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ABSTRACT kx Uniied States Government pUX-

Optical properties of CdO.gZnO.lTe (CZT) were studied by variable angle spectroscopic

ellipsometry (VASE). Measurements made by VASE were performed on CZT and CdTe

samples in air at room temperature at multiple angles of incidence. A parametric function model

was employed in the VASE analysis to determine the dielectric functions &= &l + i~2 in the range

of 0.75 to 6.24 eV. A two-oscillator analytical model was used to describe the dielectric

response of native oxides on CZT. Surface oxide optical properties and thickness on CZT were

also determined in conjunction with the VASE measurement and analysis of a CdTe sample.

Two samples of CZT of different oxide thicknesses were measured and their optical constants

were coupled together in a multiple-sample, multiple-model VASE analysis to resolve

correlations between fitting parameters. Effective medium approximation (EMA) was used to

describe the optical properties of the CZT oxide with roughness. A Kramers-Kronig self-

consistency check of the real and imaginary parts of the C&gZno.lTe dielectric functions was

performed over the energy range 0.75 to 6.24 eV. A five-Lorentz-oscillator model was

employed to describe the dielectric response of CZT in the range of 1.6 to 6.24 eV. Intensity

K



transmission measurements were made on the Cdo.&nO.lTe and CdTe, showing the absorption

energy band edges of-1 .58 and 1.46 eV, respectively.

1. Introduction

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

gamma-ray and x-ray detectors. 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. CZT’S energy resolution, efficiency, and low bias voltage

requirement are driving the materiaI growth industry to produce larger detector grade crystals at

reasonable cost.l

The optical properties of CZT crystaI is an important part of characterizing detector

performance by accurately predicting response due to changes in alloy fraction or crystal growth

methods as well as evaluating crystals grown using new techniques. However, the optical

dielectric response of the CZT crystal, e.g., dielectric functions s = S1 + i&2,as welI as optical

properties of native oxide on CZT have not been determined by precise optical measurements.

In this paper, we report determination of room temperature dielectric functions of

crystal in a spectral range of 0.75 to 6.24 eV, by variable angle spectroscopic

W.Zm.lTe

ellipsometry

(VASE). The optical properties of native oxide on CZT were estimated through evaluations of

the dielectric reponse of oxide on CdTe using a two-oscillator analytical model. A parametric

model in a muhiple-sample, multiple-model VASE analysis was then used to describe the

dielectric function for C&.gZno.lTe in conjunction with effective medium approximation (EMA)

implemented to describe the rough oxidized “CZT surface. A Kramers-Kronig self-consistency
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check was performed to ensure

five-Lorentz-oscillator model is

C&.gZ~.lTe.

C&.gZno.lTe to

materials.

f

that the resulting dielectric function is correctly correlated. A

implemented to analytically describe the dielectric function for

Transmission intensity measurements are presented for both CdTe and

demonstrate the difference in energy-band absorption edges between the two

2.

atom

Eliipsometry Background

Spectroscopic ellipsometry is a non-invasive optical technique sensitive to fractions of

layer thickness, capable of determining surface changes, optical constants of bulk or

layered materials, overlayer thickness, multi-layer structures, and surface or interface

rou@ness.24 The measured ellipsometry parameters ~ and A are related to the complex ratio of

,-. reflection coefficients rP and r~ where the angle of incident light is given by ~. Here the

subscripts ‘p’ and ‘s’ refer to light polarized parallel (p) and perpendicular (s) to the plane of

incidence.3 The ratio is defined as

The parameters ~ and A are sensitive to changes in surface conditions, overlayer thickness,

dielectric functions and other properties of the sample.2>375The measured eIlipsometric

parameters y and A are related to the pseudodlelectric function given by

(4 ‘(5)+ ’(E2)= ‘in2i+tm2’[fi)’l

(1)

(2)

For a simple sample with no overlayer p could be used to determine the dielectric response

directly using Eq. 2. However, the substrate in general is covered with a surface overlayer, i.e.,
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native oxide layer, surface roughness, etc. In this case, we must numerically fit the ellipsometric

data to an assumed model through a regression analysis. 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

(3)

where N is the number of (~, A) pairs, M is the number of variable parameters in the model, and

c are the standard deviations on the experimental data points.

