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Abstract

In today’s commercially available counter-select-grade CdZnTe crystals for

radiation detector applications, the thermal ionization energies of the traps and their

types, whether electron orholeRaps, were measured. The measurements were

successfully done using thermoelectric emission spectroscopy (TEES) and thermally

stimulated conductivity (TSC).

found to be very important and,

For reliability, the elecricai contacts to the sample were

instead of Au Schottky contacts, In Ohmic contacts h~d

to be used. For the filling of the traps, photo=eitation Was done at zero bk at ZOK

and at wavelengths which gave the maximum bulk photoexcitation for the sample.

Between the temperature range from 20 to 400 K, the TSC current was found to be on the

order of- 10000 times or even larger than the TEES current, in agreement with theory,

but only TEES could resolve the trap type and was sensitive to the deep traps. Large

concentration of hole traps at 0.1 and 0.6 eV were observed and smaIler contraction of

electron traps at 0.4 eV was seen. These deep traps cause compensation in the material

and also cause trapping that degrades the radiation detection measurement.
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I. Introduction

~: In recent years, room temperate semiconductor radiation detectors have found

myriad of applications [1]. For the detection of gamma-rays, CCLMZIIO.ITe (UT) has

been an excellent candidate, because (1) it has a large ener=gyband gap necessary for

room temperature operation and (2) a large cross section for the photoelectric absorption

of gamma-rays, which is necessary for efficient conversion of the gamma-ray ener=~ to

electrical eneregy. However, in gened, for a material to be a suitable room temperature

semiconductor radiation detector, it must have high resistivity, on the order of 109 Q cm,

to minimize the noise due to the leakage current. and it must also have large electron and

.

.

hole drift len=fis [2], for maximum charge collection efficiency and maximum signal.

The earner drift length is defined as the product of the earner mobility and lifetime, and,

physically, it is approximately equal to the distance that an electron or a hole travels

before becoming trapped. Since the carrier mobility at room temperature is determined

primarily by phonon scattering and the electronic energy band structure. it is the lifetime

of the electrons and holes that must be long to give large carrier drift lengths.

As grown by most methods, CZT has a problem that it has relatively large

concentrations of impurities and native defects that cause low resistivity and short carrier

drift lengths. A solution to this problem is to compensate for these unintentional

impurities and defects by introducing additional impurities or native defects. A well

known and understood example of compensation is semi-insulating GaAs, in which Cr

and O create deep electron and hole traps that pin the Fermi level near middle of the

energy band gap, at the expense of shortening the carrier lifetimes [3].

do.
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For CZT, compensated semi-insulating materials are currently available, and most

of these are made by the h@-pressure Bridgeman growth [4]. However, tie rnechanisrn

of compensation is not understood ~d the yield of usable CZT is 10W. Understanding

and controlling the compensation mechanism is the key to increasing the yield of usable

CZT for radiation detection applications.

Our approach to studying compensation and trapping in CZT has been to use

thermoelectric emission spectroscopy (TEES) ~ef. 5], thermally stimulated conductivi~

(TSC) @3.ef.6], and current-voltage measurements (I-V). TEES is a recently invented

spectroscopy primarily for measuring the trap types, i.e. whether a trap is an electron or a

hoIe trap, and the trap energies of deep traps in semiconductor materials. In addition, for
/

some semiconductor materials, it is possible to infer the trap’ cross sections and trap

concentrations. In TEES, the traps are filled at low temperature and they are made to

detrap by increasing the sample temperature. A thermal gradient is maintained across the

sample to force the detrapped electrons and holes to move toward the colder electrode,

and an electrometer measures the current at the electrodes.’ This is shown schematically

in Fig. 1. Due to opposite charges, the electron and hole currents give opposite signs,

thereby enabling the distinction between the electron and hole traps. The temperature

and the rate at which the traps empty give their enengy with respect to the conduction

band, for the electron traps, or the vaIence band, for the hole traps. The shape and the

ma=~itude of the TEES currents can give the trap cross sections and the concentrations.

TSC is a similar spectroscopy used primarily for measuring the trap energies, and,

sometimes, the trap cross sections and concentrations. The experimental difference

between TSC and TEES is that, instead of applying a temperature gradient across the



sample an electric field gradient is applied across the sample in TSC. As shown on Fig. 1,

because of the internal electric field, the detrapped electrons and holes move toward the

anode and the cathode, respectively, giving currents that have the same sign.

The main advantages of TEES are that (1) it enables distinction between electron

and hole traps (this is important in &ying to understand the compensation mechanism)

and (2) it is sensitive to deep traps that detraps only near room temperature or above.

