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ARTICLE INFO ABSTRACT

Handling Editor: Ivan Gordon Laser doping is a promising route to realise industrially compatible processing of local contacts for high-
efficiency solar cells, especially when the same film acts as both dopant source and passivation layer. In this
work we demonstrate simultaneous local contact opening and n+ laser doping of silicon from positively charged
PO,/Al>03 thin-film stacks, which also provide outstanding passivation of n-type silicon surfaces. Local n+ doped
regions with sheet resistance ranging from 35 to ~540 Q/[] are formed using single nanosecond laser pulses with
varying fluence. ECV profiling shows net n-type doping in all cases, confirmed by SIMS profiling to be due to
phosphorus from the POy layer. Jy of metallised laser-doped regions is consistent with values achieved for state-
of-the-art furnace diffusions with similar sheet resistance, confirming that laser-induced recombination-active
defects are avoided. A minimum Jy of 540 fA cm~2 is obtained for metallised laser-doped regions formed from
PO,/Al,05 passivation stacks having Jp of 2.5 fA cm ™2 The combination of outstanding passivation of uncon-
tacted n-type regions offered by POy/Aly03, with self-aligned formation of locally-diffused contact openings via
single-step laser processing, opens up exciting possibilities for simplified fabrication of high-efficiency cell
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structures.

1. Introduction

High-efficiency crystalline silicon solar cell concepts such as PERL
(passivated emitter and rear locally diffused) and IBC (interdigitated
back contact), which utilise local contacts to reduce contact recombi-
nation, have demonstrated some of the highest efficiencies in laboratory
devices [1,2]. Transferring such technologies to industry requires
substituting complex photolithographic patterning with low-cost,
high-throughput processes for local contact formation. Laser-based
processing has emerged as the preferred solution for this problem [3,4].

Current industrial p-type PERC cells achieve local contact opening
via laser ablation of the rear dielectric, followed by screen-printing and
firing of Al paste to form local p+ Al “back surface field” (Al-BSF) con-
tacts. This significantly reduces rear-side recombination compared with
a conventional full-area Al-BSF. However, owing to the mechanics of Al-
BSF formation, this process limits the minimum contact fraction that can
be achieved while maintaining low contact recombination when using

* Corresponding author.
** Corresponding author.

standard Al pastes, or requires the use of Al pastes with a high Si content,
which increases series resistance [5]. Furthermore, while the highest
laboratory efficiencies have been achieved on n-type silicon, there is no
analogous process available for n-type local contact formation, which is
a barrier to adoption of n-type PERC technology.

An alternative to Al-BSF formation is the use of laser processing to
achieve local diffusion of dopants from thin-film sources. Laser doping
of P or B has been realised from a variety of such sources, including
furnace-grown phosphosilicate glass (PSG) [6-8] and borosilicate glass
(BSG) [9], doped CVD SiOy [10], and various spin-on films [11,12]. Such
sources are generally sacrificial and must be removed after
laser-processing to allow deposition of a separate surface passivation
layer.

A particularly elegant process simplification is possible when the
thin-film dopant source also acts as passivation layer. In this case, it
becomes possible to realise simultaneous local opening of the passiv-
ation layer and self-aligned dopant diffusion in a single process step,
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thereby eliminating additional etching, deposition, and alignment steps.
For p-type doping, Al;O3 has attracted significant attention as a highly-
effective passivation layer able to act as a dopant source for laser doping,
either alone [13,14] or in stacks with PECVD SiNy [15-17] or SiCx [18,
19], while p-type laser doping has also been realised from passivating
Gay0s3 [20], as well as stacks of Al;03 and B-doped a-SiCx [21] or SiNg
[22,23].

In the case of n-type laser doping, P-doped a-SiCy [24,25] and SiNy
[22,26,27] have been investigated as passivating dopant sources.
However, the relatively low P content in such layers limits the achiev-
able surface dopant concentration to around 10'° em™3, with conse-
quences for contact resistance and the effectiveness of minority carrier
screening.

