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Boron implanted emitter for n-type silicon solar cell”
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The effects of ion doses on the properties of boron implanted Si for n-type solar cell application were investigated
with doses ranging from 5x10'* cm~2 to 2x10'> cm~2 and a subsequent two-step annealing process in a tube furnace.
With the help of the TCAD process simulation tool, knowledge on diffusion kinetics of dopants and damage evolution was
obtained by fitting SIMS measured boron profiles. Due to insufficient elimination of the residual damage, the implanted
emitter was found to have a higher saturation current density (Joe) and a poorer crystallographic quality. Consistent with
this observation, Vy, Jsc, and the efficiency of the all-implanted p*—n-n" solar cells followed a decreasing trend with an
increase of the implantation dose. The obtained maximum efficiency was 19.59% at a low dose of 5x10'* cm™2. The main
efficiency loss under high doses came not only from increased recombination of carriers in the space charge region revealed
by double-diode parameters of dark /-V curves, but also from the degraded minority carrier diffusion length in the emitter
and base evidenced by IQE data. These experimental results indicated that clusters and dislocation loops had appeared at
high implantation doses, which acted as effective recombination centers for photogenerated carriers.
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1. Introduction

The design and fabrication of a high quality emitter is
of paramount importance to realize high efficiency solar cells.
The state of the art doping technique using ion implantation
has gained increasing interest in the solar cell community, as
it is an alternative way to the traditional tube furnace diffu-
sion process for forming the pn junction. As far back as 1980,
Douglas and co-workers had determined experimentally the
factors that control the solar cell efficiency by a systematic
variation of the ion-implantation parameters and the post an-
nealing conditions.!!! Tt was later revealed that an open circuit
voltage as high as 0.645 V (AMO) could be obtained by adopt-
ing the phosphorus implantation technique on low resistivity
boron-doped starting materials.?! Notably in 1984, an ion-
implanted silicon solar cell with the highest AM1 efficiency
of 18% was reported, which comprised an all implanted n™—
p—p* structure.’! The preceding results unambiguously estab-
lish that the ion implantation technique is suitable for high ef-
ficiency solar cell production even though high cost and low
yield limit its further development. Very recently, the ion-
implanter specially tailored for PV applications becomes com-
mercially available!*! and has been used to fabricate solar cells
with very low saturation current densities and high efficiencies
above 20%.5! A novel selective doping approach using in situ
masking makes it compelling that the patterned ion implanta-
tion might be a preferable way to realize the SE architecture. 6]
Besides, the more economically acceptable doping technique
called plasma immersion ion implantation (PIII) is finding its
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place in the solar cell market because of its simple and robust
structure and ability to implant a high dose in a large substrate
in a short time.!”!

In view of the benefits of utilizing n-type silicon as the
starting wafer for solar cell production,®! most advanced high
efficiency n-type solar cells feature a diffused emitter in the
homogeneous front junction or interdigitated back junction
pattern. Taking the prominent advantages of the ion implanta-
tion process into consideration,*! there is a need to investigate
the high quality ion-implanted boron emitter for n-type solar
cell application. However, as the high energy ion bombard-
ment induced damage is inevitable, how to eliminate those de-
fects and activate the dopants to the maximum deserves our
attentive study to achieve the optimum solar cell efficiency.
Another formidable problem associated with the boron doped
emitter is the poor passivating quality of the traditional dielec-
tric films such as SiO, and SiN,.1 Al,Os is viewed as an
appropriate alternative because of its inherent high concentra-
tion of negative charges, and its application in solar cells has
been intensively studied. ']

In this paper, we study the effects of the implantation dose
on the performance of solar cells. Emphasis is given to the ex-
perimental optimization of the emitter doping profile. A phys-
ical interpretation of the dopant dose dependent efficiency is
also given. In Section 2, we present the experimental details of
solar cell fabrication. Electrical and crystallographic material
characterizations of the boron doped emitter are conducted in
Section 3. In Section 4, through performance analysis of all-
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implanted p*-n-n" silicon solar cells, the impact of the im-
plantation dose on the solar cells is pointed out at the device
level. Finally in Section 5, we draw the conclusions from the
present study.

