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Being a high-Z material, mercuric iodide (Hgl,) has
a relatively high gamma-ray absorption coefficient. Its
low charge carrier mobilities, however, have somewhat
hampered the interest in using this material as a room-
temperature gamma-ray spectrometer. By using the Frisch
collar technology, the influence of the low charge carrier
can be significantly reduced. The growth of Hgl, by the

Faile method in a horizontal furnace fortuitously pro-
duces tetragonal prismatic crystals. These crystals with
appropriate dimensions can be fabricated into Frisch
collar spectrometers. With the Frisch collar technology,
1.8% energy resolution for 662-keV gamma rays has been
achieved.

I. INTRODUCTION

Mercuric iodide (Hgl,) is considered as a candidate
material for room-temperature gamma-ray detectors be-
cause of its high-Z constituents and a band gap that is
relatively wide (~2.13 eV). Despite these favorable prop-
erties, Hgl, suffers from several detrimental attributes,
such as low charge carrier mobilities (., ~ 100 cm-
V=ls7 uy, ~ 8 em-V~1.s7! for Hgl, as compared
to ., ~ 1000 cm-V=1.s71 u;, ~ 150 cm-V~1.s7! for
CdZnTe) (Ref. 1) and low yield strength.? With low mo-
bilities, charge carriers are prone to be captured in traps.
Holes, which have a lower mobility than electrons do, are
more easily trapped. Unfortunately, the influence of
trapped charges is compromised, and their contribution
to charge induction is diminished. Low yield strength
due to the weak van der Waals bonds between iodine
layers normal to the [001] axis leads to plastic deforma-
tion.2 Hence, Hgl, crystals must be handled and pro-
cessed carefully. These drawbacks, unfortunately, have
prevented a wider use of Hgl, single crystals as room-
temperature gamma-ray detectors.

Removal of the hole contribution from the charge
induction process will improve energy resolution. One
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detector design that excludes much of the hole contribu-
tion is the Frisch collar detector design.’~> Recent results
of cadmium zinc telluride (CdZnTe) detectors fabricated
with the Frisch collar design have shown excellent en-
ergy resolution.’~” Sub-1% energy resolution is consis-
tently achieved with CdZnTe Frisch collar detectors. A
CdZnTe Frisch collar detector consists of a CdZnTe crys-
tal cut and polished into a right square prism (i.e., a
tetragonal prism). The crystal is then wrapped with a
Teflon tape (a low dielectric material) and a copper shim
(as the conductive collar). This Frisch collar detector is
operated with the copper collar and cathode held at zero
potential while the anode is at a positive potential.
While the Frisch collar detector design is ideal for
Hgl,, the issue of carefully handling and processing of
the crystal remains. The most widely used method for
growing Hgl, is vapor growth in a vertical furnace.®
This method, also commonly known as the modified
Scholz method,” was used to grow Hgl, bulk single
crystals weighing between 100 and 200 g within 1 to 2
months. Although much material is harvested at the end
of the growth period, not all parts of the grown crystal
are suitable for detector fabrication. Consequently, var-
ious fabrication processes must be used to cut and shape
the crystal. With the use of many fabrication steps, how-
ever, the chances for crystal deformation and impurity
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incorporation increase. Previous attempts in using a cut-
and-shaped Hgl, crystal to fabricate a Frisch collar de-
tector demonstrated a spectrometer only with limited
success.!?

The vapor growth method introduced by Faile et al.!!
can produce crystals of the ideal size and shape for Frisch
collar detectors. The Faile method utilizes polymer added
in the growth ampoule and is performed in a horizontal
furnace. The addition of polymer has been shown to af-
fect the habit of the grown crystals. Without the addition
of organics, the {hOl} faces appear along with the more
prominent (001) and {110} faces. With the addition of
organics, specifically low molecular weight polyethyl-
ene, the areas of {hOl} faces are severely reduced, giving
the overall crystal shape of tetragonal prisms with the
length parallel to the [001] axis. In the past, efforts to
determine the causes for this habit modification focused
on the effect of added polymer on mass transport, puri-
fication, and Hgl, stoichiometry.'>-15 To date, however,
none of these efforts have satisfactorily explained the
effect of polymer addition in modifying the Hgl, crystal
habit.

