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Space Radiation Laboratory, California Institute of Technology
Pasadena, CA 91125

ABSTRACT

We have investigated the utility of employing a short (<4 ns) pulsed laser with wavelength tunable between 600-950 nm
as a tool for studying and characterizing CdZnTe detectors. By using a single mode optical fiber and simple optics, we can
focus the beam to a spot size of less than 10 pin and generate the number of the excess carriers equivalent to a several MeV
gamma-ray either at the surface or deep inside the sample. The advantages of this technique over use of a collimated X-ray or
alpha particle source are strong induced signal, precise pointing, and triggering capability. As examples of using this
technique, we present the results of measurements of the drift velocity, electron lifetime, and electric field line distribution
inside CZT pixel detectors.
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1. INTRODUCTION

The development of focal plane CdZnTe (CZT) pixel detectors for the High Energy Focusing Telescope (HEVF)1
requires the development of test systems for selecting and characterizing detector-grade CZT, studying detector performance,
and optimizing contact geometry and electronics. Test systems require highly collimated sources of radiation (alpha particles
or X-ray sources, X-ray tubes, laser beams) to generate excess carriers in the bulk or on the surface of CZT detectors.
Previously we described our X-ray test system2; here we report on results of tests performed with a pulsed laser system.

Using a laser beam to generate excess carriers in semiconductors is a convenient technique to investigate the properties
of semiconductors and semiconductor detectors, Si3, and CZT''5 in particular. In the case of CZT detectors, this technique
becomes especially useful as a probe for selecting detector-grade material.

A short (— 1 ns) pulsed laser beam focused to a spot size of less than 10 jim allows us to simulate the ionization effects
which would be produced by ionizing particles, e.g. alpha particles or X-rays, inside CZT detectors. In many cases this
technique has a number of advantages over the use of ionizing particle sources. For example, with the pulsed laser it is
possible to create a large number of localized carriers, which induce strong and easily detectable signals on detector
electrodes. By choosing the wavelength of the light longer than 800 nm, one can imitate particle tracks and create ionization
deep inside a sample6. The beam spot can be visually seen and its location precisely measured with a microscope. In addition,
the laser provides a fast coincidence trigger with each event, which permits accurate event counting and timing studies of the
CZT signals.

In this work we used a pulsed laser to generate signals in CZT pixel detectors which were fabricated as part of our HEFT
development program. We studied the charge collecting efficiency, electric field distribution, and contact geometry. In
addition, the pulse shape analysis of the signals generated by the laser allowed us to measure basic material properties of
CZT such as carrier lifetime and drift velocity.

2. EXPERIMENTAL SETUP

The beam from the tunable nitrogen laser (Laser Science, Inc., model VSL-337ND) was delivered through a single-
mode 4.2 jim, 2 m long optical fiber and focusing optics to the CZT sample, which was mounted on X-Y motion stage
controlled by a PC. The chosen approach for the light-beam delivery allowed us to eliminate electromagnetic noise produced
by the laser and to make a more flexible and easily adjustable system. The focusing optics was a set of airspaced doublets
comprised of two GRADIUM7 lenses, which provided a < 10 jim diameter spot with very sharp edges. The duration of the
laser pulses (FWHM) was about 4 ns, with an adjustable frequency up to 50Hz. The laser provides a coincident trigger
signal, delayed by 25 ns with 5 ns jitter with respect to the rising edge of the optical output. This trigger allows us to
determine the start of signals with an accuracy of —5ns. Although the amplitude stability of the laser is only about 5%, the
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Figure 1. Shapes of the signals read out from the cathode,
central, and adjacent contacts. Note that the signal
from the adjacent contact is multiplied by a factor of
20, the bias is -200 V.

high resistivity substrates bought from two different
vendors. Each detector has different groups of gold
contacts on one side and a monolithic contact (cathode)
on the other. Each contact group consisted of a 4x4 array
of identical contacts evenly spaced on a 500 .un pitch
grid and enclosed within a guard ring. The contact sizes
vary from group to group over the range 100 to 450 j.un.
The detectors were coupled to fan-outs using indium
bump-bonding technology. The output pads of the fan-
outs were wirebonded to the input pads of printed circuit
boards containing hybrid charge-sensitive preamplifiers
with a 20 ns risetime and 100 ,ts decaytime constants.

