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POWER LOSS ANALYSIS OF N-PASHA CELLS VALIDATED BY 2D SIMULATIONS
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ABSTRACT: To reach >21% efficiency for the n-Pasha (passivated all sides H-pattern) cell of ECN, reliable power-
loss analyses are essential. A power-loss analysis is presented that is based on experimental data but validated and
completed by 2D simulations. The analysis is used to identify the key factors that will contribute most to achieving

>21% efficiency.
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1 INTRODUCTION

n-Pasha cells developed at ECN have shown a
steadily increasing efficiency over the past few years
with over 20% efficiency reported for cells made with
industrial processing [1,2]. Further improvement is still
both required and possible, but any experimental plan to
achieve this must be based on a thorough analysis of the
power-loss in present cells as well as reliable prediction
of the impact of further modifications of cell architecture
and process flow. A reliable power loss analysis,
identifying the components and regions in the solar cell
that limit the efficiency, is therefore required.

A power-loss analysis requires quantitative data of
the cell on the optical properties, resistive properties, and
recombination properties in the bulk, in the diffused
layers, at the contacts and at the surfaces. Some of these
data are experimentally well accessible, others are much
more difficult to quantify. Moreover, consistency and
transferability is required of these properties. This means
that it may be assumed that these properties have similar
values in different circumstances, e.g. in half-fabricates
and finished cells. Numerical simulations in 1D or 2D are
powerful tools to study the physical parameters
mentioned above in a solar cell. However, the complexity
and variety of the physical models used in numerical
simulations necessitate good benchmarking and
validation.

In this work first a breakdown of the efficiency loss
of an n-Pasha solar cell is made on the basis of
experimental data. The efficiency loss with respect to an
ideal solar cell is divided into optical, recombination and
ohmic contributions. Life-time data on half-fabricates and
finished cells are then used to validate and parameterize
the physical models for the different parts of the solar cell
for 2D simulations. Full 2D cell simulations are carried
out to assess the consistency of these data in the complete
solar cell and refine the loss analysis. Finally, an outlook
will be given on improvement of the n-Pasha efficiency
with quantified targets.

2 n-PASHA DESIGN AND EXPERIMENTAL
CHARACTERIZATION

2.1 n-Pasha design

The n-Pasha cell is a bifacial cell design on 6 inch n-
type Cz material. Fig.1 shows the basic configuration of
the n-Pasha solar cell. Both front and rear side feature H-
grid metallization patterns. Yingli’s Panda cells
developed in collaboration with ECN and Tempress are
based on this structure as well [3]. Both front and rear

surface are textured, and coated with an antireflective
SiN, layer. On the front a BBr; diffused emitter is
applied. The rear side features a lightly doped BSF based
on POCI; diffusion. Under the contacts the BSF is higher
doped. The group of cells on which the present loss
analysis is based were processed on a 180 um substrate
with resistivity 2.7 ohmem and stencil printed (front) or
screen printed (rear) contacts. The total front side
metallization including busbars covers 7.3% of the cell
surface area.

Incident light
Front side Front passivating and
Ag/Al contacts anti-reflective coating
p* boron m : l
n-type Cz Si wafer
n* phosphor BSF
Rear side Ag Rear passivating and
contacts anti-reflective coating
Albedo light

Figure 1: Cross section of the ECN n-pasha cell

2.2 Experimental characterization

IV curves with their characteristic values were
extracted from measurements on full cells. Life-time and
Voc-implied measurements were done with a QSSPC
Sinton 120 instrument on symmetrical (p*/n/p") or
asymmetrical (p"/n/n") samples without metallization.
Analyses were completed by Suns-Voc measurements,
spectral response and reflectivity measurements.

