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INTRODUCTION

The objective of this project was to improve the performance and the fabrication of cadmium zinc
telluride room temperature gamma ray detectors.  In the past several years significant progress
has been made in building a database of physical properties for detector quality
CdxZn1–xTe (CZT) (x=0.1-0.2) crystal material.  CZT’s high efficiency combined with its room
temperature operation make the material an excellent choice for imaging and spectroscopy in the
10-200 keV energy range.  For detector grade material, superior crystallinity and high bulk
resistivity are required.  The surface preparation during the detector fabrication plays a vital role
in determining the contact characteristics and the surface leakage current, which are often the
dominant factors influencing its performance.  This report presents a surface and contact
characterization study aimed at establishing the effects of the surface preparation steps prior to
contacting (polishing and chemical etching), the choice of the metal and contact deposition
technique, and the surface oxidation process.  A photoconductivity mapping technique is used for
studying the effects of different surface treatments on the surface recombination.

Although CZT has been investigated for nearly a decade for its use as room temperature
semiconductor detectors, there are two other major technological fields of study which have
significantly influenced their development:  (i) the use of CZT crystals as infrared detector
substrates and (ii) the development of CdTe as a room temperature radiation detector [1].  Many
of the past reports in those fields should be revisited and their implication to the CZT crystals
carefully analyzed.

The metal/semiconductor interface is an important area of study where the understanding of the
chemical species formed, the interdiffusion of the metal and the semiconductor, the defect
formation and their interaction with the latter are critical.  In many cases, they have profound
technological implications for the detector response.  Several contract-related problems remain to
be solved in the development of high efficiency and high sensitivity CZT detectors.  A frequently
reported problem is that of the active volume of the detector not being equal to its geometric
volume of the detector, even in cases where full depletion is expected, based on the high
resistivity of the material and the large applied voltage bias.  Maxima in the electric field have
been observed [2] near the cathode which could be explained by the presence of injecting contacts
and space charge effects.  Thermal annealing of the contacts during or after deposition was found
to be helpful [3] but the understanding of the physical mechanisms responsible for this
improvement are not fully understood.  The role of the surface oxide on CZT, both on the lateral
sides of the crystal and at metal/semiconductor interface, was recently studied [4].  However, the
mechanisms by which the oxide affects the detector performance and the optimization of the
process remain to be fully realized.  This paper will report some of the past efforts in both CdTe
and CZT, show their relevance to some of the above problems and present some new results
associated with the surface processing of CZT.
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To avoid the complications introduced by novel detector configurations designed for
single charge collection [5] and pixilated imaging arrays, we have mainly focused this work on the
planar, symmetric metal/semiconductor/metal design.  The understanding achieved in this case will
also have ramifications into single charge carrier devices and imaging arrays.

CONTACT DESIGN CONSIDERATIONS

The general description of the current-voltage behavior of a metal/semiconductor contact is given
by [6]:

J=J0 [exp (-qVA-1k-1T-1)-1] (1)

where J is the total current density, J0 is the value of the reverse saturation current density, q is the
charge of the electron, V is the applied voltage.  A is the diode quality factor, k is the Boltzmann
constant and T is the absolute temperature.  For J>>J0, the contact is rectifying (blocking) in the
reverse bias and exponentially increasing in the forward bias.  A rectifying contact is desirable for
achieving low dark currents and therefore, low electronic noise, with most applications for x-ray
spectroscopy.

For J< <J0, equation (1) can be expanded to yield:

J=J0 (-qVA-1k-1T-1) (2)

resulting in a linear (ohmic) current-voltage response of the contact.  When ohmic contacts are
used the voltage drop occurs over the whole semiconductor crystal, a situation desired for high
energy gamma ray spectroscopy.

Several considerations must be taken into account for producing efficient, high resolution room
temperature CZT detectors.  Due to the higher electron mobility, the highest resistivity is obtained
with crystals that are slightly p-type.  Slightly p-type material is also preferred for obtaining
maximal F E products.  Another factor is to maintain the active volume of the detector as large
as possible so that it will have adequate sensitivity at higher energies.  The need is best met by the
use of ohmic contacts.  The dark currents often have a higher level in detectors with ohmic
contacts as compared with blocking contact detectors; however, they prevent the accumulation of
space charge layers [7] which distort the internal electric field.

Recently it was suggested [8] that ohmic contacts on n-type material might have additional
advantages in reducing the contribution of the hole trapping CZT detectors.  The model
proposed, however, requires additional experimental and theoretical confirmation. 
Technologically, the n-type CZT has the advantage of being more compatible with ohmic contacts
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created by low work function m, metals such as In and A1.  On the other hand, the lower
resistivity of n-type CZT may limit the applicability of this approach for room temperature and
high energy resolution applications in the 5-50 keV energy range, because of larger noise currents
created by the dark current.