PO4/Al;0O3 dielectric stacks have recently been demonstrated as
highly effective passivation layers for n-type silicon surfaces [28,29],
thanks to an unusually large positive fixed charge and low interface state
density, with passivation comparable to or better than state-of-the-art
PECVD SiNy:H [29,30]. Since P and Al are respectively n- and p-type
dopants in silicon, such stacks are obvious candidates as dopant sources
for laser doping. An important question is whether the presence of both
dopants results in significant compensation and whether the resulting
net doping is p- or n-type. In this contribution we investigate the suit-
ability of such stacks for laser doping and estimate their efficiency po-
tential in commercial n-type PERL solar cells.

2. Materials and methods

Samples for sheet resistance, dopant profiling, and lifetime mea-
surements were prepared on high-resistivity (~50 Q cm) planar (100) n-
type FZ Si wafers (~315 pm thickness). These received a Tabula Rasa
treatment at 1000 °C in oxygen atmosphere to dissolve oxygen pre-
cipitates, followed by removal of SiO5 in HF and a standard Radio
Corporation of America (RCA) clean.

PO,/Al;05 stacks of varying thickness (3—6 nm for the POy layer, and
11-15 nm for Al,03) were deposited in an ALD reactor (Oxford In-
struments FlexAL) at 100 °C. POy was deposited from trimethyl phos-
phate (TMPO) and O, plasma, and AlyO3 from trimethyl aluminium
(TMA) and O, plasma [28]. Wafers received an HF dip (1% HF, 1 min)
and DI water rinse to remove the RCA oxide immediately prior to
loading in the ALD system. The thickness of the films was monitored by
in-situ spectroscopic ellipsometry (J. A. Woollam M2000). Following
deposition, samples were annealed at 400 °C in N3 for 10 min in a tube
furnace to activate the passivation.

Laser processing was performed using a 248 nm excimer laser with
pulse duration of ~25 ns at a range of fluences. Larger regions were
patterned by rastering pulses of a 500 x 500 pm? flat-top beam with a
2% beam overlap. In some cases, pulses were repeated multiple times to
further vary obtained dopant profiles.

Sheet resistance was measured on 12 mm x 2 mm laser-processed
regions by four-point probe, using geometric correction factors taken
from Ref. [31]. The small contribution of the n-type wafer bulk was
subtracted from the measured total sheet conductance values. Net active
dopant concentration profiles were measured by electrochemical
capacitance-voltage (ECV) profiling (WEP Wafer Profiler CVP21).
Measured profiles were corrected based on the actual etch area as
measured using a digital optical microscope. Commercial SIMS mea-
surements were performed by EAG Laboratories.

Saturation current density Jy of laser-processed regions was deter-
mined using photoluminescence (PL) imaging of wafers symmetrically
passivated by POy/Al;03 stacks, with arrays of 13 mm x 13 mm laser-
processed regions formed on the rear side using a range of laser set-
tings. PL imaging (BT Imaging LIS-R1) was performed at a range of
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excitation levels using a black back-sheet to suppress rear-side reflection
of the excitation source. Smearing of the PL signal between low- and
high-lifetime regions was corrected by deconvolution of the raw PL
images using the experimentally determined point-spread function of
the system [32]. Deconvolution was performed using the regularized
Richardson-Lucy algorithm as implemented in the freely available
ImageJ plugin, Deconvolution Lab [33]. The number of iterations used
(20) was chosen to achieve saturation of the deconvolved intensities for
all regions.

