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ABSTRACT

In this study, we have produced Cu-Sn-S (CTS) and Bi doped CTS powder composite structures by mixing CuS and
SnS; powders and adding %3 Bi into CuS-SnS; (1:1) powder mixture. These raw powders were mixed and milled
by a ball milling device and then CTS and Bi doped CTS target pellets have been produced by cold pressing using
amold prepared in special dimensions. The morphology and crystal structure of target pellets have analysed by
SEM and XRD techniques. The target pellets contain different crystalline phases such as: Cu2SnSs, CuzSnsSy,
CusSn7S1s and SnS. It has been experienced that Bi doped CTS target pellet has better morphology compared to
CTS target pellet. Using PLD technique, the target pellets have been ablated by laser beam to deposited thin
film on soda lime glass substrates. According to AFM analysis, the particle size that forms Bi doped CTS thin film
is larger than that of CTS thin film. Bi doped CTS thin film has poor crystal structure, while the pure CTS thin film
were amorphous. The band gap of Bi doped CTS thin film is slightly lower than that of CTS thin film. While the
produced Ag/CTS/Si/Al hetero-junction has not shown diode feature, Ag/Bi dop CTS/Si/Al hetero-junction has
exhibited photovoltaic behaviour. The ideality factor, the barrier height, serial resistivity of Ag/Bi dop CTS/Si/Al
hetero-junction have been calculated by the conventional | —V, Cheung-Cheung and Norde methods in the
darkness and under the illumination (AM 1.5 solar radiation in 80 mW/cm?). The photovoltaic parameters of
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Introduction

In recent years, many studies have been actualised on
Cu-Sn-S (CTS) system consisting of ternary components
such Cqun53, CU4SI’]S4, CU3SI’154, Cqun357, CU4Sn7516 [1-4]
for thin film solar cells. Cu,SnSs, which has the most stable
structure among these ternary components, is a p-type
semiconductor in high absorption coefficient, 0.9-1.35 eV
direct band gap and it also consists of non-toxic and low
cost elements. It is foreseen that use of CZTS (Cu2ZnSnS,)
as an absorber layer will be replaced in thin film solar cell.
In order to realise this, advanced studies have been
actualised on the optical, crystal and morphological
properties of Cu,SnS; material. At this point, a significant
increase has been succeed in the efficiency of solar cells
by doping Ge (6%) and Na (4.6%) atoms into Cu,SnS; [5].
Among the prospective doping elements, Bismuth (Bi) is a
V group element that offers an acceptor dopant property
to p-type semiconductor material. Bi element has been
used as a dopant for p-type materials such as CIS (CulnS,),
CIGS (CulnGa$;) and CZTS resulting in an increase in
particle size of materials, passivation of the donor defects,
improvement in their crystal structure, and an increase in
the number of charge carriers [6-8]. Furthermore, these
parameters have been improved the open circuit voltage
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the hetero-junction have been determined and interpreted in detail in this article.
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(Voo), filling factor (FF) and power conversion efficiency (n)
of produced solar cells [9]. With this point of view,
Antimony (Sb) element, which shares the same group
element with Bi atom, has developed the crystal structure
of Cu,SnSs [10] showing that Bi doping element can
increase the efficiency of Cu,SnS; based solar cell to be
produced.

The deposition techniques such as electron beam
evaporation, sputtering and pulse laser deposition (PLD)
techniques have been used to produce Cu,SnSs; thin film
[5]. PLDis a simple system consisting of vacuum chamber
and laser system. PLD system is a very power full
technique serving very prominent advantageous for
stoichiometric transfer and homogeneous thin film
growth. By changing PLD parameters such as laser
fluency, background gas pressure, laser wavelength and
substrate temperature, we can adjust the optical,
crystalline, morphological and electrical properties of the
growth thin film [11-13].

