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Abstract

This paper presents the results of obtaining and studying the electrical and optical characteristics of an optically trans-
parent highly conductive Ni/Cu/Ti/ITO contact in order to reduce electrical resistance losses on the front side of the

silicon solar cell. The topology of the contact metallization is a square 50 x 50 mm? with an interdigitated electrode

structure. A Ni/Cu/Ti contact metallization formed on ITO layer reduces the surface resistance by more than 60 times.

It has been shown that the use of a Ni/Cu/Ti contact with a finger thickness of at least 1.5 pm and a width of 17 pm was
formed is a good alternative to traditional contacts for silicon solar cells based on silver paste.
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1. Introduction

Optical and ohmic losses are the main reasons for reduc-
ing the efficiency of a solar cell (SC). The metallization
of the front side of the solar cell is responsible for collect-
ing, transporting and transferring currents. The geometry
and material of the front metallization affects the operat-
ing efficiency and parameters of solar cells [1-6].

Screen printing is the leading electrode deposition
technology in mass production of photovoltaic systems
due to its simplicity and high productivity. However,
the resistivity of low temperature silver paste results in
increased contact resistance and shading loss of finger
width, which limits the cell performance [7]. Copper met-
allization of the silicon SC is a competitive alternative.

The resistivity of the copper electrode is close to the bulk
copper material, which is 2 to 3 times lower than that of
the printed silver electrode, and can achieve a reduction
in contact resistance [8]. The main materials for contact
metallization of solar cells are: nickel (Ni), silver (Ag),
copper (Cu) [9].

Table 1 shows a comparison of the parameters and
costs of Cu, Ag and Ni. It can be seen that the resistivity
of copper is only 3.7% higher compared to silver, and the
cost is about 100 times less, which is an important factor
in reducing costs, since the use of silver accounts for 10%
of the cost of a typical solar module [8, 10].

One of the current developments in copper plating is
the electroplating method using a sacrificial organic re-
sistive mask on a transparent conductive oxide (TCO).
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Table 1. Comparison of parameters and costs of materials for
metallization [8, 10]

Materials
Parameter
Ag Cu Ni
Conductivity (10° S/m) 61.4 59.1 13.9
Density (g/cm?) 10.5 8.9 8.9
Cost (USD/kg) 808.0 8.0 24.0

Using this technology, developers have achieved the sil-
icon heterojunctions (SHJ) SC efficiency of about 25%
[7, 11].

Considering alternative metals for SC front plating,
many researchers have demonstrated that the use of Ni/
Cu-based plating for SC results in the improved fill factor
(FF) and efficiency compared to conventional silver-plat-
ed SC[12, 13]. Ni/Cu-based metallization offers potential
benefits for SC in the form of narrower finger lines, low-
er series resistance, and lower material costs. The main
disadvantage of Cu is its relatively high mobility and the
fact that it is a highly efficient recombination center in
silicon [14, 15]. This requires a diffusion barrier such as
Ni to prevent Cu from diffusion into silicon. The nickel
silicide formed at the interface reduces the contact resis-
tance, which will ensure minimal power loss due to series
resistance (Rg) in the SC. Sun Power Corporation (USA)
proposed SC with interdigitated back contacts based on
Al, followed by Ni—-Cu—Ag coating with additional an-
nealing, which made it possible to obtain a SC with a re-
cord efficiency of 24% [16, 17].

It can be noted that the ITO layer used as a transpar-
ent conductive contact, which also provides an effective
barrier against copper diffusion [18-20]. Works [4, 7]
consider the electrical properties of Mo/Al/ITO, Ti/Al/
ITO, Ct/Ni/AVITO, Cu,Ni;_/ITO systems as alternative
screen-printing materials for obtaining metallized trans-
parent conductive contacts to SCs.

