)unE(x) + D, ';(x)}
X

oV(x) on(x)
0x * ax}

where ¢ is the electron charge, n(x) the free carrier
concentration, u, the carrier mobility, D, the
diffusion coefficient, k the Boltzmann’s constant,
T the temperature and E(x) and V(x) the electric
field and voltage within the semiconductor,
respectively.

By using e~@/kTV() a5 integration factor,

— Dy~ ot n

e KDVe) Z (o)D), [_ % n(x) g)(cX) oKDV ()
+ on(x) o—(a/kT) V(x):| ) )
Oox

Integrating both sides of the equation from x =
0 to x = L, with L being the detector thickness,

L
/ e @IV g
0
'S 0
— (=)D, / n(x) 2 e~ @KDV gy
0 Ox

L
n / 0n(X) —qwryveo dx}
0 Ox

L
= (—Q)Dn/ % (n(x) e @/kD Vm) dx. 3)
0

Therefore,

L
/ eIV 4y — (—g)D, n(x)e—w/kT)V(x)} j .
0
“)
Since the current density is constant throughout
the crystal under the steady-state condition

L
F / e~ /DV® 4 — (_g\D, [n(x) e a/kTV (] "
0

0
%)
and j is given by the expression
L 1
i = (—q)D, [n X e_(q/kT)V(x)} 41— N>
J = (=q)Dy|n(x) o eI 4
(6)

Considering the diagram in Fig. 1, the boundary
conditions of the system are:

qV(x =0) = —q¢g, (7
qV(x = L) N (—61)( Vi.+ Vc) (8)
n(x g 0) = N, e—(Ec(x=0)—EF(X=0))/kT

= N e WkDos, 9)

n(x=1L)= N, e~ (Eclx=L)—Er(x=L))/kT
= Noe WkDVx (10)

where N, is the effective density of states in the
conduction band. By substituting the expressions
provided by the boundary conditions, we obtain

— gD, [n(x) e~ @/kT) V(X)} L
0

— 4D, [ N e~ WKV o=(=a/kT)V s o=(=a/KT)V.

— N @/kDn, e—(q/kT)(—qu,,)}

= gD, N [1 — D] (1)

and Eq. (6) becomes

1

_ 12
fOLefw/kT)wx) dx (12)

j=¢qD,N. {1 _ e(q//fT)V{}

Poisson’s equation for a semiconductor with all
its donor centers ionized, with a concentration of
donor centers given by Np, provides the approx-
imate expression
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o’V gNp

~ 1D 13
0x?2 e (13)
(provided that n(x)<Np in the bulk). ¢ is the

electrical permittivity in the crystal. Solving this
elemental differential equation

N 2
V(x) = —qTD%Jr Cix+ Cs. (14)
Applying boundary conditions (7) and (8):
qV(O) = _q(ran = qu = C2 = _d)Bn (15)
gV(L)= —q(Ve+Vy)
Np L?
= — ¢ S+ qCiL— gy, (16)
From Eq. (16),
Np L?
ClL= —(Ve+ Vi—dp)+ 2
Np L?
= — VeV + T2
_ =(Ve="Vw)  gNpL
C = 17 + Y (17)
Substituting in Eq. (14),
_ 4Np
Vo= 20 | (Ve
L 2
+5)x—7} — Op,- (18)
If we define Lp and d as
kT
Lp = —
b CIND q
=V.+V )+L (19)
qNDL bi

the integral in the denominator for the expression
of j in Eq. (12) can be expressed as

L L
/ e/ gy — / o~ (a/KT)gND [e(ds—(2/2)
0 0

wxe@/*Dbsy dy

L
_ la/kDy, / (/-] 4.
0

(20)
The integral in the last term of Eq. (20) will be

evaluated in the following way. If we denote ¢ =
x/Lp and, d' = d/Lp,

L/Lp |
/ oO/D-a0/Lh gy — [ / (P2 g,
0 0

= Lpl. 1)

