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A B S T R A C T

In this paper, contact resistance of monocrystalline silicon solar cells was optimized by the variation of phos-
phorus doping time on emitter region. Wet-chemical texturization was performed to form pyramidal structure on
silicon wafer surface. The surface morphology of the textured wafers was studied by field emission scanning
electron microscope (FESEM) and surface reflection measurement (SRM). The textured wafers were doped by
varying phosphorus doping time using constant flow rate of phosphorus oxychloride (POCl3) in a high-tem-
perature diffusion furnace. The phosphorus doped silicon wafers were metalized by screen printer using silver
and aluminum paste in the front and back surface of the wafers respectively. To form ohmic contacts between
silver/aluminum layer and the silicon wafer, rapid thermal annealing (RTA) was performed on the screen-
printed solar cells. The contact resistance of screen-printed solar cells was measured using transmission line
method (TLM). 25 minutes doped sample showed minimum front and back contact resistances, which could
potentially be useful for efficient monocrystalline silicon solar cells fabrication.

Introduction

Harvesting of solar energy by solar cells has been increasing rapidly
from last two decades as a substitute of fossil fuel-based energy sources
[1–7]. The crystalline silicon solar cell is one of the dominant solar
energy harvesting technology, where metallization of silicon wafer
plays a crucial role in efficient collection of solar energy. For metalli-
zation, screen-printing is one the most suitable method in the photo-
voltaic industry because of its low fabrication cost, easy process, and
quick metal deposition process with minimum environmental hazards
[8,9]. Most of the larger scale solar cell production is based on me-
tallization of doped emitter layer of silicon wafer [10]. The quality of
the emitter, identified by measuring sheet resistance, plays a dominant
role to enhance the photovoltaic performance [11,12]. Therefore, the
emitter doping concentration (Ns) must be kept enough high (i.e.,
Ns > 1019 atoms/cm3) [13] to reduce the contact resistance (Rc)
[14,15], which is the interface resistance between metallization mate-
rials and underneath semiconductor layer [9].

It is previously reported [10,16] that the quality of contacts

between conductor and semiconductor materials plays a significant role
for high-efficient solar cell. However, it is a challenging job to form an
intimate contact between silver/aluminum and silicon without de-
basing the emitter region [10]. The formation of contact and its char-
acteristics are influenced by the emitter doping level which may elec-
trically active or inactive and a dead layer might be formed due to over
doping [5]. Therefore, contact resistance becomes a matter of concern
when emitter layer suffers from under or over doping. For this reason,
optimization of doping time i.e. doping concentration is mandatory to
get effective contact resistance [16]. But, the effect of contact resistance
between conductor and semiconductor materials is rarely addressed in
silicon solar cell research. Because of this, for the first time, we have
investigated the effect of different phosphorus doping time on front and
back contact resistances of the monocrystalline silicon solar cells.

In this research, monocrystalline silicon solar cells were fabricated
by the variation of phosphorus doping time on emitter region, and then
sheet resistance measurement was performed by four-point probe
method to identify the changes of P-doping concentration with diffu-
sion time. Also, contact resistance between the silver/aluminum layer
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and silicon wafer was determined by using transmission line method
(TLM) [17–19]. Finally, the optimized contact resistance is proposed for
the fabrication of efficient silicon solar cells.

Materials and methods

In this work, six (6) p-type (1 0 0) oriented Czochralski mono-
crystalline silicon wafers were used. The thickness, area, and resistivity
of the wafers were 200 µm, 127× 127mm2, and 1–3Ω.cm respec-
tively. The wafers were cleaned and textured using the chemical solu-
tion of NaOH (1 g)+ de-ionized H2O (10ml) and KOH (1 g)+ IPA
(5ml)+ de-ionized H2O (125ml) respectively for 10min at 70 °C
temperature. The purpose of cleaning and texturing the samples was to
eliminate the surface contaminants and form the pyramidal structure on
the wafer surface that could trap the incident light efficiently. Then the
surface morphology and the optical surface reflection of the textured
wafers were measured by FESEM (JSM-7600F) and SRM system. After
that, phosphorous atoms were diffused into the p-type silicon wafers
using phosphorous oxychloride by a high-temperature diffusion furnace
(MRL PHOENIX, USA) to form the p-n junction. In this experiment, six
(6) silicon wafer samples were doped with six different diffusion time
such as 5, 10, 15, 20, 25, and 30min respectively. The change of doping
concentration with doping time was identified by measuring sheet re-
sistance using four-point probe method. The sheet resistance of the
wafer was measured from the five different positions of the doped wafer
surface which have been already discussed elsewhere [11,12]. The P-
type Si wafers before and after phosphorous diffusion are shown in
Fig. 1 (a) and (b).

