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Optical properties of tin diselenide films

M. M. EL-NAHASS
Physics Department, Faculty of Education, Ain Shams University, Roxy, Cairo, Egypt

SnSe; films were deposited on substrates at 300 K by a conventional thermal evaporation

technique. The as-deposited films were amorphous and transformed to the crystalline phase on
post-deposition annealing above 573 K in an inert atmosphere. The optical properties of the films
were investigated, using spectrophotometric measurements of the transmittance and reflectance
at normal incidence in the wavelength range 400-2000 nm. The refractive index data fit a single

oscillator model with a dispersion parameter 5.149 x 10~ "% and 5.773 x 10~ ** eV m? for the
amorphous and crystalline films, respectively. The high-frequency dielectric constant of the
amorphous films decreased from 9.871 to 7.475 for the crystalline films. The analysis of the
spectral behaviour of the absorption coefficient in the intrinsic absorption region revealed an
indirect forbidden and a direct allowed transition with energy gaps 0.99 and 2.05 eV for the
amorphous films and 0.96 and 2.02 eV for the crystalline films, respectively.

1. Introduction

Tin diselenide (SnSe,) has been shown to be an n-
type semiconductor [1-3]. It has the Cdl,-type hexa-
gonal structure, belonging to the D3, symmetry group
[2, 4]. The optical properties of n-type single crystals
have been studied, and a broad contradiction concern-
ing the fundamental energy gap exists. A direct
transition band gap of 1.62 eV and a threshold for
possible indirect phonon-assisted transitions occurring
at 0.97 eV were determined from transmittance and
reflectance measurements for light polarized perpen-
dicular to the crystallographic symmetry axis of
n-type single crystals of SnSe, [5]. An energy gap of
1.00 + 0.03 eV due to a forbidden indirect transition
was reported from absorption measurements [6]. The
value of the energy gap, determined from the temper-
ature dependence of the resistivity, was given as 1.0 eV
[2, 3]. Further, analysis of absorption measurements
indicated that the intrinsic absorption edge (at 77 K)
arises from forbidden indirect transitions across en-
ergy gaps of less than or equal to 1.03 and 1.30 eV, and
allowed direct transitions across an energy gap of
1.97 eV [7].

The electronic band structure of SnSe, was cal-
culated by using an empirical pseudopotential method
[8]. A direct energy gap of 1.78 eV due to a transition
near the M point was obtained (the calculated
transition at the M point itself is forbidden). The
calculated fundamental energy gap of 0.81 ¢V is in-
direct, due to transitions between the maximum of the
valence band at the I" point and the minimum of the
conduction band at the L point. Optical absorption
study of single-crystal platelets of SnSe, revealed that
the intrinsic absorption edge arises from a forbidden
indirect transition across an energy gap of 0.98 eV and
an allowed direct transition across an energy gap of
2.1 eV [9]. The band structure of SnSe,, calculated by
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the tight-binding method, gave calculated direct and
indirect gaps of 1.63 and 1.44 eV due to the I';-T5
and I'; -L7 transitions, respectively [10].

In the thin film form, SnSe, has received little atten-
tion, compared to the other IV-VI compounds. The
flash evaporation of stoichiometric bulk SnSe, yielded
amorphous Se-rich films at substrate temperatures
below 398 K [11]. Single-phase polycrystalline and
stoichiometric films were deposited in the substrate
temperature range 398 to 623 K. At higher substrate
temperature (> 673 K) the films were non-stoichi-
ometric and mixed phases.Thermal evaporation in
a vacuum of stoichiometric bulk SnSe, resulted in
amorphous films, and annealing at 423 K for 3 h re-
sulted in recrystallization of the film [12]. A multi-
phase structure was detected above 573 K.

In the present work, thin films of SnSe, were depos-
ited on substrates at room temperature, using the
thermal evaporation technique in 1073 Pa vacuum.
The structure and optical properties of the as-depos-
ited and post-deposition annealed films were investig-
ated.

2. Experimental procedure
The SnSe, material was prepared by mixing
stoichiometric proportions of the pure (99.999%) ele-
ments in a vacuum-sealed quartz ampoule. The sealed
ampoule was placed in a furnace, the temperature of
which was raised slowly until reaching 1050 K where
it was then agitated for 24 h by means of an agitator
attached to an electric motor. This was necessary to
ensure complete mixing and reaction of the constitu-
ents. The ampoule was then cooled very slowly to
800 K and it was left at this temperature for 24 h.
Thin films were prepared from the bulk material by
a conventional thermal evaporation technique on
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glass and quartz substrates using molybdenum boats.
The vacuum was kept at about 10~* Pa during depos-
ition. The film thickness and the deposition rate were
controlled during deposition by means of a quartz
crystal thickness monitor and were also determined
interferometrically [13].

The transmittance 7 and reflectance R of the films
deposited on quartz substrates were determined at
normal incidence of light in the wavelength range
from 400 to 2000 nm by means of a double-beam
spectrophotometer (Cary 2390, Varian) dttached to
a specular reflection stage with a V-W configuration.

