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New semiconductor materials for pixel detectors

The motivation for new semiconductor detector materials: 

1. High detection efficiency for X-rays and -rays:
 Hard X-ray imaging with high-Z pixel arrays (GaAs, CdZnTe)
 Spectroscopic imaging of synchrotron radiation

2. Radiation hardness, above current Si levels:
 Tracking detectors, eg. S-LHC, nuclear physics (FAIR/GSI diamond)
 Synchrotron beam monitoring, eg. DIAMOND, ESRF (diamond)

3. Fano-limited ultra high resolution X-ray spectroscopy
 Cryogenic narrow bandgap compound semiconductors, eg. spacecraft 

(narrow gap materials - InSb)
 May also be if interest for ultra-high resolution materials studies 

4. Neutron detection
 Semiconductor-based thermal neutron imaging arrays, eg using 10B, 

6Li coated Si
 High neutron cross-section semiconductors (eg. Cd-based materials) 

or low-Z materials for fast neutron scatter (organic semiconductors)
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The search for new high-Z detector materials

There has been ongoing development of high-Z semiconductors for many years, 
aimed at room temperature operation to replace Ge:

Focussed on 3 main material groups:
 Z~30 eg. GaAs, GaN, InP – for hard X-rays
 Z~50 eg. Cadmium Zinc Telluride (CZT) and CdTe
 Z>80 for highest gamma ray efficiency, eg. TlBr, HgI2

P.J. Sellin, Nuc Inst Meth Phys Res A 563 (2006) 1–8
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CdTe and CdZnTe in space: INTEGRAL and SWIFT

SWIFT Burst Alert Telescope (BAT) 
produces a first image within 10 
seconds of the event trigger

 large imaging range (15-150 keV) 
using CZT, with additional response 
up to 500 keV

 32768 elements of 4x4x2mm CZT, 
forming an array detector 1.2 x 0.6 m

SWIFT launched November 2004INTEGRAL launched October 2002

IBIS is the gamma ray imager on 
INTEGRAL: 

 fine angular resolution imaging (12 
arcmin FWHM), 

 spectral sensitivity, wide energy range 
(15 keV - 10 MeV)

 16384 elements of 4x4x2mm CdTe, 
plus 4096 CsI, covering 3100 cm2
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Imaging detector modules

INTEGRAL CdTe detector array:
2 parallel planes of pixels separated by 

90mm:
 top layer uses 16384 CdTe pixels, 

covering 2600 cm2, each 4x4x2 mm 
low energy gammas

 second layer uses 4096 CsI scintillators 
covering 3100 cm2, each 9x9x30 mm 

 high-energy gamma rays. 

SWIFT CZT detector array: 
 Contains 32768 elements of 4x4x2mm CZT, 
forming an array detector 1.2 x 0.6 m

 The coded aperture mask is ~54,000 lead 
tiles!
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Pixel detector tests using GaAs

First tests with semi-insulating bulk GaAs pixel arrays bonded to 
MEDIPIX1 chips  

C. Schwarz et al, Nucl Instrum and Meth in Phys 
Res A 466 (2001) 87–94

Compare to Si results:
Mean = 10562
Sigma = 405
SNR = 26

Performance in this 2001 data was 
limited by the GaAs material quality

Recent improvements in GaAs material 
quality are currently being developed 
by Dubna & Tomsk, and the GalaPad
collaboration:
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Non-uniform charge transport in GaAs

Bulk semi-insulating GaAs wafers have a fundamental performance 
limitation due to short carrier lifetime and non-uniform response

Images show photoluminescence maps of wafer quadrants – the 
light regions correspond to charge trapping centres:

P.J. Sellin et al. Nucl Instrum Meth Phys Res A 512 (2003) 433–439

Semi insulating GaAs with non uniform 
distribution of charge traps

High purity epitaxial GaAs with low 
density of charge traps
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Recent developments in TlBr pixel detectors

Thallium Bromide is a very high Z material developed for gamma 
ray imaging

The band gap is 2.68 eV and the material is almost transparent

A.V. Churilov et al, IEEE Trans Nucl Sci 56/4 (2009) 1875-1881

10x10x10 mm TlBr pixel array
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Improving the trace impurity levels in TlBr

The electronic performance of TlBr is mostly limited by the 
presence of trace impurities in the raw TlBr material

Considerable effort has been put into zone-refining TlBr ingots:

