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Evaluation of Series Resistance LLosses in
Screen-Printed Solar Cells With Local Rear Contacts

Sebastian Gatz, Thorsten Dullweber, and Rolf Brendel

Abstract—We demonstrate industrially feasible large-area solar
cells with passivated homogenous emitter and rear achieving en-
ergy conversion efficiencies of up to 19.4% on 125 mm X 125 mm
p-type 2-3 Q-cm boron-doped Czochralski silicon wafers. Front
and rear metal contacts are fabricated by screen printing of sil-
ver and aluminum paste and firing in a conventional belt furnace.
However, these cells suffer from moderate fill factors below 76 %
due to an increased series resistance. In this paper, we analyze
the main cause of this increase. We vary the rear contact geometry
over a wide range. By subtracting the respective contribution of the
base from the measured series resistance, we extract a value of (55
4+ 10) mQ-cm? for the effective specific contact resistivity of our
screen-printed local aluminum rear contacts. We verify this value
by local series resistance mappings from photoluminescence mea-
surements resulting in a contact resistivity of (40 = 10) mQ-cm?2.
Our analysis reveals that the highest potential for a further energy
conversion efficiency improvement is to decrease the rear contact
resistivity.

Index Terms—Photovoltaics, resistance, silicon, solar cells.

I. INTRODUCTION

HE TREND in the industrial silicon (Si) solar cell pro-

duction toward thinner wafers in combination with the
aim of higher energy conversion efficiencies demands an im-
proved rear surface passivation. A conventional screen-printed
aluminum (Al) back-surface field (BSF) shows a moderate pas-
sivation quality with typical rear surface recombination ve-
locities Syeqr ranging from 200 to 600 cm/s on 1-3-Q-cm p-
type silicon [1], [2]. The passivated emitter and rear solar cell
(PERC) applies dielectric passivation layers to the front and
rear [3]. At the cell rear, a significantly better passivation per-
formance is achieved by dielectric layers compared with the
full-area Al-BSF. The additional dielectric layer also improves
the internal rear reflectance that reduces absorption losses in
the Al back contact. At the Institute for Solar Energy Research
Hamelin (ISFH), Emmerthal, Germany, we recently demon-
strated a 19.4% efficient screen-printed PERC solar cell [4].
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However, our record PERC cells suffer from moderate fill fac-
tors below 76% due to an increased series resistance.

Generally, the contribution to the series resistance associated
with the contact resistance is given by

Pc
frear

with the metallization fraction f;.,,, where the effective specific
contact resistivity p. is independent of the contact size.

Melczarsky et al. [5] investigated contact resistance samples
where the Al paste is printed directly on the Si surface. They
showed that the contact resistance associated with the screen-
printed aluminum/silicon interface is inversely proportional to
the contact area A.,,. Rohatgi ef al. [6] showed that applying
an Al paste fired on bare Si provides a specific contact resis-
tivity p. = 10 m-cm? on 2.3-2-cm wafers. However, Urrejola
et al. [7] reported about a different behavior in contact measure-
ments with a PERC structure. Screen-printed aluminum fingers
were deposited on top of locally opened dielectric layers. Inves-
tigations applying the transmission line model reveal that the
specific contact resistivity depends on the contact area, where
the Al-Si alloy is formed.

In this paper, we determine the effective specific contact re-
sistivity at the rear p. rear Of screen-printed PERC solar cells
deduced from two different series resistance measurement ap-
proaches. The first is based on current—voltage investigations;
the second is based on photoluminescence (PL) measurements.

