
Nuclear Microprobe Studies of the Electronic Transport Properties of
. Cadmium Zinc Telluride (CZT) Radiation Detectors+

G.Vizkelethy*’a>b,B.L.Doyleb, D, S.Walshb,R.B..Tamesc
‘Idaho State University, Pocatello, ID, 83209 :~~cE\vEr

bSandia National Laboratories, Albuquerque, NM
CSandiaNational Laboratories, Livermore, CA ‘~~ f 5 z~flfl

ABSTRACT (3$ r, -

Ion Beam Induced Charge Collection (IBICC) is a proven albeit relatively new method to measure the electronic transport
properties of room temperature radiation detectors. Using an ion microbea~ the charge collection efficiency of CZT detec-
tors can be mapped with submicron resolution and maps of the electron mobility and lifetime can be calculated. The nuclear
microprobe can be used not only for characterizing detectors but also with the use of Time Resolved IBICC (TRIBICC) and
lateraI IBICC/TRIBICC we can deduce information about the electron and hole mobility and lifetime profiles, and about the
variation of electric field along the detectors’ axes. The Sandia Nuclear Microprobe has been and is being used routinely to
characterize CZT detectors and measure their electronic transport properties. In this paper we will present the results of these
measurements for different detectors. Furthermore the damage effects caused by the probing beam will be discussed and a
simple model will be presented to explain the characteristic charge collection efficiency pattern observed after high dose irra-
diation.
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1. INTRODUCTIOhT

Room temperature radiation detectors are usually tested using alpha particle sources’. The resolution of these measurements

is in the order of a few hundred pm since apertures are used to focus the alpha particle beam. In many cases a better resolu-

tion than that is preferred since features on these detectors have much smaller characteristic sizes than hundred pm. Nuclear
microprobe, which are usually used for testing the radiation hardness of microelectronic circuits or measure composition of
various samples on the microscopic scale, are the perfect tools to study the response of radiation detectors on microscopic
scale. The techniques known as ~on ~eam ~nduced charge collection (IBICC) and ~ime Resolved IBICC (TRIBICC) in the
microprobe community allow one to determine the charge collection efficiency, electron and hole nobilities and lifetimes,
and the electric field along the detectors axis with micrometer resolution. There are two versions of the above two techniques,
frontal and lateral. We call the technique frontal when one of the detector’s electrodes is irradiated. This allows us to deter-

mine the charge collection efficiency and an average ~~ product from the IBICC measurement for the electrons or holes.

When TRIBICC is used, both the mobility (~) and the lifetime (~) can independently be determined. In case of lateral
(TR)JBICC, when the side of the detector is irradiated, information can be deduced about the electric field along the detec-
tor’s axis. In this paper we will give a brief overview of these techniques illustrated with examples on two different detectors.

2. EXPERIMENTAL

These experiments were earned out using the Sandia microbeam facility which is described in detail elsewhere2’3. Here we
will restrict ourselves to a very brief description needed to understand the procedure. Figure 1 shows the schematics of the
experimental setup. The high-energy (several MeV) ion beam from a tandem particle accelerator is focused typically to a

one-pm spot using a magnetic lens. Then the ion beam was scanned over a larger area – typical] y about 200 x 180 pm2 – us-
ing electrostatic scanning. When the side of the detector was scanned in its whole length the sample was moved mechanically

at about 1 pm precision after each scan to the next area. The individual scans were merged into a larger map off-line. In an
IBICC experiment the signal ffom the detector was processed with a standard charge sensitive preamplifier and with a spec-
troscopy amplifier. The measured signal (using a proper shaping time) is proportional to the total collected charge, Q. The
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signals were recorded in 512x512 maps and the data was later compressed to 64x64 maps to improve statistics. The mica]
. .

particle current in these experiments was about 100 cps in order to avoid damage to the scanned spot.
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Figure 1 Experimental setup

While the IBICC signal measures Q, the TRIBICC measurement gives both O and the drift time. T.. In the case of the TRIB-
ICC experiments the preamplifier signal was digitized and recor~ed using a-fast, computer controlled Tektronix TDS 680B
oscilloscope (1 GHz analog equivalent). Beam damage effects and multiple ion-strikes were eliminated using a high speed
(<25 ns rise time) on demand beam deflector system (shown in Figure 1) to remove the ion beam from the detector during tie
relatively long signal processing time (it typically took about 100 – 200 ms to digitize the signal at 500 to 1000 point resolu-
tion, transfer and store in the computer). This way each recorded transient was the result of a single ion strike at that particu-
lar point in the scan.

