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ABSTRACT

In high-efficiency silicon solar cells with low metal con-
tact coverage fractions and high bulk lifetimes, cell perfor-
mance is often dominated by recombination in the oxide-
passivated diffusions on the cell surface. Measurements of
the emitter saturation current density, J,, of oxide-passivated,
boron and phosphorus diffusions are presented, and from
these measurements, the dependence of surface recombina-
tion velocity on dopant concentration was extracted. The
lowest observed values of J, which are stable under UV light
are given for both boron- and phosphorus-doped, oxide-
passivated diffusions, for both textured and untextured sur-
faces. Contour plots which incorporate the above data were
applied to two types of backside-contact solar cells with
large area (37.5 cm?) and one-sun efficiencies up to 22.7%.

INTRODUCTION

The performance of high-efficiency silicon solar cells is be-
coming increasingly dependent on the properties of oxide-
passivated emitters[1,2,3,4,5]. Experimental results for two
such cell designs are presented here. The emitter saturation
current density, J,, was measured for both boron and phos-
phorus diffusions passivated by oxide, in order to determine
how these diffusions may be most effectively used in solar
cells. The surface recombination velocity, s, is a critical
parameter in the modeling of emitters which are transpar-
ent to minority carriers. s was experimentally determined
as a function of dopant concentration at the Si/SiO, in-
terface from these J, measurements. It was found that
boron diffusions generally have a higher J, than phospho-
rus diffusions, but that they are stable under the ultravi-
olet wavelengths found in the solar spectrum. The best
J, values measured for oxide-passivated diffusions which
do not degrade under UV light are given for four cases:
phosphorus diffusions with textured and untextured sur-
faces, and boron diffusions with textured and untextured
surfaces. This provides the experimental data necessary
to design stable, high-efficiency cells with oxide-passivated
emitters, such as backside-contact cells with interdigitated
stripe diffusions (stripe IBC cells), p-i-n and n-i-p cells, and
ntppt cells.

J, MEASUREMENTS

The experimental method used to find J, was the con-
tactless measurement of photoconductivity decay in high-
lifetime, highly-injected silicon wafers with identical, oxide-
passivated diffusions on both sides. This method is de-
seribed in [6,7,8], and is typically accurate to within 10%.
This method measures J,/n;? directly, and a value of n; =
1.45 x 10'% ecm™? at 300°K was used to find the J,. Boron-
and phosphorus-doped SiO, deposited by APCVD (atmo-
spheric pressure chemical vapor deposition) was used as the

dopant source. In Fig. 1, the J, of each boron-doped, oxide-
passivated emitter is shown next to a point which indicates
N surt, the surface boron concentration of the emitter, and
zj, the emitter thickness at which Ny = 10%cm=3. The
dopant profiles were determined by SIMS (secondary ion
mass spectroscopy). The values of J, are in units of 10713
A/cm?, and the J, measurements for samples that have re-
ceived an FGA (forming gas anneal) are given first, followed
by the measured J, for samples with no FGA enclosed in
parentheses. In addition, three surface preparation con-
ditions are shown: one in which the boron was driven in
from the APCVD oxide, and the sample was given a short
thermal oxidation at 950°C with the APCVD oxide left
on the wafer, and two in which the boron was given ei-
ther a short or a long drive-in, the oxide was stripped, and
the surface was reoxidized at 1000°C. The primary fea-
ture of this data is that the oxide-passivated J, reaches a
minimum of ~0.85 x 107** A/cm? for these oxidation con-
ditions, over a broad range of N sy from about 3 x 10'®
to 2 x 10®cm=3. This contrasts with the corresponding
data for oxide-passivated phosphorus emitters, for which
the J, of forming-gas-annealed samples increases monoton-
ically with Np sur, and can be as low as 0.060x 10713 A /cm?
[8]. We have found that oxide-passivated phosphorus diffu-
sions formed by POCI; liquid-source doping or by doping
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Figure 1. Measured values of the emitter saturation cur-
rent density, J,, for untextured, oxide-passivated boron diffu-
sions. The unbracketed values refer to samples which have re-
ceived an FGA, and the bracketed values are for samples without
an FGA.
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Dopant | Surface Po Nows 5 Stable J, at 300°K
Texture After UV Exposure
(©@/0)| (em™®) |(um)| (107%° A/em?)
phos. | untex. 175 [ 7.4x10% |11 0.28
phos. tex. 157 |86x10¥*|12* 0.71
boron | untex. 158 | 5.0x 10 |14 0.58
boron tex. 132 [ 7.0x10¥*|2.1* 2.9

* From measurements made on identically processed, untextured samples.

