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Abstract

Low parasitic absorption and high conductivity enable (n)-type hydrogenated
nanocrystalline silicon [(n)nc-Si:H], eventually alloyed with oxygen [(n)nc-SiO,:H], to
be deployed as window layer in high-efficiency silicon heterojunction (SHJ) solar
cells. Besides the appropriate opto-electrical properties of these nanocrystalline films,
reduction of their thickness is sought for minimizing parasitic absorption losses. Many
strategies proposed so far reveal practical limits of the minimum (n)-layer thickness
that we address and overcome in this manuscript. We demonstrated the successful
application of an ultra-thin layer of only 3-nm-thick based on (n)nc-Si:H PECVD
plasma growth conditions without the use of additional contact or buffer layers. For
simplicity, we still name (n)nc-Si:H this ultra-thin layer and the solar cell endowed
with it delivers a certified efficiency n of 22.20%. This cell shows a 0.61 mA/cm?
overall Jsc gain over the (n)a-Si:H counterpart mainly owing to the higher
transparency of (n)nc-Si:H, while maintaining comparable Voc > 714 mV and FF >
80%. Our optimized (n)nc-Si:H layer yields low absorption losses that are commonly
measured for (n)nc-SiO,:H films. In this way, we are able to avoid the detrimental
effect that oxygen incorporation has on the electrical parameters of these functional
layers. Further, by applying a MgF,/ITO double-layer anti-reflection coating, a cell
with 3-nm-thick (n)nc-Si:H exhibits a Jsc gqe up to 40.0 mA/cm?. By means of EDX
elemental mapping, we additionally identified the (n)nc-Si:H/ITO interface as critical
for electron transport due to unexpected oxidation. To avoid this interfacial
oxidation, insertion of a 2-nm-thick (n)a-Si:H on the 3-nm-thick (n)nc-Si:H contributes
to FF gains of 1.4%,s. (FF increased from 78.6% to 80.0%), and showing further room

for improvements.
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INTRODUCTION

Front/back-contacted silicon heterojunction (FBC-SHJ) solar cells
with passivating contacts based on hydrogenated amorphous silicon
(a-Si:H) have demonstrated conversion efficiency () well-above 25%.1
To reduce the parasitic absorption at the illuminated side, doped
a-Si:H is often substituted by doped hydrogenated nanocrystalline sili-
con (nc-Si:H) and/or its oxygen alloy (nc-SiO,:H) that concurrently
enable better transparency and higher conductivity.2"? These advan-
tageous opto-electrical properties of nc-Si:H-based thin-films mainly
originate from their mixed-phase compositions, which consist of
nanocrystals embedded in the amorphous matrix.1%**

However, nc-Si:H-based thin-films feature thickness- and
substrate-dependent growth characteristics.2>*® Thus, efforts have
been devoted to minimizing the thickness of the initial amorphous
incubation layer regardless of the influence from the substrate. For
instance, applying a CO, plasma treatment,**'°> employing a non-

oxidic doped/non-doped seed layer and/or a contact layer,>'5-2°

21,22

using a very-high-frequency (VHF) plasma, utilizing a phospho-

rous treatment,?® and implementing a hydrogen plasma treatment?*

or a low-temperature crystallization by hydrogen plasma2>2%

were
reported. Such approaches can accelerate the nucleation of nano-
crystals, thus enabling doped layers with low activation energies (E,).
And those low values of E, are critical for effective carrier-selective
transport through nc-Si:H-based carrier-selective contacts (CSCs) in
SHJ solar cells, which feature (i)a-Si:H passivating layers.?” Besides,
prompt nucleations also provide the possibility to minimize the total
thicknesses of the nc-Si:H-based CSCs which results in a lower para-
sitic absorption while maintaining advantageous electrical properties,
especially, when they are located on the illuminated side of the solar
cells. As reported, for rear junction SHJ solar cells that feature a (n)nc-
Si:H-based window layer, the thickness of this (n)nc-Si:H layer should
generally be at least around 10-nm to achieve a decent FF of above
77%.1922 For a (n)nc-SiO,:H-based contact, a minimum of approxi-
mately 8-nm-thick (n)-type nc-SiO,:H in addition to a nc-Si:H layer
stack, which acts as a seed and/or contact layer, is needed to form
effective electron CSCs for ensuring excellent electrical cell perfor-
mance including preserving the passivation quality.2¢?® Attempts for
further reducing the nc-Si:H-based (n)-contacts' thicknesses have so
far resulted in losses of both FF and Voc of the solar cells.t?2827
Despite this limited thickness, the rather slow deposition rates of nc-
Si-based thin films as compared to a-Si:H® also impose challenges for
their industrial feasibility. Therefore, the development of a thin (n)-
contact that preserves the electrical performance of solar cells is of
great interest for reducing the parasitic absorption by lowering mate-
rial consumption and enabling higher industrial throughputs.