Impurity analysis of commercial ‘5N’
purity TlBr beads

Impurity analysis of zone-refined TlBr
ingots

After 100 zone refining passes

Vertical axis 10x expanded

A.V. Churilov et al, IEEE Trans Nucl Sci 56/4 (2009) 1875-1881
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Spectroscopy performance of TlBr pixels

57Co

Energy resolution of ~7 keV for 57Co (122 keV) and ~13 keV for 
137Cs (662 keV)

Both spectra show features due to Tl X-ray escape peaks

137Cs

10mm thick 3x3 pixel detectors

A.V. Churilov et al, IEEE Trans Nucl Sci 56/4 (2009) 1875-1881
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CZT/CdTe thick films

Growth of CZT/CdTe as a large area thick-film has been developed 
extensively in Japan and Korea:

 Thick films deposited onto active substrates are required for medical 
imaging
 avoids flip-chip bonding required for single-crystal wafers

 Polycrystalline films suffer from poor charge transport and low 
spectroscopic performance – grain boundaries act as:
 sites for electron-hole recombination and trapping
 charge scattering which reduces the mobility 
 local regions of disturbance to the applied electric field

 Recent results from:
 Nagayoshi (Tokyo) - polycrystalline CdTe by Close Space Sublimation
 Park (Seoul) – thermally evaporated polycrystalline CdZnTe
 Tokuda (Shimadzu Co, Kyoto) – poly CdTe/CdZnTe by CSS
 Niraula (Nagoya) – epitaxial CdTe films by Vapour Phase Epitaxy

 59 keV photopeak observed from epitaxial CdTe material
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Prototype imaging detector using polycrystalline CdZnTe

First images have been reported from a polycrystalline CdZnTe imaging detector:
 300m thick CdZnTe grown by Close Space Sublimation, on glass 

substrates. Patterned with 150m pitch pixellated electrodes 
 Bonded to a 500x500 pixel TFT matrix using conducting epoxy

 Device suffers from poor inter-pixel gain uniformity, and image lag  caused 
by poor material quality and charge trapping 

S. Tokuda et al, J.  Material Science in 
Electronics 15 (2004) 1-8 
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Large-area epitaxial vapour phase CdTe

Metal-organic vapour-phase epitaxy (MOVPE) is capable of growing 
large-area epitaxial thick films, eg. up to 200 m thick

 MOVPE growth of CdTe or CdZnTe on GaAs or Si substrates, 
produces uniform mono-crystals

 GaAs substrates provide a good lattice match and strong 
adhesion

M. Niraula et al, J. Elec Mat 34 (2005) 1-5

 Iodine-doped buffer layer 
grown onto substrate (1017 cm-3)

Prevents Ga diffusion into 
epitaxial CdTe layer

 undoped p-type epitaxial 
CdTe layer grown at 415-560 C

 rectifying p-n junction formed 
at the CdTe/GaAs interface
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 100m thick CdTe layer
 IV shows good rectification,  reverse current ~3x10-6 A/cm2

 CV measurements show carrier concentration of ~1014 cm-3

Performance of Vapour Phase CdTe

35m thick 
depletion 

layer at –40V

 resolved 59 keV photopeak in pulse height spectrum
 Large leakage current at room temperature causes 

high noise level in the spectrum
 Adjustment of buffer layer thickness, and use of 

guard electrodes, required to reduce current
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Current commercial growth of CZT/CdTe crystals
Photographs of CZT crystals grown by various commercial vendors.

CZT grown from vapour phase – 2” diameterVertical slices through 5” diameter ingots

Acrorad CdTe is very high quality material

Wafers are currently limited to 1mm 
thickness

However CdTe still suffers from 
‘polarisation’ at room temperature

3” diameter CdTe crystal grown by Acrorad

Redlen 2x2 gamma camera module (36x36mm)
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Typical PL map at 80K from a 2” wafer – the data shows a very small variation across the 
wafer, eg. from 1.606 – 1.610 eV. 
Variation of +/- 0.004 eV is equivalent to a variation 
of <1% in Zn fraction
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Whole wafer resistivity mapping

Resistivity shows excellent 
uniformity, with a mean 
value of 3 x 109 cm

Uniform bulk resistivity across a wafer is important to ensure that pixel leakage currents 
are all similar

Contactless resistivity mapping is carried out using a capacitive probing technique
 3” CZT wafer, 5mm thickness
 High resolution map with 5mm measurement grid  
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IR imaging is used to assess bulk point defects

m diameter

IR microscopy maps point defects such as Te inclusions, which as as
trapping centres to degrade charge transport

 Mainly triangular or polyhedron shape
 Often located along grain boundaries and 
 Te inclusions act as trapping sites, over a large range
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Contact studies using Transmission Electron Microscopy 
(TEM) imaging

Samples only ~100 nm thick are extracted from a CZT device using FIB etching 
at Surrey:

30 m
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FIB imaging of CZT contact cross section

Platinum

Gold layer

Voids

Oxide layer

Diffused gold?