For contact resistance measurement, front and back side of the solar
cells were metalized with silver and aluminum paste respectively using
a TLM based printing screen [20,21]. The solar cell after screen printing
is shown in Fig. 1(c). The screen-printed solar cells were placed in a
preheated oven at 150 °C for 10min so that the paste gets attached well
to the wafer surface. Then the rapid thermal annealing (RTA) of screen-
printed cells was performed at a maximum temperature of 820 °C which
provided ohmic contact between the silver/aluminum and silicon wa-
fers. Finally, the front and back contact resistances of the solar cells
were determined using transmission line method (TLM).

Results and discussion

SEM analysis of textured wafer

To fabricate efficient silicon solar cell, surface texturization plays a
vital role to reduce optical surface reflection by forming randomly
distributed pyramid structure on the silicon wafer surface [22–24]. The
textured wafer surface was analyzed by FESEM and the SEM images
before and after texturization are shown in Fig. 2.

It is observed from Fig. 2(b) that, after texturing the wafer surface
was fully covered with almost uniformly distributed pyramid structure.
The formation of these pyramids was due to the anisotropy of the etch

solution i.e. different crystal orientations are etched at different rates
[25–28]. The pyramidal surface particularly plays a dominant role to
reduce the optical surface reflection and favorable for efficient solar cell
fabrication [23].

Analysis of surface reflection

Surface reflectance of the textured wafer was measured by col-
lecting reflected light from the wafer surface as a function of wave-
length using the surface reflectance measurement system. The graphical
representation of optical reflectance data for the raw and textured
wafers is shown in Fig. 3(a).

Fig. 3(a) shows that the percentage of reflectance decreases with
increasing wavelength up to 500 nm and becomes almost constant be-
tween 500 and 1000 nm. Further increases of wavelength, the percen-
tage of reflectance increases. It is observed that in the visible wave-
length range (450–1000 nm), the reflectance decreases and the

Fig. 1. (a) Raw (undoped) wafers, (b) phosphorous doped wafers, and (c) TLM based screen printed solar cell.

Fig. 2. SEM images for (a) raw wafer, and (b) textured wafer.
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minimum reflectance becomes 15.08%. The percentage values of re-
flectance of both raw wafer and textured wafer are shown in Fig. 3(b). It
is observed that surface reflection reduced from 36.22% to 15.08% due
to anisotropic etching of monocrystalline silicon wafers [25,26]. The
lower optical reflectance mostly depends on the shape, size, and uni-
formity of the pyramids on the wafer surface [29]. The pyramidal
structures are governed by the optimum etching time, potassium hy-
droxide (KOH), and isopropyl alcohol (IPA) where etching time nu-
cleate the pyramids, KOH helps to increase the number of pyramids and
IPA is responsible for growing big pyramids [25,30].

Analysis of sheet resistance

Sheet resistance exhibits crucial role in silicon solar cell fabrication
because it indicates the quality and uniformity of emitter doping region
[11]. By measuring the sheet resistance, it is easy to identify the quality
of the doped wafer because heavily doped wafer gives lower sheet re-
sistance whether lightly doped wafer gives higher sheet resistance.
Furthermore, the uniformity of the doped wafer can also be identified
by measuring sheet resistance from the different positions [11]. In this
study, the sheet resistances of pre-doped (raw wafer) and post-doped Si
wafers was measured and presented in Table 1 and Fig. 4.

Generally, undoped or weakly shallow junction causes the high
sheet resistance resulting high contact resistance in the silicon wafer.
On the other hand, heavily doped emitter leads to low sheet resistance
resulting in the reduced contact resistance [14,15]. From Fig. 4 it is
observed that the sheet resistance of all the wafers was decreased sig-
nificantly while doped with phosphorus atoms. The sheet resistance
before diffusion of the wafer was found 7578Ω/□ which sharply de-
creased to 143, 119, 92, 65, 42, and 150Ω/□ for the post-diffused
wafer 1, wafer 2, wafer 3, wafer 4, wafer 5, and wafer 6 respectively.
These lower sheet resistances are favorable for improving the efficiency

