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Anisotropic optical band gap of (102)- and (002-oriented films of red Hgl,
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The thermally evaporated stoichiometric films of KHiglhow a preferred orientation @i02 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 = 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 I62twgientation
as opposed to a decreasing band gap with stress f¢@@2e orientation. The annealing experiment carried out
on the(102-oriented film shows a switch over to tfi@02) 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.
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I. INTRODUCTION II. EXPERIMENTAL DETAILS

The thin films of Hgh were grown on glass substratés

o =7 em X 6 cm) at room temperature by thermal evaporation
known as a radiatiofx ri";lg/s andy rays d_ete_ctor material n using a molybdenum boat. The starting material was a high
its red, tetragonal fornh-® It can also exist in orthorhombic purity analar grade powder that was palletized for evapora-
and hexagonal ;tructures: However, the te_tragongl fqrm hasn.” All the films used in this study were grown at the
been studied quite extensively because of its application as\gycyum of 10° Torr. At higher pressures films were non-
radiation detector. Most Of the StudieS Concentrated on Optiuniform and Sticking was poor_ The main prob'em encoun-
cal propertie$*?such as absorption, reflectivity, and photo- tered in the film preparation is due to the high vapor pressure
luminescence. There have been theoretical calculations of th§ Hgl,. Therefore, it is quite difficult to get films thinner
band structure explaining most of the observed opticathan 900 nm and to control the film thickness at the desired
properties’~%3 There are few reports concerning the physi-value. We have kept the deposition rate quite slow, of about
cal properties of Hgl such as photoconductivity, photolum- 3-5 nm/sec. We could grow uniform good quality films only
niscence, and thermally stimulated current regarding its quain the thickness range 900—2100 nm using these optimum
ity for applicaton as a radiation detectdr?® The conditions. The thicker films were not useful in optical ab-
anisotropic nature of optical properties, perpendicular an@orption studies as their absorption was very high in the op-
parallel to the ¢ axis, has been demonstrated bothtical region of interest. We could not get any film for a sub-
theoretically'~23and experimentally®~*41°In the tetragonal ~ Strate temperature higher than the room temperature. The
lattice each mercury atom is tetrahedrally bonded to foufilms were whitish translucent immediately after the growth
iodine atoms, and each iodine atom has only two bonds. Thi@nd turned to a reddish orange color similar to the starting
arrangement makes the structure to be intermediate betwedfgterial in an hour or so. The film thickness was monitored
the layer structure and fully tetrahedrally bonded structuredU'ing the growth by a quartz crystal thickness monitor and
Therefore, the tetragonal structure of Kigd also regarded as was subsequently determined by a Dektek IIA surtace pro-

a tetrahedral defect structure. The influence of the defecffler' Small pieces of 5 mmx 5 mm were cut for various

structure due to the iodine deficiency has also been studied gnalyses so as to carry out different analyses on the same

. . i ¥ilm. The structural studies of the films were carried out by
relation to detector qualit$? A phase transformation from ray diffraction (PHILLIPS X-Pert model, 1830 The film
tetragonal to orthorhombic has also been observed a)ci y '

) - ; omposition was found to be stoichiometric as determined
126 °C1! Both theoretical and experimental studies show, P

. . . by EDAX (JEOL-840. The morphology of the films was
that Hgl, is a direct band gaf®.13 eV} material except only st):Jdied by( scanning electron %icrog)éo@EM) (JEOL,

one report,” which shows both direct and indirect band gaps.?40)_ The optical absorption measurements were carried out

Almost all the studigs have been done on squle crystay, ultraviolet-visible region using dShimadzu UV, 26D
samples grown by different techniques. Surprisingly, therespectrophotometer

are very few reports on thin films of Hgt'?” They are also

not adequately informative and systematic regarding basic
thin film properties. This could be due to the very high vapor
pressure of Hgl leading to nonformation of films at very
low pressures. Since the thin film form of any material is The structural studies were carried out on various films in
quite advantageous in many applications, we thought it neche thickness range 900—-2100 nm. All the observed lines in
essary and worthwhile to investigate systematically the basig-ray diffraction data match very well with ASTM Card No.
physical properties of Hglin thin film form. 21-1157 for Hgj crystal confirming the stoichiometric com-