For p-type CdTe, the implementation of ohmic contacts has been problematic and experimental
reports showed their insensitivity to the work function of the metal [9].  It is believed that the
barrier is determined by defects at the interface rather than m.  Au and Pt are often selected as
contacts for CZT detectors; they have work functions of 4.8 eV and 5.2 eV, respectively.

The barrier height can be calculated from:

wb=wm-ws (3)

where wm is the metal work-function, and ws is the work-function for the semiconductor.

For high resistivity CZT, Vs is given by:

ws=x+(Ec-EF)=4.3 eV +Eg/2=4.3 eV + 0.8 eV=5.1 eV (4)

where x is the electron affinity of CZT .4.3 eV [10], the energy gap is 1.6 eV and the Fermi level
was assumed to be at mid gap.

As one can see, for Pt the condition for the selection of ohmic contacts on p-type CZT, wm >ws, is
marginally satisfied.  On the other hand most metals satisfy wm < ws, the condition for ohmic
contacts on n-type CZT.

PREPARATION OF ELECTRICAL CONTACTS

Prior to deposition one needs to prepare the wafer and remove the damaged layer induced during
cutting and polishing.  This is typically done by Br-methanol (2-10 percent) solution etching,
which is performed at room temperature, resulting in an etching rate of about 50 Fm/min.  After
etching for 1-5 minutes the crystal is rinsed in a gradually diluted solution, followed by a final
rinse in pure methanol.  The crystal is quickly blown dry with pressurized air.  Variations from this
standard procedure have been shown to have some significant effect on the dark currents [11, 12]. 
In particular the introduction of a second step after the bromine methanol etching, involving a
solution of 2 percent Br-20 percent lactic acid in ethylene glycol (noted as BMLB), is preferred. 
A noticeable trend in lowering the surface conduction was evident.  Reductions in the mean
surface roughness were also observed following the BMLB etching step.

Due to the inertness of Au and the ease of depositing Au by electroless deposition or thermal
evaporation processes, most of the studies focused initially on the use of Au contacts, although Pt
was also investigated and reported to have improved adhesion properties.  Unfortunately the Pt
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contacts had slightly higher dark currents [13, 14].

The sputtered contacts seem to have a smoother surface morphology when compared with
evaporated and electroless gold contacts.  This was determined by measuring the mean surface
roughness (MR) obtained by AFM.  The largest MR value (2.72 nm) was obtained for sputtered
Pt and Au and the lowest MR value (2.19 nm) was obtained for evaporated gold [14].  The
energy of the impinging sputtered Au atoms is several hundred eV’s, which is probably enough to
produce defects at the interface and therefore, a more injecting contact.  The energy delivered to
the crystal causes a higher deposition temperature during sputtering compared to the thermal
evaporation method.  An estimate of the temperature for the sputtering process shows that the
surface temperature is approximately 150EC which is high enough to cause the onset of
degradation of the CZT crystal [15].

These temperatures are also sufficient to alter some of the interfacial phases created by etching,
but this has not been confirmed experimentally.  It is also possible that with improvements in the
perfection of the crystals (by eliminating diffusion pathways) the onset of the degradation will be
“pushed” to higher temperatures.  Prolonged annealing of the electroless gold contacts around
100E C after deposition led to improvements [13] although much higher temperatures are
detrimental.  Thermal treatments were successfully performed [16] in the past on In/CdTe/Au
detectors at temperatures up to 300E C for 30-60 minutes.  Those treatments were shown to be
effective in reducing the Te-rich layer left on the surface after bromine methanol chemical etching. 
The heat treated samples had significant lower leakage current and annealing was introduced in
the In/CdTe/Au detector fabrication process.

PASSIVATION OF CZT SURFACES

Several reports address the need for passivation of CdTe and CdZnTe [17-21].  An increased
interstrip resistance by up to three orders of magnitude was measured following surface
passivation [22].  CZT surface passivation was achieved after an oxidation treatment in an
aqueous H2O2 solution [4] or by an atomic oxygen bombardment [23].  Based on the equilibrium
phase diagram of the Cd-Te-O system, a high resistivity layer of CdTeO3 was proposed [24] as the
probable stable phase formed during the oxidation of CZT surfaces.  The hydrogen peroxide
(H2O2) solution forms an oxide layer with a thickness in the range of 21-44 nm, and a saturation
stage was reached after 5 minutes etching [22].  A recent Raman microspectroscopic study [25]
identified TeO3

2- as the dominant surface species formed during oxidation of CdTe.  The observed
improvements probably result from the conversion of the electrically conductive residual tellurium
film into a higher resistive species.  Such films are known to exist following etching of CZT with a
bromine methanol solution.  After several minutes of H2O2 treatment a saturation level is reached
beyond which there are indications that surface leakage current starts increasing rather than
decreasing.  The possibility of the formation of nonstoichiometric oxides or other oxides exists,
although we do not have any evidence so far based on interpretation of 
x-ray photoelectron spectroscopy data.  A reduction in leakage current leads to a significant
improvement in detector performance for the low energy range of 5-70 keV.  For example, the
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energy resolution of the 241 Am 59.6 keV gamma ray peak was reduced from 6.9 percent FWHM
to 4.7 percent FWHM after atomic oxygen exposure for a period of 90 minutes [23].