2. Experimental details

N-type CZ wafers with a resistivity of 3 Q-cm and thick-
ness of 380 um received a first thermal oxidation and a sub-
sequent “inverted pyramid” texturing of the top surface. A
P-type emitter was formed by boron ion implantation through
lithographically defined 2 cmx2 cm isolation windows with
a constant acceleration energy of 32 keV and variable doses
of 5% 10" cm™2 to 2 x 1013 cm~2. The implantation beam
current was maintained to be less than 100 pA. The wafer sur-
face was offset by 7° from the beamline to avoid ion channel-
ing. Next the phosphorus ions were implanted into the back
surface to form BSF with a dose of 3 x 10! cm~2, yielding
a sheet resistance of about 20 Q/0J after annealing. All im-
plants were done at room temperature using a research type
medium energy ion implanter with a mass-analyzer. After
careful RCA cleaning, the implanted wafers were then an-
nealed in the conventional tube furnace with two successive
steps. They were at first annealed at 560 °C for 90 min in
dry N,. After the temperature ramped up to 1000 °C, they
subsequently received an in situ high temperature annealing
for another 30 min to obtain good activation of the dopants.
The first long time low temperature isochronal annealing step
was believed to be essentially important for implantation dam-

IL12] and has

age removal, according to the previous studies,|
been applied to fabricate high efficiency ion-implanted solar
cells.!'=31 Then all the annealed samples were passivated by
Al,O3 with a thickness of about 20 nm realized by a ther-
mal atom-layer-deposition system and finally capped with an
optimized SiN, anti-reflective layer through plasma enhanced
chemical vapor deposition. Front and back metallization was
made by evaporation. Contact stripes were designed that were
10 pm in width to reduce inferior recombination in the metal-
ized areas. As the last step, all the wafers underwent forming
gas annealing (@400 °C, 30 min) and Ag plating with the final
grid finger width about 15 pm and height about 8 um. The all-
implanted p*—n-n* cell structure is schematically presented
in Fig. 1.
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Fig. 1. (color online) Schematic cross section of the front junction solar
cell structure.

3. Emitter characterization

3.1. Measurement and simulation of emitter boron doping
profiles

Figure 2(a) demonstrates secondary ion mass spec-
troscopy (SIMS) measured doping profiles and their respec-
tive simulated ones based on the Athena process simulator
(TCAD) at various doses. The as-implanted sample is mod-
eled using statistically based Monte Carlo calculation of ion
trajectories on the basis of binary collision approximation
(BCA). Some main models adopted in the annealing simula-
tion include the full coupled diffusion model allowing for the
interaction of dopants and nonequilibrium point defects, the
{311} cluster damage model accounting for the evolution of
interstitial clusters, and the high concentration model describ-
ing the higher-order pairing of defect-dopant/defect.!>! As
can be seen from the graph, all doping profiles of the samples
are accurately reproduced by the simulation, indicating that
the parameters related with the dopant diffusion have been ap-
propriately chosen. Based on these parameters, the profiles of
the remnant interstitial cluster concentration for the annealed
samples are obtained and displayed in Fig. 2(b). There is an
obvious trend that the concentration of the remnant intersti-
tial clusters in the annealed boron implanted samples increases
with increasing initial dopant dose.
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Fig. 2. (color online) (a) SIMS measured (symbols) and TCAD simu-
lated (lines) doping profiles for some typically selected boron implanted
samples before and after annealing. (b) TCAD simulated remnant in-
terstitial cluster concentration profiles for the boron annealed samples
in panel (a).
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3.2. Measurement of emitter saturation current density

