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A time of flight technique was used to study the carrier trapping time, x, and

mobility, (i, in various CdZnTe (CZT) radiation detectors. A new class of CZT crystals

doped with various elements, grown by a modified Bridgman method at Yinnel Tech,

were fabricated into detectors. The charge transport properties and performance were

tested and compared with CZT detectors grown using the more mature high pressure

method. The crystals under study were single crystal in nature some, being large volume.

Both thermally evaporated and electroless gold contacts were used in the study. Carriers

were generated near the surface of the detector by an 241Am source producing a flood

field of 5.5 MeV alpha particles. Voltage signals from generated electrons or holes were

analyzed to determine the trapping time and mobility of carriers independently. Voltage

transients were acquired over a wide range of applied electric fields, and the Hecht

relation was used to model and fit the experimental data. Electron mobility at room

temperature was observed to be between 600 to 1250 cm2/Vs for the various CZT

detectors tested. The hole mobility in the CZT samples was found to vary between 7 and

100 cmVVs for different samples. Electron trapping times in the CZT samples under

study at room temperature varied from 1.1 to 8.3 jas depending on the dopant

concentration. Mobility-lifetime products for the detectors tested normally fell between

1.3-6.1xlQ-3cm2/V.
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1. Introduction

Cadmium Zinc Telluride (CZT) is a leading technological material for room-

temperature gamma-ray and x-ray detectors.1 CZT also has great potential for

widespread commercial use in such applications as medical imaging, environmental

monitoring, and possibly remote sensing x-ray and gamma-ray spectrometers.1 CZT's

energy resolution, efficiency, and low bias voltage requirement are driving the material

growth industry to produce larger detector grade crystals at a lower cost.

Characterization and improvement of the transport properties, mobility and

trapping times, in CZT are paramount to the production of better detectors, because

carrier mobility and trapping time determine the charge collection efficiency. The charge

collection efficiency in turn is directly related to the detector's energy resolution when

operating as y-ray and x-ray spectrometers.1 Consequently, radiation detector materials

with \ix products as high as possible function as the best spectrometers.

2. Time of Flight Technique

The time of flight technique comprises measuring the transient voltage response

to the drift of carriers created by a short duration pulse of ionizing radiation, in this case

5.5MeV alpha particles from an 241Am source. The samples tested exhibit high resistivity

when voltage was applied using noninjecting contacts. Fully depleted samples can be

obtained having low DC current flow. Measurement of the transit time of carriers across

the high-field regions determines the drift velocity, which can be used to determine the



mobility. Analysis of the shape of the transient voltage response curve provides

information about the trapping time. A general feature of this type of analysis is that the

motion of both electron and hole carriers can be observed separately by either reversing

the polarity of the applied voltage or directing the ionizing radiation on the other contact.2

For the ideal case, when no carrier trapping occurs, the drift of electrons across the

sample produces a constant current whose duration is a measure of the transit time TR for

the electrons. Assuming a uniform electric field distribution, the voltage sensitive charge

collecting circuit will have a voltage signal that rises linearly with time, and the pulse rise

time can then be used to determine TR and calculate the mobility.

For the waveform analysis method, a single level with trapping but no detrapping

and a uniform electric field throughout the sample, was assumed. Due to trapping of

electrons or holes, the free carrier concentration, N, exhibits a simple exponential decay

N = Noexp(-t/z), [number/cm3] (1)

where No is the number of free carriers created per cm3.3 For electrons, which are

generated near the negative electrode and drift with a constant velocity, the collected

charge as a function of time is given by

^ ^ [coulomb] t<TR, (2)

or in terms of detector output voltage the expression becomes

[volt] t<TR. (3)

Here q is the electronic charge, C is the capacitance of the device, TR is the transit time

and Tis the trapping time.1'4'5

When time t = TR, the expression may be rewritten as
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In Equation 4, the substitutions TR = and Qo =Noq have been made, where d is
r* ''bias

the detector thickness in cm and Vbku is the variable applied bias. Experimental data are

acquired for Vout versus Vbias, and Equation 4 is used to fit the experimental data curve

with fitting parameters Qo/C and T. The mobility, ji, is predetermined for the sample

under study using the expression

d 2 cm1

(5)
TRVbias

and is considered to be constant in the fitting routine.

