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Abstract—This paper reports on the characteristics of a spin-on
dielectric which has been used as the rear-surface passivation layer
to achieve 20% efficient screen-printed (SP) boron back-surface
field (B-BSF) solar cells. The dielectric provides, in a single thermal step, both stable passivation of a heavily doped p+ surface
and strong gettering of iron which is a common contaminant in
high-temperature boron diffusion processes. It was found that
gettering of silicon substrates, contaminated during boron diffusion, is most effective when the dielectric is deposited on top of
the boron-doped layer. The effect of dielectric charge density on
passivation of p+ surfaces was also studied and a very high charge
density of −1013 cm−2 was found to be necessary to significantly
improve the passivation on surfaces with a boron concentration
> 1019 cm−3 .
Index Terms—Boron, charge carrier lifetime, dielectric films,
gettering, passivation, photovoltaic cells, surface charging.

Fig. 1. PC1D modeling of the efficiency impact of improving the front and
rear surfaces of a full Al-BSF solar cell.

that fulfill those requirements. In addition, we have used PC1D
modeling to quantify the impact of negatively charged dielectrics on BSF cells and the tradeoffs associated with using
processes that benefit most from such dielectrics [3].

I. I NTRODUCTION

D

UE to the high cost of silicon, both high-efficiency and
thinner substrates are key to achieving grid parity with
silicon photovoltaics. From cost modeling roadmaps, it was
found that ∼20% efficient screen-printed (SP) cells at a price
of ∼$1.25/W can get us close to grid parity. However, the
dominant SP aluminum back-surface field (Al-BSF) technology
appears to be insufficient for reaching this target as production
cell efficiencies achieved on this structure are only in the range
of 17%–19% on ∼200 μm thick substrates [1]. Therefore, there
is a need for higher efficiency cell structures. This paper shows
that 20% efficient SP cells can be achieved using a passivated
boron back-surface field (B-BSF) structure. In a previous paper,
we introduced a novel spin-on dielectric which can passivate
a B-BSF and getter lifetime-reducing contamination that is
common in boron diffusions [2]. This paper expands on those
results by quantifying improvements to the rear side of the cell
that would allow efficiency to increase from 19% to 20% and
discusses the tradeoffs associated with the various processes
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II. PC1D M ODELING OF A DVANCED C ELLS
PC1D modeling shows that modifying the back side of a
∼19% full Al-BSF cell has the largest impact on efficiency.
Such a cell was fabricated and characterized and serves as
the reference cell [1]. A PC1D fit to this 19% full Al-BSF
cell reveals a back-surface recombination velocity (BSRV) of
600 cm/s, front-surface recombination velocity (FSRV) of
13 000 cm/s and a low internal back-surface reflectance (BSR)
of 65%. Hereafter, the BSRV will be referred to as Sp/p +
(the recombination velocity at the p/p+ interface). Simulations
(Fig. 1) show that backside improvements, namely, increasing BSR to 95% and reducing Sp/p + by 50%, would each
contribute to 0.4% (abs.) increase in efficiency. In contrast,
reducing the FSRV by 50% would add 0.2% to the efficiency.
Additional modeling showed that the backside improvements
alone can result in 20% cells if Sp/p + of 250 cm/s and BSR of
95% can be achieved.
Furthermore, the efficiency of a cell with improved rear
parameters is also more tolerant of reductions in the substrate
thickness (Fig. 2). PC1D modeling shows that the full
Al-BSF cell would lose 1.2% (abs.) efficiency when the
substrate thickness is reduced from 300 μm to 50 μm. The
advanced 20% cell would lose just 0.6% (abs.) efficiency. It is
also difficult to make full Al-BSF cells on such thin substrates
without warping and if low-bow pastes are used, a penalty in
BSF quality and VOC is incurred [4], [5]. Hence, the modeled
Al-BSF efficiencies in Fig. 2 should be taken as an upper bound.