Contactless quasi-steady-state photoconductivity
(QSSPC) measurement!'#l was performed to evaluate the
quality of the emitter. All the samples received bifacial boron
implantation with doses, annealing, and passivation identical
to those of the fabricated solar cells. Afterwards, the pas-
sivation layers were removed and emitter saturation current
densities Jo. of these non-passivated samples were measured
again. In addition, a theoretical calculation of Jy. for the
passivated and the non-passivated wafers at different doses
was performed for comparison with the experimental data
based on the emitter boron doping profiles and the surface
recombination velocity.!'3) The calculated intrinsic limits of
Joe together with the measured values for both passivated and

non-passivated wafers are displayed in Fig. 3.
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measured (passivated)
1200 |- B3 calculated (passivated)

800

Joe/fA-cm ™2
S
)
IS)

Implantation dose/10'® cm—2

Fig. 3. (color online) Emitter saturation current density Joe obtained by
QSSPC measurement and theoretical calculation.

From the comparison of data in Fig. 3, we can find that the
theoretically calculated ideal Jy. values for the passivated sam-
ples at corresponding doses are 2—4 times lower than the mea-
sured ones. Increasing the implantation dose results in more
pronounced degradation of Jy. and larger deviation from ide-
ality. Since the implanted region is non-amorphized below the

—2 116] the concentration of resid-

boron dose of 1.5 x 106 cm
ual damage after annealing increases with increasing implan-
tation dose, just as figure 2(b) reveals. Accordingly, signifi-
cantly increased bulk SRH recombination in the implanted re-
gion is the main cause of increased Jo.. Thus, a higher thermal
budget is needed to completely remove the residual damage
under a heavier implantation dose. After stripping out the pas-
sivating layers, the samples show drastically increased Jo, val-
ues (all above 1000 fA/cm?) and a slight increase with implan-
tation doses (138 fA/cm?). This is mostly likely due to the fact
that the added high surface recombination dominates the emit-
ter saturation current density. The defects below the surface
of the implanted region have no major impact on Jy., because
the injected minority carriers recombine mostly in the surface.
The calculated Jy. for the non-passivated samples decreases

as the dose increases. This is because the high surface con-
centration induces a stronger “doping gradient field”, which
can repel the minority carriers effectively from the highly re-
combinative surface, thus leading to an improvement of Jo,.[!
The non-passivated sample with a 5 x 10'4 cm~2 dose shows a
measured Jo very close to calculation. This again implies that
no obvious residual damage is left after the present thermal
annealing.

3.3. XRD measurement of emitter crystallographic char-
acteristic

The crystallographic characteristics of the above samples
were also checked by X-ray diffraction (XRD) analyses. Fig-
ure 4 gives the measured rocking curves for these annealed
specimens with different implantation doses. The diffraction
intensity in the longitudinal axis is normalized to eliminate the
effect of incident X-rays on the intensity of diffracted rays. As
can be seen, a trend of lower crystallinity with increasing im-
plantation dose is qualitatively consistent with Fig. 3, which
reveals a higher Jo. with increasing implantation dose. Specif-
ically, the much broader intensity tailing at angles greater than
exact Bragg angle 6 unambiguously reveals that an extremely
disordered crystalline region exists, which has a lattice con-
stant smaller than the intrinsic value dy according to the Bragg
condition (A = 2dsin@). This is in principle consistent with
the result in Ref. [17].
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Fig. 4. (color online) Implantation dose dependence of rocking curves.

