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Abstract- In order to find the critical energy points of
PbSSe thin films, the process of fitting the experimental
dates of the real d’&/d(hv)* and imaginary d’&/d(hv)?
components of these films to the analytical function were
carried out. "Graphical analysis" program was used for
this purpose. The value of the critical point equal to the
energy position £=1.6 eV in the band structure of PbSSe
thin films, completely coincides with the theoretically
calculated values for both PbS compounds and PbSe
compounds and this value of the critical point in these
compounds was characterized as Ls—L; transition.
Therefore, we can assume that the value of the critical
point £=1.6 eV in PbSSe thin films also arises due to the
Ls—L; transition. The second value of critical point £ =
3.2 eV, which we obtained as a result of fitting for PbSSe
thin film, is between £ = 3.5 ¢V and E = 2.9 ¢V, which
corresponds to the As—As transition for PbS and PbSe,
respectively, this value can also be attributed to the
transition As—Ag.

Keywords: Spectroscopic Ellipsometry, Chemical Bath
Deposition (CBD), PbSSe, Complex Dielectric Function
(CDF), Second-Order Differentiation, Fitting, Band Gap.

1. INTRODUCTION

Chalcogenides of IV elements Group are traditional
materials for thermoelectricity, IR optoelectronics and
solar cells [1-4]. At the present stage of the development
of physics and technology of semiconductors, special
attention is paid to the nanostructuring of polycrystalline
structures, as well as methods for obtaining and studying
nanoparticles, in which the dependence of properties on
sizes, the so-called quantum dots, is appears. By changing
the sizes of nanoparticles, one can control the value of the
effective energy gap. Materials and devices based on
them are in demand in many fields of science and
technology, including thermoelectricity, solar energy,
sensors, medicine, etc. Solar cells have already been
developed not only based on PbS [5], PbSe [6] and
PbSSe [7] nanocrystals, but also between PbX [8-10]
nanocrystals.

As a rule, solar cells of PbSe nanocrystals generate
high short-circuit photocurrents, but solar cells of PbS

nanocrystals are characterized by higher open-circuit
voltage V,.[7]. This indicates the need to create a ternary
PbS.Se1. for simultaneous optimization of charge transfer
and voltage. Therefore, photovoltaic devices fabricated
from ternary PbSi+Sex can provide high efficiency than
pure PbS and pure PbSe alone cannot provide [11]. In
this work, we study the dielectric properties of PbSSe
(PbSo.5Seos) thin films obtained by CBD method, where
glass was used as a substrate. The critical point of a
semiconductor is its fundamental quantity. These points
are determined from ellipsometry measurements. In the
process of determining these points, the main procedure
is the fitting of empirical data to analytical functions. To
perform this procedure, as a rule, authors have used very
difficult algorithms and calculations [12-14].

However, it should be noted that there is such a
program as "Graphical analysis", which is a very suitable
program, mainly due to the fact that with its help it is
possible to carry out the fitting (that is, to determine
theoretical ~dependencies that can coincide with
experimental dates) of any region of the curve [15]. As a
result of ellipsometry measurements the energy
dependence of the real and imaginary parts of the
complex dielectric function (CDF) is given in a
coordinate form (in our measurements there are more
than 700 coordinates). Using the "Graphical Analysis"
program you can get the first and second derivatives of
these dependencies and fit them to the theoretical
functions. As a result of the fitting, 4 constants are
determined that are included in the theoretical-analytical
expression, one of which is the E-critical point. It is
important to note, that since &(4v) and &(hv) are the real
and imaginary components of the same CDF, the 4
parameters resulting from the fitting must be the same in
both cases.