3. Experimental

Multiple angle spectroscopic ellipsometric measurements of two C&&ZnO.lTe and one

CdTe samples were made in the spectral range of 0.75 to 6.24 eV (0.75 to 5.5 for one CZT -

sample) with an increment of 0.02 eV, at angles of incidence of 73°, 75°, and 77°. Transmission

intensity measurements of CZT and CdTe were taken in the range 0.75 eV to 3.5 eV with an

increment of 0.02 eV. The ellipsometry measurements were acquired using a variable angle

spectroscopic

increase stray

ellipsometer (VASE), equipped

light rejection and si=gnal to noise

with a beam-chopped, rotating-analyzer to

ratio, and an auto-retarder for more accurate

measurements of ~ and A at 0°. Both Cdo.gZno.lTe samples (samples A and B) were grown using

a vertical high-pressure Brid=aan method. Sample A was well polished on both surfaces whiIe

sample B was only one surface polished. Transmission intensity measurements could only be

acquired on sample A since the measurement requires two parallel polished surfaces.

4. Results and Data Analysis
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To obtain the optical constants of the CZT substrate covered by the native oxide layer, an

assumed surface model and regression analysis of the spectroscopic ellipsometry data are

needed. The opticaI constants of native oxide needed for modeling is unknown. As an

alternative, dielectric optical response of native oxide on CdTe was measured by VASE and

applied to the CZT surface model calculation as initial value. The optical dielectric functions of

Cd.o.&nO.lTe were then extracted from a multiple-sample, muh.iple-model VASE analysis. The

values of both dielectric functions of CZT and its native oxide were fine-tuned in the final fitting

process of the analysis.

4.1 Optical properties of CdTe native oxide

VASE measurements were made on a CdTe sample covered with native oxide and

analyzed via the assumed surface model shown in Fig. 1. A two-oscillator ardytical model with

eight parameters 6 was used to describe the dielectric function for native oxide on CdTe. It is

expressed as

AeiO
E(hlj=a+bhw.

hco-E+zT’
(4)

where A is the amplitude, E is center energy, r is the broadening, $ is phase in degrees, and a =

al + iaz and b = bl + ibz are complex parameters that allow for a linear background by

considering absorption edges at higher energies. It is useful for VASE analysis to separate Eq. 4

into its real and imaginary parts 81 and&2 & follows

- A(Fz@– E)cos@ –Arsin#
E1(FZCO)=LZ1+bltzol+

(FzcL)-E)’ +)72
(5)

– A(FZCO– E)sin@ + A17cos@
&2(h@)= a2 +b2?z0+

(hB-E)’ +r’
(6)

-.
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The ‘analytical model for native oxide was fit to VASE data acquired on CdTe in the range 0.75

to 6.24 eV, while the optical constants of CdTe substrate were quoted from literature.7 The

results of VASE analysis for CdTe are shown in Fig. 2. The oxide thickness, &, for this sample

was found to be 52.4 ~. As we can see, a good fit has been achieved for native oxide of CdTe.

The optical constants of native oxide (CdTe-ox) of CdTe are shown in Fig. 3 inn and k format.

The results shown in Fig. 3 were later used as starting values for Cdo.@O.lTe characterization.

Shown in Table 1 are the parameters used to describe CdTe-ox. in Fig. 4.

4.2 Optical dielectric response of CdO.gZno.lTe

VASE data acquired on two CZT samples were .,analyzed using a multiple-sample,

multiple-model technique.* The two models for this analysis are sketched in Fig. 4. The

multiple-sample, multiple-model analysis provides possibilities to remove or reduce the

correlation between variables during the fitting process. The optical constants of both CZT

substrates in this analysis scheme were coupled together assuming the same values. The oxide

overlayer used in Fig. 4 is described by CdTe-ox. We believe it is ~a reasonable assumption for

Cdo&no.lTe characterization since the 10% Zinc component will not alter the optical properties

of the oxide si.ggficantly. This assumption was proved to be correct in our final analysis. The

oxide thickness of each sample was treated as an independent variable during the fitting. The

surface roughness of sample B was modeled using a linearly graded overlayer with effective

medium approximation (EMA).9 The EMA layer was consisted of voids and CdTe-ox. The void

fraction varied from O% at the interface to 50% at the top of the sample surface. The factor of

back-surface reflection of sample A (due to both polished surfaces) was also considered in the

model. The results of this VASE analysis are shown in Fig. 5. As results, oxide thickness of

