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ABSTRACT

Two types of Se films were deposited on glass substrates by the thermal
evaporation technique. Thin films of thickness 393 and 652 nm and thick
films of thickness 2642 nm were deposited. A range of annealing tempera-
tures from 323 up to 373 K was used for the films which had a thickness
of 652 nm. X-ray diffraction (XRD) investigations indicate the develop-
ment of crystalline phases as the annealing temperature reaches a transi-
tion temperature of 347 K. The effects of annealing were revealed by
studying the morphology of the samples using scanning electron micros-
copy (SEM) and atomic force microscopy (AFM). The refractive index, 7,
was found to be dependent on the annealing temperature and film thick-
ness. The mechanism of the optical absorption follows both the direct and
indirect transitions. The indirect, Egi’ and direct, Egd, optical band gaps were
found to be nearly constant with increasing annealing temperature, fol-
lowed by a shatp dectease after the transition temperature of 347 K. Both
E, and E , were found to be film thickness dependent.
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INTRODUCTION

During the past twenty years amorphous semi-
conductors have become increasingly important be-
cause of their significance applications in modern
technology. The technological aspects of these ma-
terials can be roughly divided into classes™: (1) hy-
drogenated amorphous silicon type alloys, whose
applications include solar cells, thin film transistors,

image scanners, electrophotography, optical record-
ing and sensors; (2) amorphous chalcogenides, whose
applications include such as switching, electropho-
tography and memory devices. Recently, new opti-
mistic applications of chalcogenides materials have
occurred in the field of infrared spectroscopy, laser
and fiber techniques’l. One reason for this increase
in interest lies in the fact that some amorphous sub-
stances show certain unusual switching properties,
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which could be important in modern technology ap-
plications.

Thin films amorphous selenium are now being in-
troduce in digital radiology™. Selenium and its com-
pounds continue to be a subject of great interest. Se-
lenium exists in one of four structures. The most stable
crystal form is trigonal (hexagonal) selenium, which
consists of helical Se_chains. Both monoclinic o and
B selenium consist of Se, rings. Se atoms in the same
chain or ring are bonded with a covalent bond and the
chains or rings are bonded to each other by van der
Waals’ forces. The last form of selenium is an amor-
phous one, consisting of a mixture of chains and rings
depending on the method of its preparation®..

In the present work, the effect of thermal an-
nealing on the optical properties of Se films have
been studied in the wavelength range 190-2500 nm.
The optical properties have been correlated with
scanning electron microscopy (SEM) and atomic
force microscopy (AFM) examinations.

EXPERIMENTAL

Selenium powder used in this study was obtained
from Sigma Aldrich Co., with purity of 99.99%. The
films were deposited onto rectangular, optically flat,
standard microscope slide substrates of thickness 1
mm at room temperature. The slide substrates were
carefully cleaned ultrasonically in acetone and then
rinsed with deionized water. The evaporation was
carried out by resistive heating of the desired weight
of approximately 20mg of the material from a tung-
sten boat. The boat was heated by passing a high
current(100A) under a base vacuum of 7.5x10® pa
during the deposition process. The substrate base was
kept under mechanical rotation to maintain the ho-
mogeneity of all the films.

The transmittance, T(A), and reflectance, R(A),
spectra of the films were measured at normal inci-
dence and at an incident angle of 5", respectively.
The measurements were acquired in air and at room
temperature in the spectral range of 190-2500 nm
by using a computer-aided double-beam spectropho-
tometer (Shimadzu 3150 UV-VIS-NIR) with a reso-
lution of 0.1 nm.

The Se structure was examined using a Shimadzu
XRD-6000 X-ray diffractometer using cuk_ radia-
tion (A=1.5418A). The X-ray tube voltage and cut-
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rent were 40 kV and 30 mA, respectively.

The condition of the surface microstructure was
observed by AFM (Veeco CP-II) in contact mode
with Si tips at a scan rate of 1 Hz. The surface mi-
crostructure was also revealed by SEM (Shimadzu
Superscan SSX-550).

The film thicknesses were deduced from SEM
and AFM measurements on the edge of the tilted
film and also calculated with a film thickness pro-
gram (Shimadzu UV-2501PC Film Thickness). Three
groups of films were deposited: thin films and thick
films having a thickness of approximately 393, 652,
and 2642 nm. Temperature-dependent annealing (T )
at 323, 343, 347, 350, 353, 363, 373, 383, and 403
K for 15 min under a base vacuum of 2 x10°pa was
used for the films.

RESULTS AND DISCUSSION

Structural properties

The XRD patterns of the as-deposited Se films
and those obtained after heating at different anneal-
ing temperatures, T , are shown in figure 1.