Lacking these two advantages of TEES, TSC has the advantage that its siemal is much

lager thm TEES. This will be explained in the theory section. In this paper, in addition

to discussing the compensation and trapping in CZT, we will

and the theoretical aspects of TEES in some detail, in order to

reliable deep trap spectroscopy.

discuss the experimental

establish the method as a

II. Experimental

The experimental measurements were taken using an integrated and automated

data acquisition system developed recently at Sandia National Laboratories by the

authors, and it is schematically shown in Fig. 2. The system consists in part of a closed-

cycle helium cryostat that ailowed the sample temperature to vary between 14 K and 475

K [Ref. 7]. The sample stage was homemade, to provide an adjustable spnng-loaded

electrical and thermal contact to a horizontally placed sample having a range of

dimensions born 1 to 10 mm thick and up to 1 cm wide. The sample holder also had two

minors to allow the external light from the view port of the cryostat to illuminate a side

face of the sample. Two silicon diode sensors were placed on the sample stage to

measure the temperature at the top and bottom electrodes. In thermal equilibrium, the

.-:-.. I
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sensors read the same temperature within 0.1 K. The two signal wires were both made of

Auto avoid thermoelectric voltage from the electrical junctions.

During the measurements, the cryostat was pumped to 10-7Torr using a

turbomoIecular pump and a backing rou.@ing pump, tOavoidtheconden=tio~ of

moisture and atmospheric gases. The optical view port of the cryostat was covered by a

metallic bQx, for shielding from stray light and electrostatic disturbances. The sieaal

wires horn the cryostat was connected by a triaxial cable to an electrometer that had fA

sensitivity and also provided a voltage source. The sample temperature was controlled by

a temperature controller, that monitored the two silicon diode sensors in the cryostat and

also heated the sample stage. The heating rate varied from 0.1 to 0.5 IOsec. Both the

electrometer and the temperature controller were interfaced to a personal computer for

automated data, acquisition. The I-V measurements were made in dark at 10-7Torr and at

stable temperatures.

For the photoexcitation at low temperature to fill the traps for TEES and for TSC.

a tungsten halogen lamp was the light source. Two lenses were used to guide the light to

a monochromator and to match its numerical aperture. The monochromator slit width

was set to give 5 nrn bandwidth, and the wavelength was vaned between 200 nm and 1

~m- The light from the monochromator was coupled by a fiber optic bundle to the view

port of the cryostat with stray-light rejection. The wavelength of the light was varied at 5

nm intervals at low temperature while the sample was held at 10 V, to find the optimum

wavelength. For too large wavelengths, there was negligible photoexcitation of electrons

across the energy band gap, and, for too small wavelen=@s, photoexcitation occurred

only at the illuminated surface, where the materials properties differ siemificantly from

23
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the bulk. At the optimum wavelen.@, tie maximum photocurrent is obtained due to the

photoexcitation of the largest number of electrons from the valence band to the

conduction band. In this case, the photoexcitation OCCUrSpreferentially in the bulk of the

sample, rather than at the surface, thereby filling electron and hole traps away from the

surface. After establishing the optimum wavelength for the photoexcitation, which was

750-780 nm for the sa.mples for this study, the photoexcitations prior to TEES and TSC

were done at zero bias, to avoid polarization effects. The sample was also initially cooled

at zero bias, for the same reason.

The three samples used for this study were supplied by eV Products, located in

Saxonburg, Pennsylvania. Samples A and B were purchased this year, were lx IxO.2

cm3, and were fkom the same ingot. Sample C was purchased last year and it was

0.3x0 .3x0.2 cm;. All three samples were chosen at random, and they were categorized as

count-select grade [8] by the supplier. As received, the samples had two Au contacts on

opposite faces, and they also had red coating between the Au contacts.

It was necessary to remove the red coating for the photoexcitation of the sample.

The removal was done by an acetone etch followed by a methanol rinse. To remove the

Au contacts, the contacts were mechanically polished using a fine grain sand paper and

rinsed in methanol. To obtain an Ohmic contact, pure In was applied while momentary

heating the sample on a hot plate at 200 “C.

III. Theory

In the steady state, the electrical current in a nondegenerate semiconductor can be

described by the following generalized drift-diffusion equation derived from the

(44
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Bokzmann transport equation, under the relaxation time approximation and diffusive

approximation for nondegenerate semiconductors [9].

