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Introduction
 X-ray detectors are a crucial component in any x-ray experi-
ment. In synchrotron experiments, detector performance has 
often been a limiting factor, particularly as the brilliance of 
these sources has increased. For example, when performing 
time-resolved experiments, the sensitivity and readout speed 
of the detector are crucial. Likewise, when studying radiation-
sensitive samples, improving the detector may benefi t the 
experiment, but increasing the fl ux may not. 

 A wide range of detectors are currently in use at synchro-
tron facilities, and the overwhelming majority of these are 
semiconductor detectors. The main strength of semiconductor 
detectors is that they can provide an outstanding combination 
of high speed, spatial resolution, and sensitivity, as compared 
to other types of detectors such as gas detectors or image 
plates. 

 While semiconductor detectors vary in design,  1   they all 
rely on the incoming radiation generating electron–hole pairs 
in the semiconductor, which can then be measured by readout 
electronics. This process relies on two key features of semi-
conductors. First, in the absence of ionizing radiation under 
appropriate conditions (e.g., a reverse-biased  p – n  junction), 
they contain few mobile electrons and holes. Second, elec-
trons and holes generated by ionizing radiation are highly 

mobile and long-lived, making it possible to separate them 
with an electric fi eld and measure them before they recom-
bine. These features are highly dependent on crystal quality. 

 Broadly speaking, semiconductor detectors used in synchro-
trons can be divided into two types—spectroscopic detectors, 
whose key role is energy measurement, and imaging detec-
tors, used to obtain an x-ray image or diffraction pattern.  2 

Spectroscopic detectors typically consist of a single sensing 
element, or a small number of elements, each connected to 
a high-performance readout channel for optimal energy meas-
urement. Imaging detectors, on the other hand, are fi nely seg-
mented, in some cases into millions of pixels, and different 
schemes exist for reading out these pixels effi ciently. 

 One conceptually simple, but powerful, imaging detector 
design is the “hybrid pixel” structure, shown in   Figure 1  . 
A pixelated semiconductor sensor is connected face to face 
with a custom-designed silicon readout chip by a fi ne array of 
solder balls. Each pixel in the sensor is connected to a channel 
of readout electronics on the chip. This design makes it pos-
sible to achieve direct detection in a relatively thick sensor layer 
with small pixels. The readout chip can provide sophisticated 
signal processing in each individual pixel and fast readout. 
X-ray diffraction experiments have greatly benefi ted from 
“photon counting” readout chip designs such as Pilatus  3   and 

            Semiconductor materials for x-ray 
detectors 
     David     Pennicard     ,     Benoît     Pirard     ,     Oleg     Tolbanov     , and 
    Krzysztof     Iniewski              

 Semiconductor x-ray detectors are widely used in experiments at synchrotron facilities. The 

performance of these detectors depends heavily on the semiconductor material properties. 

Improvements in crystal growth and device processing are key to developing “high- Z ” (high 

atomic number) semiconductors for hard x-ray detection. Germanium is the most mature 

high- Z  semiconductor and is widely used in x-ray detectors, but it has the drawback of 

needing to be cooled during operation, often to cryogenic temperatures. Compound 

semiconductors with wide bandgaps can be used at room temperature, but crystal defects 

can degrade their performance. Gallium arsenide currently shows poorer energy resolution, 

but its comparative robustness and stability over time make it a strong option for imaging 

detectors. Cadmium telluride and cadmium zinc telluride both provide higher detection 

effi ciencies at extreme x-ray energies as well as good energy resolution; the main challenge 

with these materials is maintaining consistent behavior under a high x-ray fl ux.     

