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Abstract - This article describes the methodology for the
purification of the Pbl, salt by technique of muitipass zone
refining and the growth by Bridgman method. A significant
decrease of the impurities concentration was observed in
function of the purification passes number. The results of
the dark leakage current, the resistivity and the response of
the alpha and gamma radiations were strongly dependent
of the purity of the crystal.

1. INTRODUCTION

The lead iodide (Pbl,) is a very promising material
with large technological applicability as room
temperature radiation detectors [1]-[3]. Pbl, is a
yellowish semiconductor with high resistivity (IOHQcm)
and density of 6.2 g/cm®. The bandgap energy of the
order of 2.58 eV and the high atomic number (Zp,=82
and Z;=53) are important factors to be used as compact
detectors and a low thickness is necessary for the
detection of X-rays and y-rays [4]-[6]. The relatively
large bandgap energy indicates that devices should
operate with low leakage currents and low polarization at
elevated temperatures. Their disadvantages are low
mobility () of 8 ecm*/Vs and 2ecm?/Vs for electrons and
holes respectively. Therefore, in order to enhance the
electrical properties, the trapping time (t) characteristics
and the mobilities (1) should be improved. The role of
the crystal impurities on the electrical properties of Pbl,
is crucial, then improvements on the chemical
purification should be achieved [7]-[9]. The melting point
of Pbl, is 408°C and it melts congruently. Pbl, does not
undergo a transition phase between its melting point and
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room temperature, which allows the purification and
growth of crystals from the melting. It is well known
that Pbl, crystal is dominated by structural defects,
when eliminated, the eletrical properties should
improve, revealing their actual potential [8],[10],[11].
Recently, Pbl, crystal has also been mentioned as a
promising material to be used as a photodetector due to
its physical, chemical and electronic properties[10].

The primary difference between  recently
demonstrated Pbl, detectors and those fabricated
earlier appears to be the degree of crystal purity [31,[8].
Purity, crystallinity and orientation are most likely
critical in determining detector performance. Several
studies [10],[12]-[17] have been carried out about the
preparation of the Pbl, semiconductor detector and
progresses have been made by the improvement of the
techniques of purification, growth and characterization
of the crystal. However, the performance of these
detectors has been limited by the crystals quality. In
this work, a methodology for purification and growth
of the Pbl, crystal and for its characterization as a room
temperature radiation detector was developed. The
dependence of the radiation response on the Pbl,
crystal purity was also studied.

II. DETECTOR FABRICATION

The commercially available Pbl, powder with
nominal purity of 99.0% was used as the starting
material for growing crystals for detector applications.
To reduce impurities, this material was purified by the
many pass zone refining technique. This method is
well described in the literature [7],[8], and it is based
on the differential solubility of the impurities in the
melted and the solid portions of the material.

Preliminarily, all the tubes were submitted to a
rigorous chemical treatment and subsequent thermal
treatment to avoid the adherence of the crystals in the
tubes walls used in the melting. Subsequently, the Pbl,
powder was introduced into a treated 30cm long quartz
tube of 10 or 20mm diameter, evacuated to 10°Torr
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and sealed off. The ampoule was mounted into the zone
refining furnace and the heaters moved at a speed of
10cm/hr across the length of the ingot and upon reaching
the end, quickly moved back to the starting point to
prevent melting of the ingot during the reverse motion.
The furnace temperature was set to approximately 500°C,
above the melting point of 408°C. This process was
repeated multiple times (200, 300 and 500 passes) in
order to increase the purification efficiency to
semiconductor standards. For segregation coefficient
very different from the unity, there is a better efficiency
for removing to one of the ends. It is shown that detectors
fabricated from the section containing the purest material
resulted in a best detector performance.

The crystals were grown by Bridgman method, after
200, 300 and 500 purification passes, which we
denominated ZR200, ZR300 and ZR500 crystals,
respectively. The purest section of the zone refined (ZR)
ingot was introduced into the tube of quartz and melted in
a Bridgman vertical furnace at temperature of 550°C and
moved at a speed of about 1mm/hr. The obtained crystals
(approximately 20mm length and 10mm diameter) were
submitted to a thermal treatment during 20h at 150°C.

Samples from the bottom, middle and upper section of
the ZR ingot were analysed after 200, 300 and 500
purification passes. The efficiency of the purification was
evaluated, by measurements of the impurities
concentrations, using the neutron activation analysis
technique [18].