2. EXPERIMENTAL DETAILS
A mixture of the following solutions was used to
obtain of PbSSe thin films by chemical bath deposition at
room temperature: Pb (CH3COO), (lead acetate)-0.07 M;
NaOH (sodium  hydroxide)-0.3 M; CeHsNOs
(triethanolamine)-0.06 M and 1:1 mixture of Na,SSeO;
(sodium selenosulfate)-0.17 M with (NH»),CS (thiourea)-
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0.17 M. Glass substrates were used to obtain PbSSe thin
films. The prepared as above mixed solution was
continuously stirred by a magnetic stirrer during the
deposition process. The temperature of the solution was
taken at 50°C. The process was continued for 20 minutes.
Then the glass substrates were removed from the
solution, washed with distilled water and dried in air.

As a result, on the glass substrate a well-adherent,
homogeneous, dark brown PbSSe (PbSosSeos) thin film
was obtained. "D-8 ADVANCE" diffractometer was used
for X-ray spectra analysis of PbSSe thin films (for CuKa,
(4=1.54 A) radiation). For ellipsometry measurements,
"J.LA. Woollam Company, M2000 Ellipsometer" device
was used.

3. THEORETICAL FORMULAS USED IN THE
ANALYSIS OF MEASUREMENTS

The theoretical function used for fitting the energy
dependence curves of the real and imaginary components
of the CDF obtained as a result of ellipsometry
measurements can have two different forms depending on
the value of the constant & included in it. For values of
k # 0 the theoretical function is as follows:

e(hv)=C-4e” (hv—E+iF)k €))
where, 4, E, T and 6 denote amplitude, critical point,
broadening parameter and excitonic phase angle,
respectively. The parameter of k is given ask=-1 ,
k=-0.5, k=0 and k£ =0.5 for excitonic, 1-, 2-, and 3-
dimensional line-shapes, respectively [16]. For 2-
dimensional (2D) line-shape (k =0) the expression (1)
looks different:
g(hv)=C—A4e” In(hv—E +iT) )
But to determine the Equations (1) and (2) equations
constants (In this case, the parameter C will also be
eliminated), it is more appropriate to use the d 25/ d(hv)*
function, obtained by the second-energy differentiation of
the empirical coordinates of the &(/v) . Respectively, the

second-energy differentiation of Equations (1) and (2)
functions will be as follows:

2
e k(k=1)ae? (hv—E+T)*2 k20 (3)
d(hv)
2
d £ =4 (- E+iT)?, k=0 (4)
d(hv)

If we write these equations in trigonometric form,
Equations (3) and (4) will be as follows respectively:

2
_ -E
d 82 :Al(Q)(k D2 s (k—2)argcos hy -
d(hv) o

+0 |+
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02
where, performing the fitting, functions (5) (for £ =0) or
(6) (for k = 0) are used as basic formulas.

As a d*e [d(hv)*  and
dzgz / d(hv)2 obtained from functions (5) or (6)
participate to fitting with the curves dzsl / al(hv)2 and

result, the curves

d? & / d(hv)? calculated from the empirical dependence
of & (hv)and & (hv), and for a better fitting condition

A, E, Tand & parameters are determined. After the
fitting is completed, the constants are obtained as results
from the "Graphical analysis" program automatically.

4. RESULTS AND DISCUSSION
Figure 1 shows the XRD patterns of the PbSgsSeq s
thin film obtained by CBD at 50 °C.
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Figure 1. XRD patterns of PbSSe thin film obtained by CBD (green and blue

dots are peaks corresponding to PbSe and PbS compounds, respectively)

As can be seen from the figure, a pattern is observed
in the spectrum of the PbSSe thin film that corresponds to
the peaks belonging to the PbS and PbSe compounds
(coincidence of the sequences of peak intensities and
similarity of angles), which indicates that the PbSSe thin
film crystallizes in the cubic lattice structure. In the figure
above each peak, the X-ray reflection planes
corresponding to one are shown. The green and blue dots
here indicate the position of the peaks belonging to the
PbSe and PbS compounds, respectively.

