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A tetragonal prismatic Hgl, crystal grown with low molecular weight (M) polyethylene addition in a
horizontal furnace has been fabricated into a 2.1 x 2.1 x 4.1 mm?> Frisch collar spectrometer. With no
electronic correction nor LN, cooling, an energy resolution of 1.8% FWHM at 662 keV (13’Cs) is achieved.
Spectra from 24'Am (4.7% FWHM at 59.5keV), >’Co (4.0% FWHM at 122 keV), **Ba (4.4% FWHM at
80keV and 2.5% FWHM at 356 keV), 1%8Au (2.6% FWHM at 411 keV), and ¢°Co (1.2% FWHM at 1173 keV)
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1. Introduction

Mercuric iodide (Hgl,) is considered a candidate material for
room-temperature y-ray detectors mainly due to its high atomic
numbers (Zyg=80, Z;=53) and wide band gap (~2.13eV).
Despite these favorable attributes, Hgl, suffers from several
drawbacks, such as low hole mobility [1], low yield strength [2],
and polarization [3]. These drawbacks unfortunately have
prevented a wider use of Hgl, single crystals as room temperature
v-ray detectors. Due to their low mobility, holes are trapped
more easily than electrons. Unfortunately the influence of trapped
charges is compromised and their contribution to charge induc-
tion diminished. Because a large deviation in charge carrier
collection translates into poor energy resolution, removal of the
hole contribution from the charge induction process and/or the
reduction of hole carrier traps will improve energy resolution.

One detector design that precludes much of the hole contribution
to charge induction is the Frisch collar detector design [4-7]. With
the Frisch collar design the weighting potential of the device can be
altered such that the contribution of the hole motion towards charge
induction is significantly reduced. The simplest Frisch collar detector
utilizes a tetragonal prismatic crystal with an aspect ratio (the ratio
of length to width) of two [8]. Therefore, ordinarily a bulk crystal
must be cut into the proper shape. However, cutting a Hgl, crystal
into such a shape risks damaging the crystal due to the low yield
strength of the material [2]. Moreover, the subsequent polishing of
the crystal may introduce additional impurities and crystal defects.
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Impurities can also be incorporated through the pre-growth
and crystallization processes. Choosing the appropriate growth
method can also reduce impurities and diminish the effects of
crystal dislocations. Prismatic Hgl, crystals have been grown by
solution or solvent methods [9,10]. It was noticed, however, that
solution or solvent molecules were included in the solids, which
constitute impurities in the crystals. Another growth method,
growth by melt, cannot be employed due to the irreversible phase
transformation near 130°C. Vapor growth is therefore a more
suitable method for growing Hgl,, which is also known for its
appreciable vapor pressure at room temperature. The most
common methods of growing Hgl, by the vapor are the bulk
crystal growth in a vertical furnace and the polyethylene-aided
crystal growth in a horizontal furnace.

The vertical furnace method, developed at EG&G Santa Barbara
[11-13], is based on the modified Scholz method [14]. This method
was used to routinely grow Hgl, crystals between 100 and 200g
within 1-2 months. Although much of the material is harvested at
the end of the growth period, not all parts of the grown crystal are
suitable for detector fabrication. Therefore, extensive cutting and
etching must be done to shape and prepare the surfaces of the
crystals. As mentioned previously, these post-growth processes
predispose Hgl, to inclusion of extrinsic impurities and plastic
deformation. Therefore extensive post-growth processes pose
harm to the integrity of the crystals. Previous attempts to cut
and fabricate Hgl, into Frisch collar detectors demonstrated only
limited success [15].

Another vapor growth method for Hgl, production is the
horizontal growth method that was first introduced by Faile in
1980 [16]. The quality (i.e., purity) of the Hgl, starting material
has a huge effect on the habit of the grown crystals. It was shown
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in previous work that growth with unpurified Hgl, yields platelet
shaped crystals [16-18], while prismatic tetragonal crystals
can be grown with purified Hgl,. The prismatic Hgl, crystals
have the correct shape for Frisch collar detectors. Unlike the
Hgl, vapor growth in a vertical furnace, however, Hgl, growth
with the Faile method has not been fully understood. In the past,
efforts to determine the causes for this habit modification focused
on the effect of the added polymer on mass transport, purification,
and Hgl, stoichiometry [17,18,19,20]. To date, however, none of
these efforts has satisfactorily explained the effect of polymer
addition in modifying the Hgl, crystal habit.