The deposited film was amorphous. Annealing
at various temperature, T , increased the sharpness
of the line, indicating grain growth. The patterns
shown in figure 1 corroborate well with the results
given by JCPDS 06-0362. Two main peaks are ob-
served at 20=23.75"(100) and 29.77°(101) indicat-
ing a hexagonal structure. The individual crystallite
grain size was determined using Scherrer's relation
and was found to be in the range 17.2-20.1 nm for
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Figure 1: The XRD patterns of the as-deposited film and
of the annealed films at different annealing
temperatures, T
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(a) as-deposited (b) annealed at 403 K

Figure 2: SEM patterns of the surface of Se thin films

@

©
Figure 3: 5umx5um AFM patterns of the surface of Se
thin films: (a) 3-D as-deposited, (b) 2-D as-deposited, (c)
3-D annealed at 403 K, (d) 2-D annealed at 403 K

temperatures from 347 to 403 K. The condition of
the surface microstructure for Se thin films has been
studied by Joraid® with SEM and AFM techniques.

The micrograph of the as-deposited film shown
in figure 2a reveals the formation of a heterogeneous
cluster in the glassy matrix. Normally, Se crystalliza-
tion proceeds via the formation of spherulites hav-
ing a lamellar structure, with the width of the lamel-
lae much less than the length of the extended Se
chainl®. However, figure 2b shows homogeneous
growth resulting from the lamellae formed after iso-
thermal annealing at Ta=403K.

In addition, the surface morphology of the as-

deposited and annealed films were observed by AFM.
Figures 3a-d show a three- and two-dimensional view
of the amorphous and crystalline Se films. The im-
age in figure 3a shows that the film is made up of a
fairly smooth surface with very minute grains which
are about 40.6nm in size and have a low roughness
of around 1.91nm. The individual grains are sepa-
rated and are clearly visible. Figure 3¢ shows the
image of a crystalline Se film after annealing at 403
K. The grain size dramatically increased and gave a
value of 322.6 nm; the roughness also increased to a
value of 11.87 nm. Compared with the earlier amor-
phous picture, the grains here seem to be in good
contact. The increased surface roughness was as-
cribed to major grain growth; this behavior has been
observed for other chalcogenide glasses!”l. Figure 4
shows the individual crystallite grain size obtained
by XRD for temperatures ranging from 347 to 403
K. This figure also shows the variation of the grain
size obtained by AFM for the as-deposited and an-
nealed films.

Optical studies

Figures 5 and 6 show the spectral behavior in
the range from 500 to 2500nm for the transmittance,
and the reflectance, respectively. The data obtained
were for the as-deposited film and for films annealed
at various temperatures (323-373 K) with a thick-
ness of about 652 nm. Figure 7 shows the transmit-
tance and reflectance for the as-deposited thick film
with a thickness of about 2642 nm. It is clear from
tigure 5 that for the as-deposited and annealed films
at 323, 333, and 343 K the spectra are identical and
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Figure 4: The variation of crystallite grain size obtained
by XRD and the grain size obtained by AFM as a function
of annealing temperature
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Figure 5: The spectral behavior in the range from 500 to
2500 nm of the transmittance, T (), for the as-deposited
and annealed Se thin films
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Figure 6: The spectral behavior in the range from 500 to

2500nm of the reflectance, R(A),for the as-deposited and
annealed Se thin films
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Figure 7: The spectral behavior in the range from 500 to
2500 nm of the transmittance, T(?\,), and the reflectance,
R(A), for the as-deposited Se thick films
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only a very slight effect was observed. On the other
hand, thermal annealing at decreased the transmit-
tance of the as-deposited film and reduced the os-
cillations of the interference fringes; this reduction
becomes stronger as the annealing temperature
increases. The refractive indices, 1, were computed
using an optical characterization method based
mainly on the ideas of Swanepoel, utilizing the up-
per and lower envelopes of the spectrum®"; this is
based on a proposal by Manifacier et al.l. The re-
fractive index, m, at the transparent region can be
calculated from the following equation:

n=(me 59 )" 0
Where

48 (S*+1)

H_(sz+1)T§L_ 2 @)

where S is the refractive index of the substrate and

T is the geometric mean of T and T (T  and
o . . max . min min

T ) and are the transmission maximum and the

corresponding minimum at certain wavelength). i.e.

1
T, = (T Tona )2 Q)

The values of the refractive indexes of Se at dif-
ferent temperatures, calculated from the transmis-
sion spectra, are shown in figure 8. In general it can
be seen that the refractive index has a tendency to
increase with an increase in the annealing tempera-
ture, which may be due to the change in transmit-
tance. An extraordinary increase in the refractive in-
dex was recognized as the temperature reached 347
K. This could be ascribed to the change from the
amorphous to the crystalline state, as clear from the
XRD pattern and AFM results (figures 1 and 4, re-
spectively). This means that the heat treatment
changes the optical properties of the film through
structural transformation.

The effect of the film thickness on the refrac-
tive index is shown in figure 9, where the refractive
index is drawn against the wavelength for the three
kinds of films (393, 652, and 2642 nm thicknesses).