Mercury iodide (Hg}) is a layered semiconductor better

Ill. RESULTS AND DISCUSSIONS
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position of the films as determined by energy-dispersiveAll (001) planes are parallel and show almost a similar trend
x-ray analysis(EDAX) and the tetragonal structure with  in thickness-dependent intensities. The other important ob-
=b=0.437 nm anat=1.244 nm. The diffraction data show servation in Fig. 1 is the increasing intensities of other re-
only (1d) and (00) reflections in all the films studied. flections in opposite directions from the vicinity of 1450 nm
However, the relative intensities of these reflections shoviilm thickness. The increasing presence of other nonparallel
film thickness dependence as shown in Fig. 1. On the right oplanes could cause a nonuniform strain in the film due to
Fig. 1 we have also shown the calculated relative intensityesidual stress. The nonuniform strain in the film can be es-
for these reflections for comparison. The diffracted intensitimated qualitatively by the slope of the peak full width at
ties were calculated following a well known standard half maximum(FWHM) A(26) versus sing) plot. However,
proceduré® that includes the structure factor for the desiredin oriented films the appropriate quantity would be the strain
reflecting plane. There are two Hg atoms and four | atoms irproducedAdy,;/dy,; on the oriented planehkl), which can

a unit cell and their atomic coordinates were taken from refbe estimated relatively by thd spacing. If the quantity
erence of Turner and Harméh which has the same cell Ady,/dy, [which is also proportional ta\(26)] is multi-
dimensions as given above. The calculated intensity does nptied by the elastic constant of the material, the residual
depend on the film thickness and is valid only for a samplestress along the plane can be obtained. We have found from
containing completely randomly oriented crystallites. Whenthe diffraction data that the strain increases with decreasing
a disagreement exists between observed and calculated intehickness below 1450 nm and increases with increasing
sities, as in the present cadeig. 1), preferred orientation thickness above 1450 nm as shown in Fig. 3. We can see that
should be the first possible cause to be suspeft@tiere- the magnitude of increase in strain on either side of film
fore, from Fig. 1 we can infer a preferred growth of grain thickness 1450 nm is different and almost correlates with the
orientation with thg102) plane parallel to substrate plane for

films of thickness<1450 nm and with thé002) plane par- 0.0035 -
allel to the substrate plane for a film thicknes4450 nm. 000334 *
This fact 'is furthgr confirmgd by the grain mqrphplogy 00031 ] (102) Orientation i
(SEM) of films of different orientations as shown in Fig. 2.
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FIG. 2. The morphology as seen by SEM for &h) (102-
oriented 1300 nm thick an@®) (002)-oriented 1550 nm thick Hgl FIG. 3. The residual stress paramefaty,/d;,, as a function
film. of Hgl, film thickness for the two crystallite orientations.
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FIG. 4. Relative intensities of x-ray diffraction peaks of a 1070
nm thick Hgb film as a function of annealing temperature. .
increase in intensity 0of102) on the left and 0f002 on the 15600 -
right from the vicinity of 1450 nm film thickness in Fig. 1.
Since we could not find the elastic constant for fighe §
could not estimate the stress quantitatively. Therefore, the
residual stress also should behave in the same manner as tl
strain qualitatively within the elastic limit. — ’

We have also tried to study the effect of annealing on the
orientation of the films. We have annealed KHlms in air
for a very short duration+ 30 se¢ at various temperatures
up to 110 °C. Above 110 °C, the film vanishes on annealing FIG. 5. The optical absorption of Hgffilms as a function of
even for few seconds. Figure 4 shows the intensity profile ofncident photon energy for different film thicknesses. The upper two
diffraction peaks as a function of annealing temperature of aurves are fof102-oriented films and the lower two curves are for
(102-oriented film of thickness 1070 nm. As can be seen(002-oriented films.
from the figure, thg(102) orientation switches t¢002) ori-
entation at 110 °C. It can be noted that there is only a changgure at 1450 nm separates the two regions of crystallite
in the relative intensities of the oriented planes and noorientations. On either side, the absorption coefficient in-
change ind spacing. Therefore, it is not a structural phasecreases, which is quite similar to the residual stress behavior
transformation. A tetragonal to orthorhombic phase transiexcept for the slope. It indicates a lesser sensitivityrain
tion is known to take place in Hglat about 126 °C. residual stress for théD02) orientation and a greater sensi-
The optical absorption of the films in the UV-visible re- tivity for the (102 orientation. The increase im with exter-
gion was recorded using the double-beam ratio recordingally applied stress has been observed in single crystal
technique in transmission mode. The absorption coefficientigl,.*® Therefore, the thickness dependencenobn either
a was calculated using measured absorbance as a function of

