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The Faile growth method, when used with purified mercuric iodide (HgI2), along with low molecular
weight polyethylene, has yielded tetragonal prismatic HgI2 crystals. Thermal desorption-gas chromato-
graphy/mass spectroscopy (TD-GC/MS) studies reveal the existence of alkanes and ketones in the growth
ampoules along with low molecular weight polyethylene, presumably decomposition byproducts from,
or impurities in, the polyethylene. The influence of these desorbed byproducts on the HgI2 crystal
morphology is compared to the basic Bravais–Friedel–Donnay–Harker (BFDH) crystal model. From these
comparisons, it is apparent that ketones assert the most influence on the HgI2 crystal morphology by
slowing the growth of the {110} faces, thereby, causing the tetragonal prismatic crystal shapes to grow.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

HgI2 has numerous polymorphs that can form during crystal
growth, most of which are metastable tetragonal structures [1–3].
The two most important polymorphs are the preferred α�phase
tetragonal crystals (red) formed and stable at temperatures below
130 1C and the β�phase monoclinic crystals (yellow) that form above
130 1C. Note that growing β�phase HgI2 crystals and subsequently
cooling them below 130 1C causes a destructive change in the crystals
because they can form any number of metastable crystals or
polycrystalline α�phase crystals [1,4]. Moreover, with a melting
point of 259 1C, which is higher than the phase change temperature,
the most suitable method to grow detector-quality HgI2 is through
vapor growth, where the growth region is held below 130 1C.

Vapor phase platelet growth of HgI2 with polymer additions
was studied as a method to produce high quality crystals for
gamma-ray spectrometers [5–10]. The growth method was based
on vapor transport in a horizontal growth ampoule, within which
HgI2 starting material and polyethylene samples had been added.
At the time of these early experiments [5–10], the cause of the
platelet formation was unknown, although Faile, the principal
investigator, did offer some possible explanations [5]. Faile
hypothesized the following possible effects, summarized here,
and reasons for the prismatic crystal growth formation [5]:
(a)
 the introduction of polyethylene or polystyrene causes
ordered platelet growth;
ll rights reserved.
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(b)
 the introduction of polyethylene or polystyrene removes the
need to purify HgI2 material;
(c)
 polymerized groups may bind surfaces thereby causing crys-
tals to grow in only two directions;
(d)
 electronic properties improve by polymers binding impurities
during growth;
(e)
 free radicals or hydrogen reacting with crystal defects;

(f)
 polymers dampening deviations in stoichiometry at crystal

surface; and

(g)
 polymers alloy with HgI2 to produce improved crystal

structure.
Burger et al. [7,8] disproved hypothesis (f), where stoichio-
metric changes between crystals grown with and without poly-
ethylene were found to be inconclusive at best. Previous
unpublished work by the authors indicates that hypotheses
(b) and (d) are incorrect, where it was observed that deviations
in growth temperature and material performance are greatly
affected by the impurity concentration [11]. Further, it was found
that polyethylene actually adds impurities to previously purified
material [11]. Finally, the affect of polyethylene on the HgI2 growth
varies with the type of polyethylene used in the growth process
[11]; hence, the broad assertion that polyethylene removes the
need for purification seems unfounded. Phillips et alii suggested
that the decomposition of polyethylene produces hydrogen gas
that consequently increases the pressure inside the growth
ampoule, thereby, changing the mass flow mechanism [12]; yet
they do not present convincing evidence to support the claim.
Described in the following work is a summary of a systematic
study performed to identify the actual mechanism that causes
tetragonal prismatic crystal growth of HgI2 upon the addition of
polyethylene.
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2. Theoretical considerations

Differences in the growth shapes of HgI2 with respect to
different added organics, or lack thereof, are analyzed using a
theoretical crystal model. Such a theoretical crystal model is based
on the Bravais–Friedel–Donnay–Harker (BFDH) rules [13], where
the central distance of a face hkl, denoted rhkl, is the inverse of the
interplanar spacing dhkl. When dh1k1l1 odh2k2 l2 , then rh2k2l2 orh1k1 l1 ,
allowing the size of the fh2k2l2g faces to be larger than the fh1k1l1g
faces. The fh2k2l2g faces are thus designated as having more
morphological importance than the fh1k1l1g faces. The BFDH rule
is based solely on the crystal symmetry and parameters, whereas
the chemistry of the crystal is not taken into consideration.