For the measurements discussed here, we selected a
650 nm wave length to generate excess carriers at the
surface of the CZTsamples. Signals from the cathode and
three selected pixels were read out with a Tektronix TDS
540 digital oscilloscope controlled by a PC via GPIB. For
each trigger event, waveforms (or measured amplitudes)
were stored in each of the oscilloscope's four channels.
The applied negative bias voltage was varied between 25
and 700 V.

3. RESULTS AND DISCUSSION

A great deal of information can be gained from pulse
shape analysis of the measured signals. The penetration depth
of the laser beam (650 nm) was estimated be less than 1 j.tm,
thus we could assume that all carriers were produced near the
surface (on the cathode side in these measurements) and only
drifting electrons contributed to the signals. In order to
simplify analysis the laser beam was normally focused
opposite the center of the selected pixel contact (we call it the
central contact) to ensure that all generated electrons would be
collected on a single pixel, i.e. no charge sharing among
adjacent pixels. The signals induced on the central and
surrounding contacts, and on the cathode as well, were
measured for different detector biases. As an example, the
measured signals from the cathode, central, and adjacent

-0.05 0.00 0.05 0.1 0 0.15 0.20 contacts are shown in Fig. 1. The cathode signal has a nearly
Time, ps linear rise, corresponding to the simple parallel plate geometry.

The collected charge signal from the central pixel is "delayed"
Figure 2. Time dependence of the induced charge on and has a much shorter rise time due to the shielding effect of

the pixel contact Q(t). The preamplifier other pixel contacts. The slowly rising portion of the induced
response indicates the beginning of the signal on adjacent pixels is similar to that of the central pixel.
pulses. The black squares represent the However, the signal rapidly drops as carriers approach themeasured shape of the pixel pulse.

main factor that determines the fluctuations in the number of excited carriers produced, especially when the surface of the
CZT sample is coated with metal contacts, is the variation in surface reflectivity. In addition, scratches and other defects on
the surface significantly reduce the signal through scattering. For studying the pixel response, this drawback can be
eliminated by using the cathode signal to normalize the corresponding pixel signal for each event. It is important to mention
that the beam should be slightly off normal angle with respect to the sample surface in order to avoid beam scattering back
onto the detector.

To demonstrate the capability of the system, we tested several pixel and monolithic detectors available in our laboratory.
The pixel detectors used in these measurements were originally fabricated to investigate the influence of contact geometry on
the charge collection efficiency and energy resolution, and are described in Ref. 2. These detectors were lOxlOx2 mm thick,
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central pixel. If there were no electron trapping in the CZT the induced signal on adjacent pixels would drop back to zero.

3.1. Pulse shape of the signals

0.0
0.0 0.1

3.0

Considering a CZT detector as a simple parallel plate ionization chamber with homogeneous field distribution, one can
expect, in the first approximation, a linearly rising shape for the cathode signals. The electron losses due to trapping,

however, causes a slight bending of the cathode signals,
while the response of the preamplifier smoothes the top
of the pulse.

Due to the shielding effect, the pixel signals are
expected to increase slowly at first, with a sharp rise at
the end of the drift near the contact. The typical pixel
pulse shape is shown in Fig. 2. Four processes were
considered to affect the pulse shapes: dependence of the
induced charge on the electron cloud location, i.e. the
weighting field function; response of the preamplifier;
electron diffusion; and trapping. Because a typical pulse
duration was about 0. 1-0.2 j.ts, the electron dc-trapping
process, which takes place on a 10 pis scale, could be
neglected. In particular, this effect could be seen on a 10

0.2 0.3 0.4 js scale as a slowly rising signal component.
Time, ps Numerical modeling showed that for bias voltages above

100 V. the pixel pulse shapes are not affected
Figure 3. Results of the fitting procedure applied to the significantly by the electron diffusion and trapping

signals read out from a selected pixel to evaluate (trapping affects the amplitude of the signal). Thus the
the electnc field dependence of the electron dnft . .

function to descnbe the measured shapes of the pixelvelocity. The negative bias was vaned between 50 .
and 600 V. pulses can be obtained as a result of convolution of the

time dependence of the induced charge on the pixel Q(t),
and the response function of the preamplifier Rft). If
assume that the time dependence of the induced charge
on the pixel Q(t) can be described as a function of Utdnp,
i.e. Q(t)=Q(Ut,ft), where tdnft 5 the total drift time, then
one can use a single function Q(t/t) to fit all the pixel
pulse shapes measured at different biases. For instance,
the latter condition is obvious if the electric field is
uniform inside the CZT.