The objectives of the Hgl, research in the SMART Laboratory at
Kansas State University are: (1) to observe and determine the
effects of polymer addition on crystal morphology, (2) to grow
square prismatic crystals of good quality for Frisch collar
detectors, and (3) to characterize Hgl, crystals and Frisch collar
detectors. This work summarizes the Hgl, Frisch collar detector
fabrication and analyzes the spectrometric capability of the
detectors. A full summary on the Hgl, growth by the Faile method
along with a description on the effects of polymer (specifically
polyethylene) on the change of morphology in crystals is
described elsewhere.

2. Theoretical considerations
2.1. Hgl, material properties

Several crystal structures of Hgl, have been observed [21,22],
with o-Hgl? as the most stable structure at ambient temperatures.
The space group designation for o-Hgl? is P4,/nmc [23], for a
tetragonal crystal structure with crystal parameters a=b=4.316 A
and c=12.450A. It has a layered structure, with the adjacent
layers stacked along the [001] axis being held by weak van der
Waals bonds.

Because of the anisotropy in crystal parameters, the electronic
and other physical properties of o-Hgl, are expected to be
direction-dependent. For example, u,p 001 are not necessarily
the same as u, 1) TO date, however, only g, 01 have been
measured [1], with g, ;1) about one order of magnitude smaller

than g, 00 1)-

2.2. Induced charge

Suppose a y-ray undergoes an interaction at position 7 and a
number of electron-hole pairs (for a total of initial charge Q) are
created. Due to the presence of the electric field, these charges
move towards 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 determined by using the
concept of the weighting potential, which is derived from first
principles using Green’s second identity (i.e., Green’s theorem)
[24]. Integrating the induced current produces the induced charge
measured from the radiation event. The weighting potential
concept has been used by Shockley [25] and Ramo [26] 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 [4,27-29].

According to Ramo’s theorem [26] the induced current due to a
charge Q, moving at velocity V(7) is

I(F) = QoEw(F) - V(F) = QolEw(P)|[V(F)|cosO 1

where E,(7) is the weighting field. In differential terms, Eq. (1) can
be written as

Q@) R
dr = —Qo| VVy ()]

dr
ar cosf ?2)

where I(f) =dQ(r)/dt and V,,(7) is the weighting potential. The
weighting potential V,,(f) 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
contact [30].

2.2.1. Planar detector

Due to the tetragonal prismatic shape of the Hgl, device, the
physics of the Hgl, planar device can be explained with Cartesian
coordinates in one dimension (1D). Fig. 1 shows the length-wise
cross-section of a planar detector of length L and side h. The planar
detector can be represented as a parallel plate capacitor bounding a
semiconducting material with a dielectric constant k. One of the
plates, designated as the cathode, is grounded Vi unoge=0. The
second plate, the anode, is held at a positive bias (Vg04e = Vo > 0).
For a two-terminal device, the electric and weighting field vectors
are in the same direction [31]. Because a charged particle moves
along an electric field line, cosf is equal to either 1 or — 1 depending
on the type of the charge particle and the direction of the electric
field. Assuming that the particle is moving in the direction of the
electric field, Eq. (1) can be written as

I(7) = QolEw ()| [V(P)!. 3)

In differential terms and for a 1D case, Eq. (3) becomes
(the vector notation for x is dropped for simplification)

dQ(x) dVy(x)dx

i~ Y& @ @
Eq. (4) can be approximated as
AQ(X) _ AVy(x) Ax

Aac T TQ A A )
which when simplified further yields
AQ(x) = —QoAVi(x). (6)

Eq. (6) shows that the change in induced charge is proportional to
the change in the weighting potential. To account for charge
carrier trapping in the material, a factor exp(—At/7) is multiplied
to the initial charge Qo, thus, Eq. (6) becomes

At X
8000 ~ ~Qoexp (- 5 ) AVt = ~Qoexp ~ o ) AVt
y-ray
!
| 0 il Collecting
H\@—» " contact
0 !
|||— ! : § 1V
0 X +A)? L

Fig. 1. Planar device configuration.
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Ax
=—Qpexp| ———— |AVu(x
p( ur|E(x)|> )

= —Qoexp ( ) |Ew(x)|Ax 7

A
HTIER)]

where Ax is the incremental distance traveled by a charge
carrier (see Fig. 1). The total induced charge due to interaction
at x, Q(x), is