Using the method described in the literature [14,15], a BFDH
model created for HgI2 is seen in Fig. 1(a), where the ratio of the
normalized central distances used to create the model is
r001 : r110 : r101 : r102 : r103 ¼ 1 : 2 : 1:5 : 1:7 : 2:1. Note that for the
crystal models presented in Fig. 1, it is assumed that rðhklÞ ¼ rfhklg.
The presence of a crystal face depends on the crystal symmetry,
and on the ratio of its central distance to those of other faces.
Moreover, its presence does not necessarily depend on its position
in the list of morphological importance. For example, although
r1024r110 in the HgI2 crystal model based on the BFDH rule, the
{102} faces are not observed in the model, but when r001 : r110 :

r101 : r102 : r103 ¼ 1 : 2 : 2 : 2 : 2 (Fig. 1(b)), where r102 ¼ r110, the
{102} faces are discernible. Also seen in the HgI2 crystal model in
Fig. 1(b), is when r001 is the shortest central distance compared to
other rhkl, the {001} faces are the largest, yielding a crystal shape
similar to a HgI2 crystal grown in a vertical furnace with the Scholz
methodology [16].

When r110 is the shortest central distance, as shown in the
HgI2 crystal model in Fig. 1(c), where r001 : r110 : r101 : r102 :

r103 ¼ 2 : 1 : 2 : 2 : 2, the tetragonal prismatic form begins to form,
with larger prismatic {110} faces. Although r101 ¼ r102 ¼ r103 in
both models in Fig. 1(a), (b), the {103} faces are only present in
Fig. 1(c), showing again the importance of the rhkl ratio in
determining crystal shape. When r101 is decreased to 1.5 (i.e.,
r110or101o other rhkl), the {101} faces become larger and the
{103} faces become smaller (Fig. 1(d)). Decreasing the ratio of r110
and r101 to other rhkl (Fig. 1(e), where r001 : r110 : r101 : r102 :
r103 ¼ 4 : 1 : 2:5 : 4 : 4Þ elongates the crystal in the [001] direction,
with larger prismatic {110} faces, similar to a HgI2 crystal grown
with either low molecular weight polyethylene or 14-
heptacosanone.
Fig. 2. Ampoule and system for sublimation purification, showing the small bell jar
and Teflons sleeve.
3. Experimental procedure and results

The methods of preparing materials, crystal growth and analy-
sis are briefly presented here. A more detailed description can be
found in the literature [11,17].
Fig. 1. HgI2 crystal models based on the BFDH rule using WinXMorph [11,12], with po
distances of face hkl) are the inverse of dhkl (interplanar spacing for face hkl). Sho
r001 : r110 : r101 : r102 : r103 ¼ 1 : 2 : 1:5 : 1:7 : 2:1, (b) the ratio between the values of rhkl is
r001 : r110 : r101 : r102 : r103 ¼ 2 : 1 : 2 : 2 : 2, (d) the ratio between the values of rhkl is r001
is r001 : r110 : r101 : r102 : r103 ¼ 4 : 1 : 2:5 : 4 : 4.
3.1. Purification

The HgI2 starting material was purified using the established
procedures at the former EG&G Laboratory in Santa Barbara, CA
[18]. The starting material was first purified through sublimation
in dynamic vacuum to gradually separate the HgI2 material from
impurities. The sublimation chamber consisted of a Pyrexs glass
ampoule connected with an O-ring joint to a small bell jar. A
Teflons sleeve was located in the bell jar and extended into the
ampoule. During a sublimation run, most of the ampoule length
was in a one-zone furnace which served as the hot zone. The O-
ring part of the ampoule and the bell jar were located outside of
the furnace (see Fig. 2). Finally, the bell jar was connected through
a ball joint to a Pyrexs glass vapor trap, which was immersed in
iced water during a sublimation run.