At the fundamental absorption edge in most
amorphous semiconductors the absorption coeffi-
cient, o, can be calculated using the expression!"!:

~ (1 _ R)Ze_ad

T 1—RZe_20d

z(1_R)Ze_ud (4)
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Figure 8: The spectral distribution of the refractive in-
dex, 1 (M)for the Se thin films, both as-deposited and as
obtained at different annealing temperatures
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Figure 9: The effect of the film thickness on the
refractive index
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Figure 10: Variation of (ahV)“?with photon enetgy hv

for the as-deposited and annealed thin films

18 20 22

where 4 is the film thickness. The values obtained

for a are then used to find the optical band gap,
E 131516,
g

(ahv) =B(hv-E,)* )

where b is a constant that depends on the transition
probability and the exponent S is an index which
determines the types of transition and can take val-
ues of 1/2, 3/2, 2, and 3 for allowed direct, for-
bidden direct, allowed indirect, and forbidden indi-
rect transitions, respectively™!

The optical absorption measurements for the as-
deposited and annealed Se films indicate that the ab-
sorption mechanism is due to both the indirect and
direct transitions. The optical band gap of the indi-
rect and direct transitions(E , E ) can be obtained
from the intercept of the (cthv)!/? versus hv plots with
the energy axis and, (ahv)* versus, hv respectively, as
shown in figures 10 and 11. The dependence of the
energy gap on the annealing temperature of amor-
phous Se films is shown in figure 12.

The reduction of the optical energy gap with an-
nealing temperature has been observed in some chal-
cogenide films!"®?!. This decease of direct and indi-
rect optical energy gaps with thermal annealing at
temperatures higher than glass transition tempera-
ture, T (figure 13), can be interpreted in terms of
inducing crystallization in semiconducting glasses.
The results obtained by the XRD, SEM, and AFM
studies revealed, as discussed eatlier, the absence of
any recognizable structure for the as-deposited film,
which is typical of the amorphous state. After an-
nealing at temperatures higher thanT , the structure
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Figure 11: Variation of (athV)?with photon energy hV for
the as-deposited and annealed thin films
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Figure 13: Typical DSC traces at a heating rate of 30 Kmin
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Figure 14: Variation of In a with photon energy hv for
the as-deposited and annealed thin films

investigation shows the presence of polycrystalline
phases. During annealing at temperatures higher
thanT , enough vibrational energy is present to break
some weaker bonds, thus introducing some transla-
tional degree of freedom to the system and resulting
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Figure 15: The effect of the film thickness on the indi-
rect energy gap, E , on the direct E energy gap, E_,
and on the width of localized state, E |
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in an increase in the heat capacity of the system and
a decrease in the optical energy gapl'®?!l.

The absorption coefficients of the optical ab-
sorption near the band edge in many amorphous
semiconductors show an exponential dependence on
photon energy, /v and obey Urbach’s empirical rela-
tion2:

_ hv
o = Q) exp| E_ (6)

0

where o is a constant and E is the Urbach en-
ergy, which represents the width of the band tails of
the localized states in the band gap. The energy E
characterizes the slope of the exponential edge re-
gion and is almost temperature independent at low
temperature. Plots of in a as a function of the pho-
ton energy, hv, for Se films at different annealing
temperatures are shown in figure 14. The calculated
values of B were already shown to be a function of
the annealing temperature in figure 12; the value of
E, for a range of amorphous semiconductors lies be-
tween 0.045 and 0.67 eVl As can be seen from
figure 12, E is almost constant below 347 K. Since
E, is generally considered to represent the degree of
disorder, then increasing the annealing tempera-
ture above 347 K leads to an increase in the disorder
of the films.

To show if EE and E_ vary with film thick-
ness, the values of these parameters for as-deposited
films were calculated for the three film thicknesses
mentioned eatlier. The results obtained indicate that
the indirect energy gap, E, increases on increasing
the film thickness, while the direct energy gap, E
decreases. Figure 15 shows the obtained values of
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Figure 16: The spectral distribution of the extinction co-
efficient k(\) for the Se thin films, both as-deposited and
as obtained at different annealing temperatures. The ef-
fect of the film thickness on the extinction coefficient is
also shown.

2500

Egi,Egd and E_as a function of film thickness.

The values of the extinction coefficient, k, for
the investigated Se thin films were calculated from
the relation™.

k=al /4T @)

The calculated values of £ at different annealing
temperatures were plotted as a function of wave-
length and are shown in figure 16. It was observed
that the extinction coefficient tends to increase as
the annealing temperature increases. The effect of
the film thickness on the extinction coefficient is also
shown in figure 16. The results show that the extinc-
tion coefficient decreases as the film thickness in-
creases for a certain wavelength.

CONCLUSION

The XRD studies show that the as-deposited
films have an amorphous structure. The crystalline
phase begins to develop at a transition annealing tem-
perature of 347 K. The surface morphology was in-
vestigated by SEM and AFM and showed that the
nano-structure grains in the as-deposited film fused
together to form larger grains. The optical absorp-
tion measurements indicate that the absorption
mechanism is due to both indirect and direct transi-
tions. The results obtained showed that the indirect,
E , and direct, Eg » energy gaps vary with film thick-
ness. Both energies sharply decrease above the an-
nealing temperature of 347 K. The refractive index

and the extinction coefficient increase with increas-
ing the annealing temperature; both show a film
thickness dependence.
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