Je = (2e + l)p=nkVT+ p~kTVn + ep~nE, Eq. (1)

J,= -(2, + l)phpkVT – /thkTVp + ej.thpE, Eq. (2)

where the subscripts distinguish the electron and hole parameters and y’s are nobilities

given by

P - “o (kT~ -&+;) ,
m

Eq. (3)

Eq. (4)

where r is the Gamma function, ~ is the relaxation time of the charge c&riers as a

function of their kinetic energy, and both k’s and ZO’S,are, ii general, different for the

electrons and holes. Near room temperature, phonon scattering dominates the carrier

relaxation process [10] and 2.= –}. At low temperature, ionized impurity scattering is

expected to dominate and 1 = ~.

In

equations

and there

L

the absence of a temperature gradient, one obtains the usual drift-diffusion

from Eq. (1) and Eq. (2). In TSC, one applies a constant bias across the sample

is negligible temperature gradient and negligible can-ier concentration =~dient.

Hence in TSC, the first and second terms of Eq- (1) and Eq. (2) vanish and the TSC

current is proportional to the electrical conductivity, o = e~cn +-ephp. For TEES, there

is a constant temperature gradient across the sample, but there is nedi~ible voltage.-

gradient-and negligible carrier concentration gradient. Therefore, for TEES, only the first

term of Eq. (1) and Eq. (2) survives.



One should note that the ratio of the third term to the fust term is
(~ +e;kAT’

where V is the voltage across the sample in ‘EC and AT is the temperature difference

across the sample in TEES. For typical experiments, V=1O V and AT = 10 K, and,

therefore, the ratio is on the order of -10000, implying that the TEES cwent should be

smaller than the TSC current by tiis factor or even more; if electron and hole peaks in

TEES overlap, they will result in pafiial cancellation of the currents, whereas, in TSC, the

currents will add. We will examine the experimental ratio in a following section.

IV. Result and discussion

In this section, we will dkcuss results from 3 counter-select grade samples

recently purchased from eV Products and refer to them as samples A. B. and C. Samples

A and B were from the same growth ingot, and sample C was from another. The supplier

tested the radiation detection performance of the material and provided the pulse height

spectrum for each. Sample A was the best radiation detector, in terms of the energy

resolution for 59 keV gamma-rays. In this section. we will discuss I-V measurements

first, because we found that Ohmic contacts are crucial to for TEES, TSC, and bulk

resistivity measurements. Next we will describe our trap filling procedure using

photoexcitation, since proper trap filling is prerequisite for successful TEES and TSC.

And then, we will discuss our TEES and TSC results. These results will enable us to

construct an energy level diagram of the obsemed traps, and also enable us to discuss the

compensation and trapping in these materiaIs.

, IV.A. Current voltage measurements and metal-semiconductor contacts

/
.~o reliably perform the spectroscopes of deep traps and to measure the bulk

,/!

re,>istivities, we found it critical to have Ohmic contacts on the samples. For example,
,/”
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Fig. s(a) shows a I-v plot of sampleAat 293.7 K. For this measuremen~ the sample had

the Au contacts made by the supplier [1 1], and the only processing we performed was the

removal of the red coating from the samples. The symmetric “$’ shape in the I-V curve

was seen for all the samples from the supplier, and it shows that the Au contacts form

back-to-back leaky Schottlq barriers, giving the minimum differential resistance,
W—, at
dI

dV
zero bias. The inset shows that — at zero bias is 8.3x109 !2 When the Au contacts were

dI

removed and In contacts were applied, the I-V curve changed, as shown in Fig. 3(b). The

dV
“S” shape was replaced by a curve indicative of Ohmic contacts and — at zero bias

dI

decreased by a factor of 2.2 to 3.8x109 Q. In contrast to Fig. 3(a),
dv— decreases with
d]

voltage in Fig. 3(b). Since sample A had dimensions of 10x10x2 mmj, the corresponding

bulk resistivity is 1-9x1O!OQ cm, consistent with the range of vrdues reported in literature

for such CZT materials. It is clearly very important to have Ohmic contacts for bulk

resistivity measurements.

We also found that it is important to have Ohmic contacts for TEES and TSC

measurements, because, othenvise, the electrical resistance of the contacts can

profoundly alter the magnitude and the shape of the spectra. For example, in TSC, it will

be shown later that, for a peak in TSC spectra, the current can be as large as 10 pA with

10 V bias, even at 50 K. This implies a bulk sample resistance of less than 1 Mf2. If the

sampIe contact resistarice is larger than the sample bulk resistance, then most of the

voltage drop across the sample occurs at the contacts. Since the current is proportional

the electric field inside the sample, the reduced field results in a much reduced TSC

to



current. We have seen the magnitude of the TSC cu.ment change by many orders of

ma=witude, due to the contacts. We have also seen the TEES and TSC spectra shapes

change due to the contacts, but a detailed discussion of the effects of bad contacts are

beyond the scope of this paper.