The crystalline quality was analyzed by X-ray
diffraction. A Phillips Model DR 714020 X-ray
diffractometer with Cu Kot radiation (40kV, 35mA in the
26 range from 0 to 60°) was used for structural
characterization of the Pbl, crystal grown with different
impurities.

In order to be prepared as a radiation detector, the
grown crystals were cleaved perpendicularly to direction
(001), using the diamond saw, in the dimensions of 4 to
10 mm’ and thickness of 400 to 800um. The wafer
surfaces were then treated with a Nal (10%) solution to
remove damage by the crystal cleavage. After the
treatment, the surface quality was evaluated by scanning
electron microscopy and it was suitable to apply the
electric contact. This was applied with conductive
graphite painting on both sides of the wafers. These low
resistance contacts were used to minimize the noise[17].

The dark leakage currents were evaluated, applying
different tensions. At first, the decrease of the leakage
current, as time passed, was clearly studied,
subsequently after the radiation.

The nuclear response of the detectors was studied
using the conventional eletronic setup including the
voltage power supply, charge sensitive preamplifier, a
linear amplifier and a oscilloscope. The pulse height
spectra were analysed using an ORTEC model 918A
multichannel analyser, using a **'Am, *’Co and '*Ba
gamma radiation sources and a **'Am alpha radiation
source.

III. RESULTS AND DISCUSSION

Figure 1 shows the concentration profiles for
impurities found in the bottom, middle and upper
sections of the crystal. It was observed a trend for
impurities to segregate to the upper part of the ingot
(last to freeze), as a consequence of the zone refining.
It also appears that the total impurity concentration is a
minimum towards the middle of the ingot, indicating
that for some elements the segregation coefficient is
below or above unity. So these impurities segregate to
the first or last parts of the ingot to freeze.
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Fig. 1. Impurity concentrations in the bottom, middle and upper
sections of purified Pbl, lingots with 300 (a) and 500 (b) zone
refining passes. ND = no detected. Impurity level: ppm

Figure 2 shows the tendency of the impurity
concentration decrease in function of the purification
passes number. As we can observe in this figure, there
was a significant reduction of the impurities with the
purification numbers. However the decrease depends
on each element, since they have different segregation
coefficients.
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Fig. 2. Impurity reduction (a) and tendency of the concentration
decrease (b) in function of the purification passes number. NA = no
analysed.

Figure 3 presents the X-ray diffraction obtained for
ZR300 and ZR500 crystals grown by Bridgman method.
The results show that both crystals have a similar
structure with the hexagonal crystalline pattern of the
Pbl, crystal. The diffractograms indicate that the crystals
are preferentially oriented in the direction (001). In the
ZR500 crystal it was observed the presence of reflection
with low intensities peaks (110) and (113), which can to
be due to the crystal position in the diffractometer. The
crystal ZR300 was crystallographically better than
ZR500, confirmed by the ZR300 peak (001) more
mtense than that of ZR500 crystal and the rate among the
relative intensities of the ZR300 peaks (001, 003, 004)
are closer to the archives Us Joint Committee on Powder
Diffraction[19]. However, it could be observed that there
was no other crystalline phase in the grown crystals,
which can be confirmed by comparison with the
diffraction pattern of the Pbl, oriented in the direction
(001).

The grown crystals were cleaved perpendicularly to
direction (001), and prepared suitably with the electric
contact to be used as a radiation detector. At first, the
dark leakage current of the prepared detector was
stabilized, applying a bias voltage of 5 V for 30 hr,
subsequently after the preparation. Figure 4 shows the
leakage current measurements as a function of the time.
The decrease of the leakage current, as time passed, was
clearly observed, as shown in Fig. 4. For further
experiments, the stabilization time of 30 hr was not
necessary.
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Fig. 3. X-ray diffraction of PbL, crystals: ZR300 (a) and ZR500 (b).
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Fig. 4. Current-time curve for the Pbl, detector.