According to the literature, '8! a beam of accelerated ions
entering the originally perfect crystalline silicon is slowed
down or scattered by interacting with the silicon atoms. Along
each ion trajectory, fast recoiling atoms create so called
Frenkel point defect pairs of vacancy and interstitial. These
lattice vacancies and interstitials will annihilate one after an-
other during high temperature annealing, leaving, in princi-
ple, one silicon interstitial for each substitional boron atom.
Higher doses of boron will result in a higher concentra-
tion of silicon interstitials. They have very high diffusiv-
ity even at room temperature before being trapped by na-
tive defects.['”) At high annealing temperature, this signifi-
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cant amount of excessive interstitials can migrate quickly, su-
perpose and gather to create secondary defects called clus-
ters. These clusters can evolve from small ones to bigger ones
and finally to extended defects called dislocation loops if the
initial damage exceeds a limit, one that we call the thresh-
old damage. Transmission electron microscopy and simula-

[20-221 show that rod-like clusters lying on {311}

tion studies
planes or stable boron-interstitial clusters in B3I configuration
usually form after 950 °C annealing for a boron implantation
dose higher than 1 x 10'> cm~2. Furthermore, once the dose
exceeds 2 x 101 cm~2, these clusters will form more severe
extended defects called end-of-range (EOR) dislocation loops
that are stable even at temperatures above 1000 °C.*!! Struc-
turally, these complex clusters destroy the lattice locally, caus-
ing distortions of an otherwise crystalline lattice. Electrically,
these recombination centers exhibit deep levels located in the
forbidden gap of the silicon matrix, and therefore act as effec-
tive SRH recombination centers for photogenerated carriers.
Following on from this, a broader X-ray diffraction spectrum
under higher implantation doses is possible.

4. Performance analysis of boron implanted so-
lar cells

4.1. Dark current-voltage characteristic

The dark current-voltage curves of boron implanted cells
are shown in Fig. 5 together with the fitted lines. At each
dose, the curve consists of two basic exponential components.
One is an ideal (n = 1) exponential component at current den-
sities corresponding to the solar operation, while a nonideal
(2 < n < 4) component with ideality factor in the range 2—4
dominates the lower current levels. Extremely good fits to the
experimental data can be obtained by applying the following
equation:

I = Ip [exp(q(V —IR;) /KT) — 1]
+1Ion[exp (g (V —IRs) /nkT) — 1]
+ (V —IRy) /Rgh. (1)

Here Iy; is the saturation current density of the ideal compo-
nent of current that is attributed to recombination in the cell
bulk, emitter, and surfaces of the cells; Iy, is the nonideal com-
ponent of current related to recombination in the space charge
region, where possible non-annihilated defects exist as effec-
tive recombinative centers for carriers in forward bias; R and
Rqp are the series and the shunt resistances of the device; kT /¢
is the thermal voltage; and » is the ideality factor of the non-
ideal current component.

From the diode parameters summarized in Table 1, we no-
tice that all the three parameters, Iy;, Ion, and 7, are an increas-
ing function of the implantation dose. This indicates that more
recombination occurs inside the device, especially in the space

charge region, as evidenced by the parameter Ip, that sharply
increases by two orders of magnitude. Taking into consider-
ation the measured Jo. data and the minority carrier diffusion
lengths in the base to be discussed below, the increase of Iy
with increasing dose can be easily understood. The bigger the
parameter n is, the lower the quality of the junction exhibits,
and further, the lower V, the future solar cell will show. The
large sensitivity of the nonideal component of current Iy, and
the ideality factor n to the implantation dose is most likely
due to, according to the previous defects evolution analysis,
more remnant damages present in the space charge region un-
der higher implantation doses. These defects play key roles in
degrading the junction quality of the diode in dark measure-

ment.
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Fig. 5. (color online) Measured dark /-V characteristics of the fabri-
cated cells with different doses (symbols) and their corresponding fitted
curves by applying the double-diode model (lines).

Table 1. Diode parameters obtained by fitting the dark 7 —V curves to
Eq. (1).

Ion dose/10%ecm™2  Iy/pA  Ips/mA n RJ/mQ  Rg/10° Q
0.5 121 0098 220 333 4.99
1.0 255 041 249 329 0.98
1.5 274 066 252 289 0.15
2.0 785 261 286 269 0.02

4.2. Performance of solar cells under sunlight

The performance parameters of the solar cells reveal
pronounced distinctions between different implantation doses
(Table 2). It is worth noting that these tested performance pa-
rameters are mean values of seven identically implanted cells
fabricated on the same wafer and in the same batch, so that the
reliability of the experimental results is greatly enhanced and
uncertainty from process obviations is minimized.