0018-9383/$26.00 © 2010 IEEE

DAS et al.: 20% EFFICIENT SCREEN-PRINTED CELLS WITH DIELECTRIC-PASSIVATED BORON BACK-SURFACE FIELD

Fig. 2. PC1D modeling of the relationship between cell efficiency and substrate thickness for an 18.9% Al-BSF cell (dashed line) and an analogous cell
(solid line) with improved BSRV (250 cm/s) and BSR (95%).

Fig. 3. Structure of B-BSF cell with rear dielectric passivation and SP
contacts.

Since changing the backside of the Al-BSF structure has
been identified as a promising route to higher efficiencies,
alternative rear passivation schemes need to be explored. BSF
formation via boron diffusion is a strong candidate since a
p+ layer that is formed by boron diffusion can provide superior
passivation due to a higher solid solubility limit in Si and does
not cause bowing on thin substrates [6], [7]. However, boron
diffusion is not common in industry, partly because it often
results in contamination of the Si substrate [8]–[11]. Passivation
of a heavily boron-doped silicon surface that remains stable
through the contact firing step is a second challenge. This paper
examines a novel SiO2 -based spin-on dielectric that performs
both impurity gettering and surface passivation in a single
thermal step. Tracking of the ‘bulk’ minority carrier lifetime
through processing steps was used to quantify the gettering
ability of the dielectric and compare its efficacy to that of
POCl3 gettering. Measurements of the interface charge density and surface passivation quality are used to determine the
charge in the spin-on dielectric layer and its impact on surface
passivation.
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of a wide range of sheet resistances and that these layers can
be passivated as well as those formed using more conventional
sources such as BBr3 [8]. To fabricate cells, random pyramid
texturing was applied to the front side of the wafer. Subsequently, a full-area B-BSF was formed by spinning a 1-wt. %
boric acid solution onto the backside of the wafer followed by
tube furnace diffusion at 1000 ◦ C for under 30 min to form a
40-Ω/ p+ layer. Next, POCl3 diffusion was performed to
form a 70-Ω/ n+ emitter (the boron-diffused rear was protected by a spin-on diffusion barrier during POCl3 diffusion).
Both the borosilicate and phosphosilicate glasses were then
removed in a 5% HF/DI H2 O solution. In order to passivate
the rear surface, the dielectric was spun onto the boron-doped
rear and cured in O2 ambient followed by a short anneal in an
inert ambient, both at 900 ◦ C. This step also results in a thin
(∼15 nm) thermal oxide which passivates the emitter. After
deposition of a plasma-enhanced chemical vapor SiNX layer
on the front, Ag and Ag/Al pastes were screen-printed on to the
front (grid pattern) and rear (point contact pattern), respectively,
and cofired. A thin conductive, light-scattering silver colloid
film was used to electrically connect the rear point contacts and
to serve as a back- surface reflector (BSR) [12]. A short 400 ◦ C
forming gas anneal was then performed to lower the contact
resistance of the SP front contacts and to sinter the BSR layer.
The bulk minority carrier lifetime of samples after various processing steps was determined with the Transient-PCD
method. Prior to measurement, all metals and dielectrics and
∼30 um of the Si surfaces were etched away and both surfaces
were passivated with Iodine/Methanol solution. The quality of
the dielectric-passivated boron-doped surfaces was quantified
with saturation current density (J0 ) and effective lifetime (τEﬀ )
measurements using the Transient-PCD and QSS-PC methods,
respectively [13], [14]. The J0 and τEﬀ samples were prepared
on 500 Ω-cm n-type and 1.3 Ω-cm p-type FZ Si wafers,
respectively, which were diffused with boron and passivated
with the spin-on dielectric on both sides. From the measured
bulk and effective lifetimes, the effective surface recombination
velocity at the p/p+ interface (Sp/p + ) was calculated using the
relation
1
τEﬀ

=

1
τBulk

+

2Sp/p+
L

(1)

where L is the thickness of wafer being measured. The charge
density and polarity of the dielectric were determined using
undiffused 1.3-Ω-cm p-type FZ Si wafers which were passivated with the spin-on dielectric on both sides. The relevant
information was then extracted from C–V measurements on
these samples using a SemiTest SCA-2500 surface charge analyzer. Sheet resistances were determined by four-point probe
measurements and doping profiles were obtained via secondary
ion mass spectroscopy (SIMS).

