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Anisotropic optical band gap of „102…- and „002…-oriented films of red HgI2
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~Received 7 November 2000; revised manuscript received 22 February 2001; published 6 June 2001!

The thermally evaporated stoichiometric films of HgI2 show a preferred orientation of~102! and ~002!
parallel to substrate plane for film thicknesses below and above 1450 nm, respectively. The band gap deter-
mined by optical absorption shows the anisotropic nature of the two orientations with an anisotropic ratio
Eg(102) /Eg(002) 5 0.86. The change in band gap with film thickness in either orientation is attributed to the
residual stress in the film. An increase in the band gap with residual stress is observed for the~102! orientation
as opposed to a decreasing band gap with stress for the~002! orientation. The annealing experiment carried out
on the~102!-oriented film shows a switch over to the~002! orientation at 110 °C. The results of the annealing
experiment support well the results of thickness dependence, viz., the anisotropic nature of the band gap at two
orientations and the residual stress-induced band gap change.

DOI: 10.1103/PhysRevB.63.245315 PACS number~s!: 68.55.Jk, 78.20.Ci, 78.66.Li, 81.15.Ef
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I. INTRODUCTION

Mercury iodide (HgI2) is a layered semiconductor bett
known as a radiation~x rays andg rays! detector material in
its red, tetragonal form.1–8 It can also exist in orthorhombic
and hexagonal structures. However, the tetragonal form
been studied quite extensively because of its application
radiation detector. Most of the studies concentrated on o
cal properties9–19 such as absorption, reflectivity, and phot
luminescence. There have been theoretical calculations o
band structure explaining most of the observed opt
properties.20–23 There are few reports concerning the phy
cal properties of HgI2 such as photoconductivity, photolum
niscence, and thermally stimulated current regarding its q
ity for application as a radiation detector.24–26 The
anisotropic nature of optical properties, perpendicular a
parallel to the c axis, has been demonstrated bo
theoretically21–23and experimentally.10–14,19In the tetragonal
lattice each mercury atom is tetrahedrally bonded to f
iodine atoms, and each iodine atom has only two bonds. T
arrangement makes the structure to be intermediate betw
the layer structure and fully tetrahedrally bonded structu
Therefore, the tetragonal structure of HgI2 is also regarded a
a tetrahedral defect structure. The influence of the de
structure due to the iodine deficiency has also been studie
relation to detector quality.26 A phase transformation from
tetragonal to orthorhombic has also been observed
126 °C.11 Both theoretical and experimental studies sh
that HgI2 is a direct band gap~2.13 eV! material except only
one report,16 which shows both direct and indirect band gap
Almost all the studies have been done on single cry
samples grown by different techniques. Surprisingly, th
are very few reports on thin films of HgI2.11,27 They are also
not adequately informative and systematic regarding b
thin film properties. This could be due to the very high vap
pressure of HgI2 leading to nonformation of films at ver
low pressures. Since the thin film form of any material
quite advantageous in many applications, we thought it n
essary and worthwhile to investigate systematically the b
physical properties of HgI2 in thin film form.
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II. EXPERIMENTAL DETAILS

The thin films of HgI2 were grown on glass substrates~2
cm 3 6 cm! at room temperature by thermal evaporati
using a molybdenum boat. The starting material was a h
purity analar grade powder that was palletized for evapo
tion. All the films used in this study were grown at th
vacuum of 1025 Torr. At higher pressures films were non
uniform and sticking was poor. The main problem encou
tered in the film preparation is due to the high vapor press
of HgI2. Therefore, it is quite difficult to get films thinne
than 900 nm and to control the film thickness at the desi
value. We have kept the deposition rate quite slow, of ab
3–5 nm/sec. We could grow uniform good quality films on
in the thickness range 900–2100 nm using these optim
conditions. The thicker films were not useful in optical a
sorption studies as their absorption was very high in the
tical region of interest. We could not get any film for a su
strate temperature higher than the room temperature.
films were whitish translucent immediately after the grow
and turned to a reddish orange color similar to the start
material in an hour or so. The film thickness was monitor
during the growth by a quartz crystal thickness monitor a
was subsequently determined by a Dektek IIA surface p
filer. Small pieces of 5 mm3 5 mm were cut for various
analyses so as to carry out different analyses on the s
film. The structural studies of the films were carried out
x-ray diffraction ~PHILLIPS X-Pert model, 1830!. The film
composition was found to be stoichiometric as determin
by EDAX ~JEOL-840!. The morphology of the films was
studied by scanning electron microscopy~SEM! ~JEOL,
840!. The optical absorption measurements were carried
in ultraviolet-visible region using a~Shimadzu UV, 260!
spectrophotometer.

