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Effect of thickness of antimony selenide film on its photoelectric
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Antimony selenide (SbySe3) films are widely used in phase change memory and solar cells due to their stable switch-
ing effect and excellent photovoltaic properties. These properties of the films are affected by the film thickness. A method
combining the advantages of Levenberg—Marquardt method and spectral fitting method (LM—-SFM) is presented to study the
dependence of refractive index (RI), absorption coefficient, optical band gap, Wemple—DiDomenico parameters, dielectric
constant and optical electronegativity of the SbySes films on their thickness. The results show that the RI and absorption
coefficient of the SbySes films increase with the increase of film thickness, while the optical band gap decreases with the
increase of film thickness. Finally, the reasons why the optical and electrical properties of the film change with its thickness
are explained by x-ray diffractometer (XRD), energy dispersive x-ray spectrometer (EDS), Mott—Davis state density model

and Raman microstructure analysis.
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1. Introduction

Antimony selenide (Sb,Ses3) has emerged as an alterna-
tive absorber material due to its high absorption coefficient,
appropriate optical band gap, nontoxicity, low cost and earth-
abundant.!'=31 It is the promising candidate for important ap-
plications in diverse areas such as solar energy conversion,
thermoelectric cooling, photo detector technology, thermo-
electric power generation and opto-electronics in the near-
infrared region.*! Particularly, it has been a promising ab-
sorber layer for solar cells and displays good photovoltaic
properties.l>! With the development of magnetron sputter-
ing (MS), thermal evaporation (TE), pulsed laser deposition
(PLD) and other film preparation technologies, the SbySes has
attracted more and more attention in the field of solar cells in
recent years.[-8] The film thickness affects its optical, electri-
cal properties and microstructure. It is very important to find
the law of film properties changing with its thickness for the
preparation of high-quality optoelectronic devices.

The research on the SbySes thin films prepared by TE
has been widely reported. M. M. Alligavathy ef al. studied
the structure, morphology and optical properties of the Sb,Se;
films prepared by TE.[>!%1 Chen Chao et al. systematically

analyzed the photovoltaic relevant physical properties of the
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Sb,Ses films.[!!'l R. T. Ananth Kumar ef al. compared the
structure of SbySe; films after annealing.m] Researchers had
also begun to pay attention to the properties of SbySes films
prepared by PLD and MS. Yang Ke et al.
structure, morphology, composition and photoelectric proper-
ties of the Sb,Se; films prepared by PLD.!'3] Chen Shiming
et al. and Liang Guangxing et al. discussed the material and

researched the

photovoltaic properties of the SbySes films prepared by MS
at different substrate temperatures.!'*!5] Alapan Dutta er al.
analyzed the influence of growth angle (0°-87° range) on the
photoelectric properties of the SbySes thin films prepared by
MS.[16] However, there still lacks of detailed and systematic
study on the change of optical and electrical properties of the
SbySes film with its thickness prepared by MS.

The optical and electrical properties of the SbySes films
with different thicknesses prepared by MS are analyzed and
studied systematically. Firstly, the method and principle
of obtaining the properties of the films are presented, and
Levenberg—Marquardt method and spectral fitting method
(LM-SFM) calculation accuracy is analyzed by simulation.
Then, the refractive index (RI), absorption coefficient and op-
tical band gap of the SbySes films with different thicknesses
prepared by MS are calculated by LM—-SFM, and the variation

laws of film properties with thickness are revealed. Finally,
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energy dispersive x-ray spectrometer (EDS) and Raman spec-
troscopy are used to analyze the reason why the optical and
electronic properties of the film change with its thickness.

2. Principle and simulation
2.1. Principle

The schematic diagram of accurately calculating the RI
and absorption coefficient of the SbySe; films is shown in
Fig. 1. By optimizing the square root error between the cal-
culated values T and the measured values T, the RI and ab-
sorption coefficient of the film in the whole transmission spec-
trum can be obtained accurately. The detailed analyses are as
follows.