During this sublimation stage, volatile materials were removed
from the HgI2 and pumped from the system, while the HgI2 accu-
mulates in the Teflons sleeve. Impurities with lower vapor
pressures than HgI2 were left behind in the sublimation ampoule.
A turbo molecular vacuum pump, backed by a rotary vane pump,
maintained a dynamic vacuum of o5� 10−3 Torr in the ampoule.
Depending on the amount of HgI2 being sublimed, a single run can
last between three and five days. After every sublimation run,
HgI2 that condensed in the Teflons sleeve was retrieved for
subsequent sublimation purification, melt purification or crystal
growth. Typically, at least three sublimation purification opera-
tions were performed before the HgI2 was transferred to the next
purification step. The procedure details can be found elsewhere
[11,17].
int group and crystal parameters of HgI2 used as inputs. The values of rhkl (central
wn are the cases in which (a) the normalized ratio between the rhkl values is
r001 : r110 : r101 : r102 : r103 ¼ 1 : 2 : 2 : 2 : 2, (c) the ratio between the values of rhkl is
: r110 : r101 : r102 : r103 ¼ 2 : 1 : 1:5 : 2 : 2, and (e) the ratio between the values of rhkl



Fig. 3. A double chamber ampoule after chamber 2 was filled with pulverized
HgI2 and the ampoule subsequently sealed. The sealed ampoule was placed in a
two-zone furnace, with chamber 2 placed in the hot zone (at 120 1C) and chamber
1 in the cold zone (at 100 1C), to drive residual pulverized HgI2 from chamber 2 to
chamber 1. Shown are (a) before and (b) after results of the melting process.

Fig. 4. HgI2 platelets grown with no polyethylene additive.

Fig. 5. Pre-growth processing for a growth run with separated starting materials
(purified HgI2 and low Mw polyethylene). After the pre-growth processing step:
HgI2 condensing on the plug at the end of the crystallization zone.
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The purified HgI2 product of the sublimation runs was
retrieved and ground with a glass mortar and pestle. Using a glass
funnel, the pulverized HgI2 was poured into the first chamber in a
double-chamber melting ampoule (see Fig. 3). The melting
ampoule was evacuated below o1� 10−3 Torr and sealed with
a torch.

Before ampoule insertion, the furnace zones had been set at
temperatures of 100 1C and 120 1C for zones 1 and 2, respectively.
Although most of the HgI2 material falls down into the first
chamber during the filling step, some powder contaminates the
second chamber. The double-chamber ampoule was placed with
chamber one in zone 1 (cooler zone) and chamber two in zone 2
(hotter zone), and the temperatures in furnace zones 1 and 2 were
maintained for 12 h before starting the melting procedure to drive
all residual material from the second chamber into the first
chamber. Both zones were increased by 1 1C/min up to 350 1C.
After the zones reached 350 1C, the melting ampoule was left at
this temperature for 24 h, then rotated 1801 and left in the furnace
for 24 more hours. At the end of the melting procedure, the
temperatures were set back to 100 1C and 120 1C for furnace zones
1 and 2, respectively, and the double-chamber ampoule was
allowed to cool to these temperatures. This step solidified the
melted HgI2 charge in the first chamber.

The melting ampoule was placed in a one-zone furnace to
sublime the charge from the first chamber to the second chamber.
The reason for this step is to separate purified material from
impurities attached on the walls of the first chamber during the
melt process. After all of the charge was transported to the second
chamber, the ampoule was removed, and the ampoule bridge was
cut open to separate the first chamber from the second. The
material in the second chamber was retrieved by placing the
chamber in the larger sublimation ampoule system and conduct-
ing a sublimation in dynamic vacuum, as previously described.

3.2. Growth without additives

Two sets of growth runs with purified HgI2, but without any
additive, were performed to facilitate a comparison between
HgI2 crystals grown with and without additive. In the first set of
growth experiments, the amount of the starting HgI2 was varied,
and in the second set of growth experiments, a residual gas
pressure was administered (allowing a total pressure inside the
ampoule to be between 1 and 10 Torr). These experiments were
performed without organic additive to observe the size and the
deposition pattern of crystals in the crystallization region during
HgI2 growth in a two-zone horizontal furnace. The growth with
residual pressure was performed specifically to examine claims
put forward in [9] that a total pressure between 1 and 10 Torr is
required to obtain HgI2 platelets. For the growth operations in the
first set (in high vacuum, i.e., low pressure), 80 g and 40 g of the
starting HgI2 were used. Each amount of HgI2 was placed into an
ampoule and sealed under vacuum and then grown with zone 1
(hotter zone) at 100 1C and zone 2 (cooler zone) at 80 1C. The
backpressured growth operation had 80 grams of the starting
HgI2 in the ampoule. After high vacuumwas reached, the ampoule
was backfilled with N2 gas up to 4.2 Torr (gauge), and the ampoule
was subsequently sealed. Growth was conducted as before, with
zone 1 at 100 1C and zone 2 at 80 1C. In all cases, the HgI2 crystals
were mostly twinned with a few tiny single crystals randomly
located along the ampoule wall, as shown in Fig. 4. Crystals grown
under residual pressure had similar results, but were typically
smaller in size [11].