The response function of the preamplifier was
measured by applying a fast step-like pulse (<3 ns rise
time) through a calibrating capacitor to the inputs of the
preamplifiers. The rise time of the preamplifiers was
found to be less than 20 ns. The time dependence of the
induced charge was deconvolved for each of the pulses
measured above 100 V, normalized to the same total drift
time, and averaged. Fig. 2 shows the evaluated function
Q(t), along with the response function of the preamplifier
R(t). The pulse shapes were then fitted with the single
function Q(t/t), the response function R(t), and tdnft as

00 2.0 4.0 the fitting parameters.

0.0

Electric tieki, kV/cm

Figure 4. Dependence of the electron drift velocity on the
electric field strength evaluated from TCT
measurements. Note that the size of squares
does not represent the statistical errors, which
were very small.

3.2. Electron drift velocities and mobifity

54

The transient current technique (TCT) (see for
instance Ref. 7) was used to measure the electron drift
velocities in the CZT detectors. We chose the transient
signals induced on the central pixels, because of the
specific shape of the pixel pulses. The pulse start-time
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was determined with high precision by using the laser trigger, while the end of the drift was determined by fitting the fast
rising part of the pixel signal. The fitting algorithm, employed to evaluate the functions Q(t) described in the previous
section, was also used to estimate the electron drift velocity. To improve accuracy, the induced signal from the adjacent pixel
was used to subtract out the slowly rising part of the transient signal read out from the central pixel. The estimated accuracy
for measured transient times was about 10 ns. It should be mentioned that the transient current technique works well when
the electric field is homogeneous8. In high resistive semiconductors with rectifying contacts the space charge creates an
electric field gradient9 that may affect the drift velocity measurements. As a result, the measured electric field strength (the
ratio of bias voltage to detector thickness) and drift velocity (the ratio of detector thickness to transient time) are the mean
across the CZT sample values. The results of the fitting procedure applied to the signals read out from a selected pixel for
different bias are shown in Fig. 3

Fig. 4 shows the typical measured dependence of the drift velocity versus electric field strength for a 450 jim pixel
contact. A linear fit gives an estimate of the electron mobility. We found that the mobility varies slightly from pixel to pixel
(e.g. the difference in the values measured in the opposite corners of the detector can exceed 15%). The values found for the
CZT samples vary between 800 and 900 cm2/sV (at room temperature, ..21C). These values are smaller than previously
reported for the electron mobility, 1OOO cm2/sV (see Refs. 4 and 10), most likely because of the non-uniformity of the
electric field. As seen from Fig. 4, the fit lines intersect the electric field axis at about 0.08 kY/cm (the corresponding voltage
shift is ..15 V). This suggests that the electric field is not uniform inside the CZT sample.

3.3. Electron lifetime measurements

For these measurements the laser beam was focused over the center of the pixel contacts. The sum of the induced signal
from the cathode and collected signal from the central pixel were measured for several bias voltages. The resulting signal,
which resembles the signal from adjacent pixels shown in Fig. 1, contains all the information needed to estimate the electron
lifetime. The signal has a maximum corresponding to a time 4when the pixel starts to "see" the approaching electron
cloud, and a constant amplitude portion, which is directly proportional to the charge losses due to trapping. The existence of
this level is a result of the shielding effect of surrounding pixels i.e. the portion of the charge induced by trapped electrons on

the pixel contact is an order of magnitude smaller than on
the cathode.

_jo. The time t, measured from the beginning of the pulse,
(a) could be easily and precisely measured (the starting time

of the signal is defined by the laser trigger). We assume as
.! =2.2 tS a first approximation, that from this time, the induced

charge on the pixel contact increases as a linear function of
1 0 • time from zero up to the maximum value. The amplitude: (absolute values) of the signal induced on the cathode Ah

and on the pixel Apez can be written as (normalization
coefficient is omitted):

1.0
0.2 .4

Time, Ac=Qo-KQd1-exp(-tfl)) (1)
I O. (b) where Qo is the original charge generated by the laser: ut—I cm2/V pulse at the cathode, tö.,, 5 the drift time, 'r is the electronI lifetime, and K is a coefficient that depends on the spatial

c distribution of the trapped charge. In the case of uniform
1 distribution (small charge loses) K=1/2. Similarly, the
:: charge collected on the pixel contact is:

1 0 - - . . (2).
0.0 0.02 0.04 0.06 0.08 0.10 .

where Q is the amount of charge in the cloud at the time
lNoltage, 1/V tpixel, KQ(1-exp(trtft)/v)) is the charge loses from the

time t, until the electron cloud reaches the pixel contact.
Figure 5. Deiendencies 2+4(A-A,)/A€z vs. t:(a) Thus for the difference of the amplitudes one can write:and vs. iN (b) measured for 450
urn contact.

