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ABSTRACT

The stiochiometric Mercury sulphide selenide alléig(SSe),have been grown onto glass
substrates at 300K for the first time, in the m&sble thin film form by employing a chemical
bath deposition method. The ‘as grown’ films weteracterized by using XRD, Optical
absorption, Electrical measurements and EDAX tegnes. The obtained films are dark red in
color, stoichiometric, semiconducting and nano-talf;e in a single cubic phase with
columnar disk type (spread cabbage) morphology. ditec Hg(SSe) alloy films were found
stable in contrast to cubic HgS. The study ofaabtproperty revealed the presence of a single
optical band gap at 2.1 eV obeying direct transitiaw. The dark dc electrical resistivity was
found to be of the order of 46hm cm. The film exhibits n- type of semi-coniygti

Key words: Semiconductors, Thin films, B: Chemical synthe€isOptical properties, D: X Ray
diffraction, Scanning electron microscopy.

INTRODUCTION

The mercury chalcogenides, HgX (X= S, Se, Te) dralr tsolid solution are gaining much
popularity in the recent years due to their prowse as a host material in optoelectronic
applications such as photo conductor, IR deteetwitter, tunable lasers, thermoelectric coolers,
electrostatic imaging, photoelectric conversion icevand in catalysis [1-8]. The mercury
chalcogenides exhibit unusual structural and etadtproperties as compared to other members
of the group viz. cadmium and zinc chalcogenides1f. The mercury sulphide (HgS), a
technologically important material in quantum etentcs [11], exhibit two structural
modifications,a HgS (Cinnabar, red, hexagonal structure) 8nHgS (Metacinnabar, black,
cubic structure). The former is most stable anchleb as a wide band gap semiconductor while,
later in bulk form, like mercury selenide (HgSe)atelluride (HgTe) is semimetal due to
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inverted band structure. TeHgS is metastable and is known to transforms stablea HgS
even at room temperature [12, 13].

It is well established that the properties of maten thin film form differ significantly from
those of bulk [14]. The variations are related getriction in the three dimensional growth of
crystal during thin film formation that usually ks to formation of microcrystalline and
nanocrystalline phase having small crystallite .siZée ‘smallness’ of crystallite size makes the
radial changes in the electronic state of the nataffecting the optoelectronic properties of
material in profound way, called quantum size &f{€SE). The exact ‘critical size’ after which
the quantum size effect can appear is largely oeted by the physico-chemical nature of the
material and can vary from 0.5 (CuCl) to 46 (Pb&enore nanometers [15]. The SQE depends
upon the radius of exciton (Bohr radius), staticnp#ivity and effective masses of the charge
carriers. For mercury chalcogenides, Bohr radiusxafton (@), static permittivity are all higher
while the effective masses are relatively smalltisrt QSE can be seen not only for micro /
nanocrystalline thin films but also for larger dimséon crystallites [16]. The cubic modification
of HgS and HgSe are known to dissolve substitutipna all the concentrations ranges [17]
with the properties varying smoothly between thadethe extremes. This compositional
variations coupled with quantum confinement effemild give a very large degree of freedom in
positioning the optical band gap and other propsras well for broad potential application
purpose [18].

In view of this, we planned to deposit Hg(SSe) yalfitm using agueous chemical route and
investigate the characteristics like structure,icaptand electrical properties. The aqueous
chemical route has recently emerged as a cheap,asaklarge area accessible technique for
growing alloy kind thin films[19,20] and particubarfor mercury chalcogenides, due to their
large ionicity, the method could give good quatignocrystals [21].

MATERIALSAND METHODS

21  Preparation of anionic precursor solution

All the solutions were prepared in deionized wasing Analytical grade chemicals. A (0.25 M)
mixture of Sodiumselenosulphate @SaSQ) and thiosulphate (N&SQ) was prepared by
refluxing 1 g of Sulfur powder, 2.5 g Selenium p@wavith 8 g anhydrous sodium sulphite in
250 ml distilled water for 9 hours at“@temperature [17]. The resulting mixture was usea@
source of anion (5+Se?). It was stored in an air tight container.