Rc,rear =

(D

II. SOLAR CELL PROCESS

We process the solar cells based on the process flow presented
in [4]. However, during several cell runs, we modify various pro-
cess parameters over a wide range. The 125 mm x 125 mm solar
cells are fabricated on 200-um-thick 2-3-2-cm p-type boron-
doped Czochralski (Cz)-silicon wafers. Fig. 1 shows the pro-
cess flow; Fig. 2 shows the schematic cell structure. After a
cleaning procedure including a KOH-based damage etch, a di-
electric protection coating on the rear allows for a single-side
texturing and phosphorus diffusion using POCIl3 as precursor
gas resulting in a sheet resistance of 50-70 €2/o. The phospho-
silicate glass and the protection coating at the rear are removed
simultaneously by an HF etch. Afterward, the dielectric passiva-
tion takes place. For group 1, the rear side of the wafers is coated
with a 10-nm plasma-assisted ALD-Al, O3 layer using process
parameters as described in [8], whereas for wafers of group 2
following a wet chemical cleaning, a dry thermal oxidation for
15 min at 900 °C is carried out, resulting in a 10-25-nm-thick
Si09 layer on both surfaces. The rear side of the silicon wafers
in group 3 is passivated by a plasma-enhanced chemical vapor
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Fig. 1. Schematic of the process flows. The blue boxes show the additional
steps for the PERC cells compared with the reference process for cells with
a full-area AI-BSF. We vary the dielectric rear passivation between i) Al O3,
ii) SiO9, and iii) silicon-rich SiN, . Laser edge isolation is not required for the
PERC cells, in contrast with the Al-BSF cells.

screen-printed Ag

s ARC

'Illllllli‘"--n‘emmer

p-type Cz Si LBSF

il «— Thin passivation layer
H\ (AL,O,, SIO,, a-SiN)

screen-printed Al SIN, capping layer

Fig. 2. Schematic of the PERC solar cells with screen-printed Ag front and
Al rear contacts with i) AlyO3/SiN,., ii) SiO2/SiN,., or iii) a-Si:N/SiN,. rear
passivation stacks. Note that cells ii) feature a thin thermally grown oxide below
the SiN, at the illuminated front side.

deposition (PECVD) silicon-rich silicon nitride layer SiN, . Af-
terward, we deposit on top of the respective passivation layer
at the rear a 200-nm-thick SiN, layer (refractive index ngin
= 2.05) by an inline microwave PECVD system (SiNA, Roth
& Rau, Hohenstein-Ernstthal, Germany). The front side is also
coated with an SiN, layer of refractive index ngijy = 2.05. The
rear passivation stacks receive local line openings by a 532-
nm laser with pulselengths of 10 ps. The line opening width
is varied between 50 and 150 pm with pitches p ranging from
450 to 4000 pm. The screen-printed contacts to the emitter and
to the base are formed by silver (Ag) and Al pastes, respec-
tively. Due to variation between single and print-on-print screen
printing, the Ag finger width varies between 70 and 140 pm.
The aluminum rear contact is formed by standard full-area Al
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screen printing. A drying process in a belt furnace (DO-HTO-
5.200-210, Centrotherm, Blaubeuren, Germany) at about 200 °C
completes each print process. A local BSF is formed during the
co-firing step in an additional belt furnace (DO-FF-8.600-300,
Centrotherm) with a set peak temperature of around 875 °C and
belt velocities ranging from 5 to 6 m/min. Thereby, the con-
tact formation by the Al paste occurs only in the openings of
the passivating dielectric layer. Therefore, we vary the rear-side
metallization fraction between 3% and 32%. Using a suitable Al
paste, one achieves surface recombination velocities below the
Al contacts of 600 cm/s on 2-3-Q-cm p-type boron-doped Cz
silicon [9]. According to the process flow in Fig. 1 displayed in
white boxes, the full-area AI-BSF cells are manufactured for ref-
erence purposes. It is similar to the aforementioned introduced
process flow for PERC cells, without the need to protect the rear
from phosphorus diffusion and without deposition of structured
passivation stacks at the rear. However, to avoid shunts, we ap-
ply laser edge isolation that is not required for PERC cells due
to the single-side phosphorus diffusion.

III. COMPONENTS OF THE SERIES RESISTANCE

In this paper, we investigate the main cause of the high se-
ries resistance and focus on the impact of the rear-side contact
geometry on the series resistance of the PERC solar cells. The
front-side series resistance

Rfs - Re + Rc‘e + Rﬁ + Rbus (2)

of the PERC cell consists of lumped contributions from the
emitter sheet resistance R., the contacts to the emitter R, ., the
front-side fingers Ry, and the busbar Ry, respectively. The
total series resistance

Rs == Rje + Rcdgc + Rb (.frear) + Rc,rcar (frcar) (3)

includes additional series resistance contributions from the
wafer edges Reqqe, the base resistance Ry, and from the con-
tacts to the base R, ,c.r. While R depends only on the front
side, the contact geometry and, hence, the metallization fraction
Jrear at the rear has an impact on R;, and R, car. The influence
of the rear contact geometry on Reqg. is in a first approximation
neglected. A larger pitch increases R, because majority carri-
ers at the rear have to travel a longer lateral distance before
reaching the rear contacts. In this contribution, we model Ry,
with the model of Gelmont and Shur for line-shaped contact
patterns [10]-[12]:

2 (V/eosh(ma/aTW) + 1)

Rb = @ n
27 Veosh(ma/4W) — 1
w
(o)
which applies
Ta 1
tanh — < —
anh o < 5 &)

with the specific resistivity p and the thickness W of the silicon
wafer. The line contact patterns are described by the width a and
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TABLE I
SOLAR CELL PARAMETERS MEASURED UNDER STANDARD TESTING
CONDITIONS (125 mm x 125 mm PSEUDOSQUARE, ~180-1m-THICK,
2-3 Q-cm p-TYPE BORON-DOPED CZ SILICON)

Cell Rearside for Vi A FF  pFF 1 RS
% mV  mAlem? Ye [%] Yo mf2em?
A*  ALOYSIN, 12 652 38.9 7| - 19.0 1.3
B* Si04/SiN, 6 604 38.5 75.8 - 19.4 1.6
G Al-BSF 100 632 37.1 79.8 - 18.7 0.6
| ALOYSIN, 3.5 653 38.6 71.0 83.2 17.9 2.5
2 ALOYSING 5 650 385 750 830 188 16
3 Al;O4/SiN, 10 648 38.2 76.9 82.5 19.0 1.2
4 AlLOySIN, 164 641 38.1 77.8 83.1 19.0 1.1

For cells A-C we apply PoP Ag print, for cell 1-4 single Ag print at the front,
*Independently confirmed at Fraunhofer ISE CalLab.
“measured at ISFH applying FF-method.

the pitch p. The investigated rear contact patterns in this paper
fulfill (5).

IV. RESULTS AND DISCUSSION

Table I shows the measured open-circuit voltage V., short-
circuit current density Jy., fill factor FF, pseudo fill factor pFF,
and conversion efficiency 7 of the respective best PERC solar
cells with ALDAI>,O3/PECVDSIN, (cell A) and with thermally
grown SiO9/PECVDSIN, (cell B) rear passivation stacks, in
comparison with the data of the full-area Al-BSF reference (cell
C). The one-sun performance of the processed cells is mea-
sured after deactivation of boron—oxygen-related recombina-
tion centers by simultaneously annealing and illuminating the
cells with white light [13], [14]. This is applied to cell A—C
fineline screen-printed Ag fingers at the front side. PERC solar
cells with the passivation schemes fabricated according to the
process flows shown in Fig. 1 achieve independently confirmed
energy conversion efficiencies of 19.4% (SiO,/SiN,, ) and 19.0%
(AlsO3/SiN,,), compared with 18.7% for the best full-area Al-
BSF reference solar cell. Moreover, in Table I, the measured
parameters of PERC solar cells with an Al,O3/SiN, rear passi-
vation stack and single screen-printed Ag fingers are shown (No.
1-4). Thereby, the metallization fraction at the rear f.,, ranges
from 3.5% to 16.4%. Comparison of the single-printed cell 3
with PoP cell A with a similar f;.,, reveals the limitation by the
shadowing of the 130-um-wide Ag fingers. It corresponds to a
decrease in J,. of 0.6-0.8 mA/cm?. In the first approximation,
the wider finger width does not influence the series resistance.
However, the fill factors FF of 75.1% (cell A) and 75.8% (B) are
relatively moderate for the PERC cells when compared with the
FF = 79.8% for the reference cell with a full-area AIBSF. The
shunt resistances of all PERC solar cells are above 5k§2-cm?
and, therefore, high enough to be neglected.

A. Rs-Determination by Fill Factor Method

The smaller FF of the PERC solar cells is mainly caused by
a larger series resistance of R, = 1.6 Q-cm? (cell A), compared
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Fig. 3. Measured series resistance of the PERC solar cells with laser opening
widths ranging from 50 to 150 gm. The line is a guide to the eye.
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Fig. 4. Rs;—R; of the PERC solar cells with different opening widths at the

rear depending on fi¢a,. The corresponding fit provides R¢s and R; rear-

with R, = 0.6 Q-cm? for the reference cell C as measured by
the fill factor method [15], which describes the series resistance

as
Ve FF
RS—JSC-<1—pFF>. ©)

Voe, Jse, and FF are determined from the I-V characteristic of
the illuminated solar cell and the pseudo fill factor pFF from
the J,.—V,. characteristic.

