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Summary

Polycrystalline silicon (Wacker—SILSO) solar cells have been made by
phosphorus implantation in combination with pulsed excimer laser annealing
or thermal annealing. It was found that laser annealing yields cells with a
short-circuit current which is 3% - 4% higher than that obtained by thermal
annealing, whereas the open-circuit voltage is the same for both cases. It was
concluded from curve fitting that the current-voltage characteristics of all
cells could be described well using a double-exponential model.

1. Introduction

Polycrystalline silicon (poly-Si) is considered to be an attractive alterna-
tive to single-crystal silicon as base material for the fabrication of solar cells.
Using poly-8i, it is possible to achieve a noticeable reduction in cell price at
the cost of a relatively small decrease in efficiency. For this reason, research
is dedicated to the development of various kinds of poly-Si, such as ribbons,
sheets and cast ingots [1 - 3]. Parallel to the work on these new crystalliza-
tion methods, which are generally based on the use of high purity (semicon-
ductor grade) silicon, runs the development of solar grade silicon [4, 5].
Although at present there is no clear definition of this term, it could be de-
scribed as “‘optimized for use in solar cells”” (instead of for use in integrated
circuits), which refers mainly to purity in relation to price. Whereas (cast)
poly-Si has been available for several years now, there is as yet no commer-
cially produced solar grade silicon.

When poly-Si and solar grade silicon are introduced in solar cell manu-
facturing, it is necessary to optimize the processes used. In the case of poly-
Si this is already being done, mainly for standard cell processes. As far as
junction formation is concerned, these processes have in common the require-
ment of relatively high temperatures (typically 900 °C). It is known that high
temperature processing adversely influences material quality, especially the
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minority carrier diffusion length [1, 6 - 8]. A decrease in the diffusion length
results in a decrease in solar cell performance. This effect becomes more
important when polycrystalline and less purified materials are used instead
of high purity single-crystal silicon, because grain boundaries may be activ-
ated [9 - 11] and other defects may be created or activated [7, 12 - 14] dur-
ing heating and cooling.

In order to avoid high temperatures, several techniques are being devel-
oped for cold junction processing, which means that junctions may be
formed without appreciable heating of the bulk (base) material. This can be
achieved by employing ion implantation and pulsed energy beams (lasers or
electron beams) [15 - 21] which heat the surface very fast (typically in less
than 1 us), so that emitter dopants can be activated or driven in without the
underlying material being affected.

In order to demonstrate the importance of this method of cold junction
processing, in the present paper we compare cells which have been processed
using high temperatures and cells which have been processed at low tempera-
tures. The material used was semiconductor grade poly-Si. Phesphorus im-
plantation was employed followed by either thermal annealing (TA) at a
maximum temperature of 900 °C, or low temperature processing using
pulsed excimer laser annealing (PLA) [16, 17].

2. Experimental details

The material used in this experiment was 5 cm X 5 cm cast polycrystal-
line Wacker-SILSO, doped p-type to a concentration of about 10'® cm™>.
No mechanical polishing was applied to this material. All wafers were se-
lected from one part of an ingot and were neighbours. In this way the natural
spread in cell parameters due to differences in grain structure and diffusion
length was minimized and a comparison between the two processes for junc-
tion formation in the same material is possible.

The first step in cell preparation is the removal of surface damage due
to wafer sawing by means of a wet chemical etch. Although NaOH is the
most commonly used etchant for cast poly-Si, it is less suitable in this situa-
tion. NaOH etches highly anisotropically and thus gives rise to a pronounced
surface texture. This texture complicates the use of directed beams [22], in
this case the ion beam used for implantation and the excimer laser beam
used for annealing of implantation damage. Therefore, to obtain a smooth
surface finish, an HF:HNQ;:CH;COOH (volume ratio, 1:5:2) mixture was
used. The thickness of the as-sawn wafers was 400 ym; during etching 40 um
was removed from each side.

The front side of all the wafers was implanted at room temperature
with phosphorus (ion energy, 10 keV; dose, 3 X 10'® cm™?) while the back
side was implanted with boron (ion energy, 20 keV; dose, 3 X 10! em ™ 2).
During implantation, a 1 mm strip near the edges of the wafers was masked
to avoid short-circuiting of the cells.