3. Experimental

Planar detectors grown by modified vertical and high-pressure vertical Bridgman

methods were used in the experiment.6 Thin gold contacts, approximately 400 nm in

thickness, were deposited on two parallel surfaces by either electroless gold or thermal

evaporation. Detectors varied in thickness from 2 to 10 mm. An 241Am alpha source

emitting a flood field of 5.5 MeV alpha particles was used to create electron-hole pairs

near one surface of the detector. A high-voltage power supply biased the detector

creating an electric field throughout the detector. The diagram in Fig. la shows the

experimental setup. In this diagram, a negative applied bias Voltage causes electrons to

drift from the cathode, at the top surface, to the anode, where they are collected,

amplified with a charge sensitive preamplifier, and recorded on a fast digitizing

oscilloscope. The sample and source were in a shielded chamber to minimize electronic



noise. The integrated collected charge is observed on the oscilloscope, a typical voltage

transient is shown in Fig. lb. In Fig. lb the approximate transit time is 0.75 |xs and the

corresponding pulse height or Vout is approximately 0.15 volt. As the applied bias

voltage varies the pulse height and transit time change accordingly. With smaller voltage

biases, carriers have slower velocities and more charge becomes trapped causing a

reduction in the Vout pulse height. The mobility of carriers is determined using Equation

5. From this expression we see that for the best estimation of mobility, the transit time

must be accurately measured. This accuracy may be achieved by increasing the electric

field such that T R « X at which point a sharp transition in the output voltage transient is

observed and the transit time may be accurately determined. Shown in Fig. 2 are output

voltage transients for increasing electric field, which demonstrate the sharp transition

needed for accurately measuring the transit time. A series of twenty or thirty voltage

biases are used to measure both the pulse height (Vout) and corresponding transit time.

These data points are plotted in terms of Vout versus Vbtas, such that Equation 4 (with two

floating parameters x and Qo/C) may be used to extract the trapping time x through a

fitting routine using the predetermined value of mobility. The data was fit with an

iterative Marquardt-Levenberg regression analysis algorithm. During this regression the

differences between the calculated and experimental values are minimized via a mean

squared error (MSE) function. The MSE is defined as

\2
ymod _
y outMSE2= V 1 '"* 'out

2N-Mtv
(6)

where N is the number of Vout data points, M is the number of variable parameters in the

model, and a is the standard deviation of the experimental data points. In Equation 6,



V™d and V*u refer to the model (calculated from Equation 4) and experimental Vout

values.

4. Results and Data Analysis

In Fig. 3a an electron transport fit is shown for a 10x10x10 mm Yinnel Tech

sample. The trapping time for this detector was found to be about 8.3± 0.5 us, and the

mobility was measured to be 740+ 45 cm2/Vs. This works out to a very good \ix product

of 6.1xlO"3 ± 12% cm2/V. Various dopants have been introduced into the material during

the growth process in order to influence the transport properties.6 This sample suggests

that a favorable dopant or dopants may exist that would yield even better spectroscopic

performance. One of the more promising aspects of this material is that experimental

large-volume single-crystal detectors with more uniform response are being made. These

devices could potentially be available at a lower cost than those grown by the previous

high-pressure methods.

Another electron transport fit (Fig. 3b) for Yinnel Tech CZT material

demonstrates a favorable fix product.7 Measured mobility was nearly 600 ±25 cm2/Vs

with a trapping time of 5.0+0.6 |is, and corresponding |nx product of 3xl0"3 ±16%

cm2/V. The addition of a selected dopant to increase resistivity in the material increases

the carrier trapping time at the expense of a lower carrier mobility. However, the |IT

product is also increased if the correct dopant concentration and growth conditions are

utilized.

Different dopants and concentrations can lead to large variations in transport

properties. Examples of this are shown in Fig. 4a and Fig. 4b, both of which are



proprietary Yinnel Tech materials, but have transport properties approaching that of

undoped CZT material. Undoped CZT typically has mobility in the range of 900 to 1200

cm2/Vs and a trapping time of the order of 1 or 2 |LXS. For the Yinnel Tech sample in Fig.

4a, the trapping time was found to be 3.3± 0.3 (is and the mobility was 700+33 cm2/Vs,

the corresponding \iz product was 2.3xlO"3 ± 15% cm2/V. In contrast, the trapping time

for the sample shown in Fig. 4b was only 1.1 ±0.2 |xs, while the mobility was a high

1260 ±40 cmVVs. This sample shown in Fig 4b, had transport properties that closely

matched those of typical undoped CZT, the [ix product was only 1.4xl0"3 ±20% cm2/V.