Mapping of photoconductivity is a technique that was introduced by Tove and Slapa [26] as a
useful tool for investigation of crystal quality and contact behavior of CdTe detectors.  The
technique was used recently by Toney et al. [27] to characterize CZT, particularly to probe the
bulk transport properties and electric field distribution.  Variations in the photoresponse were
interpreted [26] to result from variations in the surface morphology and the F E product, and
although the role of contact behavior was recognized, correlations with the surface preparation
methods were not determined.

In order to better understand the role of oxidation of CZT surfaces we have decided to use
patterned treatments on one wafer to allow for better separation of bulk and surface effects.  A
diagram describing the experimental layout of the photoconductivity scanner at Fisk University
for the investigation of CdZnTe contacts is shown in Figure 1.  The light beam of a HeNe laser
(6328 D, spot size 0.28 mm2, 4x1018 photons/cm2) is used to excite photocurrents that are
recorded by a personal computer.  A tunable light source from a Tti:sapphire laser will be used for
future measurements in order to vary the penetration depth of the light source.  A semitransparent
Au contact was deposited over 4 regions of crystal which were treated in the following way:  an
aqueous solution of 30 percent H2O2, an aqueous solution of 5 percent KOH, with a mixture of
both solutions or left untreated for control.  All treatments were performed at room temperature
for 10 minutes.

One of the best descriptions of photoconductivity applicable to our experimental conditions was
given by many [28] and later utilized for HgI2 detector characterization [29].  For illumination with
strongly absorbing light ( >>L-1, where  is the absorption coefficient and L is the detector
thickness), either hole or electron currents can be generated separately, depending on the polarity
of the illuminated electrode.  Under these conditions, both surface recombination and bulk
trapping are important.  For example when illuminating the negative electrode, the electron
current is given by:

Jn=qGs(1+sn µn 
-1E-1) µnE n L

-1 [1- exp-L µn
-1E-1

n
-1] (5)

where q is the electronic charge, µn is the electron mobility, n is the electron trapping time, E is
the applied electric field, Gs is the carrier surface generation rate per unit area, and sn is the
electron surface recombination velocity.  A similar expression can be obtained for the hole current
by replacing µn, n and sn by µn p and sp, respectively.  Please note that (1+sn µn

-1E-1) is the
contribution of surface effects to the collection efficiency while µnE nL

-1[1- exp(-L µn
-1E-1

n
-1]

relates to bulk effects, a term identical to the one used in Hecht’s expression.  The results,
presented in Figure 2 for the hole currents, show an increased surface recombination in the
oxidized region and a decrease in recombination in the KOH treated area, as compared with the
untreated control region, which is only oxidized by the air exposure.  Additional work needs to be
done to quantify the results, correlate with sensitive surface chemical analysis and determine the
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relevance of the photoconductivity measurement to detector performance.

CONCLUSIONS

This paper outlines the necessity for controlled surface preparation and deposition of ohmic
contacts.  The metals of choice for p-type high resistivity CZT are Au and Pt.  The prevention of
oxide formation, or oxide removal by heat treatments under vacuum should lead to improvements
in this area.  While some of the treatments may lead to increased surface leakage (due to changes
in the surface stoichiometry), the overall success of the heat treatment should be judged under
combined implementation of a passivation procedure, such as oxidation of the lateral sides of the
detector.

