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Characterization of TCO/p contact resistance in a-Si:H
p-1-n solar cells under illumination
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A different method is given to measure the transparent-conductive-oxide/p-layer (TCO/p) contact and the TCO sheet
resistance in a-Si:H based p-i-n superstrate solar cells under light. The method first needs having scribed TCO strips, which
are electrically isolated before a-Si:H deposition, and then fabricating rows of individual devices on each strip. Analysis of
4-probe measurements in different V-sensing designs straighly gives the TCO/p contact and TCO sheet resistance. We
applied this method to solar cell devices deposited on commercial SnO, substrates. The TCO/p contact resistance is
determined to be ~0.2 Q-cm? and the sheet resistance 2.9 Q/sq under illumination. These values are smaller than those of
dark results as compared, and thus they make a negligible contribution to the total series resistance of the solar cell

devices.
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1. Introduction

Hydrogenated amorphous silicon (a-Si:H) based p-i-n
solar cells have been investigated extensively due to their
significant cost reduction, large scale deposition and better
efficiency [1]. Unlike crystalline silicon, a-Si:H is
comparatively broader band gap material in which p-layer
minimizes the absorption losses due to the fact that
photons below band gap energy can be transmitted to i-
layer. The band gap of a-Si:H (1.8 eV) is still low and it
leads to sufficient absorption losses, while employing it as
a p-layer [2].

One focus of today’s research is the optimization of
the transparent conductive electrodes to obtain higher
efficiencies [3-10]. An integral part of the solar cells are
the transparent conductive oxide (TCO) layers used as a
front electrode. When applied as the front side, TCO has to
posses a high transparency in the spectral region where the
solar cell is operating and a high electrical conductivity. In
addition, TCO plays an important role in the light trapping
[11] and a large effort is devoted to improving the optical,
electrical and surface properties of the TCO materials,
such as tin oxide (SnO,), indium-tin oxide (ITO), and zinc
oxide (Zn0O). The TCO surface influences the electrical
properties of the solar cell, as it determines the interface
area and chemistry of the TCO/Si-p-layer interface. One
major challenge in producing high quality SnO, is the fact
that usually surface roughness (and hence light scattering)
and thickness are correlated. Often a certain minimum
thickness is required to develop a surface of sufficent

feature size and roughness, leading to an increased
absorption of the TCO.

In general, the sheet resistance Ry, of high quality
TCO shuld be not larger than about 10 € and the average
absorption of TCO on highly transparent glass Asg-1100
between 400 and 1100 nm should be below about 6-7 %
[12]. Such absorption values from optical transmission and
reflection data are best measured with index matching
fluid to avoid errors due to the surface roughness of the
TCO. However, the minimum requirements for the optical
and electrical properties of the TCO depend on the
structure and the absorber material of the solar cell. For a-
Si:H absorber layers a high transparency for visible light
(wavelength A=400-750 nm) is sufficient.

For superstrate a-Si:H TCO/p-i-n solar cells,
minimizing the resistance between the p-layer and TCO is
a critical issue for the incorporation of new TCO materials
like ZnO or alloys of Zn-In-O and Zn-Sn-O and new p-
layers like pc-SiC or pc-SiO into devices [13]. However,
characterization of the TCO/p interface is difficult since it
is in series with the dominant p-i-n junction.

We present a method [14-16] to characterize the
TCO/p contact in a functioning TCO/p-i-n device using J-
V measurements from a row of devices on a single isolated
TCO strip. This method is useful for understanding
resistance losses in modules and for diagnosing how
plasma processing affects the TCO and junction properties
since the TCO/p contact and TCO sheet resistance in a
completed device structure are obtained. The method
needs having a two adjacent TCO regions. The device is
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biased to possess standard current flow through its TCO/p
contact region while the voltage is measured on the
adjacent TCO pad which is electrically “floating”. The
second pad is thus a voltage sensing contact giving
internal access to the potential in the biased device.