Table 1. Dopant diffusions shown to have stable values of J, under the ultraviolet wave-
lengths found in sunlight, at concentrations of 100 to 200 suns.

from APCVD oxide have comparable values of measured
Jo. So the recombination in phosphorus diffusions seems
to depend primarily on the dopant profile and on the oxi-
dation and anneal conditions, not on the specific source of
the phosphorus.

Stablity

Tt has been observed previously that oxide-passivated
phosphorus diffusions are more resistant to degradation b
ultraviolet light than are undoped Si/SiO; interfaces [9,10].
In fact, if the surface phosphorus concentration is high
enough, the J, of the diffusion is stable when exposed to the
UV wavelengths found in sunlight. Since the J, of phospho-
rus diffusions increases with increasing Npsuws, it is desir-
able to use the diffusion with the lowest Np surr which yields
a stable emitter. It was found here that boron diffusions do
not degrade when exposed to the UV wavelengths found in
the solar spectrum. This result was predicted earlier, based
on the hypothesis that degradation is caused by electron
injection into the SiO, conduction band [10]. UV photons
with energies of ~4.8 eV or higher can still cause degrada-
tion at the p-type Si/SiO; interface by injecting holes into
the S$i0, valence band, but such high-energy photons are
virtually non-existent in sunlight.

Table 1 lists the lowest stable J, values that have been
observed for textured and untextured, boron and phospho-
rus diffusions with oxide passivation. The boron samples
listed are also the samples with the lowest J, before UV ex-
posure, so no trade-off between J, and stablity is required
for boron as it is for phosphorus. However, even the low-
est J, achieveable on textured, boron-doped surfaces is still
2.9x1071® A/cm?, much higher than the 0.71x107'% A /cm?
possible for textured, phosphorus-doped surfaces. Using
this data on the lowest, stable J, values observed for oxide-
passivated emitters, realistic predictions of the achieveable
t[aﬁi]ciencies of p-i-n, n-i-p, and stripe IBC cells may be made
11].

The emitters in Table 1 were exposed using a xenon
arc lamp, at an incident intensity of 10 to 20 W/ cm?, The
spectrum of this lamp is very UV-rich compared to the so-
lar spectrum, so that the degradation it produces occurs
at a much faster rate than in natural sunlight. Since hole
injection is thought to be the dominant mechanism for the
boron-doped Si/Si0; interfaces, they were exposed behind
filters which eliminate photons with energies greater than
4.8 eV, which occur in the lamp spectrum but not in the
solar spectrum. Lightly-doped phosphorus control diffu-
sions degraded about 0.4 times as fast behind the filters as
when the filters were not present, demonstrating that UV
wavelengths which are damaging to phosphorus diffusions
are still present in the spectrum used to expose the boron
samples.
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EXTRACTED EMITTER PARAMETERS

The recombination in passivated emitters is often domi-
nated by the surface recombination velocity, s, at the Si/Si0,
interface. In emitter modeling studies, s has frequently
been given an assumed value, partly because it is a very
process dependent parameter, and because the relationship
between s and surface dopant concentration was not known.
Although s can be strongly affected by oxide growth con-
ditions, anneal conditions, surface roughness, and contam-
ination, we have found that surface recombination veloci-
ties which are low, stable, and repeatable can be obtained
using dry oxidation with no trichloroethane (TCA), fol-
lowed by a forming gas anneal. The dependence of s at
the Si/SiO, interface on phosphorus and boron concentra-
tion was extracted from J, measurements of transparent
emitters, for which the J, was strongly dependent on sur-
face recombination. This extraction was performed by solv-
ing the carrier transport equations numerically, using the
measured SIMS profiles of the diffusions, along with the
dependence of bandgap narrowing [12], minority carrier
mobility [12,13,14], and bulk lifetime [12,15,16] on dopant
concentration. The SIMS profiles were checked both by us-
ing reference samples and by comparing the measured and
predicted values of sheet resistance.

