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ABSTRACT: Complete two-dimensional simulations of internal quantum efficiency (IQE) have been caried
out for planar and macoscopicdly V-grooved Si solar cdls. The results have been compared with
experimental data & well as one-dimensional cdculations which were performed with PC1D and IQELD. The
impad of maaoscopic textures on IQE has been investigated by simulation studies on buk diffusion length
and badk surfaceremmbination velocity for aV-structured and a wrrespondng planar cdl. It is srown that the
larger colledion surfaceof V-grooved cdls causes a strongly enhanced carier colledion efficiency. The IQE
in the nea infrared wavelength range is increased with a resulting gain in short circuit current of up to

1.5mA/cnf for medium carrier diffusion lengths.
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1INTRODUCTION

Medhanicd texturization hes demonstrated to be a
valuable technique for improving the short circuit current
of solar cdls [1]. For a momplete cél charaderizaion and
optimization a profound undrstanding of the multi-
dimensional effedsin maaoscopic surfacestructures is an
absolute prerequisite. The device simulation padkage
DESSS [2] provides a powerful todl for investigating the
internal operation d mechanicdly textured solar cdls. The
present work concentrates on the impad of V-grooves on
the internal quantum efficiency (IQE).

Sedions 2 and 3 describe and verify the method
used. Sedion 4 presents a cmparison d cdculated 1QE
data for a V-grooved and a corresponding planar cell.

2METHOD

Calculations of cdl refledance R(A) and spedrally
resolved opicd generation pofiles G(r,A) have been
performed with the program SONNE developed at the
University of Konstanz [3]. The fradion o incident
phaons absorbed in the Si buk as well as the cdl
refledance ae cdculated by a oombination o ray tradng
and a Monte Carlo agorithm. Carrier generation is based
on an analyticd model using classs of possble phaon
paths through a periodic unit cdl of the phatovoltaic
device A generation pofile for every desired light
wavelength A is creaed and implemented in DESSS
which is used to calculate the spectral response.

Figs. 1 and 2 examplify the definition o the unit cel
and the obtained generation profilesfor amechanicdly V-
grooved solar cdl of thicknessW =231 um. The shape of a
V-groove has to be gproximated by polyhedrons leading
to a somewhat simplified generation dstribution. A further
simplification is the omittance of diffusive refledions by
SONNE. In the case of macroscopic textures

Figure 1: Crosssedion EEM view of a mechanically V-
grooved solar cdl with thicknessW = 231um. The unit cdl
used for simulations is outlined. At the cédl edges the grid
fingers have becwme partially deformed by dicing the
wafer into cells.
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Figure 2: Calculated generation pofile for vertically
incident light of wavdength A = 800rm and anintensity of
100mW/crh The unit cell was taken from Fig. 1.
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these ae of minor importance [4] and shoud cause only
littl e eror. Taking diffusive refledions into acourt will be
part of an update of SONNE.

3 COMPARISON OF DESSIS+SONNE WITH PC1D,
IQE1D AND EXPERIMENTAL DATA

In order to investigate deviations in the caculations
performed with PC1D [5,6], IQE1D [7] and DESSS+
SONNE due to dfferent numericd algorithms and internal
physicd models three cdl types have been simulated: a
planar cdl with fully Al metalised badk contad (one-
dimensional problem), a planar cdl with locd Al badk
contads (quasi one-dimensional problem) and a one-sided
maaoscopicdly V-grooved solar cdl (two-dimensional
problem). The results of the different programs are
compared in this section.

3.1 Planar cells

The following identicd input parameters were used
in the simulations with DESSS+SONNE and PC1D: W
= 230um, 0.5Qcm p-type materia, 90Q/sgr. emitter,
passvated front surfacewith recombination velocity S, g0»
= 100cm/s at the Si-SIO, interface Al badk, no BSF, back
surfacerecombination velocity S, = 10°cm's, internal bad
surface reflectandg, = 0.71.

DESSIS + SONNE

1,0 — e
L - “\/ L,=340um
08F L,=35um S N L, =140 um
\\\
06F N .
L 3 \\
9 0’4 L \\ 4
i PC1D
0,2+ . |

400 500 600 700 800 900 1000 1100
A [nm]

Figure 3: Comparison o simulated IQEs obtained by
PC1D and DESSS+SONNE wusing identical inpu
parameters.

