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ABSTRACT

Even though interdigitated back contact (IBC) architecture produces the most efficient solar cells, it is difficult to make them cost-effective and industrially viable.
Therefore, single-sided atmospheric pressure chemical vapor deposition (APCVD) is investigated for the fabrication of IBC solar cells because it reduces the overall
thermal budget, simplifies wet bench processing, and requires no additional masking layer. For the fabrication of a full APCVD IBC solar cell, a very lightly doped
front surface field (FSF) of 650 €/sq, a heavier doped back surface field (BSF) of 100 Q/sq and a moderately doped emitter of 250 Q/sq was used. The high-
temperature annealing step is partially done in an oxygen (O3) environment to (i) drive in dopants, (ii) prevent the formation of a boron-rich layer in case of p"
doped c-Si, and (iii) grow an in-situ SiO3 at the Si/dopant glass interface. The etch rate difference between the in-situ grown SiO, and the doped glass layer is utilized
to etch the doped glass completely. The retained in-situ SiO, after etching is capped with plasma-enhanced chemical vapor deposited (PECVD) SiNy for the
passivation of both polarities of IBC solar cells. A full APCVD IBC solar cell precursors (i.e. before metallization) obtained implied open-circuit voltage (iV,.) of 714
mV and emitter saturation current density (Jos) of 17 fA/cm?. At the device level, a full APCVD IBC solar cell achieved a conversion efficiency of 22.8% with V, of
696 mV and short-circuit current density Jsc of 41.3 mA/cm? These parameters are comparable to the commercially available full-tube diffused ZEBRA® IBC solar

cells.

1. Introduction

In the early 1950s, the first silicon solar cells were fabricated on an n-
type substrate using an interdigitated back contact (IBC) architecture
[1]. IBC solar cells are the optimal choice for fabricating high-efficiency
solar cells since all metallization can be placed on the non-illuminated
side of the solar cells, enhancing the incident light absorption on the
front side [2]. Other benefits of IBC architecture include lower series
resistance due to a higher metal fraction, simple module integration, and
its potential in building integrated photovoltaics (BIPV) due to the
module’s visually pleasant look [3]. Silicon heterojunction (SHJ) tech-
nology has enabled crystalline silicon (c-Si) solar cells with an IBC
configuration to achieve a world-record conversion efficiency of 26.7%
(designated area: 180 cm?) [4]. Sunpower Corporation, the most suc-
cessful company commercially manufacturing large area passivating
contacts IBC solar cells, have reported efficiencies of 25.2% [5]. Lastly,
the ISC Konstanz-developed ZEBRA® technology is a bifacial IBC solar
cell concept based on a typical industrial low-cost manufacturing
method that has exhibited mass production efficiencies surpassing
23.5% [6].
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IBC architectural cell technologies are still a niche industry due to
their intricate processing sequence and expensive production costs [7].
First, because of the inherent nature of the IBC architecture, the rear side
must be patterned using photolithography [8,9], inkjet patterning [10]
or a laser process [11,12] in conjunction with multiple wet bench
cleaning processes. Secondly, since all charge carriers need to be
collected on the rear side, the wafer bulk should have a high minority
carrier lifetime. Thirdly, the fabrication of the three different doped
regions, the so-called FSF or front floating emitter (FFE), the BSF, and
the emitter would necessitate multiple high-temperature steps that
would significantly increase the thermal budget and process complexity.
Finally, passivation of IBC architecture is cumbersome as locally doped
opposite polarities are located at the rear side and hence would require a
universal passivation stack for both polarities. In this study, using laser
technology and high-quality n-type substrate materials, the latter two
constraints are addressed for fabricating industrially viable IBC solar
cells [13].

Using doped glass layers based on atmospheric pressure chemical
vapor deposition (APCVD) [14] instead of conventional gas tube diffu-
sion, where the doped glass is grown and driven in, would decrease the
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process complexity of IBC solar cells. Additionally, APCVD dopant glass
layers are deposited before diffusion; therefore, little or no spacing is
required in the diffusion furnace, which can significantly increase
throughput [15]. Furthermore, by using APCVD layers, we can decouple
the deposition step from the diffusion step, allowing us to perform laser
processing steps before a high-temperature step or co-annealing to
reduce the overall thermal budget [16,17]. Some other advantages of
APCVD processing include lower operational and maintenance costs and
high throughput [18].