REFERENCES

1. W. Akutagawa, K. Zanio, and J. W. Mayer, Nucl. Instr. Meth., 55 (1967) 383

2. H. Walter Yao, Richard J. Anderson, and Ralph James, Proceedings of SPIE Volume 3115
(1997) 62

3. T. Ozaki, Y. Iwase, H. Takamura, and M. Ohmori, Nucl. Instr. Meth. In Phys. Res. A 380
(1996) 141

4. K.-T. Chen, D. T. Shi, H. Chen, B. Granderson, M. A. George, W. E. Collins, A. Burger,
and R. B. James, Journal of Vacuum Science Technol. A, 15(3) (1997) 1

5. See for example, P. N. Luke, IEEE Trans. Nucl. Sci., 42, 207 (1995), and J. K. Butler,
Nucl. Instr. Meth in Phys. Res. A, 396 (1997) 427

6. S. M. Sze, The Physics of Semiconductor Devices, 2nd ed., John Wiley & Sons, New York,
1981

7. S. Mergui, M. Hage-Ali, J. M. Koebel, and P. Siffert, Nucl. Instr. Meth. In Physics Research,
A 322 (1992) 375

8. U. Lachish, Nucl. Instr. and Methods in Phys. Res. A 403 (1998) 417

9. D. J. Friedman, I. Lindau, and W. E. Spicer, Phys. Rev B 37 (1988) 731

10. Arnold Burger, Henry Chen, Kuo-Tong Chen, Detang Shi, W. Eugene Collins, and
R. B. James, Mat. Res. Symp. Proc. Volume 487 (1998) 83

11. H. Chen, S. U. Egarievwe, Z. Hu, J. Tong, D. H. Shi, G. H. Wu, K.-T. Chen, M. A. George,
W. E. Collins, A. Burger, R. B. James, C. M. Stahle, and L. M. Bartlett, SPIE Proceedings,



-8-

Volume 2859 (1996) 254

12. H. Chen, J. Tong, Z. Hu, D. T., Shi, G. H. Wu, K.-T. Chen, M. A. George, W. E. Collins,
A. Burger, R. B. James, and C. M. Stahle, J. Appl. Phys. 80(6) (1996) 3509

13. C. M. Stahle, Z. Q. Shi, K. Hu, S. D. Barthelmy, S. J. Snodgrass, L. M. Bartlett, P. K. Shu,
S. J. Lehtonen, K. J. Mach, Proceeding of SPIE, Volume 3115 (1997) 90

14. A. Burger, H. Chen, J. Tong, D. Shi, M. A. George, K.-T. Chen, W. E. Collins, R. B. James,
C. M. Stahle, and L. M. Bartlett, IEEE Trans. Nucl. Sci., Volume 44/3 (1997) 934

15. S. U. Egarievwe, K.-T. Chen, A. Burger, R. B. James, and C. M. Lisse, Journal for X-Ray
Science and Technology, Volume 6 (1996) 309

16. T. Ozaki, Y. Iwase, H. Takamura, and M. Ohmori, Nucl. Instr. Meth. in Phys. Res. A, 380
(1996) 141

17. J.-P. Haring, J. G. Werthen, R. H. Bube, L. Gulbrandsen, W. Jansen, and P. Luscher,
J. Vac. Sci. Technol. A, 1 (1983) 1469

18. M. Suita and T. Taguchi, Nucl. Instrum. Methods Phys. Res. A 283 (1989) 268

19. T. L. Chu, Shirley S. Chu, and S. T. Ang, J. Appl. Phys. 58 (8) (1995) 3206

20. H. Chen, J. Tong, Z. Hu, D. T. Shi, G. H. Wu, K.-T. Chen, M. A. George, W. E. Collins,
A. Burger, R. B. James, C. M. Stahle, and L. M. Bartlett, J. Appl. Phys. 80 (6) (1996) 3509

21. A. Ruzin and Y. Nemirovsky, Appl. Phys. Lett. 71 (15) (1997) 2214

22. L. M. Bartlett, C. M. Stahle, D. Palmer, L. M. Barbier, S. D. Barthelmy, F. Birsa,
N. Gehrels, J. F. Krizmanic, P. Kurczynski, J. Odom, A. M. Parsons, C. Sappington, P. Shu,
B. J. Teegarden, and J. Tueller, Proceedings of SPIE, Volume 2806 (1996) 616

23. H. Chen, K. Chattopadhyay, K.-T. Chen, A. Burger, R. B. James, M. A. George,
J. C. Gregory, J. J. Weimer, and P. K. Nag, accepted for publication in Journal of Vacuum
Science Technol. A, 1998

24. D. R. Rhiger and R. E. Kvaas, J. Vac. Sci. Technol. 21 (1982) 168

25. Brajesh K. Raj, H. D. Bist, R. S. Katiyar, K.-T. Chen, and A. Burger, J. Appl. Phys., 80(1)
(1996) 480

26. P. A. Tove and M. Slapa, Revue de Physique Applique, Tome 12 (1977) 349



-9-

27. J. E. Toney, B. A. Brunett, and T. E. Schlesinger, IEEE Trans. Nucl. Sci, 44/4 (1997) 1684

28. A. Many, J. Phys. Chem. Solids 26 (1965) 575

29. Z. Burshtein, Justin K. Akujieze, and E. Silberman, J. Appl. Phys 60(9) (1986) 3182



-10-



-11-