The integral I depends on the following
constants: k, ¢, L and ¢, and the parameters T,
Np and (V.+ Vyi). This integral has been
evaluated by using the Maple code for 7 ranging
from 200 to 400K, Np from 107 to 102em™?
(nominal values for CZT are in the order of
10'°cm ) and assuming a relative permittivity of
10. Numerical results computed for values of V',
over the range of interest perfectly fit to the
expression Lp/d (see Fig. 2). In these calculations,
V. was assumed to be much larger than Vy,.
Therefore, Eq. (12) can be re-written as

d
j=¢qD,N. e~ (@/kT)ds, {1 _ e*(q/kT)IV{»I} TR (22)

D
where |V .| was used for the absolute value of the
voltage. In a detailed expression,

j = gDy N, e~ @/k)n, [1 _ e—(q/krwlq

qNp q L
e kT L]N L )+ }
2
q L
x(1 — e—(q/kT)IV ‘)e (@/kTD) ¢y (23)

From Eq. (23) it can be seen that the depen-
dence of j with V. in the diffusion model is

J= @+ BVl — e @rDIVely, (24)

Regarding the dependence of j with T, the
following considerations are taken into account:

@® For the values of interest for | V| in this work:
O According to the position of Fermi level in
the CdZnTe band gap, ¢V, is expected to
be very low (Bolotnikov et al. [11] use the
value 0.03eV for this parameter). In this
work, V.| will always be much larger than

Vi
O In the expression in the square brackets of
Eq. (23), the term ¢/(gNpL)(|V | + Vi) is
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0.03 o &= 10g.
o N, = 2(2nm*kT/h2)3/2, where / is the Plank’s
° 0.025 constant and m* is the electron effective mass. A
2 o002} value of m* =0.11my, in units of the free
% electron mass, is used in this work. This value
% 0.015 1 is the one accepted for CdTe (being m* =
€ 0.01 | 0.15mq for ZnTe) [13].
z - ® The parameter g, is assumed to be 900 cm?/(Vs)
0.005 | at room temperature. As mentioned above, this
parameter was also assumed to vary with
% 10 100 1000 10000 temperature as 7%,

Ve (V)

Fig. 2. Comparison of a set of single values computed for the
integral I (filled dots) with Lp/d (line) in the whole range of
Vel

dominant over L/2 in most of the cases.
Thus, the dependence of j with Np is not
critical, since its presence in the denomi-
nator of this expression is compensated by
the dependence with Np of the numerator.
@® The dependence of N, with T is as T3, as
shown below.
® The dependence of the mobility with 7' is not
clear. It is known to decrease as 7%, with x
generally between 0.5 and 1. In this paper, a
dependence with 7% is accepted. Experimen-
tal arguments supporting this assumption are
provided in Ref. [3].
@ For the values of | V.|, the quantity e~ @/kTIVel
decreases rapidly to zero. Thus, the term 1 —
e~ @/kDIVel is not affected significantly with 7.

In line with the above assumptions, the depen-
dence of j with T will be considered to be

j — /"LTe_(q/kT)(f)Bn. (25)

The diffusion theory was used to model the
detector’s electrical response by fitting experimen-
tal results to the theoretical calculations provided
by the developed formulation. ¢g,(V) and Np
(cm™3) are left as parameters to be evaluated from
the fit. Regarding the other parameters in Eq. (23),
the following values and expressions are consid-
ered:

e Since |V .|> Vi, the influence of this parameter
in the fit of experimental values to Eq. (23) is not
relevant and was disregarded. This simplifica-
tion was shown to be valid in the two areas
studied in the detector. The parameters obtained
in the fit of the experimental data to the
diffusion model were found to be unaffected
by this parameter.

3. Experimental results
3.1. Experimental setup

The I—V curves reported in this paper were
acquired by making use of a Keithley electrometer,
model 6514. Two programmable voltage sources
were used: a Bertan 230-03 high-voltage power
supply, in the range +50 to +2000V and the
voltage source of an ADVANTEST electrometer
model TR8652 in the range 0 to +20V. The
detector was housed in an electromagnetic shield-
ing box and connected to the electrometer and
power supplies through a triaxial connection. The
detector box was located in a climatic chamber
DYCOMETAL DI-100. A PT-100 temperature
sensor was installed in the detector box to control
the temperature during the current measurements.
The setup was completed by surrounding the
detector box with external material to increase
the thermal stability of the sensor.