2.2 Preparation of thin films

Commercially available Glass slides (size-75*25*2mateaned using chromic acid followed by
deionized water were used as substrate to depgéBF¢) thin films. For deposition, 10 ml of
(0.25M) mercury nitrate solution, complexed withn#%f (1M) aqueous ammonia was mixed
with 10 ml of anionic precursor solution in a 250 eapacity beaker at’6 temperature. The
final volume of the reaction mixture was made td 18l using previously cooled double
distilled water. The glass substrates were mountatically on specially designed substrate
holder (radius- 25 mm) and rotated in solution vatepeed of 4515 rprThe temperature of the
bath was then allowed to increase up t8C2&lowly. After about three hours, the slides were
removed, washed with deionized water, dried natueadd kept in dark desiccator over CaCl
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2.3 Characterization techniques

The X-ray pattern of films were recorded on Philp&/-1710 with Cu K line (1.54056A). The
specific resistance was recorded using two probthedein 300-500K temperature range using
Zintek-502BC Milliohmmeter. The optical absorptispectra were recorded in wavelength range
of 350-950 nm using a Hitachi-330 (Japan) doubbnbspectrophotometer at room temperature.
A Cambridge Stereo Scan (USA) Scanning Electronrddmope (SEM) attached with energy
dispersive spectrometer was used to observe surfagehology and for compositional analysis
of elements.

RESULTSAND DISCUSSION

3.1. Growth and Physical Properties

The decomposition of a moderately stable mixtureéSofliumselenosulphate and thiosulphate
was made possible in aqueous alkaline NaOH mediuptia= 10.4 to give HF and &, Se?
ions respectively. As the solubility products of${gnd HgSe are low gof HgS = 10" & K,

of HgSe =10° at 27C) and depend on temperature, control over ion eminations and hence
growth can be achieved by controlling the tempeeatat 5°C temperature almost all ions are in
complexed / bound state, however few of the precumsolecules may dissociate to give few
ions. These bare ions get sufficient space and tinmbine on substrate (and also in bulk of
solution) to produce nuclei (Nucleation). Furthglgw increase in temperature facilitates the
release of ions from complexed / bound state affdsibn for further growth giving film on
substrate and a precipitate in bulk of solutionisTprocess involves formation of film (and
precipitate) by building up of ions via the nucleatand growth processes. This ion by ion
method helps in maintaining the stoichiometry ofreney chalcogenides in contrast to other
high temperature methods.

The mechanism of alloy formation involves the fallog sequential reactions;

NaSeSQ + 20H — NaSO, +H,0+Sé? (1)
NaSSQ + 20H — NaSQ, +H,0+S? ..(2)
n [Ho(NH)** +7, S*+ ", Se? — HgS sS@ 5 +4n NHy(aq) ...(3)

The overall reaction can be written as;
N[HY(NHs)a)*+Na:SeSQ+NaSSQ+ 40H— HgSsSeys+4n NHy(aq) +2H0--(4)

The optimized parameters to get good quality films 0.25 M reactant concentration, pH : 10.4,
initial temp.: 5C, Final temperature: 2C, Stirring rate: 45+5 rpm. The color of Hg(SSén§
was found to be dark red.

3.2  Structural and Morphological I nvestigations

Mercury sulphide is an exception among mercury aigenides. The cubic structure which is
stable for HgSe and HgTe at room temperature iseturout to be unstable for HgS. The
hexagonal HgS (i.ex HgS) is considered as most stable form of HgSetbee any deposits of
cubic HgS (i.ep HgS) transforms naturally @ HgS [12,13]. This metastabfeHgS, however,
can forms stable solid solutions with HgSe in cutiitictures in whole range of compositions
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[17]. The HgS and HgSe can exhibit different diucel modifications; therefore, the structural
analysis of the as deposited film was performeduaby by comparing the obtained XRD peak
pattern with those given in JCPDS cards of cubid hexagonal HgS and HgSe. The XRD
pattern of as deposited HgSSe thin film is showRig 1. The comparison of peaks with those
given in JCPDS cards showed a perfect match tacdobin of both HgS and HgSe. The peak
positions were found to fall fairly midway to thosécubic HgS (JCPDS card No 06-261) and
cubic HgSe (JCPDS card No 08-0469), indicating thg(SSe) has been formulated as solid
solution. The observed peaks & @ 25.83, 29.93, 42.93, 50.73, 53.35, 62.85, 6&8l&Grees
therefore can be assigned as the reflections atigign from 111, 200, 220, 311, 222, 400 and
331 planes of Hg(SSe) respectively. The XRD patstrowed no peaks corresponding to any
hexagonal modification. The XRD pattern of the sathey film taken after four month showed
no sign of post depositional structural transforaratconfirming the stability of alloy in the
cubic phase (XRD not shown). This is in contrasthte bulk behavior where cubic form is
considered as unstable [12,13]. The justificatbthis structural stability stems toward the fact
that naturally occurring HgS, if contain transitiaamoms as impurity (e.g. Iron) or any
substitutional selenium ions (in place of S) woakdibit extremely stable cubic modification,
called Metacinnabar [13]. This fact provides a rgath to grow different solid solutions based
on technologically important HgS. The Hg(SSe) pattshowed sharp peaks indicating good
crystallinity of the deposit even at room temperati’he high degree crystallinity is attributed
to high ionicity of the HgS and HgSe.