It is important to note that when developing the topolo-
gy of SC contact metallization, it is necessary to take into
account the fact that metal contact bars play an important
role in contributing to the overall power losses of the SC.
Losses lower as the finger resistance decreases. With low
resistance of contact metallization, first of all, losses de-
pend on the geometric parameters of the buses (height
and width), and only then optical losses associated with
the width of the fingers begin to work [21]. Therefore,
an important task is to match the optical shading from
metal busbars and the loss of electrical resistance on the
front side of the SC. A significant reduction in finger
width from 72 to 15 pum is observed between silver paste
screen-printing and copper electroplating methods. Based
on the measured geometric characteristics of the fingers
for the two methods described above, losses associated
with optical shading by fingers of 5.3% (screen-printing)
and 2.1% (electrodeposition), respectively, were obtained,
which led to theoretical gain in current J, of 1.3 mA/cm?
when using galvanic deposition of copper [22].

Thus, the goal of the work was to obtain and investi-
gate the properties of contact metallization Ni/Cu/Ti of
optically transparent high-conductivity contacts based on
ITO.

2. Experimental

The formation of an optically transparent film (ITO) on
the K8 glass substrate with a diameter of d = 76 mm was
carried out using the electron beam deposition method
in a vacuum. This method ensures high quality of de-
posited thin films while controlling their thickness with
good reproducibility of parameters. The starting material
for evaporation was tablets of the compound In,O; and
SnO, in a ratio of 9:1 (ITO), consisting of indium ox-
ide 90 wt.% and tin oxide 10 wt.%, purity 99.99%. The
pressure of the residual gases in the deposition chamber
was 610 Pa; during deposition, pure gaseous oxygen
(99.99%) was introduced to a pressure of 6 - 10-2 Pa. The
substrate temperature has been maintained at 350°C
during the deposition process.

The thickness of thin films during the deposition
process was carried out using a spectrometer built into
a vacuum chamber, which operated in the transmission
mode. Such control makes it possible to form high-qual-
ity thin films with a thickness of 40 nm or more of vari-
ous materials with an accuracy of 1 nm and it increases
the reproducibility of results. Additionally, to control the
deposition rate and thickness of thin films, quartz micro-
balances, also located in a vacuum chamber, are used [23,
24]. In this way, the thickness of the deposited ITO film
has been determined as 0.23 um.

The optically transparent ITO film was deposited with
Ti/Cu/Ni metallization using electron beam sputtering.
The starting material for the evaporation of metals was
Ti, Cu, Ni granules of 99.95% purity. The Ti layer was de-
posited to ensure good adhesion when Cu was deposited
onto an optically transparent electrically conductive con-
tact, and the Ni layer was deposited to protect Cu from
the oxidative processes of the surrounding atmosphere.

The structure for contact metallization of optically
transparent conductive contacts was developed for ap-
plying contact metallization to round plates with a di-
ameter of 76 mm, on the basis of which the topology
of the photomask was implemented. The topology of
the photomask is a square 50 x50 mm? in size with an
interdigitated electrode structure. Two main collecting
bars measuring 50 x 1.5 mm? have a square protrusion
for unsoldering electrodes measuring 2 x2 mm?. Finger
size: width 50 pm, length 49.25 mm. The gap between
the fingers and the gap between the collecting busbar and
the end of the finger are 750 pm. The manufactured pho-
tomask, the appearance of which is shown in Fig. 1a, is a
plate of borosilicate glass with dimension 127 x 127 mm?
and thickness 2.6+0.3 mm with a chrome coating.

Using positive photolithography and a developed pho-
tomask, a pattern of Ti/Cu/Ni contact metallization with
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Figure 1. Photograph of the photomask (a) and the sequence of formation of metallized wiring on the ITO/glass structure using

photolithography (b)
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Figure 2. Measurement scheme (a) and arrangement of probes on an experimental Ni/Cu/
Ti/ITO/glass sample with a four-probe method of measuring characteristics (b)

an interdigitated electrode structure with a thickness of
at least 1.5 um and a width of 17 um was formed. The
scheme for obtaining a metallization pattern on optically
transparent electrically conductive materials using photo-
lithography is shown in Fig. 15.

Optical control was carried out using an MBS-9 optical
microscope and a Levenhuk M 1600 Plus digital camera.

Analysis of the transmission spectra of the optically
transparent conductive ITO coating on glass in the wave-
length range from 300 to 1100 nm with a step of 0.25 nm
was performed on a PHOTON RT spectrophotometer
(Belarus).