III. E XPERIMENTAL
+

+

SP n -p-p solar cells with an active area of 4 cm2 were
fabricated on 1.3-Ω-cm 290-μm thick p-type float zone (FZ) Si
(Fig. 3). It has previously been shown that dilute boric acid/
deionized water solutions can be used for forming p+ layers

IV. BSF P ROFILES OF 20% E FFICIENT C ELLS
The PC1D modeling of the advanced 20% cell in Fig. 2 was
extended to incorporate a p+ profile on the rear side to model
a BSF. It was found that even with no surface passivation
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Fig. 4. Candidate B-BSF profiles and surface recombination velocities for
20% efficient SP cells.

(S = 106 cm/s at the p+ surface), a 3.5-μm deep, opaque
B-BSF with surface concentration of 1020 cm−3 is sufficient for
achieving 20% efficiency (Fig. 4). King and Swanson achieved
a similar boron profile by using a 5-hr long process at 1000–
1120 ◦ C [15]. Since such a long, high-temperature processing
step may be prohibitively expensive and slow for commercial
cells, more lightly doped BSFs were explored in this paper. This
work uses a 45-Ω/ BSF layer which can be formed with a
much shorter, lower temperature diffusion process as described
earlier. Unfortunately, such shallow BSFs are electrically
‘transparent’ and with full-area rear metallization (i.e., no
surface passivation), this 45-Ω/ BSF would yield a Sp/p +
of 420 cm/s which is insufficient for achieving 20% efficiency.
Modeling shows that in order to achieve the target Sp/p + of
≤ 250 cm/s using this shallow BSF, an S at the metallized p+
surface (hereafter referred to as SSURFACE ) of ≤ 60 000 cm/s
is required. This requirement is currently not achievable using
a full-area SP rear contact and therefore, process complexity
in the form of an additional passivation step and local contacts
is unavoidable. This increased complexity, relative to the full
Al-BSF structure, is apparent in the cell structure shown in
Fig. 3.
An additional, potential advantage of trading away process
simplicity in exchange for a process with a lower thermal
budget is higher bulk minority carrier lifetimes. Reduced bulk
lifetimes in processes utilizing boron have been reported for
numerous boron sources—the loss in lifetime can be traced
to the generation of gliding misfit dislocations and the introduction of contaminant species with iron (Fe) being the
most commonly suspected contaminant [16]–[18]. Both misfit
dislocation generation and Fe contamination are more likely to
occur with prolonged, high- temperature processes [19], [20].
Based on these considerations, the more complex process
with a shallower B-BSF was chosen for this paper. Fig. 4
shows the SIMS profile of this BSF. The peak of the profile
(6.1019 cm−3 ) occurs 0.2 μm away from the surface due
to outdiffusion of boron during the dielectric anneal step in
oxygen that is part of the cell fabrication process [21].
V. Q UALITY AND S TABILITY OF D IELECTRIC PASSIVATION
The presence of negative charge density in a passivating
dielectric is known to improve passivation of a p+ layer due

Fig. 5. Tracking of charge density in the spin-on dielectric through cell
processing steps and over time.

Fig. 6.