The purpose of this work is to determine the TCO/p
contact and sheet resistances under light in a complete a-
Si:H p-i-n solar cell device structure, which is very
important for solar cell operation.

2. Experiment and analysis

The substrates were textured SnO,-coated glass made
by AFG (PVTCO). Single junction a-Si p-i-n layers were

deposited by PECVD at BP Solarex. The SnO, strip of
width W~0.8 cm had an In-solder contact to the SnO, at
one end, and 6 devices (labeled m=1-6) fabricated in a
row. Solar cell device areas were 0,27 cm® L is the
distance along the TCO from the Ag contact to the m-th
device, and L/W is the number of squares of TCO.
Typically 2 rows of 6 devices were analyzed on each piece
to establish repeatability.

Fig. 1 shows the experimental system used. Using a
AML15 global simulator, the illuminated J-V
characteristics were automatically measured by a software
program. The only data needed for the analysis are
measurements of the J-V characteristic from reverse bias
to beyond open-circuit voltage (Voc) in the light and in the
dark at a given temperature.
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Fig. 1. Experimental set-up for measuring J-V characteristics.

Fig. 2 shows the side view of solar cell device
structure which is glass/textured SnO,/p (a-SiC)/i (a-Si)/n
(a-Si)/metal. The top view of row of a-Si:H p-i-n devices
(1-2-3) on scribed SnO; strips with contacts labeled A and
B was shown in Fig. 3 for different external voltage
connections (Vi.a, Vi, and Va ). The two SnO, strips of
width W, with Ag-paste contacts labelled A and B, each
have a row of square devices. The current in cells 1, 2, 3,
etc., travels in the SnO,, a distance L from each device to
the SnO, contact A. The series resistance of the SnO,
between the device and the contact is given by [14]

Rrco = Rsp X (L/W) 1)

where Rsy is the sheet resistance of the TCO (SnO,). As L
increases, the series resistance of the TCO between the

solar cell device and its SnO, contact increases. We
assume that each device is identical, and its TCO/p contact
is identical, this increase in Ryco will be the only
difference between devices in the same row.

As shown in Fig. 3, the three different measurement
configurations (Via Vig and Vpg) are to be
characterized. For all three measurement conditions, it is
biased such that the current flow is always between the
cell’s back contact (1) and the strip’s TCO contact (A) as
in a standard device J-V test. The difference between the 3
measurement cases is where the voltage (V) is mesured. In
a standard J-V test measurement, the voltage Vi is
measured between the same two contacts where the
current (1) is flowing. This voltage V1. includes potential
difference across the p-i-n junction structure, the TCO/p
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contact and potential difference dropped across the SnO,
series resistance. If the voltage is measured across 1 and B
or across A and B, there is no current passing through B so
it is floating at the same potential as the p-layer contacting
it, i.e., the p-layer over strip A. The SnO, strip B is used as
a voltage terminal giving access to the internal voltage of
devices on strip A. So, the voltage measured across device
1 and B (V) is only the potential difference across the p-

TCOlp interface

r\\|\r\\|

i-n junction of a-Si:H solar cell device 1. This excludes the
voltage dropped across TCO/p contact and TCO series
resistance. Measuring the voltage across adjacent TCO
strips (Va.g) yields only the voltage dropped across TCO/p
contact and TCO series resistance since strip B is floating
at the same voltage as the p-layer above strip A.

a-Si:H p-i-n

SnO»,

Glasss

!

I

Fig. 2. Side view of row of a-Si:H p-i-n devices.