Two regions of the detectors were studied: the
bulk and the anode surface. In the bulk, the
current flowing from the cathode to the two
coplanar anodes was measured. The cathode was
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connected to the voltage power supply and both
anodes were connected in parallel to the electro-
meter input. For the measurements in the anode
surface, one anode was connected to the power
supply and the other to the electrometer. The
cathode was set to ground. In both of the units
tested, the anode grid was surrounded by a guard
ring (a viewgraph of the anode-guard-ring pattern
of these detectors can be seen in Refs. [4,5]). In all,
the reported measurements, the guard ring was
connected to ground, as it would be during the
normal operation of the detector. In this way, the
leakage current in the lateral surfaces was avoided.

A program was developed specifically for these
tests in order to automate the measurements. The
code, which was built in LabWindows, controlled
the voltage source and the electrometer, and
logged the temperature of the sensor just after
each current measurement. Each voltage—current
curve was pre-programmed by selecting the two
(upper and lower) voltage limits, the amplitude of
the voltage step between consecutive measure-
ments and the stabilization time on each step.
Before starting a curve, the temperature was
checked to make sure that it was sufficiently stable
in the sensor. Deviations from the fixed tempera-

ture lower than +0.1°C were registered in all the
measurements reported in this paper.

In the measurements at the high-voltage range
(£50 to £2000V), a stabilization time of 2min
was selected before moving toward the next
voltage value in steps of 50V. In the low-voltage
range (0 to +£20V), the bias step was 50mV and
the stabilization time 4s. The evolution of the
current during the stabilization time was checked
in detail beforehand, in order to confirm the
reproducibility of the current values. As a matter
of fact, the evolution of the current against time
was significantly dependent on the sensor tem-
perature. For an example, Fig. 3 shows the relative
values of the current in the bulk during the
stabilization time for different temperatures. In
order to compare the stabilization process at
different temperatures, the values shown in Fig. 3
were normalized, setting to 1.0 the values at a time
sufficiently large to be considered as stable. For
each temperature, ¢ = 0, the origin in the time axis,
corresponds to the time when the bias was raised
from the last voltage position. Fig. 3 confirms that
the current reached its asymptotic limit in all the
temperatures within the selected stabilization time.

1.15 T T T T T T
+50 °C
1.10 o400
------- +20 °C
€ +10 OC
2105} 1
>
o
ge)
[0
N
R e e LS SN SN WO
S
c
0.95 | |
0.90 E 1 1 1 1 1 1
-10 10 30 50 70 90 110 130

t(s)

Fig. 3. Evolution of the current in the bulk during the stabilization time for different temperatures. Presented data were normalized to

the final reached values at each corresponding temperature.
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3.2. Cathode—anode region

A representative example of the experimental
data collected in this region for the detector
MO02.2-1 is presented in Fig. 4. This corresponds
to the positive branch of the I—1 curve collected
at room temperature. The nominal operation bias
for this detector is between 1000 and 2000V. In
this work, attention was paid to the curve at
voltage values larger than 500 V. The trends of the
currents below this bias were of second interest to
us. In line with the comments above, linear-linear
or log-linear representations are the best options
to give details in the high-voltage region. Figs. 4a
and b present the same results in linear and
logarithmic Y-axis. These figures compare the
experimental results obtained at room temperature
with those obtained with the diffusion model. It
can be seen that the diffusion model accurately fits
the experimental data for V' >500V. For the case
shown in this figure, the diffusion model is
sufficiently accurate and there is no need to use
more complex models, such as ITD. Nonetheless,
it must be pointed out that this model fails below
100V, as the log—log plot shows. In Fig. 4c, the
results shown in Figs. 4a and b are re-scaled again.
The diffusion model overestimates the current
density at low voltages. For this low-voltage range,
the ITD model will provide a better approach. As
previously mentioned in Section 2.1, the presence
of an interfacial layer significantly reduces the
current at low biases.

The bulk region was studied for the detector
MO02.2-1 in the temperature range —20 to + 60 °C.
Over this entire range, the curves exhibited
rigorous linear trends for |V .|>100V. Positive
and negative branches showed a perfect symmetry.
The results are presented in Fig. 5. For each
experimental curve, the evaluations with the
diffusion model at the corresponding temperatures
are presented. The values obtained for ¢y, from
the least-squares fit to the diffusion Eq. (23) are
given in Table 1. The order of magnitude found in
the fit for N is ~10%cm ™. The fitting procedure
cannot provide a more precise value for this
parameter. Table 1 shows that the values found
for ¢p, are very uniform in the temperatures
studied. Fig. 5 confirms that the diffusion model,

although simple, is sufficiently accurate to under-
stand the current trends of detector M02.2-1 in the
cathode—anode region. Attention must be paid to
the lowest temperatures, where the fit is less precise
than at room and high temperatures.

