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ABSTRACT 
- 

A CdTe photoconductE arrky x-ray detector was grown using Molecular Beam Epitaxially W E )  
on a Si (100) substrate. The temporal response of the photoconductor arrays is as fast as 21 psec 
risetime and 38 psec Full Width Half Maximum (FWHM). Spatial and energy responses were 
obtained using x-rays from a rotating anode and synchrotron radiation source. The spatial 
resolution of the photoconductor was good enough to provide 75 pm Fw;HM using a 50 pm 
synchrotron x-ray beam. A substantial number of x-ray photons are absorbed effectively within 
the MBE CdTe layer as observed from the linear response up to 15 keV. These results 
demonstrate that MBE grown CdTe is a suitable choice of the detector’materials to meet the 
requirements for x-ray detectors in particular for the new high brightness synchrotron sources. 

The anival of very bright photon sources like the Advanced Photon Source at ANL will 
present enormous technological challenges in order to fully utilize its brightness. New fast 
detectors are necessary for many experimental applications using such a new source. For example, 
the A P S  will operate with 25 bunches of x-ray pulses with a 72 psec pulse width and a 184 psec 
period. In order to fully utilize the time resolution and to diagnose the x-ray pulses from the 
storage ring, it is necessary to develop high speed detectors with good spatial and energy 
responses. Several kinds of solid state detectors are commercially available for x-ray detection 
applications. Si detectors are based on the most advanced technologies and their use is very 
common. However the attenuation coefficient of Si is so low that the absorption thickness of the 
detector should be fairly thick in order to stop high energy photons. As a result, the response is 
slow and limited to the nsec range(ly2). Ge has relatively large atomic number and seems to be a 
good choice. Since the intrinsic carrier density is large at room temperature, the detector has to be 
operated at cryogenic temperatures in order to increase the signal-to-noise ratio, thus the system 
becomes bulky. Hg2I is efficient to absorb x-ray photons of high energy. However the carrier 
mobility is unacceptable to achieve fast response and limits its application to slow processes. 

CdTe is a 11-VI semiconductor material and was found to be useful for the detection of high 
energy radiations, such as x rays and gamma rays(3~4.5,6), The high atomic number of Cd (48) 
and Te(52) and its high stopping power are the main advantage for such radiation detector 
applications. The bandgap of CdTe is large and the intrinsic carrier concentration is low. The 
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resistivity is high enough to operate the devices at room temperature. Because of its large 
absorption coefficient, 10 - 20 pm thick CdTe layer should be enough to capture most x-ray 
photons in the interesting energy range for crystallography (8 - 20 KeV). E. Rossa et al and other 
groups(7*8?9) attempted to use thin polycrystalline CdTe grown by MOCVD for the detection of 
ultrashort optical and x-ray pulses. However the use of polycrystalline crystals limits their 
application because of the large photoconductor dark current, We have utilized MBE grown single 
crystalline CdTe layers to develop linear photoconductor arrays for synchrotron radiation detection 
and diagnosis(lo*11,12). It is advantageous to use thin MBE grown layers in order to reduce the 
dark current, besides the benefit of using high density material, CdTe, thus accomplishing a high 
signal-to-noise ratio a&om temperature. It was reported recently the growth of high crystalline 
quality MBE (1 1 l)B CdTe on (100) Si substrates. Darwin's width of 140 arcs has been obtained 
on the MBE CdTe layers(l3). MBE growth provides a large area uniformity, of both thickness 
and defect levels(l4), which are the basic requirements to obtain uniform response of array devices 
as in most optical detectors. These high quality materials are readily suitable for x-rays or high 
energy radiation detector applications and we are of the opinion that MBE CdTe is an ideal choice 
to achieve array detectors of uniform quality and high performance. 

The (11 l)B CdTe was grown on the (100) orientation of a Si substrate by Molecular Beam 
Epitaxy at the University of Illinois at Chicago. The details of the growth parameters and 
conditions are reported elsewhere(l3*14). The thickness of the routinely grown CdTe layers 
varies from 10 p to 20 pm. The resistivity of the underlying Si substrate is several orders lower 
than that of MBE grown CdTe. Therefore the CdTe layers were peeled up from the Si substrates 
and glued on insulating glass. In order to remove the Si substrates without chemically damaging 
CdTe, An anisotropic etchant of 80% KOH was chosen for etching of Si. The chemical etching is 
enhanced along 4 1  1> directions of Si, which is along the interface with CdTe. At 120 OC, the Si 
substrates are removed from the CdTe glued on the glass within 5 minutes. The surface of the 
resulting CdTe layer is the interface region with Si substrate, where high density defects due to 
lattice mismatch of Si (19%) are expected, therefore the top 1 or 2 flm layer was etched in 
B r w r .  Conventional photolithography was carried out to define linear photoconductor arrays. 