  David   Pennicard  ,    X-Spectrum GmbH ,  Germany ; and  Deutsches Elektronen-Synchrotron ,  Germany ;  david.pennicard@x-spectrum.de  
  Benoît   Pirard  ,    Mirion Technologies ,  France ;  bpirard@mirion.com  
  Oleg   Tolbanov  ,    Tomsk State University ,  Russia ;  top@mail.tsu.ru  
  Krzysztof   Iniewski  ,    Redlen Technologies Inc. ,  Canada ;  kris.iniewski@gmail.com  
 doi:10.1557/mrs.2017.95 



 SEMICONDUCTOR MATERIALS FOR X-RAY DETECTORS   

446  MRS BULLETIN     •      VOLUME 42     •      JUNE 2017     •      www.mrs.org/bulletin  

Medipix,  4   which count the x-ray photons hitting each pixel 
during the acquisition. This approach achieves effectively 
“noise-free” x-ray detection (limited by photon statistics), 
even over long acquisition periods. This, combined with high 
readout speed, can greatly improve the speed and sensitivity 
of measurements.     

 The hybrid pixel detector structure is particularly impor-
tant because it is compatible with a range of different semi-
conductor materials, rather than just silicon. The rest of this 
article discusses the state and future developments of a range 
of so-called “high- Z ” (high atomic number) semiconductor de-
tectors. While these materials have been used to build detectors 
with a small number of pixels for spectroscopic measurements, 
a major new fi eld of development is the use of these materials to 
build imaging detectors with millions of pixels using this hybrid 
pixel design.   

 “High- Z ” semiconductors 
 Silicon is the most commonly used semiconductor sen-
sor material, due to its various advantages. Silicon wafer 
processing technology is mature; silicon wafers are available 
with near-perfect crystal quality; low leakage current can be 
achieved by using a photodiode structure; and silicon sensors 
are relatively robust, both mechanically and chemically. 

 However, the x-ray absorption effi ciency of silicon is lim-
ited at higher energies. As shown in   Figure 2  , silicon sensors 
with a typical thickness of 500 µm provide 90% photoelectric 
absorption effi ciency at 12 keV, but their effi ciency rapidly 
falls as the photon energy is increased beyond this.  5   For many 
x-ray experiments in synchrotrons, these lower energies are 
acceptable. Experiments such as protein crystallography use 
small samples with low-atomic-number elements, so little x-ray 
penetrating power is needed, and the 1 Å wavelength of 
12 keV photons is suffi cient to achieve atomic-level resolution. 
However, harder x-rays are needed for experiments for studying 
larger samples, samples with higher atomic number, or when 
working with sample environments such as reaction vessels. 

This is particularly common in materials science, for example, 
geological experiments often take place in high-pressure cells. 
Silicon sensors are thus not the best option for hard x-ray 
experiments.     

 Effi cient direct detection of hard x-rays can be achieved 
using so-called “high- Z ” (high atomic number) semiconduc-
tors such as germanium (Ge), gallium arsenide (GaAs), cad-
mium telluride (CdTe), and cadmium zinc telluride (CZT). 
Each of these high- Z  materials has its own strengths and 
weaknesses. With the notable exception of Ge, a common 
issue is that these materials cannot be produced with the same 
level of crystal perfection and uniformity as silicon. This is 
largely due to these materials being compound semiconduc-
tors. The weaker bonding strength in higher- Z  materials also 
means that they can more easily be damaged during process-
ing. Defects in these materials (especially at grain boundaries) 
can have a range of effects.  6   Defects can trap free electrons 
and holes, resulting in a loss of signal and “afterglow” effects 
in the semiconductor (where carriers are slowly released from 
traps, producing signal over a long time period after the origi-
nal x-ray hit). The charge states of these defects can alter the 
electric fi eld within the sensor, resulting in insensitive low-
fi eld regions or distortions in images. Defects increase the 
rate at which thermally generated leakage current is produced, 
making it more diffi cult to distinguish real x-ray hits. These 
defects can vary with position within a sensor, or be unsta-
ble with time and irradiation. Producing large detector-grade 
crystals and successfully processing them is a key challenge 
to using these materials in detectors.   

 Germanium 
 Unlike most high- Z  semiconductors, Ge is an elemental 
semiconductor, which is a great advantage for producing 

  

 Figure 1.      Diagram of the “hybrid” pixel detector structure, 

where a pixelated sensor layer is connected by an array of 

solder bumps to a silicon readout chip providing readout 

electronics for each individual pixel.    