This study investigated the effect of varying APCVD dopant con-
centrations on layers’ electrical properties after high-temperature
annealing. The annealing recipe was optimized for three purposes,
namely: drive in the dopants, prevent boron-rich layer (BRL) [19] for-
mation in case of p* doped c-Si, and grow an in-situ SiO, at the interface
between glass and Si for passivation purpose [20]. Furthermore, the
in-situ grown SiO3 at the interface serves as an etch barrier for the
controlled etch back of APCVD borosilicate glass (BSG) and phosphosi-
licate glass (PSG) layers with varying dopant concentrations in a single
wet bench HF glass removal step. The passivation quality was measured
on symmetrical lifetime samples and solar cell precursors with a
SiO4/SiNy passivation stack. Finally, all learnings were integrated for a
streamlined and cost-effective approach to fabricating high-efficiency
APCVD IBC solar cells.

2. Experimental
2.1. Sheet resistance and symmetrical lifetime samples preparation

For our sheet resistance (Rgy) samples, we used pseudo-square 180
+ 10 pm thick M2 Czochralski (Cz) wafers with opposite doping to that
of doped layers to investigate, that is, n-type Cz-Si wafers with base
resistivity pp = 3 Q cm and p-type Cz-Si wafers with base resistivity pg =
0.95 Q cm. All samples underwent an alkaline etch to remove saw-
cutting-induced damages, followed by a piranha cleaning process to
remove organic and inorganic impurities before the APCVD dopant glass
deposition. The APCVD equipment is a SCHMID APCVD Roller-
Transport System with multiple deposition chambers enabling more
than one layer in a single pass. The layers of borosilicate glass (BSG) and
phosphosilicate glass (PSG) were 40 nm thick. In addition, to prevent the
doped layers underneath from reacting with the environment [21], an
additional 20 nm thick undoped silicate glass (USG) capping layer was
deposited. Finally, the doped glass layers were annealed in a partial Oy
environment to form the p™ and n™ doped regions. The glass layers on
top of ¢-Si were etched in an HF solution to measure the doped regions’
electrical properties. Rgy was measured using the four-point probe tool
from GP Solar, and the active dopant profile was determined using an
electrochemical capacitance-voltage (ECV) tool from WEP.

For our symmetrical lifetime samples, we used only n-type Cz-Si
wafers with base resistivity pg = 3 Q cm and nominal thickness of 180
+ 10 pm. The processing sequence of symmetrical lifetime samples was
similar to that of the above-mentioned Rgy samples until the high-
temperature annealing step, except that both sides of the wafer had
the same dopant glass layer deposited. Then, the in-situ grown SiO is
used as a buffer layer to completely etch the APCVD dopant glass layer.
A detailed description of this systematic etching procedure using SiO; as
a buffer layer can be found in Ref. [20]. Finally, on both sides, these
samples received 75 nm thick plasma-enhanced chemical vapor depo-
sition (PECVD) SiNy. Then, the samples were fired in a belt-type rap-
id-firing furnace for hydrogenation using our best-known in-house
settings [22]. For measuring the iV, and Jys of the doped regions, we
have used a WCT-120 lifetime tester from Sinton instruments. For the
QSSPC measurements, we have used a base resistivity of pg = 3 Q cm and
thickness t of 170 pm. For the flat passivated symmetrical lifetime
samples, an optical constant of 0.95 was selected, whereas an optical
constant of 1.1 was chosen for the passivated textured solar cell pre-
cursor samples.
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2.2. Complete APCVD IBC solar cells

Fig. 1 indicates the schematic fabrication process and corresponding
structure of the full APCVD IBC solar cell. The substrate is Cz-Si M2
wafers with a base resistivity of pg = 3 Q cm and a thickness of 180 + 10
pm. First, all samples underwent alkaline etching to remove the saw-
cutting-induced damage, followed by the piranha cleaning process. An
APCVD BSG layer was deposited on the rear side of the wafers and
subsequently annealed in an O environment to form the emitter region.
The samples then received a PECVD SiNy masking layer on the rear side.
After laser patterning, the rear side of the wafers was alkaline etched and
cleaned. An APCVD PSG layer with a low doping concentration was
deposited on the front side, and a high doping concentration was
deposited on the rear side and subsequently annealed in an O9 envi-
ronment to form the BSF region on the rear and the FSF region on the
front side of the substrate. Similarly to lifetime samples, the in-situ
grown SiO, was used as a buffer layer to completely etch the APCVD
BSG and PSG layers after annealing. For passivation purposes, both sides
received a PECVD SiNy layer. The metallization of these samples was
achieved using our best-known method of screen printing and firing
through the process from ZEBRA® technology [22].