Results in this region for the detector M0904 are
shown in Fig. 6 and Table 2, for the negative
branches of the /—V experimental curves at six
different temperatures. Previous comments for
detector M02.2-1 are confirmed. In this case, the
variations of ¢, with T are slightly more evident.
The current density found for the two detectors,
taking into account the differences in the effective
area of their electrodes, are similar.

The physical interpretation of the results pre-
sented in this section can be given by making use
of the models presented in Section 2.1. In the ITD
model, the parameter 6, gives the fraction of
electrons passing through the interfacial layer
(0, = 1.0 means complete absence of insulating
layer) [12]. On the other hand, the voltage drop
across the interfacial layer leads to an exponential
rise of the saturation current. We have not
observed this exponential rise, at least in our
range of interest, which means that the potential
barrier lowering is not significant. Furthermore,
the estimated values for 6, in the fit of experi-
mental data with the ITD formulation were in
most cases close to 1. According to these two
results, we should expect that the theoretical
curves calculated for the experimental data by
making use of the ITD model would follow the
diffusion-limited case, the so-called “D” curves in
Ref. [12]. The diffusion model presented in this
paper is just a simplified version of the ITD model,
easier to implement in our simulations but fully
compatible with previous works. As it is known
[14], in the diffusion limit the electrons in the
cathode are in equilibrium with the metal and the
free carrier concentration at the cathode remains
independent of the applied voltage at moderate
values of bias. The saturation current in this case is
proportional to the carrier concentration and
electric field at the cathode.
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Fig. 4. I — V curve collected in the cathode—anodes region for detector M02.2-1 at T = 21 °C (solid line), together with the values
provided by the diffusion model in this range (thin line): (a) linear-linear scale; (b) log—linear scale and (c) log—log scale.
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Fig. 5. I — V curves collected in the cathode—anodes region of
the detector M02.2-1 at the temperatures —21.9, —7.5, —6.1,
20.8, 38.6, 48.9 and 59.2°C (thick lines). The fits to
experimental data provided by the diffusion model are shown
for each temperature (thin dashed lines).

Table 1
Barrier height values calculated by the diffusion model for
detector M02.2-1

1.E-05 T T T T

1.E-06

1.E-07

< 1.E-08

~

1.E-09

1.E-10 [,

1.E-11

0 500 1000 1500 2000
V(v)

Fig. 6. I — V curves collected in the cathode—anodes region of
the detector M0904 at the temperatures 8.8, 19.3, 29.5, 39.9,
49.7 and 59.6°C (thick lines). The fits to experimental data
provided by the diffusion model are shown for each tempera-
ture (thin dashed lines).

Table 2
Barrier height values calculated by the diffusion model for
detector M0904

QY bpa (V) QY bpa (V)
-21.9 0.871 8.8 0.785
-75 0.871 19.3 0.781
6.1 0.871 29.5 0.779
20.8 0.871 39.9 0.776
38.6 0.872 49.7 0.772
48.9 0.872 59.6 0.769
59.2 0.873

3.3. Anode surface

The anode surface in a coplanar detector is a
critical region. The coplanar electrodes are con-
stituted by two arrays of strips inter-digitally
located in this surface. The gap between strips is
very narrow, and the effective total length of each
anode is very long. Therefore, this area is expected

to show high leakage currents. The leakage
currents negatively affect the electronic noise
inherent to the detector. Furthermore, the copla-
nar technique [15] is not efficient in a device with
high conductivity between strips. As a conse-
quence, a lot of effort was made in the treatment
of this surface to minimize the leakage current.
Fig. 7 shows a representative current—voltage
response of this region for the detector M02.2-1.
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Fig. 7. I — V curve collected in the anode surface of detector M02.2-1 at T = 19.3 °C, together with values provided by the ITD and
diffusion models in this range: (a) log-linear scale and (b) linear—linear scale.

