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Abstract: Grain boundaries (GBs) play a major role in determining the device performance of in particular
polycrystalline thin-film solar cells. Hydrogen has traditionally been applied to passivate defects at GBs. However,
hydrogenated films are subject to light-induced degradation effects. In this study, we took a novel approach to
passivating GBs in multicrystalline silicon (mc-Si) wafers with small polar molecules. We found an excellent
correlation between the grain misorientation, electrical resistance across GBs, and passivation effectiveness. In
particular, the charge transport across GBs was greatly enhanced after the wafers were properly treated in our
polar molecule solutions; the sheet resistance can be reduced by up to more than one order for large-angle
random GBs. The results were explained to be due to the effective charge neutralization and passivation of polar
molecules on localized charge states at GBs. These findings may help us achieve high-quality materials at low
cost for high-efficiency solar cells by enhancing carrier transport and minimizing carrier recombination.
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1. INTRODUCTION

Silicon is the workhorse material of the
photovoltaics industry, and the thin-film polycrystalline
silicon (poly-Si) with grain size in the range of 1 um to 1
mm is considered a promising emerging technology
because of their potential for low cost among other
benefits [1-3]. However, grain boundaries (GBs) are a
significant concern because they play a major role in
determining the device performance of these
polycrystalline thin-film solar cells [4-6]. The high
density defects in GBs act as recombination centers to
trap the minority flow carriers. To minimize the effect of
GBs, the key is to either eliminate them or eliminate
their electrical activity [7]. The latter approach of GB
passivation is considered to be more feasible and
economical. Hydrogen has traditionally been applied to
passivate the defects at GBs. It was first studied
through introducing hydrogen plasma in bulk poly-Si
GBs, and effectively reduced GB in-gap states and
potential  barrier [8]. Extensive studies on
hydrogenation technique as well as mechanisms
behind were conducted on thin film poly-Si, and mc-Si
[6,9-14]. However, hydrogenated films are subject to
the low thermal stability [15,16]. Furthermore,
excessive hydrogenation leads to new defect creation
and results in the increase of GB electrical
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activity in poly-Si [17,18]. Alternative passivation
agents are therefore developed. Molecules with polarity
such as NHj;, and H,O were observed to eliminate the
GB trap states in poly Si [7,19]. However, the gas
diffusion treatment at high temperature is expensive to
maintain. A feasible solution can be achieved with
chemical passivation. For example, immersing
hydrogen terminated silicon substrate in quinhydrone-
methanol solution can obtain surface passivation effect
and higher minority carrier lifetime [20,21].

In this study, we suggest a novel approach using
small polar molecules (methanol, acetonitrile, formic
acid, and new ZK-series mixed solutions) by chemical
solution process to passivate GBs in poly-Si and
multicrystalline silicon (mc-Si) wafers. This low
temperature passivation method has advantages in the
operation simplicity and low requirement on process
condition. Moreover, this method in principle can be
applied to other polycrystalline thin-film solar cells,
including cadmium telluride (CdTe), copper indium
gallium selenide (CIGS), and copper zinc tin sulfide
(CZTS). In the present investigation, the large-angle
random “GBs” electrical activity can be significantly
reduced by up to more than one order in mc-Si. In
addition, the correlation of GB microstructure with
passivation effect was well investigated. mc-Si wafers
rather than polycrystalline thin films were chosen
because of their large grains, which make it easier to
practically study the GB behaviors. This simple
passivation method with small molecules is promising
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in achieving high quality materials at low cost and
improving energy conversion performance for
photovoltaics.