As shown in the figure, the 20 angles of the X-ray
peaks of the PbSSe thin film and the corresponding peaks
of the PbSe compound almost completely coincide. And
compared to the 20 angles of the corresponding peaks of
the PbS compound, they are shifted towards small angles.
For example, if the difference between the angles of the
peaks corresponding to the reflection from the (111)
planes of the PbSSe thin film and the PbS compound was
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20=0.9°, this difference gradually increased with
increasing angles, and this difference was 26=3° for the
reflection from the planes (422). Such a shift was found
in [17] by comparing PbSSe thin film with PbS and PbSe
compounds. Figure 2 shows the experimental curves of
the real and imaginary components of the CDF based on
more than 700 coordinate points.
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Figure 2. Spectral dependencies of the & (/v)-real and &(hv), imaginary
components of the CDF of PbSSe thin film

In order to fit these dependencies to the theoretical
expression d’ei/d(hv)* and d?&/d(hv)* obtained by the
second-order differentiation of the experimental
coordinates of the &(hv) and &(hv) dependencies were
obtained (Figure 3).
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Figure 3. Spectral dependencies of the second-order differentiation of
the &(hv) and &(hv) components of the CDF of PbSSe thin film

Having carefully considered these dependences, one
can see that it is possible to carry out fitting in the ranges
E=0.9+2.4 eV and £F=2.5+3.8 V.

Since the dependences d?&y/d(hv)? and d*&i/d(hv)? are
the imaginary and real parts of the same complex
function, in the laws of their change one should expect
sinusoidal and cosine dependences, that is, dependence
d*&/d(hv)*> must come before in time dependence
d*&1/d(hv)? by 7/2, and this condition is satisfied in these
intervals.

As a result of the fitting performed by "Graphical
Analysis" program, the best fit for the region £=0.9+2.4
eV corresponded to the case of a 2D-shaped critical point
(k=0) (Figure 4).
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Figure 4. Second-order differentiation (points) of the experimental
dependences & (hv) and &(hv) (points) and curves of the best fit (dashed
lines) for the energy range £=0.9+2.4 eV of PbSSe thin film using the
"Graphical Analysis" program

In this area, the following values of the constants of
the analytical function were obtained: 4=0.89; £E=1.6 eV;
=0.42; 6=1.22. The RMSE (Root Mean Square Error)
errors were 0202 for d’c/d(hv)*> and 0.846 for
d*&/d(hv)*. This value of the critical point in the band
structure of PbSSe thin films, equal to the energy position
E=1.6 eV, completely coincides with the theoretically
calculated values for both PbS compounds and PbSe
compounds [18] and this value of the critical point in
these compounds was characterized as Ls—L; transition.
Therefore, we can assume that the value of the critical
point £=1.6 eV in PbSSe thin films also arises due to the
Ls—L7 transition.

For the region E=2.5+3.8 eV, the best fitting was
obtained for the 1-dimensional line shape (k£ =-0.5) of
the critical point (Figure 5), and the values obtained for
the constants of the analytical function in this region were
as follows: 4=2.5; E=3.2 ¢V; T'=0.66; 6=5. The RMSE
errors were 0.625 for d’g/d(hv)*> and 0.345 for
d*e/d(hv)*.
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Figure 5. Second-order differentiation (points) of the experimental
dependences &(hv) and &(hv) and curves of the best fit (dashed lines)
for the energy range £=2.5+3.8 eV of PbSSe thin film using the
"Graphical Analysis" program
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According to literature data, on the basis of theoretical
calculations, the value E=3.5 eV was found for PbS,
corresponding to the M2 state, and this value was
assigned to the As—>As transition. According to
theoretical calculations, was also determined £ =2.9 eV,
which corresponds to the M2 state and the As—As
transition for PbSe [18].

Since the value of E = 3.2 eV, which we obtained as a
result of fitting for PbSSe thin film, is between E = 3.5
eV and E = 2.9 eV, which corresponds to the As—A¢
transition for PbS and PbSe, respectively, this value can
also be attributed to the transition As—As.