In this study, in order to produce Bi doped CTS
material, we have added Bi powder into CTS powder
mixture, mixed it by a ball milling technique and then we
have formed target pellets of pure CTS and Bi doped CTS
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components. Bi doped CTS target pellet has been ablated
by a laser beam and its thin film has been deposited on n-
Si wafer and soda lime glass (SLG) substrate using PLD
technique. We have performed production and
characteristic analyses of CTS and Bi doped CTS target
pellets and their thin films. Al and Ag contacts have been
coated on the rear side of Si wafer and Bi doped CTS thin
film in produced Si/Bi doped CTS hetero-junction,
respectively. | —V graphs of Ag/Bi doped CTS/Si/Al
hetero-junctions were determined at dark and under
illumination conditions and their electrical and
photovoltaic properties have also been investigated.

Experimental

Produce of Cts, Bi Doped Cts Target Pellets and
Ag/Bi Doped Cts (And Non Doped Cts)/Si/Al Hetero-
Junctions

CTS and Bi doped CTS powder components have been
formed by Cu,S-SnS; powder mixture and adding %3 Bi
into Cu,S-SnS; (1:1) powder mixture, respectively (Fig. 1a).
The raw powders have been mixed and milled for 9 hour
by a ball milling device shown in Fig 1b. CTS and Bi doped
CTS powder mixture have been annealed at 600 °C for 1
hour in a quartz tube furnace under vacuum. The target

pellets (Fig 1e) have been produced by cold pressing the
resulted powders (Fig 1d) using a special mould (Fig 1c).
The diameter and thickness of the target pellet are 12 mm
and 2mm, respectively. The target pellets have been
annealed at 700°C for 6 hours under argon ambient gas
environment.

Before starting the thin film production process, SLG
and silicon wafer substrate were cleaned. After cleaning
the SLGs with foamy soap, they were soaked in acetone
and isopropyl alcohol for 15 minutes via ultrasonic bath,
respectively. Si wafer was first cleaned with foamy soap
and then kept in HF: distilled water (1:24) solution mixture
for 2 minutes to remove the oxide layer. Then, Si wafer
was soaked in distilled water for 5 minutes. SLG and Si
wafers were dried with nitrogen gas jet just before the
deposition process started. n-Si wafer used to form
hetero-junction, has 10 Q.cm resistance, 500 um thickness
and (100) crystalline orientation.

In order to produce thin film with PLD technique, the
target-substrate distance was adjusted to 45mm. The
pressure of vacuum chamber was reduced down to 3x10"
6 mbar. Pure CTS and Bi doped CTS target pellets were
ablated by laser beam using 1.6 J/cm? laser fluency and
1064 nm wavelength for 90 minutes.

The container in which
the powder mixture and
steel balls are placed.

Figure 1. a) CuxS, SnS2 and Bi powders b) Ball milling devices c) special mould for target pellet d) press machine e)

CTS target pellet
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The thin films were deposited on SLG and the front
face of n-Si wafer at room temperature via the plasma in
Fig 2a. Al metal contacts were deposited on rear face of
n-Si wafer using Physical Vapour Deposition (PVD) and
then, CTS and Bi doped thin films were placed next to 50
mg of sulphur powder in a quarts tube and annealed at
400°C temperature under vacuum. Ag finger front contact
was deposited on Bi doped CTS (and CTS) thin films by PVD
technique, forming Ag/Bi doped CTS (and non doped
CTS)/Si/Al heterojunctions. The thickness of back (Al) and
front (Ag) contacts was measured to be 150 nm. The
active area and size of the heterojunction diodes, which
are 0.2 cm? and 1 cm?, respectively.

Laser beam entrance a)

CTS
Target Pellet ! Substrate
‘ holder
CTS plasma
Ablated CTS
Target Pellet
b)

light

ack contact

Figure 2. a) Photograph of CTS plasma and b) Ag/Bi
doped CTS (and CTS)/Si/Al heterojunctions diagram

Material Characterization

The crystal structure and morphology of CTS and Bi
doped CTS target pellets have been determined by XRD (X-
Ray Diffraction) and SEM (Scanning Electron Microscopy)
analyses, while the crystal, optical and morphological
properties of their thin films structures have been
determined by XRD, UV-vis spectra and AFM (Atomic
Force Microscopy), respectively. | — V' characteristics of
pure and Bi doped CTS/Si hetero-junctions were obtained
in the darkness and the illumination conditions. The
ideality factor (n), barrier height (®g) and series
resistance (R;) have been calculated by conventional | —
V, Cheung-Cheung, Norde methods and V., Js;, FF and n
photovoltaic (PV) parameters have been obtained.