If I;, and I, are the intensity of light passing through
the film—quartz system and that through the reference
quartz, respectively, then [14, 15]

Ig
T = <I—>(1 — Ry) (1)

q

where R, is the reflectance of quartz. In addition, if the
intensity of light reflected from the sample mirror
reaching the detector is I, and that reflected from the
reference mirror is I,,, then

Ifr 1/2 5
(I_) — T7°Rq )

R =

From the measured 7, R and the film thickness, the
values of the refractive index n and the absorption
index k were computed by a modified version [16] of
the Abéles and Théye technique [17] based on solving
the two non-linear equations

ft(n>k) = Tn,k_
fr(n,k) = Rn,k -

where T, , and R, , refer to Murmann’s exact equa-
tions [18, 197].

Tep. =0 3)
Rep. =0 G

3. Results and discussion

Fig. 1 shows an X-ray diffractogram of the prepared
bulk SnSe, after fine powdering. Analysis of the pat-
tern indicated that the bulk material corresponds to
a hexagonal crystal structure with lattice parameters
a = 0.381 nm, ¢ = 0.61405 nm [7]. Table I gives the
observed d spacings, compared with the standard
values.

Thin films deposited by thermal evaporation of the
bulk material on substrates at 300 K give X-ray dif-
fraction patterns (curve a, Fig. 2) indicating that they
are amorphous. Post-deposition annealing in an inert
atmosphere (argon) for 3h led to recrystallization,

TABLE I X-ray diffraction data of SnSe, bulk and films com-
pared with standard data

hkl JCPDScard  Bulk Thin film (T, = 573K)
23-602
dom) I d@m) I d@nm) I
001 0614 20 0615 100 0610 100
101 0291 100 0293 5 0292 3
003 0205 12 0204 15 0204 3
110 0.191 40 0.191 5
111 0.182 12 0.183 2
004 0.154 16 0.153 19 0154 2
104 0.139 6 0139 2
114 0.119 12 0119 4

beginning at an annealing temperature of 373 K. This
was characterized by the appearance of the reflecting
(001) basal plane of SnSe, (curve b, Fig. 2). On raising
the annealing temperature, high-order reflecting
planes appeared indicating the layer structure of the
grown crystallites. Of course, the crystailite size in-
creases with the annealing temperature as could be
detected from the increasing abundance of the (00 1)
basal plane. Table I compares the observed d spacing
of the post-annealed films with those of the bulk
SnSe,.

Since as-deposited SnSe, films on substrates at
300 K are amorphous and recrystallization occurs on
post-deposition annealing, it was very interesting to
investigate their optical properties. The spectral beha-
viour of the normal-incidence transmittance 7' and
reflectance R for as-deposited amorphous SnSe, films
and for the same films after post-deposition annealing
at 573K in an argon atmosphere for 3h (ie. for
crystalline SnSe, films) in the wavelength range
400-2000 nm are shown in Figs 3 and 4, respectively.
At long wavelengths in the transmission region
T + R = 1, indicating that the investigated films ex-
hibit no scattering or absorption.

The refractive and absorption indices, n and k, of
SnSe, films were determined from the absolute values
of the measured transmittance and reflectance at nor-
mal light incidence after correcting for the absorbance
and reflectance of the substrate as given by Equations
1 and 2. The determined values were computed via
Murmann’s exact equations as mentioned above.

Fig. 5 shows the dispersion of the refractive index
n(4), in the range 400 to 2000 nm for as-deposited
amorphous SnSe, films and the recrystallized SnSe,
films. The values shown represent the mean values

(oot)

(114)

Figure | X-ray diffractogram of bulk SnSe,.
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Figure 2 X-ray diffractograms of thin films of SnSe,: (a) as-deposited, (b) annealed at 373 K, (c) annealed at 473 K and (d) annealed at 573 K.
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Figure 3 Normal-incidence transmittance T and reflectance R of as-prepared SnSe, films. Film thickness (nm): (— - -) 70.3,( x ) 93.5,(O) 135.5,
(@) 1947, (A) 270.7, (A) 350.4. '
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Figure 4 Normal-incidence transmittance 7 and reflectance R of SnSe, films after being annealed at 573 K for 3 h. Film thickness (nm): (- - -)
70.3, (x) 93.5, (O) 1355, (@) 194.7, (A) 270.7, (A) 350.4.
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Figure 5 Dispersion of the refractive index, n(41), of (O) as-prepared and ( x ) annealed SnSe, films. Previous data are shown in the figure for
comparison: (A ) Kostyshin and Romonenko [20], (- - -) Domingo et al. [5], (®) Lee and Said [6], (- - -) Evans and Hazelwood [7], (- * - - -)
Garg et al. [9].
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Figure 6 Plot of (n®> — 1)7 ! versus 472

annealed SnSe, films.

of (a) as-prepared and (b)

3.8

determined from films of different thickness. The re-
fractive index data are compared with the published
data in the same figure. Taking into account the ex-
perimental error in measuring the film thickness to be
4+ 2.5% and in T and R to be + 1%, the error in the
calculated values of n and k was estimated to be
+ 2.25% and + 2.3%, respectively.
Index of refraction data could be fitted to a single-
term Sellmeir relation [21]
R So?

