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20% Efficient Screen-Printed n-Type Solar Cells
Using a Spin-On Source and Thermal Oxide/Silicon
Nitride Passivation
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Abstract—N-type Si cells offer a compelling alternative to p-type
cells to achieve high, stabilized cell efficiencies because they do not
suffer from light-induced degradation. However, the most common
dielectric materials that are used to passivate the n* emitters of
p-type cells—thermal SiO- and SiN x —have historically provided
poor passivation of the p* emitters required for n-type cells. In
this paper, we demonstrate that a thin thermal-SiO,/SiNx stack
can, when appropriately fired, provide similar passivation on both
pt and nt surfaces. Passivation studies on textured, SiO,/SiN x
passivated p* -Si surfaces indicate that a high-temperature firing
cycle is the most important step to achieving high-quality passiva-
tion and that the positive charge in the dielectric stack may have
little detrimental effect on industrial-type, high surface concen-
tration emitters. In addition, the suitability of spin-on boric acid
sources for forming uniform, well-passivated p* emitters on tex-
tured surfaces was studied. This passivation scheme and spin-on
boron source were used to achieve 4-cm? screen-printed n-type
cells with efficiencies over 20% and open-circuit voltages up to
650 mV.

Index Terms—Boron, diffusion processes, passivation, photo-
voltaic cells.

I. INTRODUCTION

ORON-DOPED p-type Si is currently the substrate ma-
B terial of choice for fabricating crystalline Si solar cells.
Several high-efficiency p-type cell structures exist which use a
variety of processing techniques, such as liquid source diffusion,
solid source diffusion, laser doping and ion implantation for
junction/ back-surface field (BSF) formation, and photolithog-
raphy, screen-printing, ink/aerosol jet printing, and plating for
contact formation [1]-[5]. There is, however, a common feature
of many of the best p-type cells—the use of thermal oxide (SiO3)
and/or silicon nitride (SiNx ) for passivating the n* emitter. Sev-
eral studies exist which characterize the passivation qualities of
SiO; and SiNy on heavily doped n™ surfaces [6]-[9]. Unfor-
tunately, cells fabricated on p-type Cz substrates are known to
be susceptible to light-induced degradation (LID) [10]. Further-
more, modeling and simulation work has indicated that higher
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efficiency cell structures can suffer significantly higher losses
from LID [11].

N-type cells offer a way of avoiding the efficiency penalty
associated with LID. Unfortunately, thermal SiOs and SiNyx —
which provide excellent passivation of the n™ emitters of p-type
cells—have historically had problems providing passivation of
similar quality and stability on the p* emitters required for
n-type cells [12]-[18]. Prior work has shown that SiNy passi-
vation of planar p*-Si surfaces results in extremely high satu-
ration current densities J; of 800-2000 fA/cm? [12], [15]. This
sets a very low Vo ceiling of just ~630 mV. While thermal
SiO, provides much better passivation on planar p* surfaces,
several authors have reported that texturing the surface increases
the surface recombination velocity S by approximately an order
of magnitude [16], [17]. Additionally, the passivation of some
of the highest quality thermal SiOy grown on p'-Si has been
reported to be unstable on both planar and textured p™ surfaces
over a period of 2-3 years [12], [14].

Higher recombination activity of defects at the p*-Si/SiOq
and p™-Si/SiN interfaces and the fixed positive charge in SiOs
and SiNy have been cited as being responsible for their poor
passivation quality on p* surfaces [12], [18]. Fired, chemically
grown SiO2/SiNx stacks and the negatively charged Al, O3 have
proven more successful at passivating p*-Si surfaces, while
thermal SiO5/SiN x stacks have had mixed success [18]-[22]. In
this paper, we have attempted to separate and quantify the impact
that hydrogenation, charge, and firing have on the passivation
quality of both planar and textured p* -Si surfaces using thermal
Si0,/SiNx stacks. In addition, a spin-on boric acid solution was
used in these studies in order to examine the potential of spin-on
sources, which are generally safer and less toxic than the more
common BBr;, BCl;3, and doped solid sources used to form
high-quality emitters for n-type solar cells [23], [24].