Fig. 3 shows a good agreament between the different
methods for wavelengths larger than 500 nm. In order to
quantify the introduced urcetainty in L, ead simulation
has been fitted by IQE1D (nat shown in Fig.3 for clarity
reassons). Whereas the relative differences of IQE1D and
PC1D in L, are below 2%, DESSS+SONNE exhibits
deviations from IQEL1D of abou 8% for small diffusion
lengths and 3% for the largest investigatgd L

The varying results for A < 500rm (Fig. 1) are mainly
due to the two-dimensional geometry of the front surface
respedively the finger grid. The high surface
recombination velocity (SRV) under the front contads is
acourted for in DESSS but negleded in the PC1D
simulations when wsing S.s0, as the spatialy averaged
surfacerecombination velocity S,,,. Additionally we used
in the DESSS simulations a doping independent SRH-
recombination model [2], becaise the dopng dependent

model led to an urexpeded erratic influence of Ly, on the
IQE for A < 600nm.

A planar solar cdl (W = 25Qum, 1Qcm p-type
material, 85Q/sgr. emitter doping profile, passvated front
surface with locd badk contads and passvated surfaces
between the ontads has been used to test DESIS+
SONNE in the cae of a two-dimensional badk surface
design with low S,. The bulk diffusion length and the
spatially averaged bad surfacerecombination velocity S, .y
were taken from a fit of the experimenta data performed
with 1Q1D. As there is no ogion in DESSS to define an
averaged SRV, the value of S, ,, obtained by IQELD was
taken as the SRV at the passvated surfaces S, 50 between
the badck contads. In arder to quantify the resulting S, 4, of
the DESSS cdculation and to compare PCI1D with
IQE1D, again eah simulation (Fig. 4) was fitted by
IQE1D.
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Figure 4: Comparison d PC1D and DESSS+ SONNE for
a pana cdl with local line-shaped back ntacts.
Devations between the results are mainly due to dfferent
gpatially averaged SRVs when uwsing identical inpu
parameters in the one- and two-dimensional simulations.

Table|: DESSS andPC1D inpu parameters (inpu) for a
planar cdl with local back mntacts and resulting values
from IQELD fits to the calculated data (IQELD fit to).

input IQELD fit to input IQELD fit to
DESSIS DESSIS PC1D PC1D
Spsio2=3500 S, =4000 $,,=3500 S;.,=3300
[cm/s]
L, =296 L, =280 L, =296 Lp =299
[pm]

Asin the previous example only small differences between
the one-dimensional models of PC1D and IQE1D were
found (see Table 1). Deviations between PC1D and
DESSS+SONNE for A > 800rm (Fig. 4) are mainly due to
the locd badk contads causing a higher S5 in the
DESSS simulation athough again a difference in Ly, of
about 5% is included.

3.2 Mechanically V-grooved Cell

In order to verify the performed two-dimensiona
IQE cdculations the measured IQE of the cdl shown in
Fig. 1 (W = 231um, groove depth d = 91um, Al badk, no
BSF, 0.5Qcm p-type wafer, 90Q/sqgr. emitter, shallow



angle evaporated front grid) has been fitted by simulated
data with L, as a fit parameter. In the cae of oblique cdl
structures  numericd errors for incident light with
penetration depths smaller than 5um arise due to a limited
resolution d the discretization mesh close to the surface
(17000 grid pants were used). Therefore wavelengths
below 700m were omitted in the fit. A very good
agreament of simulation and experiment was achieved for
Ly = 90+7um (Fig. 5). The structure in the experimental
IQE for A > 1040m is the result of an error in the used
reference detector and has no physical meaning.
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Figure 5: Measured IQE andtotal refleaance of the
V-grooved cdl shown in Fig. 1. The orrespondng
DESSS+SONNE and PC1D simulation results using
similar input parameters are also shown. PC1D’s quasi
one-dimensiond model for surfacetexuresis not sufficient
to fit the eperiment accurately. The structure in the
experimental IQE for A > 1040misdueto anerror in the
used reference detector.

An attempt to fit the experimenta data with PC1D
using a face angle [5] of 60° was - as expeded - not
succesdul no matter what combination o S, and L, was
tried. The condtions for the quasi one-dimensional model
to hdd are not sdtisfied by a V-groove depth of 91um,
which makes a two-dimensional treatment necessary.

The good agreement between simulation and
experiment makes - in principle - adetermination o L, and
S, posshle by fitting two-dimensiona simulations to
measured |QEs. If both L, and S, are unknown, a
separation o these parameters is complicaed by a
measurement uncetainty of abou 3% relative and orly
upper and lower limits for L, and S, can be obtained from
simulations [7].