III. RESULTS AND DISCUSSIONS

The structural studies were carried out on various films
the thickness range 900–2100 nm. All the observed line
x-ray diffraction data match very well with ASTM Card No
21-1157 for HgI2 crystal confirming the stoichiometric com
©2001 The American Physical Society15-1



-

or
he

PANKAJ TYAGI AND A. G. VEDESHWAR PHYSICAL REVIEW B63 245315
FIG. 1. Relative intensities of x-ray diffrac
tion peaks of HgI2 films as a function of film
thickness. The calculated relative intensities f
the observed diffraction peaks are shown at t
right side.
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position of the films as determined by energy-dispers
x-ray analysis~EDAX! and the tetragonal structure witha
5b50.437 nm andc51.244 nm. The diffraction data show
only (10l ) and (00l ) reflections in all the films studied
However, the relative intensities of these reflections sh
film thickness dependence as shown in Fig. 1. On the righ
Fig. 1 we have also shown the calculated relative inten
for these reflections for comparison. The diffracted inten
ties were calculated following a well known standa
procedure28 that includes the structure factor for the desir
reflecting plane. There are two Hg atoms and four I atom
a unit cell and their atomic coordinates were taken from r
erence of Turner and Harmon,20 which has the same ce
dimensions as given above. The calculated intensity does
depend on the film thickness and is valid only for a sam
containing completely randomly oriented crystallites. Wh
a disagreement exists between observed and calculated i
sities, as in the present case~Fig. 1!, preferred orientation
should be the first possible cause to be suspected.28 There-
fore, from Fig. 1 we can infer a preferred growth of gra
orientation with the~102! plane parallel to substrate plane f
films of thickness,1450 nm and with the~002! plane par-
allel to the substrate plane for a film thickness.1450 nm.
This fact is further confirmed by the grain morpholog
~SEM! of films of different orientations as shown in Fig.

FIG. 2. The morphology as seen by SEM for an~A! ~102!-
oriented 1300 nm thick and~B! ~002!-oriented 1550 nm thick HgI2

film.
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All (00l ) planes are parallel and show almost a similar tre
in thickness-dependent intensities. The other important
servation in Fig. 1 is the increasing intensities of other
flections in opposite directions from the vicinity of 1450 n
film thickness. The increasing presence of other nonpara
planes could cause a nonuniform strain in the film due
residual stress. The nonuniform strain in the film can be
timated qualitatively by the slope of the peak full width
half maximum~FWHM! D(2u) versus sin(u) plot. However,
in oriented films the appropriate quantity would be the str
producedDdhkl /dhkl on the oriented plane (hkl), which can
be estimated relatively by thed spacing. If the quantity
Ddhkl /dhkl @which is also proportional toD(2u)] is multi-
plied by the elastic constant of the material, the resid
stress along the plane can be obtained. We have found f
the diffraction data that the strain increases with decreas
thickness below 1450 nm and increases with increas
thickness above 1450 nm as shown in Fig. 3. We can see
the magnitude of increase in strain on either side of fi
thickness 1450 nm is different and almost correlates with

FIG. 3. The residual stress parameterDdhkl /dhkl as a function
of HgI2 film thickness for the two crystallite orientations.
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increase in intensity of~102! on the left and of~002! on the
right from the vicinity of 1450 nm film thickness in Fig. 1
Since we could not find the elastic constant for HgI2, we
could not estimate the stress quantitatively. Therefore,
residual stress also should behave in the same manner a
strain qualitatively within the elastic limit.

We have also tried to study the effect of annealing on
orientation of the films. We have annealed HgI2 films in air
for a very short duration (;30 sec! at various temperature
up to 110 °C. Above 110 °C, the film vanishes on anneal
even for few seconds. Figure 4 shows the intensity profile
diffraction peaks as a function of annealing temperature o
~102!-oriented film of thickness 1070 nm. As can be se
from the figure, the~102! orientation switches to~002! ori-
entation at 110 °C. It can be noted that there is only a cha
in the relative intensities of the oriented planes and
change ind spacing. Therefore, it is not a structural pha
transformation. A tetragonal to orthorhombic phase tran
tion is known to take place in HgI2 at about 126 °C.