Saturation current density of dielectric-passivated B-BSF over time.

to the accumulation of holes at the dielectric/p+ Si interface
[22], [23]. The spin-on dielectric that was used in this paper
has a negative charge density of ∼1e12 cm−3 and after being
passivated with this dielectric, the shallow B-BSF exhibits a
J0e of 122 fA/cm2 . Assuming a short-circuit current density,
(JSC ) of 38 mA/cm2 sets an open-circuit voltage (VOC ) limit
of 690 mV. When the dielectric passivation was removed in HF,
the Joe increased to 715 fA/cm2 which reduces the Voc limit by
more than 45 mV. Such a large increase in Joe emphasizes the
transparency of this shallow BSF.
Though the charge density (QDielectric ) in the spin-on dielectric is stable through the high-temperature contact firing step, it
diminishes over a period of 6–12 months and some samples
even exhibited a low (< 1011 cm−2 ) positive fixed-charge density similar to thermal SiO2 (Fig. 5). This loss/reversal of charge
in the spin-on dielectric may be expected to result in degradation of the passivation quality over time. However, the passivated B-BSF in this paper showed no such degradation. Both
the saturation current density (J0 ) and the implied VOC (measured on the unmetallized cell structure in Fig. 1) remain stable
over a period of 7–24 mo (Figs. 6 and 7). This indicates that
the negative charge plays no appreciable role in passivating the
B-BSF and that interface quality dictates the BSRV.
The apparent discrepancy between the results here and those
in the literature stems from the fact that the effect of the dielectric charge on passivation depends on the following: 1) the
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value. It should be noted that the Ag/Al paste used for making
the rear point contacts readily fires through the dielectric and
therefore, no opening of vias is required for making contacts to
the B-BSF.
VI. G ETTERING S TUDY

Fig. 7. Implied open-circuit voltage of unmetallized dielectric-passivated BBSF solar cell over time.

magnitude of the charge; and 2) the surface/peak doping
concentration. The relationship between passivation, charge
density, and doping concentration was explored by further
extending the PC1D modeling of the 20% cell in Fig. 2 by
including a p+ profile and a charge density at the p+ surface.
Change in the simulated cell Voc was used as an indication
of change in passivation quality. The results are summarized
in Table I. For a BSF profile with a surface or peak boron
concentration of 6.1019 cm−3 , a negative charge of −1012 cm−2
has a negligible effect (SIMS and Curve A profiles in Table I).
This is in good agreement with the experimental implied VOC
results in Fig. 7. In general, the effect of a negative surface
charge is higher for lower surface concentrations, and much
larger for a charge density of −1e13 cm−2 . It is interesting
to note that cells with a lower surface concentration BSF
(Profiles B and C) start off with lower VOC and efficiency;
but with a surface charge density of −1e13 cm−2 , these cells
outperform the high-surface-concentration BSF cells. Charge
density of −1e13 cm−2 has been reported for atomic layer
deposition Al2 O3 films which implies that efficiencies beyond
20% may be possible with passivated shallow B-BSF cells [24].
While ohmic contacts have been made to such low-surfaceconcentration boron emitters using electroplated evaporated
contacts, achieving the same with SP paste remains a challenge
[22], [23]. The sheet resistances of profiles B and C in Fig. 8
are 200 and 270 Ω/sq, respectively.
It should be noted that the model used here deviates from reality in two ways. 1) Real boron profiles are not Gaussian [15],
[21]. However, both the actual boron profile (Fig. 4—SIMS)
and its Gaussian approximation (Fig. 8—Curve A) produce
very similar results. 2) Though the profiles in Fig. 8 and Table I
have different surface concentrations, the S at the p+ surface
was kept constant at 40 000 cm/s for all the profiles. This
assumption was made in order to isolate the effect of charge
alone on efficiency and was also experimentally reported by
King et al. [15].
In order to be compatible with the SP method of forming
contacts, passivating dielectrics also need to be stable through
a high-temperature firing process. Fig. 9 shows that when subjected to a high-temperature firing cycle, the Sp/p + of the spinon-dielectric-passivated B-BSF increased from 92 to 173 cm/s.
Nevertheless, this is adequate for achieving high open-circuit
voltages. Using PC1D, this increase in SP/P + was found to
be equivalent to VOC loss of just 4 mV. A short forming gas
anneal (FGA) at 400 ◦ C restores Sp/p + to nearly the starting

