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Abstract— In order to characterize CdTe/CdZnTe detec-
tors in a planar configuration, we have developed a new
method to extract µτ products. In this method we prepare a
analytic spectral model based on the charge transport prop-
erties in the device, which is intended to be used in fitting
calculation. The low mobility-lifetime (µτ) products of car-
riers in CdTe/CdZnTe detectors produce a position depen-
dency in the charge induction efficiency. The model takes
the induction efficiency and interaction positions of photons
into account. Since the model is parameterized by µτ prod-
ucts, it can extract µτ products. Here, we demonstrate how
the model works based on the results from 2 mm thick HPB
CdZnTe and THM CdTe detectors.
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I. Introduction

CADMIUM Telluride (CdTe) and Cadmium Zinc Tel-
luride (CdZnTe, CZT) based detectors have been de-

veloped intensively and have recently seen significant im-
provements [1]. These detectors have high resistivity be-
cause of the wide bandgap and also have high photon
absorption efficients because of the large atomic number.
However, due to the low transport properties of carriers,
electron-hole pairs generated in CdTe and CdZnTe detec-
tors by irradiating with γ-rays cannot be fully collected.
This leads to a significant distortion of the spectrum. The
mobility-lifetime (µτ) products of the carriers are param-
eters used to describe the characteristics of CdZnTe and
CdTe semiconductor detectors [2].

The mobility can be determined by the risetime infor-
mation of the amplifier when the detector is irradiated by
α-rays [3]. This method is simple but the obtained values
can be affected by the surface condition of the detector,
because the mean free path of a α-ray in CdTe/CdZnTe
is only ∼ 10 µm. Therefore, some attempts have been
made to extract transport properties by utilizing the pulse
height spectra [4] [5]. These are based on a method to sim-
ulate spectra by Monte Carlo calculations including charge
transport in the detector. For example, in a method by M.
Jung et al. [5], precisely simulated spectra with different
sets of parameters are prepared to extract the relation of
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peak heights for different energy lines and parameters. And
then, µe, µh and σ (electronic noise) can be determined by
comparing the peak heights relation obtained from exper-
imental data with that of the simulation. However, some
discrepancies in spectral shape between the experimental
data and simulation remain, which are still critical issues
for a detector to be used as a spectrometer.

Here, we propose a new method to characterize a
CdZnTe/CdTe detector by using the pulse height spectra.
The algorithm to construct a spectrum is similar to that
proposed by M.Jung et al.. However, we utilize not only
the peak height but also the line shape including low energy
tail structure taken at different bias voltages to obtain more
accurate µτ products of electron and holes for reproducing
a spectra. Our method utilizes a spectral model calculated
not by Monte Carlo simulation but direct analytic calcu-
lation, in order to incorporate the model into the widely
used fitting program XSPEC with χ2 criterion, which is an
analysis software for X-ray astronomy [6]. This approach
is useful if we need to handle more than 30,000 detectors
for characterization [7] [8] and therefore quick response is
important. Here, we present the method for modeling the
spectra and apply it to CdZnTe/CdTe detectors.

II. Modeling the CdTe/CdZnTe Spectra

A. Spectra of CdTe/CdZnTe

In Fig.1 and 2, we show 241Am and 57Co spectra ob-
tained by a planar CdZnTe detector grown by the High
Pressure Bridgman technique (HPB CZT) (eV products,
U.S.) [9]. The dimensions of the detector are 4 mm × 4
mm × 2 mm where 2 mm is the thickness of the detec-
tor. It is clearly seen that the spectra contain tail struc-
tures which extend to the lower pulse height region from a
photo-peak of the incident γ-ray. Part of this “distortion”
is attributed to Compton scattering of the γ-ray in the
surrounding materials, but most of it results from the ef-
fects of the slow mobility and the short lifetime of carriers,
especially for holes. Since the interaction depth becomes
deeper for higher energies, the 122 keV γ-line has a larger
tail structure in comparison with the 59.5 keV γ-line. The
peak position and peak counts increase as the bias voltage
is increased.