A scanning electron microscope of (HgSSe) thindgilat X15000 magnification with a scale bar
of length 1um is shown in Fig.2. The SEM micrograph shows aqgktalline, uniformly
distributed columnar disc like texture (like a smtecabbage). The film is nonporous and
compact in appearance. The average crystallinedasizecauliflower, estimated using Cotrells
method [22)was found to be 100 nm with disc thickness rou@hA.

The average grain size of Hg(SSe) film can be eddchfrom the peak width at half maximum
of the strongest 111 peak using Scherrer equation;

t=0.9\/B cosb ...(5)

WhereA is wavelength of x ray used, B is the half angwaith in radian at half maximum of
peak andé is Braggs angle. The calculation yields an averggen size of ~ 60A. The
compositional analysis of film showed Hg: S: Séordt0.52:0.48 indicating a little deficiency of
selenium.

The values of lattice constant (a) correspondinglifterent planes were obtained by using
relation;

1 = (H+K2+1%) /& ...(6)
Where d is the interplanar spacing in angstrom, twkt| are Miller indices.

The accurate lattice constant (a) of Hg(SSe) haen lcomputed from Nelson-Riley plot [4],
which is a plot of error function B(=cos0[1/2 sinf + 1/2], (6 = Braggs diffraction angle) Vs.
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lattice constants (obtained from various planesuttic film using equation 6). The interpolation

of line to x axis gave a value of lattice parameter 5.949 A which is more or less free from

systematic error (plot not shown). The obtainedu@ak in good agreement with the value of
5.963 A reported by Voronin et al [23] for HgSe s single crystal. They observed almost

linear decrease in the unit cell parameters ofHg&Se system with the increase in selenium
content, therefore, assuming that the alloy obéws Yagard law of composition, we have

estimated the stoichiometry of the film using tb#dwing equation;

) = (X) Bigse+ (1-X) augs ()

The value of compositional parameter (x) was dated to be 0.488 which in good agreement
with results of compositional analysis indicatingirf stoichiometry of the deposits. The
crystallographic parameters of Hg(SSe) thin filmaig size etc are displayed in Table-1.

3.3  Optical properties

The absorption spectrum of as deposited Hg(SSe)rékcorded at room temperature is shown in
Fig. 3. It exhibits the presence of a single apson edge in the 500-700 nm range. No other
absorption except the band edge was observed tirdjdghe absence of any excitonic absorption
[16]. The absorption coefficientif was found to be of the order of*1ém'. The data in the
vicinity of an absorption edge were analyzed bygghe following equations, obeyed at A
Eg[19];

ahv = A (hv - Eg)’ ..(8)

Where, the symbols have their usual meanings. Mporent r depends upon the type of
transitions and has values of 1/2 for direct, arfdr2ndirect transitions. For valid rokv)*" Vs

hv plot shows linear dependence for photon energieatgr than band gap (Eg) so that the
extrapolation of straight line portions to zero @ipsion gives energy gaps. Accordingtyh)?

Vs. hv plot (Fig.4) shows a best fit for r = %, with medt gap estimation at 2.1 eV. The band
gap measurements for same film after four montmaloregister any appreciable shift in the
values.

The mercury chalcogenides exhibit large ambiguityheir optical properties. The bulk HgSe
andp HgS although considered as semimetal (due to theerted band structure), there are
several reports that make these materials semictorduA significant deviation in the values of
their optical band gaps have been reported by naarlyors [2-4,7,12,14,16,24-31]. A strong
blue shifting in band gap of mercury chalcogeni@ssseveral electron volts) due to their larger
Bohrs radius of excitons have been reported by INedec [24]. As high as 3.15 eV have been
reported for HgSe colloidal particles of averageesof 3 nm. Thin films of chalcogenides
deposited at low temperature mostly exhibit nanstaiiine size due to strong size quantization
[15-16,18]. For HgSe thin film of ~8 nm crystallgeze grown by using chemical bath method, a
value of 2.5 eV have been reported by Pejova €5l The crystallite size in the above case
was calculated on the basis of FWHM of XRD peakmgebye-Scherrer equation. For
amorphous HgSe film, Pramanik et al [26] reportesltand gap at 1.42 eV. The polycrystalline
HgSe thin films obtained using reactive solutioovgn techniques [2,4] were reported to have a
band gaps of magnitude ~0.8 eV for crystallites-8 nm size, while HgSe thin film with ~42
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nm crystallites size obtained from electrochematammic layer epitaxy method have exhibited a
gap of 0.88 eV [27]. WhethgrHgS is a semimetal has been the subject of cearisy till date