Discussion

XRD Analysis of CTS and Bi Doped CTS Target Pellets
Fig 3a and 3b show XRD Spectra of CTS and Bi doped
CTS target pellets. Both target pellets contain different

ternary phases of Cu-Sn-S sulphides, such as; Cu,SnSs3
(JCPDS 00-027-0198), CusSnS; (JCPDS 00-036-0218),
Cu,SnsS; (JCPDS 00-039-0970) and CuaSn;S:6 (JCPDS 01-
089-4713), in addition one binary phase SnS (JCPDS 00-
039-0354) phases [1-3, 5, 14-17]. These phases indicate
that the target pellets have been found as Sn rich [4, 13,
16, 18, 19]. At temperatures above 400°C, the formation
of SnS phase is probable [20] leading to an obvious SnS
peak at the XRD diagram at both pure and doped CTS
pellet targets. Also, it is likely for SnS phase to appear at
Sn rich precursors [16, 21, 22]. However, the crystal
structure of CTS target pellet has been weaken by the
addition of the Bi atom [23-26]. We have also noticed a
decrease in the density of peaks referring to SnS phase.
Addition of Bi atom into CTS as a dopant can cause
undesirable defects in CTS and it may cause deterioration
of the crystal structure. Furthermore, Bi atoms (117 pm)
are more likely to occupy Cu (91 pm), Sn (83 pm) and S (51
pm) vacancies. Since the ionic radius of Bi atoms is higher
than that of other atoms, it can lead to surface strain,
which adversely affects the crystal structure. Therefore,
when Bi atoms are doped into CTS target pellet, the crystal
structure of CTS target pellet can be weakened.

Pure CTS a)

* CusSnS,
4 Cu,SnS;
v Cu,SnySg
" Cu,5n;S;
= SnS

Intensity

20 25 30 35 40 45 50 55 60 65 70

20
) b)
Bi doped CTS
® CusSnS,

- 4 Cu,SnS,
ey ¥ Cu,Sn,S,,
2 . ¥ Cu,Sn,S,
2 - = S5nS
=

20 25 30 35 40 45 50 55 60 65 70
20

Figure 3. XRD spectrums of a) CTS and b) Bi doped CTS
target pellets

The crystalline size of CTS target pellets have been
obtained using Scherrer equation (eq.1):

D = 0.941/Fcos6 (1)
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Where D is the size of crystalline, A is wavelength of X-
Ray, B is full-width at half-maximum of diffraction peak
and 6 is Bragg diffraction angle. The main crystalline size
of CTS and Bi doped CTS target pellets, which were
calculated to be 76.24 nm and 59.08 nm using Scherrer
equation, respectively. Due to the possibility of surface
strain, the crystalline size of the Bi-doped CTS target pellet
is smaller than the crystalline size of the CTS target pellet.

Morphologic Analyses of CTS and Bi Doped CTS
Target Pellets

Bi doped CTS target pellet consists of larger particles
compared to CTS target pellets, according to SEM images
given in Fig. 4a and 4b. The reason behind this increase
can be explained by the possibility of Bi (117 pm) atom
occupying Sn (83 pm) and S (51 pm) vacancies and can
cause an enlargement in the particle size. Furthermore, Bi
doped CTS target pellet indicates more homogeneous and
uniform particle distribution compared to CTS target
pellet through Bi doping. Thus, an ideal laser ablation can
be achieved using Bi doped CTS target pellet with its the
smoother morphological structure.

Figure 4. SEM images of a) CTS and b) Bi doped CTS
target pellets

XRD Analysis of CTS and Bi Doped CTS Thin Films

XRD spectra of CTS and Bi doped CTS thin films are
shown in Fig. 5. Bi doped CTS thin film has a very poor
crystalline structure while CTS thin film is amorphous.

