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Realization of conformal doping on multicrystalline silicon solar cells
and black silicon solar cells by plasma immersion ion implantation®
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Emitted multi-crystalline silicon and black silicon solar cells are conformal doped by ion implantation using the
plasma immersion ion implantation (PIII) technique. The non-uniformity of emitter doping is lower than 5%. The secondary
ion mass spectrometer profile indicates that the PIII technique obtained 100-nm shallow emitter and the emitter depth could
be impelled by furnace annealing to 220 nm and 330 nm at 850 °C with one and two hours, respectively. Furnace annealing
at 850 °C could effectively electrically activate the dopants in the silicon. The efficiency of the black silicon solar cell is
14.84% higher than that of the mc-silicon solar cell due to more incident light being absorbed.
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1. Introduction

The optimization of an emitter is crucial to increasing
solar cell efficiencies. Gas diffusion (e.g., POCl3) has been
widely used to dope the emitter in the silicon solar cell indus-
try. During the phosphorous thermal doping process, phos-
phosilicate glass (PSG) is formed on the whole surface of
wafers.!!] Furthermore, since the passivation property of the
PSG is poor compared with other passivation layers such as
SiN, and SiO,, the PSG removal process is needed. Ion im-
plantation, compatible with device processes, could be an al-
ternative technique for the thermal doping process. This tech-
nique is cost effective because it does not need the removal of
by-products such as PSG and the edge isolation process.>~I
In addition, it is more advantageous in the uniformity, control-
lability, and reproducibility of doping. Recently, homojunc-
tion crystalline silicon solar cells with ion-implantation tech-
nology have been demonstrated with conversion efficiencies
ranging from 18.73% to 19.1%,”* with a conversion effi-
ciency improvement of at least 0.8% absolute with respect to
conversional thermal POCl3-based emitters, and without deep-
ened optimization. Ion implantation could precisely control
the implantation direction, which is useful to prepare advanced
structure solar cells, such as selective emitter solar cells, in-
terdigitated back contact solar cells, and so on.[>! However,
ion beam implantation technology with an accelerating power
supply and mass analyzer makes the application in solar cells
more expensive.l’! Plasma immersion ion implantation (PIIT)
technology with its simple and robust structure and its ability
to implant a high dose on a large substrate in a short time could
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be economically acceptable and find its place in the solar cells
market.!®! The cell efficiency of PIII doping on crystalline
silicon was improved by 0.8% absolute.!”! Unlike the beam-
line implantation technique, the PIII process is not dependent
on the implanted surface and could realize conformal doping.
In this paper, we study the PIII doping on multicrystalline sil-
icon and black silicon solar cells. We discuss the influence of
PIII doping dose and annealing condition on the performance
of multicrystalline silicon and black silicon solar cells.

2. Experimental

In this study, P-type multicrystalline silicon (mc-Si) was
used as the initial substrate with an area of 156 mmx 156 mm,
resistivity of 1-3 Q.cm, and thickness of 200 p-m. Before
mc-Si was applied to be implanted to form the emitter, the
surface contamination was removed by etching in a H,O:HF
(10:1) solution. The black silicon was produced on the mc-
Si by plasma immersion ion implantation (PIII) texturing.!!"]
The PIII technique was composed of a vacuum chamber con-
taining a plasma source, a gas inlet, and a conducting sub-
strate with a rectangular high-voltage negative pulse. When
the high-voltage negative pulse was applied, an ion sheath was
formed around the wafer. Then, doping ions were accelerated
toward the substrate surface, where they were implanted.

To form the N emitter region, a PH3 gas as the phosphorus
source was used. PH3 gas was ionized by inductively coupled
plasma (ICP), and P*, PH*, PH3, and H* were implanted into
the substrate with a negative pulse voltage of 2 kV, a pulse fre-
quency of 100 Hz, and a pulse duration of 50 us. The implan-
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tation dose is mainly controlled by the implantation time, ICP
radio frequency power, and PH3 flow. In order to reduce the
ion collision frequency and decrease implantation energy loss,
the chamber pressure should be lower than 1 Pa. Furthermore,
to active the dopant electroactivation and repair the damage,
we used rapid thermal annealing (RTA) (1100 °C, 20 s) and
furnace annealing (850 °C, 1 or 2 hours).