n; 1 - 1 _ (7\,0/}\,)2 (5)
where A, is an average oscillator position and S is an
average oscillator strength. Plotting 1/(n? — 1) versus
1/h2 fits a straight line at long wavelengths (Fig. 6).
The experimental data deviate from the straight line at
1/A% > 1.2 and 2.5 um ™~ 2 for the amorphous and crys-
talline SnSe, films, respectively. The slope of the
resulting straight line gives 1/S, and the infinite-
wavelength intercept gives 1/SoA3. The evaluated
values of §, and A, are 0.654 x 10** m~2 and 0.368 pm
for the amorphous films and 0.713 x 10**m~% and
0.301 um for the crystalline films, respectively. The
dispersion parameter E/Sq, where E = hc/ed (h, c and
e are the Planck constant, the speed of light and the
electronic charge, respectively), is 5.149 x 107 !* and
5.773 x 10~ '* ¢V m? for the amorphous and crystal-
line SnSe, films, respectively. Substituting the values
of Sy and A4 in Equation 5, a plot of refractive index
versus wavelength is obtained, shown in Fig. 7 by
solid lines for the amorphous and crystalline films,
together with the experimental points. The good
agreement between the experimentally and theoret-
ically evaluated values in the transmission and low-
absorption region shows that the single-oscillator
model adequately describes the refractive index dis-
persion in the region considered. Hence, applying the
simple classical dispersion relation [22], the refractive

index varies as
ko)
= 1 (22
< A ) ©

where n,, is the refractive index of an empty lattice at
infinite wavelength. Extrapolating the 1/(n? — 1) ver-
sus 1/A? plot yields €., = n2 equal to 9.871 and 7.475
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Figure 7 Plot of refractive index versus 4 fitted to a single-oscillator model of (a) as-prepared and (b) annealed SnSe, films.
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Figure 8 Spectral behaviour of the absorption index, k, of (a) as-prepared and (b) annealed SnSe, films.
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Figure 9 Spectral behaviour of the absorption coefficient « of (a) as-prepared and (b) annealed SnSe, films.

for the amorphous and crystalline SnSe, films, respect-
ively.

Fig. (8) shows the spectral behaviour of the average
values of the calculated absorption index k for the
as-prepared and post-deposition annealed films at
573 K. Absorption starts near A = 1120 nm for the
as-prepared films and shifts to longer A after anneal-
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ing. The spectral behaviour of the absorption coeffi-
cient, o = 4nk /X, is shown in Fig. 9 for both virgin and
annealed films. It is observable that the absorption
edge shifts to the lower-energy side after annealing the
as-prepared films at 573 K. As-deposited films were
amorphous and the heat-treated films were crystalline
in their structure, as shown above. The absorption
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Figure 10 Plot of (xhv)*2 and (xhv)? versus hv, for (a) as-prepared and (b) annealed SnSe, films.

edge has sharpened and moved towards lower ener-
gies when the films were heat-treated. The absorption
coefficient also decreased in the heat-treated films.

The intrinsic absorption edge was examined using
the equation of Bardeen et al. [23], which states that
the absorption coefficient « is given by

A(hv — Ep)* )

where x = 1/2 and 3/2 for direct allowed and forbid-
den transitions, respectively, and x = 2 and 3 for in-
direct allowed and forbidden transitions, respectively.

Plots of (ahv)'/? versus hv gave straight lines
(Fig. 10) characteristic of indirect allowed transitions
with energy gaps of 1.10 and 1.07 eV for the amorph-
ous and crystalline films, respectively. However, the

ohv =

experimental points fit such plots only in a narrow .

range (1.2-1.5 eV). Plots of («hv)*/? versus hv (Fig. 11)
led to straight lines fitting the experimental values of
the absorption coefficient in a wide photon energy
range from 1.1 to 1.8 eV. This transition corresponds
to an indirect forbidden transition with energy gaps
0.99 and 0.9eV for the amorphous and crystalline
SnSe, films, respectively. The lattice transition is more

probable in view of energy band structure calculations
[8, 10, 24, 25].

In addition, plotting («hv)? versus hv in the higher
energy range above the absorption edge gives straight
lines (Fig. 10) characteristic of direct allowed
transitions with energy gaps 2.05 and 2.02 eV for the
amorphous and crystalline films, respectively. Table 11
compares the present data with the published work.

TABLE II -Values of energy gaps for SnSe, at room temperature

Crystalline Indirect Direct Reference
state forbidden allowed

energy energy

gap (eV) gap (eV)
Amorphous 0.99 2.05 Present work
Crystalline 0.95 2.02 Present work
Single-crystal ~ 0.98 2.1 9
platelets
Single-crystal 1.03 1.97 7

0.97 5

1.02 6

6603



50T

(<:l/7v)1/:S (eV1/3 cm /3)

20 F

LA i 1 1 1
0.8 1.0 1.2 1.4 1.6 1.8
Av (eV)

Figure 11 Plot of («hv)'/® versus hv of (a) as-prepared and (b) an-
nealed SnSe, films.
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