,-
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sample A, dA.OX,was 43.5A while that for sample B, dB.OX,was 120.()~ (including surface

roughness). In Fig. 5, we can see a good fit has been achieved using this multiple-sample,

multiple-model method. We believe the difference between the best fit of ~ and the VASE data

in the energy range below 1.5 eV for sample A was due to incomplete removal of the back-

surface reflections in the analysis. The extracted dielectric fimctions of C&.gZno.lTe, s = SI + ie2,

in a spectral range of 0.75 to 6.24 eV are shown in Fig. 6, in comparison to dielectric functions

of CdTe. A wider energy range extending to 6.24 eV has been used here since experimental data

were available to that point for one of the CZT samples. In the 82 curve the critical points El at

-3.3 eV and El + Al at -3.9 eV have been broadened and slightly blue shifted. We believe the

broadening is due to the alloy optical scattering from CZT crystal. The blue shift is consistent

with the fact of wider band gap of Cc&Zno.lTe. A spectroscopic tabulation of the optical

constants for C&.gZno.lTe is provided in Table 2.

A Kramers-Kronig (KK) transformation relation was employed to check the consistency of

the dielectric function of CdO.gZnO.lTe. The KK transformation reflects the nature of relation

between the real and imaginary part of the dielectric function e = El + ie2, and can be written as

(7)

where h.~ is the photon energy.g By the KK transformation, the real pm of the dielectric

function 81 can be obtained through the imaginary part &z. However, the KK transformation

integrates the entire spectral range, while our VASE measurements are limited in the range of

0.75-6.24- eV. One non-broadening oscillator was employed to cover the unmeasured spectral

r~ge- The modified KK &msfomation is hen written m



6.24eV

&p (ho)= &;ff’” + ‘e%) &
+~P J :E2

(@:-E2 z ,,,,, x - (F@’
(8) -

where A and E are the amplitude and center energy for the oscillator, respective y.s An s~ffs’t

was used to replace the unit value in the KK relation. Thus, values of E2obtained through VASE

analysis were used to calculate El via the KJS relation Eq. 8. The calculated values were

compared with the VASE determined &l values through a regression analysis by varying the

values of A, E, and s~fi’” until calculated and measured values match as closely as possible. The

results of the KK fit are shown in Fig. 7 and demonstrate that the dielectric response is Kramers-

Kronig consistent. A similar KK fit was also performed on the dielectric functions of native

oxide of CdTe and C&gZno.lTe.

A five-Lorentz-oscillator function was utilized to represent the dielectric response for

C&.gZno.lTe. It is useful to describe dielectric functions using Lorentz oscillators because they

may be expressed as amdytical functions. The Lorentz oscillator function is shown in Eq. 9.

(9)

Here, s(E) is the complex dielectric function as a function of photon energy, &I(=) is the value

of the real part of the dielectric function at very large photon energies, and N is the total number

of oscillators. Each oscillator is described by three parameters. Ai is the amplitude of the 1.th

oscillator, which has units of (eV)2, I’i is the broadening of the i* oscillator, which has units of

(eV), and Ei is the center energy (location) of the i* oscillator also in units of (eV).5’10’]1 Fig. 8

shows the dielectric functions, in a range of 1.6 to 6.24 eV, fit from the five-Lorentz-oscillator

model, as described above, in comparison to the measured dielectric response of C&.gZno.lTe.

0/-)
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The fit and measured values shown in Fig. 8 overlap almost entirely demonstrating a very good

fit by the Lorentz oscillator model. The parameters used in this fit are provided in Table 3.

Some values of the critical points of the electron energy band (e.g., El and El + Al) coincide with

the center energies of the respective oscillators.

Transmission measurements on both Cdo.gZno.lTe and CdTe were performed. The

intensity transmission spectra are shown in Fig. 9. It is noticeable that the absorption band edges

are 1.46 and 1.58 eV, for CdTe and C&&~.lTe, respectively. Those absorption band edges

reflect the difference in energy band gaps of CdTe and C~.gm.lTe due to the -1OYO Zinc

forming an alloy of CZT.