It can be found from Table 2 that V.. and J,. exhibit
an obvious drop as the implantation dose increases from
5% 10" ecm™2 to 2 x 10" cm ™2, indicating increased recom-
bination at the device level. This trend can be preliminarily
accounted for by the measured Jy. results and fitted ly, param-
eters in the previous sections. To be specific, the degradation
of the cell performance incurred by the heavier dose is largely
attributed to more remnant defects inside the devices, which
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are not completely removed by the currently adopted isother-
mal annealing. Therefore, the higher thermal budget is indis-
pensable for higher dose implantation. Also shown in the last
column is implied V, obtained by the QSSPC measurement.
They follow a similar trend with the implantation dose, provid-
ing additional confirmation of the dose dependence of practi-
cal Vc. In contrast, FF is an obvious increasing function of
implantation doses. This is because FF is closely related to the
series resistance, which mainly includes the emitter sheet re-
sistance and the metal-semiconductor contact resistance. On
one hand, the decrease of the emitter doping concentration will
directly result in an increase of the emitter sheet resistance,
just as the Rgheer in the first column reveals. On the other hand,
the contact resistance is also prone to increase with a decrease

of surface doping concentration of the semiconductor.!?*! This
negative relationship is especially noticeable for the fine-line
metallization scheme without locally heavy doping beneath
the contact, just as in the blanket emitter investigated in this
study. As a result of the more prominent reduction of Vi
and Jg, the cell efficiency shows reduction by about 0.5%
absolute for every dose increase of 5 x 104 cm™2. A maxi-
mum efficiency of 19.59% is obtained at the optimum boron

ion implantation dose of 5 x 10'* cm™2

using the present an-
nealing process. Further decrease of implantation dose below
5 x 10" cm~2 will inevitably incur emitter sheet resistance far
more than 200 Q /00, leading to a rather poor filling factor and

disappointing cell performance.

Table 2. One-sun parameters of the ion implanted solar cells with different doses. The performance parameters were tested by a solar
simulator under standard terrestrial test conditions (AM1.5G, 100 mW/cm?, 25 °C, aperture area measurement).

Ton dose/10'3 cm™2 Riheer/(Q2/0) Voe/mV Jye/mA-cm™2 FF/% Efficiency/% Implied Voc/mV
0.5 200 644.7 39.2 71.5 19.59 652.9
1.0 128 636.1 38.36 77.9 19.0 643.5
1.5 93 631.8 37.9 78.8 18.87 637.2
2.0 75 625.6 37.03 79.8 18.49 634

4.3. Analysis of internal quantum efficiency

The internal quantum efficiencies (IQE) of the fabricated
solar cells are compared in Fig. 6. All the cells demon-
strate overall high response yet apparent individual differ-
ence over a wide range of wavelength (from 360 nm to
1050 nm). The lowly doped emitter (5 x 10'* cm™2) yields
a high blue response (> 80%) and near unity visible wave-
length response, providing an additional evidence for the high
Jsc value (39.2 mA/cmz). We can see an obviously decreased
response for cells with higher implantation doses at the wave-
length range shorter than 500 nm. This uncovers the cause of
Jsc reduction in Table 2. It is worthwhile relating this trend to
the measured Jo. data in Fig. 3. From the striking consistency
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Fig. 6. (color online) Internal quantum efficiency versus wavelength

for the boron implanted solar cells. The inset shows the response at
wavelength between 800 nm and 1000 nm.

between the two measurements, we conclude that the passivat-
ing quality of stacking layers must have been hampered under
high surface boron concentration and that some factors signif-
icantly degrading the quality of bulk emitter have taken on the
effect as the implantation dose increases to higher levels. Ac-
cording to the mechanism analyzed in Fig. 4, there is a strong
possibility that the defects limiting the shortwave response are
clusters and dislocation loops located in the near surface re-
gion and the depletion region of the emitter. They act as lo-
calized states to have the photogenerated carriers annihilated,
thus leading to poor internal quantum efficiency.