as both positive and negative band gaps are reportihe literature. The calculations based on
the density functional theory within the local dépapproximation (LDA) suggested that cubic
HgS phase is actually a semiconductor, and notnainsetal [9, 21]. A strong shifting of
absorption edge from NIR to UV-VIS region have bedserved by Wang and Zhu [7] fpr
HgS of an average size 13 nm, prepared using senochl method. The nano-particles fof
HgS with an average size ~ 15 nm prepared via tetneal method has shown the band gap
tuning in visible region with the measured gap h38 eV [16]. Similar blue shifting to 2.6 eV
has been reported by Ding et al [31] for 10 nmiglad size. In general, for HgSe, HgS and
Hg(SSe) materials, either in the form of thin films nanoparticles, the reported values are all
higher and nonzero indicating a strong blue shgfohband gapsThe observed large deviations
in each case can be attributed to varying degréepiantum size effects. Besides the strong
SQE, the influence of other factors such as spbit @oupling, large density of dislocations,
local inhomogeneity, changes in the nature of thedaction band in thin film form, presence of
neutral/ionized impurities (V defect) cannot beiden

34  Electrical and Thermo-electrical Properties

The electrical resistance of Hg(SSe) thin film®afl um thickness was measured between two
silver pasted electrodes, 1 cm in length and 1 partaThe specific conductance was found to
be 1.96 x 18 Ohm® cm® at room temperature. The temperature dependehocgart
conductivity,o, is represented in Fig. 5. It can be seen thatl#nk conductivity increases with
increase in temperature. The increase in conductxhibit two different lines in log against
1000/T plot corresponding to two kinds of variagpa trend as such is commonly seen in many
semiconductor thin films. The low temperature J#ia region is called extrinsic (impurity)
conduction region where a variable range hoppingdaotion due to ionized impurities
dominates while, a high temperature variation negacharacteristic of an intrinsic conduction,
is due to grain boundary scattering limited coniuctmechanism. The conduction activation
energy was calculated using the following relation;

0 = 0o exp(-Ea/kT) ..(9)

Where, the symbols have their usual meanings. Ttieation energy obtained from the linear
portion of the graphs was found to be 0.374 eV @dd4 eV for Hg(SSe) at high temperature
and low temperatures respectively. In thermodategower measurements, the open circuit
thermo voltage generated due to temperature gradmoss a length of sample was found to
have negative terminal connected at the cold emrdegponding to presence of majority negative
charge carriers indicating n type nature of theyall
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Fig.l: XRD Pattern of as deposited Hg(SSe) films.

Scanning Electron Micrographs of as deposited Hg(SSe) film at X15000 magnification.

Fig.2:
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Fig.3: Absorption spectra of Hg(SSe)
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Fig.4: A plot of (ahv)® Vshv for Hg(SSe)
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Fig.5: Thevariation of log (conductivity) with inver se of absolute temperaturefor Hg(SSe)

Table-1: VariousParametersof Hg(SSe) thin films

Observed hid plane Cell Size Grain Band gap  Film Activation
dvalues assigned in A? Size (in eV} Thickness Energy
(From N-E  in Al in pm LT &HT
plot)
34462 111
20828 200
21285 220
17981 311 3.540 60 21 0.71 DAI4LT
17138 222 0374(H.T)
14773 400
13682 331
CONCLUSION

A ternary Hg(SSe) alloy system can be deposited istable cubic modification at low
temperatures by a chemical deposition techniquelyeathe films are stoichiometric
nanocrystalline with cabbage type morphology. Tpical studies revealed the presence of band
gap at 2.1 eV exhibiting strong quantum size effect

The films are n type semiconductors at room tentpegawith resistivity of the order of 5.3 x40
Q cm. The compositional variation coupled with Btgosize quantization in mercury
chalcogenides is a promising material for broadatexh detection application purpose.
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