In this study, we aim at minimizing the parasitic absorption of the
(n)-type window layers while keeping excellent electrical perfor-
mances. We investigated and compared the opto-electrical properties
of (n)a-Si:H, (n)nc-SiO,:H and (n)nc-Si:H layers and their performances
(as thin as 2 nm) in rear junction FBC-SHJ solar cells. By means of our
hydrogen plasma treatment (HPT) and VHF (i)nc-Si:H treatment, we
demonstrated the successful application of an ultra-thin layer of only

3-nm-thick based on (n)nc-Si:H PECVD plasma growth conditions
without the use of additional contact or buffer layers that delivers a
certified conversion efficiency () of 22.20%. Furthermore, for under-
standing the interfacial properties of thin (n)-layers and their effect on
the solar cell output parameters, we performed high-resolution trans-
mission electron microscopy (HRTEM) measurements and energy-

dispersive X-ray (EDX) elemental mapping analyses.

2 | EXPERIMENTAL DETAILS

In this study, thin-film silicon layers were deposited via a multi-
chamber plasma-enhanced chemical vapor deposition (PECVD) tool
(Elettrorava S.p.A.) that operates at the radio-frequency (RF,
13.56 MHz) or VHF (40.68 MHz). The PECVD deposition conditions
that were adjusted to obtain various (n)-type layers are listed in
Table 1. More detailed descriptions of the other PECVD deposition
conditions can be found in our previous study.*° Specifically, to char-
acterize the optical and electrical properties of different (n)-type
layers, two sample configurations were used. For the first configura-
tion, (n)-type layers with a thickness of approximately 20 nm were
directly deposited on Corning Eagle XG glasses. For the second con-
figuration and to simulate the actual structure in solar cells, 5- to
20-nm-thick (n)-type layers were deposited on 10-nm-thick (i)a-Si:H
coated the same type of glasses. The (i)a-Si:H coated glasses were
prepared with consideration of our actual solar cell structure, where
(n)-type layers are deposited on (i)a-Si:H passivating layer. The
schematic  sketches of sample structures are given in
Figure 1A. Spectroscopic ellipsometry (SE) (M-2000DI system,
J.A. Woollam Co., Inc.) was used to check the thicknesses of depos-
ited layers and to extract the refractive index (n), the extinction coeffi-
cient (k) and the optical bandgap (Eo4). To obtain the dark conductivity
(64ark) at 25°C and the E,, (n)-type layers that feature 300-nm-thick
thermally evaporated Al stripes were measured via a temperature-
controlled dark current-voltage (I-V) setup with Keithley 6512B
electrometer. The og4. is defined as the lateral dark conductivity
measured for the (n)-layer or (n)-layer/(i)a-Si:H stack divided by the
thickness of the (n)-layer. Raman spectroscopy (Renishaw inVia
Raman Microscope equipped with a green laser, 4j,ser = 514 nm) was
used to characterize the microstructures of (n)-type thin films, which
were also used for extracting their optical properties as previously
mentioned.