B. The “µτ -model” spectral fitting method

Below 250 keV, photo absorption is the dominant pro-
cess for γ-ray interactions in CdTe/CdZnTe. Incident γ-ray
photons are attenuated with an exponential decay

N = N◦ exp(− x

λ(Eγ)
) , (1)
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Fig. 1. 241Am spectra obtained with a 2 mm thick CdZnTe detector.
The applied bias voltage is 300 V (solid line) and 100V (dotted
line). The operating temperature is 20 ◦C.

Fig. 2. 57Co spectra obtained with a 2 mm thick CdZnTe detector.
The applied bias voltage is 300 V (solid line) and 100V (dotted
line). The operating temperature is 20 ◦C.

where x is the depth from the irradiated surface and λ is
the mean free path by photo absorption as a function of
energy of the incident γ-ray. By differentiating Eq.(1), the
ratio of photons which interact at the region between x and
x+ dx is given as:

−dN
N◦

=
1

λ(Eγ)
exp(− x

λ(Eγ)
)dx . (2)

Here, we will assume the ideal situation in which the
electric field throughout the detector volume is constant.
Then, if we can assume that the detrapping times for both
electrons and holes are long and that the gamma rays im-
pinge the negative electrode, the charge induction efficiency
is given by the Hecht equation [10]

η(x) =
λe
D

(1− exp(−D − x
λe

)) +
λh
D

(1− exp(− x

λh
)) , (3)

TABLE I

parameters for the “µτ -model”

parameter content
Eγ energy of incident γ-ray

(µτ)e µτ product of electron
(µτ)h µτ product of hole
E strength of electric field
σ resolution excluding the tail structure

CHmax channel where Hecht equation becomes unity

where D is the detector thickness and λe and λh are the
mean free paths of electrons and holes, respectively, for
the case where γ-rays are irradiated from the cathode face.
The mean free paths are related to the µτ products as:

λe = (µτ)eE, λh = (µτ)hE , (4)

where E is the strength of the electric field in the detec-
tor. Several papers have shown that quite often in CZT
detectors of planar structure, the field distribution is not
linear versus depth [11]. However, according to our cal-
culations, the charge collection efficiency does not change
significantly when the electric field is bent linearly to the
extent that the field extends to full volume of the detector.
Then, we calculate with the constant electric field in this
paper.

In the calculation, we divide the detector volume into
3000 slices. The detector response for monochromatic γ-
rays is generated by calculating the relative pulse height
from Eq.(3) for each slice and summing them by following
the weights calculated from Eq.(2). The resultant spectrum
gives the shape predicted from the input µτ products. This
fitting function (hereafter “µτ -model”) has parameters as
listed in table I.

With the “µτ -model” fitting method, we can determine
both (µτ)e and (µτ)h directly by fitting spectra. In Fig.3,
4 and 5, we present simulated spectra for various sets of pa-
rameters. As shown in Fig.3, (µτ)e is sensitive to the peak
channel in a spectrum, while (µτ)h determines the amount
of the tail component, as shown in Fig.4. Since λ is the
product of µτ and E, a change in E affects both λe and λh
in the same manner. Therefore, a change of the bias volt-
age also influences the spectral shape in a complex manner,
as shown in Fig.5. As the bias voltage increases, the peak
channel approaches the limit (CHmax) which corresponds
to the channel where the efficiency given by the Hecht equa-
tion becomes unity, and the amount of the tail structure
becomes minimum. Thus, by fitting spectra taken at two
different bias voltages (electric fields), we obtain CHmax

and (µτ)e. At the same time, the model is fitted to the
tail structure by adjusting (µτ)h. The algorithm to con-
struct the fitting function and to fit the model with the
data which we have described here is shown in Fig.6.
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Fig. 3. Model spectra of the 59.5 keV line γ-rays, with a bias voltage
of 300 V and fixed (µτ)h at 2 × 10−5. As (µτ)e increases, the
peak channel goes up.