Figure 5 shows the results of the leakage current as
a function of the applied bias voltage. As it can be
observed, for ZR200 and ZR300, the measurements
were possible to be carried out in the range 0 to 100 V,
while for the ZR500 crystal it could be applied up to
200 V. From these results the resistivity values were
10"°Qem for ZR200 and 10"'Qcm for ZR300 and
ZR500 crystals. The ZR300 and ZR500 crystals had
the same order of resistivity values, however, in the
ZR500 crystal the leakage currents were lower, due to
the depletion region that produces an electrostatical
potential, which decreases the leakage current,
indicating the better characteristics of the ZR500
crystal as a semiconductor. The decrease of the
leakage current due to the impurity reduction observed



in this work was in agreement with the literature [7],
[12]. The differences can be attributed to the various
levels of the impurity concentration that act as charge
carriers traps, causing an increase in the leakage current.
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Fig. 5. Intensity X Bias Voltage curves of the Pbl, detectors.

The importance of the Pbl, crystal purity for its
application as a radiation detector, described in the
literature[2], [7], [11], [14], [15] was confirmed by the
results found in the spectrometric measurements for
alpha and gamma radiations. For ZR200 crystal, no
radiation response was observed, probably due to the
interference of the high leakage current in the eventual
radiation signal detection. For ZR300 crystal, it was
possible to observe the radiation response only in the
current mode. The detection, in the pulse mode, was not
observed due to a low radiation response and a high
noise signal. Figure 6 shows the results of the relative
radiation response, in current mode, for ZR300 crystal.
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Fig. 6. Relative results of the response, in current mode, of the ZR300
detector, under a '*’Cs gamma ray excitation.

For ZR500 crystal, a good radiation response was
observed. Figure 7 presents the pulse height spectra of
the ZR500 crystal under **' Am alpha particle excitation
(a) and under **Am, *'Co and '*’Ba gamma radiations
excitations (b). The better radiation response of ZR500,

despite its worse crystalline quality compared that of
ZR200 and ZR300 crystals, may be attributed to its
better purity, which permits to apply a higher bias
voltage to the detector. So, the charge -carriers
produced by radiation excitation can be collected more
easily, leading to obtain a detector with better
efficiency. However, further studies should be carried
out in order to know the accurate information on the
contribution of each of these parameters, i.e., purity
and cristallinity, in the detector performance.
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Fig.7. Pulse height spectra for alpha particle (a) and gamma (b)
excitations.

For 5.5 MeV alpha particles from **'Am, a
resolution of 10% was obtained, which is in agreement
with the literature [12]. For gamma ray excitation, a
good response was observed for gamma radiation,
however, the resolution was poor. The 80 keV peak
not was well defined for **Ba due to the interference
of the Compton scattering, generated by emitted 355
keV from "*Ba. Shoji et al.[14] found similar results
and they suggested that the resolution can be improved
by: (a) using a charge sensitive pre-amplifier with
lower noise, (b) using an amplifier with shaping time
longer and (c) obtaining purer crystals. Lund et al.
[13] have developed an electronic of low noise to
improve the Pbl, detectors and obtained good
resolutions.



IV. CONCLUSION

Concluding, we have shown that the zone refining is
effective to reduce the concentration of many impurities
in lead iodide. With the appropriate processing
techniques it has been found that detectors fabricated
from high purity crystal exhibit significant improvement
i performance compared to those produced from low
purity crystals. However, problems still exist in lead
iodide due to the low charge carrier collection efficiency,
which is probably caused by additional impurities or
defects incorporated during crystal growth and detector
fabrication processes. In addition, pulse processing
techniques should be investigated to improve gamma
energy resolution.

ACKNOWLEDGMENT

The authors also thank to J. C. Gimenez for the
assistance on the crystal growth

REFERENCES

[1] MCGREGOR, D.S; HERMON, H. “Room-temperature
compound semiconductor radiation detectors.” Nucl. Instr. and
Meth. Phys. Res., v.A395, pp.101-124, 1997.

[2] LUND,J.C.; OLSCHNER, F.; BURGER, A. IN: T.E. Schlesinger,
RB.James (Eds)., Semiconductors for Room Temperature Nuclear
Detector Applications, Semiconductors and Semimetals, vol.43,
San Diego: Academic Press, 1995.

[3] MANFREDOTTI C.; MURRI, R.; QUIRINI, A.; VASANELLI,
L. “Pbl as nuclear particle detector.” [EEE Trans. Nuc. Sci., v.
NS-24, pp.126-128,1977.

[4] SHAH, K.S.; BENNETT, P.; KLUGERMAN, M.; MOY, L.;
CIRIGNANO, L.; DMITRIYEV, Y.; et al. “Lead iodide optical
detectors for gamma ray spectroscopy.” IEEE Trans. Nuc. Sci., v.
44, 1.3, pp.448-450, 1997.