For the proposes of analyzing, we choose different J-
V data by means of resistances. The three components of
resistance and their relation to the three different voltage
measurements are described in Eqs. (2-4). The three
resistances which are dominated are the junction dynamic
resistance R;, the TCO/p contact resistance Rrcosp, and the
series resistance through the TCO Ryco, as given in Eq.
(1). The subscripts 1-A, 1-B, and A-B indicates voltage
measured between contacts 1 and A, 1 and B or A and B
as illustrated in Fig. 3 in detail. Here we assume that some
other contact resistances, such as between the cell rear
contact and the n-layer and between the SnO, and Ag
contact, are ignorable. The resistances are defined in the
the following [14]:

Ria=dVia/d) =Ry + Rrcop + Rrco 2
Rys = dV,g/d] = R, 3)

Ra-e = dVa./dJ = Rycop + Rrco 4

R, = dV/dJ = (AKT/Q)/(J + Jso) ©)
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Fig. 3. Top view of row of a-Si:H p-i-n devices (1-2-3) on scribed SnO, strips with contacts labeled A and B. Current flow is
established in p-i-n solar cell 1 between 1 and A while potantial is measured between 1 and A, 1 and B, or A and B. SnO, strip B
is floating at the same voltage as the p-layer over strip A.
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Here the critical assumption is that TCO strip B is
floating at the same voltage as the p-layer over strip A. If
this is correct, Egs. (2-4) predict that the difference in
resistance between configurations 1-A and 1-B should be
the same as that measured in configuration A-B. This
resistance, Rag, must include the sum of the TCO/p
contact and the TCO sheet resistance. From Eq. (1), the
Ras Vs L/W gives a straight line with a slope of Ry¢o and
an intercept of Rrcop. In this way, measuring all three
resistances on a series of solar cell devices on the same
strip with increasing L/W must allow determination of
Rrcop and Rrco. For this reason, Egs. (2-4) represent two
independent method to recover Rag. This permits
confirmation of the assumptions and measurements.

3. Results

Fig. 4 shows J-V characteristic curves for all three
cases of voltage measurement on one cell (A9256-3C-S2

Table 1. FF, resistance at Voc, and V¢ for the three
curves in Fig. 3 determined from three-voltage
measurement cases on the same device under light.

Test voltage cases | FF (%) | Roc (Q . cm®) | Voc (V)
Cell 1and A 68.3 4.74 0.89
Cell1and B 69.9 3.20 0.87
Aand B 0 1.36 0

Fig. 5 illustrates a linear J-V behaviour for voltages
measured across A-B for three devices on the same strip of
TCO having different L/W ratios. Table 2 shows the
values of resistance calculated from both methods. The
both resistances increase with increasing L/W as expected,
and the FF measured in standard case (VcgLL.a) decreases
as L/W increases as predicted. Note the close aggreement
in Table 2 between resistances obtained independently.

AFG) which was on AFG SnO,. Standard solar cell J-V 509
curves result when the V.5 or Vg is measured while Vg
gives a linear J-V curve through the origin. This linear J-V 40
relation represents the TCO/p contact is ohmic according
to Eq. (4). For the purpose of analysis, we obtain the
values of resistances defined in Egs. (2-4) at Voc. So, for 301
the configuration where V is measured across 1 and B,
Roc is dVl_B/dJ at Voc. Values of Voc, FF and Roc are — 20
recorded in Table 1. Note that the V¢ is the same between e
cases 1-A and 1-B, as expected since the p-i-n junction §
determines V¢, but the FF increases in case 1-B since it £ 104
excludes the TCO series resistance. The Voc is zero in -
case Vg as expected from Eq. (4). 04 L AW=0.E8
- L/Ww=1.64
10 A L/W=4.12
401 2 Dl x  LIW=5.30
N ] L/W=6.40
304 1 I -20 . . : : : .
I 7 04 -02 00 0.2 0.4 0.6 0.8
20 l 1] Vv, (volt)
A L
. ] l ——V,, J ) ) ) ) )
“= 104 | — V. 1) Fig. 5. J-V mesurements fo_r five devices W|th_ varying
=2 4 —aA—V, L/W on the same TCO strip A. The potential was
§, 1 f -/-/ measured across the adjacent strips A and B.
0 4 X
l A Table 2. Resistance and FF for 5 devices with incresing
-10- 1 J L/W. R(Va.g) obtained from slopes of lines in Fig.5. ARoc
I . / obtained from difference of R(Vce ) and R(VegL L g) at
. —_— Voc under light.
-20 -
04 -02 00 02 04 06 08 10 1.2 LIW | R (Vap) (Q .| ARoc (Q . |FF (VceLLa)
V (volt) cm?) cm?) (%)
0.58 | 1.52 1.53 68.40
Fig. 4. J-V characteristics under illumination for a 1.64 | 5.42 4.53 64.10
device (cell 1) with three voltage measurement cases. 412 | 12.69 12.84 53.90
Parameters are given in Table 1. 530 | 14.59 14.88 43.90
6.40 | 18.87 18.69 41.00