These data were acquired at room temperature.
Although the curve in the log-linear scale shows a
correct trend of the diffusion model (Fig. 7a), the
same plot in a linear scale (Fig. 7b) reveals that the
linearity expected by the diffusion theory is not
strictly followed by the experimental data. Inde-
pendently of the behavior of the /—V curve at low
voltages, the ITD model seems to be a better
approach for this region in the operation voltage
range of interest, i.e., above 10 V. Regarding the

ITD model, caution must be paid when interpret-
ing the results. This model depends on a minimum
of four fitting parameters. An acceptable fit to a
function with four degrees of freedom is easy to
reach, but this fit can lead to non-accurate or
wrong physical interpretations of the results.

The results in Fig. 7 for detector M02.2-1 are
confirmed in Fig. 8, in the range of temperatures
reported in Table 3. The diffusion model is not
sufficiently accurate to fit the two lower tempera-
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Fig. 8. I — V curves collected in the anode surface of detector
MO02.2-1 at the temperatures —18.1, —4.9, 6.6, 19.3, 38.8, 49.3
and 58.7 °C (thick lines). The fits to experimental data provided
by the diffusion model are shown for each temperature (thin
lines).

Table 3
Parameters given by the diffusion and ITD models to data in
Fig. 8 for the detector M02.2-1

T(°C) Diffusion model ITD model
$p, (V) Pp, (V) O,

—18.1 0.720 0.693 0.013
—4.9 0.735 0.737 0.100
6.6 0.737 0.739 0.200
19.3 0.746 0.749 0.290
38.8 0.748 0.750 0.600
49.3 0.751 0.752 0.600
58.7 0.749 0.746 0.062

tures, although it provides a good approach for
the higher temperatures. The values obtained with
the two models for the most relevant parameters in
their corresponding formulations are given in
Table 3. In this table, we show the fitted values
obtained for ¢y, in the diffusion model and the
fitted values obtained for ¢y, and 0, in the ITD

model. As in the bulk region, the order of
magnitude found for Np was ~10%cm ™. Experi-
mental /—V curves acquired for the detector
MO0904 are shown in Fig. 9, together with the fit
to the diffusion model. The values obtained for the
parameters in the fits to the diffusion and ITD
formulations are given in Table 4. In this detector,
only temperatures above 0 °C were considered.

In line with the values presented in Tables 3 and
4 for the diffusion model, the following observa-
tions can be made:

(1) Variation of ¢g, with 7 is more significant in
the anode surface than in the bulk for detector
MO02.2-1. The opposite result was found for the
detector M0409. Although the variation of ¢y,
with 7 in Table 3 could be considered as
negligible at the beginning, its dependence on
the current estimate is very significant.

(2) According to the effective areas of the anode
regions in the two detectors, the current
density in the anode surface of detector
MO0904 is significantly larger, nearly five times,
than in the same region of detector M02.2-1.
This result was confirmed at several tempera-
tures.

(3) The barrier height in the anode surface is lower
than in the bulk.

The conclusion reached from the results pre-
sented for the anode surface of the two detectors is
that the diffusion model is a valid approach at the
temperature and bias currently used during typical
detector operation, but this theory is too simplistic
to model the device in the whole range. Contra-
dictory results are obtained from the data shown
for the ITD model in Tables 3 and 4. If we observe
the values calculated for the parameter 6,,, it can be
seen that, according to the interpretation provided
in Refs. [12,14] for this parameter, /—V curves
presented in Figs. 8 and 9 should be closer to the
thermionic-limited case than to the diffusion-
limited case. This is an erroneous conclusion,
since the diffusion model has been demonstrated
to be an acceptable approach. According to Figs. 8
and 9, values of 0, close to one were expected.
Since this is not the case, we assume that the ITD
formulation does not provide a consistent inter-
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Fig. 9. I — V curves collected in the anode surface for detector
M0904 at the temperatures 9.76, 19.4, 29.2, 39.2, 49.4 and
59.5°C (thick lines). The fits to experimental data provided by
the diffusion model are shown for each temperature (thin lines).