Fig. 4. Model spectra of the 59.5 keV line γ-rays, with a bias voltage
of 300 V and fixed (µτ)e at 2 × 10−3. As (µτ)h decreases, the
tail structure get larger.

C. Extraction of µτ products

In order to determine (µτ)e and (µτ)h, at least two spec-
tra taken at different bias voltages are necessary as de-
scribed above. We obtained spectra at bias voltages of 100
and 300 V using a HPB CdZnTe detector with dimensions
of 4 mm × 4 mm × 2 mm where 2 mm is the thickness of
the detector, which was selected from samples we obtained
from eV products. The detector was irradiated with γ-rays
from 241Am through the cathode face. The signal from the
detector is extracted from the anode side and fed into a
Charge Sensitive Amplifier (CSA; 5102BS by Clear Pulse,
Japan) via a coupling capacitor. The charge signal is inte-
grated in the CSA and shaped by an ORTEC 570 amplifier.
With a 1.0 µsec shaping time, the equivalent RMS noise
charge is ∼80 electrons at Cin = 0 pF and ∼270 electrons
at Cin = 100 pF, respectively. We mounted the detector
and the CSA into a thermostatic chamber with the tem-

Fig. 5. Model spectra of the 59.5 keV line γ-rays, with a bias voltage
of 300 V (solid line), 200 V (dashes line), and 100 V (dotted line).
µτ products are fixed.

perature controlled at 20 ◦C. The leakage current is 1.5 nA
and 5 nA for 100 V and 300 V, respectively. The energy
resolution (FWHM) of the 59.5 keV peak is 2.1 keV and
1.8 keV.

We simultaneously fit the spectra obtained with two dif-
ferent bias voltages, 100 V and 300 V, as shown in Fig.7.
In the fitting, we properly selected the region to minimize
Compton scattering effects because the Compton scatter-
ing component from the surrounding materials produces
an excess in the lower region of the tail structure. What
is more important is the escape peak components. These
are the results of photo fluorescence of 23 keV for Cd and
27 keV for Te, which could escape from the detector, espe-
cially when it takes place very close to the cathode surface.
This effect reduces the channel counts in the photo-peak
region. If these escapes are not taken into account, the
tail structure is over-estimated, which results in an under-
estimation of (µτ)h. Therefore, in our method, we use the
correction factor for the magnitude of the escape peaks
evaluated by Monte Carlo simulations. The correction fac-
tor is the ratio of the escape events over photo absorption
events. It becomes ∼ 9% when 59.5 keV gamma-rays are
irradiated on the detector we used for the fitting. By con-
sidering the correction, the data were fitted well with the
“escape-subtracted µτ -model” as shown in Fig.7. The µτ
products of CdZnTe detectors were precisely determined
to be 1.270 +0.003

−0.001× 10−3 cm2 V−1 for electrons and 2.93
+0.05
−0.05× 10−5 cm2 V−1 for holes (χ2/ν = 217/183). The er-
rors refer to 90% statistical errors. If we ignore the contri-
bution of escapes, (µτ)h is underestimated to be 2.1 × 10−5

cm2 V−1. In the following spectral fittings, the amount of
events which escape from the main peak is considered when
the energy of incident γ-rays is higher than 23 keV.
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Eγ: Energy of incident photon
E: Strength of electric field

Determine
(µτ)e, (µτ)h

Calculate P([z:z+dz]):
probability of interaction

Calculate η(z):
charge collection efficiency

Fill the model histogram
      at CH_Max  x η(z)
  with P([z:z+dz]) as a weight

Does the model fit the data ?

Exit

Loop through z from 0 to D

YES

NO

Fig. 6. Algorithm of µτ model

III. Verification of µτ products derived from

spectral fitting

A. Fitting for Multiple Energy γ-ray Spectra

Since γ-ray lines with different energies have different
mean free paths in the detector, the distribution of inter-
action position changes with energy. Therefore, we derived
µτ products from spectra obtained with the same detector
used in the previous section by irradiating with various γ-
ray sources (122 keV from 57Co, 81 keV from 133Ba, and 22
keV from 109Cd) in order to make sure that µτ parameters
derived from our fitting are valid.