5. CONCLUSIONS
&(hv) and &(hv) dependencies obtained from
spectroscopic ellipsometry measurements were used to
determine critical points of PbSSe thin films obtained by
chemical bath deposition (CBD). Obtaining the second

order derivatives d 25/ d (hv)2 of these dependencies and

fitting, i.e., the process of determining the theoretical
dependences that can overlap with the experimental curve
as much as possible, was performed using the "Graphical
Analysis" program. Two critical points corresponding to
the values of £,=1.6 eV and E»=3.2 eV is determined. For
the first energy area the best fitting corresponded to the
2D critical point shape case (k=0), and for the second
energy area the best fitting corresponded to the 1D
(k=-0.5) critical point shape case, which can be

attributed to the Ls—L,
respectively.

transitions and As—Ag

REFERENCES
[1] S. Chatterjee, U. Pal, “Low-Cost Solar Selective
Absorbers from Indian Galena”, Opt. Eng., Vol. 32, pp.
2923-2929, 1993.
[2] T.K. Chaudhuri, “A Solar Thermophotovoltaic
Converter Using PbS Photovoltaic Cells”, Int. J. Eng.
Res., Vol. 16, pp. 481-487, 1992.
[3] H. Preier, “Recent Advances in Lead-Chalcogenide
Diode Lasers”, Appl. Phys., Vol. 20, pp. 189-206, 1979.
[4] Z.H. Dughaish, “Lead Telluride as a thermoelectric
Material for Thermoelectric Power Generation”, Physica,
Series B, Vol. 322, pp. 205-223, 2002.
[5]J. Tang, X. Wang, L. Brzozowski, D.A.R. Barkhouse,
“Shottky Quantum Dot Solar Cells Stable in Air under
Solar Illumination”, Adv. Mater. Weinheim, Ger., Vol.
22, pp. 1398-1402, 2010.
[6] J.M. Luther, M. Law, M.C. Beard, Q. Song, “Shottky
Solar Cells Based on Colloidal Nanocrystal Films”, Nano
Lett. 8, pp. 3488-3492, 2008.
[7] W. Ma, JM. Luther, H. Zheng, Y. Wu, A.P.
Alivisatos, “Photovoltaic Devices Employing Ternary
PbS,Sei.« Nanocrystals”, Nano Lett., Vol. 9, pp. 1699-
1703, 2009.
[8] S.W. Tsang, H. Fu, R. Wang, J. Lu, K. Yu, Y. Tao,
“Highly Efficient Cross-Linked PbS Nanocrystal/C60
Hibrid Heterojunction Photovoltaic Cells”, Appl. Phys.
Lett., Vol. 95, No. 18, pp. 183505-183505-3, 2009.

152

[9] J.J. Choi, Y. Lim, M.B. Santiago Berrios, M. Oh, B.
Hyun, L. Sun, “PbSe Nanocrystal Exsitonic Solar Cells”,
Nano Lett., Vol. 9, pp. 3749-3755, 2009.

[10] K.S. Leschkies, T.J. Beatty, M.S. Kang, D.J. Norris,
E.S. Aydil, “Solar Cells Based on Junction between
Colloidal PbSe Nanocrystals and Thin ZnO Films”, ACS
Nano, Vol. 3, pp. 3638-3648, 2009.

[11] M. Wanli, JM. Luther, H. Zheng, Y. Wu, A.P.
Alivisatos, “Photovoltaic Devices Employing Ternary
PbS,Sei.« Nanocrystals”, Nano Lett., Vol. 9, pp. 1699-
1703, 2009.

[12] M. Leon, R. Serna, S. Levcenko, A. Nateprov, A.
Nicorici, J.M. Merino, E. Arushanov, “Modeling the
Optical Constants of Cu,InsSe; and CuGasSes Crystals”,
J. Appl. Phys., Vol. 101, No. 1, pp. 013524-013524-4,
2007.

[13] M. Corana, C. Marchesi, Martini, S. Ridella,
“Minimizing Multimodal Functions of Continuous
Variables with the ‘Simulated Annealing’ Algorithm”,
ACM Transactions on Mathematical Software, Vol. 13,
No. 3, pp. 262-280, 1987.

[14] M. Cardona, “Modulation Spectroscopy”, Mir, p.
416, Moscow, Russia, 1972.