For boron emitters, it was found that when the bandgap
narrowing, AE,(Ny), given by Slotboom and de Graaff in
[17] was used, the predicted J, values were higher than
the measured values even when a surface recombination
velocity of zero was assumed. This is the classic study
of bandgap narrowing in silicon. To resolve this dilemma,
the bandgap narrowing in boron-doped silicon was indepen-
dently determined by comparing the measured J, of thick
and thin emitters with a very high surface recombination
velocity due to the presence of metal deposited on the sur-
face [18]. The bandgap narrowing found in this way was

Na )

2.3x 107 cm™/ '

for Ng > 2.3 x 1017 em™3. The uncertainty in AE, is ~4
meV. This is the dependence of AE, on Na which was
used to extract s from J, measurements of boron-doped
emitters. The bandgap narrowing found here is ~16 meV
lower than the fit given by Slotboom and de Graaff, for
all boron concentrations, resulting in a predicted J, that is
nearly two times lower for a given value of s.

AE, = (0.0178 eV) In (

In Fig. 2, surface recombination velocity is plotted ver-
sus surface boron concentration for the Si/SiO; interface.
For three of the processing conditions shown, s is constant
with respect to Na suf, and has an average value of 1640
cm/s. The value of s for the stripped, reoxidized emitters
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Figure 2. Surface recombination velocity, s, extracted fron:
ineasurements of J, on oxide-passivated boron diffusions.

with no FGA is more than 10 times higher. The reason for
this is unknown. For the most lightly doped emitter, with
Nagsut = 2.5 X 1017 cm™®, s was found to decrease with
increasing injection level. The value of s plotted for this
cmitter applies when the pn-product is less than ~103! cm®
(when the fermi-level splitting is less than ~0.640 V), in
which case s is independent of injection level.

The presence of a conductive layer above the oxide can
have a strong effect on s. In solar cells, the conductive layer
is usually metal which is electrically connected to the un-
derlying diffusion over some fraction of its area. So to first
order, the fermi level in the metal is the same as in the
diffusion beneath the oxide. When the gate metal is Al,
and the doped layer is n-type, this tends to accumulate the
surface slightly, which could decrease s to a small degree.
For p-type Si, however, the metal tends to cause depletion
or inversion at the silicon surface, which can change s dra-
matically. There are many situations in which N Asurf 1S
large enough or the oxide is thick enough that the metal
layer does not affect the surface potential significantly, but
the values of s in Fig. 2 should be applied with caution
beneath a conductive layer.

Figure 3 shows the dependence of s on Np gyt for the
phosphorus-doped Si/Si0; interface for comparison[8]. The
surface recombination velocity is a strong function of sur-
face phosphorus concentration, so that the assumption of
a value of s which is constant with respect to Np g could
lead to predicted J, values which are different from exper-
imental values by more than an order of magnitude.

CONTOUR PLOTS FOR SOLAR CELL DESIGN

To facilitate the design of high-efficiency silicon solar cells,
contour plots were generated which give the J, of gaussian,
boron or phosphorus diffusions with oxide passivation, as a
function of both the surface dopant concentration and emit-
ter depth (Figs. 4 and 5). J, contour plots are also given
for metal-contacted diffusions. (Figs. 6 and 7). For boron-
doped Si surfaces contacted by 99% Al/1% S1, s was mea-
sured to be ~1.65 x 10° cm/s [18]. For phosphorus-doped,
metal-contacted surfaces, s is taken to be vy, /4 ~ 3 x 108
cm/s, where vs is the thermal velocity of electrons imping-
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Figure 3. Surface recombination velocity, s, extracted from
measurements of J, on oxide-passivated phosphorus diffusions.

ing on the surface. Another important parameter for the
solar cell designer is Ji,, defined to be the current density
photogenerated in the emitter on the sunward surface of a
solar cell, minus the useful current density that flows out
of the emitter into the substrate. So Ji is related to the
quantum efficiency of the cell. Contour plots of Jios were
also calculated for oxide-passivated, boron and phosphorus
emitters (Figs. 8 and 9). Jiose was calculated for the SERI
AMI1.5 direct normal solar spectrum incident on the cell[19],
normalized to have an incident intensity of 0.100 W/cm?
(one sun). The photogenerated current density in 0.1 cm
of silicon is 0.0415 A /cm? for this spectrum. Although Figs.
8 and 9 were calculated for untextured surfaces, they may
have some applicability for grooved surfaces if the longer
average path length of the light through the surface diffu-
sion is taken into account. It would be useful to have an
equivalent pair of Ji.s contour plots for textured surfaces,
but due to the complicated paths of the light rays in the
texturing pyramids, and unknown doping non-uniformities
over the pyramid surface, this is a difficult case to model.
Empirical measurements are probably a simpler and more
accurate method of determining Jios¢ on the textured sur-
face. Contour plots of sheet resistance, pn , for boron- and
phosphorus-doped emitters are provided to help correlate
measured pn with the preceeding contour plots (Figs. 10
and 11).