0J

After implantation the wafers were divided into two sets. The front and
back sides of the wafers of the first set (PLA) were annealed using an excimer
laser. The annealing conditions for both sides were as follows: wavelength,
308 nm (XeCl); pulse length, about 20 ns (full width at half-maximum);
energy density, 1.2 J em™2. During annealing, the wafers were kept at room
temperature. The laser beam had a cross-section of 10 mm X 25 mm. For the
irradiations, only the centre portion (4 mm X 18 mm) of the beam was used.
This part of the beam showed a flat energy density profile and contained
about 120 mJ. To anneal the entire 25 cm? area at the front and at the back
of the wafers with the required energy density, the laser beam was focused
and scanned over the wafers using a two-axis mirror scanner positioned at a
distance of 50 cm from the wafers. The pulse energy available on the wafer
(after focusing and reflection at three mirrors) was 100 md. A scan speed was
chosen such that each spot overlapped the previous spot by at least 50%.
Since the laser was operated at a repetition rate of 25 Hz, annealing of one
side of a wafer could be performed within 2 min. The resulting sheet resis-
tance of the emitter was about 30 £/0],

The wafers of the second set (TA) were thermally annealed in a vacuum
furnace. The anneal consisted of two steps: 30 min at 600 °C, followed by
15 min at 900 °C. The heating rate was about 1 °C s ', and the cooling rate
was about 0.25 °C s7'. In this way an emitter sheet resistance of about 50
/(] was obtained.

Electron beam evaporated Ti-Pd-Ag grids with a 10% coverage (opti-
mized for a sheet resistivity of 30 £2/CJ]) were applied to all wafers. These
contacts were sintered in vacuum at 400 °C for 10 min. No antireflective
coating was applied.

Cell performance was measured at 25 °C under air mass (AM) 1 illumi-
nation. To evaluate the origin of differences in short-circuit current, addi-
tional measurements were done after passing the AM 1 light through a red
filter (transparent to wavelengths greater than 600 um) and a blue filter
(transparent to wavelengths less than 600 pm). Thus the characteristics of
the top and base regions of the cells could be distinguished. Additional infor-
mation about the cell behaviour was obtained by applying a curve-fitting
procedure [23] to the measured current-voltage (I-V) characteristics. In
this way series and shunt resistances and diode saturation currents could be
determined.

3. Results and discussion

We have processed four cells in each of the two sets. The I-V character-
istics of two typical cells (area 25 cm?) prepared on two neighbouring wafers
using the two different methods of junction preparation as described above
are shown in Fig. 1. The full lines drawn through the measured curves repre-
sent results of computer fits according to the double-exponential model [24,
25] shown schematically in Fig. 2. The most important measured and calcu-
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Fig. 1. Typical current-voltage characteristics of cells processed by ion implantation and
subsequent laser annealing (PLA) or by thermal annealing (TA) in vacuum. The curves
were measured under AM 1 illumination of 1000 W m™2. The results from curve-fitting
according to the model of Fig. 2 are shown as full lines drawn through the experimental
curves.

Fig. 2. Two-diode representation of a p—n junction solar cell under illumination: I, light-
generated current; D), diode with quality factor 1; Dp,, diode with quality factorm > 1;
Ry, shunt resistance; R, series resistance; I, current through cell terminals; V, voltage
over cell terminals.
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lated parameters corresponding to the I-V measurements and simulations
are given in Table 1. For the two batches of cells average results are shown.
The standard deviations (in parentheses) show that the results were reprodu-
cible. In addition, this table gives the average I, and I, the short-circuit
currents measured after passing AM 1 light through a red and a blue filter
respectively.