of a solar cell. It is also seen that sheet resistance decreases during in-
creasing of diffusion time until 25min. Since higher diffusion time
helps to increase doping concentration of phosphorus atoms, sheet re-
sistance has a reciprocal relationship with doping concentration [31].
However, at 30min of diffusion time, sheet resistance started to in-
crease again which may be due to over doping. An extreme high den-
sitie of phosphorus atom from a doping source sometimes formed a
doped emitter region, where solid solubility limits may be exceeded
[31–33]. From the previous study, it is found that the excess phos-
phorus atoms create a defect source that makes the emitter electrically
inactive or dead [10,34–36]. This dead layer is the major recombina-
tion source of photogenerated carriers in the crystalline silicon solar
cells due to the increment of defect densities [37,38], resulting in the
lower conversion efficiency [33,39].

Analysis of font contact resistance

The front contact resistances of the fabricated six monocrystalline
silicon solar cells were measured by transmission line method (TLM).
From six pattern areas [20,21] (Area 1 to Area 6) of each sample, the
linear regression analysis curve drawn from TLM resistance data for the
front side of sample 1, 2, 3, 4, 5 and 6 which are shown in Fig. 5(a)–(f).
Using linear regression analysis, the intercept of Fig. 5(a) for area 1 of
sample 1 was calculated. By using the contact resistance formula, it is
found that the front contact resistance for the TLM pattern area 1 of
sample 1 is 28.328Ω. In a similar way, contact resistances for the TLM
pattern area 2, 3, 4, 5, and 6 become 27.653Ω, 28.260Ω, 27.475Ω,
27.515Ω, and 27.506Ω respectively. The average front contact re-
sistance of sample 1 is 27.789Ω. Following the similar way, the front
contact resistances of sample 2, sample 3, sample 4, sample 5, and
sample 6 were calculated. The summary of the front contact resistances
for TLM patterns [20,21] of six samples is shown in Table 2.

In this research, six samples were doped with phosphorous atoms
with the time variation of 5min, 10min, 15min, 20min, 25min, and
30min and the corresponding front contact resistances were found

Fig. 3. (a) Reflectance versus wavelength curve of wafer, (b) percentage of
reflectance values of raw wafer and textured wafer.

Table 1
Sheet resistances of the wafers for different diffusion time.

Wafer name Diffusion time (min) Sheet resistance (Ω/□)

Raw wafer 0 7578
Wafer 1 5 142
Wafer 2 10 119
Wafer 3 15 92
Wafer 4 20 65
Wafer 5 25 42
Wafer 6 30 150

Fig. 4. Variation of sheet resistance with diffusion time.
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27.789Ω, 20.672Ω, 13.157Ω, 5.159Ω, 1.105Ω, and 32.911Ω re-
spectively. The change in front contact resistance with diffusion time is
shown in Fig. 6. From the Fig. 6, it is seen that the front contact re-
sistance decreases with phosphorous doping time i.e. doping con-
centration increases. It is also observed that the front contact resistance
started to decrease when doping time was 5min and continued until
25 min where the contact resistance was minimum. Beyond this doping
time, a dead layer was formed on silicon wafer surface [35,36]. From
the Table 2 and Fig. 6 it is clear that the minimum contact resistance

Fig. 5. Linear regression analysis curve drawn from TLM resistance data for the front side of sample 1, 2, 3, 4, 5 and 6.

Table 2
Summary of the front contact resistances of TLM pattern for six samples.

Sample name Contact resistance of front side [Ω]

Area 1 Area 2 Area 3 Area 4 Area 5 Area 6 Average

Sample 1 28.32 27.65 28.26 27.47 27.51 27.50 27.78
Sample 2 20.44 20.87 20.23 20.97 20.57 20.92 20.67
Sample 3 12.84 12.82 12.92 13.20 13.13 14.01 13.15
Sample 4 5.319 5.151 4.77 5.63 4.88 5.19 5.15
Sample 5 1.252 1.256 1.16 1.36 0.76 0.82 1.10
Sample 6 33.03 32.78 32.95 33.41 32.40 32.87 32.91

Fig. 6. Contact resistance versus diffusion time curve for the front side of solar
cells.
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was found at 25min doping time and above this doping time such as
30min, a dead layer was formed which is considered as an electrically
isolated region [10,34]. Therefore, for the optimum diffusion time of
25min, the minimum front contact resistance becomes 1.105Ω, which
is compatible with efficient silicon solar cells.