For solar cells fabrication, we used 4-inch (n)-type Topsil float-
zone (FZ) <100> c-Si wafers that are 280 + 20-um-thick and have a
resistivity of 3 2 Q.cm. Prior to the PECVD process, c-Si wafers
were randomly textured in diluted tetramethylammonium hydroxide
(TMAH) solution with ALKA-TEX as an additive,>* subsequently
cleaned by sequentially dipping them into 99% nitric acid (HNOj),
69.5% HNOg, and lastly 0.55% hydrofluoric acid (HF). After loading
the wafers into PECVD, the (i)a-Si:H/(n)-contact stack was firstly
deposited. After a short vacuum break, the wafers were flipped and
loaded back to PECVD for (i)a-Si:H/(p)nc-SiO,:H/(p)nc-Si:H deposi-
tions. Afterwards, RF magnetron sputtering (Polyteknic AS) was used
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TABLE 1 PECVD parameters for optimized (n)nc-SiO,:H, (n)nc-Si:H, HPT, VHF (i)nc-Si:H treatments
PECVD parameters (n)a-Si:H (n)nc-Si:H (n)nc-SiO,:H-1 (n)nc-SiO:H-2 HPT VHF (i)nc-Si:H
Frequency (MHz) 13.56 13.56 13.56 13.56 13.56 40.68
Temperature (°C) 180 180 180 180 180 180
Pressure (mbar) 0.6 2.7 1.5 2.7 2.7 4
Power density (mW/cm?) 28 76 76 76 63 69
SiH4 (sccm) 40 1 1 1 / 1.2
H, (sccm) / 100 100 100 200 120
CO, (sccm) / / 1.6 1.6 / /
PH3 (2% in H,) (sccm) 11 1.2 1.2 1.2 / /
1
1
(A) (B) |
1
____________________ _/ 1
Al I .
(n)-layer ! Ag (~20 um) :
Glass | TO(~75nm) |  lom e ol __.
R I (n)-contact . !
[ | ($)a-Si:H (~ 6.5 nm), :
n, k, Eq4y Ogarcs £, Raman Spectra lFmssssasomts - - - - - - - - | 1
\ i
\ 1
FZ c-Si () 260 pm |
Al 1
(n)-layer |
(Ha-Si:H | (i)a-Si:H (~ 7 nm) ! 1
Glass (p)nc-SiO:H (~ 5 nm) \: |
(p)nc-Si:H (~ 16 nm) \’ (#)nc-SiO:H (~2-8 mn):
(~ 150 nm) 1 1
Ogarir E4» Raman Spectra Ag (~20 pm) : 1
! I
| S e e e o i
FIGURE 1 Schematic sketches of (A) sample structures to extract n, k, Eqa, 64ark, Ea @and Raman spectra of (n)-type layer; and (B) rear junction

FBC-SHJ solar cells with different (n)-layers stacks studied, namely, (n)a-Si:H, (n)nc-Si:H and (n)nc-SiO,:H [Colour figure can be viewed at

wileyonlinelibrary.com]

to deposit-through-mask indium tin oxide (ITO) on the front and rear
sides of solar cell precursors with thicknesses of 75 and 150 nm,
respectively. The ITO sputtering process was done at a substrate
temperature of 105°C. Eventually, Ag screen-printing was applied to
form the metal electrodes on both sides of the devices. A paste curing
step at 170°C for 45 min in air atmosphere was performed in an oven.
Solar cells fabricated in this study have an area of 3.92 cm? The
schematic sketches of manufactured solar cells are illustrated in
Figure 1B.

Along with the fabrication process of solar cells, the implied-Voc
(i-Voc) of solar cell precursors were measured before and after the
ITO sputtering by using Sinton WCT-120 with either quasi-
(QSSPC)
photoconductance decay (Transient PCD) mode. Solar cells' external

steady-state  photoconductance mode or transient
parameters were characterized by using a AAA class Wacom WXS-
90S-L2 under standard-test-conditions (STC). An in-house external-
quantum-efficiency (EQE) measurement setup was used to analyze
the wavelength-dependent spectral response of solar cells without

influence from the front metal grids and obtain the integrated Jsc eqe.

Meanwhile, the reflectance (R) of solar cells was measured by
PerkinElmer Lambda 1050 system. The independent certifications of
solar cells' current-voltage (I-V) characteristics were carried out at
the CalTeC of the Institute for Solar Energy Research Hamelin (ISFH),
Germany. For HRTEM and EDX analysis of fabricated solar cells, a FEI
cubed Cs-corrected Titan was used, operating at 300 kV. EDX maps
were obtained using the 4 detector ChemiSTEM of Thermo Fisher.
Ray-tracing Genpro4 optical simulations®? with inputs from SE-
characterized n and k of Si thin films and ITO were performed for our

fabricated double-side-textured SHJ solar cells.