Similar to the target pellet, a peak with a very low intensity
was formed at 26= 32° indicating SnS phase [27] in XRD
pattern of Bi doped CTS thin film. The cause of the
amorphous structure of pure CTS thin film can be based to
the fact that the CTS target pellet is not uniform and
inhomogeneous compared to Bi doped CTS target pellet,
and therefore, an ideal laser ablation process cannot be
achieved. Annealing of Bi doped CTS thin film at low
sulfurization temperature can cause a poor crystalline
structure of thin film. In addition, Bi doped CTS thin film
can be exposed to the wetting problem as it grown on Si
wafer surface at higher sulfurization temperature and it
can’t completely cover the surface of Si wafer [28, 29].
Therefore, high annealing temperature is not preferred.

- = SnS

= CTS thin film
—— Bi doped CTS thin film

Intensity

7

‘ WM‘MWW
20 25 30 35 40 45 50 55 60 65 70
20
Figure 5. XRD spectrum of a) CTS and b) Bi doped CTS

target films

Morphologic Analyses of CTS and Bi Doped CTS
Thin Films

um
Q0 05 10 15 20 25 30 35 40 45 50

05 10 15 20 25 3.0 35 40 45 5.0

um
0 05 10 15 2.0 25 3.0 35 40 45 50

um

Figure 6. AFM images (in 5umx5um area) of a) CTS
and b) Bi doped CTS thin films
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AFM images of CTS and Bi-doped CTS thin films in 420 nm
thickness are given in Fig 6a and 6b, respectively. The particle
size of Bi doped CTS thin film is larger than that of CTS thin film.
The fact that Bi atom (117 pm) can occupy Cu (68 pm) and S
(51 pm) vacancies and then increase the particle size of Bi
doped CTS thin film. The large particle size of Bi doped CTS thin
film causes the reduction of the numbers of grain boundaries
and the passivation of defects and traps within the boundaries.
This provides some improvement in the crystal structure of Bi
doped CTS thin film compared to pure CTS thin film [11, 30].

a)
=
S
8
g
= ={}= Pure CTS
=3
Z —O— Bi doped CTS
250 450 650 850 1050 1250
Wavelength (nm)
—{— Pure CTS i b)
—~|=—O— Bi doped CTS
=
<
2
o
=
-
=
=
Nt
0,75 0,95 1,15 1,35 1,55 1,75 1,95 2,15

Photon Energy (eV)

Figure 7. a) Absorbance spectrum (the photograph of
CTS and Bi doped CTS in small squares) and b) Tauc
plot of CTS and Bi doped CTS thin films

Bi doped CTS thin film absorbs slightly more light than CTS
thin films, according to absorbance spectra shown in Fig. 7a.
As shown in AFM image in Fig 6b, Bi atom has increased the
particle size of Bi doped CTS thin film causing more light
absorption. In addition, according to the photographs of CTS
and Bi doped CTS thin films have been given in the small
square in Fig. 7a, it appears that Bi doped CTS thin film is
darker than CTS thin film and it can be foreseen that Bi doped
CTS thin film can absorb more photons.

The band gaps of thin films have been calculated by Tauc
Eq (2) expressed below:

(ahv)? = A(hv — Eg)l/z (2)

where A, hv, E; are a constant, the photon energy and
the band gap of thin film, respectively. The band gaps of CTS
and Bi doped CTS thin films have been determined as 1.64 eV
and 1.55 eV from Tauc graph in Fig. 7b, using Eq (1),
respectively. The photon absorption of Bi doped CTS thin
film is slightly higher since its band gap is slightly lower. The
band gap of Bi doped CTS thin film is more consistent with
the value has been reported in the literature [31, 32].

The electrical characteristics of Ag/Bi doped
CTS/Si/Al hetero-junctions in darkness and under
illumination

Since the crystal structure of CTS thin film is
amorphous, there are excessive defects and traps in this
thin film structure. Because the charge carriers are
recombined in these traps and defects, Ag/CTS/Si/Al
hetero-junction could not show any diode features.