The transmittance T of the film can be expressed as

Ax

T =
B — Cxcos ¢ + Dx?’

ey

where A = 16n%s, B= (n+1)3(n+s?),C =2(n* —1)(n*> — 5?),
D=(n—1)73(n—s?),p=4rnd/A, x =e"%, A is the wave-
length, @ is the phase, n and s are the refractive indices of the
film and substrate, respectively, d is the film thickness, o is
the absorption coefficient of the film. The initial value of the

absorption coefficient ¢ is calculated by using the following

expression:

1 1
a= 7 In <T> . 2)
Both d and ng can be calculated by SFMU7! and Cauchy
model. T is the measured transmittance. Three calculated pa-
rameters d, ng and Q are substituted into Eq. (1) to obtain
the calculated transmittance Tp, and the square root error eq
between Ty and T is calculated.

LM algorithm is used for global optimization to obtain n
and « of thin films in strong absorption region. The iteration

parameters A and An are calculated by following equation:

Aot =go/(Ho+1l), An=g,/(H,+ ul), (3)

where g is the first partial derivative of T with respect to o,
gn 1s the first partial derivative of T with respect to n, Hy is
the Hessian matrix of o, H, is the Hessian matrix of n, u is
the step size for optimization. The two optimized parameters
are o = 0 + A, n = ng + An. The transmittance T, is fitting
data from discrete calculated values. These two parameters o
and n can be calculated accurately by continuously optimizing

the error e between Ty and T through iterative calculation.
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Fig. 1. Schematic diagram of the LM—SFM. (a) Transmission spectrum. (b) Initial RI. (c) Initial absorption coefficient. (d) The calculated
value Tj and the measured value T'. (e) Transmittance error e. (f) RI and absorption coefficient.

2.2. Simulation

The effectiveness and reliability of the LM—SFM are an-
alyzed by simulation. The film parameters are from Ref. [18].
As follows: s = 151, d = 1000 nm, ny = 212 12,6, Iga, =
1'5;72106 — 8. The transmittance T, of the film is obtained by us-
ing Eq. (1). The film thickness is calculated by SFM, which is

999.9 nm. The ng of the film in the absorption region is fitted

by Cauchy dispersion model, the fitting equation is as follows:

3.0023 x 10°

no = 2.6001 + 3

“4)

The simulation results are shown in Fig. 2. Figures 2(a)—
2(c) show the calculated absorption coefficient, refractive in-
dex and transmittance, respectively. Figures 2(d)-2(f) depict
the corresponding calculation errors, respectively. It can be
seen from the figure that n» and o in the whole transmission
spectrum are accurately calculated. The calculation accuracy
of the refractive index and the absorption coefficient is better
than 0.03% and better than 3% by using the LM—-SFM, respec-
tively.
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Fig. 2. Simulation results. (a) Absorption coefficient. (b) RI. (c) Transmission spectra. (d) Absorption coefficient error. (e) RI error. (f)

Transmittance error.
3. Experiment
3.1. Preparation of thin films

The glass target was prepared by using the traditional
melting quenching method. In this experiment, high purity
Sb and Se powders was used as raw materials. They were
weighed accurately on an electronic balance according to the
designed composition ratio and placed in quartz glass tubes.
The purity of Sb and Se was 99.999%. The quartz tube with
raw material was pre-heated to 100 °C to remove the water
in the raw material. Then vacuumed the quartz tube until the
vacuum degree was below 1073 Pa. It was fused with hydro-
gen and oxygen flame and put into the rocking furnace and
heated to 1000 °C for 10 h, then took out and quenched in
water. After glass demolding, it was annealed slowly to room
temperature in the annealing furnace. Finally, the glass was
processed into a double-sided polished sample with the size of
$76.2 mmx3 mm as the target material.