To investigate the passivation quality of the solar cell before metal-
lization, we have also fabricated solar cell precursors. It is essential to
account for numerous artefacts that might induce an overestimation of
the carrier lifetime when interpreting photoconductance-based lifetime
measurements. One such scenario involves samples with a conductive
layer disrupted by lines of opposing polarity doping, resulting in later-
ally alternating p*/n* doping areas [23]. This structure often appears in
the emitter region of samples that monitor the lifetime of interdigitated
back contact cells. To avoid overestimating passivation quality, the
processing sequence for the solar cell precursor samples follows that
shown in Fig. 1(a), except for the PECVD masking, laser patterning
processes and rear side PSG deposition. As such, the final structure of the
solar cell precursor samples has a full area emitter on the flat rear and a
full area FSF on the textured front side.

To compare our novel full APCVD IBC solar cells and solar cell pre-
cursors, we have fabricated three groups: full tube diffused, hybrid-1
and hybrid-2. The doped regions (i.e. BSF, FSF and emitter) in all
these solar cell concepts are formed by either annealing the APCVD glass
layer or using the standard industrial tube diffusion. Table 1 summarizes
how the doped regions in different solar cell groups were fabricated. In
addition, the full tube diffused precursor cells are manufactured using
the ZEBRA best-known method and are used here as a process reference.

3. Results and discussion
3.1. Electrical properties of the doped regions

The electrical properties of the doped regions were analyzed using
sheet resistance samples specified in the experimental section. This
study investigated the electrical characteristics of annealed APCVD BSG
and PSG with three different dopant concentrations. The minimum and
maximum temperatures in the annealing recipe were 810 °C and 995 °C,
respectively. At the peak temperature of 995 °C, annealing was done in a
100% O environment. The presence of APCVD BSG or PSG layers on the
silicon surface offers almost no hindrance for the O reaching the Si
surface because of the high diffusivity of Oy in doped glass layers
compared to pure SiOy [24]. Similar studies were carried out by
Mihailetchi et al. [20], where the BSG layer grown from the
tube-diffused BBr3 offered little resistance for the oxygen to diffuse to
the silicon interface. Also, Mihailetchi et al. [20] demonstrated that
irrespective of the BSG thickness uniformity across the wafer or along
the diffusion boat, the in-situ grown thermal SiO, was very homoge-
neous, making it an attractive option for being used as passivation and
ARC layers. Moreover, boron has a higher segregation coefficient in SiO,
than Si [25]. Hence the post-oxidation ensures that the higher
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Fig. 1. Main process steps to fabricate the full APCVD IBC solar cell (a) and a schematic cross-section view of the resulting IBC cell (b).

Table 1
Different techniques for forming the doped regions and their corresponding Rgy
values of the four IBC solar cell types investigated in this paper.

Solar cell group FSF (n™) BSF (n* 1) Emitter (p")
Full APCVD Rgy (Q/5q) APCVD PSG APCVD PSG APCVD BSG
650 Q/sq 100 Q/sq 250 Q/sq
Hybrid-1 Rsy (2/5q) POCl3 POCl3 APCVD BSG
diffusion diffusion
150 Q/sq 80 Q/sq 250 Q/sq
Hybrid-2 Rsy (Q/5q) APCVD PSG APCVD PSG BBr3
diffusion
650 Q/sq 100 Q/sq 150 Q/sq
Full tube diffused Reference: POCl3 POCl3 BBr3
ZEBRA® [6] diffusion diffusion diffusion

concentration of boron at the surface segregates into the SiO,, thereby
preventing the formation of BRL, which has proven to degrade bulk
lifetime and cause very high emitter saturation current densities [26].

Fig. 2(a) shows the Rgy data of the boron and phosphorous-doped
regions after annealing as a function of the APCVD glass dopant con-
centration. With increasing dopant concentration, we observe a decrease
in Rgy for both polarities and an increase in the homogeneity of the Rgy.
For the operating temperatures (810 °C and 1100 °C) used in this study,
activation energies of phosphorous and boron are 2.74 + 0.007 eV and
3.12 + 0.004 eV, respectively [27]. Hence, for a similar dopant con-
centration of 8.0 wt %, we observe higher doping of phosphorous (80
Q/sq) compared to boron (320 Q/sq).