Consider a front-gridded cell with the stable, textured,
phosphorus diffusion listed in Table 1 on the sunward sur-
face. Most of the front and back surfaces should be pas-
sivated with oxide to reduce recombination in the cell. A
typical value of the metal-to-silicon contact area is ~1% of
the total area. This value of Npqur = 8.6 x 10'® cm™3 is
too low to ensure an adequately low contact resistance to
Al/Si. A textured phosphorus diffusion with Np gus over
2 x 10" cm™3, such as the one in [8] with z; = 1.49um,
Npsus = 2.79 X 10%m™3, and J, = 2.8 x 1071 A/cm?
would also be stable and would solve the contact resistance
problem, but at the cost of a higher front J,. The unpas-
sivated regions where metal contacts the silicon will have
a J, of ~9 x 107® A/cm? from Fig. 7 for this choice of
dopant profile. An alternative that comes at the expense
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Figure 5. Contours of constant J, for untextured, oxide-

passivated emitters with a gaussian phosphorus profile, using ex-
perimental values of surface recombination velocity after FGA.

of greater processing complexity is to use the more lightly-
doped, textured, phosphorus diffusion in Table 1, and intro-
duce heavier n-type doping directly beneath the contacts.
This results in a stable sunward surface, low contact re-
sistance, a passivated J, of 0.71 x 107*® A/cm?, and an
unpassivated J, of ~4 x 10713 A/cm? in the contact areas,
for a total sunward side J, of only ~0.75 x 107** A/cm?.

CELL RESULTS
Two recent experimental cell results indicate a direct appli-
cation of this data. First, consider point-diffusion, backside-
contact cells with 37.5 cm? area for one-sun applications.
This design has n- and p-type point diffusions on the oth-
erwise undoped back side [22], and an oxide-passivated, un-
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Figure 8. Contours of constant J, for metal-contacted boron
emitters with a gaussian profile. The value of s used was 1.65 x
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Figure 7. Contours of constant J, for metal-contacted phos-
phorus emitters with a gaussian profile. The value of s used was
3 x 108 cm/s.

contacted, phosphorus diffusion on the textured sunward
surface [4,23]. The metal-contacted point diffusions have
a 1.5% coverage fraction for each dopant type, and the re-
mainder of the back is passivated with oxide. The oxi-
dized front surface was Al annealed by depositing a thin
layer of Al, heating the cell to 330°C, and stripping off
the Al. From the contour plots for metal-contacted diffu-
sions, the n-type J, is about 4 x 107'* A/cm? and the the
p-type J, is about 9 x 107 A/cm?, for a total backside
Jo of ~0.2 x 1071* A/cm?. Based on measurements made
on untextured wafers that went through the same process-
ing steps, the sunward side diffusion has po = 115 Q/0,
z; ~ 0.36um, and Np et & 3.5x10%m™3. An Al annealed,
textured emitter with approximately the same phosphorus
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Figure 8. Contours of constant Jiost for untextured, oxide-
passivated emitters with a gaussian boron profile, using experi-
mental values of surface recombination velocity after FGA.
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Figure 9. Contours of constant Jiost for untextured, oxide-
passivated emitters with a gaussian phosphorus profile, using ex-
perimental values of surface recombination velocity after FGA.

rofile has been measured to have Jo = 0.68 x 10~13 A/cm?
FS} Neglecting the small amount of recombination at the
Al annealed, undoped back surface and in the undoped,
highly-injected base, the total cell Jo is predicted to be
~0.9x 107" A/cm? at 300°K. If Jsc 15 0.042 A /em? at one
sun, as it is for a good silicon cell with light-trapping, then
the predicted V,. of this cell is ~0.696 V at 300°K. The
actual measured parameters of the best cell of this type
are: V,. = 0.698 V, J.. = 0.0415 A/em? FF = 0.784, and
7 = 22.7% [24]. All cell measurements described here were
made at Sandia National Laboratories, at 0.100 W cm? T
=25.0+0.2°C,on 5.0 cm x 7.5 cm cells. The efficiencies
include no spectral mismatch correction, but the spectral
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mismatch correction between the simulated spectrum and
the ASTM AM1.5G solar spectrum is typically <1% for
this type of light-trapping solar cell.