II. EXPERIMENTAL DETAILS

The structure of the ~3 2-cm float-zone (FZ) n-type cells
(4-cm? area) fabricated in this study is shown in Fig. 1. After
random pyramid texturing of both sides of the wafers and clean-
ing, a 45-50 Q/0J emitter was formed using a spin-on boric
acid solution as the boron source [15]. A subsequent POCl3
diffusion was used to form the ~70 /] BSF with back-to-
back loading to prevent counterdoping of the boron emitter. The
borosilicate glass layer that forms during the boron diffusion
was also left intact through the POCl; diffusion step to provide
further protection of the emitter. After an HF dip to remove the
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Fig. 1. Structure of thermal-SiO2/SiNx passivated n-type cell with screen-
printed contacts.

borosilicate and phosphosilicate glasses, the wafers were pas-
sivated on both sides with a thin (~10-15nm) thermal SiO,
layer. This oxide layer was then capped with a low-frequency
plasma-enhanced chemical vapor deposited (LF-PECVD) SiN x
film deposited using a Centrotherm PECVD reactor. The wafers
were metalized by screen-printing Ag/Al and Ag pastes on the
front (grid pattern) and rear (point contact pattern) sides, respec-
tively, and co-fired at a temperature of ~750°C. A conductive,
light-scattering Ag colloid film was then applied to the rear sur-
face with a brush to electrically connect the rear point contacts
after firing. This layer also serves as a Lambertian back-surface
reflector (BSR). Details of the characteristics of this film have
previously been published [25]. The bulk lifetime of cells was
determined via the quasi-steady-state photoconductivity (QSS-
PC) method by etching the samples down to the bulk, cleaning
the wafer and passivating both surfaces with Iy/Methanol [26].

Passivation quality at various steps of the fabrication sequence
was tracked using implied Vo and saturation current density
Jo measurements via the QSS-PC and transient photoconduc-
tivity decay (Transient-PCD) methods, respectively [26], [27].
The implied V¢ measurements were made on unmetallized
cells (see structure in Fig. 1). For J, measurements, symmetri-
cally diffused and passivated p*/n/p* samples were prepared
on 500-700 Q-cm n-type FZ wafers. These samples were split
into two groups: double-side textured and double-side planar,
with sample size of 48 and 10, respectively. For comparison,
a double-side textured n*/n/n* J, sample was also fabricated.
While the diffusion and passivation steps that are used to prepare
the Jy samples were identical to those used for cell processing,
the p*t/n/p* Jy wafers only went through the POCl; thermal
cycle with no phosphorous diffusion occurring. The difference
in the sheet resistance of the planar and textured p™ samples was
3 Q/ or less as measured using a four-point probe tool. On some
of the Jy samples, a forming gas anneal (FGA) was performed
for ~15 min. Such anneals were not performed at any step of
the cell fabrication process. As conventional profiling methods,
such as secondary ion mass spectroscopy (SIMS) have trouble
with accurately profiling rough surfaces, scanning electron mi-
croscopy (SEM) was used to check both the uniformity of the
spin-on emitter and to estimate the junction depth [28]. The SEM
imaging was done using a Zeiss Ultra 60 FE-SEM. The charge
density of the thermal SiO,/SiNy stacks was determined using
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Fig.2. SEM image of ap™ emitter formed on a textured surface using a spin-
on boric acid source. Pixel intensity profiles of the marked regions are shown in
Fig. 3.
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Fig. 2

Pixel intensity profile of the peak, flank, and valley regions marked in

a Semitest SCA-2500 surface charge analyzer on undiffused,
planar 1.3-Q2-cm p-type FZ wafers.

III. RESULTS AND DISCUSSION
A. Emitter Uniformity

With spin-on sources, uniformity of the diffused junction on
a textured surface is a concern as discontinuities in the emitter
can cause shunts after metallization and introduce uncertainty
in Jy measurements. The uniformity of the spin-on boric acid
diffused emitters in this study was, therefore, checked using
SEM imaging. Several samples up to ~6 cm long were imaged
to allow reasonably large sections to be checked. Differences in
doping concentration and dopant type show up in SEM images
as a contrast difference [28]: The p* emitter formed using the
spin-on boric acid source is clearly visible as a bright line in the
SEM image in Fig. 2.

Elliot et al. showed that the intensity/brightness of the doped
region (stored as an 8-bit pixel value in the SEM image) is
directly related to the ionized p* dopant concentration [28].
Therefore, the “pixel intensity” profile across the p* -n junction
was extracted from the SEM images. Such profiles provide a
quantitative method of estimating junction depth using SEM
images, and from an examination of multiple samples, we es-
timate a junction depth of ~0.8 + 0.05 pm which was fairly
uniform in the peaks, valleys, and flanks of the pyramid textured
surface. Profiles for the regions marked in Fig. 2 are shown in
Fig. 3.
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Fig. 4. Jy of planar, boron diffused wafers at various process steps.