The current objectives of the Hgl, research in the
Semiconductor Materials and Radiological Technologies
(S.M.A.R.T.) Laboratory at Kansas State University are
the following: (a) to determine the effects of polyethyl-
ene in Hgl, crystal habit modification, (b) to fabricate
Hgl, Frisch collar detectors, and (c) to characterize the

polarization behavior of the detectors. A review of Hgl, -

growth and Hgl, Frisch collar detector research at Kan-
sas State University is presented in this study.

Il. THEORY

ILA. a-Hgl,

Several crystal structures of Hgl, have been ob-
served,'®!” with a-Hgl, as the most stable structure at
ambient temperatures.'® The space group designation for
a-Hgl, is P4, /nmc (Ref. 19). It has a tetragonal crystal
structure with crystal parameters a = b = 4.316 A and
¢ =12.450 A. The crystal structure is considered a lay-

ered structure, with the adjacent layers (stacked along -

the [001] axis) being held together by weak van der
Waals bonds (Fig. 1). Because of the anisotropy in crys-
tal parameters, the properties of a-Hgl, are expected to
be direction dependent. For example, p. j [001] are not
necessarily the same as w. 5 ([o01]- To date, however,
only w, 5 [001] have been measured, with w0017 about
one order of magnitude smaller than w., o017 (Ref. 1).

I1.B. Shockley-Ramo Theorem

Suppose that a gamma ray undergoes a photoelectric
absorption at position 7 and a number of electron-hole
pairs (for a total of initial charge Q,) are created. Be-
VOL. 175
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Fig. 1. (a) The a-Hgl, unit cell consisting of two complete
Hgl, molecules. (b) The Hg and I ions form tetrahedral
layers.

cause of the presence of the electric field, these charges
move toward their respective electrodes. As these charges
are moving, an induced current due to the motion of these
charges can be monitored at a chosen conductor (in this
case, at the anode). The induced current can be solved
using the concept of the weighting potential, which is
derived from first principles using Green’s second iden-
tity (i.e., Green’s theorem).?° Integrating the induced cur-
rent produces the induced charge measured from the
radiation event. The weighting potential concept has been
used by Shockley?! and Ramo?? to solve the induced
current due to a moving charge in a vacuum tube. The
concept has also been used to determine the induced
charge in semiconductor detectors.?>-2

According to Ramo’s theorem?? the induced current
due to a charge Q, moving at velocity 0 (F) is

1(7) = Q,E,(7)-3(7) , (1)

where E,,(7) is called the weighting field. The change in
induced charge dQ(7) with respect to time can be de-
rived from Eq. (1) as

” do(7) L dF
dt iy _QaVVw(r)'dt ’ (2)

where I(7) = dQ(7)/dr and V,,(F) is the weighting po-
tential. The weighting potential V, (7) can be defined
simply as the actual potential at 7, V(7), in a medium
with no stationary charges or p = 0, normalized to the
potential at the collecting or monitoring electrode.?®

II.C. Planar Detector

Because of the tetragonal prismatic shape of the Hgl,
device, the physics of the Hgl, planar device can be
explained with Cartesian coordinates in one dimension.”
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A planar detector can be represented as a parallel plate
capacitor bounding a semiconductor material of length L,
with a dielectric constant « (Fig. 2). With the cathode
grounded (Vamoqe = 0) and the anode held at a positive
bias (V,,,.ode V, > 0), the electric field within the device
is |[E(%)| = E(x) = V,/L. The weighting field E, (%) can
be obtained by solving the Laplace’s equation. When the
charge carrier trapping is taken into account, the Hecht

equation is obtained as follows:
Q,Va L(L —x)
Q(x) = [#en (1 —exp (———
I“'e TE Va

xl
- ,u,,,T,,(l —exp(—# e ))] . (3
h'hYa

The charge collection efficiency (CCE), CCE(x), which
is a measure of the uniformity of the detector response to
gamma rays, can be obtained by taking the ratio of Q(x)

to Q,.