In Fig. 1 and Table 1 it is seen that the open-circuit voltage obtained on
cells of the first set (PLA) is almost equal to that obtained on cells of the
second set (T'A), indicating that the behaviour of the junction made by ion
implantation and pulsed excimer laser annealing is very similar to the behav-
iour of the junction made by ion implantation and thermal annealing. This is




TABLE 1

Averaged measured cell parameters and results from curve-fitting to a double-exponential
model, The standard deviations are given in parentheses

Cell parameter Symbol Pulsed laser- Thermally
annealed annealed
(PLA) (TA) cells
cells

Open-circuit voltage Voe (mV) 530(1) 530(1)

Short-circuit current I (mA) 453(2) 437(3)

Short-circuit current I (mA) 250(1) 234(3)

(AM 1 filtered for A > 600 nm)

Short-circuit current I, (mA) 1156(1) 113(1)

(AM 1 filtered for A < 600 nm)

Fill factor FF (%) 68(1) 65(1)

Series resistance Rge (mohm) 92(3) 117(1)

Shunt resistance Rgy, (ohm) 48(6) 30(10)

Diode saturation current Ip; (nA) 0.25(0.02) 0.24(0.01)

(Quality factor 1)

Diode saturation current Tom (LA) 7.1(0.1) 6.9(0.1)

(Quality factor m)

Quality factor m 2 2

Light-generated current I; (mA) 453(2) 441(5)

also illustrated by the results of curve-fitting, which show that the curves for
both types of cells can be fitted well using the same value for the quality
factor m and approximately the same diode saturation currents. The average
short-circuit currents, however, differ by about 16 mA. The current of the
laser-annealed cell is higher than that of the thermally annealed cell. This
difference is mainly caused by a difference in the current I, generated by the
long wavelength part of the spectrum, which is absorbed in the base region
of the cell and which is higher for laser-annealed cells than for thermally
annealed cells (see Table 1). No significant differences are observed in the
current Iy,; generated in the top layer of the cell. Therefore the lower short-
circuit current of thermally annealed cells reflects base-region properties
rather than emitter properties. As far as the base region is concerned, the
only difference between laser annealing and thermal annealing is the temper-
ature during processing. In the first case, for the bulk of the material, the
temperature is close to room temperature during the entire process, whereas
in the second case this temperature is high (maximum 900 °C) during pro-
cessing. Apparently the minority carrier diffusion length in the base region
is reduced on annealing at 900 °C. .

The minority carrier diffusion length is strongly influenced by recom-
bination processes at grain boundaries and intra-grain defects. Here carbon or
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oxygen impurities from the crucible in which the material is cast, intrinsic
(metallic) impurities or structural defects might play a role. As the nature of
these defects and impurities is very complex, it is not possible to attribute
the decrease in diffusion length to specific processes. Whatever the exact
mechanisms might be, it is evident that for this material the high tempera-
ture processing employed here results in the formation or activation of
recombination centres.

The slope of the -V curve near V = V_ is less steep for curve TA than
for curve PLA because of a higher value for the series resistance, as is seen in
Table 1, and reflects the higher emitter sheet resistivity obtained after ther-
mal annealing. As the sheet resistivity is determined by the majority carrier
concentration and the carrier mobility, it is concluded that the active frac-
tion of carriers or the carrier mobility is higher for a laser-annealed emitter
than for a thermally annealed emitter. The average difference in fill factor
between laser-annealed cells and thermally annealed cells is 3%, and is due
to the differences in series resistance (2%) and shunt resistance (1%).

4. Conclusions

Wacker-SILSO poly-Si solar cells made by phosphorus implantation
and pulsed excimer laser annealing yield a short-circuit current which is
typically 3% - 4% higher than that for comparable cells made by phosphorus
implantation and thermal annealing in vacuum at a maximum temperature of
900 °C. This difference originates from a decrease in the current generated in
the base region of the cell upon thermal annealing. The electrical behaviour
of junctions produced by both techniques is almost identical, as is illustrated
by the results from curve fitting to a double-exponential model. Therefore
equal open-circuit voltages are obtained with both techniques. Using the
same implanted dose, the emitter sheet resistivity obtained by laser annealing
is considerably lower than that obtained by thermal annealing.

Although in this work the material used was semiconductor grade, low
temperature junction processing for polycrystalline silicon yields cells with a
higher current output than high temperature processing. This can be partly
related to intrinsic impurities. In that case the temperature effect is expected
to become more pronounced when, in future, solar grade material will be
used.
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