In order to translate good surface passivation to high efficiencies, a high minority carrier bulk lifetime is required.
Historically, achieving high bulk lifetimes on boron-diffused
Si has been more challenging than on phosphorus-diffused Si,
particularly for cheaper boron sources such as spin-on and paste
dopants [8]–[11]. Fig. 10 shows that immediately after boron
diffusion using boric acid, the average bulk lifetime drops by
∼80%. After a subsequent POCl3 diffusion to form the solar
cell emitter, the lifetime recovers, but only to 40% its initial
value. It is only during the final surface passivation step in
which the negatively charged dielectric layer is spun onto the
boron-doped rear and annealed at 900 ◦ C that the bulk lifetime
completely recovers. It should be noted that this same dielectric
is used to block POCl3 diffusion into the B-BSF. However, it
was found that under the POCl3 diffusion conditions (a mixture
of N2 /O2 /POCl3 ambient at 860 ◦ C), the dielectric does not
contribute to gettering. In order to isolate the relative impact of
the two gettering steps in the cell fabrication process, borondiffused samples were subjected to POCl3 -only gettering and
dielectric-only gettering. Fig. 11 shows that dielectric gettering
alone is sufficient to completely restore the bulk lifetime of
the boron-diffused silicon substrate. It should be noted that the
dielectric-only gettered samples were subjected to the thermal
cycle of POCl3 diffusion in order to mimic the cell fabrication
process; however, no POCl3 diffusion was performed so the
bulk lifetime recovery is attributed entirely to gettering by the
dielectric.
These results indicate that, when appropriately annealed, gettering by the dielectric is more effective than POCl3 gettering.
This unexpected result may be caused by contaminants being
concentrated in or near the boron-diffused rear surface. Since
POCl3 diffusion occurs from the front side of the substrate,
the contaminants may be too far away to be effectively gettered during POCl3 diffusion. This theory was confirmed by
subjecting rear-side boron-diffused wafers to either front-side
dielectric gettering or rear-side dielectric gettering (Fig. 12).
The bulk lifetime after front-side gettering is only 60% of
the lifetime achieved by rear-side gettering. This confirms that
impurities introduced by the boron diffusion are not uniformly
distributed within the wafer but are concentrated within and/or
near the p+ layer. In a separate study, the quasi-steady-state
photoconductivity method was used to determine that the contaminant responsible for the loss of bulk lifetime is iron [25]. The
composition of the dielectric and its iron-gettering mechanism
are currently under study.
VII. A DVANCED S OLAR C ELL C HARACTERIZATION
Using the process sequence described earlier, 20% efficient
dielectric-passivated B-BSF cells (4 cm2 ) were achieved on
1.3-Ω-cm FZ Si. The National Renewable Energy Laboratory
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TABLE I
PC1D M ODELING S HOWING T HAT THE E FFECT OF R EAR -D IELECTRIC C HARGE D EPENDS ON THE BSF D OPING P ROFILE

Fig. 8. B-BSF profiles used for PC1D simulation study into the effect the
dielectric charge on cell efficiency.

Fig. 9. Change in surface recombination velocity of unmetallized dielectricpassivated B-BSF due to contact firing process.

Fig. 10. Bulk minority carrier lifetime of 1.3-Ω-cm FZ Si wafers at various
stages of solar cell processing.

Fig. 11. Bulk minority carrier lifetime of boron-diffused wafers after POCl3
gettering and dielectric gettering. The insets show the structure of the samples
for each gettering process.

Fig. 12. Effect of side of wafer from which gettering is performed on bulk
minority carrier lifetime. All samples have a boron-doped rear surface and an
undiffused front surface.