5. Conclusions

Optical dielectric functions of C&.gZnO.lTe were determined by VASE measurements in air

at room temperature in the range of 0.75 to 6.24 eV, via a multiple-sample, multiple-model

analysis. The optical responses of native oxides on CdTe and CZT were also obtained by VASE

measurements via a two-Lorentz-oscillator analytical model. The’ dielectric functions of

Cdo.gZnO.lTe and its native oxides satis@ the Krarners-Kronig relation, respectively. A five-

Lorentz-oscillator model was employed to describe the C&.gZno.lTe dielectric responses

analytically, in a range of 1.6 to 6.24 eV. Transmission measurements were performed on both

CdTe and C&gZno.lTe to demonstrate the different absorption edges at 1.46 and 1.58 ev,

respectively. -
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FIGURE CAPTIONS

1.

2.

3.

4.

5.

6.

7.

8.

9.

Sample surface model structure used for VASE analysis for CdTe.

Experimental and model best fit from VASE analysis for CdTe. CdTe-oxide was

determined to be 52.4A in the analysis.

CdTe-oxide optical constants n and k extracted from the best fit analysis shown in

Fig. 2.

Sample surface model structures used for VASE analysis for each C@.gZno.lTe

sample. Here the substrate optical constants havebeen coupled.

Experimental and model best fit from VASE Walysis for each Cdo.gZnO.lTe sample.

Oxide thicknesses were determined to be 43.5 ~ and 120.0 ~ for samples A and B,

respectively.

Dielectric functions of C&gZno.lTe determined via the VASE analysis in

comparison to that of CdTe quoted from literature.’

Kramers-Kronig self-consistency check of the dielectric function of C&gZno.lTe.

The &l was calculated and fit from measured &zby Eq. (8). The fitting parameters

were determined as 12.015 for A, 8.099 for E and 1.059 for s~fl’e’.

Lorentz oscillator analytical representation of the dielectric response for C&.gZno.lTe

plotted against the VASE measured dielectric response.

Intensity transmission spectra for CdTe and Cdo.@hO.lTe demonstrating the

absorption band edges of 1.46 and 1.58 eV for CdTe and C&.gZno.lTe, respectively.



Table 1. CdTe-ox Parameters Used in Eq. 5 and 6.

A (eV) E (eV) r (eW $ (deg) al a2 b, b2

1.0375 5.3905 0.7557 311.1 2.5457 0.06 0.0587 0.05

Table 3. Lorentz Oscillator Parameters for C@.gZno.lTe.

k
N

1

2

E3

4

lJ-

Amplitude (eV)2
AI

24.59

16.764

7.0685

97.106

15.068

Broadening (eV)
rI

0.98191

0.91679

0.56147

5.432

0.64173

Center Energy (eV)
Ei

4.9582

3.9505

3.3226

5.6773

5.2671
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Table 2. OpticaI Properties for Cd.&nO.lTe.

eV EI n k cc(1(F cm-l)
-2.362

-2.424
-2.625
-2.954
-3.347
-3.681
-3.834
-3.639
-2.978
-1.840
-0.345
1.257
2.699
3.804
4.524
4.913
5.068
5.080
5.024
4.957
4.957
5.156
5.702
6.528
7.281
7.679
7.802
8.017
8.690
9.768
10.720
11.151
11.070
10.772
10.458
10.181
9.936
9.713
9.509
9.324
9.160
9.022
,8.913
8.836
8.795
8.803
8.966

4.136
4.387
4.648
5.030
5.616
6.466
7.590
8.914
10.269
11.428
12.161
12.346
12.026
11.375
10.602
9.869
9.272
8.847
8.603
8.547
8.692
9.018
9.355
9.398
9.026
8.504
8.202
8.260
8.419
8.145
7.250
6.027
4.933
4.146
3.591
3.168
2.820
2.525
2.274
2.061
1.881
1.726
1.590
1.462
1.332
1.185
0.962

6.200 ‘-;’- ‘- 1.096
6.100
6.000
5.900
5.800
5.700
5.600
5.500
5.400
5.300
5.200
5.100
5.000
4.900
4.800
4.700
4.600
4.500
4.400
4.300
4.200
4.100
4.000
3.900
3.800
3.700
3.600
3.500
3.400
3.300
3.200
3.100
3.000
2.900
2.800
2.700
2.600
2.500
2.400
2.300
2.200
2.100
2.000
1.900
1.800
1.700
1.600

1.137
1.165
1.200
1.263
1.371
1.528
1.730
1.964
2.206
2.431
2.614
2.741
2.811
2.833
2.823
2.796
2.764
2.737
2.724
2.735
2.788
2.886
2.998
3.072
3.093
3.092
3.125
3.224
3.353
3.440
3.452
3.405
3.340
3.280
3.228
3.183
3.142
3.105
3.072
3.042
3.017
2.997
2.983
2.974
2.974
2.999