We used two different CZT detectors in these experiments. Both were produced using a high pressure Bridgman process. One
was a spectroscopy grade, 10 mm x 10 mm x 2 mm, single crystal detector with sputtered platinum contacts (Detector 1). The

other detector was a passivated, doped one with gold contacts made by electrochemical deposition (Detector 2). The size of
this detector was 8 mm x 10 mm x 2rnm. We usually use a 5.4 MeV He beam in our experiments to be able to compare our
result to the ones obtained using radioactive alpha sources. In order to show the effect of the type of the probing beam we
carried out experiments using a 4.5 MeV proton beam on the second detector.

The charge collection efficiencies were calculated by normalizing both the IBICC and TRIBICC signals to responses from a

Si PIN diode taking into account the different electron-hole pair creation energies ( s~~~ = 3.6 eV and s~~ = 4.67 eV were

used).

3.- RESULTS AND DISCUSSION

3.1 Frontal IBICC and TRIBICC

The induced charge on the contacts of a planar detector is given by the Hecht equation4,5
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where NOis the number of electron-hole pairs created, e is the unit electric charge, d is the thickness of the detector, 2, and ~~

40, are the electron and hole drift lengths, and x, and Xh are the distances1 ( I
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the electrons and hoIes have to travel to reach their collecting elec-
trodes. Using a few MeV alpha particles one of the charge carriers
can be eliminated from (3.1) since all the charge is created in a few

pm region below the irradiated electrode. Figure 2 shows the ioniza-
tion profile of a 5.4 MeV alpha particle calculated by the SIUM code.
From the figure we can see that all the charge is generated in the top

20 ~m layer. This distance is much smaller that the usual thickness
of this type of detectors; therefore, (3.1) can be simplified to the sin-
gle carrier Hecht equation for the case when the cathode is irradiated,

,

Q= AJoe~ ()1– e-k (3.2)

I I 1 1 since d – x x d . Since the drifl length is given by
50 I(X3

Depth [urn] 150 1 = jJ. ~. E with p being the mobility, ? the lifetime, and E the
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Figure 2 Ionization profiles of 5.4 MeV al- applied electric field, we can determine the p~ product by measuring

mainly

—
pha particles an~ 4.5 MeV protons the charge collection efficiency at different bias voItages (IBICC

measurement). In many cases this is sufficient since the LT product
determines the quality of the detector. When the mobiIity or Iifetime is required the signaI tiansient shouId be

recorded (TRIBICC) and from the signal rise time an average drift velocity can be calculated. These si~al transients were
measured for both detectors in the range of 50 V to 200 V for detector 1 and horn 50 to 400 V for detector 2. Detector I had

high leakage current even at 200 V bias (-0.5 pA), therefore, we could not apply higher voltages. From the transients the rise “

Figure 3 a and b Mobility and lifetime maps for detector 2

time and the signal height were calculated. The rise time, which is what TRI131CC measures, is given by T, (E)= ~.
p.E

This allows us to calculate ~, the electron mobility. Using TRIBICC to measure Q, the j.n product is determined from (3.2)

and the lifetime can be calculated. These values are the averages over 200x I 80 prr? areas. The mobiIity for both detectors

appears to be on the low end (~1= 725*6 cm2/Vs and j.L2=680+7 cm2/Vs), while the lifetimes are closer to the literature data