4,0E-02
~
o
=]
Q| oo pF 4 s
= o® illumination
-’
3 dark
Y
(=]
-
=
&
—
=
U o
4,0E-06
15 12 09 -06 03 0 03 06 09 12 15

Voltage (V)

Figure 8. The logarithmic | — V characteristic of Ag/Bi
doped CTS/Si/Al heterojunction in the darkness and
the illumination

However, Ag/Bi doped CTS/Si/Al hetero-junction has
exhibited PV behaviour according to the logarithmic ] — IV
characteristics shown in Fig 8. The rectification ratio (RR)
of a diode, which is expressed by Eq (3):

Ip(+V)
RR = ——= 3
Ir(=V) 3)

Where, I is forward current in +1V, I is reverse
current in -1V. Rectification rate of Bi doped CTS hetero-
junction (RR = 2.34) under the darkness is higher than
the rectification ratio (RR = 0.11) of the hetero-junction
in the light. The increase in forward current due to photo-
excited electron-hole pair formation lead to a better
rectification behaviour of the hetero-junction [33].
However, the weak crystalline structure of Bi doped CTS
thin film and the large number of defects and traps in its
crystal structure cause more recombination of the charge
carriers. Therefore, the rectification rates of the hetero-
junction are low in the darkness and under the
illumination.

The current of a diode is determined by Eq (4) in
thermionic emission theory,

I = Iy[exp(qV /nkT) — 1] (4)

V is applied forward bias voltage applied, /I, is
saturation current, n is the ideality factor, q is electric
charge, T is the absolute temperature and k is Boltzman
constant. Ideality factor of a diode is given by Eq (5):

q av
n=—
KT d(Inl)

(5)

The ideality factor is determined by the drawn straight
line in forward bias region in the logarithmic /] — V graph
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seen in Fig 8. The ideality factors of the hetero-junction in
darkness and the illumination conditions have been
calculated to be ngu =3.71 and nyum = 3.36,
respectively. The ideality factors of the hetero-junction in
both environment conditions have been found to be
rather high [34]. The reasons behind it might be referred
to the leakage current and dangling-bonds that can occur
at the interfaces of the depletion region where the
recombination of charge carriers is high due to the
existence of defects, traps and interface states formed
due to the poor crystalline of Bi doped CTS thin film [11,
35, 36].

The barrier height (®,,) of a diode is obtained by using
the following equation:

*m2
®, = in (#) (6)
A and A’ are the active area of diode and Richardson
constant (112 A cm2K? to n-Si), respectively. /I, saturation
current is determined by the straight line drawn intersects
y-axis of the reverse bias region in the logarithmic ] — V
characteristic in Fig 8. The barrier heights of Bi doped CTS
thin film in darkness and illumination conditions have
been found to be @;,;4rk) = 0.60 eV and P, y=0.56
eV, respectively. The photo current result in that a
decrease in both the ideality factor and barrier height of
Bi doped CTS hetero-junction due to the photo excited
charge carriers under illumination conditions [35, 37].

Serial resistance of a diode has been calculated using

_ AVforward biasvoltage

s formula for the forward bias

N AIforward bias current
region of the logarithmic J-V curve [38]. We have obtained
R, —V curve given in Fig. 9 using this formula and
determined the saturated value of R; serial resistances at
high voltage.
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Figure 9. R; — V curve of Bi doped CTS hetero-junction
in the darkness and the illumination

R, values have been determined to be 38.84Q) and
33.57 Q in the darkness and the illumination conditions.
Electrons excited by the photon in the valence band of Bi
doped CTS have been transmitted to the conduction band
under the illumination conditions and cause the formation
of charge carriers, thus the series resistance has been
reduced [39, 40].

Table 1. The electrical parameters of Ag/Bi doped CTS/Si/Al hetero-junction in the darkness and the illumination

Bi doped CTS/Si J-V Method Cheung Cheung Method Norde Method
hetero-junction din(J)-v dv/din(J)-J H(J)-J F(V)-V
n Ry (Q) Dylev) n Rs(Q) Rs(Q) DpleV) Ry (Q) @y, (eV)
Darkness 3.71 38.84 0,60 6.68 17.49 21.91 0.61 49.63 0.65
Illumination 3.36 33.57 0.56 5.37 20.28 23.49 0.63 43.63 0.70

n,Rg; and @, parameters have been calculated by
Cheung-Cheung method, Norde Method as well as the
conventional J-V method and the result are presented in
Table 1. Cheung-Cheung functions have been expressed
by Eq 7), Eq (8) and Eq (9):