Excess carrier concentration An and effective lifetime 7.5 were
determined from the deconvolved PL intensity Ip; of each region ac-
cording to

An® =Clp,
Top =An/Gy

where C is a constant of proportionality and G, is the average genera-
tion rate, given by G, = ®A,/W, with the (known) photon flux @,
wafer thickness W, and 0 < Ay <1 the fraction of incident photons
absorbed by the wafer. We use A,y = 0.7, based on optical simulations of
our samples. Given Ay, C was determined by calibrating the resulting
values for 7.(An) for the unprocessed (symmetrically passivated) re-
gions against transient photoconductance lifetime measurements of the
same regions (Sinton Instruments WCT-120 [34]). Jp was determined via
the method of Kane and Swanson [35] from measurements at a range of
excitation levels, using the intrinsic lifetime parameterisation of Richter
et al. [36], and intrinsic carrier concentration n; = 8.6 x 10° cm~3 ([37]
at 25 °C). Note that the precise value of A, is not critical for Jo deter-
mination by this method, since changes in A, are compensated by
changes in C such that the slope of re}} vs An is approximately
maintained.

3. Results and discussion

Initial experiments were performed on two film stacks with varying
POy thickness (3 nm or 6 nm) and fixed 15 nm Al,O3 capping layer
thickness. Single-pulse laser processing was performed with fluences
ranging from 0.75 to 2.75 J cm™2. Sheet resistances ranging from ~400
to 35 Q/[], depending on laser fluence and POy thickness, were obtained
after laser-processing (Fig. 1a), indicating significant dopant incorpo-
ration. ECV profiling (Fig. 1b) showed net n-type doping in all cases,
with active surface dopant concentrations ranging from ~4 x 10'° to
~5 x 102 em 3. For the samples with 6 nm POy thickness we observe a
trend of decreasing sheet resistance with laser fluence, consistent with
the increased depth and concentration of the ECV profiles, saturating at
~35 Q/[] for laser fluences above 1.5 J cm ™2 We explain the peak at 1 J
cm™2 for the stack with 6 nm PO, by a possible compensation of the p-
and n-type dopants. The samples with 3 nm POy thickness show an
opposite trend of increasing sheet resistance with fluence, also satu-
rating (at ~90 Q/[]) for fluences above 1.5 J c¢m 2. The reason for this
trend with fluence is not clear (the ECV data suggests an opposite trend),
although the saturation at a higher sheet resistance for the thinner POy
layer is consistent with the reduced quantity of P available from the
latter.

SIMS profiling of two of the regions, processed from 6 nm/15 nm
PO,/Al;03 stacks with two different laser fluences (Fig. 2a), confirms
that doping is due to P from the POy layer, while Al from the Al,O3
capping layer is concentrated near the surface and apparently inactive.
Relatively narrow high-concentration Al and P surface peaks are com-
bined with a deeper P tail with a peak concentration consistent with the
active peak concentration measured by ECV. The shape of this P tail is
well-described by an offset Gaussian function. The Al tail is much
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Fig. 1. a) Sheet resistance vs laser fluence for laser-doped regions formed from 6 nm/15 nm and 3 nm/15 nm PO,/Al,O3 stacks. b) Active net dopant concentration
profiles measured by ECV for the same samples at several laser fluences. The net doping is n-type in all cases.

weaker and exhibits a roughly exponential decay.

Since the high Al and P concentrations in the near-surface peaks is
not reflected in the active dopant profiles, the majority of these atoms
are presumably not active as dopants. The fact that the higher Al con-
centration near the surface also does not result in net p-type doping also
indicates that the Al, if active at all, becomes so at a lower concentration
threshold than the P. The concentration of Al and P atoms in these
surface peaks is actually so high that if the surrounding matrix is
assumed to be crystalline silicon (atomic density 5 x 1022 cm™3) they
would represent peak concentrations of 20-29% and 6.3-7.3% respec-
tively. An alternative possibility is that they instead represent Al and P in
remnant surface oxides (SIMS measurements of oxygen concentration
were not performed). We note however, that we had no difficulty per-
forming ECV and four-point probe measurements on the same samples
without further treatment. Further work is required to understand and
possibly influence the behaviour of the involved materials during laser

1022||||||||||||||||||__
' 6nm, 0.75) cm?
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Fig. 2. Al and P concentrations measured by SIMS profiling after laser-doping
from 6 nm/15 nm PO,/Al,O5 stacks at fluences of 0.75 and 1.5 J cm 2.

doping from such stacks.