B. Surface Passivation

Fig. 4 shows the effect of various passivation steps on the Jj
of planar boron diffused surfaces. While the ~400 °C FGA step
is not used in the cell fabrication sequence, it was performed on
the Jy samples to try and separate the effect of hydrogenation
from the other effects of a PECVD SiNy deposition. Both the
FGA and the SiNx deposition were performed at ~400 °C. As
shown in Fig. 4, the FGA step had a negligible impact on Jy. This
suggests that the thermal SiO,-passivated planar p* -Si surface
has relatively few dangling bonds (or other sites) available for
passivation by H-atoms at ~400 °C. Therefore, hydrogenation
during PECVD SiN is unlikely to improve Jj, and instead the
negative effects of this step, namely, a high positive charge in the
stack (~1-2e12 cm~2) and possible plasma-induced damage can
be expected to dominate. The large increase in J observed after
SiNy capping (see Fig. 4) matches this expected behavior. We
note that even though the as-grown SiO»/Si interface appears to
be relatively free of defects that can retain hydrogen, it has been
shown that ion bombardment during PECVD deposition creates
a thin damaged layer at the wafer surface which can retain
hydrogen [29], [30]. Therefore, some of the plasma-induced
damage may be repaired in situ by hydrogenation; however, this
effect appears to be overshadowed by the combined effects of
plasma-induced damage and positive charge.

However, a very differentJ,, trend was observed on identically
processed textured wafers. Fig. 5 shows that the J, of the as-
oxidized, textured p* surface is four to five times higher than
on the counterpart planar surface. Texturing often results in
increased surface recombination because of an increase in the
surface area and because of the {1 1 1} oriented textured surface
having a larger density of dangling bonds than the planar {100}
orientation [7]. However, the magnitude of increase observed
here is both larger than the ~1.7x increase in surface area due
to texturing and larger than the increase in Jy due to texturing
seen on passivated phosphorous emitters with similar surface
concentrations [7]. Why texturing a p™ surface causes such
a large increase in Jy is not clear but, as noted in Section I,
similar results have been reported earlier [13]. Based on the
results on planar surfaces, SiN x deposition might be expected to
result in a further worsening of the passivation quality. However,
unlike the planar case, depositing SiNx on top of the textured
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Fig. 5. Jp of planar and textured boron diffused wafers at various process
steps.

SiOq-passivated surface caused a reduction in Jy (see Fig. 5).
This effect, while unexpected, was found to be reproducible.

A second point of difference between the SiO,-passivated
planar and textured p™ -Si surfaces is sensitivity to hydrogena-
tion, as seen in Fig. 5, the J; of the textured samples dropped
after an FGA. The increased sensitivity to hydrogenation exhib-
ited by the textured samples can be explained by assuming that
(unlike the planar case) the SiO,-passivated, textured p* surface
has a significant density of unsatisfied dangling bonds which can
be H-terminated by a subsequent hydrogenation step. This is a
plausible explanation as {1 1 1} oriented textured surfaces have
a larger dangling bond density. In fact, a similar increase in sen-
sitivity to hydrogenation is also observed when n' -Si surfaces
are textured [7]. While this theory provides a simple way of
explaining why planar and textured surfaces respond differently
to an FGA step, the difference observed after SiNy capping is
harder to explain as multiple processes are active during the de-
position. One possible explanation is that during PECVD SiN x
deposition on textured surfaces, the increase in surface defect
density due to plasma damage is outweighed by the compet-
ing reduction in surface defects by in situ hydrogenation of
dangling bonds at the textured Si/SiOs interface. As the planar
Si/Si0q interface has relatively few dangling bonds available
for H-termination, the plasma-damage process dominates for
planar surfaces. We note, however, that more work is needed
to conclusively separate out the effects of the competing hydro-
genation and plasma-damage processes. Our results here simply
show the net effect of these processes on passivation quality.