[S] SHOJI, T.; OHBA, K., SUEHIRO, T., HIRATATE, Y.
“Characterization of the Pbl, crystal as a material for radiation
detectors.” IEEE Trans. Nuc. Sci., v.44, 0.3, pp.451-453, 1997.

[6] UNAGAMI, T. “Electrical condutance characteristics of single-
crystal lead iodide grown in gels.” J. Electrochemical Society, v.
146, pp. 3110-3113, 1999

[71 HERMON, H.; JAMES, R.B.;, LUND, J.; CROSS, E;
ANTOLAK, A.; MORSE, D. H.; MEDLIN, D. L.; et al. “Lead
lodide X-ray and gamma-ray spectrometers for room and high
temperature operation.” Mat. Res. Soc. Symp. Proc., v. 487,
pp.361-368, 1998.

[8] SCHLESINGER, T.E.; JAMES, R.B.; SCHIEBER, M.
TONEY, J; VAN SCYOC, J. M.; SALARY L. et al
“Characterization of lead iodide for nuclear spectrometers.”
Nucl. Instr and Meth. Phys. Res., v.A380, pp. 193-197, 1996.

[9] ZHANG, J.; SHAH, K.S.; OLSCHNER, F.; LUND, J.C;
MOY, L.P.; DALEY, K.; CIRIGNANO, L.; SQUILLANTE,
M.R. “An improvement in growing large, oriented lead iodide
single crystals for detector applications.” Nucl. Instr and Meth.
Phys. Res.,v. A322, pp.499-503, 1992.

[10] SHAH, K. S.; OLSCNHER, F.; MOY, L.P.; BENNETT, P
MISRA, M.; ZHANG, J. et al. “Lead iodide x-ray detection
systems.” Nucl. Instr and Meth. Phys. Res., v. A380, pp.266-
270, 1996.

[i1] LUND, I.C.; SHAH, K.S.; SQUILLANTE, M.R.; MOY, L.P.;
SINCLAIR, F.; ENTINE, G. “Properties of lead iodide
semiconductor radiation detectors.” Nucl. Instr. and Meth.
Phys. Res., v. A283, pp. 299-302, 1989.

[12] DEICH, V.; ROTH, M. “Improved performance lead iodide
nuclear radiation detectors.” Nucl. Instr. and Meth. Phys. Res.,
v. A380, p.169-172, 1996.

[13] LUND, J.C., ZHANG, J.; OLSCHNER, F.; MOY, L.; SHAH,
K.S.; MEDRICK, S.; DALEY, K.; SQUILLANTE, MR.
“Recent progress in lead iodide X-ray spectrometer
development.” Nucl. Instr. and Meth. Phys. Res., v. A322,
p.464-466, 1992.

[14] SHOJI, T.; HITOMI, K; SUEHIRO, T.; TIBA, T,
HIRATATE, Y. “Fabrication of a nuclear radiation detector
using the Pbl, crystal and response characteristics for gamma-
rays.” IEEE Trans. Nuc. Sci., v. 45, 1.3, pp. 581-584, 1998.

[15] SHOJI, T.; OHBA, K.; HIRATATE, Y.; SUEHIRO, T.
“Fabrication of radiation detector using Pbl, crystal.” IEEE
Trans. Nuc. Sci., v. 42, n.4, pp. 659-661, 1995.

[16] FORNARO, L.; SAUCEDO, E.; MA, X.; MUSSIO, L.
YERMAN, L; BURGER, A. “Lead iodide film deposition and
characterization.” Nucl. Instr. and Meth. Phys. Res., v. A458,
pp.406-412, 2001.

[17] SHAH, K.S.; OLSCHNER, F.; LUND, J.C.; BENNETT, P.;
ZHANG, J.; MOY, L. P.; et al. “Eletronic noise in lead iodide
X-ray detectors.” Nucl. Instr. and Meth. in Phys. Res., v. A353,
pp.85-88, 1994,

[18] GLASCOCK, M.D. An overview of neutronm activation
analysis.(2001,March).Available:http://web.missouri.edu/~glas
cock/naa_over.htm.

[19] Us Join Committee on Powder Diffraction, Microfilm
JCPDS7-235.