In order to obtain information about the recombination in such laser-
processed regions, a second set of samples were symmetrically passiv-
ated with a 4.5 nm/11 nm PO,/Al,03 stack optimised for its passivation
properties. An array of 13 mm x 13 mm laser-doped regions was pro-
cessed on one side using laser fluences of 0.5-2 J cm 2 and 1-6 pulse
repetitions. A full-area 5 nm Al metal layer was thermally evaporated on
the same side in order to induce the effectively infinite surface recom-
bination velocities found at a metallised surface. Jy was determined from
PL imaging at a range of excitation levels as described in Section 2.
Deconvolution of the PL images (Fig. 3) was found to be essential to
recover the contrast between high and low PL intensity regions in order

10° ]
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1000 3
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Fig. 3. Example of PL image deconvolution for a laser-processed sample. The
sample is a 50 Q cm n-type FZ Si wafer symmetrically passivated by 4.5 nm/11
nm PO,/Al;O3 stacks, with an array of square-shaped laser-doped regions on
the rear side, processed with a range of laser settings, and a full-area rear
metallisation (5 nm Al evaporation). Insets show the unprocessed PL image, and
the same image following deconvolution using the point-spread function of the
imaging system [38] (images shown using the same log scale). The main plot
shows corresponding line profiles (dashed lines in insets) of PL intensity for the
unprocessed and deconvolved images.
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Fig. 4. a) Carrier lifetime versus excess carrier concentration for 50 Q cm n-type FZ Si wafer symmetrically passivated by a 4.5 nm/11 nm PO,/Al,O3 stack, measured
by transient PCD using a Sinton WCT-120 lifetime tester and by QSSPC in a PL imaging system. Values determined from PL intensity imaging of the same sample
before and after laser processing and metallisation with different laser fluences are also shown, calibrated against the PCD values. b) Illustration of J, extraction via
the method of Kane and Swanson for metallised laser-doped regions processed with different laser settings, using the lifetimes determined from the PL intensity. The
extraction of Jyp from the PCD data for the unprocessed PO,/Al,03 passivated sample is also shown, using a separate vertical scale.

to avoid underestimation of Jy, especially for high recombination
regions.

The resulting 7,{An) extracted for laser-doped regions processed
with several settings is shown in Fig. 4a, together with values deter-
mined for the unprocessed sample by the same method and via photo-
conductance measurements. The outstanding passivation provided by
the unprocessed PO,/Al;03 passivation stack results in z.g as high as
110 ms for this sample in low injection (corresponding to Segmax < 0.15
cm/s, assuming infinite bulk lifetime), and 36.3 ms at An = 10 cm 3. A
Jo of 2.5 fA cm~2 per side was measured by the method of Kane and
Swanson (Fig. 4b). Fig. 4b also shows extraction of Jy for the laser-
processed regions. The excellent linear behaviour of the corrected in-
verse lifetime resulting from the PL intensity measurements provides
confidence that the extracted Jy values are reliable.

Fig. 5 shows the resulting Jy values as a function of the number of
laser pulse repetitions at various laser fluences, along with the corre-
sponding sheet resistances Rgpe.; measured by four-point probe. The Jy
values range from 2450 to 540 fA cm ™2, and are clearly correlated with
the sheet resistance values, which range from ~540 to 39.5 Q/[]. This
correlation is expected due to improved screening of minority carriers
from the metallised surface with increased depth and concentration of
the dopant profile. In general, there is a trend of decreasing Jp and Rgpeer
with increasing pulse count after the second pulse, although both are
lower for one pulse than for two at the higher fluences. The lowest Jg of
540 fA cm ™2 was obtained for five pulse repetitions at a fluence of 1 J
cm 2. The corresponding Rspeer Wwas 39.5 Q/[], which was also the lowest
value measured for these samples. The lowest Jy obtained using a single
pulse was 700 fA em ™2 (Rgheer = 46 Q/[), at a fluence of 1.5 J em™2.