According to the linear fitting method described by

[24] the intercept of the linear fitting equation in the

Green,
lower right corner of Fig. 7 displays the minority carrier dif-
fusion length of silicon at different doses. We can see that the
hole diffusion length drops from 721.9 um fora 5 x 10'* cm~2
dose to 668.9 um for 2 x 10'> cm~2. Tt is therefore concluded
that the bulk minority carrier lifetime has been whittled down
by the implantation process or the combined process of im-
plantation and annealing. This observed ion implantation in-
duced lifetime degradation is supported by Macdonald’s in-
vestigation on the carrier lifetime of ion-implanted silicon. >
According to his explanation, in addition to recombination by
bulk vacancy and trapping by native defects, there are other
fates in terms of excess interstitials: some small fraction of
interstitials avoid being bound in EOR loops or recombining
at surfaces and are consequently injected into the wafer bulk.
They migrate quickly to the deeper region, forming a spatially
uniform distribution up to a depth of 100 um in the bulk silicon
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and acting as effective recombination centers to reduce the mi-
nority carrier lifetime. A higher dose results in a greater initial
concentration of interstitials, and so a higher concentration is
likely to escape into the bulk during annealing, consistent with
the calculated minority carrier diffusion length results here. It
is these deep penetrating defects that are extremely detrimen-
tal to the performance of devices that rely on the properties of
the wafer bulk.

— linear fit: Y=0.07257X—0.07219
— linear fit: Y=0.06741X—0.06904
0.06 — linear fit: Y=0.06747.X—0.06969
linear fit: Y'=0.06381X—0.06689

® 5%10™ cm—2
A 1X10% cm—2
0.04 % 1.5%10% cm~2
2X10'° cm—2

a~1/cm

0.02

1.0 1.2 1.4 1.6 1.8 2.0
F/nq
Fig. 7. (color online) Plots of 1/a versus F/nq to determine the mi-

nority carrier diffusion length L for solar cells implanted with different
doses.

5. Conclusion

We conducted an investigation of boron implanted emit-
ters and their applications to n-type solar cells. Some rou-
tine characterization of the boron implanted region was per-
formed and analyzed. We firstly resorted to TCAD simulation
tools to obtain the diffusion parameters of dopants and dam-
age evolution by accurate matching of boron doping profiles
between simulation and SIMS measurement. Emitter satura-
tion current density (Jp.) measurement based on the QSSPC
technique presented us with some information that an increase
of the implantation dose can incur significantly higher Jy. than
theoretically expected results. X-ray diffraction measurement
of the crystallographic quality of the implanted region shows
that a higher implantation dose would result in a degradation
of crystallographic quality after annealing, indicating a great
deal of residual damage stemming from insufficient annihila-
tion of defects created during the high dose implantation pro-
cess.

Most important to note is our reliable results of fabricated
solar cells to check the emitter quality at the device level. The
efficiency, in general, is a decreasing function for dose in-
crease. The V. and Js. show decreasing trends with increase
of the implantation dose, however, FF increases steadily with

increasing dose. Dark /-V characteristics were analyzed by
the double-diode fitting technique. From the obtained fitting
parameters, it is known that a large non-ideal component of
saturation current degraded the junction quality. Internal quan-
tum efficiency diagnosis of the devices showed that both blue
and infrared responses were greatly affected by the dose in-
crease. Secondary extended defects like clusters and disloca-
tion loops that appear at high implantation doses are the possi-
ble performance limiting factors because they greatly increase
the overall recombination rate in the internal device.
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