(NREL) measured I–V characteristics of one such cell is shown
in Fig. 13. This cell was measured at NREL 1–8 months after
being fabricated and the difference in efficiency between the
two measurements was just 0.03%. (abs.) This provides further
evidence that the B-BSF used in this paper is insensitive to the
negative dielectric charge which was found to disappear over
this time period.
A PC1D fit (Fig. 14) made to the IQE and IV characteristics
of the cell was used to extract a Sp/p + value of 210 cm/s, a
SSURFACE of 45 000 cm/s, and a BSR of 95%. This confirms
the accuracy of our PC1D modeling which had predicted that
Sp/p + of 250 cm/s, SSURFACE of 60 000 cm/s, and a BSR of
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Fig. 13. I–V characteristic of an SP dielectric-passivated B-BSF solar cell.
Fig. 15. 980-nm LBIC map of dielectric-passivated B-BSF solar cell showing
spots of degraded passivation under the rear SP point contacts.

VIII. C ONCLUSION

Fig. 14. PC1D fits (solid lines) to the measured IQE curves (open points) of a
20% dielectric-passivated B-BSF cell and an 18.9% full Al-BSF cell. The inset
shows the PC1D I–V output and selected PC1D input parameters.

95% are required to achieve 20% efficient cells. Fig. 14 also
shows the IQE curve and corresponding cell parameters for
the analogously processed 18.9% (NREL-verified) full Al-BSF
cell that was used as the baseline cell for PC1D modeling. The
improved BSR and BSRV values of the dielectric-passivated
B-BSF cell are each responsible for an efficiency increase
of ∼0.5%. The bulk lifetime of 450 μs for both cells is a
significant drop from the premetallization lifetime of ∼1 ms
and may be caused by the diffusion of impurities into the
substrate during contact firing. However, the corresponding
diffusion length of ∼1100 μm is sufficient for complete carrier
collection.
Long wavelength light-beam-induced current (LBIC) maps
confirm that the shallow B-BSF in this paper is electrically
transparent as expected (Fig. 15). The SP screen-printed dots
on the rear side are visible as regions of degraded passivation.
From the measured dimensions of the degraded spots, the
Sp/p + under the dielectric (114 cm/s - Fig. 9) and the extracted
effective Sp/p + of the cell (210 cm/s - Fig. 14), the Sp/p + under
the metal point contacts was calculated to be ∼950 cm/s. This
indicates that the transparent B-BSF is partially successful at
decoupling the p/p+ interface from the p+ /SP metal surface.
Without this decoupling, the Sp/p + under the point contacts
would have been ∼106 cm/s, resulting in a effective Sp/p + of
15 000 cm/s which would be too high to achieve 20% efficient
cells.

A 20% efficient B-BSF solar cell with SP contacts has been
presented. Modeling has been used to find multiple routes
to achieve 20% efficient BSF cells, each with their strengths
(in terms of process simplicity and maximum achievable efficiency) and weaknesses (in terms of process complexity,
thermal budget, and ease of contacting). The approach used
here involves a low thermal budget, screen-printing-friendly
process which requires surface passivation of the B-BSF to
achieve high efficiencies. The spin-on dielectric introduced in
this paper serves as both the passivating layer and as an effective
Fe-gettering site which allows it to reverse the bulk lifetime
degradation that is common in boron diffusions. Both functions
are performed in a single thermal step. Gettering studies have
demonstrated that the gettering ability of the dielectric is similar
to that of POCl3 gettering and that having the gettering site
close to the boron doped layer is important for achieving
complete recovery of the bulk lifetime. Since the dielectric is
applied to the boron-doped side, it offers a superior gettering solution compared to POCl3 . Experimental and modeling
passivation studies showed that a negative charge density of
−1e12 cm−2 does not significantly contribute to passivation of
the very heavily doped p+ surfaces used in this paper. Instead,
the quality of the interface between the spin-on dielectric and
p+ Si is responsible for the low surface recombination velocity
(Sp/p + ) of 92 cm/s that was achieved.
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