2. MATERIALS AND METHODS

Investigation was carried out on p-type mc-Si
wafers (thickness: ~200 um; resistivity: 0.5-3 Q-cm;
grain size: mm-cm). Wafers were first cut into small
samples of a few cm. GBs marked lightly with a
diamond scribe were examined in detail to see sheet
resistance changes before and after passivation. All
samples were cleaned using the standard Radio
Corporation of America (RCA) clean procedure,
followed by etching in 1:50 hydrofluoric acid for 30
seconds, rinsing with deionized water for 1 minute, and
then drying with compressed air. The passivation was
then conducted by immersing cleaned samples in
methanol (CH3OH), formic acid (HCOOH), acetonitrile
(CH3CN), and our home-made ZK-series polar
molecule solutions, respectively, at a fixed temperature
(<100°C) for certain periods of time. Passivated
samples were then taken out, dried with compressed
air, and left in air at room temperature for more than 12
hours before measuring the sheet resistance with a
four-point probe station (Signatone S-301-4). The
resistance measurement was conducted across GBs
and on grain bulk, respectively, under both dark and
illuminated conditions. The light source was a standard
solar simulator (ABET Sun 2000). The resistance
across each GB was obtained by averaging several
data points acquired along the GB. After finishing the
resistance measurement, each sample was first RCA
cleaned and then put back in the same chemical
solution again for further passivation at an incremental
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step of 5 hours to study the effect of passivation time
on the resistance. In addition, photoluminescence (PL)
and electron backscatter diffraction (EBSD) techniques
were also applied to study the correlation between the
electrical, optical, and structural properties of GBs. For
PL imaging, the wafer was illuminated by 810 nm light
at an intensity equivalent to one sun, and the data
acquisition time was 600 seconds. The plan-view
EBSD mapping was carried out with a scanning
electron microscope (SEM) (Hitachi S-4300N) at 20 kV,
a sample tilt angle of 70°, and a working distance of 15
mm. More details on PL and EBSD can be found
elsewhere [22,23].

3. RESULTS AND DISCUSSION

We first studied the GB passivation with pure polar
molecular solutions only. Figure 1 shows the sheet
resistance (Rgneet) across GBs vs. passivation time on
two kinds of GBs (large-angle random and X3) under
dark (D = dark) and illuminated (L = light) conditions,
respectively. The dipole moments of formic acid,
methanol, and acetonitrile are 1.41, 1.69, and 3.9 D (D
= Debye), respectively [24-26]. As shown in Figure 1a,
methanol is generally more effective in passivating
large-angle random GBs than are formic acid and
acetonitrile. In particular, after a 10-hour methanol
passivation, the dark Rgheet and illuminated Rgpeet Values
decreased from 5637.2 and 4317.2 Q/01 to 3711.0 and
3196.5 Q/[], respectively (or equivalently, by 34.2%
and 26.0%, respectively). The relatively effective
passivation of methanol might be related to its small
molecule size of ~0.41 nm, [27] which makes it easier
to diffuse along GBs for passivation and therefore
lowers the energy potential barrier there. However, the
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Figure 1: Sheet resistance (Rsheet) across GBs vs. passivation time of acetonitrile, methanol, and formic acid under dark (D) and
illuminated (L) conditions, respectively. (a) Large-angle random GBs. (b) £3 GBs.
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Rsheet @lmost returned to its original value when the
passivation time was further increased. In contrast, the
passivation of acetonitrile and formic acid on large-
angle random GBs is not obvious for the entire range of
treatment time under both dark and illuminated
conditions. For instance, the dark Rgheet and illuminated
Rsheet remained almost constant around 5500 and 4800
Q/7, respectively, for large-angle random GBs treated
with formic acid. For £3 GBs (Figure 1b), Rqpeet Values
are usually in the range of 60-180 Q/C], which are
much smaller than those of large-angle random GBs.
We see that the passivation on 3 GBs did not greatly
change the Rgheet Values, although in general
acetonitrile may reduce Rgheet, and methanol (or formic
acid) may increase Rgneet- Overall, we can conclude
that with appropriate small polar molecules, the
electrical activity of GBs can be modified to a certain
extent. However, the passivation effectiveness of pure
molecule candidates on large-angle GBs is still limited.
We then investigated the passivation performance of
our ZK-series polar molecule solutions, whose dipole
moments can be varied from 2.2 to 3.4 D.