The values of the µτ products obtained from the fitting of
multi-energy γ-rays are summarized in Fig.8 and 9 includ-
ing the results for the 59.5 keV line in the previous section.
Typical statistical errors are 0.2% and 3% for (µτ)e and
(µτ)h, respectively. The (µτ)e obtained from four different
energies are all consistent with each other. On the other
hand, while the (µτ)h obtained for γ-rays above 59.5 keV
show similar values, the one extracted from soft γ-rays (22

Fig. 7. Fitted spectrum of the 59.5 keV line of 241Am obtained with
a bias voltage of 100 V and 300 V. Fitted model is “µτ model”
subtracted by escaping photons. (µτ)e (µτ)h are determined as
1.27 × 10−3 cm2/V and 2.9 × 10−5 cm2/V, respectively.

keV from 109Cd) is lower by a factor of ∼3. We will discuss
this phenomena in the next section.

B. Comparison with α particle Method

We now compare the µτ products obtained from our
method with those obtained from the α particle measure-
ments performed with the same device at a temperature of
20 ◦C. We used an 241Am source emitting 5.5 MeV α parti-
cles. The shape of the output pulse of the CSA is recorded
with a digital oscilloscope. First, we irradiated the α parti-
cles on the cathode surface. In this case, the output signal
reflects the movement of the electrons only. Then, to obtain
the signal from the holes, we simply reversed the polarity
of the bias voltage. From Eq.(3), the pulse height of the
output signal depends on the bias voltage and is described
as:

Vout ∝
µτVbias
D2

(1− exp(− D2

µτVbias
)). (5)

We applied bias voltages of 10 – 1000 V for electron
measurements and of 100 – 1500 V for hole measurements.
The obtained pulse heights are plotted in Fig.10. We can
fit the data well with the curves predicted from the Eq.(5).
The µτ products obtained are shown in Fig.8 and 9.

Compared with the results obtained from four multi-
energy γ-rays, the α measurement shows lower µτ products
than the values derived from higher energy γ-lines (from
57Co, a 133Ba, 241Am) by a factor of 1.3 and 3 for both
electrons and holes, respectively.

The geometry of the detector is a key to understand these
lower µτ products for the α measurement, as well as the
109Cd γ-ray measurement. The mean free path of an α-ray
is ∼10 µm and that of a 22 keV γ-ray is ∼100 µm. There-
fore, carriers start to move from the region very close to
the surface in these cases, and the low value of the µτ prod-
ucts can be explained as an artifact due to the distortion
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Fig. 8. (left) (µτ)e derived for 22 keV, 59.5 keV, 81 keV and 122.1
keV γ-rays. (right) (µτ)e measured by α-particle method.

Fig. 9. (left) (µτ)h derived for 22 keV, 59.5 keV, 81 keV and 122.1
keV γ-lines. (right) (µτ)h measured by α-particle method.

of the electric field at the surface. It is also important to
note that if the mean free path of the holes is significantly
shorter than the detector thickness, their movement will
be affected by the surface condition much more than the
electrons.

For irradiation with higher energy γ-rays, most of the
interactions occur deep inside the device. Therefore, in or-
der to determine the effective µτ products in a detector it
is better to consider regions away from the contact (near
surface) regions. Here, it would be better to use µτ prod-
ucts extracted by fitting the spectra from the irradiation
of the higher energy γ-rays for the characterization and re-
construction of spectra from CdZnTe and CdTe devices.

Fig. 10. Obtained output pulse height with a various bias voltages
in α-ray measurements. The signal from the movement of hole
is obtained with a reversed bias voltage. The data are fitted by
equation (5) with a (µτ)e of 9.9 × 10−4 cm2/V and a (µτ)h of
8.8 × 10−6 cm2/V.