IVJ3. Filling traps by photoexcitation

At low temperatures, the free carrier concentration of a nondegenerate

semiconductor approaches zero. For our TEES and TSC experiments, to fill the traps at

low temperature, we increased the free carrier concentrations by photoexcitation of the

electrons across the energy band gap. Some of the resulting &ee carriers became trapped,

and, to maintain local charge neutrality, the free canier concentrations near the traps

increased, resulting in increase of the photoconductivity with trap filling. By applying a

bias, we saw the photocurrent increase with trapping, and this was a convenient means of

monitoring the pro.mess of trap filling. During this study, we found that, with our setup

and the samples, the optimum wavelengths were between 750 and 780 nm, and the

photoexcitation increased the photocument, at 10 V applied bias, from -0 pA to on the

order of 1 nA in 30 minutes. Furthermore, the rate of the increase of the photocurrent

was nearly linear at the end of the 30 minutes, indicating that onIy partial filling of the

traps occurred. Fig. 4 shows the photocurrent as a function of time for a typical sample.

For TEES and TSC experiments, we applied zero bias during photoexcitation, to

eliminate the possibility of polarization of the internal eIectric field of our samples. It

was found that the thermal velocities of the free carriers were large enough, even at 20 K,

that biasing was unnecessary for the trap filling. For a given sample, the biasing was

3



done only once, in order to determine the optimum wavelenG@ for the photoexcitation

and to monitor the initial progress of the trap filling.

IV.C. TEES and TSC measurements

The TEES and TSC measurements were taken after the Au contacts were

removed and In contacts were applied. The I-V measurements and the photoexcitations

were done using the procedures described in the previous sections. The TEES and TSC

spectra for sample A are shown in Fig.5(a). The TSC spectrum shows only one large

peak near 40 K. The TEES spectrum, taken under the identical photoexcitation

conditions and the heating rates, (1) identifies the peak as a hole trap peak, (2) shows

additional peaks in the temperature range beween 150 K and 300 ~ and (3) identifies

the room temperature electrical conductivity of the sample as n-type. In Fig. 5(b) is

shown an expanded plot of the TEES spectrum between 100 and 300 K. Two additional

electron traps and two additional hole traps can be seen..

Fig. 5(c) shows an expanded plot of the room temperature region where the

thermal excitation of the electrons across the energy band gap begins to have an

appreciable effect. It can be seen that the TSC current is larger than the TEES current by

a factor of- 4000, consistent with our theoretical expectations.

In Fig. 6 are shown the TEES spectra for samples B and C. In addition to the

traps observed in sample A, more traps can be resolved. The TSC spectra for the samples

are now show because they do not contain any additional information.

IV.D. Energy level diagram

The temperature and the heating rate determine the trap thermal ionization energy.

The following formula was originally derived for TSC [Ref. 12], but it is now commonly

W.



used for both TSC and TEES, to determine the trap energies of the electron traps. It

assumes negligible rewrapping and that the trap cross section and iifetime are relatively

slowly varying function of the temperature.

El= kT~ In(
4~k3

cm;OjE’T: ), where c = ~q . Eq. (5)

In the above equation, E, is the trap energy, k is the Boltzmann constant, Tm is the

temperature of the TEES peak, mj is the effective mass of the electrons, C. is the trap

cross section, @ is the heating rate, and h is the Planck’s constant. For ml, we use

0.14 m, , where me is the free electron mass. This is the known effective mass for CdTe

and we use this, because the Zn concentrations in the CZT samples are -0.1 [Ref. 4].

For hole traps, Eq. (5) applies as well, with the replacement of the electron effective mass

by the hole effective mass.

In Eq. (5), the trap cross section is unknown. Realistically, it is expected to vary

between 10-12to 10-lg cmz, 10-is cmz being typical of a neutral trap. A negatively

charged electron trap or a positively charged hole trap would have a smaller cross

section, and a positively charged electron trap or a negatively charged hole trap would

have a larger cross section. Due to the logarithmic dependence of the trap energies on the

trap cross section, the 6 orders of magnitude variation in the trap cross section propagates

as only -30 ‘A variation in the trap energies.