(TL= 1.7+0.2 ps and ~2 = 0.6+0.01 ps). Figures 3a and 3b show the mobility and lifetime maps (32 pixeI x 32 pixeI) over the
scanned area for detector 2. Since each point corresponds to one transien< a statistical error camot be given for these values.
At this point we should mention one drawback of using alphaparti
able from radioactive sources. Also, as we mentioned above they cr
times be a disadvantage, because it is very sensitive to the surface conditi
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Figure 4 Charge collection efficiency map recorded using
5.4 MeV He

Figure 5 Charge collection efficiency of the central
rectangle on Figure 4 using 4.5 MeV protons

have perfect surfaces, many times micro-scratches and surface imperfections can be found on them If these defects extend .

further than a pm they can affect the collected charge (about one tenth of the total energy is deposited in the fwst pm) by
trapping electrons in them. In figure 2 we also show the ionization profile of 4.5 MeV protons. Since most of the protons’
energy is deposited fimther below the electrode, we can expect less sensitivity to the surface conditions in case of protons. To
illustrate this effect we recorded charge collection maps on a selected area of detector 2 using both 5.4 MeV alpha particles
and 4.5 MeV protons. This particular area showed a long line across it observable by an optical microscope. The maps are
shown in Figures 4 and 5. The black rectangle in Figure 4 shows the area of the proton scan. The charge collection efficiency
measured with the alpha particles at the line is at least 20% lower than that in the surrounding area. On the other hand the
charge collection efficiency measured by the proton beam is practically uniform over the same area (i.e. no pattern can be

observed). Obviously, this imperfection extends several pm deep in the detector, which traps electrons created by the alpha
particle beam. Most of the electrons created by the proton beam are not affected since they are generated well below this sur-
face imperfection. Only the holes would be affected in this case but their contribution is negligible. The same area was
measured using TRIBICC with both the alpha particles and protons. The si.mal height showed the same pattern for the alpha
particles, no pattern for protons, and no pattern was observed in the transit time in either case.

3.2 Lateral IBICC and TRIBICC

Several groups are using lateral IBICC for studying CZT, CdTe, and Si detectorsb’’’g’g. In this measurement the side of the
detectors is scanned between the electrodes. The charge collection efficiency profile should follow (3.1) in case of constant
electron and hole drift length. In principle this measurement allows us to determine both the electron and hole drift lengths
carrying out the measurement at a single bias voltage. If the electric field is not constant along the detector’s axis we have to
take into account the change in the drift lengths between the electrodes. That leads to a more complicated expression that in
most cases is hard to fit to the measurements. It is further complicated by the shaping time of the spectroscopy amplifier. If
the drift time is longer than the shaping time (3.1) will not be valid anymore because the measured signal will not be propor-
tional to Q. A computationally intensive correction can be made but information is lost because of the short shaping times. A
recent article has a very good discussion of the theory of this methodlO.

The traditional lateral IBICC is quite useful if only the electrons contribute to the collected charge or the holes have negligi-
ble contribution only. Still the use of very short shaping times should be avoided. The effect of the shaping time on the lateral

IBICC profile is shown in Figure 6. These profiles were measured on detector 1 at 200 V bias. A 180 pm wide stripe was

scanned between the electrodes and the charge collection efficiency was averaged over 3 pm x 180 pm areas.Whe’ expected
drift time for electr +ejBICC profile saturates for
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Figure 6 Charge collection efficiency profiles of
detector 1 at 200 V bias with different shaping

shaping times over a ps. It is no surprise that the IBICC profile at

0.25 I.LSshaping time is significantly lower than at larger shaping
times. Also we can notice that while the shapes of the curves at 6

ps and 1.5 ps are basically identical, the shape of the 0.25 ps pro- -
file is significantly different. The signaI increases more slowIy as
we approach the cathode, the short shaping time has more effect
when the electrons have to travel longer distances. Since the pro-
fiIes decrease almost linearly toward the anode and we can ex-
trapolate it to almost zero at the anode we can conclude that there

is little contribution from the holes. The dip around 1500 pm is
due to some imperfection of the surface. A full map of the IBICC

stripe is shown in Figure 7. A line around 1500 pm is clearly seen
across the whole stripe, otherwise it seems homogeneous.