For comparison, a discriminator-grade eV Products detector was tested, and the results

are shown in Fig. 5.8 This was a 10x10x2 mm randomly selected CZT sample and is not

representative of the best possible performance for material grown by vertical high-

pressure Bridgman method. In an analogous way, the samples selected from Yinnel

Tech's material were selected at random, and they too are not expected to be indicators of

the best material grown to date using a modified vertical Bridgman method. The

measured trapping time and mobility for the eV Products detector were 1.9± 0.2 [is and

940±30 cm2/Vs respectively, which corresponds to a \xx product of 1.8xl0"3 ±14%

cm2/V.

Hole mobility was measured in several CZT detectors by reversing the bias

voltage to achieve hole collection at the cathode. The setup is identical to that shown in

Fig. la with the exception that the bias voltage on the detector is reversed. The resulting

output voltage transients are shown in Fig. 6a for applied biases of 400, 300, and 200 V

across a 2-mm thick CZT detector made by eV Products. From these transient data the

hole mobility of this particular eV Products sample was estimated to be about 7 or 8



±15% cm2/Vs. For comparison, the hole mobility of a Yinnel Tech CZT detector is

shown in Fig. 6b. The hole mobility was determined to be about 33+ 15% cm2/Vs for the

transient data shown in Fig. 6b. Similar measurements taken on various other CZT

detectors yielded hole mobility that varied between 7 and 100 cm2/Vs. Further work is

needed to explain this large variation in the hole mobility. It is possible that hole

scattering is dominated by extrinsic defects, or perhaps the electric field is not uniform,

possibly smaller near the anode.9

5. Conclusions

The carrier mobility \i and trapping time x were measured in CZT grown by Yinnel

Tech and eV Products using an alpha particle time-of-flight technique. Measurements

were made in air at room temperature using 5.5 MeV alpha particles from an 241Am

source. The Yinnel Tech crystals were grown using a new modified Bridgman method

and were doped using a proprietary process with various elements to determine their

effects on carrier transport properties. Electron mobility for CZT was observed to vary

between different detectors over the range of 600 - 1250 cm2/Vs depending on the dopant

and concentration. Electron trapping time for various CZT detectors varied between 1.1

- 8.3 (j,s depending on the doping conditions. It was observed that increased trapping

time due to dopants usually came at the expense of a lower mobility; however, the overall

JUT product could be substantially improved by the addition of dopants during the growth

process. For the detectors under study the |ix product varied between 1.4xlO'3 to 6.1xlO"3

cm2/V for different dopants and concentrations. These values are about a factor of two

lower than those obtained by fitting the charge collection efficiency using a collimated



beam of 57Co gamma rays at different applied voltage biases to the Hecht relation. This

may indicate some contribution due to surfaces, edges, and non-uniformity in the carrier

drift lengths.10 Hole mobility in the CZT detectors tested was observed to be in the range

of7-100cm2/Vs.

One of the more promising aspects of the material prepared using the proprietary

Yinnel Tech process was that large-volume single-crystal devices with more uniform

response are expected to become available at a less expensive cost when compared to the

older high-pressure processes. It is now possible using the proprietary Yinnel Tech

processes that the combination of large-volume single-crystal material with the

introduction of certain dopants may lead to large improvements in future room-

temperature semiconductor detector performance. Furthermore, the use of the detectors

may become more diverse in their range of application.
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Figure Captions

Fig. 1 (a) Experimental setup.

(b) Typical voltage transient as observed on oscilloscope representing

the total integrated charge.

Fig. 2 Comparison of high voltage transients used for determination of

mobility.

Fig. 3 (a) Electron transport fit for determining trapping time for a Yinnel

Tech CZT detector. The [ix product equals 6.1xlO"3 cm2/V.

Certain dopants and concentrations yield favorable fix products,

(b) Electron transport fit for determining trapping time for a Yinnel

Tech CZT detector. The ^x product equals 3.0xl0"3 cm2/V.

Fig. 4 (a) Electron transport fit for determining trapping time for a Yinnel

Tech CZT detector. The |ix product equals 2.3xlO"3 cm2/V.

(b) Electron transport fit for determining trapping time for a Yinnel

Tech CZT detector. The |ix product equals 1.4xlO'3 cm2/V.

Fig. 5 Electron transport fit for determining trapping time for a eV

Products CZT detector. The [ix product equals 1.8xlO"3 cm2/V.

Fig. 6 (a) Hole transport raw voltage transients for an eV Products CZT

detector,

(b) Hole transport raw voltage transients for a Yinnel Tech CZT

detector.
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