4 SIMULATIONS

In oder to quantify the epeded impad of the
enhanced carier colledion efficiency n in maaoscopic V-
structures on the IQE and the short circuit current density
Js. for A > 700, a numericd comparison ketween the V-
grooved cdl of sedion 3 (cdl A) and a rrespondng
planar cdl (cdl B, W = 231um, refledance simulated with
SONNE, dl other parameters identicd to cdl A) was
caried ou with DESSS. Figs. 6 and 7 give the
dependence of the IQE of cdl A and cdl B on Ly in the
case of a fullymetallized back contact without BSF.
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Figure 6: Smulated 1QE of cdl A (V-grooved) for seveal
bulk diffusion lengths.
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Figure 7: Smulated IQE of cdl B (planar) for seveal bulk
diffusion lengths.
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Figure 8: IQE andfraction d the phaogenerated carriers
that are wlleded under short circuit conditions n for bath
cdlsin the @ase of L, = 70um. The enharced n, (12% -
16% absolute for 900rm < A < 1200rm) causes a gan o
approximately 1.5mA/cn? in the short circuit current
density.

In the nea infrared wavelength range (A > 800mm)
the IQE of cdl A is considerably higher than that of cdl B
for dl Ly To estimate the improvement in J. due to the
raised n. of V-grooved cdls (Fig. 8) an averaged cdl
refledance of 10% for both cdls was assumed when
integrating the data shown. Double layer antirefledion



coatings led to a refledance of abou 5% for wavelengths
below 1000m for both cdl types. A maximum current
density gain A, = 1.5mA/cm? of cell A with resped to cell
B is obtained for L,= 70um (Fig. 8). But even for L=
340um (S, = 10cm/s) there is 4ill an expeded
improvement in J; of about 0.85mA/cm?. Using the red
cdl refledances, the lower R(A) of the V-grooved cdl adds
an additional current gain.

In order to study the influence of S, on the IQE both
cdls were simulated with locd badk contads (5%
metalli zetion) and a Si-SiIO, pasdvated surface between
them (Figs. 9 + 10). For both cdl types the IQE showed to
be sensitive to variations in S, 50, only between 10&nm/s
and 1Gcns. Fitting the |QEs of the planar cdl in the cae
of L, =340um with IQELD, S, ,, could be estimated to 60Q
1700 and 10 cmis for Sysoz = 100, 1000 10° cmis
respectively.
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Figure 9: Smulated IQE of cdl A (V-grooved) and cdl B
(planar) for several back surface recombination veocities
in the case of, = 140um.
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Figure 10: Smulated IQE of cdl A (V-grooved) andcdl B
(planar) for several back surface recombination ve ocities
in the case of, = 340um.
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Two conclusions can be drawn from the caculated
data. 1) For L, < 140um (L < 3/5 W) cdl A exhibits even
in the cae of Sy50, = 10°cV's a higher IQE than cel B
with S, 50 = 0c/s (Fig. 9). 2) For L, > W the IQE of cdl
A isless gnsitiveto variationsin S, 50, than cdl B, which
might be due to the dtered opticd generation close to the
cell back in the case of macroscopic V-grooves.

Also the gparent development of a locd maximum
in the IQE around 900m in some of the airvesis not yet
understood In any case further detail ed studies have to be
caried ou to clarify these dfeds. An experimental
comparison d V-grooved and pganar cdls will be given in

8.

5 CONCLUSIONS

Complete two-dimensional cdculations of internal
quantum efficiencies have been carried ou for planar and
medhanicdly V-grooved solar cdls. The method could be
verified by comparison with the programs PC1D and
IQELD in the cae of planar cdls and with measurements
in the case of V-grooved cells.

PC1D’s quasi one-dimensional model was found to
be insufficient to fit the eperimenta IQE of the
investigated macroscopically structured cell.

Numericd studies investigating the impad of L, and
S, onthe IQE for a V-grooved and a crrespondng planar
cdl show a strong enhancement of the quantum efficiency
in the nea infrared wavelength range. Asuming a 10%
refledance for both cdls, the short circuit current density
improvement of 1.5mA/cm? for L, = 70um is due to the
enhanced carier colledion efficiency in the maaoscopic
V-gtructure. For L, < 140 um (L, < 3/5 W) the investigated
V-grooved cdl type exhibits even in the cae of maximum
bad surfacerecombination velocity a higher IQE than the
planar cell without any back surface recombination
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