A better, although much slower way to measure the charge collec-
tion efficiency profile is to do TRIBICC. This way the shaping
time does not effect the signal height. Figure 8 shows the TRIB-

ICC profile of the same sample averaged over a 16 w wide strine

Figure 7 Lateral IBICC map of detector 1 at 200 V bias

100 I ,,, , , I I exactly the same as the IBICC profile except the dip

+ Q from TRIBICC around 1500 ~m seems sharper and there is a secondA
- — ‘llmorj, best fit,&= 2*d

y — - Theory,&= 6*d
dip around 1100 pm. Both of these can be explained if

~ 80 -– /
$

we have a look at Figure 7. The line at 1500 pm does
/

c /+ not run perpendicular to the scan but rather diagonally.
o /

.- / Averaging over the whole 180 pm area makes the dip
~ 60 –

/
/

o / wider and shallower. A dark spot around 1100 pm in
the centerline of the stripe explains the second dip, thatc

o /
.- is some small imperfection and unfortunately the TRIB-

$ 40 - ICC scan ran through that spot. This profile, which is
o /
u

almost linear, confh-ms the lack of holes. The two lines

u
~

show the theoretical profiles, the solid line is the profile

20 –+++
calculated using the previously determined p~ product.

_2
u + It matches up very well at the cathode but then overes-

+ timates it until it reaches about 200 pm from the anode.

I The dashed line is the best tit to the experimental data
o ! I ! I ! I , !
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Figure 9 IBICC and TRIBIC profiles of detector

2 at 400 V bias with 4.5 MeV protons
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Figure 10 TRIBICC measurement and theory for

detector 2 at 400 V bias
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Figure 11 Proton and helium TRIBICC pro-
files on detector 2

higher p~ value, since they measured exactly that peak. The deviation
from the fit and the spike at the cathode indicate a non-uniform elec-
tric field, a higher than average field at the cathode that was observed

by several groups. We have not observed that large spike at the cath-
ode on the previous samples, its origin must be related to the way the
contacts were made (sputtering of platinum). The spike shows up the
same way on the other side of the detector if the bias is reversed.

An example when the TRIBICC measurement can really provide more
information is the experiment on detector 2. Figure 9 shows the IBICC
and TRIBICC profiles of detector 2 at 400 V bias measured by 4.5
MeV protons. The IBICC profile itself already indicates that in this
case we have some contribution from the holes. The TRIBICC profile

is very similar to the IBICC profile until about 400 pm to the anode,
then it is significantly higher indicating that the spectroscopy ampli-
fier’s shaping time was cutting out the contribution of the slower
holes. The 30’%0charge collection efficiency at the anode shows sig-
nificant hole contributions. The drift time (the rise time of the signal)

around the anode was about 1-2 ps which gives about 70 cmzivs mo-
bility for the holes. In this case we did not find a spike at the surface
which indicates that the electric tield might be smoother than in de-

tector 1. Figure 10 shows the same TRIBICC profile with a calculation

using the pT from the ffontal TRIBICC measurement and no holes
(dashed line). The solid line is the best fit assuming both electrons and

holes. The pT values for the electrons and holes from the fit are

~T,=2.86xl 04 cm2/V and (p’r)h=2.6x10-5 cmz/’V respectively. This

gives 0.37 us for the hole lifetime. The electron ~z value is very close
to that calculated from the tlontal TIUBICC measurements (3.56x10-

4).

At this point we have to return to the problem of ~~hat kind of beam is
the best for these experiments. Since this detector was already passi-
vated we did not want to repolish the side. First \ve tried to use alpha
particles then we switched to protons. The comparison of the alpha
and proton TRIBICC profiles is shown in Figure 11. Since the surface
was not very well polished the charge collection efficiency is smaller
for the alpha particles and it even drops further as the alpha particles
go through some surface defects. On the other hand the proton profile
is quite smooth, but the dips are still present as indicated by the ar-
rows. Although, the surface defect/damage reaches deeply into the
detector its effect on the proton created electron-hole pairs is small.