  

 Figure 2.      Photoelectric x-ray absorption effi ciencies of common 

semiconductor sensor materials, assuming 500-μm sensor 

thickness.  4   Ge and GaAs have similar absorption effi ciencies, so 

one curve (Ge) is plotted; likewise, one curve is plotted for CdTe 

and CZT. The notch in the curve at 30 keV occurs because, while 

x-ray absorption tends to fall with increasing photon energy, 

sudden increases in absorption occur at the point where the 

photon energy gets high enough to excite the inner-shell ( k -shell) 

electrons of an atom.    



 SEMICONDUCTOR MATERIALS FOR X-RAY DETECTORS   

447 MRS BULLETIN     •     VOLUME 42     •     JUNE 2017     •     www.mrs.org/bulletin 

high-quality crystals. High-purity germanium (HPGe) single 
crystals are grown through the Czochralski process,  7   with 
dimensions currently ranging up to about 100 mm in length 
and diameter. Net impurity concentrations can be extremely 
low (10 9  at/cm 3)  in both  p - and  n -type Ge over large volumes; 
this means that detector thicknesses of several cm can be used. 
Low-dislocation and even defect-free crystals can be grown 
for specifi c applications. 

 However, because of the relatively low bandgap (0.7 eV), 
HPGe detectors cannot be operated at room temperature due 
to the large leakage current from thermally generated charge 
carriers. Until the late 1990s, using liquid nitrogen (LN2) with 
a boiling temperature of 77 K was the most common solu-
tion to cool down HPGe detectors and keep leakage currents 
in the range of a few pA. Currently, the major manufacturers 
of HPGe detectors propose LN2-free options for all types of 
cryostats, using integrated mechanical cooling devices with 
proven reliability (long mean time to failure) and limited deg-
radation of performance (vibration of electronic parts can cre-
ate stray electrical signals, so vibration must be minimized). 

 The detection principle of an HPGe semiconductor detec-
tor consists of developing a  p – i – n  diode structure in which 
the intrinsic region is sensitive to ionizing radiation when a 
reverse-bias voltage is applied. Compared to other semicon-
ductors, HPGe presents the best properties for high-resolution 
and high-effi ciency spectroscopy of hard x-rays and  γ -rays. 
These properties are due to excellent mobility of electron and 
holes, the relatively high- Z  (32) and density (5.32 g/cm 3 ), and 
the availability of large, pure, and high-quality single crys-
tals. For example, an energy resolution of 0.36 keV can be 
achieved at 60 keV photon energy. Depending on the required 
performance (thickness requirements for surface layers, reli-
ability, and sensitivity to other radiations), several types of 
surface contacts can be used for the junction and blocking 
contact.  8 , 9   Li diffusion and B implantation are the most wide-
spread doping techniques for the N +  and P +  contacts, while 
surface barrier contacts are still used when low-energy x-rays 
have to be detected. In order to enhance the count rate capabil-
ity and provide information on interaction position, researchers 
developed pixelization and segmentation.  10   

 Although bulkier and more expensive than 
silicon drift detectors (SDDs), dedicated multi-
channel HPGe detectors are operated in syn-
chrotrons for x-ray fl uorescence, extended 
x-ray absorption fi ne structure (EXAFS), and 
imaging  11   for their high sensitivity to high-
energy photons and excellent spectroscopic 
performance. Current developments in both 
detector technology and readout electronics 
have led to more compact systems with high-
effi ciency (10-mm-thick HPGe) demonstrating 
energy resolutions similar to SDDs, at count 
rates beyond millions of counts per second per 
channel, providing an alternative to silicon 
detectors on a larger energy range. 

 The capability to closely assemble several HPGe crystals 
in the same cryostat  12   allowed for improvement of detec-
tor granularity as well as the development of high-count-rate 
spectroscopy, in particular, for synchrotron EXAFS beam 
lines.  13   A large variety of HPGe sensor confi gurations are used 
for x-ray applications, depending on the application require-
ments. Sensors are generally planar with thickness ranging 
from 0.5–20 mm, with segmentation patterns applied in one 
or two dimensions (strip or pixel) on one or both contacts, and 
with pitches ranging from a few tens of micrometers to a few 
centimeters. 