22 23
hue (eV)

incident photon energy using the relation 40000
A
230% 35000 1
a= (1) 30000 -

. . . . (002) Crientation
where A is the absorbance and t is the film thickness, ne- 25000 1

glecting the reflection coefficient, which is negligible and %
insignificant near the absorption edge. The absorption dat: ** ]
are shown _for some film thicknesses in Fig. 5. The absorp- .., (102) Orientation /
tion coefficient at energies lower than the interband absorp-

tion edge does not show constancy with thickness as can b 10000 -

expected in the general case according to (#j.since ab-
sorbance is a function of film thickness. The explicit depen- 5000 +——————————————————————————
dence ofa on film thickness for a particular enerdg.08 S T
eV) less than the band edge is displayed in Fig. 6. The be- im Thelness (o)

havior, even though looking strange, seems to be consistent FIG. 6. The dependence of the absorption coefficiant2.08
with x-ray diffraction observations. The vertical line in the eV) on Hgl, film thickness for the two crystallite orientations.
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FIG. 7. The thickness dependence of optical band Gapg) FIG. 8. The variation ofEy(;05) and Eqggp With the residual

stress parameteAdy,/dy, for (102- and (002-oriented Hgj

andE of Hgl, films for the two crystallite orientations. > )
g(002) OF MGz y films, respectively.

side of the crystallite orientation is very much consistent
with structural studies. As can be seen from the figure, thef thickness from Figs. 3 and 6, it is quite reasonable to
absorption from thg102) plane is higher than that of the correlate the change iy with Ad/d. Comparing Figs. 3
(002 plane. This is quite consistent due to the fact that ther@nd 7, we can see a stronger effect of residual stress in
are fewer atoms 0002 than on(102) as can be seen from changingEy102) and a relatively weaker effect in changing
the crystal structure of HgF° Since the optical absorption Eg(o02)- Also, the residual stress seems to increBggoy)
measurements were carried out in the transmission mode athile it decreaseg o). There is only one report regarding
normal incidence, we can regard the data as perpendicular the effect of externally applied stress &g of Hgl, single
the (102 and (002 planes for film thicknesses smaller and crystal that is qualitative in natuf& A decrease of 0.034 eV
grater than 1450 nm, respectively. Since alllj0planes are has been reported at higher pressure. The magnitude of pres-
parallel to the basal plan@01), the alignment of the axis  sure is not known. In the present study also we have ob-
is perpendicular to the substrate plane (D02-oriented served a decrease of 0.062 eVEg gy at a maximum in-
films. Therefore, the optical data can be treated as parallel torease of 0.0017 im\d(goz)/d(002). The knowledge of the
c axis in this case. In the other case it is simply for theelastic constant would help us to quantify the magnitude of
perpendicular direction to thel02) plane. internal stress in the film. On the other hand, a large increase
The optical band gap of the material can be determinedof 0.19 eV has been observed by, at the maximum
usually from the intercept of the linear part of thehr)™  increase of 0.00019 iAd(102)/d(102)- The variation of band
versus hv plot in the region of interband absorption. For the gap with residual stress in both orientations is illustrated ex-
allowed direct band gap materiat= 1/2 and the plot shows a plicitly in Fig. 8. As discussed abové&,g(;op) is much more
single linear portion. For the allowed indirect transition  sensitive tharEyogy) to a change il d/d. Both E4(;0,) and
=2 and the plot shows two linear portions yielding two in- E4(oy) vary linearly withAd/d in opposite directions with a
tercepts Eg+Ep) and Eyg—Ep), whereE, is the phonon different magnitude of slope of 1306 e\W{d/d) and
energy assisting the transition. We have tried both the possi-36 eV/(Ad/d), respectively in the limited region of ex-
bilities. We have obtained best fit for=1/2 with a correla- perimentally determined residual stress. This kind of anisot-
tion factor of least square fitting better than 0.96. The fittingropy in the band structure can be attributed to the basic struc-
with n=2 shows a poor correlation factor of less than 0.8tural arrangements of Hg and | atoms in the tetragonal unit
and yields an incomprehensibly high phonon energy. Thereeell. The large ratio of lattice parametezsa=2.86 makes
fore, the band gap is determined to be direct forHijins as  the structure fairly open with a small packing fraction.
has been already established both experimentally and thed@herefore, the effect of pressure either internal or external
retically. The band gap as a function of film thickness iscould cause a change in the nearest neighbor distance of
shown in Fig. 7 for the two crystallite orientations. A vertical atoms in the unit cell anisotropically in different directions
line is shown in the figure to highlightt02)-oriented films  modifying the band structure. Therefore we believe the
on the left and(002-oriented films on the right. Therefore, present results could be quite useful and informative regard-
as discussed above we can regard the band gap on the leftiag the band structure of HglA theoretical investigation of
Eg(102) in the direction perpendicular to th&02) plane and band structure for changing interatomic distances in a per-
on the right asEyo0z)= E4| (parallel to thec axis of tetrag-  pendicular direction td102) and (002 planes could verify
onal lattice of Hg}). On either side of the separation, the these results. The anisotropy perpendicular and parallel to
band gap changes with thickness in moving away from thahe c axis in single crystals has been observed in the mea-
separation line. The band gap decreases with thickness Burements of optical reflectivity;* excitonic absorptiott
both orientations with different slopes. As we have seen earfanisotropic ratios in refractive index /nj=1.07, dielectric
lier in the correlation ofa with residual stress as a function constant e, /gj=1.15, electron drift mobility up, /up
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diffraction studies shown in Fig. 4Eq=2.18 eV (at
110°C) is quite comparable withyooz)=2.19 eV of Fig. 7
with Ad/d=0.0034. The amount of residual stress present in
the annealed film in th€002) orientation was determined to
be of comparable magnitudg Ad ggy)/d(o2)=0.0038,
which could be due to the increased presence of(1l0&)
and (106) planes at this annealing temperature, as can be
compared in Figs. 1 and 4. The changeAid 145 /d(102) is
practically negligible up to an annealing temperature of
R ] 002 100 °C consistent with the observed behavioEgf, ;) with
L orientation annealing temperature. This is quite understandable by the
- . N S almost constant intensities of other reflecting planes up to
20 40 60 80 100 120 100°C as can be seen from Fig. 4. Therefore, the optical
Temperature (°C) band gap determined from the annealing experiment is quite