== IR +n (%) (7)
KD =V - ()i (1) ®
H(I) = IR, + n®, (9)

dV/d(nJ)—] and H(J) —] characteristics of Bi
doped CTS hetero-junction are given in Fig 10a and 10b,
respectively. y-axis intercept and the slope
of dV/d(InJ) — ] graphic obtained by Eq (7) show nkT/q
and IR ,respectively. The ideality factors of the hetero-
junction have been calculated to be ng;,,, = 6.68 and
Nium. = 5.37, while the serial resistances have been
calculated to be Rggarky = 17.49Q and Rgiuum) =
20.28Q in the darkness and the under illumination
conditions, respectively. The ideality factors and serial
resistitance determined by dV /d(In ) — J characteristics
are higher compared to that calculated by the
conventional ] — V characteristics.
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Figure 10.a) dV /d(InJ) — J and b) H(J) — J curves of Bi doped CTS hetero-junctions in darkness and the
illumination

y-axis intercept and the slope of H(J) —] graphic
obtained by Eq (8) present n®, and IR, in Eq (9). The
serial resistance of Bi doped CTS hetero-junction have
been calculated to be R;(gqrry = 21.91Q and Ry(jiium ) =
23.49Q, while its barrier height have been calculated to
be ®piarky = 0.61 eV and P, my = 0.63 eV in the
darkness and the illumination conditions, respectively. Ry
values obtained by H(J) —] characteristic have been
found to be slightly higher than that obtained by
dV/d(InJ) —] characteristics. However, R, values
obtained by H(J) — J characteristics have been found to
be lower than that of the conventional J—V
characteristics. The ideality factors and serial resistance
calculated by both conventional /| —V and Cheung-
Cheung methods for the darkness have been found to be
higher than those of the illumination conditions.
However, the barrier heights determined by conventional
J —V and Cheung-Cheung methods have been recorded
to be lower and higher to the darkness and the
illumination conditions, respectively. This conflict might
be referred to the fact that the barrier height has been
obtained from the reverse bias region of | — V curve using
the conventional J —V method, while it has been
determined from the forward bias region of ] —V curve
by Cheung-Cheung method.
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8 8
0,72 8
- 8
> 07 S 8
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0,68 8
o 0B
0,66 °00g®
0,64 °00°
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0 0,2 0,4 0,6 0,8 1 1,2
Voltaj (V)

Figure 11. F(V) — V characteristic of Bi doped CTS
heterojunction in the darkness and the illumination.

In Fig 11, we have presented F(V) — V characteristics
of Bi doped CTS hetero-junction in darkness and the
illumination conditions. The barrier height and serial

resistance have been calculated by Norde method [41]
expressed in Eq (10);

F(V,y) =%—kq—Tln( dG) )

AA*T2

(10)

In Eq (10), y is the first constant higher than ideality
factor which was determined by logarithmic J-V curve. @,
and R values can be calculated by Eq (11) and Eq (12) in
Norde method;

Vo kT

®p =F(p) +2 = (11)
_ Y kT
RS - Imin 4 (12)

F(V,) is the minimum value of F(V) —V curve, V, is
voltage corresponding to F(V,) value, I, is current
corresponding to I, value in /] —V curve. R; and @y
values of the Bi doped CTS hetero-junction have been
calculated using Eq (11) and Eq (12) to be 49.63Q, 0.65 eV
and 43.63Q, 0.70 eV in the darkness and under the
illumination conditions, respectively. R, and @5 values
determined by Norde method are higher than that
obtained by Cheung Cheung method. The reason for this
situation is that Cheung Cheung methods are only
implemented to nonlinear region (in high voltage area) in
forward bias of J —V curve while Norde method is
implemented to all forward bias region of ] —V curve
[37].