When selecting the electrical properties of the p* and n™ regions on
the rear side of IBC solar cells, three crucial parameters, i.e. Jopass, Jomet
and p, should be minimized to increase the cell efficiency [28]. Here,
the knowledge gained from our tube-diffused ZEBRA IBC technology
was used to select optimal electrical properties of emitter and BSF for

1000
800
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200

100

60
40

Sheet resistance R, (Q/0)

20

2 3 4 5 6 7 8 9 10 1M
Dopant concentration (wt.%)

APCVD IBC solar cells [22]. Accordingly, a 250 Q/sq emitter and 100
Q/sq BSF were selected. Due to the flexibility of single-sided APCVD
deposition technology, we chose a very lightly doped FSF (650 ©/sq) in
this study. Fig. 2(b) shows the carrier concentration profiles of the
shortlisted layers. The low surface concentrations of 9.5 x 108 cm ™2 for
the p* emitter layer show that the annealing in an oxygen environment
has successfully prevented the formation of BRL. Also, very lightly
doped FSF with Rgy of 650 Q/sq and a surface concentration of 2.5 x
10'® cm™> with a shallow junction depth of 0.18 pm was used in this
work. Since there is no need for any metallization at the front side of the
IBC solar cells, having a very lightly doped front surface field can be well
passivated, reducing the surface recombination while augmenting the
spectral response in the ultraviolet range (280 nm-400 nm) and thus
improving the V¢ and Js¢ [29].

3.2. Etch rate study of silicon dioxide/doped oxide glass stack

During the high-temperature annealing step, apart from driving
dopants into the bulk, we grow a homogeneous SiO; of 32 nm at the
doped glass/Si interface. In this section, we show that the in-situ grown
thermal SiO2 can be used as a buffer layer due to the difference in the
etching rate of doped glass layers compared to thermally grown SiOs. In
the following section, we show that the partially etched back SiOy, when
capped with PECVD SiNy, offers excellent surface passivation for both p*
and n' doped regions, thereby acting as a universal passivation scheme
with fewer processing steps in IBC solar cell concepts.

To investigate the etch rate of different layers, the wafers were
immersed in 2-vol% HF acid solution for a defined period, followed by
thickness measurement. The thickness of BSG, PSG and SiO, were
measured using a Sentech SE-800PV ellipsometer, assuming the refrac-
tive index of n = 1.46 for all glass layers [30].

Fig. 3(a) shows the thickness variation across the wafer at different
processing stages of the samples. During the as-deposited stage, we

(b)
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4 FSF (= 680 Q/n)

1020

10"
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Fig. 2. (a) Sheet resistance Rgy after high-temperature annealing of APCVD layers with different dopant concentrations and dopant types. (b) Carrier concentration
profiles of the p* doped emitter layer, lightly doped n* FSF layer and heavily doped n*" BSF layer used in the full APCVD IBC cell process.
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Fig. 3. (a) Thickness of the USG + PSG layer stack

Ve
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and BSG layer measured after APCVD deposition,
directly after annealing the samples in an O, envi-
ronment, and after HF thinning. (b) The thickness of
the different annealed oxide stacks (see legend) used
in this study as a function of etching time in 2-vol%
HF solution. The arrows represent the etching rates of
the different layers within the stack. To compare the
etching rate of the in-situ grown SiO,, a reference
samples with 32 nm of thermally grown SiO, was
used in this study.

4 USG + PSG + in-situ SiO,
© Thermal SiO,

Insitu Si0,: = 0.18 nm/s |

i 4

T
80

(a)
100 100 . .
USG: 0.23 nmis
90
80 80 i
= = 70K
£ £
< 60 = 60
T °
2 @ 50
g g
BSG: 0.46 nm/s
§ 40 f_J 40
= =
= F 304 ¢
20 204
= .
A 10
Thermal Si0,: 0.18 nm/s
o 0 T T T
USG+ PSG BSG 0 20 40 60
As-dep Annealedl Thinned | As-dep |Annealed| Thinned

deposit 40 + 7.2 nm of BSG and 60 + 7.7 nm of PSG + USG layer. We
observe a high inhomogeneity of thickness across the wafer. Upon
annealing these layers in the O, atmosphere, we grow a 32 nm thick
uniform in-situ SiO layer at the interface of ¢-Si and the dopant glass.
Upon thinning the layer stack in HF solution, the dopant glass layer is
etched completely, and a 13.6 + 1.4 nm (in case of USG + PSG) and 11.2
+ 1.4 nm (in case of BSG) in-situ grown SiO3 layer remains on Si surface,
which served as a passivation layer. The significant improvement in
thickness uniformity across the wafer, as measured by the standard
deviation value after thinning in HF, is attributable to the slower etching
of in-situ grown SiO, compared to dopant glass layers.