The non-uniformity of doping was tested by a four-point
probe with the mapping model. A secondary ion mass spec-
trometer (SIMS) was used to detect the profile of implantation
dopants and ion dose. The recombination of emitter can be
characterized by minority carrier lifetime with the microwave
detected photoconductive decay (1-PCD) method.!'!! The so-
lar cell performance was tested under an AM1.5G solar simu-
lator with a light intensity of 100 mW/cm?. Quantum efficien-
cies of solar cells were measured by the QEX7 measurement
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3. Results and discussion
3.1. Uniformity of PIII doping technology

Figures 1(a) and 1(b) present the schematic illustration
of PIII and the corresponding distribution of ion density. The
distribution of plasma is simulated by CFD software with the
finite volume method. To simplify the cylindrical symmetry
chamber structure, we simulate the ion density distribution in
two dimensions. Figure 1(c) shows that the ion density in the
middle of the substrate is higher than that at the sides, but
the non-uniformity is lower than 3% in theory analysis. Fig-
ure 1(d) illustrates the sheet resistance mapping of the PIII.
The experimental result indicates that the non-uniformity is
less than 5%, which is acceptable for mc-Si solar cell applica-
tion.
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Fig. 1. (color online) (a) Schematic illustration of PIII equipment; (b) ion density distribution in chamber simulated by CFD; (c)
distribution of ion density upon 1-mm substrate; and (d) sheet resistance mapping showing a non-uniformity o/ (standard devia-

tion/average) of < 5%.

3.2. Emitter optimization

The phosphorous implanted area in the silicon is partially
or totally amorphised.!'*! To recrystallize silicon and activate
the dopants, the wafers are annealed by RTA or furnace an-
nealing technology, resulting in a redistribution of the dopant
profile and impelling the depth of the PN junction. The sheet
resistance represents the electronic activation rate of the phos-
phorus implanted in silicon. Figure 2 presents the phosphorus

implanted profiles of the as-implanted, the various annealing
conditions and the oxygen intensity of the as-implanted in the
substrate measured by the SIMS. The implanted phosphorus
in the silicon is present in three forms: ionized phosphorus (in
the substitute position), mobile phosphorus (in the interstitial
position), and in the form of aggregates (percolation network).

The ionized phosphorus acts as the electronical activity and
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the electron carrier density is defined as follows: 4!

ne = 9.2 x 10* exp(—0.33/kT).

In this experiment, the annealing condition is 1100 °C RTA
and 850 °C furnace annealing. The calculated electron car-
rier density at 1100 °C and 850 °C is 5.7 x 10%° and 3.7 x
10%° cm—3, respectively. For the furnace annealing condi-
tion, the phosphorus atom diffuses into the deeper silicon area
with one or two hours annealing, and consequently, the sur-
face phosphorus concentration decreases to the electronic ac-
tive concentration. However, for the 1100 °C RTA process, the
surface phosphorus concentration exceeds the electron activa-
tion concentration due to the deactivation during cooling.!'4]
The major advantage of the PIII technique is high dose and low
energy, which is suitable for a shallow junction of solar cells.
The as-implantation profile shows that phosphorous dopants
accumulate at the surface area and the concentration exceeds
1 x 10*' cm™3. The PN junction depth is about 100 nm at
1 x 10" cm~3 (corresponding to the resistivity of p-type crys-
talline silicon, i.e., 1.5 Q-cm). After the annealing process at
850 °C for an hour and two hours, the profiles show an ac-
celeration of diffusion with time, leading to less concentra-
tion at the surface and deeper profiles, respectively. The junc-
tion depth with an hour and two hours annealing processes are
about 220 nm at 1 x 10'% cm™3 and 330 nm at 1 x 10'® cm ™3,
respectively. In view of the screen print and firing process, the
junction depth is always at 300-500 nm. The furnace anneal-
ing condition at 850 °C for two hours is needed. After RTA at
1100 °C for 20 s, the phosphorus profile is more abrupt at near
surface area.