 In addition to spectroscopy applications, segmented HPGe 
detectors have recently been considered for hard x-ray imag-
ing because of their excellent intrinsic charge-collection uni-
formity. Prototype hybrid pixel detectors have been produced 
using 1-mm-thick Ge and 55-µm pixel size. Compared to 
other sensor materials, HPGe wafers offer high crystal perfec-
tion, and as a result, these prototypes have shown good image 
uniformity.  14 , 15   An image of one of these prototypes, with an 
array of 256 × 256 pixels, is shown in   Figure 3 a . However, 
due to the challenges of cooling these detectors during opera-
tion, further development is required to build large-area sys-
tems for practical use.       

 Gallium arsenide 
 GaAs is widely used in applications such as optoelectronics, 
and is available in large wafers (6 in.), which makes it an 
appealing option for radiation detection. However, detecting 
x-rays requires a combination of good carrier transport, high 
resistivity, and large sensor thickness (hundreds of microm-
eters), which is diffi cult to achieve with GaAs, particularly 
in bulk crystal growth. In recent years, it has been shown that 
this combination of qualities can be achieved by taking  n -type 
GaAs (which does not have high resistivity) and compensat-
ing for excess electrons with chromium doping. 

 It is experimentally shown that a material with resistivity 
of about 10 9   Ω  cm, which is close to the theoretical limit,  16   
can be produced using this technology. This is high enough 
to allow using GaAs detectors with a simple photoresistor 
structure. Optimization of compensation conditions makes it 

  

 Figure 3.      (a) Ge hybrid pixel detector prototype, with a sensor of 256 × 256 pixels (55-μm 

pixel size) bonded to a single Medipix3 readout chip. (b) Larger GaAs hybrid pixel detector, 

with two sensor tiles of 768 × 512 pixels (each bonded to six Medipix3 chips) mounted on 

a single circuit board.    
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possible to achieve good uniformity of the resistivity distribu-
tion, both across the area and thickness of the wafers. This 
technology can currently be applied to GaAs wafers of up to 
1 mm in thickness. Experiments also show that the electric 
fi eld in high-resolution GaAs sensors is distributed uniformly 
throughout the thickness of the high-resistive layer.  17   Finally, 
investigations of the charge collection effi ciency have shown 
reasonable charge-transport properties. With a strong electric 
fi eld applied to the detector, the mean distance traveled by 
carriers before they are trapped is on the order of 5–10 mm 
for electrons and 50–100 µm for holes; this is acceptable, but 
lower than for other materials discussed. 

 It was shown that by using detectors with small pixels (to 
reduce the infl uence of hole transport on signal collection), it 
is possible to obtain an energy resolution of about 2–3 keV 
at 60 keV in the temperature range from 7°C to ambient.  18   
Therefore, GaAs is less suited to spectroscopic detectors than 
other materials. However, GaAs is a promising material for 
hybrid pixel detectors, due to its relative robustness and stabil-
ity. GaAs detectors have been constructed with 55-µm pixel 
size and readout with Medipix  4   chips. These detectors show 
a spatial resolution close to the theoretical limit given by the 
pixel size.  19   Raw x-ray images taken with these detectors show 
a cellular structure due to the dislocation network emerging 
during crystal growth of  n -GaAs. However, the good stability 
of the detector response over time makes it possible to per-
form “fl at-fi eld” correction, which greatly improves the image 
quality.  20   

 GaAs hybrid pixel detectors have been produced with 768 × 
512 pixels with 55-µm pixel size layout and operated with the 
“LAMBDA” readout system.  21   These systems can be operated 
at 2000 frames per second with no deadtime between images. 
Diamond anvil cell experiments have shown that a single 
0.5 ms image is suffi cient to produce a useful diffraction pat-
tern, thus demonstrating that these detectors can enable high-
speed experiments with hard x-rays. Multiple sensors may be 
tiled together to create multi-megapixel GaAs systems. An 
image of a GaAs detector module composed of two tiles on a 
single circuit board is shown in  Figure 3b . 