The photoconductor gap size varies from 5 p n  to 50 pm with 50 pm width. The pitch size is 100 
pm and a total 64 photoconductors were fabricated from a 0.8 x 0.8 cm size CdTe layer. 10 pm 
wide strips were etched completely between photoconductors in order to prevent crosstalks 
between the adjacent devices. This procedure was followed by electroless Au deposition or Au 
and Ni sputter deposition for metalization. The array devices were mounted on leadless chip 
carriers and gold wires were bonded on the bonding pads of each photoconductors. 

Current-voltage characteristics were measured under dark conditions, and illumination by 
an incandescent lamp at room temperature as shown in Fig. 1. The resistivity of the MBE CdTe 
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layers is high enough to limit the dark current to less than I nA at 90 V bias. The measured current 
in general of such high resistive material is mainly due to the surface leakage current through 
tunneling at surface states. Taking this into consideration, the resistivity of MBE grown CdTe 
should be higher than the measured resistance, 2x108 Q-cm. Under the incandescent light 
illumination, the current increases by more than two orders of magnitude at 50 V and slight back- 
to-back diode behavior is observed. The response uniformity was measured on 32 
photoconductors. The variations are within 9 % and 5 % for dark and photogenerated currents, 
respectively. Such small current variation was observed throughout photoconductor arrays on 
other MBE CdTe layers, 

In order to r n s  the requirements for diagnosis of APS synchrotron x-ray pulses, the 
temporal response should be fast enough to capture the pulses, and the response risetime should be 
at least in the psec range. 100 fsec Ti:Sapphire laser pulse (0.745 p) was focused on one of the 
CdTe photoconductors. For the temporal response measurement, the array device was mounted on 
a copper block with SMA connectors and high bandwidth coaxial cables. Instead of gold wire 
used for chip carriers, thin gold foils were used for the connection to a bonding pad of the device. 
The temporal response of a representative MBE CdTe photoconductor is shown in Fig. 2. The 
risetime and FWHM of the measured response curve are 20.8 psec and 37.6 psec, respectively. It 
is surprising that such short risetimes are obtained in spite of using single crystal CdTe. In 
general a fast response is achieved by highly defective or damaged materials, such as polycrystals 
or ion implanted layers. A. M. Johnson reported 10 psec FWHM from the photoconductor of 0.2 
pm thin polycrystalline CdTe grown by W assisted MOCVD on silica substrates at a low 
temperature(l5). They also achieved various temporal responses by changing deposition 
parameters or controlling size of grain boundaries. Similarly, subpicosecond response was 
obtained from thin film (1-2 pm) MBE grown GaAs photoconductors(16). The GaAs was grown 
at low temperature so that a great number of point defects are introduced during the growth, thus 
effectively decreasing the carrier relaxation time(l7). For the MBE (1 1 l)B CdTe grown on 
(lOo)Si, it is suspected that microtwins, dislocations originated from the lattice mismatch with 
(100) Si, and other point defects, such as Te interstitial or Cd vacancies, are believed to be present. 
These defects seem to play an important role in decreasing the carrier lifetime without significantly 
decreasing the carrier mobilities. 

Linear response to x-ray photons was obtained using white beam from a Cu rotating anode. 
The photon flux increases linearly with the electron beam current at an accelerating voltage(18). 
Therefore the generated carrier density or the resulting response current should increase linearly 
with the electron beam current. Fig. 3 shows the linearity of the response at various electron beam 
accelerating voltages. The response current and the response slope increase as the energy 
increases. However the response currents do not linearly increase with the energy. This is due to 
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the decrease of the high energy x-ray photon absorption i n  the CdTe layer. The attenuation 
coefficient decreases from 1000 cm-l at 8 KeV to 120 cm-1 at 25 KeV(I9). Only photons in low 
energies are effectively absorbed and higher energy photons pass partially through the thin CdTe 
layer without contributing to the photoconductor response currents. 