Based on the trap energies, we can form an energy level diagram for CZT. The

electron and the hole tips observed in samples A, B, and C are plotted in Fig. 7. It can

be seen that similar traps exist in all three samples. At the present time, it is unknown

what the levels are. However, it has been reported recently that, in CdTe, Vcd-causes

30



hole traps at- 0.2 eV and- 0.8 eV, and that Teed causes an electron trap at -0.4 eV

Ref. 13]. We speculate that some of the observed traps we these. Elemental analysis of

these materials have shown the presence of other impurities such as Ni and Al [14].

It is important to note that shallow traps less that -100 meV deep cannot be

measured using our current setup, because our lowest attainable temperature is 20 K, at

which the shallow traps are already empty. It is very likely that shallow levels do exist,

since some of the observed impurities are known to be shallow n-we dopants.

IV.E. Compensation and trapping

The energy level diagram shown in Fig. 7 allows us to consider compensation and

Gapping. The common deep traps, El, E2, H4, and H5 can compensate the shallow traps

to pin the Fermi level near the middle of the energy band gap, depending on their

concentrations and charge states. We have previously shown how this can happen.

our earlier TEES data [15]. However, the quantitative determination of trap

using

concentrations requires knowing the carrier nobilities and lifetimes as a function of the

temperature, and we are currently trying to measure these variables. In addition, it may

be necessary to saturate the traps by either providing longer duration for photoexcication

or by using a more intense light source.

The same deep traps that compensate the shallow traps also cause carrier trapping.

It can be shown from the principle of detailed balance that the electron trap decay time,

-rd, is related the trap cross section and energy by the following expression.

Eq. (6)
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where NC is the effective density of states for the conduction band and vti is the thermal

velocity of the electrons. Physically, the election decay time is the approximate duration

that an electron, once it falls into a trap, spends in that trap, before detrapping. Naturally,

it is a strong function of the temperature. In Fig. 8, the trap decay times for the electrons

and holes are shown as a function of the trap energy for CZT at room temperature,

assuming an average trap cross sectionof10-~5 cm2. It can be seen that the shallow traps

detrap very fast, in less than 1 nsec, whereas the deeper ones take hours or even longer to

detrap. Because the typical nucIear electronics operates in the time scale on the order of

1 psec, the traps shalIower than - 200 meV detrap so fast, on the order of O.I psec or

less, that they do not siemificantly degrade the radiation detection measurements. The

traps deeper than -200 meV, the same ones that are also very important for the

compensation, are the ones that degrade the radiation detection measurement. The best

radiation detector material would have the minimum concentration of deep traps required

for compensation.

V. Conclusion and future

In conclusion, we have performed TEES, TSC, and I-V measurements on

commercially available counter-select grade CZT crystals for radiation detector

applications purchased recently from a US supplier. The I-V measurements showed that

the detector have leaky Schottky contacts made by the supplier, and In Ohmic contacts

were necessary for making accurate btdlc resistivity measurements and also for doing

TEES and TSC. When the Raps were properly filled, we found the photocuuent to

monotonically increase with time, and we found it necessary to have Ohmic contacts and

to chose the optimum wavelengths. When TEES and TSC spectra were compared, it was

3a



seen that the TSC currents were at least on the order of -10000 times larger than the

TEES currents, in accordance with theoretical expectations. The TEES spectra allowed

us to identify the trap types and to determine the trap thermal ionization energies. The

deep traps observed cause compensation and also cause trapping in the material. Large

concentration of holes traps -0.1 and -0.6 eV deep were observe~ and electron haps

-0.4 eV deep were seen. The large concentration of the hole traps is consistent with the

known shorter lifetime of the holes in these materials.

In the future, we will correlate the analysis of the materials composition with the

trap spectroscopy measurements, in order to identi~ the traps and to ultimately control

the compensation and trapping in CZT for radiation detector applicatior&.
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Fig. 1. Conceptual view of TEES and TSC.

Fig. 2. Schematic picture of the experimental setup.

Fig. 3. (a) I-V curve of CZT, as received from the supplier with Au/CZT contacts, (b) I-

V curve with In/CZT contacts.

Fig. 4. Photocurrent vs time under 10 V bias, at 20 K and at the optimum wavelength of

760 nrn for the sample.

Fig. 5. (a) TEES and TSC of sample A, (b) expanded TEES plot showing additional

electron and hole traps, (c) expanded TEES and TSC plot near room temperature,

showing a large ratio of the two currents, on the order of -4000.

Fig. 6. (a) TEES of sample B, (b) TEES of sample C.

Fig. 7. Energy level diagram of traps in count-select-grade CZT.

Fig. 8. Electron and hole trap decay time vs trap thermal ionization energy at room

temperature.
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