AcaApuez=Qo(1exp(4/'r))/2 (3)
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This equation could be used to estimate the electron lifetime by taking the sum of the cathode and pixel signals and
measuring tb directly with the digital oscilloscope. Unfortunately, in our case the ionizing source (laser beam) was not
sufficiently stable for this measurement. To eliminate this problem we employed a different function: (AcWhApe1)/ApeI. If we
assume that the charge loss is small and Apei=Q, then the first order approximation for r can be found by fitting the
measured dependence, l+2(AcwhApjxei)/Apirel versus t withEq. 3. We then correct 'rby putting:

(4)

and recalculate a new t The dependence of 2(1 +2(AchApel)/Apjel) measured for the 450 j.tm contacts, and voltages between
100 and 900 V are shown in Fig. 5 (a) (we have multiplied 1 by a factor of 2 to shift the curves in the

center of the plots). From these and similar dependencies we found that
the electron lifetime lies between 2.0 and 2.4 jis for CZT material
produced by one vendor, and between 1 .6 and 1 .9 j.ts for another
supplier. The deviation from the line at low fields is due to charge
sharing and non-uniform charge losses. It is noted that for several
pixels, we found very low values of 'r, having .'O.2-O.5 j.ts.

The same equation can be used for estimating the ur-product. The
only difference is that in this case we do not measure t,eb but the
electric field (i.e. voltage V on the cathode). Fig. 5(b) shows a plot of

versus 1/V measured for 450pm pixel contacts.
The fitting algorithm yields a value of 1 .5x103 cm2/V for the 4ur-
product.

3.4. Studies of edge effect

For the development of actual CZT detectors, it is important to
know the width of the dead area near the edges of the CZT detector (the
area from which the collection efficiency is significantly degraded).
Simple consideration suggests that in the case of a CZT detector with
planar contacts extended all the way to the perpendicular edge, the
electric field lines are parallel to the side surfaces. For this geometry the
electron diffusion process governs the width of the dead area, which
can exceed -400 jim or more. Numerous defects and impurities located
at the surface (space charge layer) will trap electrons diffusing toward
the side surfaces. However, if one of the electrodes (anode) is placed at
some distances from the edge, the field lines beginning on the cathode
near the edge will be forced inside the bulk of the CZT material, away
from the edges. In this case the width of the dead area will be
determined by material uniformity near the edge rather than carrier
diffusion.

The detectors used in these measurements had pixel contacts
enclosed within a guard ring located 1 mm from the detector edges. The
cathode contact covered the whole surface on the opposite side. The
laser beam focused on the cathode was moved across the edge of the
detector using 10 pm steps, and the signals induced on the cathode were
read out with a digital oscilloscope. The results of the scan are shown in
Fig. 6, where the signal amplitude is plotted versus beam position. For

I 5 four scans, as seen, the amplitude of signals drops within -3O im from
the edge. This value is consistent with the typical penetration depth of
cracks formed during CZT dicing. The sharp increase in amplitude near
the edge is a result of the non-uniformity of the cathode contact near the
edge. Visual inspection under a microscope revealed that the gold
contact was not smooth near the edge, and ended approximately 10-50
pm from the true geometric CZT edge. This is indicated in Fig. 6 as a
slight decrease in amplitude followed by a sharp increase near the edge

0 2.5

Beam positkm (10 pm steps)

50

Figure 6. Laser beam scan profiles near the edge.
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Figure 7. The change in the cathode pulse
shape for four edge distances
(A-D).
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(note that a bare CZT surface reflects less).
As mentioned previously, the field lines originating near the edge are bent away from the side surface of the CZT.

Bending of the field lines toward the CZT bulk is illustrated in Fig. 7, which shows the cathode pulse shapes measured at
different beam locations near the edge. As seen, the closer the beam position is to the edge, the longer the rise time of the
signal. Long pulse rise times implies more field curvature and hence longer trajectories for the collected electrons.