During the PIII process, at least three simultaneous events
take place, namely, implantation of ions into the substrate,
etching the silicon surface by sputtering, and formation of
an oxide layer.I">! According to the as-implanted oxygen in-
tensity profile, the oxide layer thickness is calculated to be
about 5.7 nm. The oxide layer is thicker than the native ox-
ide layer, which may be caused by the etching quartz window

U5] There are

of the processing chamber during implantation.
two peak concentrations in the as-implanted phosphorus pro-
file. The peak in the oxide layer corresponds to the implan-
tation depth of 2-keV PIII implantation energy. The second
phosphorus peak at the SiO,/Si interface is due to an accumu-
lation effect of the interface defect. The stopping and range
of ions in the matter (SIRM) software are applied to analyze
the ion interaction with silicon. The simulation results show
that 2-keV beam-line ion implantation energy obtains an im-
plantation depth (peak position) of 5.3 nm. Considering the
dispersity of the PIII implantation energy, the ionized phos-
phorus obtains a maximum of 2 keV. The implantation energy
of phosphorus varies from 0 to 2 keV. This reduces the ion

range of implantation atom and meanwhile makes the doping
depth narrower.

The advantages of the PIII technique are the high dose
and low damage. In this experiment, the dose of PIII doping
is around 2 x 10" c¢m? and the implantation depth is about
23 nm at 1 x 10'® cm?. In contrast, if the ion implantation
technique obtains the same implantation dose, it should power
up the implantation energy above 10 kV. Consequently, the
implantation depth and implantation damage area get deeper.
The amorphous surface layer introduced by the PIII doping
is accumulated near the surface while the ion implantation is
extended into the bulk. We could deduce that the substrate
capped with the SiO; layer is good for implantation. Because
the damage layer resides in the SiO, layer, it could be etched
away by the HF solution and consequently improve the surface
electrical properties of the implanted solar cell.
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Fig. 2. (color online) (a) SIMS profiles of phosphorus-implanted emit-
ters as a function of annealing conditions. (b) Detail information of
SIMS profiles of phosphorus-implanted near the surface.

To investigate the quality of an emitter formed by PIII
phosphorus doping, minority carrier lifetime is applied to
characterize the electrical property. Figure 3 presents the
lifetime as a function of the implantation and annealing pro-
cess. To activate the phosphorus activity, we use the RTA
process and furnace annealing process. After the RTA pro-
cess, the lifetime decreases dramatically to 0.1-0.4 us. This
could be attributed to metal contamination.!'®!7l RTA with
temperature higher than 900 °C redistributes and activates
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Fig. 3. (color online) Minority carrier lifetime varies with the wafer
process. After the PIII process, the wafer was sent to rapid thermal
annealing or furnace annealing. The furnace annealing increases the
lifetime and the RTA process reduces the lifetime.

the impurity metal in silicon.!'8! High temperature process-
ing that influences the minority carrier diffusion length, since
impurities are highly mobile at elevated temperatures.!!°! The
furnace process at 850 °C increases the lifetime up to 4 us.
During the 2 hours furnace process, the oxide layer is formed

\

500 nm
==

which is good for passivation and consequently improves the
lifetime. The lifetime of a wafer with a high implantation dose
is lower than that of one with a low implantation dose. This
indicates that the inactivation of implantation dopant has some
relation with the implantation dose.