1.888
1.928
1.995
2.096
2.223
2.358
2.484
2.576
2.614
2.590
2.501
2.361
2.194
2.024
1.871
1.748
1.658
1.600
1.571
1.569
1.589
1.617
1.621
1.568
1.469
1.375
1.326
1.322
1.306
1.215
1.054
0.873
0.724
0.621
0.547
0.491
0.443
0.402
0.366
0.335
0.309
0.286
0.265
0.245
0.224
0.199
0.160

1185.16
1191.17
1212.46
1252.45
1305.88
1361.29
1408.60
1434.64
1429.74
1390.09
1317.14
1219.65
1110.89
1004.24
909.61
832.04
772.45
729.27
700.22
683.25
675.86
671.56
656.60
619.14
565.29
515.09
483.54
468.50
449.58
405.91
341.56
274.09
220.08
182.25
155.25
134.16
116.62
101.70
88.98
78.14
68.87
60.83
53.71
47.15
40.81
34.30
25.99



Table2. Optical Properties for C~.gZ~.lTe, (continued)

eV &1 E9 n k a (103 cm-l)
1.500
1.400
1.300
1.200
1.100
1.000
0.900
0-800
0.760

8.634
8.278
8.064
7.902
7.769
7.654
7.551
7.452
7.410

0.150
0.025
0.012
0.000
0.000
0.000
0.000
O.OQO
0.000

2.938
2.877
2.840
2.811
2.787
2.767
2.748
2.730
2.722

0.026
0.004
0.002
0.000
0.000
0.000
0.000
0.000
0.000

/ hrl

3.88
0.62
0.28
0.00
0.00
0.00
0.00
0.00
0.00 -
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Fig. 1.
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2.5 mm
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Both surfaces polished One surface polished
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MultichannelCdZnTeGammaRay Spectrometer

.

F. P. Doty, C. L. Lingren,B. A. Apotovs@,J. Brunsch,J. F. Butler,T. Collins,R. L. Conwell,S.

Friesenhahn,J. Gormley,B. Pi, and S. Zhao,DigiradCorporation,SanDiego,CA F. L. Augustine,

AugustineEngineering,Encinim CA.,andB. A. Bennett,E. Cross,R. B. James,SandiaNational

Laboratones,Livermore,CA

Abstract

A 3 cm3 multiclknnel gamma spectrometerfor DOEapplicationsis underdevelopmentby Digirad

Corporation. The deviceis basedon a positionsensitivedetectorpackagedin a compactmulti-chipmodule

(MCM) with integratedreadoutcircuitry. The modular, multichannel design will enable identification and

quantitative analysis of radionuclides in extended sources, or sources containing low levels of activity. The

MCM approachhas the advantagesthat the modulesaredesignedfor imagingapplications,and the

sensitivitycanbe arbitrarilyincreasedby increasingthe numberof pixels,i.e. addingmodulesto the

instrument. For a high sensitivityprobe,the outputsfor eachpixelcanbe correctedfor gainandoffset

variations,andsummeddigitally. Singlepixel resultsobtainedwith discretelow noisereadoutindicate

enera~resolutionof 3 keVcanbe approachedwith currentlyavailableCdZnTe. The energyresolution

demonstratedto date withMCMSfor 511keVgammarays is 10keV.

Introduction

Nondestructive analysis of containerized mixed low-level waste (MLLW)andmixedtransuranic(MTRU)

waste is an importantneedforDOE. MLLWis definedaswastethatcontainsboth hazardouschemical

constituents,andradioactiveconstituentswith concentrationsbelow 100nCi / gram. Thecharacteristicsof

all mixed waste streams must be adequately documented to satisfy regulatory requirements, and to verify

they meet the waste acceptance criteria for specific treatment and disposal facilities. TraditiomI

approaches to characterizing waste streams cau be loosely divided into (1) process knowledge, (2) waste

sampling and subsequent measurement hi analytical laboratories, and (3) non-invasive assay.
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Knowledge of the materials and processes that generated a mixed waste can be sufficient for

characterization if appropriate records are available, but DOE has insufficient process knowledge to

adequately judge the contents of waste containers for 40% of the 130,000 m3 of LLMW currently in

storage[ 1]. Traditional waste sampling and laboratov analysis can also be used to effectively characterize

waste, but the value of obtig additional analytical data must be carefully evaluated versus exposing

workers to measurable radiological dose and chemical hazards during sample collection and subsequent

handlkg. High costs are incurred with mixed waste analysis, because of the need to provide protection

and controls that keep radiological exposures as low as reasonable achievable (ALAlU4). Therefore a

critical need exists for afield compatible, high sensitivity detector capable of in-situanalysis of

radioisotopes in containerized MMLW and MTRU.