3.5. Scan of CZT pixel detectors

The laser test system was also used to study the pixel response uniformity of CZT pixel detectors. The advantages of
using the laser over an X-ray generator, which is typically used for these kinds of measurements, are significantly better
collimation and speed. The X-ray beam, say generated by a Mo X-ray tube, can be collimated to a -.50 j.un spot size
(gaussian beam profile) with a reasonable count rate (—200 events per second) by using the asymmetric Bragg scattering
technique2. The laser beam can be focused to less than a 10 im size with a rectangle profile. In the case of X-rays the

spectrum must be accumulated for at least several
minutes to find the pixel response, while with the laser
approach we are employing a signal laser pulse is
adequate to evaluate the response.

Two linear actuators controlled by a PC were
used to position the detector with respect to the laser
beam. The detector response was measured over a two-
dimensional geometric grid (beam locations) with a 10
jim pitch. For each beam position, we recorded several
(typically 5) events consisting of pulse-heights from
four adjacent pixels. To eliminate the fluctuations in
the number of excess carriers produced (due to
reflection and non-uniformity of the metal contact) we
also recorded pulse-heights from the cathode, which
were used to normalize the pixel responses to the same
charge initially produced near the cathode. These data
were used to evaluate the pulse-height profiles, and
correlation of pulse-heights from adjacent pixels.

As an example, Fig. 8(a,b) shows the variation
0.0 0.5 I .0 of the pulse-heights from adjacent pixels (400 im

contact size; 100 im inter-pixel gap), and the cathode,
as the laser beam was scanned from one pixel to the
other. The profiles of normalized pulse-heights are
shown in Fig. 8(c). For comparison, the profiles
measured for the same two pixels using X-rays (50 p.m
steps) are also shown. It took -3 mm to measure the
profiles shown in Fig. 8 with the laser and -4 hour with
x-rays. Because of the electron diffusion, the signal is
shared when the beam is positioned between the pixel
contacts. This effect can be seen in Fig. 8 as smoothed
profile edges. By fitting the edges we found the
electron diffusion coefficient to be -30 cm2/s. (The
profiles were measured at a bias of -300 V; this

0 0 0.5 1 0 corresponds to the 160 ns electron drift time.) For
. .

comparison, the Einstein equation for the diffusion
Beam position, mm coefficient gives 25 cm2/s.

Fig. 9 shows the correlation of pulse-heights from
Figure 8. Variation of the pulse-heights from the cathode (a) adjacent pixels. Here the signal amplitude from one

and two adjacent pixels before (b) and after (c) pixel is plotted versus the amplitude for the adjacent
normalization as the laser beam was scanned from
one pixel to the other. The dashed line is the profile one as the X-ray beam was scanned across the 100 pm

measured with X-rays. The contact size is 400 pm, inter-pixel gap. If there is no signal loss the points on
and the gap between the contact is 100 p.m. this plot should lie on a straight line. As we found in
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our previous work2, for the 450 jim contact case (50 jim gap between contacts) charge splitting occurs between pixels with
no signal loss. For the case of the 400jim contact size (100 jim gap), the results were not clear due to a large electronic noise
contribution. The small curvature, which indicates some signal loss, is clearly seen in Fig. 9.

4. CONCLUSION

1.0

::

0.5

Amplitude I (arbitraiy units)

Figure 9. Correlation of pulse-heights from two adjacent
pixels. The contact size is 400 jim; the gap
between the contacts is 100 pm.

We have demonstrated using several measurements as
examples, that a pulsed laser can be used for testing the
performance of CZT detectors, in addition to characterizing
detector-grade CZT crystals. The laser approach allows us to
estimate the electron lifetime, which was found to be between
1.6 and 2.4 jis for different samples and pixel contact size, and
to measure the dependence of the electron drift velocity versus
electric field. The estimates for the electron mobility, 700-900
cm2/sV at —21C, obtained from these measurements, were (20-
30)% less than typically reported values. This suggests that the
electric field is non-uniform in the CZT samples used in these
measurements. We also studied the edge effects of the CZT
detectors with respect to charge collection efficiency for
events near the edge. We found that the CZT material does not
exhibit any significant signal loss until 20-30 jim from the
edge. However, because of diffusion, a significant fraction of
the electrons from the cloud produced within —100 jim from
the edge could reach the surface charge layer at the edge, and
become trapped. The latter effect can be eliminated if the field
lines are bent away from the edge by choosing a proper
contact geometry. In this case the detector working area can be
extended up to —30 jim from the edges.
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