RESEARCH ARTICLE

W) Check for updates

RRL

www.solar-rrl.com

Investigation of Gallium—Boron Spin-On Codoping for

poly-Si/SiO, Passivating Contacts

Thien N. Truong,* Tien T. Le, Di Yan, Sieu Pheng Phang, Mike Tebyetekerwa,
Matthew Young, Mowafak Al-Jassim, Andres Cuevas, Daniel Macdonald,

Josua Stuckelberger,* and Hieu T. Nguyen*

A doping technique for p-type poly-Si/SiOx passivating contacts using a spin-on
method for different mixtures of Ga and B glass solutions is presented. Effects of
solution mixing ratios on the contact performance (implied open circuit voltage
iVoo, contact resistivity p.) are investigated. For all as-annealed samples at dif-
ferent drive-in temperatures, increasing the percentage of Ga in the solution
shows a decrement in iV, (from ~680 to ~610 mV) and increment in p.
(from ~3 to ~800 mQ cm?). After a hydrogenation treatment by depositing a
SiN,/AlO, stack followed by forming gas annealing, all samples show improved
iVoc (~700 mV with Ga-B co-doped, and ~720 mV with all Ga). Interestingly,
when co-doping Ga with B, even a small amount of B in the mixing solution
shows negative effects on the surface passivation. Active and total dopant
profiles obtained by electrical capacitance voltage and secondary-ion mass
spectrometry measurements, respectively, reveal a relatively low percentage of
electrically-active Ga and B in the poly-Si and Si layers. These results help
understand the different features of the two dopants: a low p. with B, a good
passivation with Ga, their degree of activation inside the poly-Si and Si layers, and

1. Introduction

Passivating contacts based on doped poly-
crystalline silicon (poly-Si) on interfacial
oxide (SiO,) (referred to here as poly-Si/
SiO, stacks) are a well-known technology
for high-efficiency Si solar cells, with many
groups reporting conversion efficiencies of
over 25%.) Recently, industrial produc-
tion of large-area screen-printed solar cells
incorporating the passivating contacts
has shown efficiencies over 25.2%,°
demonstrating their compatibility with cur-
rent industrial high-temperature dopant
diffusion and metallization processes.
Common approaches for doping the poly-
Si layer can be broadly categorized into
two main groups: insitu and exsitu.
In the in situ methods, both the dopant ele-
ment and the silicon are deposited simulta-
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neously, the former then being activated by

annealing in an inert environment at a high

temperature.” ! Meanwhile, in the ex situ

methods, an intrinsic Si film is formed
before being doped.!**2Y Common ex situ doping methods used
in Si solar cell manufacturing include gas diffusion, ion implan-
tation, and liquid-based doping.**! Among them, spin-on doping
is currently attracting interest from the photovoltaic research
community due to its convenience and simplicity.*®*’) The
source of dopants for the spin-on process is a solution of
dopant-containing silicate glass in alcohol. This glass solution
can be easily spun onto the Si wafer at room temperature. For
higher throughput, such as in an industrial manufacturing
line, the solution can potentially be sprayed,*! tape cast,/*®!
spin-coated,’””! or inkjet-printed.”” In addition, this spin-on
doping method brings the benefit of using less toxic precursors
compared with conventional gas diffusion or ion implantation
processes.?%3!

Of the p-type dopant sources for the spin-on method, boron
(B) and gallium (Ga) glass solutions are the most common ones.
Boron has a smaller atomic radius than Si (0.088nm vs
0.117 nm, respectively). Meanwhile, the atomic radius of Ga is
larger than that of Si (0.126 nm). The difference in radius leads
to a difference in lattice strain when the dopants diffuse into the
Si crystal.?>4 Therefore, the formation of defects and gettering
effects in the two doped Si films could be different. Previous
work on lab-scale Ga doping (by ion implantation and spin-on
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doping) of poly-Si layers has shown an excellent performance in
passivation (iV,. ~735mV) but, once metallized, the doped Si
films had a very high contact resistivity.** Meanwhile, with
spin-on doping of poly-Si layers with B using industrial tools,
a relatively high performance (iV,. ~720mV) in combination
with a low contact resistivity (p. < 5 m€ cm?) can be achieved.*®!
The high contact resistance in the case of Ga doping was
explained by two possible theories: difficulties while etching of
the poly-Si films due to an oxide layer formed on the surface,
or Ga dopants being depleted at the surface or not activated.**
In fact, active and total doping profiles obtained by electrochem-
ical capacitance-voltage (ECV) and secondary ion mass spec-
trometry (SIMS) measurements in our work will show that
the latter is more likely. Generally, the doping of Ga often
requires a high-temperature annealing step to drive the
dopants®*=% also, it is known that the diffusion of Ga in SiO,,
is faster than in c-Si.*”) Therefore, the Ga atoms are unlikely to
pileup at or breakup the SiO, interface. Meanwhile, the amount
of Ga in the poly-Si film will likely be lower than in the B case due
to the lower solid solubility of Ga in Si.*®