The Sb;,Ses thin films were deposited on the SiO; glass
substrate by magnetron sputtering. During the preparation
process, the chamber pressure was evacuated to lower than
107> Pa, Ar gas flow was 50 sccm and then the sputtering
pressure was 0.5 Pa. The sputtering power was maintained at
40 W. The substrate upon which thin film was deposited and
rotated at a speed of 20 r/min and maintained at 25 °C dur-
ing the deposition. The sputtering time was 15 min, 35 min,
55 min, 75 min and 100 min, respectively. After preparation,
the film was placed in a vacuum annealing furnace and an-
nealed at 100 °C for 1 h.

3.2. Characterization of thin films

The transmission spectra of the films was measured by
spectrophotometer (PerkinElmer Lambda 950), and the spec-
tral range was 500 nm—2500 nm. The phase x-ray diffractome-
ter (XRD) of Bruker D2 and micro-Raman spectrometer were
used to measure and analyze the structure of the thin films.
The Raman laser wavelength was 785 nm and the laser power
was 0.1 MW. The compositions of the thin film samples were
characterized by using an EDS installed in a Tescan VEGA3
SB-Easyprobe scanning electron microscope. All tests were
conducted at room temperature.

4. Results and discussion
4.1. Optical properties of Sb,Se; thin films

Figure 3(a) is the transmission spectra of the film. The
initial RI np of the SbySe; thin films in absorption region is cal-
culated by SFM and Cauchy dispersion model, and obtained
initial absorption coefficients ¢ by Eq. (2). Then, according
to the LM method, continuously optimize the error between
calculated value Ty and measured value T through iterative
calculation. When Tf; is consistent with 7, ¢ and n are ob-
tained accurately as shown in Fig. 3(b). The Ty and T in
absorption region are compared as shown in Fig. 3(c). Fig-
ure 3(d) is the deviation between Ty and T in absorption re-
gion and the overall deviation is less than 1.5%.

The optical parameters of the films are measured and cal-
culated as shown in Fig. 4. Figure 4(a) is the transmission
spectra of the films which shows that the absorption cutoff
edge moves to the long-wave direction with the increase of
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the thicknesses of the thin films. Figure 4(b) shows the change
of film RI with wavelength. The results indicate that the RI
of the thin film decreases with the increase of wavelength and
increases with the increase of film thickness at the same wave-
length. The absorption coefficients & of the Sb,Ses thin films
of different thicknesses are shown in Fig. 4(c) which shows
that, at lower wavelength values, and before the absorption
edge of samples, the absorption coefficient & has higher val-
ues. These high o-values attribute to the resonance impacts
which may occur between the incident photons and the elec-
tronic polarizability. Also, the o for all film samples are found
to decrease dramatically at the absorption edge, which due to
the occurrence of coupling of the electrons. The absorption
depends mainly on the photon energy hv according to the Ur-

bach relation
o hv
=aqapexp| —
0 €Xp Eu 5

where ag is a constant and E, is the width of localized tail
states which represents the degree of disorder in the non-
crystalline material.*?! v decreases as the wavelength broad-
ens, so o decreases as the wavelength broadens.

Based on the magnitudes of «, the extinction coefficients
k of the SbySes films can be deduced from the following rela-
tion:

®)

ol

k= e (6)

The k of the SbySes thin film is shown in Fig. 4(d). It can

be seen that k decreases with the increase of wavelength and
increases with the increase of thin film thickness.
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The relation between absorption coefficient and optical
band gap for direct transition is given by the Tauc equation
(ohv)'/? = B2 (hv — Ey), 7)
where hv is the photon energy, E; is the optical band gap, and
B'/2 is the Tauc parameter. Plotting (othv)'/? against hv and
extending the linear part to (ahv)'/? = 0 to calculate E, of the
thin films, as shown in Fig. 4(e). The results illustrate that the
E, decreases gradually with the thickness of the film increases.
Tauc parameter is the slope of the line after linear fitting. E,
and Tauc values are listed in Table 1.