3.3 Damage

Unfortunately, this method is not completely non-destructive. Part of
the ion’s energy is used to create vacancies that become traps for the
charge carriers. Studies 11 in the past found that significant performa-
nce degradation occurs above 1010 particles/cm2. In our experiments
we tied to keep the irradiation dose low, well below 109 particleslcm2.
Even at this low dose we found that the peak of a homogeneous spot
shifted about 2°A for both detectors above 109 particleslcm2. This does
not seem to be of a problem but it is deftitely observable. Figure 12
shows a scan over half of an irradiated spot and half of a virgin spot
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Figure 12 IBICC scan over half of an irradiated Figure 13 Extended scan on a damaged spot

spot of detector 1 afler 5x10’0 particle/cm2 dose

FWHM of the peak changed significantly. The reason for this large change is that the charge collection efficiency does not
change uniformly over the irradiated area. The degradation is faster in the center and slower on the edges and in the comers.
After high dose irradiation a characteristic pattern can be observed, there is a more or less unifo~ low charge collection .

efficiency in the center region and it gradually increases toward the edges. This border area is several pm wide, and cannot be
explained by the overlapping cascades or scans. Figure 13 shows an extended scan over a previously irradiated spot. The total

dose was 5x1 0]0 particles/cmz. The border region is more than 10 pm wide. The brief qualitative explanation is as follows.
The alpha particles create most of the vacancies at the end of their range so after a large dose there is a highly damaged thin

layer (- 1 pm) around 20 pm below the cathode. Since practically all the electron-hole pairs are created between the cathode
and this highly damaged (full of traps) region, all the electrons have to go through the damaged region. While the electrons
are drifting from the cathode toward the anode they are diffising in the plane perpendicular to the direction of the drift. The
damaged region is not only localized in depth but it is about as large as the scanned spot. Therefore, electrons starting closer
to the edge have a chance to get outside of the scanned spot by the time they reach the damaged region. This way they do not
go through the damaged layer and do not get trapped in it. The detailed mode112 and calculations show that the width of the
border layer is only a function of the electric field in the region between the cathode and the damaged layer. In order to obtain
this wide border region this electric field must be significantly lower than the nominal field. This assumption is supported by
the fact that the signals from the center of the damaged spot have longer rise times than the ones from the edges. The origin
of the low electric field is assumed to be trapped negative charge in the damaged layer. In order to avoid damage the maxi-

mum dose should be kept well below 109 particleslcm2 (or 10 particles/pm2).

4. SUMMARY

The IBICC and TIUBICC techniques that are used routinely to study microelectronic devices are perfectly suitable to investi-
gate the electronic transport properties of gamma-ray detectors. Frontal IBICC and TRIBICC allow the calculation of elec-

tron mobility and lifetime with pm spatial resolution, although it can give false result if the electric field in the detector is far
from uniform. The lateral version of the above techniques provides information about the electric field distribution along the
detector’s axis and makes it possible to calculate the hole drift length. When the hole contribution is si-@icant, TRIBICC
should be used rather than IBICC to avoid losing information about the hole collection efficiency because of the short ampli-
fier shaping times.

We found that the electric field is more uniform in the passivated, doped detector than in the other one. The detector with the
sputtered platinum contacts showed a large electric field at the cathode and smaller field in the bulk of the detector. This de-

tector had better p~ for the electrons but no hole transport could be observed. In the passivated detector we found significant :.
hole contribution. .:.,:.:.:..- .. ; . . ... . ,: -:.... “., “.;.’.
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Since MeV alpha particles have short range in these detector+ they are sensitive to the surface conditions of the detectors
which can be a disadvantage. In these cases the use of a proton beam is preferred because it creates the charge in larger &pth;
therefore, the results are not affected by the surface conditions. Also, a proton beam causes less damage to the detector crystal
itself.

Although, these techniques are virtually non-destructive techniques the applied dose should be watched carefully. Even 109
particles/cm2 can cause charge collection efilciency and resolution degradation. The damage to the detectors will eventually

limit the ultimate lateral resolution to about 0.5 pm for alpha particles and to 0.2 ~m for protons.
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