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ABSTRACT

Recent advances in silicon concentrator solar cells have
resulted in cells with 25% efficiencies at 20 watts/cm?
of incident sunlight at 26° C. These solar cells are thin,
high resistivity cells with an unconventional backside
point contact design optimized to operate in high level
injection. This paper presenta these results and a char-
acterization of some of these cells with respect to wafer
thickness. This data verifies predictions from a quasi-
three dimensional model which had predicted a criti-
cal thickness dependence. A cell optimized for perfor-
mance at 36 watis/cm? incident intensity will be less
than 100pm thick.

INTRODUCTION

Silicon concentrator solar cells which have both types of
contacts on the backside of the wafer have been shown
to have several potential advantages over conventional
designs with a single backside contact. A list of these
includes elimination of shading loss in the front grid, de-
creased metal series resistance and additional freedoms
in the emitter optimization since the diffusions are far
from the regions of maximum photogeneration [1,2].

A backside cell has been optimized for operation un-
der high level injection using a quasi-three dimensional
model, {2,3,4). Additional benefits were found from a
backside contact design which presumes that carrier life-
times exceed several hundred usecs. Initial experiments
resulted in a 20% cell at 8.8 watts/cm?, 88 suns, of in-
cident sunlight {5[. A simplified version of this cell has
recently achieved 23% at 11 watts/cm?® [6].

This report presents cells with antireflection coatings
which are 25% efficient at 20 watts/cm? (26 °C). A crit-
ical dependence on the cell thickness predicted by the
model was investigated by fabricating cells with thick-
nesses of 100-2404m.

o

EXPERIMENT

The cells were fabricated on < 100 > float gone n-type
100-200 ohm-cm wafers using processing techniques in
which special care was taken to maintain high carrier
lifetimes and low surface recombination velocities. The
processing schedule was presented in ref. [6]. A cross
sectional view of the resulting 0.15 cm? cell is shown
in Fig 1. The main features of 4 of the cells are listed
in table 1. All four of the cells have a 2um thick met-
alization which has 13 milliOhms of total series resis-
tance. The contact resistance is predicted to be about
2 milliOhms based on the specific contact resistivities,
1-2x10" Ohm-cm? for both N and P type contacts, as
determined using Kelvin cross-bridge contact resistance
structures. The sheet resistivities for the N and P-type
diffusions are 5 and 6 ohms/square, respectively, for the
process schedule used.
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Fig. 1. A cross section of a portion of the solar cell near the
bushar for the n* diffusions. The sunward side oxide (on the
bottom here) was thinned on some cells and a double layer
antireflection coating was evaporated onto it.
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In addition to differences in thickness, ranging from 100
to 240pm, there are two types of antireflection coatings
on these cells. Cells FT4-2F and FT5-1i have an op-
tically optimized thickness of thermally grown SiO; of
1120 A. Cells FT5-4C and FT6-U have an antireflection
coating of 1000 A MgF, over 360 A TiO, on 100-150
A Si0,.

Table 1
Cell Characteristics, cell area = .15 cm®
Cell ID. | Thickness | Front Surface Composition
-FT4-2F 240um 1120 A Si0,
FT5-1i 160pm 1120 A Si0,
FT5-4C 160um MgF./Ti0, /810,
FT6-U | 100pm MgF,/Ti0,;/Si0;

Resulta: The illuminated cell characterisiics were ob-
tained using a four point electrical measurement in sun-
light concentrated by a front surface parabolic mirror,
The values given for J,., the short circuit current, were
not taken at 0 volts but at the lowest attainable voliage
acrosa our passive load [7]. In the worst case, J,, was
taken at a voltage of 595 mV when the maximum power
point was at 695 mV for a cell under 47 watts/cm? il-
lumination. At lower currents, the cells can be brought
much closer to 0 volts.

The curves of efficiency vs. incident power are shown
in Fig. 2. with more detailed data given in table 2.
Two major features are seen. A comparison of the effi-
ciency of the 160um cells FT5-1i and FT5-4C indicates
that our antireflection coating adds about 1.5 to 2% to
the efficiency, boosting the efficiency from about 23%
to 25% in the region around 15 watts/cm®. The sec-
ond feature is seen by comparing FT4-2F (240pum) with
FT5-1i which differ in thickness but not in antireflection
coating and similarly comparing FT6-U (100gm) with
FT5-1i (160um). At concentrations over 15 watts/cm®,
efficiencies degrade with increasing cell thickness. At 50
watts/cm?, this effect costs 1-2% in cell efficiency in go-
ing from 100 to 160xm thickness. The efficiency at 440
suns decreases from 20% to 17% when the wafer thick-
ness is increased from 160pm to 240um. Notice that
since all these cells have the same metalization, the PR
power loss in the metal does not enter strongly into a
comparison between cells at a given incident intenaity.
However, the IR losa in the metalization in all four cells
represents a 1% loss in efficiency near 500 suns and could
be virtually eliminated using thicker metal or a two level
metal design as in ref. {5