 As the brilliance of synchrotron sources increases, radia-
tion hardness and stability become increasingly important. 
Studies of radiation hardness of GaAs sensors with small 
pixels were conducted using x-rays from the dynamic light 
scattering synchrotron.  22   It was found that the radiation hard-
ness of the sensor was at least 1 MGy after irradiation with 
12 keV x-rays. Studies of high-fl ux x-ray imaging using 
GaAs:Cr Timepix assemblies have shown that the count rate 
of 16 keV photons reaches values of 1 × 10 9  s –1  mm –2 .  23   It should 
be noted that with 10 h exposure of the sensor, there were no 
effects connected to polarization or radiation damage.   

 Cadmium telluride 
 For experiments with extreme x-ray energies and smaller 
pixel sizes, CdTe is an appealing option, because the higher 
atomic numbers of Cd and Te (48 for Cd, 52 for Te) result in 

signifi cantly shorter x-ray attenuation lengths compared to Ge 
and GaAs. As shown in  Figure 2 , 500 µm of CdTe will absorb 
55% of 80 keV photons. CdTe is used for applications such 
as thin-fi lm solar cells, and nearly all the CdTe used for x-ray 
detection is manufactured by Acrorad, Japan. 

 Detector-grade CdTe is generally produced by fi rst grow-
ing polycrystalline CdTe ingots from a Te-rich melt, and then 
progressively recrystallizing the material by the traveling 
heater method (THM).  24   Using this approach, 4-in.-dia. single 
crystal wafers of CdTe can be reliably produced. The carrier 
transport properties of the material reveal that the mean dis-
tance before trapping is on the order of 1 cm for holes and 
10 cm for electrons in good quality bulk material; while this is 
lower than for Ge and Si, it is suffi cient for good spectroscopic 
performance.  25   

 Defects in CdTe may cause a range of problems, and due to 
the fragility of the material, some defects such as dislocations 
can be introduced during processing, for example, mechani-
cal force can cause atomic planes to slip with respect to each 
other. One particular issue with CdTe is “polarization,” where 
the electric fi eld within the sensor changes with time and 
irradiation due to trapping of electrons and holes by crystal 
defects. Under high-fl ux conditions, this trapped charge can 
build up to the point where the electric fi eld collapses, result-
ing in a loss of signal. Improvements in crystal growth over 
time have made it possible to apply CdTe to x-ray applications 
with higher fl ux. 

 The effects of polarization depend on the contact technol-
ogy used. By using different metals for electrodes, it is pos-
sible to create Schottky contacts with the material (giving 
diode-like behavior) or conductive (ohmic) contacts. Schottky 
contacts reduce current fl ow in the sensor, resulting in better 
spectroscopic performance, but polarization tends to increase. 
Signifi cant signal loss after operating a Schottky contact 
detector for 60 min in low irradiation conditions is reported in 
Reference 26. However, this can be combatted by temporarily 
switching off the high voltage on the sensor. Ohmic contacts 
are more commonly used for high-count-rate applications. 

 As a concrete example of spectroscopy with CdTe, the 
“hexitec” spectroscopic pixel detector (a hybrid pixel detec-
tor with a layout of 80 pixels × 80 pixels of 250-µm size) 
achieves a spectral response of better than 1.2 keV full width 
at half maximum at 60 keV in 93% of pixels.  27   While this is a 
spectroscopic detector, its large number of pixels allows it to be 
used for novel forms of spectroscopic imaging in synchrotrons.  28   

 Photon-counting hybrid pixel detectors for x-ray diffrac-
tion experiments at synchrotrons have also been built with 
higher pixel counts and smaller pixel sizes. The largest CdTe 
systems are currently manufactured by Dectris, with up to two 
megapixels and a pixel size of 172 µm. Detectors based on 
Medipix readout chips have been produced with 55-µm pixel 
sizes and are used in high-resolution imaging experiments.  29   

 As the pixel size decreases, the effects of localized non-
uniformities in the material such as dislocations become more 
noticeable. For example, x-ray images reported in Reference 30 
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show a network of lines appearing in the detector with dis-
torted count rates, most likely due to dislocations in the sen-
sor. Long experiments and high x-ray fl uxes can also cause 
polarization effects, reducing the effectiveness of image cor-
rection, though the count rate that can be achieved with these 
detectors is suffi cient for most experiments. For example, 
CdTe detectors using the Timepix chip can cope with x-ray 
fl uxes of up to 10 5  photons/s/pixel (approximately 40 million 
counts/mm 2 /s), limited by the chip, but high-fl ux irradiation 
for extended periods of time has been shown to temporarily 
alter the fl at-fi eld response.   