As depicted in Figure 2a, all three kinds of ZK-
series solutions could effectively passivate large-angle
random GBs and then greatly reduce their Rgneet
values. For GBs passivated with ZK-22 solution, the
corresponding Rgheet decreased dramatically even after
the first 5 hours of passivation; the values of Rgheet
dropped from 5804.9 and 5083.6 Q/[1 to 1144.6 and
848.3 Q/[0 under dark and illuminated conditions,
respectively. With further passivation, the Rgheet
increased slightly first and then dropped to saturation
values of 180.4 and 176.2 Q/OJ, respectively, under
dark and illuminated conditions, when the passivation
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time reached 30 hours. We therefore see that the Rgpeet
across large-angle GBs could be reduced by more than
95% after ZK-22 passivation. Compared to ZK-22
solution, both the ZK-24 and ZK-42 solutions generally
followed a similar trend in terms of passivation
effectiveness on large-angle GBs. However, for GBs
passivated with either the ZK-24 or ZK-42 solution, the
corresponding Rgheet did not decrease significantly until
the passivation reached 10 hours, and after that, the
Rsheet Saturated to low values (<1000 Q/0), which
makes both the ZK-24 and ZK-42 solutions better
passivation candidates as far as the passivation time
window is concerned. We also tested the conductivity
of ZK-series solutions and found them to be insulating,
which rules out the possibility that the resistance
reduction after passivation was caused by the
conductivity of the polar molecules themselves. We
therefore think the improvement of the electrical
properties at GBs is due to the interaction between mc-
Si GBs and polar molecules. For ¥£3 GBs passivated
with ZK-series solutions, the Rgheet Was generally not
sensitive to the passivation (Figure 2b), although it
fluctuated to some extent, similar to the case of 23 GBs
passivated with pure polar molecules as shown earlier
in Figure 1b. It is reasonable to assume that polar
molecules did not have much effect on the electrical
activity of £3 GBs because it is well known that %3
boundaries are structurally much less defective and
thus almost electrically inactive [4,22]. We observed
that all passivated samples showed very stable
electrical resistance even when left in air at room
temperature for four weeks. These findings are
significant because the Rgneet Vvalues of defective
random GBs can be greatly reduced to be close to the
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Figure 2: Sheet resistance (Rsheet) across GBs vs. passivation time of ZK-24, ZK-22, and ZK-42 under dark (D) and illuminated
(L) conditions, respectively. (a) Large-angle random GBs. (b) X3 GBs.
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Figure 3: Sample passivated with ZK-42. (a) PL image of a sample passivated for 30 hours. The insets are the corresponding
PL intensity profiles across GBs #1-3. (b) Sheet resistance (Rsheet) across GBs #1-3 vs. passivation time under dark condition.
(c) Plan-view EBSD maps at GBs #1-3. EBSD maps are color-coded with the IPF coloring in the sample normal direction Z,.

The inset is the color-coding legend.

bulk Rgneet values (25-150 Q/10) through simple
passivation with small polar molecules.

To further investigate the passivation effectiveness
of ZK-series solutions, we worked specifically on
samples passivated with ZK-42 solution with EBSD and
PL. The PL image of a sample passivated with ZK-42
for 30 hours is shown in Figure 3a. The contrastin a PL
image is closely related to the defect density and
lifetime in association with the material purity [28]. We
can clearly see the GBs in the PL image due to their
strong contrast with adjacent grain bulk. Also shown
are the corresponding PL intensity profiles across GBs