The optical absorption of the films in the UV-visible re
gion was recorded using the double-beam ratio record
technique in transmission mode. The absorption coeffic
a was calculated using measured absorbance as a functi
incident photon energy using the relation

a5
2.303A

t
, ~1!

where A is the absorbance and t is the film thickness,
glecting the reflection coefficient, which is negligible an
insignificant near the absorption edge. The absorption d
are shown for some film thicknesses in Fig. 5. The abso
tion coefficient at energies lower than the interband abso
tion edge does not show constancy with thickness as ca
expected in the general case according to Eq.~1!, since ab-
sorbance is a function of film thickness. The explicit depe
dence ofa on film thickness for a particular energy~2.08
eV! less than the band edge is displayed in Fig. 6. The
havior, even though looking strange, seems to be consis
with x-ray diffraction observations. The vertical line in th

FIG. 4. Relative intensities of x-ray diffraction peaks of a 10
nm thick HgI2 film as a function of annealing temperature.
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figure at 1450 nm separates the two regions of crysta
orientations. On either side, the absorption coefficient
creases, which is quite similar to the residual stress beha
except for the slope. It indicates a lesser sensitivity ofa on
residual stress for the~002! orientation and a greater sens
tivity for the ~102! orientation. The increase ina with exter-
nally applied stress has been observed in single cry
HgI2.18 Therefore, the thickness dependence ofa on either

FIG. 5. The optical absorption of HgI2 films as a function of
incident photon energy for different film thicknesses. The upper t
curves are for~102!-oriented films and the lower two curves are f
~002!-oriented films.

FIG. 6. The dependence of the absorption coefficient~at 2.08
eV! on HgI2 film thickness for the two crystallite orientations.
5-3
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side of the crystallite orientation is very much consiste
with structural studies. As can be seen from the figure,
absorption from the~102! plane is higher than that of th
~002! plane. This is quite consistent due to the fact that th
are fewer atoms on~002! than on~102! as can be seen from
the crystal structure of HgI2.20 Since the optical absorptio
measurements were carried out in the transmission mod
normal incidence, we can regard the data as perpendicul
the ~102! and ~002! planes for film thicknesses smaller an
grater than 1450 nm, respectively. Since all (00l ) planes are
parallel to the basal plane~001!, the alignment of thec axis
is perpendicular to the substrate plane in~002!-oriented
films. Therefore, the optical data can be treated as parall
c axis in this case. In the other case it is simply for t
perpendicular direction to the~102! plane.

The optical band gap of the material can be determin
usually from the intercept of the linear part of the (ahn)1/n

versus hn plot in the region of interband absorption. For th
allowed direct band gap materialn51/2 and the plot shows a
single linear portion. For the allowed indirect transitionn
52 and the plot shows two linear portions yielding two i
tercepts (Eg1Ep) and (Eg2Ep), whereEp is the phonon
energy assisting the transition. We have tried both the po
bilities. We have obtained best fit forn51/2 with a correla-
tion factor of least square fitting better than 0.96. The fitt
with n52 shows a poor correlation factor of less than 0
and yields an incomprehensibly high phonon energy. The
fore, the band gap is determined to be direct for HgI2 films as
has been already established both experimentally and t
retically. The band gap as a function of film thickness
shown in Fig. 7 for the two crystallite orientations. A vertic
line is shown in the figure to highlight~102!-oriented films
on the left and~002!-oriented films on the right. Therefore
as discussed above we can regard the band gap on the l
Eg(102) in the direction perpendicular to the~102! plane and
on the right asEg(002)5Egi ~parallel to thec axis of tetrag-
onal lattice of HgI2). On either side of the separation, th
band gap changes with thickness in moving away from
separation line. The band gap decreases with thicknes
both orientations with different slopes. As we have seen e
lier in the correlation ofa with residual stress as a functio

FIG. 7. The thickness dependence of optical band gapsEg(102)

andEg(002) of HgI2 films for the two crystallite orientations.
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of thickness from Figs. 3 and 6, it is quite reasonable
correlate the change inEg with Dd/d. Comparing Figs. 3
and 7, we can see a stronger effect of residual stres
changingEg(102) and a relatively weaker effect in changin
Eg(002) . Also, the residual stress seems to increaseEg(102)
while it decreasesEg(002) . There is only one report regardin
the effect of externally applied stress onEg of HgI2 single
crystal that is qualitative in nature.18 A decrease of 0.034 eV
has been reported at higher pressure. The magnitude of p
sure is not known. In the present study also we have
served a decrease of 0.062 eV inEg(002) at a maximum in-
crease of 0.0017 inDd(002) /d(002) . The knowledge of the
elastic constant would help us to quantify the magnitude
internal stress in the film. On the other hand, a large incre
of 0.19 eV has been observed inEg(102) at the maximum
increase of 0.00019 inDd(102) /d(102) . The variation of band
gap with residual stress in both orientations is illustrated
plicitly in Fig. 8. As discussed above,Eg(102) is much more
sensitive thanEg(002) to a change inDd/d. Both Eg(102) and
Eg(002) vary linearly withDd/d in opposite directions with a
different magnitude of slope of 1306 eV/(Dd/d) and
236 eV/(Dd/d), respectively in the limited region of ex
perimentally determined residual stress. This kind of anis
ropy in the band structure can be attributed to the basic st
tural arrangements of Hg and I atoms in the tetragonal u
cell. The large ratio of lattice parametersc/a52.86 makes
the structure fairly open with a small packing fractio
Therefore, the effect of pressure either internal or exter
could cause a change in the nearest neighbor distanc
atoms in the unit cell anisotropically in different direction
modifying the band structure. Therefore we believe t
present results could be quite useful and informative rega
ing the band structure of HgI2. A theoretical investigation of
band structure for changing interatomic distances in a p
pendicular direction to~102! and ~002! planes could verify
these results. The anisotropy perpendicular and paralle
the c axis in single crystals has been observed in the m
surements of optical reflectivity,11,14 excitonic absorption12