I1.D. Frisch Collar Detector

The physics and performance of the Frisch collar
device have been thoroughly explained in the litera-
ture.>” Figure 3 shows the cross section of a Frisch collar
device. The Frisch collar is either grounded or biased at
a potential between ground and the collecting electrode’s
bias. The Frisch collar of the device used in this study
was coupled to the grounded cathode. Therefore, the analy-
sis for the device reduces from a three-terminal device to
a two-terminal device as in the planar device configura-
tion. Furthermore, the device can be analyzed along its
central line. Hence, the analysis is reduced to one-
dimensional analysis, as in the planar device configura-

i ! o Collecting
S L contact
i i
5: y
> - .
Ax L

Fig. 2. Planar device configuration and the respective weight-
ing potential V,,(x). Since dV,,(x)/dx is constant ev-
erywhere, for any incremental distance Ax, both electron
and hole induce the same amount of change in induced
charge.

126

Hgl CRYSTAL GROWTH AND FRISCH COLLAR DETECTOR FABRICATION

Frisch collar

Insulator

Collecting
contact

Vi(x)

,,,,
------
.........

-

0 X i

Fig. 3. Frisch collar device configuration and the respective
weighting potential V,,(x). Since dV,,(x)/dx is larger
toward the anode, the induced charge is attributed mostly
to the motion of electrons as they travel toward the
anode.

tion. Ramo’s theorem can again be used to solve the
induced current in the Frisch collar device. A numerical
analysis method, however, must be used to solve both the
Laplace and the Poisson equations to obtain the weight-
ing field E,(%) and the actual electric field E(3),
respectively.’

IIl. EXPERIMENTAL METHODS

lIL.A. Organics-Aided Growth of Hgl,

Purified Hgl, was used as the starting material be-
cause the purity of the starting material has been shown
to affect crystal morphology.!"'* The starting Hgl, (ob-
tained from EG&G) was purified in a succession of pu-
rification stages as listed in Table I. These stages of
purification were first 1mplemented by EG&G to purify
starting Hgl, for growth in the vertical furnace.”’ In the
S.M.A.R.T. Laboratory at Kansas State University the
purification by sublimation in dynamic vacuum was com-
pleted in a one-zone furnace connected to a turbopump.
The temperature utilized for the process was 140°C, and
the process was repeated three times. The purified mate-
rial was retrieved and placed in a double-chamber am-
poule for melting at 350°C. The melting stage was
followed by sublimation in static vacuum in the same
ampoule at 140°C. The purified Hgl, was retrieved by
sublimation in dynamic vacuum.

Purified Hgl, was placed in an ampoule and was
mixed with a low M,, polyethylene. The ampoule was
subsequently sealed under vacuum to ~1 X 10~* Torr.
The ampoule was then positioned in a two-zone horizon-
tal furnace. The source was placed in the source zone (set
at 230°C), and the deposition zone was set at 150°C. The
JULY 2011
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TABLE 1
Purification Stages in Processing Starting Hgl, Material
Vacuum Level Temperature
Purification Stage (Torr, Room Temperature) (2 Iteration Number

Sublimation in dynamic vacuum ~5x1073 140 3

Melting ~1%10™* 350 1

Sublimation in static vacuum ~1X107* 140 1

Sublimation in dynamic vacuum for retrieval =8 X102 140 1
preceding step is called the source-processing step. Sub- ¥ e
limated Hgl, was condensed at the end of the deposition Parylene C
region in the ampoule and then subsequently retrieved
for growth. Retrieved Hgl, was placed in a clean am-
poule and sealed under vacuum in the same manner pre- Teflon tape
viously mentioned. This growth ampoule was placed in a
two-zone ampoule, with the source zone set at 100°C and
the deposition zone at 80°C. The growth procedure lasted Copper collar
for 5 days, but not all of the source material was spent. Hgl,
111.B. Hgl, Frisch Collar Detector Fabrication

and Spectroscopy
Harvested Hgl, crystals were used as-is to fabricate
the Frisch collar detectors. Neither extensive cutting nor
Aquadag E

polishing were required to shape or prepare the crystals.
Cleaving the crystal with a razor blade parallel to the
(001) plane on each end of the crystal was the only shap-
ing done to obtain the required aspect ratio.% The crystal
ends, which were the contact surfaces, were subjected to
neither etching nor polishing. A 2.1- X 2.1- X 4.1-mm?
Hgl, crystal was harvested, shaped, and fabricated into a
Frisch collar detector. A palladium wire was attached to
each end of the crystal with Aquadag E, which was also
used as the contact material. The crystal was first coated
with Parylene C to a thickness of ~40 mm. The purpose
of this Parylene coating was to protect the crystal and
strengthen the contact areas and wires. After being coated
with Parylene C, the contact wire was further strength-
ened by application of an epoxy.