Fig. 6 shows the corresponding ECV profiles measured for the 4.5
nm/11 nm PO,/Al;03 stacks processed with fluences of 1, 1.5 and 2 J
cm~? with 1, 2 and 5 pulses (5 pulses at 2 J cm~? was not tested).
Measurements of areas processed with fluences of 0.5 J cm ™2 were also
attempted but could not be completed due to too high contact resistance.
All profiles were again found to be net n-type. As expected from the
similar Jp and Rgper Values obtained, the profiles following single-pulse

laser processing are similar for the three fluences examined. However,
significant differences in profile shape and peak concentration emerge
following the second and subsequent pulses, depending on the fluence,
which presumably account for the differences in Jy and Rgpe; for pulse

W71 1

3 4
Pulse Count

Fig. 5. Sheet resistance Ry and saturation current density Jp (after metal-
lisation) for laser-doped regions formed from 4.5 nm/11 nm PO,/Al,O3 stacks
using various laser fluences as a function of the number of laser pulses.
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Fig. 6. Active net dopant concentration profiles measured by ECV after laser
doping from 4.5 nm/11 nm PO,/Al,O3 stacks at various laser fluences as a
function of the number of laser pulses.

count >2 shown in Fig. 5. This indicates that laser fluence and pulse
count have a significant influence on final dopant profile, which in turn
provides opportunities for tuning these to achieve desired properties.

Despite these differences, a general trend of increasing profile depth
and decreasing surface concentration is apparent with increasing pulse
count. This is analogous to the effect of a drive-in step following a
furnace diffusion. The profile following 5 pulses at 1.5 J cm ™2 shows the
most significant changes, including the appearance of a pronounced dip
in the near-surface region. This is inconsistent with surface depletion
and may actually be evidence of significant Al co-doping in this range.

The correlation of Jp with Rspeer apparent in Fig. 5 is consistent with
previous reports for metallised n+ regions. In Fig. 7 we plot these values
against each other, together with values previously reported [39] for
POCl;3 furnace diffusions (adjusted to n; = 8.6 x 10° cm™3). Jo values for
metallised laser-processed regions are clearly consistent with those for
furnace diffusions with similar sheet resistances. This indicates that laser
processing does not introduce significant recombination-active defects
in this case, which is unlike what has been reported to be the case for
laser-doping from Al»Os3 in particular [14].

In order to estimate the potential efficiency gains from POy/Al,O3
stacks as passivation and dopant source for laser contact formation, we
perform device simulations in Quokka3 [40] of commercial n-type
PERT/PERL solar cells (using same n; and Auger models used for Jy
extraction). Our starting point is a commercial n-type front-emitter
PERT solar cell, built on parameters published in Refs. [41-43]. We
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Fig. 7. Surface saturation current density Jy vs sheet resistance for metallised
laser-doped regions processed from 4.5 nm/11 nm PO,/Al,O3 stacks with a
range of laser settings. Also shown are values reported by Yan and Cuevas [39]
for metallised POCl; furnace diffusions with various drive-ins.

assume improved front-side passivation and contacting (Jo pass,frone = 15
fA cm’z, Jo,¢frone = 600 fA cm’z, Pe front = 1 MQ cmz), and bulk lifetime
(8 ms) following the efficiency roadmap for industrial front-emitter
n-type PERT solar cells outlined in Ref. [43]. We apply the POy/Al,03
passivation stack (Jp = 2.5 fA cm’z) to the planar rear surface, replacing
the typical SiNy film, together with a light (500 Q/[1]) full-area n+ rear
diffusion to assist with lateral transport. The latter raises total recom-
bination at the passivated rear surface just slightly to Jg passrear = 4 fA
cm 2 (as simulated by EDNA2 [44]). We implement locally laser-doped
line contacts from the POy/Al>0O3 stack (thus resulting in an analogous
structure to industrial p-type PERC solar cells). We optimise the width
and pitch of the line-shaped localised contacts, allowing a minimum
contact width of 20 pm in accordance with realistic limits for industrial
laser processes.