Second, consider a simpler backside-contact cell de-
sign in which all the surfaces are doped [5,25]. This type
of cell again has an uncontacted, oxide-passivated, n-type
diffusion on the textured sunward surface, and has inter-
digitated n- and p-type stripes on the back, which are con-
tacted by metal over a small fraction of their area. Stripe
IBC cells of this type have achieved efficiencies up to 21.9%
[5]. This design 1}?;3 demonstrated very good yield: & re-
cent run had 19 cells with an average V. of 0.665 mV + 1%
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and an average J.c of 0.0351 A/cm? + 3% at 0.100 W/cm?,
out of 19 cells finished. There were only ~4004 of SiO; on
the textured front surface, which is a very poor AR coat-
ing. This is responsible for the low J,c values. Even if no
AR coating is applied to these cells, they will regain some
current when encapsulated, due to light trapping between
the textured surface and the air/glass interface. The ox-
idation time and temperature were kept low to avoid the
high values of Jio that can result from deep, heavily-doped
emitters. The sunward emitter can be deep if it has a low
surface concentration, but one of the simplifications in this
run was that the non-contacted sunward diffusion and the
contacted back n-type diffusion were formed in the same
step. Since a high Np et is needed for good contact resis-
tance on the back, the sunward surface must have a high
NDYS‘u—f as well.

From measurements on untextured companion wafers,
the n-type diffusion had pn = 60 Q/O0, z; ~ 0.7um, and
Npeut & 5 x 10'° cm™2. The p-type diffusion on the back
had po = 100 /0, z; ~ 0.8pm, and Npsus = 4 X 10t
cm~3. The metal-contacted regions on these cells had a cov-
erage fraction of only 0.1% for each doping type. Therefore,
although the J, of the metal-contacted p-type diffusion is
~25 % 10713 A /cm? and the metal-contacted n-type Jo can
be seen to be ~16 x 1073 A/cm? from Figs. 6 and 7,
the contribution of the metal-contacted regions to the total
backside J, is a negligible 0.04 x 107** A/cm?. From Figs.
4 and 5, the J, of the oxide-passivated, untextured boron
diffusion covering ~50% of the back is ~1.4 x 107 A/cm?,
and the J, of the back phosphorus diffusion is ~1.8 x 10713
A/em?, for a total backside J, of ~ 1.6 x 107% A/cm?.
Because the sunside diffusion is more heavily-doped than it
needs to be, and has only been forming-%as annealed rather
than Al annealed, its J; is ~2.0 x 107 A/cm? from [8].
Thus, the total cell J, is ~3.6 x 107** A/cm? at 300°K, and
the predicted V. at 300°K for J, = 0.042 A/cm? is 0.660
V at 300°K. If a slightly more complex process is used to
make the sunside diffusion lighter than the contacted dif-
fusion on the back, so that tie sunside J, is 0.71 x 10713
A/cm? as shown in Table 1 for a stable, textured, phos-
phorus diffusion, then the total cell J, can be as low as
~2.3 X 10713 A/cm?, for a predicted V,c of 0.672 V.

CONCLUSIONS

Measurements of the recombination parameters of oxide-
passivated, boron and phosphorus emitters in silicon have
been carried out. The surface component of recombination
in the emitter was isolated from the bulk component to
yield the surface recombination velocity as a function of
boron and phosphorus concentration. The best observed
emitter saturation current densities are tabulated for boron
and phosphorus, textured and untextured, oxide-passivated
diffusions which do not degrade under the UV wavelengths
present in sunlight. This data can be used to assess the
potential performance of a wide variety of high-efficiency
cell designs, including one-sun and concentrator cells, and
cells with high-level and low-level injection substrates. The
data has been compiled in a set of contour plots, and was
applied to the design of 37.5 cm?. one-sun solar cells with
up to 22.7% efficiency.
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