In addition, RI dispersion values of the Sb,Se; thin
films with different thicknesses have also been analyzed us-
ing the single oscillator model expressed by the Wemple and
DiDomenico (WDD) as follows:[19-20]

EoE4

2
= 1+77
TRy

(®)
where Ej is the single oscillator energy. Ey is the dispersion
energy. Plotting (n> — 1)~! against (hv)? and fitting a straight
line with a slope of (EgE4)~" and an intercept of (Eq/Eq), as
shown in Fig. 4(f). The calculated parameters Ey and E4 are
listed in Table 1. It is clear from this table that both Ey and
E4 decrease with the increase of film thickness. According to
the WDD model, the static RI n¢g and the static dielectric con-
stant &, of the film are calculated, which are summarized in
Table 1 and their values increase with the increase of the film
thickness.
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Fig. 3. The RI and absorption coefficient & of the SbySes film by LM—SFM. (a) Transmission spectrum. (b) The RI and . (c) Comparison of

T and T. (d) The deviation between Tg; and 7.
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Fig. 4. Optical properties of the SbySes thin films. (a) Transmission spectrum. (b) RI. (c) Absorption coefficient. (d) Extinction coefficient. (¢) Optical

band gap. (f) The dependence of (n> —1)~! on (hv)2.

Table 1. Optical parameters of the Sb,Ses films of different thicknesses.

Thickness (nm) Eq (eV) Eo(eV) E, B/ no £
176.6 30921 3.031 1395 808.142 3.3469 11.2016
428.1 30481 2983  1.388 825957 3.3494 11.2182
651.2 29.674 2900 1380 867.422 3.1515 11.2324
844.2 29492 2.881 1372 867.597 33521 11.2367
1155.7 29453 2871 1365 867.694 3.3554 11.2588

4.2. Electrical properties of the Sh;Ses; thin films

In the transparent region, the dielectric constant is at-
tributed to free and bound electrons. According to the Spitzer—
Fan model, the lattice dielectric constant, &, and the ratio
of the charge carrier concentrations to the effective mass,
Nopt /m*, of the SbySes films with different thicknesses are
estimated?!-2%]

2
2 € Nopt 2
P . - A
" L <4n20280) < m* ) ’

where e is the electronic charge, c is the speed of light, and &

€))

is the dielectric constant of vacuum. The magnitudes of g, and
Nopt /m* of the Sb,Ses thin films with different thicknesses are
estimated by plotting the relation between n” and A2, the val-
ues of & and Nyt /m* can be evaluated from the slopes and
intercepts, respectively, and are listed in Table 2.

Table 2. Electrical parameters of the SbySes thin films of different
thicknesses.

Thickness (nm) e Nope/m* (10% g-em®) @, (1013/s)
176.6 11.895 8.292 4.63
428.1 11.983 9.620 4.99
651.2 11.999 9.713 5.01
844.2 12.052 10.150 5.12
1155.7 12.079 10.281 5.15

Figure 5(a) displays the relation curve between the g, and
Nopt /m*, there is an exponential relationship between the &
and Nop/m”*.
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Fig. 5. Electrical properties of the SbySes thin films. (a) The depen-
dence of Nop/m* on &, of the SbySes thin films. (b) The dependence
of Eope on (71v)? of the SbySes thin films.

Optical electronegativity, Eqp, is an important parameter
to reflect the tendency of an atom to attach electrons from an-
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ionic bands. The éopt of the Sb,Ses films is estimated by (23]

A 1/4
éopt = () )
n

where A is a constant with a magnitude of 25.54 and n is the
RI. Figure 5(b) shows the dependence of the éopt on the pho-
ton energy (hv)? of the Sb,Se; thin films with different thick-
nesses, the &, decreases with the increase of photon energy

(10)

and film thickness.

The plasma frequency @, is known as the frequency of
the resonance of the electron free oscillations around their po-
sitions of equilibrium and is defined by ¥

ezNopt %
— (o )7 1
o= (oo ) (an

10 1/nm

(b)

Ww

10 20 30 40 50 60
20 ()

Intensity

the results are listed in Table 2, the @, increases with the in-

crease of the film thickness.