3.3. Growth with polyethylenes

Growth of HgI2 platelet crystals was performed in a horizontal
furnace with the aid of polyethylene. Various types of polyethylene
were investigated, mainly, spectrophotometric grade polyethylene,
low molecular weight (Mw∼4000) polyethylene and ultra-high
molecular weight (Mw∼3;000;000–6,000,000) polyethylene.
Purified HgI2 was placed in a growth ampoule and was mixed
with a polyethylene powder. The amount of highly purified
HgI2 placed in the ampoules was usually kept constant and the
polyethylene amount was either 1 wt.% or 2 wt.% (of the amount of
HgI2) [11]. After the HgI2 was transferred to the ampoule plug,
along with volatiles from the polyethylene (Fig. 5), the material
was harvested for crystal growth. The HgI2 was placed into an
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ampoule and sealed under vacuum and then grown in a two zone
furnace with zone 1 (hotter zone) at 100 1C and zone 2 (cooler
zone) at 80 1C. Only the HgI2 mixed with low molecular weight
polyethylene produced prismatic crystals, with the spectrophoto-
metric grade and ultra-high molecular weight polyethylenes
producing highly twinned prismatic crystals.
Fig. 6. Blending processes were also performed with the polyethylene and the
purified HgI2 in separate boats. Both boats were sealed in an ampoule under
vacuum. Shown is a pre-growth processing for a growth run with separated
starting materials (purified HgI2 and low Mw polyethylene). Before the pre-growth
processing step: the starting HgI2 and polyethylene materials in their own
glass vials.

Fig. 7. HgI2 platelets grown with low molecular weight polyethylene, showing
ordered tetragonal prismatic crystals.

Fig. 9. HgI2 platelets grown with low molecular weight poly
To determine if mixing the polyethylene powder in with the
HgI2 charge had a effect on the crystal growth outcome, subse-
quent operations were conducted such that the HgI2 charge and
the polyethylene charge were placed in separate boats within the
transfer ampoule (Fig. 6). No difference in growth results were
observed, where again only the processes with low-density poly-
ethylene yielded tetragonal prismatic crystals [11]. Example
results for HgI2 growth operations with spectrophotometric grade
polyethylene, ultra-high molecular weight polyethylene, and low
molecular weight polyethylene are shown in Figs. 7–9. It was
noticed that polymer droplets appeared at the far end (coolest
zone) of the ampoule only for the low density polyethylene
operations (Fig. 10). It was suspected that volatile additives from
the low molecular weight polyethylene were participating in the
growth dynamics. Hence, it was determined that the key to
understanding the platelet growth of HgI2 lay with the low
molecular weight polyethylene.

3.4. Volatilization study of the polyethylenes and n-alkanes

A thermal desorption gas chromatography/mass spectroscopy
(TD-GC/MS) study in helium atmosphere was performed on the
low molecular weight polyethylene, the ultra high molecular
weight polyethylene, and the alkane n-C20H42. Several thermal
desorption (TD) temperatures were employed for testing poly-
ethylene (100 1C, 150 1C, 200 1C, and 230 1C). No significant
amount of volatiles appears in the gas chromatograph for the
ultra high molecular weight polyethylene at any TD temperature,
while the only volatiles recognized on the chromatograph of n-
C20H42 were the n-C20H42 molecules.