= AX,
Q(x) = Q.(X)+Qp(x) = En(X)lexp| ————=1— | AXe ;.
() = Qe(X)+ Qu(x) QD[Q 6] p( uereE<xi)|>
= Axp,i
+ > |Ew(x)lexp| ————=— | Axp; 8
Z ( p( uhrhE(xm) "] ©

where Ax.; and Ax,; are the incremental distances traveled by
electrons and holes, respectively, and E(x;) is the electric field at x;
(see Fig. 1). For a planar detector configuration the weighting
potential, |En(X)| = 1/L, is obtained by solving the Laplace
equation and is a constant. The electric field E(x) is obtained by
solving the Poisson equation. For a planar detector configuration
with a grounded cathode and an anode biased at V,=V(L), the
electric field is |E(x)| = V(L)/L, which is a constant. Eq. (8) can be
written as integrals as shown in Eq. (9) for a planar device

L o
Q) = Qo Ew)] [ [ exp (— ﬁ) dx

-0 X
+ exp| -——— | dx'|. 9
/X p( ﬂhThE(X)|> }

The solution to Eq. (9) is

= = L—x
Q) = QolEw(X)| {Nefe\E(XN <] —exp <— m))

. X
Tl EQI{ 1—exp{ ———— = | |- N
Wy Thl ()< p< Hh‘L'h|E(X)>>:| "

Substituting for |E,(x)| and |E(x)|, the Hecht equation is obtained
as

QV(L) e
QX == |:.ueT@ (1 —exp <’ m))

xL
+““T“(l’e"p(’ uhrhV(L)M' an

When the electric field varies over x, Eq. (8) is used to solve Q(x)
numerically. A map of the charge collection efficiency,
CCE(x) = Q(x)/Qq, can be generated to analyze the performance
of a device.

2.2.2. Frisch collar detector

The physics and performance of the Frisch collar device has
been thoroughly explained in the literature [32,31]. Fig. 2 shows
the cross-section of a Frisch collar device. The conductive collar is
either grounded or biased at a potential in between ground and
the collecting contact’s bias. The Frisch collar of the device used in
this study was coupled to the grounded cathode. Therefore the
analysis for the device reduces from a three terminal device to a
two terminal device. Further, the device can be analyzed along its
central line, hence, the analysis is reduced to 1D analysis as in the
planar device configuration. Ramo’s theorem can again be used to
solve the induced current in the Frisch collar device. A numerical

Frisch collar

zj\:/—ray

e . ] Insulator
: ¢ Collecting
L@ contact
~—®
! 1
|||—— E ' E L +Va
0 X L

Fig. 2. Frisch collar device configuration.

analysis method must be used to determine both the weighting
field E,,(x) and the actual electric field E(x). Eq. (8) can be used to
obtain Q(x) due to the motion of charges along the central line of
the device [31].

3. Experimental procedure
3.1. Crystal growth

Hgl, starting material was purified by sublimation in a
dynamic vacuum, followed by melting, and finally with sublima-
tion in static vacuum. After retrieval, the purified material was
weighed and placed in a Pyrex ampoule 15in. long and 41 mm in
diameter. A low M,, polyethylene (M ~ 4000 g/mol) was added
to the ampoule and mixed directly with Hgl,. Approximately 80 g
of Hgl, and 1.6 g of low M,, polyethylene were used in the growth
ampoule. The ampoule was sealed under vacuum (~ 10~ Torr)
and subsequently placed in a two-zone horizontal furnace. The
source materials were positioned in the hot zone at 230 °C and the
deposition zone was set at 150 °C.

Sublimated Hgl, crystallizing at the end of the deposition zone
was retrieved and placed in a new ampoule. The ampoule was
sealed under vacuum as previously mentioned and was placed in
a two-zone horizontal furnace. The source was positioned in the
hot zone at 100 °C and the crystallization zone was set at 80 °C.
The growth period was five days. At the end of the growth period
the ampoule was retrieved and cooled down to room temperature
by natural convective air.

Hgl, grown with the low M, polyethylene yields tetragonal
prismatic crystals. These crystals typically appear as either single
crystals or twinned crystals (Fig. 3). The most prominent crystal
forms, (001) and {110}, are always found amongst the grown
crystals. {h 01} planes of various size can be found as corner faces.
The length of the crystals was observed to be parallel to the [00 1]
axis.