The Frisch collar detector was fabricated by wrap-
ping the planar detector with a Teflon tape followed by a
thin copper foil. The cross section of the Frisch collar de-
viceis shown in Fig. 4. The Frisch collar detector was tested
in a test box placed in a Faraday cage. The '*’Cs source
was placed inside the box near the cathode side
of the detector. For the Frisch collar device testing, the
cathode and the copper collar were grounded (V,mode =
Veoiiar = 0) while the anode was biased at V,,,,4. = 1500 V.

- The planar detector configuration could be tested either
before the crystal was fabricated into the Frisch collar de-
tector or by disconnecting the Frisch collar or letting it
float. Cesium-137 spectra were collected at the start of the
bias application and after 24 h of bias application. The bias
NUCLEAR TECHNOLOGY
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Fig. 4. The cross section of the Hgl, Frisch collar device.

was continually supplied because of the polarization prob-
lem that usually plagued Hgl, devices. The performance
of Hgl, devices has been shown to improve, and the de-
vices reach their best energy resolutions after days or weeks
of bias application.?

«IV. RESULTS AND ANALYSIS

IV.A. Organics-Aided Growth of Hgl,

Crystal forms that usually appear in a vapor-grown
Hgl, crystal are the basal pinacoid (001), tetragonal prisms
of the first order {110}, and pyramid of the second order
{hO1} crystal forms or faces.?*-*° These crystal forms can
be observed on a Hgl, crystal grown by the vertical fur-
nace method without the presence of any polyethylene
(Fig. 5). The {110} faces feature diamond-shaped striae
or growth layers, with the striae making a 45-deg angle to
the (001) face.

The crystal forms and features found in a vertical
furnace—grown Hgl, can also be found in Hgl, crystals
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Fig. 5. Crystal faces and features found in a Hgl, crystal grown
by the vertical furnace method. The c-axis or [001]
direction is almost to the surface of the growth pedes-
tal. Diamond-shaped striae or growth layers can be
observed on the {110} face.

grown in a horizontal furnace (Fig. 6). Figure 6a shows
asingle crystal growing with one of the {110} faces against
the ampoule wall. In this study the Hgl, single crystals
grown without polyethylene, however, often grew only
into cubic millimeter size. Twinned crystals, two of which
are shown in Figs. 6b and 6¢, were more frequently en-
countered. Though the crystal forms are not readily iden-
tifiable as in those in a single crystal, the striations seen
on the crystal face in Fig. 6b suggest that the crystal face
is that of the {110} crystal forms. Judging from the ori-
entation of the striae, each twin grew in the direction of
the c-axis or the [001] direction. Similar observations
can be made on the crystal face shown in Fig. 6c. It
appears that the type(s) of twinning shown in Fig. 6b is
(are) either penetration twinning or cyclic twinning. Some
of the twins in Fig. 6b appear to grow with their c-axes
parallel to each other; i.e., the twins grew in parallel to
one another (a polysynthetic twin). Other twins grew

Hgl CRYSTAL GROWTH AND FRISCH COLLAR DETECTOR FABRICATION

with their respective c-axis not in parallel to one another
(either a cyclic twin or a penetration twin).

Crystals grown with the low M,, polyethylene, as
shown in Fig. 7, have a more identifiable morphology of
prismatic tetragonal and have identifiable crystal forms
and faces. Figure 7a shows a single crystal growing with
one of the {110} faces against the wall, while Fig. 7b
shows two single crystals growing with one of the (001)
faces right against the wall. In other words, the c-axis of
the crystal in Fig. 7a is perpendicular to the radius of the
ampoule, while the c-axis of the crystals in Fig. 7b is
close to parallel to the radius of the ampoule. As seen in
these Figs. 7a and 7b, the Hgl, single crystals grown with
the.low M,, polyethylene have the fortuitous prismatic
tetragonal shape that can be utilized and fabricated into
Frisch collar detectors. Twinned crystals were still found,
one of which is shown in Fig. 7c. The observed growth
layers on one of the twins shown in Fig. 7¢ indicate that
the face was one of the {110} faces, and hence, the c-axis
of the twin could be determined. Unlike the twinned
crystals grown in the absence of polyethylene, most of
the twinned crystals that grew with polyethylene were
cyclic twins (the c-axes of the twins in the cyclic twin are
not parallel to one another). For the Frisch collar detector
fabrication, each twin could be shaped into a tetragonal
prism with a required aspect ratio simply by cleaving the
crystal parallel to its (001) plane.