3 | RESULTS AND DISCUSSIONS

3.1 | Opto-electrical properties and Raman spectra
of (n)a-Si:H, (n)nc-SiO,:H and (n)nc-Si:H

The opto-electrical properties of optimized (n)a-Si:H, (n)nc-SiO,:H and
(n)nc-Si:H are shown and compared in Figure 2 and Table 2.
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FIGURE 2 The o4ar (left) and E, (right) of (n)nc-SiO,:H, (n)nc-Si:H and (n)a-Si:H layers as function of layer thickness and of the different

substrates [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Opto-electrical properties of optimized (n)a-Si:H, (n)nc-SiO,:H and (n)nc-Si:H

Deposition rate? n@A=632nm Eyp; @~ 20 nm
Layers (nm/s) (-) (eV)
(n)a-Si:H 0.101 4.16 1.86
(n)nc-SiO:H-1  0.031 2.08 2.60
(n)nc-SiO:H-2  0.023 2.60 226
(n)nc-Si:H 0.027 3.25 1.95

Gdark @ ~ 20 nm Ggari @ ~ 20 nm Gdar® @ ~ 5 nm
(S/cm) (S/cm) (S/cm)

59 x 1073 1.1 x 1072 1.8 x 107°

38 x 1077 2.6 x 1078 24 x 1077

89 x107° 9.9 x 107 1.3 x 1078
1.07 35x10°* 1.9 x 1077

2Deposition rates were calculated based on the measured thin-film thicknesses and their deposition time.

bLayers were deposited on 10-nm-thick (i)a-Si:H coated glasses.

Electrically, as illustrated in Figure 2, around 20-nm-thick (n)nc-Si:
H that was deposited on glass substrate shows the highest 64, of
1.07 S/cm and the lowest E, of 52.6 meV. This is due to its higher
crystalline fraction thus enabling higher doping efficiency as revealed
later with Raman spectroscopy. However, the o4,k drops to
3.5 x 107*S/cm and the E, increases to 304.4 meV when (n)nc-Si:H
was deposited on (i)a-Si:H coated glass substrate. Similarly, substrate-
dependent 644 and E, are observed for both (n)nc-SiO,:H films. This
substrate-dependent growth characteristic is known for nc-Si:H-based
thin films.12131533 yltimately, by thinning all layers down to around
5 nm, which is close to the thickness of (n)-contact in solar cells, (n)a-
Si:H results to be the most conductive, followed by (n)nc-Si:H, (n)nc-
SiO,:H-2, and (n)nc-SiO,:H-1. As it will be discussed later, the higher
o4ark and generally lower E, of (n)a-Si:H could be attributed to its
deposition conditions and its different doping properties from the
amorphous incubation phase of nc-Si:H-based films. Moreover, we
observed thickness-dependent 64, and E, not only for (n)nc-SiO,:H

and (n)nc-Si:H layers, but also for (n)a-Si:H layers. That is, a thicker

layer exhibits a higher 64. and a lower E,. It is known for nc-Si:H-
based layers that the evolution of their nanocrystals results in
improved electrical properties.12 While for (n)a-Si:H, the thickness-
dependent o4, and E, could be ascribed to the non-coalesced films
during their initial stage of layers growth,* which result in reduced
material densities thus may negatively affect their electrical proper-
ties. Nevertheless, thickness-dependent electrical properties were
also reported previously for (n)a-Si:H thicker than around 100 nm,3>3¢
and those were ascribed to the existence of a resistive surface layer
when the layer becomes thin.

As listed in Table 2, (n)a-Si:H, which features the highest n and
the lowest Eq, is optically the least favorable among those (n)-layers.
It will be better to make (n)nc-Si:H and (n)nc-SiO,:H-2 layers, while (n)
nc-SiO,:H-1 features the lowest n of 2.08 and the largest Eqq of
2.60 eV. The larger Eq4 of nc-Si:H as compared to (n)a-Si:H could be
ascribed to the formation of small Si nanocrystals embedded in (n)a-Si:
H matrix, where the quantum size effect of nanocrystals,®” higher H-

incorporation into the amorphous matrix®® or higher void fraction®*
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may play a role. Despite the aforementioned possible explanations for
(n)nc-Si:H, the incorporation of oxygen into the amorphous matrix fur-
ther widens the Egs of both (n)nc-SiO:H layers.®® In particular, a
higher fraction of oxygen incorporation could account for the higher
Eo4 of (n)nc-SiO,:H-1 as compared to (n)nc-SiO,:H-2. The n and k of
various (n)-type thin films as function of wavelength are provided in
Figure S1.