Fig. 3(b) depicts the thickness of the different layers stacks as a
function of etching time in 2-vol% HF solution. As indicated by the ar-
rows, the etching rate of each layer was calculated using the slope of
thickness versus etching time. The green rhombus represents the ther-
mally grown SiO», which was used as a reference to compare the etching
rates of the in-situ grown SiO; after annealing in an O environment; the
inverted red triangle represents the annealed "APCVD BSG + in-situ
grown SiOy" stack, and the blue triangles represent the "APCVD USG +
PSG + in-situ grown SiO" stack. The USG capping layer was necessary
to protect the otherwise hygroscopic PSG layer [21].

The wafers were immersed in the 2-vol%HF solution, followed by the
immersion in deionized water, to stop the etching process. Uncertainty
in estimating the etching rate could arise due to the unintended slow
etching during the transportation of the wafers from the HF solution
beaker to the DI water beaker. Due to the short etching times, the
relative measurement error of the etching rate is approximately 15%.
The etching rate of thermally grown SiO, was determined to be 0.18 +
0.02 nm/s, equivalent to Spierings et al. [31] at an HF concentration of
2 wt%. The stack etch rate findings for co-annealed "APCVD BSG +
in-situ grown SiO," were separated into the BSG zone and the in-situ
grown SiO; zone. Like Mihailetchi et al. [20], the BSG layer exhibited
a much higher etching rate of 0.46 nm/s than thermally produced SiO5
(0.18 nm/s). The difference in etching rate is because the breaking rate
of B-O bonds in HF solution is significantly higher than that of Si-O
bonds [32]. After 100 s of etching in HF solution, we have already
reached the in-situ grown SiO, regime, and the etching rate drops by
almost 2.5. In this zone, we see the etching rate being equal to that of
thermal SiO; (blues triangles), pointing out that the properties of the
in-situ grown oxide are comparable to that of the thermally grown oxide
without any dopant layer on top. Finally, etch rate findings for the
co-annealed "APCVD USG + PSG + in-situ grown SiOy" stack was
separated into three regimes: USG capping zone, PSG zone, and in-situ
SiOy zone: USG capping zone, PSG zone and in-situ SiO, zone. The
etching rate of the APCVD annealed USG layer is determined to be 0.24
+ 0.03 nm/s which is marginally higher than that of thermally grown
SiO9. The observed disparity in etching speeds can be due to CVD and
thermal oxides’ different compositions and porosities [32]. The APCVD
PSG layer exhibited the maximum etching rate in this investigation, with
an etching rate as high as 1.24 + 0.12 nm/s, which is over 7.7 times

T T T T T
100 120 140 160 180

Etch time t (s)

greater than thermally produced SiO,. Hence, it can be said that the
breakage rate of P-O bonds in HF solution is faster than (>) B-O bonds,
which in turn exceeds that of > Si-O bonds. After 100 s of HF etching, we
enter the third phase of the in-situ SiO, and see similar behavior to that
of the annealed BSG stack. Hence, we have demonstrated that by using a
single HF etching step (in this case of 145 s) for our annealed doped glass
layers, we can completely get rid of both BSG and PSG by using their
selective etching compared to in-situ grown SiO, in HF solution. Moj-
rova et al. [33] have demonstrated that for the optimal passivation
quality of the SiO,/SiNy passivation stack, we need at least 10 nm of the
SiO and a SiNy layer with a low refractive index. Hence in this work, the
etching time was adjusted such that at least 10 nm of the in-situ grown
silicon oxide remained on the doped c-Si surface. This partly
etched-back SiO; is subsequently covered with PECVD SiNy to passivate
both polarities of the IBC solar cells.