IV.B.‘HgIz Frisch Collar Detector

The CCE(X)pianar and CCE(x)gyisch profiles for the
Hgl, device in the planar and Frisch collar device con-
figurations, both detectors biased at 1500 V, are shown in
Fig. 8 as a function of normalized length. These profiles
were generated using i, 7, = 0.0008 cm?-V~!and u,7, =
0.00003 cm?2-V~!. Notice that the CCE (x) g,isci profile is
relatively flat (uniform) especially for almost three-
fifths of the device length. In contrast, the CCE (x)anar
profile is flat only near the cathode region (approxi-
mately between 0 and 0.1). A flat region in a CCE curve
translates into counts within the same peak channel

(a) (b)

(©)

Fig. 6. Hgl, crystals shown in (a), (b) and (c) were grown without polyethylene. Both crystals in (b) and (c) were twinned.
Apparent in (b) are the growth layers indicative of the {110} crystal forms or faces. The growth layers indicating the {110}

face are also apparent in (c).
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(a) (b)
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(©)

Fig. 7. Hgl, crystals grown with low M,, polyethylene. (a) A single crystal grew with its c-axis perpendicular to the ampoule
radius. (b) Two single crystals grew with their c-axes close to parallel to the ampoule radius. (c) Twinned crystals showing
the striae or growth layers indicative of the {110} face, hence, also indicative of the direction of the c-axis.

CCE

04F \\\ J

0.2f 1.

Anode Cathode

) P o

0 02 04 06 0.8 1
Normalized Distance

Fig. 8. The charge collection efficiency for the Hgl, 2.1- X
2.1- X 4.1-mm? device in the planar and the Frisch
collar device configurations, respectively.

number. Therefore, the longer the flat region in a CCE
curve is, the more counts are observed for the photoelec-
tric events in the corresponding photopeak channel.
Shown in Fig. 9 are two '*’Cs spectra, each taken
with either the planar or the Frisch collar detector con-

figurations of the same crystal. Each spectrum was col-

lected for 10 h (real) of counting time after the detector
(of the respective detector configuration) had been sub-
jected to 1500-V bias for 24 h. No electronic correction
was employed afterward. Apparent is the increased per-
formance of the Hgl, spectrometer due to the application
of the Frisch collar. This improvement in performance
with the Frisch collar is signified by the photopeak en-
ergy resolution of 1.8% at 662 keV and the appearance of
other spectral features. The energy resolution remained
constant even after the first 24 h of bias application,
indicating that the Hgl, Frisch collar detector could reach
its optimal energy resolution considerably ahead of other
reported Hgl, detectors.
NUCLEAR TECHNOLOGY
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Detector bias time at the beginning of counting is 24 hours

e Pulsers
Planar (t = 24 hours) —e—
20004 Frisch collar (t = 24 hours) ’
6000
c _ 21x21mm°xL=4.1mm
-] 5000 662 keV Counting time (Real): 10 h
o Preamplifier: eV550
§_ 4000 Amplifier gain: 69X
Shaping time: 1 us
= ping
€ 30004 Hg X-ray HV = 1500V
3 escapes
<] o 5
S ~—FWHM = 1.8% + 0.1%
2000 \
1000
Source: '¥'Cs No electronic corrections
0 T

0 500 1000 1500 2000
Channel Number

Fig. 9. The '37Cs spectra taken with a Hgl, detector in both the
planar and the Frisch collar configurations.

V. CONCLUSIONS

Hgl, crystals grown by vapor in the presence of low
M,, polyethylene have the fortuitous shape of parallele-
piped or tetragonal prisms. This shape has allowed the
application of the Frisch collar technology to improve
the spectroscopic performance of the planar device. This
improvement is achieved by the alteration of the weight-
ing potential distribution within the device, which in turn
reduces the contribution of the charge carriers with
lower w7 product (holes) to the charge induction on the
reading electrode. With only standard NIM equipment
and without any electronic correction, a room-temperature
Frisch collar Hgl, spectrometer has been fabricated, yield-
ing sub-2% energy resolution.
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