Auuroach

Field compatibili~implieslowpower,portableandnon-cryogenic.Energyresolutionk also requirek to

identi~ specificradlonuclidesand infertheirconcentrations.Theserequirementsruleoutavailable

detectorssuchasHPGe,whichrequirecool~g, andscintillator-basedsystems,whichhavepoor energy

resolution. Oneapproachk to developnewdetectorsbasedon a widebandgapsemiconductormaterial,

such as CdZnTe. The sensitiveareasandvolumesof CdZnTe and other room-temperature semiconductors

‘3’4’5’6The reduced trapping-lengths compared to cooled siliconare currently limited by material properties .

and germanium devices limit the usefid thickness of CZT detectors, while leakage current and capacitance

determine the energy resolution of a single-channel large area device. These factors can be mitigated by

electron sensitive, multi-anode detectors read out with multiple electronic channels”s.

Results from detectors based on the semiconductor CdZnTe (CZT) are reported in this work. CZT

detectors, which operate at room-temperature and exhibit improved energy resolution compared to

scintillators, are under development by Digirad primarily for medical applications 9’10’11’12.The approach

described here uses 64 element CZT arrays witi with element size 3mm x 3mm x 5mm, read out with an



application specific integrated circuit (ASIC) with separate charge amplification per channel. The ASIC

used in this study was designed for imaging rather than spectroscopy, and non-optimal results were

obtained. Likewise, the CZT arrays were not selected for spectroscopic resolution or uniformity, and

should be perceived as neither representative nor exceptional examples of Digirad’s detectors. Rather, the

aim of this work is to demonstrate the usefi.dness of the approach using readily available materials and

apparatus.

SpectroscoD v with electron sensitive detectors

The detectors empIoyed in Digirad’s imaging array moduIes are of a patented electron-sensitive design

which has been described elsewhere13’]4’8.Electron sensing detectors reduce the dependence of pulse

height on the position of photoelectric absorption in the semiconductor (charge-deficit tailing), because

electron trapping lengths are usually much greater than hole trapping lengths in current commercially

available material. For example, typical electron p~ products are on the order of 10-3cmz V-*,which

correspond to trapping lengths on the order of 1 cm under practical applied fields. Hole pr products are

typically on the order of 10-5cm2@ or less, with correspondingly reduced trapping lengths. In simple slab

geome&y detectors of practical dimensions trapped hoIes result in a reduction in signal, even though

electron collection is nearly complete. Therefore, electron sensitive detector designs enable both increased

drift length and improved energy resolution.

A spectrum recently obtained with a discrete Digirad SpectrumPlus” 3mm x 3mm x 5mm production

detector element is shown in Figure 1. The resolution of the 511 keV photopeak gamma rays detected from

‘Na is >3keV. This result was obtained without cooling any part of the system, using an Oxford/Tenelec

TC 170 preamplifier, Ortec 672 amplifier/shaper, Oxford PCA3 MCA and Oxford Quantom MCA software.

The performance achievable with CZT arrays can approach that of a single discrete element. In principle,

the data from multiple calibrated channels with this performance can be &gitize& adjusted for response

variations and summe~ to obtain similar energy resolution with much higher sensitivity.



sPectroscoDv with arravs

To date, increased sensitivity has been demonstrated only for CdZnTe arrays with ASIC readouts designed

for imaging rather than spectroscopy. Calibration requires accurate determination of the gain for each

detector/readout channel. This is easily accomplished by exposing arrays to a flood source, to obtain a

large number of counts in each pixel. Results of such an experiment are histogmmmed in figures 2 and 3.

A 64 element, 25mm x 25mm x 5mm array, read out with a proprietary Digirad ASIC, was irradiated with

a 17 pCi 57C0point source located a distance of 5 cm from the center. Data were recorded until the highest

channel reached about 106counts, approximately 20 hours.