Finally, firing the SiO»/SiNx stack resulted in a nearly four-
fold reduction in Jy on the textured wafers. The planar wafers,
in contrast, improved by a factor of just 2.5, resulting in the
planar and textured p* surfaces both having nearly identical Jj,
values of ~150fA/cm? after firing, which sets a V¢ limit of
~680 mV using the diode equation

T
Voc L (JSC+1) (1)
q Jo

where k, T, and ¢q are, respectively, the Boltzmann constant,
temperature, and electron charge. To our knowledge, this is the
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Fig. 6. Comparison of the Jy of textured boron and phosphorous diffused

wafers at the same process steps.

first example of a passivation method that results in similar
passivation quality on both textured and planar p* surfaces.
Furthermore, the fired SiO2/SiNx stack provides nearly identi-
cal passivation on the textured p™ -emitter and textured n* -BSF
(see Fig. 6) used in this study. On planar wafers diffused under
similar conditions, SIMS measurements showed surface con-
centrations of ~5e19 and ~7¢19 cm™ for the emitter and BSF,
respectively.

Potential explanations for the large impact of firing on Jj in-
clude release of hydrogen from the SiNy layer, thermal anneal-
ing of surface defects, and reduction in the Si05/SiNx charge
density. A reduction in charge density is not supported by our
measurements which show a slight increase in charge density
after firing. However, the other two mechanisms have both been
shown to occur during firing [30], [31]. On the planar sam-
ples, this hydrogenation/annealing effect appears to fully heal
the plasma-induced damage caused by the PECVD step. The
fact that the effect of firing is magnified on textured surfaces
is perhaps due to dangling bonds (which were not satisfied by
PECVD hydrogenation) being hydrogenated in addition to the
healing of plasma-induced damage. Note from Fig. 4 that firing
the Si09/SiNx stack reduced the J of the planar samples to a
value just ~1.1x higher than that achieved with thermal SiO,-
only passivation. The fired SiO»/SiNx stack and the SiO, layer
have charge density of ~2e12 and ~2el1cm™3, respectively.
This suggests that for the industrial-type, high surface concen-
tration p™ emitter used here, the positive SiNy charge has only
a small effect on Jj.

Although the increase in surface area because of textur-
ing might be expected to result in Jo texturea being at least
1.7x higher than Jo,p1anar, this effect is suppressed for well-
passivated, heavily doped emitters as recombination within the
emitter starts to dominate Jy. This effect holds for both p*™ and
n™ emitters and similar results (i.e., Jotextured = Jo planar) have
been reported for SiO,-passivated n' -Si emitters with surface
dopant concentrations similar to our samples [7], [32].

The beneficial effect of SiNx capping and firing on passiva-
tion quality was also seen on the implied Vo of unmetallized
cell wafers with textured front and rear surfaces (see Fig. 7).
Note that the V¢ limit of 680 mV mentioned earlier assumes
zero recombination losses in the base and BSF. The implied
Voc data in Fig. 7 include losses in these cell regions.

680 | @ Implied Voc (measured)
< 660 - [@ Voc (Calc. from Jo data) o
E |
V.
3640 T
o ot |
26204 [ ? L % /
E / / /
600 - % % %
Oxide +SiNx +Firing
Fig. 7. Vo of cell structures at various process steps as measured using the

implied Vo ¢ method and as calculated from J data of textured samples.

C. Detailed Loss Analysis

The effects of surface recombination and bulk recombination
on the Vo of our cells were separated using the method shown
schematically in Fig. 8. The J, data for the passivated phos-
phorous BSF from Fig. 6 (defined as Jyp’ in Fig. 8) were first
converted to S values using [32]

S

2

Jo = qn; N 2
where n; (= 8.6e9 cm ™) and N are, respectively, the intrinsic
carrier concentration in silicon and the base doping density of
the 3-Q2-cm wafers used for cell fabrication. The combined effect
of recombination at the rear surface and recombination in the
wafer bulk can be converted to a Jyp value using [33]

qn? D, (SL,/D,) + tanh(W/L,)

Jop = Np L, 1+ (SL,/D,) tanh(W/L,)

3

where Dp and Lp are the hole diffusivity and diffusion length,
respectively, and W is the thickness of the base region. Lp was
calculated from measured bulk lifetimes of oxidized test wafers
which had bulk lifetimes in the range of 600-1000 us. Jog, as
defined in Fig. 8, is simply the measured J;, of the boron emitter
(see Fig. 6). The sum of the Jyp and Jyg values is the Jy (= Jog
+ Jop) of the one-diode model of a solar cell, allowing Vo
to be calculated via (1). By solving these equations, the experi-
mental J data from various steps of the cell process (see Fig. 6)
were converted to V¢ values. These calculated V¢ values are
plotted in Fig. 7 alongside the experimentally determined im-
plied Vocs—the two sets of data match reasonably well. This
analysis validates the accuracy of the Jy data presented in pre-
vious section and shows that almost 75% of the recombination
losses in our unmetallized cells occur at the surfaces. Therefore,
further improvements in surface passivation quality are required
to improve the cell voltage and efficiency.