Table 4
Parameters given by the diffusion and ITD models to data in
Fig. 9 for the detector M0904

T (°C) Diffusion model ITD model
Pp. (V) ¢, (V) 0

9.76 0.697 0.690 0.049
19.4 0.698 0.693 0.057
29.2 0.701 0.696 0.069
39.2 0.703 0.701 0.097
49.4 0.705 0.703 0.118
59.5 0.705 0.704 0.131

pretation of the results obtained in this region.
This is compatible with some conclusions pre-
viously reported [12,14]. The anode surface leak-
age current is not dominated by the current in the
bulk, because if this were the case, it should follow
the ITD approach, as demonstrated in the
previous section. Therefore, we can think that
the anode current is mainly due to the detector
surface, in which the presence of a low-resistivity

surface layer with different chemical structures
than the bulk has been previously reported. This
layer is supposed to be created during the electrode
deposition. In this process, an excess of fixed
charge is created in the first atomic layers of the
semiconductor. The resistivity in the two studied
regions was estimated for our detectors, according
to Ohm’s law, in the linear region of the I — V'
curve at low voltages (V' <2V). For the M02.2-1
unit, the bulk resistivity at room temperature was
1 x 10'°Qcm. The surface resistivity between the
anode grids was 1 x 10'2Q. The resistivity in this
area is the surface resistivity times the surface
thickness. It is difficult to estimate this thickness.
Other authors have estimated this thickness to be
in the order of 0.1 um [12]. Using the conservative
(large) value of 1 um, the resistivity in the anode
surface region is two times lower than in the bulk.

According to Ref. [14], the conducting layer on
the detector anode surfaces can be considered as a
metal-semiconductor—metal system, with proper-
ties differentiated from the bulk. In our case, this
metal-semiconductor-metal system follows the
diffusion model, with the limitations reported
above. A second model applied in the literature
for this surface is the space-charge-limited current
(SCLC) theory [14]. In this interpretation, the
space charge accumulated in this conductive layer
limits the current between anodes. The simplified
SCLC theory for single injection is based on three
assumptions [16]:

(1) Carrier mobility is supposed to be constant in
the considered electric field range.

(2) Diffusion currents are neglected.

(3) The cathode is taken to be an infinite reservoir
of electrons available for injection.

The first approximation is valid for field
strengths that are not too high. The working
biases in our devices always lead to electric fields
compatible with this assumption. The second one
simplifies the theory and makes it mathematically
tractable to elementary analysis. The third approx-
imation comes from an ideal injecting contact.
Under this ideal regime, the theory is independent
of the contact and makes it a universal theory.
Actually, this ideal regime is a strong simplifica-
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tion of the reality and thus this theory is
conceptually elemental compared with the one
presented in Section 2. The last two approxima-
tions are closely related, since an infinite concen-
tration of electrons necessarily gives an infinite
diffusion current at the contact. This means that
the simplified theory built on two and three is
necessarily wrong in the immediate vicinity of the
injecting contact, but gives good descriptions of
the current flow over the bulk and of the device
current—voltage characteristics. This is generally
correct, even for devices much thinner than the
ones considered in this work.

In this formulation, the interesting features of
the I—V curves are confined within three limiting
curves [17]: Ohm’s law (J o V), Child’s law
(J « V?) and the trap-filled-limit curve (J o V%,
with «>2). The simplest possible situation is a
perfect insulator (or semiconductor) free of traps
and with a small concentration of free carriers in
thermal equilibrium. In this case (i), the injected
carrier concentrations are much higher than the
thermal free carrier one. In a second case (ii), the
semiconductor is free of traps and the thermal free
carriers are the majority, with the injected charge
negligible. In the case (i), the current density J is
proportional to ¥?; in the case (i), J o< V. The
presence of traps in the forbidden gap of the
semiconductor will lead to different power-law
dependencies of J with V, depending on the
distribution and type of traps, but limited in any
case by the trap-filled-limit curve.

We will demonstrate hereafter that the detectors
presented in this paper can be understood through
case (ii), the so-called Ohmic regime in the SCLC
theory.