To further correlate the opto-electrical properties of various (n)-
type thin films to their microstructural properties, we measure Raman
spectra of various (n)-type thin films deposited on top of bare glasses
and the ones on 10-nm-thick (i)a-Si:H coated glasses as reported in
Figure 3.

As illustrated in Figure 3A, where layers are deposited directly on
glass substrates, both nc-Si:H and (n)nc-SiO,:H-2 exhibit distinguish-
able Raman peaks near 520 cm™1, which is characteristic of crystalline
Si%° This evidences the existence of Si nanocrystals in the films,
although those crystalline Si peaks slightly downshift to around
510 cm™?, which is an indication of rather small-size Si nanocrystals in

41-43 and/or the tensile strain effect

our deposited 20-nm-thick films
of Si nanocrystals.** It is worth noting that those crystalline Si peaks
are also superimposed on a broad amorphous Si peak centered at
480 cm~ 1% which suggests the coexistence of amorphous and nano-
crystal phases in those films. Nevertheless, the existence of Si nano-
crystals in (nnc-Si:H and (n)nc-SiO,:H-2 enables better a doping

efficiency than amorphous Si,*¢~4?

explaining their relative higher
c4ark and lower E, as reported in Figure 2. However, (n)nc-SiO,:H-2
exhibits a slightly lower 64, as compared to (n)nc-Si:H due to oxygen
incorporation, which results in a weakened doping efficiency.’® On
the other hand, the (n)nc-SiO,:H-1 layer reveals a lower fraction of Si
nanocrystals, which could be ascribed to the excessive oxygen incor-
poration, suppressing the growth of nanocrystals.>*~>* This observa-

tion also explains the highest Egs and the lowest 64, obtained for (n)

(n)nc-Si:H

(m)nc-Si0 :H-2 7

Intensity (a.u.)

(n)ne-Si0 :H-1

1
!
1 L Il L

360 400 440 480

| L | s

600 640

320 520 560 680

Raman shift (cm™)

nc-SiO:H-1. As expected, only a broad amorphous Si peak was
observed for (n)a-Si:H.

When equivalent-thick 20 nm (n)-type thin films were deposited
on (i)a-Si:H coated glasses, all layers appear to be nearly fully amor-
phous as shown in Figure 3B. This is probably due to the green laser
used for Raman spectra, whose penetration depth is in the range of
hundreds of nanometers. Thus, the non-negligible signals from the
10-nm-thick (i)a-Si:H coatings may overwhelm the signals from those
those nc-Si:H-based

amorphous-phase-dominant as nanocrystals are yet to be well-

tiny crystals.>> Nevertheless, layers are
developed to promote higher 4., or lower E, than that of the stan-
dard (n)a-Si:H. This is because the initial amorphous incubation phase
of nc-Si:H-based layer might feature different doping efficiency from
that of the standard (n)a-Si:H. As known from the secondary-ion-mass
spectroscopy studies for thin (p)nc-Si:H (< 10 nm) and standard (p)a-
Si:H by Umishio et al.,>®> we attribute our observations of higher cqark
and generally lower E, for the (n)a-Si:H than nc-Si:H-based layers to
the following reasons: (a) the nearly 10 times higher flow of doping
gas (PH3) for (n)a-Si:H that can contribute to a higher phosphorous
content in (n)a-Si:H, (b) the probably higher phosphorous incorpora-
tion efficiency under the deposition conditions of (n)a-Si:H, and (c) a
lesser significant dopant inactivation induced by the hydrogen passiv-
ation in (n)a-Si:H than in those nc-Si:H-based layers.”¢~8

As for thickness-dependent 64, and E,, for all nc-Si:H-based
films, we suspect that the trends should be still related to the nucle-
ation and growth of nanocrystals despite having observed broad
amorphous peaks in Raman spectra obtained by the green laser. This
assumption is reasonable as for (n)nc-Si:H and (n)nc-SiO,:H-2 thicker
than 15 nm there are steeper slopes of variations of 644 and E, than
that of the standard (n)a-Si:H (see Figure 2). This suggests an
improved doping efficiency with higher fractions of nanocrystals
when layers get thicker. Especially, (n)nc-SiO,:H-2 layers thicker than

— T T T T T T T T T T
- (B) L _
: E (n)nc-Si:H
5 | !
s ' (n)nc-SiO :H-2 |
= :
= .
L= | |
2 : |
= i ' (mnc-SiO :H-1
B ' E (m)a-Si:H |
A A T T i R R T T B
320 360 400 440 480 520 560 600 640 680