Fig. 8 shows the resulting device efficiency as a function of the local
rear contact resistivity pc rear and contact recombination Jo ¢ rear, With an
optimised contact fraction of the line shaped contacts at each combi-
nation of Joc rear and pc rear- In this optimisation the pitch and contact
width were limited to a minimum of 600 pm and 20 pm, respectively.
The red star indicates the estimated efficiency of 23.59% (V,. = 701 mV,
Jee = 41.1 mA cm™2, FF = 81.77%), based on the measured contact
recombination of 540 fA cm™2 achieved for metallised laser contacts in
this work, and a contact resistivity of 0.1 mQ cm? [12]. We note that
previous work [45] indicates a negligible dependence of the contact
recombination on the contact size for the laser fluence applied in this
paper. At such low contact recombination values, we find a negligible
sensitivity to the contact resistivity, enabling device efficiency
exceeding 23.5% even at values one order of magnitude higher than
previously achieved for localised laser-doped contacts.

The optimised efficiency of 23.59% is obtained using a rear contact
fraction of 2.5% (line contacts with 20 pm width, 800 pm pitch). This
results in a total area-weighted Jy of just 15.9 fA cm~2 for the rear side
(including both passivated and contacted regions). The free-energy loss
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analysis from Quokka3 shows that recombination losses at the rear side
constitute only a small fraction (~16%) of the total losses in this device,
indicating that the POy/Al;O3-passivated and laser-doped rear is still not
the limiting factor for efficiency. Additional reductions in rear side
losses would be possible by moving to laser-doped point contacts in
order to further reduce the rear contact fraction. Future work will
therefore investigate J, and contact resistivity of laser-doped point-
contact structures, and the implementation of such point contacts into
proof-of-concept devices.

It is worth noting that the expected total area-weighted Jy of the
proposed rear structure based on POy/Al,03 passivation with local laser-
doped contacts is comparable to that expected for industrial n+ poly-Si/
SiOy passivated contact structures (for example, the parameters given in
Ref. [43] for the latter imply a total Jy of 10.8 fA cm2). However, the
approach of this work offers potential advantages including i) lower
thermal budget, ii) reduced optical losses in the infrared due to parasitic
absorption by the rear poly-Si, and iii) improved bifaciality due to
reduced absorption in the rear passivation stack.

4. Conclusions

POy/Al;,03 stacks have previously been shown to provide
outstanding passivation of n-type silicon surfaces thanks to an excep-
tionally large positive fixed charge, making them highly promising for
surface passivation applications. We have now demonstrated that the
same stacks can provide additional functionality through their ability to
be used as dopant sources for local contact formation via laser-doping.
Specifically, we have demonstrated effective n+ laser doping from
highly passivating POy/Al;O3 dielectric stacks using a pulsed nano-
second laser. Sheet resistances as low as 35 Q/[] and surface dopant
concentrations well above 10%° ¢cm ™3 were obtained for laser-doped
regions. In the best case, we achieved a Jy of 540 fA cm ™2 for a metal-
lised laser-doped region processed from a POx/Al;O3 stack providing Jy
of 2.5 fA cm 2 on undiffused planar n-type surfaces. This is on par with
results for furnace diffusions at the same sheet resistance, indicating
minimal additional defect generation resulting from laser processing.
The combination of outstanding n-type surface passivation provided by
such POy/Al»03 stacks with local, self-aligned, laser-doped n+ contacts

has the potential to substantially improve performance and simplify
processing of high-efficiency silicon solar cells. As a specific example, we
show through Quokka3 modelling that an efficiency of 23.6% can be
achieved for commercial n-type front-emitter PERT/PERL cells by
applying PO4/Al,03 as rear passivation and using laser-doping to form
locally-diffused line contacts, when implemented together with previ-
ously roadmapped improvements to front-side passivation and extrinsic
bulk lifetime.
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