In the Ohmic regime, the thermally generated
carrier density ny will be much higher than the
injected carrier density, so n(x) = ng, where n(x) is
the actual spatially varying free electron concen-
tration. Thus, the carrier concentration that
contributes to the current flow will be ng, but the
net carrier concentration in the space charge is
nearly zero, since the net contribution in Poisson
equation is n(x)—ng. Thus,

j=eunyEq = cte. (26)
Eq. (26) is just the current flow Eq. (1) in the

absence of diffusion. In this regime,

cuny

j=——V.. (27)

L

This simple equation has been used to model the
experimental data presented in Figs. 8 and 9. The
thermally generated free carrier concentration has
been calculated from its dependence with N,
similarly as in Egs. (9) and (10). Results are
presented in Figs. 10 and 11 for detectors M02.2-1
and M0904, respectively. Very similar results to
those provided by the diffusion model are
obtained for detector MO02.2-1. Slightly better
approach was obtained for detector MO0904.
Again, bad results are found at temperatures
below zero.

The fact that the I/—V curves in the anode
region do not show a transition voltage from
Ohmic law to Child’s law and that no evidence in
the curves were found of traps, in the operation
temperature and bias ranges, are indications of the
quality of the surface treatment and electrode
deposition.

1.E-07

1.E-08

1.E-11

1E-12 L : .
0 5 10 15 20

V(V)

Fig. 10. The experimental results shown in Fig. 8 at the
temperatures —18.1, —4.9, 6.6, 19.3, 38.8, 49.3 and 58.7°C
(thick lines), compared with the fit provided by the SCLC
formulation for each temperature (thin lines).
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Fig. 11. The experimental results shown in Fig. 9 at the
temperatures 9.76, 19.4, 29.2, 39.2, 49.4 and 59.5°C (thick
lines), compared with the fit provided by the SCLC formulation
for each temperature (thin lines).

4. Implications for future designs

The presence of the conductive layer in the
anode region is known to influence the collection
by the anodes of the charge produced by the
radiation in the bulk [18]. The expected optimum
differential bias between anodes in the detector
can be altered by this effect. A digital study of the
collection efficiency was performed at operation
bias. The detector M(0904 was biased at —1200 V
at the cathode. A differential voltage of 30V
between anodes was used. The digitization system
described in Ref. [5] was used to acquire and
process pulses induced by radiation generated
directly by the preamplifiers A250 connected to
the two anodes and the cathode. The central
region of the detector was exposed to flood
irradiations with a *’Sr beta source with the areas
closer to the guard ring being collimated. A
collection of pulses was acquired and their shapes
analyzed. Those revealing severe or significant
non-uniform trapping throughout the charge path
within the bulk were rejected. In the cases

analyzed, the total charge was collected by the
collecting anode. There were no traces of charge
sharing between anodes, i.e., in no cases non-
collecting anode presented final amplitude larger
than zero. The conclusion of this study was that at
these cathode and differential anode biases the
detector is fully efficient. All the charges generated
by the radiation were collected by the collecting
anode.

A bulk with constant resistivity was assumed for
the design of the coplanar anodes in the detectors
presented in this paper. Electrical potential and
field distributions in the detectors were studied,
assuming the electrostatic approach, by making
use of codes such as Coulomb or ANSYS. Once an
anode design was found with weighting potentials
sufficiently balanced, the design was validated by
studying the charge collection efficiency. Charge
collection in collecting and non-collecting anodes
was addressed, for acceptable values of differential
anode and cathode bias. If the minimum differ-
ential voltage for the collecting anode to be fully
efficient is too large, large leakage currents
between anodes, and undesired high electronic
noise, must be expected in the detector.

In the particular case of detector M02.2-1, the
electric field within this detector at the bias
conditions reported above and a value for the
bulk resistivity of 10'°Qcm was modeled with
ANSYS 6.0. The charge drift within the bulk was
simulated by moving a point distribution of
charges with a mobility equal to 1000cm?/(Vs)
and assuming a trapping time sufficiently large for
the charge to reach the anode surface without
important degradation. The diffusion process was
disregarded. The results were calculated for charge
originated at different positions in the cathode side
(z = —10mm), its x coordinates distributed from a
position just below the center of a strip of the non-
collecting anode to the center of the consecutive
strip (in the collecting anode). A 2D model of the
detector was used, i.e., assuming the layer y =0
and supposing the detector to be infinite in this
dimension. Fig. 12 shows the charge drift in the
region close to anode surface for the trajectories
being studied. The tracks were almost perfectly
straight from z = —10 to —1 mm. It can be seen
that a significant proportion of charge originated
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Fig. 12. Trajectories of electrons generated in the cathode surface, drifted by a 2D electric field toward anode surface. The x
coordinates at starting points were distributed from a position just below the center of a strip of the non-collecting anode (represented
in gray in the plot) to the center of the consecutive strip in the collecting anode (represented in black). The electric field was simulated
by ANSYS for the electrode pattern in detector M0904 and a bulk resistivity of 1.0 x 10'°Qcm. Cathode bias: —1200 V; non-collecting
anode bias: 0V; collecting anode bias: +30V. Only the region near the anode side is shown.