X-ray beam profiles were measured with a photoconductor displaced in and around the 
beam by small steps. The results for the rotating anode measurements are shown in Fig. 4. The 
beam sizes were changed using x and y slits placed approximately 15 cm away from the rotating 
anode and the device was located at 20 cm away from the slits. With the slit size of 1.5 mm, the 
beam profile is a square shape with FWHM of 1.2mm. Because of the finite size of the x-ray 
beam source, a 600 pm%f edge-gradient region is observed. The top of the profile is substantially 
flat, indicating the direct exposure to the rotating anode x-ray beam. For a 600 pm slit size, 
FWHM of the profile decreases to 900 pn with the same edge-gradient region, but with a slightly 
lower maximum response. In the measurement configuration, the maximum response of the x-ray 
beam profile decreases with slit sizes less than 1 mm. The decrease of the maximum response is 
due more to the decrease of the x-ray photon flux passing thmugh the smaller slit opening than the 
finite size source, which is believed to be 1 mm. However, for a slit size larger than 1 mm, the 
maximum response current remains constant and is independent of the beam size. This 
observation indicates that the crosstalk in the array devices is negligible. The spatial resolution was 
measured using synchrotron radiation. In contrast to the rotating anode x-rays, the synchrotron 
beam has a significantly smaller divergence (Beamline X18B at the NSLS/BNL). In general, 
significant scattering of x-ray photons occurs in the lateral directions for both thick films and 
screen systems and this often limits spatial resolution(20). On the other hand, thin film detectors, 
such as the MBE CdTe photoconductor, should provide the resolution as small as the detector size. 
Fig. 5 shows the spatial response curve with 75 ym FWHM using a 50 ym synchrotron beam 
size. 

Fig. 6 shows the response energy dependence of an MBE CdTe photoconductor. The 
monochromator was tuned to energies from 12 to 15 keV. The flux was monitored by a 20 cm 
long ionization chamber placed before the CdTe photoconductor. Since the generated carrier 
density in the CdTe is directly related to the x-ray photon energy under the same flux condition, 
the response increases with photon energy. A linear response is observed in the measured energy 
range. This observation illustrates that most of the photons in this energy range contribute to the 
response current of the MBE CdTe photoconductor. 

In conclusion, we have shown that MBE CdTe photoconductor linear arrays can be used as 
fast x-ray detectors. The MBE grown CdTe layers are pure and of enough high quality to provide 
high resistivities, greater than lo8 Q-cm. The dark currents of the array devices are limited to the 
1 nA at 5x104 V/cm electric field with an excellent uniformity. In spite of its relative small 
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thickness, the photoconductor exhibited the expected performances, such as linear response to x- 
ray photon flux and energy. A photoconductor was used for profiling of the x-ray beams. The 
photoconductor showed an excellent spatial resolution of 75 pm FWHM from a 50 pm wide 
synchrotron beam. Furthermore the same device showed a temporal response as fast as 20 psec 
risetime. These results illustrate that the MBE CdTe photoconductor is a promising next generation 
detector for synchrotron radiation applications. 
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Figure Caption 

1. Current-voltage characteristics of MBE CdTe photoconductors under dark and illumination 
conditions. The photogeneration was made by a 60 W incandescent light bulb placed 40 cm away 
from the array. 

2. Temporal response of a representative MBE CdTe photoconductor sample. It is noted that the 
risetime and response FWHM are 20.8 psec and 37.6 psec, respectively. 

3. The response to white beam x rays is shown at various energies. It is observed that the 
photoconductor response increases with x-ray energy. 

4. Rotating anode x-ray beams were profiled by displacing an MBE CdTe photoconductor every 
100 pm steps in andmung the beam. The photoconductor gap size is 20 pm and 5 V bias was 
applied. The x-ray white beam was produced using 50 mA current and 20 KV accelerating 
voltage. The slit sizes are a) 1.5x1.5 mm and b) 0.6x0.6 mm. Because of the finite x-ray source 
size, a 0.6 mm edge-gradient region is observed and the maximum response is lower for a smaller 
slit size. 

5. Spatial resolution of the MBE CdTe photoconductor measured using a 50 pm synchrotron 
beam size at an energy of 8 keV. A 75 pm FWHM was obtained from a 20x50 pm area 
photoconductor. 

6. Energy dependence response of the MBE’ CdTe photoconductor measured using a 
monochromatic beam with energies between 12 and 15 KeV at beamline X-l8B(NSLS). 
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