To overcome the disadvantage of a high contact resistivity Ga
doping with and to understand better its underlying mechanisms,
in this work we vary the volume percentage of Ga and B in a mixed
Ga + B solution to investigate the performance and electrical prop-
erties of Ga+ B codoped poly-Si/SiO, passivating contacts.
By combining various characterization techniques such as photo-
conductance decay, ECV, and SIMS, we examine the change in the
optoelectronic properties and diffusion behaviors of B and Ga into
the poly-Si/SiO,/c-Si substrate. From the results, we demonstrate
that the codoping of Ga and B might be an alternative route to
fabricate p-type poly-Si passivating contacts with both low contact
resistivity and low surface recombination.

2. Experimental Section

The experimental processes are graphically shown in Figure 1.
Gallium-doped p-type (100)-oriented Czochralski (Cz) wafers

www.solar-rrl.com

with a base resistivity of 0.4-1.1Qcm and a thickness of
175 pm were used for all experiments. After a saw damage etch-
ing step in a tetramethylammonium hydroxide (TMAH) solution
and a standard radio corporation of america (RCA) cleaning step,
a thermal oxidation process at 600 °C for 5 min was performed in
pure oxygen to form an ultrathin (<2nm) silicon oxide (SiO,)
layer on both sides of the substrate. Subsequently, intrinsic
poly-Si layers with a thickness of ~80nm were deposited
on top of the oxide film using a low-pressure chemical vapor
deposition (LPCVD) system. The deposition was performed at
520°C and a pressure of 300 mTorr for a duration of 80 min.
The resultant poly-Si layer had an average thickness of
~80 nm, as measured by an ellipsometer (J.A. Woollam ESM-
300) using focusing probes. Then, the samples were cleaned
by the standard RCA procedure and a dopant containing
spin-on glass solution was spin-coated on both sides of these
substrates using a spin coater (Laurell WS-650-23NPPB). The
spin-on glass solution was varied between boron only
(B-1500, [B] ~7.2 x 10*' cm™3), gallium only (Ga-100, [Ga] ~4
x 10*'ecm™, from Desert Silicon), and a gallium—boron
(Ga + B) mixture with different volume percentages. The sam-
ples were then soft-baked at 90°C for 10 min in a furnace,
and hard-baked at 200 °C for 6 min on a hot plate. For the mix-
tures of Ga and B, different volume percentages of a total of 6 mL
solution were chosen (e.g., 25, 50, 75% volume of Ga solution in
Ga + B solution). We assume here that the glass film after baking
behaves as an infinite source of dopants. Next, to drive the dop-
ants into the poly-Si films and the underlying wafer, an annealing
step with N, in a quartz tube furnace was performed at various
temperatures from 900 to 1000 °C for 60 min. Subsequently, the
silica glass layers were removed by dipping the samples in a
dilute 3% hydrofluoric acid (HF) solution. Finally, the samples
were hydrogenated by depositing a ~20 nm AlO, layer by ther-
mal-assisted atomic layer deposition (ALD), covered by a ~50 nm
SiN, layer by plasma-enhanced chemical vapor deposition
(PECVD), and subsequently annealing them in forming gas
(FGA, 5% H,, 95% Ar) at 425 °C for 30 min. For contact resis-
tivity measurements with the Cox and Strack method,”**! another

Rear poly-Si Spin Ga-B front, B rear Deglaze + Al deposition +
etching Drive-in in N, Sintering
FGA 250 °C, 10min
p* polﬂb Circular /
Al pad
Cox & Strack pads
samples c-Si:Ga _— c-Si:Ga _ c-Si:Ga
: Al
p** Si
Glass layer <
AIO,/SiN,+FGA
Poly-Si ** poly-Si Poly-Si
y sio, p™ poly y
iV, samples cSiGa —»> cSiGa —» cSiGa —»> cSi:Ga —»  c-SiGa
. Sio,
Poly-Si p** poly-Si Poly-Si
AIO,/SiN,+FGA
LPCVD poly-Si Spin Ga-B solution Dielectrics
deposition Drive-in in N, Deglazing | | Hydrogenation removal

Figure 1. Details of the experimental processes.
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set of samples went through the same processes described ear-
lier, except the rear poly-Si layers were removed and those sur-
faces were spin-coated with a B glass film only. This is to create
an identical heavy diffused p*™ layer for the rear full area con-
tacts of all samples. After the spin coating and drive-in steps, the
samples were deglazed and 300 nm Al films were deposited on
the front and rear sides of the samples using thermal evapora-
tion. The front Al contact patterns were formed by a shadow
mask with circles having different diameters. Finally, the sam-
ples were sintered in the forming gas at 250 °C for 10 min before
the contact resistivity measurements.