D. Cell Results

Using the process sequence described earlier which utilized
a spin-on source and symmetric SiO5/SiNy passivation, a cell
efficiency of ~20.3% (4 cm?) was achieved using screen-printed
contacts (see Fig. 9) and validated by the National Renewable
Energy Laboratory.
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printed n-type cell.

To our knowledge, the highest reported efficiency on non-
photolithography n-type cells of the same size and using FZ
Si is 20.8% achieved using an Al,O3-passivated emitter and
inkjet printed and plated gridlines [20]. We believe that the
result presented here is the second highest efficiency and the
highest on n-type cells using screen-printed contacts. We also
note that this n-type device which is textured on both the front
and rear surfaces matches the best results that are obtained on
screen-printed p-type cells which require planarization of the
rear surface which adds to process complexity [16], [34], [35].

From a PCI1D fit to the IQE and /-V characteristics of the
cell (see Fig. 10), front-surface recombination velocity (FSRV)
and back-surface recombination velocity (BSRV) of 4500 and
50 cm/s, respectively, were extracted along with a back-surface
reflectance of 95%. Note that the BSRV extracted from PC1D
is the effective rear S as defined in Fig. 8, while the FSRV is the

100 e s=o======s=e
80 | O Measured
- PC1D Fit
g 60 Bulk Lifetime (us) 600
<2 FSRV (cm/s) 4500
BSRV (cm/s) 50
20 1 %, BSR (%)
0 T
300 500 700 900 1100
Wawelength (nm)
Fig. 10. PCID fit to the IQE curve of a 20% efficient passivated n-type cell.

The inset shows selected PC1D input parameters.

S value at the p™-Si surface. A comparison of Figs. 8 and 10
shows that metallization of the rear (~4% metal coverage) was
sufficient to double the BSRV.

E. Stability

As noted earlier, thermal oxide passivation of p*-Si surfaces
has been found to be unstable, with a V¢ drop of up to 100
mV being reported on front-junction n-type PERL cells after 2—3
years of dark storage [ 14]. In order to test the stability of the stack
passivation used here, we have tracked the /-V characteristics
of cells that were fabricated using the process described earlier.
Over a one-year period, during which the cells were stored in
air in the dark, no significant degradation in /-V characteristics
has been observed (see Table I).
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TABLE I
STABILITY OF A 4-CM?2 SI02/SIN x PASSIVATED SCREEN-PRINTED
N-TYPE CELL
n Voc Jsc FF
(%) | (mV) | (mA/em’) (%)
Initial
19.7 648 39.0 77.95

After 1 year of dark storage in air

19.7 647 39.3 77.56

IV. CONCLUSION

Using a spin-on boric acid diffusion source and a thin thermal
Si02/SiNx stack, it was found that the effects of hydrogenation,
direct PECVD SiNy deposition, and firing on surface passiva-
tion are considerably different on planar and textured p*-Si
surfaces. While SiNx capping was found to result in a large re-
duction in passivation quality on planar p™ surfaces, the opposite
effect was observed on textured p™-Si surfaces. In addition, fir-
ing the stack was found to have a larger beneficial impact on the
passivation of textured samples, with a nearly fourfold reduc-
tion in Jy. This effect, in combination with the positive effect
of SiNx on oxidized textured p* surfaces, resulted in similar
Jo values of ~150fA/cm? on both planar and textured surfaces
with boron surface concentrations ~5e¢19 cm~3. In addition, the
fired stack provides similar passivation on both p*- and n*-Si
surfaces with similar surface dopant concentrations. Finally, the
passivation quality and stability of the thin-SiO,/SiNx stack,
along with the suitability of a spin-on boric acid source to form
a high-quality emitter, were proven at the cell level with the
fabrication of a 20.25% efficient 4-cm? screen-printed cell.
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