Raman shift (cm™)

FIGURE 3 Raman spectra of various (n)-type thin films that were deposited on top of the (A) glass substrate, and (B) 10-nm (i)a-Si:H coated
glass substrate. Dashed vertical lines indicate the Raman shift of 480 cm™? and 520 cm ™. Schematic sketches of sample structures are shown in
Figure 1A. The thicknesses of deposited (n)-type thin films are around 20 nm [Colour figure can be viewed at wileyonlinelibrary.com]
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15 nm have already demonstrated a lower E, than that of the stan-
dard (n)a-Si:H (see Figure 2). To further reveal the nanocrystalline

fractions in those layers, an ultraviolet laser should be implemented.>>

3.2 |
<8 nm

Solar cells—Various (n)-type window layers

Based on the opto-electrical and microstructural properties of various
(n)-type thin films, we fabricated rear junction FBC-SHJ solar cells as
sketched in Figure 1B. Before the depositions of (n)-contacts, we also
(inc-Si:H
treatments,® which have negligible effects on the g for all (n)-type

applied previously optimized combined HPT + VHF

layers with thicknesses around 5 nm (see Figure S2). In this section,
we compare the performance of solar cells featuring various single-
layer (n)-contacts (i.e., without additional contact or buffer layers) with
different thicknesses. Based on previous optimizations, the 3-nm-
thick (n)nc-Si:H is chosen as it is the minimum thickness that can
already deliver good Voc and FF (see Figure S3). The J-V parameters
of solar cells are given in Figure 4.

First, as shown in Figure 4A, we discuss the effect of the ITO
sputtering on the passivation quality of cell precursors with different
window layers, which are represented by the i-Voc with and without
the ITO. Within the thickness range investigated, we observed i-Voc
drops of around 10-19 mV for all cell precursors with less conductive
(and high E,) (n)nc-SiO,:H-1. In comparison, the use of 3 nm and 8 nm
(Nnc-SiOcH-2 shows much-lower i-Voc degradations and even
improved i-Voc, respectively. We ascribe this to the thickness-
dependent 64,k and E, (see Figure 2), and the stronger capability of
more conductive (and a lower E,) (n)nc-SiO,:H-2 to preserve the field-
effect passivation after the ITO sputtering as compared to (n)nc-SiO,:

H-1. We observed a nearly 10 mV i-Voc degradation for cell precur-
sors with 3-nm-thick (n)nc-Si:H. Notwithstanding this 3-nm-thick (n)
nc-Si:H might have a higher ¢4, and a lower E, than that of 8-nm-
thick (n)nc-SiO,:H-2 as expected from Figure 2, this degradation could
be attributed to the too-thin thickness and seemingly porous struc-
ture of this (n)nc-Si:H that makes it less robust to sputtering damages
as will be discussed later in Section 3.3. Despite the comparisons
among different (n)-contacts, cell precursors with the same type but a
thicker (n)-contact showed better passivation resilience against the
ITO sputtering as compared to the thinner counterparts.

Besides, we observed significant degradations from i-Voc to
Voc after cell metallizations with both (n)nc-SiO:H thinner than
5nm as seen in Figure 4A. For instance, although cells with 2- to
4-nm (n)nc-SiO,:H-1 exhibit comparable i-Voc of around 705 mV
before metallization, the loss from i-Voc to Voc increases for cells
with the thinner (n)nc-SiO,:H-1. We linked those larger losses to
the insufficient selectivity and increased recombinations, which
seem to be related to the thickness-dependent oy, and E, of (n)-
contacts as shown in Figure 2.2 Nevertheless, cells with 8-nm-thick
(n)nc-SiO,:H-1 show the minimum i-Voc to Vo drops among the (n)
nc-SiO,:H-1 thickness series. Similar observations were found for
cells with (n)nc-SiO,:H-2 and (n)a-Si:H where a thicker (n)-contact
accounts for lesser i-Voc to Voc degradations. Those trends were
also found before by Wernerus et al. for both (n)nc-Si:H and (n)a-Si:
H in rear junction SHJ solar cells.>* Therefore, around 8 nm of (n)
nc-SiO,:H single-layer is at least required for preserving the passiv-
ation quality while being capable of effective electron collec-
tions.1®28 Despite the i-Voc losses after ITO and metallization for
the 3-nm-thick (n)nc-Si:H, mainly thanks to its high i-Voc of 745 mV
(before ITO sputtering) achieved for cell precursors, the completed
solar cells can still exhibit a good Voc of around 719 mV. This high
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FIGURE 4 The J-V characteristics of rear junction FBC-SHJ solar cells with various (n)-type contacts: (A) i-Voc and Vg, (B) Jsc, (C) FF, and
(D) . The results represent averaged parameters of four solar cells (3.92 cm?) and the error bars represent the standard deviations [Colour figure