3.2. Hgl, planar device fabrication

As previously mentioned in Section 2.1, the (001) layers are
held together by weak van der Waals bonds. Therefore, for device
fabrication, a harvested crystal could be cut to the desired size
with a razor blade. While sectioning the crystal, the aspect ratio
was kept at a value between 1.5 and 2.0 [8]. Aquadag E was used
as the contact material, applied to the crystal ends immediately
after the crystal was sectioned. Palladium wires were attached to
the contacts for electrical contact. Note that no etching was
performed during the planar device fabrication. The tetragonal
prismatic shape of the as-grown single crystals significantly help
with the Frisch collar device fabrication. The fortuitous crystal
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Fig. 3. Shown are (a) single and (b) twinned Hgl, crystals grown with low M,
polyethylene. As can be seen the (001) and {110} faces are the most prominent
faces, while {h 01} planes form the corner faces.

shape becomes more important for applications requiring numer-
ous detectors (such as arrays).

3.3. Hgl, Frisch collar device fabrication

Parylene-C was used as the first dielectric layer and it is
commercially available in many variants [33]. In this study,
Parylene-C was determined to be the best choice between the
commercially available options because it is easy to use and has a
fast deposition time. It also has a high resistivity (8.8 x 10'°Qcm),
a high dielectric breakdown strength (220kV/mm), and a low
dielectric constant (k ~2.95) [34]. Parylene-C, which does not
react with Hgl,, can be used to encapsulate the planar detector for
passivation and stabilization. Parylene coating can also reinforce
loose Aquadag contacts for additional mechanical support. This
reinforcement allows for easy handling of the device.

Only a thin layer of Parylene-C was deposited as the first
insulator layer on the surfaces of the Hgl, planar device. The
Parylene layer was kept very thin due to the fact that Parylene
cannot be removed if the deposited layer is thick. Because there is
always an optimum dielectric layer thickness for Frisch collar
devices [35], other techniques, such as wrapping the device with
Teflon tape, are recommended. Wrapping the Parylene coated
device with Teflon allows for the optimum dielectric layer
thickness for the Hgl, planar device to be obtained. In this study,
37 mg of Parylene-C dimer was used, resulting in deposition of
50 pum Parylene-C as the first layer of dielectric material. This thin
layer of Parylene-C was followed by two layers of 0.07 mm thick
Teflon tape. Afterwards, a thin copper shim was cut to size and
used as the Frisch collar, which extended the length of the device
and was connected to the device cathode. In this manner, the
Frisch collar was held at the cathode potential (both conductors
were grounded) (Fig. 4).

3.4. Pulse height spectrum measurement

The fabricated Hgl, detectors (planar and Frisch collar) were
positioned in an aluminum test box for spectral collection of
various radionuclides. The detector within the box was connected
to an eV-550 preamplifier and both were placed inside a copper
Faraday cage to minimize electronic noise. The measurement
system consisted of an amplifier, an oscilloscope, a multi-channel
analyzer (MCA), a high voltage supply, a pulse generator, and a
personal computer, all positioned outside the Faraday cage.
Gamma-ray sources (>4'Am, °’Co, '>3Ba, '*’Cs, '°®Au, and °Co)
were always placed outside the aluminum test box, in the same
position, such that the detector side faced the source.

During the experiment, the temperature and the relative
humidity were recorded to be 21°C and 75%, respectively. All
operating parameters and settings were held constant for all

<

cathode

Parylene C

— Teflon tape

&= Copper collar

Hgl,

Aquadag E

V

Y collar
anode

Fig. 4. Hgl, Frisch collar detector cross-section.
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Fig. 5. Pulse height spectrum taken with a 2.1 x 2.1 x 4.1 mm? Hgl, Frisch collar
device being fully irradiated with a >!Am gamma ray source positioned 3.0 cm
away from the detector side. A 4.7% FWHM energy resolution is achieved at
59.5 keV.

measurements as follows. The amplifier shaping time was set to
1ps and the amplifier gain was set to 69X. The detector was
biased at +1500V (applied to the anode) for more than 16h
(which is mentioned for each measurement) before taking the
pulse-height spectra.

4. Results and discussion

For this study the pulse height spectra were collected from
standard commercially available calibration sources of 24'Am,
57Co, 133Ba, '37Cs, and ®°Co. A neutron activated '°®Au pulse
height spectrum was also collected. The ' ®Au source was
activated by irradiating a 13 mg gold foil sample in the Kansas
State University TRIGA Mk II nuclear reactor core for 8 min at
5kW. The electronic settings were consistent for all measure-
ments, and energy resolutions reported for gamma-ray full energy
peaks are without any electronic corrections.