Resistance measurements were carried out on Keithley
2450 meter and the resistance of experimental samples
of contact metallization was measured using the 4-probe
method. Fig. 2 shows the measurement scheme (Fig. 2a)
and the location of the probes on the experimental sample
(Fig. 2b).

3. Results and discussion

The transmission spectrum was measured on the ITO/
glass structure, which showed that the ITO film has an
optical band gap of 3.67 eV and a transmittance in the
wavelength range A = 450—1100 nm on average greater

than 80% (Fig. 3). The transmission spectra have an os-
cillating character, due to interference phenomena in the
film—substrate system. The resistance of the ITO layer,
measured by the 4-probe method, was 25 Ohm/c.

The appearance of the experimental sample of the Ni/
Cu/Ti/ITO/glass structure is shown in Fig. 4a. As a result,
the required metallization pattern with good adhesion
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Figure 3. Transmission spectrum of K8 glass (/) and ITO film
on glass (2)
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Ti/ITO/glass structure (a) and optical microscopy images of the
metallized Ti/Cu/Ni wiring with magnification (b)

was formed on the ITO surface, as shown by optical con-
trol (Fig. 4b).

Additionally, it was taken into account that the ITO
layer acts as an antireflection coating for maximum input
of incident radiation. In this case, condition (1) should be
realized [22]:

#(ITO) = n(air)-n(Si), (1)

where n is refractive index of material.
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Figure 5. Resistance of the experimental sample of the Ni/Cu/
Ti/ITO/glass structure

In our case we have: n(air) = 1, n(Si) = 3.44, n(ITO) =
1.80 [25-27]. Thus, we obtain a minimum mismatch for
this parameter, which will ultimately ensure an input of
more than 80%, and when using an additional antireflec-
tive coating MgF, (n = 1.38) [22, 28] on top of Ni/Cu/Ti/
ITO metallization, more than 90% of the falling radiation
in the visible range. And the area of metallization depos-
ited on the ITO layer will result in shading losses of less
than 3%.

Fig. 5 shows typical resistance measurement results
for experimental samples of the Ni/Cu/Ti/ITO/glass
structure. The resistance of the experimental sample was
0.37 Ohm/o.

The total resistance Ry, of the metal/ITO contact sys-
tem is:

Rigtal = 2R + 2R\ + Ryro, (2)

where R, is the contact resistance between the metal
and ITO, Ry, is the metal resistance, which can be ne-
glected, and Ritq is ITO resistance. If the distance be-
tween the metal fingers is very small, we can approxi-
mate R, — 2R.; now we can calculate R [29].

Considering that the thickness of the deposited ITO
film was 0.23 um, and the width of the metallization was
5 cm, the effective area of current flow is 1.15- 10 cm?.
Taking into account the Eq. (1) and the resulting effective
area of current flow, we obtain a contact resistance of the
order of 0.43 - 10* Q-cm?. The obtained value of contact
resistance turned out to be an order of magnitude low-
er than for different ITO/metal systems used as contact
metallization of SC: ITO/Mo/Al — 1.8-102 Q-cm?, ITO/
Ti/Al - 8.7 - 103 Q-cm?, ITO/Cr/Ni/Al — 8.1 - 102 Q-cm?;
ITO/CuNi —1.2-103 Q-cm? [30, 31].

4. Conclusions

In this work, the properties of an optically transparent
highly conductive contact based on the Ni/Cu/Ti/ITO/
glass structure were investigated. The ITO film had
a transmittance in the wavelength range A from 450 to
1100 nm on average greater than 80%. The resistance of
the ITO layer, measured by the 4-probe technique, was
25 Ohm/o.

A Ni/Cu/Ti contact metallization formed on ITO in
the shape of a square measuring 50 x 50 mm? with an in-
terdigitated electrode structure no less than 1.5 um thick
and 17 pm wide made it possible to obtain an optical-
ly transparent contact resistance of about 0.37 Ohm/c.
Taking into account the effective area of current flow,
its contact resistance was estimated, which amounted to
0.43 - 10* Q-cm?. The results obtained show that optical-
ly transparent highly conductive contacts based on the
Ni/Cu/Ti/ITO structure are promising for optoelectronic
devices, including increasing the operating efficiency of
silicon solar cells by reducing electrical losses.
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