4.3. Structure analysis of Sb;Se3 thin films

Figure 6(a) shows the SAED and HRTEM images of
the SbySe; films with thickness of 176.6 nm. The SAED
image shows that the film has characteristic of amorphous
structure. Furthermore, there is no regular lattice fringe in
the HRTEM image and XRD spectra without sharp peak, as
shown in Fig. 6(c), which also indicates the film is amorphous.
The wide and small ridges at low angle are due to the glassy
properties of the glass substrate.>>! The broad peak becomes
stronger with thickness, indicating a higher degree of short-

range order.

— d;=176.6 nm

— dy=428.1 nm

— d3=651.2 nm
M4__ 4, =8442 nm
— d5=1155.7 nm

Intensity

100 150 200 250 300
Raman shift (cm™1!)

Fig. 6. Microscopy and spectroscopy of the SbySe; thin films. (al) SAED image of thickness 176.6 nm. (a2) HRTEM image of thickness

176.6 nm. (b) XRD spectra. (c) Raman spectra.

Although a higher thickness of the Sb,Ses film still re-
veals an amorphous structure, the relaxation of internal strains
and/or the homogenization of defect concentration between
amorphous regions may occur, ?®! which leads to fewer defects
in the film and consequently a higher degree of short-range or-
der. The components of the Sb,Ses films with different thick-
nesses are measured by EDS. The results are given in Table 3,
which shows that the relative content of Se decreases, and the
relative content of Sb increases with the increase of film thick-
ness. This is due to the easy evaporation and volatilization of
Se. In the preparation process, the longer the sputtering time,

the easier Se volatilizes.

Table 3. Components of the SbySes films with different thicknesses.

Components (at.%)

Thickness (nm)

Se Sb
176.6 59.27 40.73
428.1 58.68 41.32
651.2 58.04 41.96
844.2 57.84 42.16
1155.7 56.15 43.85

The Raman spectra of the SbySe; films with different
thicknesses in Fig. 6(d) shows that the Raman peaks are
mainly in M1:120 cm~!, M2:153 cm~!, M3:190 cm~! and
M4:210 cm~!. The peak at 120 cm~! is associated with the
Se-Se bonds vibration, and the peak at 153 cm~! is closely
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related to the Sb—Sb bonds vibration between (Se, Sb—SbSe»)
structural unit.[>->°! There is only one main peak at 190 cm™~!
for the film with the thickness of 176.6 nm, mainly because the
Se—Se bonds and Sb—Sb bonds are disordered at a lower thick-
ness not easily to detect, the bonds get order as the thickness
increases and Se—Se bonds and Sb—Sb bonds are observed. 3%
The intensity of Sb—Sb bonds increases with the film thick-
ness, which because the relative content of Sb increases with
the increase of film thickness, resulting in the number of Sb—
Sb bonds increases. The main Raman peak and the lower in-
tensity Raman peaks are observed at 190 cm~!. 210 cm™!
is assigned to the Sb—Se bonds stretching vibration in the
SbSes /> pyramids.*" SbSes , pyramids are the basic struc-
tural unit of the Sb,Ses phase.?!! With the increase of film
thickness, the chemical bond changes from disorder to order,
and the structure of the film tends to be stable, which is con-
sistent with the XRD results and the slope of Tauc increases

with the increase of thickness.