Analysis of back contact resistance

The back contact resistances of the fabricated six monocrystalline
silicon solar cells were measured by TLM. From six pattern areas (Area
1 to Area 6) of each sample, the linear regression analysis curve drawn
from TLM resistance data for the back side of sample 1, 2, 3, 4, 5 and 6
are shown in Fig. 7(a)–(f). The back contact resistance was calculated
by the similar way as the front contact resistance was measured. The
summary of the back contact resistance of TLM patterns for six samples
is shown in Table 3. The average back contact resistance for the six
samples was found 1.933Ω, 3.061Ω, 3.386Ω, 4.170Ω, 4.560Ω, and
27.886Ω for their corresponding time variation. Also, the change in
back contact resistance with diffusion time is shown in Table 3 and
Fig. 8.

From Fig. 8 it is observed that back contact resistance increases
slowly with increasing doping time up to 25min and after that, it

increases very sharply. This rapid increase of resistance may be due to
exceeding the solid solubility limit of phosphorous atoms in silicon
wafers. As a result, 30min doping time shows the maximum contact
resistance, which produces a dead layer or electrically isolated layer
[35,36]. Therefore, 25min diffusion time could be considered as opti-
mized time, which would be favorable for the fabrication of efficient
monocrystalline silicon solar cell.

The contact resistance is affected by three main factors: (a) semi-
conductor materials, (b) doping concentration, and (c) type of con-
ductor materials [40]. There are also some other factors which may

Fig. 7. Linear regression analysis curve is drawn from TLM resistance data for the back side of sample 1, 2, 3, 4, 5 and 6.

Table 3
Summary of the back contact resistances of TLM pattern for six samples.

Sample name Contact resistance of front side [Ω]

Area 1 Area 2 Area 3 Area 4 Area 5 Area 6 Average

Sample 1 1.94 1.93 1.91 1.93 1.90 1.95 1.93
Sample 2 3.08 3.07 3.04 3.08 3.03 3.04 3.06
Sample 3 3.36 3.41 3.38 3.40 3.39 3.35 3.38
Sample 4 4.16 4.14 4.19 4.16 4.19 4.16 4.17
Sample 5 4.55 4.53 4.55 4.56 4.56 4.58 4.56
Sample 6 27.54 28.56 28.22 27.52 27.49 27.96 27.88
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affect the contact resistance, such as metallization materials quality,
firing recipe and air quality of the laboratory [10,11]. However, the
doping concentration is the significant factor which controls the contact
resistance [31,41]. Higher doping density reduces the contact re-
sistance significantly, but over doping produces “dead layer” on the
semiconductor surface. This dead layer is formed when concentration of
phosphorous atoms exceeds the solid solubility limit of silicon and
makes the silicon electrically inactive [31,33]. The dead layer also acts
as a recombination center which is generally responsible for increasing
the Shockley-Read-Hall recombination and thus the performance of
solar cell could be hampered [38,39,42,43].

It is seen that front contact resistance decreases with the increase of
doping time, whereas, back contact resistance increases with the in-
creases of doping time. The possible reason is that after diffusion the
structure of the wafer becomes n+-p-n+, but for making a solar cell, the
back side n+ layer must be made the p+ layer. But for making an ef-
ficient solar cell, the back side layer must be made by p+ layer rather
n+ layer. The aluminum paste was used to make the p+ layer on the
back side of the silicon wafer by over doping the n+ layer. As phos-
phorus doping concentration increased with time but aluminum con-
centration remains fixed, thus back contact resistance increased with
doping time.

Conclusions

In this research, silicon solar cells were fabricated on p-type
monocrystalline silicon wafers by varying phosphorus doping time on
emitter region. The wet-chemical texturization of (1 0 0) oriented si-
licon wafer produced (1 1 1) oriented pyramidal surface, which reduces
the optical reflectance from 36.22% to 15.08%. This reduction in sur-
face reflectance could be utilized to improve the absorbance and pho-
toconversion efficiency of monocrystalline silicon solar cells. The sheet
resistance measurement identified the proper and uniform doping
concentration of phosphorus atoms on the silicon wafers. The decre-
ment of sheet resistance confirmed the increment of phosphorus doping
concentration with diffusion time. The contact resistance ensured its
dependency on phosphorus doping time. This study unveiled that the
contact resistance increases at the front side and decreases at the back
side of the wafers at higher doping concentration until the dead layer of
phosphorus atoms formed. The optimized front and back contact re-
sistances were found 1.105Ω and 4.560Ω respectively at 25min of
doping time without dead layer creation, may compatible with efficient
monocrystalline silicon solar cells.
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