Various volatiles produced by the low molecular weight poly-
ethylene were examined by thermal desorption (TD) of low
molecular weight polyethylene (Mw∼4000 g=mol) at 100 1C and,
subsequently, at 150 1C. The polyethylene was placed in a desorp-
tion tube, subjected to 100 1C temperature for 30 min, while the
volatiles were collected in a cold trap. The cold trap was subse-
quently heated to release the volatiles for analysis by gas chroma-
tography/mass spectroscopy (GC/MS). Another sample from the
Fig. 8. HgI2 platelets grown with spectrophotometric grade polyethylene again
showing highly twinned crystals.

ethylene, showing ordered tetragonal prismatic crystals.
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same polyethylene source was subjected to 150 1C, and the
volatiles produced were again collected in a cold trap, released
by heat, and analyzed by GC/MS. Thermal desorption at higher
temperatures were not completed because of instrument satura-
tion caused by the amount of volatiles produced.

Dodecene isomers (n-C12H24), (odd n) normal alkanes and ethyl
(even n) alkyl ketones were detected at 100 1C (Fig. 11), while
longer chain (odd n) normal alkanes and ethyl (even n) alkyl
ketones were detected at 150 1C (Fig. 12). Previously mentioned,
the polyethylene sample was desorbed at two subsequent tem-
peratures. The results from both desorption runs suggest that
specific molecules and concentrations were desorbed at critical
temperatures. Increased desorption temperatures produced
Fig. 10. Details of the droplets of polymer condensation found on the
ampoule plug.

Fig. 12. Gas chromatograph from the thermal desorption of the low molecular weight p

Fig. 11. Gas chromatograph from the thermal desorption of the low molecular weigh
odd n-alkanes, and methyl (even n) alkyl ketones were observed.
organic molecules with longer chains. Polyethylene is expected
to have neither carbonyl groups nor double or triple bonds, but
polyethylene is known to contain impurities, added during fabri-
cation, such as metal catalysts or even ketones; therefore, the
desorbed molecules are presumed to be impurities contained in
the original polyethylene material.

The temperatures used in the thermal desorption of the low
molecular weight polyethylene were in the same range as the
temperatures used for a pre-growth process, where a type of
polyethylene powder was mixed with purified HgI2 material in an
ampoule, that was subsequently sealed under vacuum. The sealed
ampoule was placed in a two zone furnace, with the source zone
set at 230 1C and the deposition zone set at 150 1C. The sublimed
HgI2 condensed at the end of the deposition zone and it was
retrieved as the starting material for crystal growth. During
preprocessing, regardless of whether the polyethylene was added
directly to or sublimed alongside the HgI2 material in a separate
boat container, the same crystal shapes appeared during crystal
growth. Therefore, it is plausible that desorbed molecules (alkanes
and ketones) sublimed during the pre-growth process were
retrieved alongside the condensed HgI2, and thus, were present
in the final growth ampoule. Because tetragonal prismatic crystals
rarely grew with the high-purity or high molecular weight poly-
ethylene, it was suspected that this prismatic growth was caused
by either the alkane or ketone impurities. Experiments were
conducted to test this hypothesis.

3.5. Growth with n-alkanes

Normal alkanes (n-alkanes) have been used to estimate the
properties of the longer-chained polyethylenes and have been
shown to be one of the degradation products of polyethylene. The
olyethylene at 150 1C, showing longer chained n-alkanes and methyl alkyl ketones.

t polyethylene at 100 1C. Peaks associated with isomers of n-dodecene (C12H24),



D.S. McGregor, E. Ariesanti / Journal of Crystal Growth 379 (2013) 7–1512
alkanes n-eicosane (C20H42), n-tetracosane (C24H50), and n-hexa-
triacontane (C36H74) were utilized for growth. Growth with n-
C20H42 yielded prismatic crystals only at the beginning of the
deposition zone, an example of which is shown in Fig. 13. None of
the starting n-C20H42, melted or otherwise, remained in the source
end. Organic material was not found in most of the crystallization
zone either, but it was found condensed near the end of the zone
and on the plug. The shape of the crystals was akin to that of those
grown without any additive. Crystals grown with n-C24H50 were
prismatic crystals with the pronounced length parallel to the
c-axis, as shown in Fig. 14. Solidified n-C24H50 was found in the
source end of the ampoule, while melted and resolidified n-C24H50

also spilled into the deposition zone. Droplets of organic materials
were also found on the ampoule plug. Crystal shapes and faces
found in crystals grown with and without additives were
observed.