3 POWER-LOSS ANALYSIS BASED ON EXPERI-
MENTAL DATA

3.1 Main components

The performance of an ideal mono-junction c-Si solar
cell would only be limited by intrinsic recombination in
the bulk, by the maximum of the photogeneration which
is limited by the Si bandgap and the fact that energies
above this bandgap are lost by thermalization, and by the
maximum fill factor of the resulting IV curve. As
reference a cell with about 29% efficiency is used,
corresponding with the photogeneration maximum for the
AM1.5 spectrum of 46 mA cm'z’ an open circuit voltage
Voc of 745 mV, ideality factor n=1 and an ideal FF, of
0.85 [4].
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Reflection by the front-side metallization of the n-
Pasha cell covering 7.3 % surface area results in an
equivalent reduction of the generated current, with
associated small effects on the Voc and maximum fill
factor FF. The photogeneration is further reduced by
reflection by the SiN, covered part of the cell, by
parasitic absorption, in particular in the SiN, layers and
free carrier absorption in the diffused layers of the cell,
and by the escape reflectance, i.e. photons not absorbed
after having bounced several times between front and
rear surface. The direct reflection and escape reflection
can be obtained from reflectivity measurements. The free
carrier absorption was estimated from a model using the
ECV diffusion profiles. The resulting data are collected
in Table I: the optical losses not caused by the front-side
metal reflection result in a further reduction of the
photogeneration current by 2.6 mAcm™ and an associated
small reduction in ideal FF and Vpc. The maximum
power output after optical losses is calculated from
Ton*Voc*FF.

Table I: Break-down of the efficiency loss. Data listed
bold are measured values. The last column gives the loss
in efficiency compared to the previous row

J Voo FF Power An
mAcm’ \% mWem?  %ab
Maximum 46.0 0.745 0.85 29.25
Metal 42.6 0.743  0.85 27.02 2.2
reflection
Other 40.0 0.741 0.85 25.31 1.7
optical

Recombi- 39.1 0.651 0.81 20.89 4.4
nation
Ohmic 39.1 0.651 0.78 19.84 1.1

The actually measured Jgc is still below the estimated
photogeneration current density, due to recombination at
short circuit. The maximum expected power output
including recombination can be calculated by
Jsc*Voc*pFF. The Voc and Jgc values follow from the
IV measurements, the pFF from a Suns-Voc curve. The
pFF includes the deviation from the ideality factor n=1,
as well as effect of shunt losses, which are expected to be
negligible in optimized cells. The recombination losses
constitute 4.4 % abs. loss of efficiency. The
recombination losses occur in the diffused layers, at the
contacts and in the bulk of the cell. A further breakdown
of these losses is given in section 3.2.

The ohmic losses, finally, are calculated from the
difference of the FF and the pFF according to:
AP opmic=(pFF-FF)*Vc*Jgc. They seem to be the smallest
contribution with only 1.1 mW cm™ The ohmic loss
associated with lateral current transport APy, through a
diffusion profile with resistivity Ry, can be calculated
from AP, ="R geec*(Inp)*(L)?, with L the half-pitch of the
cell and Jyp the current density at maximum power point
MPP. Using the experimentally determined sheet
resistances listed in Table II, and including the much
smaller contribution of the transversal ohmic loss, the
ohmic loss inside the silicon is estimated to be 0.8 mW
cm? at MPP. This suggests that losses through the
metallization series resistance and contact resistance of
the metallization only contribute 0.3 mW cm at MPP.

3.2 Breakdown of recombination losses

Recombination seems at present the largest
contribution to the efficiency loss of an n-Pasha cell
compared to an ideal cell. The recombination effects are
from Auger and Shockley-Read-Hall recombination in
the diffused layers, surface recombination, recombination
at the contacts and recombination in the bulk. The latter
is characterized by the bulk life time of the material, a
value difficult to assess experimentally but believed to be
in the order of 1 ms for the present n-type substrates with
resistivity order 2.7 ohm cm. The recombination current
in the bulk can then be written as:

_ qWiny

]r,b -
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for low level injection (LLI) and high level injection
(HLI) conditions, respectively, with An, = Apy, being the
excess carrier density.