in positions of the gap between anodes does not
reach the collecting anode. The inclusion of the
diffusion process in this track would not fully
compensate for this effect.

If a layer with lower resistivity in the anode face
is included in the ANSY'S model, the results would
largely be different. See Fig. 13, where a con-
ductive layer 20 um thick and resistivity two order
of magnitude lower than the rest of the bulk is
considered. This simulation can only provide
qualitative interpretations, because the conductive
layer is much thicker than that expected in the real
detector. This value for the layer thickness was
imposed by implementation constraints in the
ANSYS model. Besides, the paths presented in
Fig. 13 are not exactly as expected, since some of
them would lead to induced charge waveforms
with profiles not found in the laboratory. None-
theless, in spite of the above limitations, this
simulation is valid to identify the effects of the
low-resistivity layer identified in the detectors from
their 7/—V currents. It is obvious that this layer
must be considered in future designs for a better

approach on the charge collection efficiency
estimate.

5. Discussion

The interfacial-layer theory developed for the
metal-semiconductor Schottky barrier was con-
firmed to be valid for the bulk of large volume
CdZnTe detectors presented in this paper. The
diffusion limit, a less general and more simple
approach, was demonstrated to be sufficiently
accurate for modeling the cathode—anode electric
performance of the devices in the operation range.
These detectors have been designed to work at
temperatures between +10 and +50°C and
biased to ~1000V in the cathode. In these ranges,
the diffusion model acceptably fits experimental
results. The validation of the diffusion limit of the
theory enables us to significantly simplify the
electrical model of the bulk in our devices. In
detector MO02.2-1, the diffusion model is not
accurate at lower biases. In this range, the presence
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Fig. 13. Diagram of trajectories comparable to the one displayed in Fig. 12. In this case, the electric field was simulated for a detector
with bulk resistivity of 10'®Qcm and a 20 um thick layer in the anode face with resistivity two order of magnitude lower than the rest of

the bulk. Biases were kept identical as those used in Fig. 12.

of the interfacial layer predicted by the ITD model
is significant, and the inclusion of it would make
the theoretical current values smaller at low biases.

In the anode face, the diffusion formulation is
also valid to model our devices, but only in the
operation temperature and bias ranges. It fails at
lower biases and temperatures below zero. The
ITD model fits our experimental results, but leads
to contradictory conclusions, which confirms that
the electrical properties of the surface and the bulk
are rather different. Assuming the presence of a
conductive layer reported by other authors and
that the major contribution to the surface current
is due to this layer, two models were compared for
the interpretation of the /— V" experimental curves:
the diffusion model and the SCLC theory. Both
models leads to practically identical results for
detector M02.2-1, but the SCLC model is more
accurate for detector M0904. According to this
result, it can be said that the surface treatment and
electrode deposition in detector M0904 is of
excellent quality: there is no significant presence
of traps and the surface currents do not leave the
Ohmic regime in the bias range of interest. But
even in this favorable case, the concentration of

space charge accumulated in the surface leads to a
current much higher than the one in the bulk.
Fortunately, electronic noise in the anode surface
is less sensitive than expected to this current
[19,20], because of well-known particular proper-
ties of space charge controlled currents [14]. The
deviation of the detectors results from the models
at lower temperatures and, in the case of detector
MO02.2-1, at low biases, cannot be explained within
the frame presented in this work. This will be the
base of future studies.

The effects of the conducting layer in the anode
surface must be considered in future designs of
coplanar, pixel or strip detectors. The influence of
its presence on the estimate of charge collection
efficiency was confirmed. From the conclusions
reported in this work, a more realistic approach
for the electric field profile in the detector can be
considered in future works.
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