can be viewed at wileyonlinelibrary.com]
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i-Voc could be attributed to beneficial hydrogen incorporations dur-
ing the deposition of (n)nc-Si:H layers.>>°?

Then as illustrated in Figure 4B,C, cells with both 8-nm-thick (n)
nc-SiOH tend to exhibit recovered Jsc2? and higher FF27:28:0 values
as compared to their thinner counterparts. Those variations can again
be related to the thickness-dependent o644« and E, trends as seen in
Figure 2. Specifically, the recovered Jsc values result from the reduced
recombinations and improved selective transport of electrons, which
are also suggested by the improved V¢ values (see also Figure S4).
And for well-passivated cells (Voc > 710 mV), the J-V characteristics
of solar cells correspond well to the optical properties of (n)-layers
and electrical properties of around 5-nm-thick layers as summarized
in Table 2. In other words, (n)-layer with a higher 64, (lower E,) or a
larger Eos tends to deliver a higher FF?7 or Jsc in the solar cell, respec-
tively. Thus, cells with (n)a-Si:H demonstrate the highest average FF
of 78.9% while cells with 8-nm-thick (n)nc-SiO:H-1 exhibit the
highest average Jsc of 39.2 mA/cm?. However, both of their n are
slightly limited by the non-optimal tradeoff between the optical and
electrical properties of the (n)-contacts. Interestingly, cells with only
3-nm-thick (n)nc-Si:H features not only a favored average Jsc of
38.9 mA/cm? but also decent average FF of 78.6% and Voc of
719 mV, thus the highest average 5 of 22.0% was achieved.

Note that this 3-nm-thick (n)nc-Si:H (n)-contact is expected to
feature a high E, value of at least around 590 meV (see Figure 2) and
yet, the corresponding solar cells deliver decent FFs above 78.6% (see
Figure 4). Notwithstanding the limited active doping, in such a thin Si
layer, the electrons are able to tunnel directly from (n)c-Si to TCO,
making the transport of electrons less sensitive to the condition of (n)-
contact/TCO heterointerface after processing. Therefore, electrons
can be collected effectively as long as the passivation quality is well-
preserved. In the case of thicker layers, a similar transport path also
happens if the nc-Si:H-based (n)-contacts feature well-developed

nanocrystals®® and special processing condition of (n)-contact/TCO

1.0
0.8
= 0.6
n
g0.4 - I-R EQE (n)-type window layer  Jg. .. .
- - - —— 81nm (m)ne-SiO :H-1: 39.3 mA/em’
02 - - - —— 8 nm (n)nc-SiO :H-2: 39.1 mA/em’ )
- - - 3 nm (n)nc-Si:H :39.2 mA/em’
- - - 4 nm (n)a-Si:H :38.7 mA/em’
0'0 1 " 1 " 1 1
400 600 800 1000 1200
Wavelength (nm)

interface.® However, the parasitic absorption of thick (n)-contacts will
limit the solar cell efficiency. Nevertheless, (n)-contact with a low E,
still benefits the effective collections of electrons.?” Thus, a combina-
tion of thinner (n)-contacts exhibiting low E, is promising to boost the
conversion efficiency of solar cells.

The EQE, 1-R spectra and IQE spectra of cells with 8-nm-thick (n)
nc-SiO,:H (both types), 3-nm-thick (n)nc-Si:H and 4-nm-thick (n)a-Si:H
are plotted in Figure 5.