A plot of normalized normalized responsivity ve. inci-
dent intensity for the four cells is given in Fig 3.; respon-
sivity is defined as amps at short circuit per incident
watt of sunlight. The values are normalized to be 1 at
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Fig. 2. Efficiency vs incident intensity for four cells. Each

cell is designated with an antirefection coating (A-R) or 1120
A Si0;. A representative error bar is shown.

low intenaity. This is a measure of the collection quan-
tum efficiency as a function of incident intensity. A loss
in quantum efficiency is seen a$ high incident intensities.
This loss iz most severe in the 240um cel! which has less
than 80% of the responsivity at 437 suns as it has at
low incident concentrations of sunlight. A comparison
of fig. 2 and fig. 3. indicates that most of the loss in
efficiency in the thick cell is accounted for by the loss in
quantum efficiency at high incident concentrations.
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Fig. 3. Normalized responsivity, (amps/incident watt), vs.
incident intensity. The normalization for each curve is indi-
cated in the key.




Table 2

Incident Power | Efficiency | Ji.. | Vo T [ Vap | Ja; | FF
Watts/cm?® [ % | Ampsjem’ | mV *C { mV | Afem® |
160 micron cell FT5-1i
2.1 224 0.746 764 27 669 0.709 0.83
6.54 23.2 2.30 790 27 691 2.20 0.83
17.8 13.3 6.18 808 28 712 5.82 0.83
32.3 21.5 104 £16 28 699 9.94 0.81
50.8 20.1 159 823 29 682 1 150 ) 0.78
160 micron cell FT5-4C
0.11¢ | 15.1 0.043 665 ] 26.7 | 522 D.04058 | 0.76
0.640 223 0.246 730 | 268 608 0.235 | 081
2.43 23.9 0.936 T68 | 265 678 B.56 0.82
8.79 25.0 3.34 798 26.0 700 3.13 0.84
14.9 25.3 5.28 B08 253 713 4.94 0.84
164 24.7 7.14 B2 26.2 T14 6.70 0.83
47.2 22.3 16.0 B25 271 692 15.2 0.79
100 micron cell FT6U
0,102 ) 19.3 0.038 674 25.2 541 0.0364 | 0.77
4.28 24.1 1.56 788 24.9 686 1.51 0.54
11.2 25.1 4,13 808 25.6 710 3.96 0.85
15.1 25.2 £.59 813 26.2 Tt6 533 0.84
17.2 25.1 5.31 815 6.2 708 5.09 0.83
36.3 P 244 13.0 828 26.7 713 12.4 0.82
526 | 23.5 16.4 633 | 265 T10 17.4 0.81
240 micron cell FT4-2F
2.30 213 376 | 763 24 662 | 737 | 082
5.59 22.5 1.B8 785 22 B85 1.81 084
12.2 219 4.04 799 23 3.91 685 0.83
36,3 18.8 10.1 817 21 0.74 695 0.83
43.7 17.3 11.9 817 22 1.2 | G676 0.78
ij +0.3 £1% _ [22mV [405C 2 mv, £15% | 20.01

The plots of V,. vs. incident intensity are shown in
Fig. 4. Thinner cells Lave higher open circuit voltages,
especially at high concentrations. The temperatures for
the individual points are given in table 2.

An important result for cell modeling is a determina-
tion of an effective carrier lifetime by means of an open-
circuit voltage decay technique. A flashlamp was used
to illuminate the cell and the slope of the voltage decay
determined. The lifetime was then calculated from the
relation:

1 g dV

T,,”' - ZkT dt

where 7,7, was measured at an open circuit voltage of
600 mV for cells of each of the four thicknesses. At
this carrier density, about 10!*/cm?, the recombination
will be dominated by the surface and bulk Shockley-
Read-Hall recombination which is assumed to be Linear
in carrier density. The lifetimes determined in this man-
ner were 950 usec for the 240pm cell, 600-T00 usec for
160 pum cells, and 350 psec for the 100um cells.

MODELING

The modeling curves in Fig. 3 and Fig. 4 are from a
quasi-three dimensional mode] which describes the car-
rier densities in the quasi neutral base as a function
of emitter saturation current, J,, surface recombination
velocity, bulk carrier lifetimes, and cell geometry. An
ambipolar Auger coeficient of 4.0x107%" cm®/sec was
used (8, and the diffusion coefficient was assumed to
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Fig. 4. Open circuit voltage vs. incident intensity. Each
curve is taken at approximately constant temperature +1 °C.
The exact temperatures are listed in table 2.

be the same as in doped material from ref. [9]. The
parameters used are listed in table 3.

