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ABSTRACT: There is currently much interest in n-type base solar cells because of potential advantages, both
of silicon base material and of cell process, for high efficiency. We present results
of n-base solar cells on large area multicrystalline and monocrystalline silicon wafers, produced
using simultaneous diffusion of phosphorus back surface field and boron emitter, screen-printed
metallization and firing through.  The cell process leads to record high efficiencies of 16.4% on
multicrystalline and 18.3% on monocrystalline wafers. It is experimentally demonstrated that in
multi-crystalline Si a low resistivity is correlated to reduced cell efficiency, with the optimum base
resistivity lying between 1.5 and 4 Qcm. By characterizing and modeling cells from monocrystalline
Si, from nominally clean multicrystalline Si, as well as from intentionally Fe-contaminated multi-
crystalline Si, the impact of purity on emitter recombination is investigated in more detail. Keywords: Boron, n-type,

Silicon Solar Cell.

1 INTRODUCTION

n-type silicon has been proven to have a higher
tolerance to common transition metal impurities, such as
those present in silicon produced from quartz and carbon
(via metallurgical routes), potentially resulting in higher
minority carrier diffusion lengths compared to p-type
substrates [1,2]. In spite of these advantages, at present,
more than 85% of the silicon solar cells produced by the
industry are based on p-type substrates. This is caused
mostly by an insufficient development and industry
implementation of the n-type cell processes for
multicrystalline substrates.

This paper presents a solar cell process and cell
results on n-type multicrystalline and monocrystalline
wafers. The cell process is based on boron front emitter,
and low cost fabrication processes for industrial use
(such as screen printing and microwave plasma enhanced
chemical vapor deposition (PECVD) of silicon nitride
(SiNy)). Moreover, in our experiments, in
multicrystalline Si a low resistivity is correlated to
reduced cell efficiency, with the optimum base resistivity
lying between 1.5 to 4 Qcm. By characterizing and
modeling cells from monocrystalline Si, nominally clean
multicrystalline Si, as well as intentionally Fe-
contaminated multicrystalline Si, also the impact of the
wafer purity on emitter properties is investigated.

2  EXPERIMENTAL DESIGN

At present, with the exception of two particular high-
efficiency cell types [3,4], all silicon solar cells produced
by the industry are based on p-type substrates. A
substantial effort has been made in our laboratory to
develop a cell process on n-type substrates which
uses similar industrial techniques and processes with no
substantial increase in costs. Our cell process is
developed on 155.72 cm® phosphorous-doped n-type
monocrystalline Czochralski (Cz) Si wafers with base
resistivity ranging between 1 and 3 Qcm, but results on

156.25 cm? industrial n-type multicrystalline Si wafers
are also presented in this paper. The process begins with
a texture etch (either by random pyramids or isotexture)
in a chemical solution on both sides of the wafers.
Subsequently, a p* emitter with a sheet resistance of 60
Q/square was diffused on the front side (light receiving
side) of the substrates from a boron tribromide (BBr3)
source in a quartz tube furnace of an industry-compatible
scale.

As compared with industrial standard p-type solar
cells, that use an aluminum alloyed rear side as a back
surface field (BSF), the solar cells based on n-type
substrates must have a n" (phosphorous) diffusion for
BSF, in order to facilitate the formation of an Ohmic
contact for the base metallization. In our process,
phosphorous BSF has a sheet resistance of 30 Q/square.
After the diffusion processes all wafers received a
standard cleaning followed by etching with a diluted
hydrofluoric acid (HF) immediately before the
application of the passivating layers. The passivation
method used here for the front (boron emitter) and rear
side (phosphorous BSF) consists of a stack of an ultrathin
SiO, layer formed by nitric acid oxidation of Si (NAOS)
[5,6] and a hydrogenated silicon nitride (SiNy)

front contact  SiO,/SiN,

p" Emitter
n-type Si
n" BSF

back contact  SiO,/SiN,

Figure 1: Schematic cross-section of the fabricated solar
cells
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Figure 2: Carrier concentration profile for boron
(emitter) diffusion measured by ECV method on a
polished Cz Si wafer.

antireflection coating layer deposited by PECVD [7].
The cell process is completed with screen printing of the
front and back contacts followed by a co-firing step in
order to be able to make Ohmic contact between printed
metal contacts and Si. A schematic layout of the
fabricated solar cells is shown in Figure 1.

Figure 2 shows the resulting boron (emitter) doping
profile measured on a polished Cz n-type test wafer,
using the Electrochemical Capacitance-Voltage (ECV)
method at ISC in Konstanz. The ECV measurements
reveal a doping profile of boron emitter up to 0.25 um
depth with a visible surface depletion region. This
depletion is caused by the in-situ oxidation performed to
remove the boron rich layer. Further optimization seems
to be needed in order to avoid this depletion region,
which could enhance surface recombination of the
minority charge carriers in the p* emitter because of an
unfavorable electric field direction.