Characterization of TCO/p contact resistance in a-Si:H p-i-n solar cells under illumination 889

Fig. 6 indicates the two resistance (in Table 2) plotted
against L/W for devices on the same strip of AFG SnO..
ARqc is the difference in Roc for J-V measured as Vg -a
and Vg g While R(Vag) is the resistance determined
directly from the slope of Vap as in Fig. 5. Obviously,
they are also the same, verifying Egs. (2-4) that the
difference in resistance between R(VcgL.a) and R(Vce, L.
g) is the same as R(Vag), i.e., the TCO sheet resistance
and TCO/p contact resistances. From the slope of line, Rgy
is ~2.9 Q/sq and from the intercept point, Rrcoyp is ~0.2
Q.cm®. These values are smaller than those of dark results
[16] as compared. This means that their roles in lost of
efficiency are very small and negligable under
illumination. Most of data for measuring Ry, and Rycoyp in
the literature were taken in the dark, however our results
represent them under light, and thus they give a good
comparison.
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Fig. 6. Calculated resistance from both two methods vs

L/W for row of cells on AFG SnO,. The slope and

intercept give the SnO, sheet resistance and TCO/p
contact resistance respectively.

Fig. 7 shows dV/dJ as a function of 1/J for one device
(L/W=0.60) in the dark and under illumination. It gives
straight lines which are consistent with Egs. (2-5). This
result shows that the TCO/p contact is ohmic for both dark
and light cases. It means that there is no blocking contact.
However the slopes are different in the dark and light.
Using Eg. (5), from the slopes of lines, we obtain Agyk =
1.8 and Ajigne = 0.3. The barrier height @, assumed to be
activation energy E,, of the TCO/p contact is determined
as 56 meV from the temperature dependence of Rrcoy in
the dark [16]. This value is smaller than 2kT, and thus not
a rectifying barrier which means an ohmic contact.
Unfortunately we could not determine and compare the

barrier height under light due to some heating problems of
light during measurements.

12 -

*  L/W=0.60, Dark
104 | a4 L/w=0.60, Light

0.04 0.08 0.12 0.16 0.20
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Fig. 7. dVv/dJ versus 1/J or 1(J+Jg) in the dark and

under illumination respectively. The short-circuit current

density, Js. = 12.6 mA/cm?, the open - circuit voltage,
Voc = 0.88 volt.

4. Conclusion

In conclusion, the TCO plays an important role in the
thin film silicon solar cell structure and has a decisive
influence on the efficiencies of a-Si:H p-i-n solar cells. As
the conditions for the best values of several material
parameters have to be found in a multidimensional
deposition space, optimizing TCO for solar cells
constitutes a very complex problem and deserves further
research, including ideally a simultaneous up-scaling of
the research results to industrially relevant substrate sizes.

Here we have used a different method to obtain TCO
parameters in a device configuration under light. Solar cell
devices should be deposited on scribed TCO regions. We
have shown that the SnO,/p contact indicates an ohmic
contact. The TCO/p contact resistance is determined to be
~0.2 Q.cm® and the sheet resistance 2.9 Q/sq under
illumination. These are smaller than those of dark results
as compared. The A factor values of 1.8 and 0.3 were
obtained at room temperature in the dark and under
illumination respectively. Our results show a negligible
loss in efficiency due to a very small TCO/p contact
resistance under light.
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