consistent with structural studies as well as the thickness
FIG. 9. The dependence of the optical band gap of a 1070 Nependence data.

thick Hgl, film on annealing temperature. The different crystallite
orientations are specified on the basis of x-ray diffraction data of
Fig. 4. IV. CONCLUSIONS
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The thin film growth of Hg} is studied systematically
=1.4, and the electron effective masg, /mg=1.2 (Refs.  ysing structural, compositional, morphological, and optical
12, 13 and 2§, cyclotron resonanc€, and dielectric  absorption analyses. All these analyses are consistent with
responsé? The theoretical calculation also reveals the anisothe preferred102) and(002) orientations parallel to the sub-
tropic nature of carrier effective mass and mobifityThe  strate plane for film thicknesses below and above 1450 nm,
only report, by Yao, Johs, and Jantdsshows the aniso- respectively. The results of the annealing experiment sup-
tropic edgeEgy =2.25 eV andEy=2.43 eV with Eg;  ports quite well the observations of thickness dependence,
—Eg=—0.18 eV andEy, /Ey=0.93 by the measurements viz., the anisotropic nature of the band gap at the two orien-
of anisotropic dielectric functions. The anisotropic band gapsations and a residual stress-induced band gap change. The
were determined by, versushv plots by taking the value of ~ anisotropic ratio Eq102)/Eg(002=0.86 observed in the
hv at whiche, goes to zero. The anisotropic band gaps inpresent study compares quite well with the only reported
the present study having the lowest residual sti€ggo;) band gap anisotropic rati&y, /Eq=0.93. An increase in
=1.94 eV andEg)=2.25 eV with Eg102~ Eg002)= band gap with residual stress has been observed along the
—0.31 eV andEg(102)/Eg002)=0.86 are not in a direction (102 orientation in opposition to the decrease in band gap
perpendicular to each other as opposed to the case af thewith stress for th€002) orientation. This kind of anisotropy
axis parallel and perpendicular data. However, the compariin the stress-induced change in band gap is being pursued
son is still good. As mentioned earlier we hafg,  theoretically using band structure and crystallographic data
=Eg=2.25 eV from the present study having some residuabs an ongoing investigation.
stress can be extrapolated from Fig. 8 to ggt=2.40 eV at
zero residual stress, which compares very well with the re-
ported Eq=2.43 eV Also, the average ofyqp and
Eg(002) €qual to 2.1 eV agrees quite well with the most es- We would like to thank Dr. P. Arun, Vinod Kumar Pali-
tablished value of 2.13 eV for single crystals. wal, Namit Mahajan, and Hina for their helpful discussions

In our annealing experiment on(202)-oriented film, we and Mr. P. C. Padmakshan, Department of Geology, Univer-
have seen a jump in the band gap value at 110°C as showgity of Delhi, for carrying out x-ray diffraction measure-
in Fig. 9. In this figure also we have shown a vertical line toments. The help of Dr. N. C. Mehra, USIC, Delhi University
differentiate between th@ 02 orientation on the left and the in the measurements of EDAX and SEM is gratefully ac-
(002 orientation on the right as has been revealed by x-raknowledged.
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