Cd(Zn)Te (bulk)
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Varying the electrode deposition conditions can degrade the 
CZT/metal interface

Gold layer

Oxide layer

Platinum

Voids

Cd(Zn)Te (bulk)
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Extreme example of a ~200nm thick oxide layer

Gold layer

Voids

Oxide layer

Platinum

Porous layer

Cd(Zn)Te (bulk)
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Pixel bonding to a GaAs detector

Microscope image of a GaAs pixel detector after Pb/Sn bumping. The 
pitch is 170 m, the gap between pixels 10 m and the size of the 
bond pad 20 m.

Bonding uses a ‘high temperature’ Pd/Sn reflow process
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Low temperature CZT pixel detector bonding

CZT

Epoxy on pad

Stud on pad

ASIC

Flip-chip bonder and glue dispenser at RAL

Stud-epoxy flip chip bond process

Silver loaded epoxy glue dots and gold studs

 RAL carries out CZT ASIC design and pixel detector fabrication
 Development of room temperature flip-chip bonding using silver-loaded epoxy, optimised 
for CZT at pixel pitch >200 m
 Epoxy bonding is an alternative to indium flip-chip when very high density is not required
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Medipix has demonstrated high quality CdTe imaging

Si detector

CdTe detector Subtracted image

‘Dual energy’ imaging with Si 
and CdTe pixel layers

Printed circuit board (PCB) 
object demonstrates the 
advantages of dual sensor 
materials.

Imaged area contains both
heavy material (potentiometer) 
and light material (PCB)

CdTe image contrast exceeds 
the image from Si sensor in 
case of heavy samples

Z Vykydal et al, Paper R13-2, 2011 
IEEE Nuclear Science Symposium 
Conference Record
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CdTe structural defects can affect image quality

Z Vykydal et al, 13th International Workshop on Room Temperature Imaging Detectors, 2011

CdTe sensor

Si sensor
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HEXITEC CZT Detector Performance

Silver Epoxy bump bonded
1mm thick CdTe from Acrorad
80x80 pixels on 250µm pitch with 

guard ring
Fully spectroscopic of an energy 

range of 4-200keV 
10Mphotons/sec/80x80 with 1keV 

FWHM
Full DAQ with 14bit ADCs, FPGA, 

and cooling

2cm

HEXITEC is a Manchester – RAL – Durham – Surrey collaboration to develop full 
spectroscopic pixel imaging detectors for synchrotron spectral imaging
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Single performance from 80x80 Pixel Detector

Spectroscopy at -500V bias

20ºC stable temperature

Typical Energy Resolutions:
 0.8±0.2keV at 60keV
 1.1±0.4keV at 141keV

Some variation in energy resolution 
between pixels due to localised 
material defects (Te-inclusions)
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Quad CZT spectroscopic CZTarray

The current HEXITEC system has a 2x2 quad 
array, with 3-side buttable modules

150µm gap between modules
3 pixels total inactive space
Active-Edge detector (larger outer pixels) could 

improve the imaging

4cm

3 Pixels 
Dead Space

Am-241 Sealed Source
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Conclusions

 A range of science applications continue to drive improvements 
in high-Z detector materials, especially synchrotron imaging and 
homeland security applicatins. 

 There have been recent improvements in Z>80 materials, 
especially TlBr, although commercial availability remains poor.

 High quality CdTe and CZT with good spectroscopic 
performance is now available from several commercial suppliers 
including Redlen (CZT) and Acrorad (CdTe) 

 CZT/CdTe pixel detectors require special processing and 
bonding techniques which are now becoming more established 
– prototype devices up to 2x2 modules have demonstrated good 
spectroscopy performance

 Commercial development of CZT/CdTe pixel arrays is still 
limited by the lack of large whole wafers of consistent quality 
(eg. >2” diameter of workable area)
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