4. Passivation quality and IV results at the device level

As described in the experimental section, Symmetrical lifetime
samples were used to study the passivation quality of the doped APCVD
layers. Fig. 4(a) shows the iV, and Jy, of the doped regions, whereas
Fig. 4(b) shows their corresponding injection-dependent lifetime results.
Table 2 shows the individual saturation current density (Jy) contribu-
tions and iV, of the symmetrical lifetime structures and the solar cell
precursor groups. The Jys contribution was extracted at an injection level
of 5 x 10® em™3 using the Kane and Swanson method [34]. The
measured Jy, values displayed in Fig. 4 (a) and 4(c) and Table 2 indicate
the Jy contributions from both sides of the doped regions. At one sun
illumination, since the effective lifetime (z.¢) and Jos of the doped region
can be measured, bulk lifetime (z;,%) can be calculated using equation
(1), and subsequently, the saturation current density of the bulk region
(Jop) can be calculated using equation (2). Finally, the Overall saturation
current density (Jo) was found by summing up Jop and Jos. Here Ny is
the background dopant density, W is the thickness of the samples, An is
the injection level at one-sun condition, and n; is the intrinsic carrier
concentration of silicon.

AU o (Naoy + An)

= (@)
Tofr  Thulk gxn? x W
xn2x W
Jop = qxi =T 2
Ndop X Tpulk

FSF and BSF layers have iV, values above 690 mV, whereas the
emitter layer has a much lower iV, around 675 mV. A lower Jg, of n"
doped areas is attributable to the enhanced gettering efficacy of APCVD
PSG compared to APCVD BSG at the same annealing temperature [16].
Secondly, the lightly doped FSF layer has higher iV, and lower Jy, than
the heavily doped BSF layer. We estimated the influence of Auger
recombination on the Jys values of the BSF and FSF-doped areas using
EDNA 2 [35]. The overall two sides Auger recombination contribution
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Table 2

Average individual Jy contributions due to recombination in the wafer bulk Jgp,
doped regions (including Auger) surface Jys, and their corresponding average
iV, values. The Jy, is the total saturation current density of symmetrical lifetime
samples or solar cell precursors estimated by adding the relevant individual
contributions.

Group Sample Jop (FA/ Jos (fA/ Jor (FA/ Ve
structure sz) cm2) cm2) (mV)
Emitter Lifetime 50 72 122 679
BSF Lifetime 25 45 70 692
FSF Lifetime 33 17 51 702
Full tube Precursor 5 42 47 706
diffused
Hybrid-1 Precursor 21 42 63 698
Hybrid-2 Precursor 39 29 68 696
Full APCVD Precursor 19 17 36 712
Table 3

Parameters of the best solar cells extracted from current-voltage characteristics
of the different groups of solar cells as mentioned in Table 3, namely: Full tube
diffused cells (ref.), hybrid-1 cells, hybrid-2 cells and Full APCVD cells.

Group Jse (mA/cm?) Ve (mV) FF (%) 7 (%)
Full tube diffused (ref.) 41.3 690 80.0 22.8
Hybrid-1 40.7 686 78.3 21.9
Hybrid-2 41.3 693 79.1 22.6
Full APCVD 41.3 696 79.3 22.8

for the weakly doped FSF region is just 0.6 fA/cm? compared to 25
fA/cm? for the BSF region. Hence, the observed difference in Jys is
attributed mainly to the difference in their Auger recombination.

The passivation quality of the four solar cell precursor groups (i.e.
before metallization) and their corresponding injection-dependent life-
time curves are depicted in Fig. 4(c) and (d), respectively. As a reference
group, full-tube diffused precursors had a mean iV, of 704 mV and a
mean Jo, of 47 fA/cm?, respectively. Despite having the highest Jy, in the
group, the full tube diffusion precursor gives the second-best iV,.. As
evidenced by the injection-dependent lifetime curves (Fig. 4(d)) at lower
injection levels and from the estimated Jgp, in Table 1, POCls and BBr3
tube diffusions were highly effective in gettering the bulk layer, hence
enhancing the iV, of this cell precursor group. In Fig. 4(c), hybrid-1 and
hybrid-2 precursor cells displayed comparable iV, but distinguishable
Jos. Lower Jps seen in the hybrid-2 precursor result from the lightly
doped FSF (680 Q/sq) created by annealing the APCVD PSG as opposed
to the heavily doped FSF (150 ©/sq) formed via POCl;3 tube diffusion in
the hybrid-1 precursor. Due to the improved gettering efficiency of
POCl; diffusion (also found in full diffused precursors) in hybrid-1
precursors, the Jy, of both hybrid precursors is comparable, which ex-
plains their comparable iV,,..