The other recombination processes can be
characterized by J, values, the recombination current pre-
factor. The J, value of a diffused layer, such as the
emitter and BSF, will be made up of recombination in the
layer, mainly Auger, and recombination at the surface of
the layer. The recombination current density in such a

layer is then defined by:

(Po+4np) (ng+An,)—n?

]r,dzjo 2 (2)

nj

In this equation the excess carrier density An, is the
excess density just outside the diffused layer in the bulk.

Jo values of the emitter and BSF were obtained from
life-time measurements and are listed in Table II. The
contact recombination current can be calculated with a
similar approach, but J, values will differ from those of
passivated layers due the higher recombination velocity
at the metal and to the modifications in the diffused Si
incurred when contacts are made.

Estimates of the J, for the contact regions are shown
in Table II. Contact J, values were obtained by
comparison of Vgc-implied on non-metallized samples
and Vo values of the finalized cell [5]. Values for the J,
for the contact region include recombination in the
diffused layer in the contact region (mainly Auger). For
the emitter contact this contribution is small. On the other
hand, the region under the BSF contact with a higher
doping has a substantial contribution from recombination
in the diffused layer, resulting in almost 40% of the J,
value listed in Table II.

Table Il: Measured J, and Ry values

J0 Rsheet
fAcm™ Ohmsq™!
Emitter 86 60
BSF 113 73
Emitter contact region 3000
BSF contact region 1848

N.B. J, values referred to n=9.65-10° cm™

Eq. (1) and (2) show that the excess carrier density
distribution in the cell has to be known in order to
calculate the recombination currents in the different parts
of the cell. A crude approximation for An, resulting in a
uniform value over the cell, can be calculated from the
cell voltage using the narrow base approximation [4]:
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(po + 4ny) (n + Any) = nPexp () (3)

This results in Any=3.9-10"* cm™ at MPP and
Ang=2.4-10" cm? at Voc, respectively. Note, that for n-
type wafers a resistivity of 2.7 ohmem corresponds to a
donor concentration of 1.7-10"° ¢cm™. With these values,
and applying the relevant area fractions for the BSF,
emitter and contacts, the recombination currents are
calculated according to (1) and (2). The breakdown of the
total recombination current is given in Figure 2.

Figure 2 shows that both at MPP and Vo the
contacts and diffused layers have the largest contribution
in the recombination, implying that they severely limit
the cell efficiency. The differences in relative
contributions at MPP and V¢ are due to the injection
level that is closer to HLI at V¢ than at MPP. Fig 2
shows that the contact regions, which have a much
smaller surface area than the passivated emitter and BSF,
are responsible for a major part of the recombination
current. This effect is most pronounced for the emitter
contact. The front and rear passivated areas contribute
almost equally to the recombination current.

MPP Exp Voc Exp

W Emitter ®WB5F  ®Contactem. M Contact BSF  mBulk

Figure 2: Breakdown of the recombination current at
MPP and at Vo, based on experimental data

4 NUMERICAL SIMULATIONS

4.1 J, calculations on diffused layers

Emitter and BSF both contribute substantially to the
recombination loss. In order to establish whether this is
due to surface recombination or Auger recombination,
numerical simulations are required [6]. For this the Atlas
package from Silvaco can be used [7]. A test structure is
used which has a diffused layer on one side, as shown in
Fig. 3. Illumination is from the rear, i.e. the non-diffused
side, with monochromatic light with wavelength 500 nm.

i ! probe box
e
i ;
! i
n-type t_0 i i
| :
i a
- ': :
H )
contact

position bulk probe

Figure 3: Structure used for the calculation of J,

The J, of the diffused layer is then calculated from:

- anf
]0 - Rsurf Anp(Np+4ny) (4)
Rsurf 1s the recombination (Auger, surface recombination
and Shockley-Read-Hall) in the n" or p" type layer
averaged over the width of the probe box and An being
calculated at the bulk probe.