4.4. The dependence of optical and electrical properties of

Sh,Se; films on the film thickness

The dependence is shown in Fig. 7. As shown in Figs. 7(a)
and 7(b), the n and « increase exponentially with the film
thickness. Figure 7(c) shows that the E, of these films and
their thickness maintain a linear relationship. The above two
exponential relationships and the linear relationship can be ex-
pressed as

n=—0.0416 x e /13164787 1 3 4899 (12a)
a=6.7651 x 107* x e(d+11444751)/888.2132 | § 9132 (12b)
Eg = —3.1785 x 1072d + 1.4007. (12¢)

The refractive index depends on the density and the av-
erage polarizability of the film. As described by the Lorentz—

Lorenz equation3%33]

n*—1 4w Nap

22 3 M© (13)

where Ny is the Avogadro constant, M represents the molar
mass, p represents the density, and a represents the average
polarizability. With the increase of film thickness, the relative
content of Sb increases, while that of Se decreases. Sb cation
has higher polarizability than that of other cations, so the RI
of the film increases with the thickness of the film.

Raman analysis shows that the film is more orderliness
with film thickness, the greater the orderliness and the smaller
band-tail width energy E,. Equation (5) shows that at the same
wavelength, E, decreases with film thickness, but & increases.
The decrease of the E; with film thickness can be explained
by the state density model proposed by Mott and Davis, 34!
which shows that the localized state width near the mobility
edge is strongly depended on the degree of disorder and the
presence of defects in the amorphous structure. The increase
of Sb relative content leads to the increase of local state con-
centration. As the electronegativity of Sb is lower than Se, the
band tail and band gap decrease, and the localized states width
increases with the increase of Sb relative content.

It is known that the Tauc parameter is a measure of the
disorder in the thin films, and the smaller the B!/2 is, the
disorder will be. Figure 7(d) shows that B'/2 increases with
film thickness, indicating the orderliness of the film increases.
Meanwhile, the increase of heteropolar bond in Raman spec-
trum also indicates the increase of the order degree of the
film.[03] When the thickness is greater than 500 nm, B!/?
does not change significantly with the increase of thickness,
indicating that thickness has little influence on the internal dis-
order degree of films with thickness greater than 500 nm.
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Fig. 7. The dependence of optical and electrical properties of the SbySes films on the film thickness. (a) n changes as a function of d. (b) «
changes as a function of d. (c) Eg changes as a function of d. (d) B'/2 changes as a function of d. (e) Eq and Eqy change as a function of d.

(f) &, and Nop /m* change as a function of d.
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The dependence of dispersion energy E4 and single os-
cillator energy Ey on the thickness is displayed in Fig. 7(e).
The results show that both of them decrease with the in-
crease of the film thickness. Figure 7(f) shows that the re-
lationship between the €, the Ny /m* and film thickness d.
Both of them increase with the increase of film thickness.
This is because the increase of Sb leads to the decrease of
the density of strong heteropolar bonds in the film, while the
density of weak monopole bonds (such as Sb—Sb bonds) in-
creases. Weaker bonds respond more easily to electric fields
than that of stronger bonds, so as the relative Sb content in-
creases, the density of weak bonds increases, leading to di-
electric constant increases.

5. Conclusion

The optical and electrical properties of the SbySes films
with the thicknesses ranging from 100 nm to 1200 nm are stud-
ied in detail by using the LM-SFM proposed in this paper.
The thickness d and optical constants n, k, o, Eg are calcu-
lated accurately, the WDD parameters (Ey and Ey4) are also
estimated. The dielectric constant &, optical electronegativ-
ity Eopt» plasma frequency @, and the ratio of the charge car-
rier concentrations to the effective mass Nop /m* of the SbySe;
films with different thicknesses have also been obtained. The
results show that n and o increase exponentially with the in-
crease of the film thickness. The Eg of the film and its thick-
ness maintain a linear relationship. When the film thickness
is greater than 500 nm, Tauc parameters remain almost un-
changed with the increase of film thickness. The WDD param-
eters decrease and Nyp /m* increases with the increase of film
thickness respectively. Finally, XRD, EDS and Raman spectra
analysis indicate that with the increase of the film thickness,
the relative content of Se decreases, and the relative content
of Sb increases, which is the main reason why the optical and
electrical properties change with the thickness. The results lay
a foundation for further application of the Sb,Ses thin films in
phase change memory and solar cells.
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