Complete APCVD precursors have shown the best passivation quality
among all the groups, with mean iV, of 714 mV and Jys as low as 17 fA/
cm?. Such high passivation quality is generally observed in solar cells
endowed with carrier-selective junctions [33,34]. The excellent passiv-
ation quality of complete APCVD precursors is attributed to the high
quality of the APCVD dopant glasses, the difference in electrical prop-
erties such as sheet resistance and surface dopant concentrations, and
the difference in sample preparation and the optimized
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high-temperature annealing steps. Compared to the symmetrical life-
time samples, the higher iV, is due to improved gettering of the bulk
layer during the second high-temperature annealing, as shown by the Jy,
values in Table 1. Combining the Jy; contributions from the single-sided
emitter and FSF yields a Jy, of 45 fA/cm?, whereas the J,, measured for
the full APCVD precursor (which is formed by single-sided emitter on
the rear and FSF on the front) was considerably lower. This observed
discrepancy is unknown and needs deeper investigation. However, we
suspect it to be caused by a combination of the three factors: 1) The
second high-temperature annealing process, which might getter the
emitter layer; 2) Additional hydrogenation from the PECVD capping
SiNy layer, which was deposited for masking and patterning purposes,
and 3) Higher number of cleaning steps. As a result, to achieve a Jy; of
17 fA/cm? in solar cell precursor, the Jys on the emitter layer should also
be about 17 fA/cm?. Nevertheless, Jos values of the emitter in the full
APCVD precursor reported in this work were comparable and in good
agreement with literature-reported values of SiOy/SiNy-based passiv-
ation methods commonly used in the industry for the passivation of p*
regions of solar cells [20,36].

Table 2 presents the solar cell performance parameters of the best
solar cells extracted from current-voltage characteristics of the different
groups of solar cells studied in this work. The Jy. of the hybrid-1 solar
cells was 0.6 mA/cm? lower than hybrid-2 solar cells. The spectral
response measurements (data not shown) showed lower internal quan-
tum efficiency response in the UV region (280 nm-400 nm) caused by
the higher doping of the FSF layer in hybrid-1 compared to hybrid-2
solar cells. The full tube diffused (ref.) IBC solar cells and full APCVD
IBC solar cells have comparable conversion efficiencies. In the case of
full APCVD IBC solar cells, even after having a very lightly doped FSF on
the front side, we obtain a similar J,, and a boost of 6 mV in V.
compared to the full tube diffused IBC solar cells, as also observed with
the solar cell precursors. The lower FF observed in full APCVD IBC solar
cells is attributed to the higher sheet resistance of the emitter layer in
comparison to full tube diffused IBC solar cells (Rsg = 150 Q/sq). By
further optimizing the APCVD dopant concentration of the emitter layer
and fine-tuning of high-temperature annealing step, obtaining effi-
ciencies exceeding 23% is feasible.

5. Summary

This paper presents a systematic study using the APCVD technology
for the low-cost fabrication of high-efficiency IBC solar cells. We have
demonstrated that a full APCVD-based IBC solar cell flowchart can
produce similar power conversion efficiencies as those based on
commercially available ZEBRA® [6], which is fabricated using
industry-standard BBr3 and POCl3 tube diffusion systems.

We have investigated the influence of APCVD dopant concentrations
on the electrical properties of the doped regions. The annealing recipe
chosen in this study had three primary purposes: drive-in of dopants into
the substrate, growth of a thermal SiO; at the silicon glass interface for
passivation purposes, and preventing the formation of a BRL. Based on
the electrical properties after annealing the individual APCVD glass
layers (i.e. Rggy and Jys), a 250 Q/sq emitter, 100 Q/sq BSF and 650 Q/sq
FSF were chosen for the fabrication of the full APCVD IBC solar cells. We
show that the in-situ grown thermal SiO5 formed during the annealing in
a partial Oy environment can be used as a buffer layer to etch back
partially or entirely the APCVD PSG or BSG in a single HF wet bench
step. The remaining in-situ oxide, when capped with PECVD SiN, gave
excellent surface passivation on both p™ and n™ doped regions. On full
APCVD solar cell precursors (i.e., without metallization), we obtained an
iVoc of 714 mV and a Jy, as low as 17 fA/cm?, which are outstanding
values for diffused junctions. At the device level, for metallized large-
area IBC cells, we have demonstrated conversion efficiencies
approaching 23% for a process entirely based on the APCVD-doped glass
deposition technique.
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