Growth with n-C36H74 resulted in crystals in cuboid/square
prismatic forms, as shown in Fig. 15, which appeared more similar
to crystals grown without any additive. Melted and resolidified n-
C36H74 was found only at the source end and no polymer or
organic droplets were found on the ampoule plug. The obvious
difference in these growth runs was the volatility of the organics
as provided by the observation on the state of the source material
after the growth run was concluded. Though prismatic crystals
were obtained during growth with n-alkanes, these crystals have
more {h0l} faces, similar to those grown without any additive.

3.6. Growth with ketones

Two types of ketones, ethyl tridecyl ketone (3-hexadecanone)
and ditridecyl ketone (14-heptacosanone), were employed as
additives in HgI2 growth. With either type of ketones, the crystals
Fig. 13. HgI2 platelets grown with the n-alkane C20H42.

Fig. 14. HgI2 platelet grown with the n-alkane C24H50.
grew in tetragonal prismatic shapes, similar to those grown with
the low molecular weight polyethylene, where the {001} and {110}
faces were prominent (Figs. 16 and 17). Among the crystal faces
present in most HgI2 crystals grown with 3-hexadecanone, the
{001} faces were the largest, suggesting that they were the slowest
growing faces (Fig. 16). The {10l} faces commonly observed with
HgI2 crystals did not appear, suggesting that, most likely, the
growth rates of the {001} and {110} faces were lower compared
to the values in crystals grown without additive; hence, these
faces dominated the morphology of crystals grown with 3-
hexadecanone. The largest crystal faces in HgI2 crystals grown
with 14-heptacosanone (Fig. 17) were the {110} faces, suggesting
Fig. 15. HgI2 platelets grown with the n-alkane C36H74.

Fig. 16. HgI2 crystals grown with ethyl tridecyl ketone (3-hexadecanone).



Fig. 17. HgI2 crystals grown with ditridecyl ketone (14-heptacosanone).

Fig. 18. Background subtracted of ATR-IR spectrum of processed low molecular
weight polyethylene.

Fig. 19. Background subtracted of ATR-IR spectra of as-grown (110) and cleaved
(001) faces of HgI2 crystals. Peaks between 2500 and 2000 cm−1 are artifacts from
background subtraction.
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that they were the slowest growing faces, whereas the {001}
faces, though still discernible, were not as large as they were in
crystals grown with 3-hexadecanone. A few {10l} faces were
observable, but not to the extent they were in crystals grown
without additives. These observations suggest that the growth
rates of the {110} faces were lower compared to the values in
crystals grown without additive; hence, these faces dominated the
morphology of crystals grown with 14-heptacosanone.

The crystals grown with 14-heptacosanone closely resemble
those grown with low molecular weight polyethylene, elongated
in the [001] direction and with large prismatic {110} faces (Fig. 17).
The growth layers on a {110} face were rhombohedral shaped,
which are the same shapes also observed on crystals grown with
low molecular weight polyethylene, with the edges formed
approximately at a 631 angle with the {001} faces or planes. These
striations have been associated with the intersections of the {101}
faces with the {110} faces, indicating that these faces grew
alternately and that the growth rates of the {101} faces, although
larger than those of the {110} faces, might be lower than the
growth rates of other faces. Overall, growth with various alkanes
added to the process, instead of polyethylene, produced growth
results slightly better than those without any additive; however,
growth with ketones added instead of polyethylene produced
superior platelet growth results to those using various forms of
polyethylene.

3.7. ATR-IR analysis

Band characteristics of alkanes and ketones were identified
with background subtracted attenuated total reflectance infrared
(ATR-IR) spectra of processed polyethylene, although the types of
alkanes or ketones could not be differentiated. The processed
polyethylene samples were obtained from the pre-growth poly-
ethylene processing with low molecular weight polyethylene,
where the polyethylene powder was mixed with starting HgI2 in
an ampoule, which was subsequently sealed under vacuum and
subjected to temperatures between 150 and 230 1C. These tem-
peratures were high enough to desorb or release impurities such
as ketones, alkanes, and alkenes from the polyethylene, according
to the results of the TD-GC/MS study (see Fig. 18). The infrared
characteristics bands of ketones or alkanes could not be found on
the ATR-IR examination on the surface of either as-grown {110} or
cleaved (001) faces (Fig. 19). Because the crystal surfaces were in
direct contact with the diamond ATR crystal, the absence of any
infrared characteristics bands in the spectra suggests that no
ketones, alkanes, or alkenes, were on the as-grown {110} faces or
that the quantities of these organics were not significant to
amount to any response above the background. The absence of
any characteristics bands also means that organics were possibly
not incorporated into the bulk of the crystal.
4. Discussion