A Sinton WCT-120 lifetime tester based on the photoconduc-
tance decay (PCD) method in transient mode was used to
measure the resulting implied open-circuit voltage (iVy()
values at 1sun before and after the hydrogenation process
(AlO,/SiN, + FGA). The electrically active dopant profiles were
measured by an ECV setup (WEP Wafer Profiler CVP21).
The total dopant profiles of Ga and B were obtained by a
Cameca IMS 7f dynamic SIMS system using Cs+ primary
ion at 10kV with the sample at a —5kV potential for negative
secondary ions and an impact energy of 15kV.

3. Results and Discussion

First, we investigate the effects of different volume percentages
of Ga solution in the Ga + B mixed solution on the performance
of the poly-Si/SiO, passivating contacts annealed at various drive-
in temperatures. The implied open-circuit voltage (iV,) and con-
tact resistivity (p.) represent the performance of the passivating
contacts. Four different drive-in temperatures (900-1000 °C)
with a fixed annealing time of 60 min were used. Figure 2A
shows the iV, as a function of the Ga volume percentage in
the Ga+ B solution, before (open symbols, dashed lines) and
after a hydrogenation treatment by FGA annealing of AlO,/
SiN, stacks (filled symbols, solid lines). As can be seen from
Figure 2A, before hydrogenation all the samples show a decreas-
ing iV, with increasing Ga volume percentage in the solution,
although each volume percentage has an optimum annealing
temperature. Notably, for all samples spin-coated with 100%

A

630 |- As-annealed Hydrogenated AN R \ 7]
-B- —— 900°C - - -8
—-@— 930°C Q
600 - 960°C VoA
-Vv- —¥— 1000°C
1 n 1 n 1 n 1 n 1
0 25 50 75 100

% Ga in Ga-B solution
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Ga solution, the iV, drops to a very low value (=610 mV), irre-
spective of the diffusion temperature. This low 1V, is likely due
to a very low level of active dopants in the poly-Si film, as will be
shown later in the corresponding ECV dopant profiles. When
being codoped with B, there is an increase in the active doping
level inside the films, leading to a better performance. It is worth
noting here that, at the as-diffused, prehydrogenation state, the
defect density at the interface is relatively high, especially for p+-
doped surfaces.*! In this state doping the shallow region under-
neath the oxide interface is normally a useful tool for reducing
recombination (i.e., improving passivation) because it creates a
strong imbalance in the concentration of electrons and holes,
which shifts the Shockley-Read-Hall (SRH) recombination sta-
tistics toward a slower rate.*'~*!

For all drive-in temperatures, after the hydrogenation treat-
ment, the iV, is improved significantly, achieving an average
iV, up to 2700 mV for samples doped with <75% Ga. The sam-
ples doped with a 100% Ga solution show an even more dramatic
increase, up to ~720 mV. It is interesting to note here that the
presence of B in the B 4+ Ga doping solution limits the improve-
ment of iV, after the hydrogenation. Such a limit does not apply,
of course, to the 100% Ga samples, whose high iV, can be
explained by the fact that, as chemical passivation is the domi-
nant effect for them, there is more potential for the hydrogen
to passivate the interfacial defects.

Figure 2B shows the contact resistivity (p.) of the poly-Si/SiO,,
passivating contacts spin-on doped with the various Ga + B sol-
utions with different mixing ratios and annealed at different tem-
peratures for 60min, measured using the Cox and Strack
method.? Increasing the drive-in temperature shows a decreas-
ing contact resistivity, which is similar to the trend observed for
other doping techniques.*"! With an annealing temperature of
1000°C, a low contact resistivity of ~4-60 mQcm?® can be
achieved for different volume percentages of Ga in the doping
solution. Meanwhile, increasing the volume percentage of Ga
in the solution shows an increment in p.. For the case of
100% Ga, the low annealing temperatures (900 and 930 °C) lead
to very high contact resistivity values, which are beyond our mea-
surement sensitivity. In fact, very high p. values were also found