Fig. 3 shows the measured series resistances R as determined
from (6) of the PERC solar cells with laser-ablated opening
widths in the rear-side passivation stacks of 50, 80, and 150 m
as a function of the rear metallization fraction f;e.,. The con-
version efficiencies range from 16% to 19.4%. Investigations
on the width of line-shaped contact openings show an enlarge-
ment of 20-30 um at each contact side after the firing process,
which is included in fi..,. We observe a strong dependence of
the measured series resistance R, on the metallization fraction
at the rear. With increasing fiear from 3% to 32%, R, decreases
from 3.1 to 0.8 Q-cm?.

In order to separate the various contributions to the series
resistance, Fig. 4 shows the difference between the measured
series resistance R, and the calculated series resistance contri-
bution of the base R; [see (4)] by applying (3). We thus fit this
difference by

55m§ - cm?

7 +0.55Q-cm?  (7)

Rs - Rb(frear) =



40

9. frear =10 %
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Fig. 5. PL-Rg measurements of PERC solar cells with AloO3/SiN, rear
passivation stack. The numeration corresponds to cell numbers of Table II. The
50-m-wide laser line openings are separated by four different pitches, resulting
in rear metallization fractions from 3.5% to 16.4%.

where in the first approximation, all the experimental data points
are well described.

Applying (2), we thus find for the f,..,-independent contri-
butions of the front side and the edges

R, + Rc,e + R + Rpus + Redge =0.550 - cm® (®)

and using (1) results in a effective specific contact resistivity for
the local Al contacts of

pe = (55 £ 10) m© - cm?. )

The results indicate that in the first-order approximation, the
effective specific contact resistivity of local screen-printed Al
contacts does not depend on the contact size. However, in Fig. 4,
it seems that p. increases slightly with the contact width that
corresponds to observations of Urrejola et al. [7]. However,
some of this seems to be only a small-scale effect. Further
experiments have to be conducted to verify this result with
larger statistics.

B. Rg-Determination by PL Measurements

In the following, we focus on another method to determine the
series resistance. Fig. 5 shows mappings of the local series resis-
tance based on PL measurements [16] for the PERC solar cells
1-4 in Table I. Confirming the strong impact of the rear met-
allization on R;, the area-averaged series resistance decreases
from 2.3 (frear = 3.5%) 10 0.9 Q-cm? (fienr = 16.4%).

Fig. 6 shows the area-averaged series resistances from PL
measurements at three defined areas at each solar cell, as shown
in the inset.

1) whole cell area (black symbols in Fig. 6);

2) wafer center (red symbols in Fig. 6);

3) near the busbar (blue symbols in Fig. 6).
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Fig. 6. Area-averaged Ry measured by PL at different locations of the PERC
solar cells reduced by the contribution of the base R; depend strongly on freay-
Measurement results of the entire cell area are shown in black, of the cell center
in red, and nearby the busbars in blue symbols. For comparison, measurement
results from the FF method are shown with opened orange symbols.

Thereby, we subtract the contribution of the base R regard-
ing (4) for each measurement for the various f;.,.. We observe
a slightly smaller full-area averaged R, data (black) in compar-
ison with measured R, from the FF method (orange). Compar-
ing the full-area averaging results (black) with the data in the
center of the solar cells (red), we notice in a first order a sys-
tematic deviation of about 0.1 2-cm?. That increase is mainly
caused by the strong increase of the local series resistance at
the wafer edges. Therefore, Reqge Of approximately 0.1 Q-cm?
is influenced, e.g., by the screen design and requires further op-
timization. Comparing R from the wafer center (red) with the
R, in the busbar area (blue) reveals a constant difference. That
is attributed to the front-side fingers Rg of about 0.2 Q-cm?.
Contributions of Req4. and Ry are minimized when we measure
the area-averaged R, nearby the busbars and somewhat away
from the wafer edges (blue symbols in Fig. 6). These experi-
mental data points are according to (7)—(9) well described by a
potential fit resulting in a sum of the residual f;.,,-independent
contributions from the emitter, the front contact, and the busbar
of 0.25 Q-cm?, and by using (1), we find

pe = (40 £ 10) m - cm?. (10)

This value agrees well with the contact resistivity of (55
+ 10) mQ-cm? obtained from the FF method. Accordingly,
the contribution to series resistance associated with the screen-
printed contact resistance is, therefore, given by

40m< - cm?
frear '

The sum of the f;...-independent contributions to the series
resistance deduced from PL measurements of 0.55 Q-cm? fits
also well with the equivalent determined by the FF method from
(8).