 Cadmium zinc telluride 
 Much of the previous discussion of CdTe also applies to 
CZT detectors. Replacing some Cd atoms with Zn to give 
Cd 1– x  Zn  x  Te increases the bandgap of the material from 1.44 eV 
to approximately 1.6 eV for typical Zn concentrations of 
 x  = 0.08 to 0.15, and the wider bandgap has the benefi t of lower 
leakage current, which can improve spectroscopic behavior.  25   

 Different growth methods are used for CZT. The high-
pressure Bridgman technique produces large, polycrystalline 
CZT ingots, which can then be diced to obtain single crystals, 
typically up to a few cubic centimeters. This can provide CZT for 
spectroscopic detectors, but imaging detectors typically require 
larger single-crystal areas. However, recent advances apply-
ing THM growth  31   to CZT has made imaging more feasible. 

 As previously described for CdTe, high-fl ux operation of 
CZT sensors presents well-known challenges primarily due to 
material defects that lead to polarization and other instability 
effects.  32   Experimental results have shown that low electron 
and hole collection occurs in regions where polarization has 
been induced.  33   

 Improvements in THM growth and device fabrication that 
require additional processing steps have enabled CZT to show 
dramatically improved hole-transport properties and reduced 
polarization effects. As a result, high-fl ux operation of CZT 
sensors at rates in excess of 200 million counts/s/mm 2  is 
now possible and has enabled multiple medical-imaging 
original equipment manufacturers to start building cameras 
for computed tomography, baggage scanning, and nondestruc-
tive testing (NDT). While few CZT imaging detectors have been 
produced for synchrotron applications thus far, these develop-
ments in CZT make it a promising option for the future. 

 In order to prepare for high-volume commercial produc-
tion, the CZT industry is moving from individual tile process-
ing to whole-wafer processing using silicon methodologies. 
Parametric-level screening is being developed at the wafer 
stage to ensure high wafer quality before detector fabrication in 
order to maximize production yields. These process improve-
ments enable CZT manufacturers to provide high-volume pro-
duction for photon-counting applications in an economically 
feasible manner. 

 CZT sensors are capable of delivering both high count rates 
and high-resolution spectroscopic performance, although it is 
challenging to achieve both of these attributes simultaneously. 

Recent publications discuss material challenges, detector 
design tradeoffs, and hybrid pixel readout chip architectures 
required to build cost-effective CZT-based detection systems.  34   
Photon-counting readout chips are an essential part of the 
integrated module platforms, because simpler readout chips 
that integrate the signal in each pixel over a period of time 
cannot make accurate energy measurements if more than one 
photon per image hits the pixel.  35   

 CZT sensors are fi nding widespread use in medical imag-
ing (single photon emission computed tomography, dental 
imaging), NDT, dirty bomb detection, and baggage scanning. 
Technological development and innovation in CZT-based 
imaging is proceeding at a rapid pace. New CZT sensor tech-
nologies for spectral multi-energy image acquisition are being 
developed, driven by the demands of the fi eld of radiology for 
better quality images of tiny moving structures, as well as a 
push toward novel material/tissue characterization.  36     

 Conclusions 
 Semiconductor detectors are widely used in synchrotrons, but 
there is still room for improvements in semiconductor materi-
als for hard x-ray detection. While a mature technology, Ge 
detectors are now being developed for a wider range of 
synchrotron experiments such as imaging. GaAs has good 
potential for building imaging detectors. CdTe and CZT can 
achieve good spectroscopic performance, and are increasingly 
feasible for building large-area detectors capable of coping 
with high x-ray fl uxes.     
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