B T T T T T
1000 F —#—900°C i
—@—930°C
960 °C
o —w— 1000 °C
?, 100 F -
G
£
<

0 25 50 75 100
% Ga in Ga-B solution

Figure 2. A) Implied open-circuit voltages iV, and B) contact resistivity p. of various poly-Si/SiO,/c-Si samples spin-doped by different volume percen-
tages of Ga and B in the solution. The hydrogenation step was done by using a 20 nm-AlO,/80 nm-SiN, stack and forming gas annealing at 425 °C for

30 min.
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in previous work using Ga for doping the poly-Si/SiO,, passivat-
ing contacts.* At high temperatures, p. drops down from
~800mQcm’ for 960°C to 60mQcm® for 1000°C.
Therefore, the low contact resistivity of 60 mQcm?” at a high
annealing temperature and the high iV,. of ~720mV after
hydrogenation achieved in this work are encouraging results
for Ga-doped poly-Si contacts. For the cases with B present, com-
paring the results of iV, in Figure 2A and p. in Figure 2B,
we find that annealing the samples at a temperature of
~930-960°C shows relatively good passivating contact perfor-
mance with sufficiently low p. of 10 mQ cm? and reasonably high
iV, of up to =700 mV. Therefore, we choose 960 °C as the optimal
annealing temperature for our subsequent characterization.

Next, we measure the doping profiles from the samples spin
coated with different mixing ratios of Ga + B using the ECV and
SIMS methods. With the ECV method, we can only detect the
majority carrier concentration (holes in this case), which reflects
the electrically active dopant concentration, regardless of the dop-
ant type (B or Ga). Meanwhile, the SIMS concentration profiles
account for all active and inactive dopant atoms, separately for
each dopant type. Figure 3A,B shows the SIMS profiles of Ga
and B, respectively, from 960 °C annealed samples for 60 min
with various volume percentages of Ga in the mixed dopant solu-
tion. We note here that, in Figure 3A, for the 100% Ga samples,
the Ga profile shows a surface error. This is likely due to the
nature of the Ga spin-on doping with highly defective surfaces.
Similar SIMS profiles of Ga-doped poly-Si samples have also
been reported.* This also suggests that the location of the
SiO, interface in these samples is likely to have a large uncer-
tainty. As can be seen from Figure 3A, increasing the percentage
of Ga in the solution leads to a higher concentration of Ga in the
poly-Si film and c-Si substrate. Generally, a base Ga profile with
[Ga] of =1 x 10" cm > can be seen on the 100% B profile. The
Ga concentration in the poly-Si layer decreases significantly from
the surface toward the SiO, interface (as shown in Figure 3A).
Meanwhile, for all the B profiles in Figure 3B, the concentrations
of B in the poly-Si layer (=5 x 10*' cm™3), as well as in the c-Si
substrate (except the 25%B sample), are similar. It indicates that
the production of atomic Ga and B from their respective glass
(oxides) is different. Also, it is evident that, in these poly-Si/

A 10?2 T T . .
Sio, —— 100% Ga, 0% B

102! ——75% Ga, 25% B 4
& 50% Ga, 50% B
E jool ——25% Ga, 75% B ]
Lo —— 0% Ga, 100% B
c
2 10" 4
©
T 108 3
[0}
2
S 107 4
O

1016 i

0 100 200 300 400 500
Depth (nm)
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SiO,/Si structures, boron diffuses more deeply into the ¢-Si sub-
strate than gallium (Figure 3B vs Figure 3A). This is probably due
to a different blocking action of the thin SiO, layer on each of the
two dopant types, higher for Ga than for B. This is surprising, given
that Ga has a six orders of magnitude higher diffusivity in SiO,
than B,** and it may be related to the fact that there are both
Ga and B atoms in the glass layer and in the poly-Si film. For mixed
solutions containing 50% Ga or less, very little Ga diffuses into the
Si wafer; at the same time, B diffuses as deeply into the Si wafer for
such mixed solutions as for the 100% B case. Only in the case of a
75% Ga + 25% B solution is the diffusion of B hindered to some
extent by the presence of Ga in the Si wafer. Conversely, when
there is any B present, it retards the diffusion of Ga.