The simulation is based on the diffusion profiles
measured by ECV. In the n-Pasha cell the surfaces are
textured. Including this texture in a simulation of a test
structure in Fig. 3 or in the unit cell of a full cell would
require very fine meshes and unacceptably long
computing times. Compared to planar samples the
surface area of a textured sample increases with a factor
of 1.7, i.e. the volume of the layer increases with a
similar factor. This implies that more Auger and surface
recombination is taking place per unit cell surface than in
a planar cell. As a first approximation the Auger
parameters and the surface recombination SRV are
multiplied by a factor of 1.7. Such an approach is only
justified if the carrier concentrations are not seriously
reduced by the enhanced recombination. Calculations
have shown that the approach results in a textured :
planar ratio of the J, of 1.5, which is an acceptable
deviation of the assumed 1.7 ratio. This textured: planar
ratio of 1.5 is in good agreement with simulated and
experimental data in the literature [8,9].

For simulations on highly-doped structures Fermi-
Dirac statistics must be used as well as a good model for
the bandgap narrowing BGN [10]. According to the
literature Schenk’s BGN model physically the best one
available [10,11]. For the Atlas simulations full
implementation of this model is not yet available. Hence,
we used the effective Klaassen BGN model [12].
Alternative software tools such as EDNA [13] can model
Jo with Schenk’s BGN, for planar surfaces. For the
present n-Pasha profiles we found similar qualitative
behavior.
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Figure 4: Calculated values of J, as a function of the
SRV of the n-Pasha emitter. The experimental data value
is represented by the horizontal red line.

Fig. 4 shows the calculated J; as a function of the
assumed SRV of the n-Pasha emitter. The experimental J,
value is plotted by a horizontal line. According to Fig 4,
the calculated Auger limit of the emitter J, is about 50
fAcm?. The difference between this value and the
experimentally determined J, is ascribed to surface
recombination. Fig. 4 shows that SiN, layer on the
emitter clearly has a passivating effect, but the effective
SRV at the interface is still in the order of 6000 cms™,
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contributing 34 fAcm™ to the J, of the emitter. The Auger
limit of the emitter seems to be in the order of 50 fAcm™.
Notice, however, that both the calculated curve and
experimental data have considerable uncertainties.

At the emitter contact the SRV would have the
maximal value of 1-10” c¢ms™, which in the simulation
corresponds to a J, value of 420 fAcm™. This is much
lower than the value of 3000 fAcm™ estimated for the J,
at the emitter contact in section 3. One reason for an
increased J, would be that during firing of the contacts
part of the diffused layer is etched away, thereby
reducing the transport barrier for the minority carriers.
Further contributions to the J, could come from increased
SRH recombination due to defects introduced by the
presence of metal inside the silicon or from non-smooth
silicon/metal interfaces with higher effective interface
area [14]. A description of the contacts including all these
details is beyond the scope of this work. For simplicity
we assume here that under the contact a uniform part of
the emitter is etched away. This reduces the Auger
recombination but the thinner p* emitter layer is a less
effective transport barrier for electrons so at high SRV
there is increase of the surface recombination, resulting in
a high J,. To attain the observed J, of the emitter contact
it would have to be assumed that about 200 nm of emitter
is etched away.

A similar study was done for the BSF, Fig. 5. In this
case the calculated Auger limit is 62 fAcm™, which
implies that the surface recombination contributes 51
fAem™, with a SRV in the order of 10000 Scm™.

600
500 ~4—Simulation
——Experiment
~ 400 T
&
300
g
-
2 200
100 —
0 4
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
SRV fem 5!

Figure 5: Calculated values of J, as a function of the
SRV of the n-Pasha BSF. The experimental value is
given by the horizontal red line

At the n-type contact a higher doped BSF is used.
Like for the p-type contact at the emitter, it was found
that by assuming that contact effectively etches away 200
nm, the J, agrees with the experimentally determined
value.