Fig. 11. Simulated spectrum obtained by irradiating γ-rays from
241Am, with the experimental measurement.

C. Monte Carlo simulations

In the spectral fitting with the “µτ -model”, we intended
the effects of escapes and Compton scattering to be min-
imized. Here, in order to make sure that the treatments
work properly, the energy spectrum is simulated by using
the Monte Carlo simulator, Geant4 [12]. Geant4 treats
electro-magnetic processes such as photo-electric effect,
Compton scattering, and ionization. Since secondary gen-
erated γ-rays can be traced by Geant4, the escapes are
treated properly. The Compton scattering component from
the surrounding materials can be simulated by construct-
ing a mass model. In the simulation, we model the CdZnTe
detector with its holder, a source tablet and the thermo-
static chamber. In addition to the processes listed above,
we incorporate the charge induction efficiency depending
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Fig. 12. (µτ)e of CdZnTe/CdTe detectors extracted by spectral
fitting method for 59.5 and 122.1 keV γ-lines.

Fig. 13. (µτ)h of CdZnTe/CdTe detectors extracted by spectral
fitting method for 59.5 and 122.1 keV γ-lines.

on the depth from the surface by following Eq.(3).
The simulated spectrum is smoothed by using a Gaussian

distribution to model the noise characteristics of the read-
out electronics, as determined by the spectral fitting pa-
rameter σ in the “µτ -model”. The simulated spectra agree
well with the actual measurements, as shown in Fig.11.
The tail structure is reconstructed almost perfectly by the
combination of the charge induction efficiency effect and
Compton scattering. The escape peaks are also well re-
produced. These results prove that µτ products obtained
from the spectral fitting method are reliable and that the
“µτ -model” works properly.

IV. Differences in µτ products between

detectors

Fig.12 and 13 show the (µτ)e and (µτ)h obtained from
59.5 keV and 122 keV lines for the CdZnTe detector
(referred to as CdZnTe 1) used in the previous section.

Here, we apply this method to another CdZnTe detector
(CdZnTe 2) and also to a THM (Traveling Heator method)
CdTe detector we obtained from ACRORAD to investi-
gate the difference of µτ products obtained for different
detectors. Each detector has the the same dimensions as
CdZnTe 1. Using the two detectors, we obtained spectra
by irradiating with γ-rays of 241Am and of 57Co with the
same setup as the previous section.

The results obtained from the spectral fitting method
are shown in Fig.12 and 13. The µτ products of the three
detectors have different values. However, a tendency is
found that the high (µτ)h is derived from higher energy
line. More studies for this tendency and the differences of
µτ products between detectors are now in progress.

V. Summary and Conclusions

We have developed a “µτ -model” spectral fitting method
based on basic processes, which can model spectra from
CdZnTe/CdTe detectors in a planar configuration. While
(µτ)e is sensitive to the peak channel in a spectrum, (µτ)h
determines the amount of the tail component. By utiliz-
ing these phenomena and by fitting γ-ray spectra taken
at least at two different bias voltages, the model provides
a new method to extract both (µτ)e and (µτ)h simulta-
neously. We have applied our method to HPB CdZnTe
and THM CdTe detectors and have derived µτ products
by properly taking account of Compton scattering and es-
cape peaks. The µτ products were precisely derived from
the spectra with small statistical errors of ∼ 1% and ∼ 3%
for electrons and holes, respectively. This is because in
the method we can directly connect the model histogram
with experimental data and can utilize many energy bins
for the spectral fitting. The values for 81 and 122 keV
lines are consistent with those derived from 59.5 keV line
by ∼ 3% and ∼ 20% for electrons and holes, respectively.
The tendency that higher µτ values for higher energy lines
are still left to be investigated. Monte Carlo simulations
using these µτ products reproduce actual spectra almost
perfectly. As shown in the comparison with the α-particle
measurements, the spectral fitting method is a more reli-
able method to study the characteristics of CdZnTe/CdTe
detectors.
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