In Figure 4, we visualize the inactive dopant concentrations of
the different samples by plotting the SIMS and ECV profiles
together. The inactive dopant concentrations are simply the dif-
ference between the sum of total dopant concentration profiles of
Ga and B (by SIMS, solid curves), and the electrically active dop-
ant profiles (by ECV, dashed curves). As can be seen from
Figure 4, when the Ga volume percentage in the Ga + B solution
is high (>50%), the electrically active dopant concentrations in
the poly-Si layer as well as in the c-Si substrate decrease signifi-
cantly. The 100% Ga-doped sample shows a very low active dop-
ant profile (dashed black curve), immeasurably low near the
surface of the poly-Si film, which agrees well with the surface
result from the SIMS measurements (black curve, Figure 3A).
Interestingly, even though there is a significant total concentra-
tion of Ga in the poly-Si layer, the concentration of electrically
active Ga (i.e., functioning as acceptor atoms) is very low
(~2-3 x 107 cm ). This explains the low surface passivation
of the 100% Ga sample without hydrogenation, as shown in
Figure 2A. Meanwhile, the combined total doping profiles
(Ga+ B) measured by SIMS in the poly-Si layer are similar
across the different Ga:B ratios. The variation is more obvious
as the dopants diffuse further into the substrate due to the dif-
ferent diffusivities of B and Ga in c¢-Si.

To better understand the amount of inactive dopants inside
the stack of poly-Si/SiO,/c-Si, integrated areas of the total
SIMS curves and the ECV curves are calculated and compared.
The resulting percentages of active and inactive dopants in

B 10?2 . . . ;
; ——75% Ga, 25% B

107! SiOy 50% Ga, 50% B ]
= ——25% Ga, 75% B
'E —— 0% Ga, 100% B
& 10%F E
c
O 10" E
S
T 10"} 1
(0]
2
o 107 4
(@)

106 | E

0 100 200 300 400 500

Depth (nm)

Figure 3. SIMS depth profiles for A) Ga and B) B for spin-on-doped poly-Si/SiO, passivating contacts after a 960 °C, 60 min anneal with different Ga

volume percentages in the Ga-B solution.
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Figure 4. Total doping profiles by SIMS for Ga and B (solid lines) and their corresponding electrically active doping profiles by ECV (dashed lines).
Percentages of active and inactive dopants in the poly-Si and c-Si, respectively, calculated by integrating the area between the SIMS and ECV profiles,

were plotted as the insets beside the doping profiles.

poly-Si and c-Si are shown in the insets of Figure 4. The integra-
tion ranges are 0-80 nm (SiO, location) and 80-350 nm for the
poly-Si layer and c-Si substrate, respectively. Note here that, due
to the measurement errors at the surface, for the 100% Ga sam-
ple an integration range from 50 to 80 nm was chosen for the
poly-Si layer. Overall, for all mixed volume percentages of Ga
in the Ga+ B solution, the concentration of inactive dopants
(both Ga and B) in the c¢-Si wafer is significantly higher than
the concentration of electrically active dopants (Figure 4 insets,
green vs magenta columns). The ratio between inactive to total
dopant concentration is even higher in the poly-Si layer
(>80%, blue columns). Generally, a higher Ga volume percent-
age in the Ga+ B solution causes an increased amount of
inactive dopants in both the c-Si substrate and the poly-Si layer
(green columns, Figure 4).

The in-diffusion of dopants into the substrate causes, in prin-
ciple, Auger recombination in the diffused layer underneath the
oxide. Nevertheless, this only applies to the electrically active dop-
ant profile, which is quite moderate for all the samples in Figure 4,
with a maximum concentration of 2-3 x 10" cm™>. More con-
cerning is the presence of a significant amount of inactive dopants,
mostly B, in that diffused layer. It is likely that those inactive dop-
ants create recombination centers, and therefore they can be a con-
tributing factor for the relatively modest iV, measured for most
samples in Figure 2A.1**¢ The sample with 100% Ga and no B
behaves differently because despite most of the Ga being inactive,
it shows the highest iV,,.. This would indicate that the presence of
inactive Ga is not as harmful as that of inactive B.

4, Conclusions

In conclusion, we have fabricated and investigated p-type poly-Si/
SiO, passivating contacts using the spin-on doping method with
Ga + B mixture solutions as the dopant sources. The effects of
Ga mixing volume percentage in the Ga+ B solutions on the
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performance and optoelectronic properties of the passivating
contacts were studied. It was found that independent of the
Ga:B volume ratio, the surface passivation after the hydrogena-
tion treatment of AlO,/SiN,+ FGA was improved, reaching
iVoe > 700 mV. Using ECV and SIMS doping profiles, the per-
centages of inactive and active dopants inside the poly-Si films
and c-Si substrates were calculated and compared. It was found
that, even though a high concentration of Ga was diffused into
the poly-Si and c-Si, the amount of active dopants remained low.
These findings on the behaviors of B and Ga codoping may help
to optimize p-type poly-Si passivating contacts for Si solar cells.
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