#1-3 indicated by arrows. The darkness of the three
GBs follows the order GB #1 > GB #3 > GB #2 as far
as the intensity counts are concerned: 55, 118, and 82
for GB #1, GB #2 and GB #3, respectively. In fact, we
selected the three typical GBs #1-3 according to their
different Rgheet values before passivation (6040.8,
138.2, and 3060.7 Q/O0 for GBs #1-3, respectively).
We then measured the Rgneet Under dark conditions at
different passivation times (Figure 3b). We see that the
Rsheet Values across GBs #1 and #3 decreased greatly
after passivation for 10 hours and then became almost
saturated with increasing passivation time, whereas the
Rsheet across GB #2 was insensitive to passivation.
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After passivation for 30 hours, the Rgheet Values across
GBs #1-3 are 503.7, 168.3, and 400.9 Q/OJ,
respectively, which is consistent with the
aforementioned intensity profile counts. To explain
these findings, we further investigated the same GBs
with plan-view EBSD mapping to observe the grain
misorientation between two adjacent grains. Figure 3¢
shows EBSD maps at GBs #1-3, respectively. The
maps are color-coded with the inverse pole figure (IPF)
coloring in the sample normal direction Z,. Also shown
is the grain misorientation (angle and axis of rotation)
between adjacent grains. It indicates that GBs #1 and
#3 are large-angle random GBs whereas GB #2 is a £3
coincidence site lattice (CSL) boundary. We therefore
confirmed that our ZK-series solutions are very
effective in passivating large-angle random GBs in mc-
Si and do not passivate 23 GBs or deteriorate their
electrical properties. These findings are consistent with
those reported on GBs passivated with hydrogen [5]. In
our recent study on upgraded metallurgical-grade
silicon (UMG-Si) wafers, we also found a similar
correlation between the optical response and different
GBs passivated with a methanol-iodine solution [22].
However, we observed that methanol-iodine
passivated mc-Si samples showed a wider range of PL
imaging contrast for different GBs than ZK-series
solution passivated ones, which further verified that our
ZK-series solutions can effectively passivate random
GBs.

To explain the passivation-enhanced conductivity of
random GBs, we refer to a typical random GB model
for p-type Si before passivation (Figure 4a) [29]. As
mentioned above, large-angle random GBs show high
resistance for carriers to cross over, because high
defects and impurity densities exist there [22]. These
defects introduce extra electronic states localized
within the band gap and act as trap states at GBs.

(a)

Interface E..

When Fermi levels line up as a result of charge transfer
to reach equilibrium, a potential barrier and interfacial
polarization will be formed along the GB; the barrier will
oppose the immigration of charge carriers. It is
therefore reasonable that random GBs, in particular
large-angle ones, show large Rgpeet Values. Tsurekawa
et al. [30] showed that random boundaries possess
barrier heights almost twice as high as those of
coincidence boundaries. After passivation with ZK-
series solutions, it is expected that the electric dipole
moments of proper polar molecules in solutions and the
interfacial dipole moments at the GB cancel each other
out so that the GB potential barrier can be greatly
lowered (Figure 4b) and the corresponding Rgheet Can
be greatly reduced. Small molecules with high polarity
was also applied in organic solar cells acting as both
electron donor and acceptor to adjust interfacial energy
barrier [31]. However, for pure solutions such as
methanol, formic acid, and acetonitrile, we believe the
molecular dipoles may not match with the interfacial
dipoles at the GB, which leads to poor charge
neutralization and passivation of polar molecules on
localized charge states at GBs. It should be pointed out
that the actual situation could be more complicated
than the brief picture presented here. Therefore, more
research work is needed to further clarify what actually
happens at GBs during passivation; for instance, how
deep small polar molecules can diffuse into GBs and
how long they can stay there.

4. CONCLUSIONS

In summary, four-point probe, PL, and EBSD
techniques were employed to study the passivation
effect of small polar molecules on GBs in mc-Si wafers,
including methanol, acetonitrile, formic acid, and new
ZK-series solutions. It was shown that the ZK-series
solutions have a much stronger passivation effect than
others. The Rgheet across large-angle GBs could be

(b)

Interface
states

states

Figure 4: Random GB model. (a) Before passivation. (b) After passivation.
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reduced by up to more than one order to be close to
the bulk Rsheet (25-150 Q/O0) through simple
passivation with ZK-series mixed solutions. In addition,
we found an excellent correlation between the grain
misorientation and passivation effectiveness. The
results were explained with a GB model to be due to
the effective charge neutralization and passivation of
polar molecules on localized charge states at GBs.
These findings are important because we believe that
using non-hydrogen based approaches to passivation
may help us achieve high-quality, economical
semiconductor materials for photovoltaics and other
solid-state devices such as thin-film transistors.
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