Table II shows for the PERC solar cell 2 from Table I with
18.8% energy conversion efficiency the split-up of the series
resistance R, deduced from PL measurements. R, is increased
to 1.6 Q-cm? compared with the reference cell with a full-area
Al-BSF and R, = 0.6 Q-cm? (cell C in Table I). The high R, of
the PERC cell is attributed to the high contribution of the base

Rc,rear = (11)
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TABLE II
FROM PL MEASUREMENTS DEDUCED SERIES RESISTANCE CONTRIBUTIONS OF
THE PERC SOLAR CELL 2 IN TABLE I (Fyeay = 5%)

R, contributions Symbols PERC
[Qem?]
Emitter, front contact, busbar R.+ Reet Ryus 0.25
Wafer edges Redpe 0.1
Screen-printed Ag finger Rs 0.2
Base Ry 0.3
Rear contact Rivaii 0.8
Sum 1.65

The measured R, of 1.6 Q.cm? fits well with the sum of the single contributions.

Fig. 7. SEM image of the cross section of a PERC solar cell with pyramid
texture at the top with a screen-printed Ag finger. The local rear contact opening
features an up to 40-pum-deep Al-Si eutectic layer above a homogeneous Al-
BSF which is grown epitaxial during the cool down after the firing step. The
cross fraction is not perpendicular to the line directions.

R;, of approximately 0.3 2-cm?. The main contribution to Ry,
however, is the high contact resistance at the cell rear of R, ycar
= 0.8 Q-cm?. For full-area Al-BSF solar cells, the contributions
Ry and R, ycqr are small, e.g., < 0.1 Q-cm?. Accordingly, R rear
reduction is essential for further efficiency improvements.

V. CONCLUSION

To reduce the series resistance, the contribution of the rear
contact R. rcar has to be minimized. Therefore, according to (1),
one can increase the rear metallization fraction f;..,. However, it
would result in an increased rear surface recombination velocity
and a decreased reflectance and, therefore, limits V. and Js., as
shown for cells 1-4 in Table I. The other possibility to decrease
R, 1ear 18 to decrease the specific contact resistivity p.. In com-
parison with Al paste fired on bare Si with p, = 10 mQ-cm? [6],
the obtained values for local screen-printed PERC contacts of
pe = 40-55m§)-cm? are relatively high and need to be reduced.
Assuming p. = 10mQ-cm? for the local rear contact for solar
cell B in Table I, it would result in an FF increase from 75.8%
to 78% and, therefore, in an efficiency increase to 20%.

Fig. 7 shows a cross section scanning electron microscopy
(SEM) image of a PERC solar cell. Every investigated local

rear contact features an enlargement of 20-30 pm at each contact
side. The line cavities are up to 40 um deep. By locally ablation
of the dielectric layers with picoseconds laser [17] and using
a suitable screen-printed Al paste, these cavities are fullfilled
homogenously with an Al-Si eutectic layer whereby an about
7-pm-thick Al-BSF is formed underneath [9]. Therefore, the
microstructure of the local contacts differs substantially from
the conventional full-area Al-BSF contact. The increase in the
effective specific contact resistivity from 10 to 40-55 m€-cm?
could result from the significantly deeper Al-Si eutectic layer
compared with 1-10 pm for the conventional full-area Al-BSF
solar cells. However, further experiments have to be conducted
to identify the physical background of the significant higher
specific contact resistivity of screen-printed local rear contacts.

VI. SUMMARY

In this paper, we analyze the fill factor loss in large-area
screen-printed solar cells with passivated homogenous emitter
and rear on p-type 2-3-2-cm boron-doped Cz-silicon wafers
achieving energy conversion efficiencies of up to 19.4%. By
variation of the rear contact geometry, we separate the different
contributions to the series resistance. Our analysis shows that
a major impact on the increased series resistance is the contri-
bution of the rear contact. It reveals that the effective specific
contact resistivity of local screen-printed PERC contacts is rela-
tively high with 40-55 mQ)-cm? and has, therefore, the potential
for improvement in order to achieve cell efficiencies above 20%.
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