4.2 Numerical simulation of the full cell

The simulations of the cell behavior were done on a
2D unit cell, with a width equal to a half-front side pitch.
The same pitch was assumed at the rear with front and
rear contacts exactly opposite each other. Note that the
unit cell contains 50% of the full contact width. A fixed
generation profile was used for the section of the cell
under the passivated emitter. The profile was calculated
with PCID [15] and equivalent to 44.6 mA cm™. The
calculation included effects of texturing and free carrier
absorption.

The emitter and BSF were modeled as described in
the previous section, with SRV values of 6000 and 10000
cms’, respectively. At the contacts an etch depth of 200

nm was assumed. The calculated IV-characteristics are
shown in Table III, with a correction made for the
inactive part of the cell covered by the busbars. Also a
pseudo-IV curve was simulated for the 2D structure. The
Voc and Jsc show good agreement, the calculated
efficiency is higher by 1.0 % abs than the measured one.
This mainly due to a much higher (pseudo)FF.

The calculated pFF is higher by 1.4% abs. than the
experimental pFF. This accounts for more than 0.3 % abs
in efficiency loss. Differences in pFF may come from
inhomogeneities in the full cell that are not included in
the simulated unit cell. One cause could be edge
recombination, which would increase the ideality factor.

The higher calculated FF is first of all related to the
absence in the simulation of the ohmic resistance in the
metallization. From comparison of the calculated values
of FF and pFF a good estimate of the ohmic losses in the
silicon can be obtained, i.e. (pFF-FF) *Jsc*Voc, which
results in 0.6 mWem™. This is considerably lower than
estimates in section 3. The difference can be associated
with more efficient current paths and the injection level
in the cell. As a consequence, it must be assumed that the
metallization contribution and contact resistances that are
not present in the simulation contribute in the order of 0.5
mWem™, to account for the total ohmic loss observed
experimentally.

Table 111: Measured and simulated characteristics of n-
Pasha cells
Experiment Simulation

Jsc (mAcm™) 39.13 39.36

Voc (V) 0.651 0.651

Pypp (mWem) 19.82 20.78

pFF 0.820 0.834

FF 0.779 0.811

A breakdown of the recombination current was also
made for the simulations. This was done by integration of
the recombination in the respective parts of the solar cell.
The results are shown in Fig. 6. The breakdown at MPP
and Voc looks similar to the distribution obtained in
section 3 based on experimental data, (Fig. 2) but with
some notable exceptions.

MPP 2D Sim.

Voc 2D Sim.

mEmitter ®WBSF mContactem. MW ContactBSF W Bulk

Figure 6: Breakdown of the recombination current at
MPP and at Vg, based on 2D simulations

In in the simulation the relative contributions of the
contacts is smaller than in Fig. 2. This is a direct
consequence of the non-uniform distribution of the
excess carrier density, which at MPP is lowest near the
contacts and highest in the region half-way between the
contacts, as shown in Fig. 7. Note, that this effect was not
taken into account when the J, values of the contacts
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were estimated, i.e. the values in Table II are probably
underestimations. The change in excess carrier
distribution going from MPP to Voc means that the
relative contribution of the emitter contact at V¢
becomes larger than at MPP. The simulation results
identify the emitter, BSF, and emitter contact as major
sources of recombination.

emitter

BSF

emitter

BSF

Figure 7: Distribution of the excess carrier density Any in
the bulk of the cell. Top: MPP, scale purple 1-10™ to
orange 4-10" ¢cm™. Bottom Vo, scale purple 2:10' to
orange 2.6:10" cm™. The contacts are on the left-hand-
side corners of the structure