The surface recombination velocity resulting from our
processing schedules is typically measured to be less
than 15 cm/sec [10]. The model is sensitive to this pa-
rameter go it is useful to determine an upper bound for
the actual surface recombination velocity on the devices.
This can be done by attributing all of the recombina-
tion in the cell to surface recombination. This is a good
approximation for carrier densities less than 10'®/cm?,
or V,, less than 600 mV, gince the J, and Auger recom-
bination components are small at this carrier density.
Then the effective lifetime measured by the V,, implies
an upper limit on the surface recombination velocity §
given by

__ WaferWidth

2Teﬂ'
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For the lifetimes and wafer thicknesses in this experi-
ment, this gives values of the surface recombination ve-
locity of 13.0 + 1.5 cm/sec. This is a strong indica-
tion that the cells have a surface recombination velocity
of about 13 cm/sec and negligible bulk recombination.
The cell characteristics are relatively independent of the
bulk lifetime since it is so high in these devices. For the

Table 3
Modelling Parameters
Parameter Symbel Asgsumed value
HBulk Shockley-Read Hall lifetime 1 2 msec
Surface Recombination Velocity 5 L5 cm/sec
Ambipolar Auger Coefficient Cy 4.0x107* em®/aec
Emitter Saturation Current Jo | 4.5%107** Amps/cm?®




modeling shown here, the surface recombination veloc-
ity was assumed to be 15 cm/sec and the bulk carrier
lifetime assumed to be 2 msec. The J, values have been
determined to be 4.5x107* amps/cm?® for both the N
and P-type diffusions for these processing schedules us-
ing one dimensional structures in [11]. The model is
more fully described in refs [2,3,4].

DISCUSSION

From the curves of efficiency, responsivity, and V,. vs.
incident intensity, fig 2-4, it appears that the major fea-
tures in the efficiency vs. incident intensity curve are
determined by the roll-off in quantum efficiency of col-
lection at higher intensities and in thicker cells. In the
model, this quantum efficiency decreases as the carrier
density increases at high incident concenirations of sun-
light. This ie due to the nonlinear recombination mech-
anisms which occur in these cells which operate in high
level injection. The thickness dependence enters because
of the higher carrier densities which occur in the front
of thick cells compared to thin cells for the same in-
cident intensity [2,4]. For example, the modelling for
the data presented here indicates that at the maximum
power point for 320 suns the loss in quantum efficiency
is 57% auger recombination, 8% emitter recombination,
and 24% surface recombination in the 240pm cell. In the
100 pm cell at 320 suns, 15% is auger, 41% is emitter,
and 37% surface. Only the Auger components would
show up as a deviation from unity in Fig. 3. This is
because the surface and bulk terms are assumed to be
linear in carrier density and the emitter recombination
ie negligible when the carrier denaity is very near zero
as occurs under short circuit current conditions.

Although the trend in the data is predicted by the mod-
eling results, some quantitative discrepancies appear for
the results using the current set of parameters. Particu-
larly, the magnitude of the loss in quantum efficiency is
underestimated by the model by about a factor of two
or more at the highest intensities measured, 500 suns. A
variety of effects could be proposed to explain this dis-
crepancy, such as non-linear recombination terms other
than bulk Auger recombination or a necessity to revise
the mobilities downward from the majority carrier val-
ues measured in doped material, [3]. This would result
in higher carrier densities in the front of the cells under
short circuit current conditions which would increase the
losses due to Auger recombination.

Another more subtle point is iltustrated in Fig 3. by the
values for the responsivity at low concentration for the
four cells, shown in amps/watt in the key. These val-
nes depend primarily on the type of antireflection coat-
ing. The cells with antireflection coatings have higher
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responsivities. However, a comparison of the 100 um
and 160um cells, both with the antireflection coating,
shows that the thinner cell has a lower responsivity.
This ie probably due fo a loss in photogeneration by
near bandgap light in the thin cell especially since the
Al backside reflector only has 60% coverage. This effect
will provide a limit to the extent to which gains can be
made in reducing the loss in quantum efficiency at high
incident intensities by reducing the wafer thickness.

The higher open circuit voltages, seen in Fig 4., occur in
thinner cells because even under open circuit conditions
there is a particle flux down a density gradient from the
illuminated frontside to the backside of the cell. In the
100um cell the recombination at 320 suns is 69% due
to emitter recombination and 23% due to Auger recom-
bination while the thick cell has 43% emitier and 46%
Auger, So in all of these cells a gradient in carrier den-
gity exist all the way to the back of the cell where the
emitter recombination occurs. The drop in carrier den-
sity from the front to the back of the cell is proportional
to the cell thickness and this gradient. The open circuit
voltage is reduced as this drop increases.

Future improvements in efficiency for these cells are ex-
pected by addressing four of the problems discussed
above. About 1% of improvement in absolute cell ef-
ficiency at 500 suns can be gained by eliminating the
metal series resistance. Texturizing the cells will in-
crease the photogeneration by near bandgap light and
allow even thinner cells which will reduce the Auger re-
combination. In addition to these improvements, re-
search into advanced emitter design promises a reduc-
tion in the emitter recombination, [12]. These improve-
ments promise to push the efficiencies of these cells to-
wards 30%.

CONCLUSIONS

The first silicon solar cells to show efficiencies of 25%
bave been demonstrated. A strong thickness depen-
dence was observed which causes a loss in quantum ef-
ficiency at high incident intensities of sunlight. This
effect indicates that the cells should be made as thin as
permitted by optical generation constraints.
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