[15] O.R. Ahmadov, M.H. Huseynaliyev, N.M.
Abdullayeva, K.N. Khalilova, N.A. Hasimov
“Advantages of the Application of the Program

‘Graphical Analysis’ in the Study of Spectroscopic
Ellipsometry Measurements”, News of the Azerbaijan
National Academy of Sciences, No. 5, pp. 100-103, 2015.
[16] P. Lautenschlager, M. Garriga, S. Logothetidis, M.
Cardona, “Interband Critical Points of GaAs and their
Temperature Dependence”, Phys. Rev., Series B,
Condenc Matter, Vol. 35, No. 17, pp. 9174-9189, 1987.
[17] G.H. Fekadu, K.A. Francis, K.N. Robert, B. Francis,
“Band gap Engineering in lead Sulphur Selenide (PbSi.
Sey) thin Films Synthesized by Chemical bath
Deposition Method”, Journal of Materials Science:
Materials in Electronics, Vol. 28, pp. 2893-2900, 2017.
[18] V.I. Qavrilenko, A.M. Qrekhov, D.V. Korbutyak, et
al., “Optical Properties of Semiconductors”, Handbook,
Naukova Dumka, p. 608, Kiev, Ukraine, 1987.

BIOGRAPHIES

Name: Salima

Middle Name: Ibrahim

Surname: Mehdiyeva

Birthday: 21.05.1941

Birthplace Nakhchivan, Azerbaijan
Master: Faculty of Physics, Azerbaijan
State University, Baku, Azerbaijan, 1963
Ph.D.: Candidate, Semiconductor Physics, Institute of
Physics, Ministry of Science and Education, Baku,
Azerbaijan, 1967

Doctorate: Doctor of Physical-Mathematical Sciences,
Institute of Physics, Ministry of Science and Education,
Baku, Azerbaijan, 1988

The Last Scientific Position: Prof., Chief of Laboratory of
Physics of Non-Crystalline Semiconductors, Institute of
Physics, Ministry of Science and Education, Baku,
Azerbaijan, Since 1976

i
."1

w

I
¥ =

¥

i

] Az



https://science.gov.az/en/institutes/595
https://science.gov.az/en/institutes/595

International Journal on “Technical and Physical Problems of Engineering” (IJTPE), Iss. 58, Vol. 16, No. 1, Mar. 2024

Research Interests: Non-Crystalline Semiconductors
Scientific Publications: 224 Papers, 1 Book, 9 Patents
Scientific Memberships: Corresponding Member of
Azerbaijan National Academy of Sciences

N

Name: Mammad

Middle Name: Huseynali

Surname: Huseynaliyev

Birthday: 09.07.1952

Birthplace: Nakhchivan, Azerbaijan
Master: Faculty of Physics, Azerbaijan
State University, Baku, Azerbaijan, 1974
Ph.D.: Candidate, Semiconductor Physics, Institute of
Physics, Ministry of Science and Education, Baku,
Azerbaijan, 2009

The Last Scientific Position: Assoc. Prof, Chief of
Physical Investigation Laboratory, Institute of Natural
Resources, Nakhchivan, Azerbaijan, Since 2011

Research Interests: Solar Energy Materials, Symmetry
Problems

Scientific Publications: 110 Papers, 3 Books, 7 Patents, 9
Theses

153

Name: Sara

Middle Name: Nadir

Surname: Yasinova

Birthday: 12.05.1993

Birthplace: Nakhchivan, Azerbaijan
Bachelor:  Physics, Physical and
Mathematical Faculty, Nakhchivan State
University, Nakhchivan, Azerbaijan, 2014

Master: Semiconductor Physics, Masters Department,
Nakhchivan State University, Nakhchivan, Azerbaijan,
2017

Ph.D.: Student, Semiconductor Physics, Institute of
Natural Resources, Nakhchivan, Azerbaijan, Since 2023
Research Interests: Semiconductor Physics

Scientific Publications: 27 Papers, 2 Theses