Figure 2 is a histogram of the total counts per working pixel. The mean number of total counts in the

spectra was 1.23 x 107,and the observed standard deviation was 3.55°10.The estimated deviation from the

detector-source geometxy is less than 0.5%, and the statistical deviation between channels with this number

of counts should be approximately 0.030A. The remaining variation is mainly attributable to the CdZnTe

detector and material properties. Therefore the estimated relativecountingefficiencyis uniformwithin

about +/- 3°k for this particular array.

Figure 3 is a histogram of peak channel numbers for this experiment. The gaps in the histogram indicate a

slight differential nonlinearity in the ADC used for this experiment. The approximately gaussian

distribution of gains is centered on MCA channel 147, with a standard deviation of 3.4 channels or 2.3Y0.

Thus a slight correction for gain differences is necessary to minimize the peak widths, when summing the

data to record a composite spectrum.

The best performance obtained to date using this method is demonstrated in figure 4. The spectrum is a

summed composite of gain-comected spectra from all 64 pixels in a MCM acquired with the isotope ‘Na.

Note that Digirad’s current readout ASIC is designed for low enera~ applications, thus the gamma ray at

1.27 MeV is not recorded in this demonstration. The energy resolution seen here for the511 keV line is

10.1 keV. This is only slightly greater than the resolutions expected of the individual channela for this

device, and shows that the gain calibration method was successful.
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Sources of resnonse variation

The energy resolution achievable with the multichannel approach is determined by the resolution of the

individual channels. By call%ratingthe pulse height data from each channel, the variations indicated in the

histogram in figure 3 can be correcting, minimizing the peak widths for composite spectra. The nonuniform

response of the individual channels is due to effects in the semiconductor as well as the electronic channels.

Therefore this approach somewhat relaxes requirements for semiconductor homogeneity. That is, the

material properties must only be uniform on the scale of the pixellatio~ rather than the entire device, to

obtain narrow composite pulse height distributions.

Component tolerances affect the gain distributions by introducing systematic error in each electronic

channel. The most important sources of these gain variation in the ASIC are capacitor tolerances and

MOSFET bias sensitivi~. These effects, and variations in stray capacitance are mainly responsible for the

observed 2.3°/0 deviation of the relative gains.

Materials factors can also affect gains, through variations in the CdZnTe alloy composition, trap densities,

etc. The compositional variation, which is necessarily present due to segregation in melt-grown crystals,

results in variation of the bandgap, and hence the ionization energy of the material. The magnitude of this

effect actually depends on the length of the ingot and the position horn which a detector is drawn. For 10

kg ingots routinely produced by Digirad the bandgap changes less than 1% per cm over most of the ingot

therefore gain and counting rate variations due to thk effect are negligible for individual detectors and

monolithic arrays. It is possible, however, for two detectors drawn from different locations to have

signiticrmt differences in the bandgap. More important materials factors include electron p~ product

variations, gross defects and boundary effects. These introduce random error in the pulse heights recorded

within individual channels, broadening the pulse height distributions.

Conclusions

An approach to making a field portable, high sensitivity gamma my spectrometer has been demonstmted.

Results were obtained from 25mm x 25mrn x 5mm CdZnTe detector array, a sensitive volume of 3 cm3.
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Energy resolution of 10 keV was achieved using non optimal detector material and readout ASIC. Results

with a single discrete element and low-noise electronics showed energy resolution> 3 keV is achievable

with currently available CdZnTe. To approach this level of performance with a multichannel device will

require anew ASIC designed specifically for spectroscopy.
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Figure 1 Spectrum from ‘Na obtained with a discrete CZT detector and readout. The resolution is >3keV

FWHM for the511 keV annihilation peak.
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Figure 2 Histogram of “CO peak channel for a 64 element CZT array. The standard deviation of observed

gains is 2.3 Y., caused by component tolerances and CZT properties.
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Figure 3 Count rate histogram for the same CZT module ~ Figure 2. Observed standard deviation of 3.55

0/0is largely attributable to nonuniform properties of the CZT.
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Figure 4 Composite spectrum from ‘Na obtained with a 64 element CZT array with ASIC readout. The

resolution is 10.1 keV FWHM for the 511 keV annihilation peak Sensitive vohune is 25 mm x 25 mm x 5

mm.
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