@anisotropic ratios in refractive indexn' /ni51.07, dielectric
constant «' /« i51.15, electron drift mobility mD' /mDi

FIG. 8. The variation ofEg(102) and Eg(002) with the residual
stress parameterDdhkl /dhkl for ~102!- and ~002!-oriented HgI2
films, respectively.
5-4
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51.4, and the electron effective massme' /mei51.2 ~Refs.
12, 13 and 29!#, cyclotron resonance,13 and dielectric
response.19 The theoretical calculation also reveals the ani
tropic nature of carrier effective mass and mobility.21 The
only report, by Yao, Johs, and James,19 shows the aniso-
tropic edge Eg'52.25 eV andEgi52.43 eV with Eg'

2Egi520.18 eV andEg' /Egi50.93 by the measurement
of anisotropic dielectric functions. The anisotropic band ga
were determined by«2 versushn plots by taking the value of
hn at which «2 goes to zero. The anisotropic band gaps
the present study having the lowest residual stressEg(102)
51.94 eV and Eg(002)52.25 eV with Eg(102)2Eg(002)5
20.31 eV andEg(102) /Eg(002)50.86 are not in a direction
perpendicular to each other as opposed to the case of tc
axis parallel and perpendicular data. However, the comp
son is still good. As mentioned earlier we haveEg(002)
5Egi52.25 eV from the present study having some resid
stress can be extrapolated from Fig. 8 to getEgi52.40 eV at
zero residual stress, which compares very well with the
ported Egi52.43 eV.19 Also, the average ofEg(102) and
Eg(002) equal to 2.1 eV agrees quite well with the most e
tablished value of 2.13 eV for single crystals.

In our annealing experiment on a~102!-oriented film, we
have seen a jump in the band gap value at 110 °C as sh
in Fig. 9. In this figure also we have shown a vertical line
differentiate between the~102! orientation on the left and the
~002! orientation on the right as has been revealed by x-

FIG. 9. The dependence of the optical band gap of a 1070
thick HgI2 film on annealing temperature. The different crystall
orientations are specified on the basis of x-ray diffraction data
Fig. 4.
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diffraction studies shown in Fig. 4.Eg(002)52.18 eV ~at
110 °C) is quite comparable withEg(002)52.19 eV of Fig. 7
with Dd/d50.0034. The amount of residual stress presen
the annealed film in the~002! orientation was determined t
be of comparable magnitude@Dd(002) /d(002)50.0038#,
which could be due to the increased presence of the~105!
and ~106! planes at this annealing temperature, as can
compared in Figs. 1 and 4. The change inDd(102) /d(102) is
practically negligible up to an annealing temperature
100 °C consistent with the observed behavior ofEg(102) with
annealing temperature. This is quite understandable by
almost constant intensities of other reflecting planes up
100 °C as can be seen from Fig. 4. Therefore, the opt
band gap determined from the annealing experiment is q
consistent with structural studies as well as the thickn
dependence data.

IV. CONCLUSIONS

The thin film growth of HgI2 is studied systematically
using structural, compositional, morphological, and opti
absorption analyses. All these analyses are consistent
the preferred~102! and~002! orientations parallel to the sub
strate plane for film thicknesses below and above 1450
respectively. The results of the annealing experiment s
ports quite well the observations of thickness depende
viz., the anisotropic nature of the band gap at the two ori
tations and a residual stress-induced band gap change.
anisotropic ratio Eg(102) /Eg(002)50.86 observed in the
present study compares quite well with the only repor
band gap anisotropic ratioEg' /Egi50.93. An increase in
band gap with residual stress has been observed along
~102! orientation in opposition to the decrease in band g
with stress for the~002! orientation. This kind of anisotropy
in the stress-induced change in band gap is being purs
theoretically using band structure and crystallographic d
as an ongoing investigation.
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