5 DISCUSSION

The analysis of experimental data presented in
Section 3 has indicated that recombination losses are the
most important factor limiting the n-Pasha output.
Further simulation results have shown that the diffused
layers as well as the contacts contribute to this result,
with the emitter contact, emitter and BSF being major
sources of recombination. Simulations are required to
distinguish between surface and Auger recombination. It
was found that by improving the passivation of the non-
metallized surfaces to S<1000 cms™ the recombination
associated with the BSF and emitter can be reduced by
almost 50%. An option to obtain near-to-perfect
passivation may be for instance applying an ALD Al,04
coating. Further reduction of J, can only be obtained by
modifying the profiles to reduce Auger recombination,
i.e. lower doping concentration. This would also require a
deeper profile in order to keep the sheet resistances of the
diffused layers at their present values.

The contact recombination is also large, and due to
the non-uniform excess current density the emitter
contact is especially limiting the Voc. In the simulation
the recombination at contacts was represented by an
assumed etch below the contact, making the diffused
layer a less effective transport barrier. This is an over-
simplification. Still, to obtain a good contact there must
be a transport barrier for minority carriers and this
requires profiles with sufficiently high concentrations and
sufficient depth. These profiles will differ from the
profiles used in combination with ideal passivation, i.e. at
the non-metallized surfaces. This implies that a selective
emitter should be used.

The results of section 4.2 have shown that in order to
correctly estimate the effect of modifying contacts and
diffusion profiles Jy values, an accurate estimate of the
excess carrier density distribution must be used, i.e. a

mere area-weighted estimate of J, values is not adequate.
A more sophisticated analysis was made using the
Quokka model [16], which calculates the excess carrier
density but treats diffusions and contacts as conductive
boundaries with recombination properties characterized
by the appropriate recombination current pre-factor J,
Some preliminary results obtained with this model are
shown in Table IV. In order to gain 1.4 % abs. in
efficiency target values for the passivated layers and
contacts would be in the order of 20 and 200 fAcm?,
respectively. An interesting observation is that by just
improving the contacts only a limited gain is expected,
but there is a large gain when this is done in combination
with diffused layers.

Table 1V: Calculated change in Voc and m upon
changing the recombination properties of in the n-Pasha
cell. J, values are in fAcm™

Emitter J, 86 20 86 20
BSF J, 113 20 113 20
Em. Con. J, 3000 3000 200 200
BSF con. J, 1848 1848 200 200
AVoc(mV) 0 20 12 41
An (%abs. ) 0 0.7 02 1.4

The results of section 3 and 4 have also shown that
the ohmic losses in the n-Pasha cell are in the order of 1.1
Wem?, 0.6-0.8 Wem™ of which is in the silicon. This
emphasizes that any modifications of diffusion profiles
should not lead to significant increase of the sheet
resistance. The metallization including contact resistance
seems to constitute only 0.3-0.5 Wem™ Additional
efficiency gain can be expected from reduction in
inhomogeneities which may result from process
inadequacies, such as non-uniform diffusions, or from
edge recombination. However, they are as yet
unspecified.

The front side metallization contributes 2.2 % abs. to
the efficiency loss. There is limited gain expected from
further reducing the width of fingers and busbars. A more
substantial gain in current density would be obtained by
adopting a MWT design.

Improved anti-reflection and improved trapping can
contribute in minimizing the losses associated with direct
rand escape reflectance. The use of lower diffusion
concentrations in the emitter and/or BSF could reduce the
free-carrier absorption.

6 CONCLUSIONS

A detailed loss analysis was made of an n-Pasha solar
cell. This can to a large extent be done on the basis of
experimental data such as IV characteristics, implied
Voc, lifetime time measurements, but 2D simulations are
required for further accuracy.

The major loss factor is the recombination. J, data
from lifetime measurements and V¢ implied data can be
used to assign the recombination loss to different parts of
the cell. Simulations are required to distinguish between
Auger recombination and surface recombination of the
diffused layers.

Further gain of efficiency to > 21% in the n-Pasha
cell can be obtained with modified, well-passivated
diffusions and improved contacts.
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