3.3. PIII conformal doping

Figures 4(a) and 4(b) present the scanning electron mi-
croscope (SEM) pictures of black silicon in side view and
top view. The structure size of black silicon is about several
hundred nanometers with sharp morphology. We establish a
schematic diagram to illustrate the difference of the implan-
tation process in beam-line implantation (Fig. 4(c)) and the
PIII technique (Fig. 4(d)). The ions ejected from the beam-
line implanter are vertical to the wafer surface, but have a tilt
angle to the surface of the black silicon layer. However, the
ions produced by PIII surround the surface morphology and
are vertical to the black silicon layer. With every single pulse
voltage, the ions are conformally implanted into the silicon.

negative pulse vol

500 nm
= —

Fig. 4. (color online) SEM picture of black silicon with side view (a) and top view (b). Phosphorus implantation model of beam-line
ion implanter (c) and PIII (d) on the black silicon surface. PIII could realize conformal implantation on black silicon.

3.4. Performance of solar cells

The performance of mc-Si solar cells and black-Si solar
cells are listed in Table 1. The conversion efficiency of the
black-Si solar cell is 14.84%, higher than that of the mc-Si so-

lar cell. It could be attributed to low reflectivity and produce
more photo-induced carriers as the short circuit current gains
more. This can also be approved from the external quantum
efficiency (EQE) of solar cells. Figure 5 presents the EQE of
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mc-Si solar cell and black-Si solar cell. Due to the enlarged
surface area of black silicon, it increases the surface recombi-
nation. Meanwhile, the nanostructure of black silicon absorbs
much more incident light, resulting in low reflectivity. How-
ever, the EQE at shortwave response reduces due to high sur-
face recombination. The long-wave response increases due to
low reflectivity. The leak current of PIII solar cells goes be-
yond by one order of magnitude. The metal defects in the mc
silicon and black silicon becomes a leakage path rather than
recombination centers.?”! The increase in Jy, for the phos-

phorus emitters is not due to the recombination in the emit-
ter, but the effect of the bulk lifetime.!'*! The ion implanta-
tion damage at the surface of silicon could be repaired with
suitable furnace annealing, but the defect in the silicon still re-
mains. The intrinsic defect limits the majority lifetime and cell
efficiency.?!! The conversion efficiencies of solar cells with
the PIII doping technique, however, are lower than those with
the thermal doping process. To further increase the cell ef-
ficiency of implantation doping, one should have a substrate
with a better intrinsic lifetime.

Table 1. Electrical parameters of mc-Si solar cells and black-Si solar cells.

Cell type Eff/% Voe/V Joe/mA-cm 2 FF R,/Q Rp/Q Jeey/mA-cm?
mc-Si 13.56 0.575 30.70 0.768 0.0066 25.35 13.2
Black-Si 14.84 0.594 32.26 0.775 0.0061 34.22 12.7
mc-Si (thermal doping) 17.21 0.625 35.54 0.775 0.0053 4.2 1.2
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Fig. 5. (color online) External quantum efficiency spectra of solar cells
with the reflectance of me-Si and black-Si solar cell with thermal doping
(reference cell) has better performance at the short-wave response and
long-wave response. A black silicon solar cell with ion implantation ob-
taining a rougher surface reduces the short-wave response, but increase
the long-wave response compared with the mc-silicon solar cell.

4. Conclusion

In this paper, we discussed the plasma immersion ion im-
plantation application on mc-Si and black silicon solar cells.
PIII could realize conformal doping on mec-Si and black sili-
con, and the non-uniformity of implantation is lower than 5%,
which is suitable for industry mass production. Furnace an-
nealing at 850 °C could effectively activate the dopant im-
planted in the silicon and impels the emitter depth to 220 nm
and 330 nm with 1 hour and 2 hours, respectively. Solar cell
performance indicates that the intrinsic defect in mc-silicon
becomes the leakage path and reduces the quantum efficiency.
To further improve the electrical performance of PIII, doping
solar cell should use a low intrinsic defect substrate or be in-
corporated with an effective gettering method.
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