3 RESULTS AND DISCUSSION
3.1 Mono- and multi-crystalline cell results

Table I shows the best solar cell parameters, obtained
using the process described above, on multi- and mono-
crystalline silicon wafers. These measurements were
carried out under the standard test conditions using a
class A solar simulator. As can be seen from the table, a
conversion efficiency of 16.4% is achieved on multi-
crystalline n-type substrates and nearly 1% absolute
higher efficiency on monocrystalline Cz substrate. With
the difference coming from short-circuit current (Jsc) and
open-circuit voltage (Voc) it suggest that bulk lifetime
may still be an important limitation for multicrystalline
n-type cells. A more quantitative analysis will follow
later in this paper.

Nevertheless both, mono- and multicrystalline, cell
efficiencies of table I represent the highest values
reported for an n-type industrial process using screen-
printed and fired-through metallization on large area
substrates (exceptions are the high-efficiency cell
concepts of Sunpower and Sanyo [3,4]). This represents a
significant step forward for industrial production of solar
cells based on n-type substrates. Moreover, further
improvements are expected (especially in the fill factor)

Table I: Comparison of the best solar cell parameters
measured under standard test conditions (AM1.5G, 100
mW/cm?, 25 °C). The solar cells were fabricated on
156.25 cm” multicrystalline Si substrates and 155.72 cm®
monocrystalline Cz Si. The average efficiency of the 10
monocrystalline cells with random pyramids texture etch
was 17.9%. The base resistivity is 1.8 Qcm for the
multicrystalline cells and 1.5 Qcm for the Cz cells.

Surface Jse Ve FF n
Wafer  texture [mA/em’] [mV] [%] [%]
me-Si  isotexture 35.2 607 767 16.4
Cz isotexture 36.3 629 758 173
Cz r.pyramids 37.3 630 77.8 183

for solar cells processed on isotexture etched surface. We
have explored the benefits of this n-type process over the
more developed and widely applied p-type process, and
work is underway to industrialize the n-type process.

3.2 Effect of base resistivity

In the following we have investigated solar cells
fabricated on wafers belonging to different n-type multi-
crystalline Si ingots with difference in their base
resistivity, with the purpose to find out the optimum
resistivity range for n-type multi-crystalline Si ingots and
cells. Two multicrystalline n-type ingots grown in the
same furnace have been selected for this investigation: a
compensated ingot (called ingot 5) which is partially p-
type (boron) and partially n-type (antimony) doped.
Such a compensated ingot is very well suited for this
type of investigation as it allows for a large variation in
wafer resistivity on a narrow part of the ingot size, while
variation in concentration of metal impurities and crystal
defects is relatively small. The other n-type ingot (called
ingot 6 /antimony doped) that we have investigated has
resistivity ranging from 2.2 to 0.3 Qcm from bottom to
top of the ingot. Solar cells have been fabricated (using
the process described above) on 156.25 cm’ wafers
distributed to cover a resistivity range of 0.8 to 7.7 Qcm
from ingot 5 and 0.3 to 2.2 Qcm from ingot 6.
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Figure 3: Experimental power conversion efficiency n
and JgcXVoce product versus base resistivity of both
multicrystalline n-type Si ingots investigated.
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Figure 4: Minority carrier lifetime in the bulk T,

determined from the PC1D fit of IQE data as a function
of wafer base resistivity.

Figure 3 shows the experimental conversion
efficiencies (1) and JgcxVoc product as a function of
base resistivity for both ingots investigated. As seen from
the figure the best results are obtained for wafers
belonging to ingot 6, with the highest performance
obtained around 25% from the bottom of the ingot. The
parameters of the best cell measured are shown in table 1.
Another interesting result that can be observed in figure 3
is that the JscxVoc product continues to rise for cells
made from ingot 6 as resistivity is increased while it
stays rather constant for cells of ingot 5 for resistivities
larger than 1.3 Qcm. Above 3.5 Qcm a decrease in i of
ingot 5 is, however, caused by a decrease in FF. This
decrease in FF is a result of a higher series resistance.
Nevertheless, we show that the optimum base resistivity
for n-type multicrystalline Si feedstock lies between 1.5
to 4 Qcm (these values can be lower if thinner wafers are
produced) in order to maximize the efficiency output
throughout the ingot.

Figure 4 shows the bulk lifetime (t,) resulting from
fitting the internal quantum efficiencies (IQE) data of the
cells from both ingots investigated. From lifetime data it
is observed that a resistivity higher than approximately
1.3 Qcm is required in order to ensure that bulk diffusion
length Ly, >W (W is the averaged wafer thickness of
all investigated cells) for both ingots. For Lgp,x <W, that
means a resistivity <1.3 Qcm, both ingots have almost
identical lifetime even though this threshold occurs for
wafers of >50% towards the top of the ingot 6 and only
>85% towards the top of ingot 5. Notably, the lifetime as
a function of resistivity shows for low resistivity a linear
dependence, suggesting activity of some impurity which
is relatively harmful in n-type base (e. g. Au, Zn,
perhaps Cr) [1,8,9].