An energy resolution of 4.7% FWHM for the 59.5 keV spectral
line of 2 Am was obtained, shown in Fig. 5. Shown in Fig. 6 is °’Co
spectrum where the energy resolution at the 122keV is 4.0%
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Fig. 6. Pulse height spectrum taken with a 2.1 x 2.1 x 4.1 mm? Hgl, Frisch collar

device being fully irradiated with a >’Co gamma ray source positioned 3.0 cm away
from the detector side. A 4.0% FWHM energy resolution is achieved at 122 keV.
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Fig. 7. Pulse height spectrum taken with a 2.1 x 2.1 x 4.1 mm? Hgl, Frisch collar
device being fully irradiated with a '>>Ba gamma ray source positioned 3.0 cm
away from the detector side. A 4.4% FWHM energy resolution is achieved at
80keV.

FWHM, and the 136 keV energy line is clearly observed. An energy
resolution of 4.4% FWHM was achieved for the 80keV spectral
line of 133Ba (see Fig. 7). The 356 keV photopeak of '*3Ba exhibited
an energy resolution of 2.5% FWHM (see Fig. 8), with the 276, 302,
and 382keV emission energies of 33Ba are also clearly
observable.

The '®8Au spectrum is shown in Fig. 9 where the 411 keV full
energy peak energy resolution is 2.6% FWHM. The 662 keV
photopeak of *7Cs with 1.8% FWHM energy resolution is also
shown in Fig. 10. The Hg X-ray escape peaks are observable on
both spectra of ®®Au and '3’Cs (Figs. 9 and 10). Fig. 11 displays
the energy spectrum from ®°Co collected with the Hgl, Frisch
collar device. As shown, an energy resolution of 1.2% FWHM at
1173 keV energy line is achieved. Note that the relatively small
Hgl, device was capable of detecting the high energy gamma rays
emitted from ®°Co.

The stability of the detector with time is also reported in
Fig. 12, showing '*’Cs energy spectra over various irradiation
times after initial operation. When the Hgl, Frisch collar detector
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0 100 200 300 400 500 600 170118011901 2001
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Fig. 8. Expanded view of the 276, 302, 356, and 382 keV full energy peaks of >*Ba
(see Fig. 7). A 2.5% FWHM energy resolution is achieved at 356 keV.
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Fig. 9. Pulse height spectrum taken with a 2.1 x 2.1 x 4.1 mm?® Hgl, Frisch collar
device being fully irradiated with a '® Au gamma ray source positioned 3.0 cm
away from the detector side. A 2.6% FWHM energy resolution is achieved at
411 keV.
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Fig. 10. Pulse height spectra taken with a 2.1 x 2.1 x 4.1 mm? Hgl, device (Frisch
collar and planar) being fully irradiated with a '*’Cs gamma ray source positioned
3.0cm away from the detector side. A 1.8% FWHM energy resolution is achieved at
662 keV.
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Fig. 11. Pulse height spectrum taken with a 2.1 x 2.1 x 4.1 mm? Hgl, Frisch collar

device being fully irradiated with a ®°Co gamma ray source positioned 3.0 cm away
from the detector side. A 1.2% FWHM energy resolution is achieved at 1173 keV.
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Fig. 12. Pulse height spectra taken with a 2.1 x 2.1 x 4.1 mm? Hgl, device (Frisch
collar and planar) being fully irradiated with a '*’Cs gamma ray source positioned
3.0 cm away from the detector side. A 1.8% FWHM energy resolution is achieved at
662 keV. The detector was under bias for different periods of time before each
pulse height spectrum was collected.

had been under bias for more than 24h, the pulse height
spectrum remained more or else the same. In other words, the
detector did not show polarization beyond 24 h of operation at
high voltage.

5. Conclusions

Hgl, growth with a low My, polyethylene yields crystals with
the fortuitous shape of tetragonal prisms, with the length of the
crystals parallel to the [001] axis. For bar-shaped Frisch collar
device fabrication, the aspect ratio of the crystals can be altered
by simply cleaving crystal planes off the (00 1) face. No etching or
polishing step was required in detector fabrication. Due to the

application of the Frisch collar, no electronic correction or LN,
cooling was needed to achieve excellent spectroscopic perfor-
mance. The Hgl, Frisch collar device performance, as seen in
Fig. 12, did not change beyond 24 h of continuous bias application.
Polarization was observed only up to about 10h of continuous
bias application. Studies on the polarization and de-polarization
behaviors of the device are described elsewhere.
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