The α�HgI2 crystal is composed by HgI2 molecules that stack to
form layers of HgI4 tetrahedra along the c-axis (Fig. 20). The Hg–I
covalent bond is considered a polar covalent bond (grey solid
arrows in Figs. 21 and 22) because of the difference in the electro-
negativity values between Hg (EN¼2.00) and I (EN¼2.66). The
HgI4 tetrahedron, because the sum of all the polar bond vectors
equals to zero, is not polar, but the incomplete structure at the
surface, where tetrahedra have not yet been formed, has non-zero
summation vectors (grey dotted arrows in Fig. 21, and black solid
arrows in Fig. 22). Electron-attracting Hg atoms in adjacent
tetrahedral layers are coplanar in the {110} planes (parallel to grey
transparent lines in Fig. 23), where they may attract molecules
with polar bonds (ketones, alkenes, and alkynes) through dipole–
dipole interactions. As a result, the growth rates of the {110} faces
are lowered, causing them to dominate the morphology. Hg atoms



Fig. 20. Layers along the c-axis, constituted of HgI4 tetrahedra.

Fig. 21. The (001) plane in 0oco1=2. The grey solid arrows represent the Hg–I
polar bond vectors and the dark grey dotted arrows represent the summation
vectors.

Fig. 22. The (001) plane in 1=2oco1. The grey solid arrows represent the Hg–I
polar bond vectors and the black arrows represent the summation vectors.

Fig. 23. Combination of both (001) layers from Figs. 20 and 21.

D.S. McGregor, E. Ariesanti / Journal of Crystal Growth 379 (2013) 7–1514
in adjacent layers can also be grouped into HgI2 unit cells, where
these atoms are found along one of the 〈111〉 directions, where
[111] is coplanar in both (110) and (101) planes. Therefore, the
growth of {101} faces can also be impeded by attraction of foreign
molecules with polar bonds to the exposed Hg atoms. The
striations on the {110} faces of crystals grown with low molecular
weight polyethylene are associated with these Hg atoms along the
〈111〉 directions, indicating that the growth rate of the {101} faces,
though higher than that of the {110} faces, may be lower than
other faces.
5. Conclusions

ATR-IR analysis of the HgI2 crystals failed to show incorpora-
tion of polymers or other organics in the crystals, indicating that
Faile's hypotheses (e) and (g) are incorrect. Impurities released
from low molecular weight polyethylene into the growth
ampoules during preprocessing are responsible for the tetragonal
prismatic crystal growth of α�phase HgI2. When compared to the
basic Bravais–Friedel–Donnay–Harker (BFDH) crystal model, it is
apparent that ketones assert the most influence on the HgI2 crys-
tal morphology by slowing the growth of the {110} faces, thereby,
causing the prismatic crystal shapes to grow. Hence, Faile's asser-
tion (a) that polyethylene causes ordered platelet growth is
fundamentally incorrect, as only those polyethylenes that release
ketones, whether by decomposition or by simply releasing them as
excess volatiles, produce the prismatic shapes. In other words, the
effect is caused by volatile ketones and not polyethylene. Faile's
hypothesis (c) that polymerized groups bind the surfaces is close
to being correct, although ATR-IR analysis failed to show organics
bound to the crystal surfaces. It is believed that ketones interfere
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with the growth rate on the {110} faces, thereby, slowing down the
growth, but not stopping the growth. Hence, the ketones do not
bind to the surface, but rather through polar attraction interfere
with the incorporation rate of HgI2 molecules to the {110} faces.

Overall, it has been determined that volatile desorbed ketones
are the actual chemicals that cause HgI2 tetragonal prismatic
crystal growth, and not the polyethylene. The results are repea-
table with various ketones, thereby allowing researchers a pre-
dictable method by which to produce HgI2 crystals properly
oriented for detector manufacturing. The prismatic crystals grown
with 14-heptacosanone produce shapes perfect for Frisch collar
gamma-ray spectrometers, without the need for cutting and
polishing [19–22], thereby, making fabrication of these important
gamma-ray detectors straightforward.
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