3.3 Effect of impurities on emitter recombination

While the n-type base of the solar cells may be
expected to be less sensitive to many transition metal
impurities, the p* emitter could rather be more sensitive.
It is commonly believed that recombination into the
highly doped emitter region is dominated by Auger and
radiative recombination. Recent investigations, however,
show that relatively large amounts of metal impurities
(e.g., Fe, Cu, Cr) can be gettered in a n” (phosphorous)
emitter during
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Figure 5: Front (empty symbols) and rear side (semi-
filled symbols) IQE of solar cells fabricated from a
mono-crystalline (Cz) ingot, a reference multi-
crystalline, and a multi-crystalline ingot with 50 ppmw of
Fe. The solid lines represent the PCID calculation
considering the emitter recombination parameters from
table II.

diffusion processes [10]. These gettered impurities have
relatively low impact on a n" emitters due to their higher
capture cross-section of electrons as compared with
holes.

In order to verify that metal contamination of the p*
emitters can indeed have a significant effect, n-type solar
cells were fabricated (using the process described in this
paper) from clean monocrystalline (Cz) wafers,
nominally clean multicrystalline Si wafers, and multi-
crystalline Si wafers from feedstock intentionally
contaminated with 50 ppmw of Fe [11]. The resulting
IQE and I-V data were modeled using PC1D simulation
program taking into account measured front and rear
doping profiles, surface reflection, base resistivity, and
wafer thickness. The relevant fit parameters left for the
modeling are t,, front and rear surface recombination
velocities (SRV), and emitter recombination. The latter
parameter has been introduced in our PC1D model as a
separate emitter region with an effective diffusion length
(Lyemiter) taken at an acceptor density of Ny =10 cm >,
By fitting both front and rear IQE data all fit parameters
can readily be determined. The results show that only 1,
(or Lypux) and Lgeminer Needs to be varied between
various cells with a constant front SRV of 1.0(x0.5)x10*
cm/s (on boron emitter) and rear SRV of 1.0(x1)x10°
cm/s  (on phosphorous BSF). A constant SRV is
expected since all solar cells have been processed in the
same run.

Figure 5 shows the experimental IQE curves
(symbols) of selected cells from the three different ingots
together with the PC1D fit using the model discussed
above. The front IQE clearly does not indicate a variation
in front surface passivation. However, without including
recombination active defects in the emitter
(L emitter™>Wemiter), the PCID calculated Vo and the
experimental Voc of the cells deviate significantly. The
deviation varies from 6 mV for the Cz wafer, to 22 mV
for the Fe-contaminated wafer. This deviation can be
fitted well (without affecting the IQE curves) by
including interstitial Fe defects into the p* emitter. Of
course, interstitial Fe is a likely contaminant that can
affect the diffusion length in the emitter, but also other
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Table II: PC1D fit parameters used in figure 5. Lgemitter
is taken at N, =10% cm™, whereas AVoc represents the
difference between calculated Ve, when only Auger
recombination is considered in the emitter, and measured
Voc of the cells.

equiv.

Wafer Ld,bulk Ld,emitter Fe: A‘]OC
(bm]  fpm] Sy (mY]
Cz 841 0.56 9x10™ 6
me-Si 284 047  2x10° 14
(reference)
(50 ;‘;"n'lii oy 192 041  4x10% 22

impurities may be present. Thus, the interstitial Fe
concentration is used here as a convenient parameter to
represent  increased  Schockly-Read-Hall  emitter
recombination in general. The resulting fit parameters are
shown in table II. It was found that consideration of this
contamination was essential to simultaneously fit IQE
curves as well as V¢ correctly’ Incidentally, it can be
seen that the 50 ppmw of Fe have only modest effect on
Lgpuk of the solar cells but it can bring significant
limitation to Voc due to the emitter contamination.
Further analysis of this effect is in progress.

Based on fitted IQE of different multicrystalline and
monocrystalline cells and using our model calculation we
were able to identify the efficiency enhancement
possibility for our n-type cell process. Figure 6 shows
the experimental efficiencies of the cells of figure 5.
These efficiencies are plotted together with the calculated
curve against the ratio of minority carrier diffusion length
in the bulk and wafer thickness (Lgpu/W), assuming an
isotexture etched surface, same metallization shadowing,
FF, and W, for all cells. A good agreement is observed
for all cells allowing us to quantify the relation between
material quality (given by Lgpuk) and the resulting solar
cell efficiency when all other parameters of the process
are the same. Work is underway to elucidate the relation
between Ly, and the presence of some defects in mc-Si
wafers [11].
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Figure 6: Calculated (solid line) and experimental
(symbols) efficiency as a function of minority carrier
diffusion length and wafer thickness ratio (Lgpui /W).

4 CONCLUSSION

We have demonstrated a process to fabricate n-type
solar cells on large area (156.25 cm?) multicrystalline
and mono-crystalline Cz substrates, involving diffusion
of phosphorus BSF and boron emitter, screen-printed
metallization and firing through, leading to efficiencies
of 16.4% on multicrystalline Si and 18.3% on Cz.
Experiments on wafers of different base resistivity show
that the optimum target resistivity for n-type
multicrystalline silicon wafers lies between 1.5 to 4 Qcm
in order to maximize the efficiency output thorough the
ingot. In multicrystalline cells, modeling gives a clear
indication that contaminants inside the wafer affect the
emitter recombination.
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