Table 2. The photovoltaic parameters of Bi doped CTS

heterojunction under the illumination
Heterojunction Jsc Voc FF n
Bi doped CTS 0,158 mA/cm?  100mV 0,24  0,0049 %

Bi doped CTS/n-Si heterojunction has exhibited
photovoltaic behaviour as seen in logarithmic ] — V' curve
in Fig 8 and the photovoltaic parameters of the
heterojunction are presented in Table 2. Since Bi doped
CTS thin film has a weak crystalline structure, photo-
excited charge carriers undergo more recombination [12,
42, 43]. Thus, the charge transfer to the depletion region
is limited and the charge accumulation is less. This
situation causes the short circuit current to be lower [30].
The photo excited charge carriers can cause leakage
current at the interface. In addition, when Bi doped CTS
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semiconductor with 1.55 eV band gap grown over Si
semiconductor of 1.1 eV band gap, a low built in potential
can occur in the depletion region [12]. Furthermore, it is
also seen in Table 1 that a low barrier height is formed in
the conventional J — V characteristic to illumination. All
these factors can lead to lower the open circuit voltage.
Low Js., Voc and FF values cause low power conversion
efficiency. However, the work functions of n-Si
semiconductor and metal contacts such as Ag, Al which
are important for the contacts to exhibit ohmic property
and affect photovoltaic performance of the
heterojunction diode. To the metal contact to be ohmic
for the n-type semiconductor, the metal’s work function
must be smaller than n-type semiconductor’s work
function (¢, < ¢bs). For a contact metal to be ohmic for
a p-type semiconductor, the work function of the metal
must be higher than that of the p-type semiconductor
(s < ¢y) [12, 44]. Al back contact (4.06 eV) tends to
exhibit ohmic behaviour for n-Si (4.58 eV)
semiconductors. Thus, charge flow can be easily achieved
through the contact and a contribution to charge
collection can be made [45-47]. As a result, Ag/Bi doped
CTS/n-Si/Al hetero-junction shows the photovoltaic
property and the higher efficiency can be achieved in CTS
thin film solar cells with the improvement studies on CTS
and Bi doped CTS thin film.

Conclusions

In this study, we have added Bi powder to Cu,S and
SnS; powder mixture and milled it by ball milling, and then
we have produced CTS and Bi doped CTS target pellets by
cold press. it has been noticed that these target pellets
are Cu poor and Sn rich containing Cu,SnSs, Cu,SnSs,
Cu,Sn3Sy7, CusSnsSi6 and SnS crystal phases. Bi atoms have
weakened the crystal structure of CTS target pellet.
However, Bi doped CTS target pellet consists of larger and
homogeneously distributed particles compared to non-
doped CTS target pellet. The target pellets have been
ablated by laser beam and their thin films have been
formed using PLD technique. CTS thin film has been
produced with an amorphous structure while Bi thin film
has been formed in a poor crystalline structure. These Bi
doped thin films were Cu poor and Sn rich with a weak
peak of SnS phase. Bi doped CTS thin film consist of larger
particles compared to CTS thin film and their E; band gap
is lower than that of pure CTS thin film.

Since CTS thin film is in amorphous structure,
Ag/CTS/n-Si/Al hetero-junction produced could not
exhibit diode feature. On the other hand, Ag/Bi doped
CTS/Si/Al  hetero-junction has exhibited diode
characteristics and PV behaviours. Electrical parameters
of Bi doped CTS/Si hetero-junction have been calculated
by the conventional | —V, Cheung Cheung and Norde
methods in the darkness and under the illumination
conditions. The ideality factors of the hetero-junction
have been found somehow higher which can be attributed
to the leakage current, weak crystal structure and the
recombination of the charge carriers. Series resistance of

the hetero-junction under the illumination conditions has
been found to be lower compared to dark conditions. This
situation is based on the transfer of the photo excited
electron from the valence band to the conduction band
which increases the number of charge carriers. The series
resistance and barrier height calculated by Cheung-
Cheung and Norde methods have been found to be lower
and higher compared to the conventional /] — V method.
PV parameters Bi doped CTS heterojunctions have been
determined to be Js.=0.158 mA/cm?, Voc=100 mV, FF=0.24
and n=0.0049%. The low power conversion efficiency of
the hetero-junction device can be attributed to the
leakage current, too much recombination of the charge
carriers, the interface states and the low built in potential
in the hetero-junction.
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