As shown in Figure 5A, the differences among various EQE spec-
tra were mainly found in the wavelength range from 300 to 600 nm.
In this wavelength range, compared to the cell with (n)a-Si:H, the (n)
nc-SiOxH-1 cell exhibits a Jsc gqe gain of 0.8 mA/cm?, while both (n)
nc-SiOx:H-2 and (n)nc-Si:H counterparts show Jsc eqe improvements
of around 0.6 mA/cm?. Those EQE differences once more correspond
well to the reported optical properties of the (n)-layers as given in
Table 2. Specifically, the derived IQE spectra in Figure 5B further
reveal the dominant role of parasitic absorptions of various (n)-type
window layers on those EQE differences.? This finding is also con-
firmed by performing optical simulations of our solar cells (see
Figure S5). Although the cell with 8-nm-thick (n)nc-SiO,:H-1 showed
the highest integrated Jsc eqe of 39.3 mA/cm?, the device with 3-nm-
thick (n)nc-Si:H delivered a comparable Jsc gqe of 39.2 mA/cm? thanks
to the ultra-low thickness of the (n)-contact. Those results suggest
that this 3-nm-thick (n)nc-Si:H is an optically promising window layer
for FBC-SHJ solar cells.

3.3 |
mapping

Solar cells—HRTEM and EDX elemental

We further conducted HRTEM with EDX elemental mapping to inves-
tigate: (a) the thickness of (n)-type layers deposited; (b) the micro-

structural characteristics of various (n)-type films deposited in solar
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FIGURE 5 The (A) EQE, 1-R spectra, and (B) IQE spectra of rear junction FBC-SHJ cells with various (n)-contacts [Colour figure can be

viewed at wileyonlinelibrary.com]
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cells; (c) appearance of (n)c-Si/(i)a-Si:H and (n)-contact/ITO interfaces.
The HRTEM images resulting from the front side interfaces of solar
cells with 4-nm-thick (n)a-Si:H and 3-nm-thick (n)nc-Si:H are shown in
Figure 6.

As illustrated in Figure 6A,B, together with recognizing ~6.5-nm-
thick (i)a-Si:H layer (see Figure Sé), we confirm that the deposited
thicknesses of (n)-contacts in the devices are close to the designated
thicknesses, which are approximately 4 and 3 nm for (n)a-Si:H and (n)
nc-Si:H, respectively. Besides, both (n)-contacts exhibit nearly fully
amorphous microstructures. Although the (n)nc-Si:H layer appears
amorphous, 1-3 nm crystalline seeds embedded in otherwise amor-
phous material cannot be excluded in the relatively thick TEM foil of
about 20 nm. Typically, the amorphous incubation phase is around 2-
to 3-nm-thick when the layer is deposited on (i)a-Si:H.6% As the (n)nc-

Si:H layer used in this study is only around 3 nm, it is difficult to
observe any nanocrystalline phase in this 3-nm-thick (n)nc-Si:H layer.
As the incubation phase is also part of the formation of (n)nc-Si:H
layer, we still consider this 3-nm-thick layer to be (n)nc-Si:H or based
on (n)nc-Si:H PECVD plasma growth conditions. Further advanced
characterizations could help us to identify the eventual existence of
nanocrystal in such a thin layer. For simplicity, we still name this
3-nm-thick layer as (n)nc-Si:H unless otherwise stated. Nevertheless,
this (n)nc-Si:H layer exhibits different characteristics from the stan-
dard (n)a-Si:H. For the cell with (n)nc-Si:H, we observed a 1-2-nm-
thick sublayer that is rougher than that of the (i)a-Si:H + (n)nc-Si:H
bulk. This sublayer can be attributed to the formation of oxygen-rich
(nnc-Si:H/ITO interface as elaborated later in Figure 7A,B with
EDX results. Besides, it is also worth noting that for the cell with

FIGURE 6 HRTEM cross-
sectional images of FBC-SHJ solar
cell's (n)-contact structures
featuring (A) ~4-nm-thick (n)a-Si:
H, and (B) ~3-nm-thick (n)nc-Si:H
viewed from <110> orientation.
The white dashed lines are guides
to the eyes for distinguishing (n)c-
Si/(i)a-Si:H and (n)-contact/ITO
interfaces. In Part (B), the red
dashed lines and arrows highlight
the 1-2 nm sublayer that is
rougher than the (i)a-Si:H + (n)nc-
Si:H bulk. The inset of Part (B) is
the magnified region of the red
dashed lines and arrows. The
dashed colored rectangular areas
include possible Si atoms double
stacking faults and tiny twinned
crystals with the c-Si wafer
substrate. Part (C) exhibits the
magnified dashed blue rectangle
in Part (B). In Part (C), the dashed
yellow lines represent the
consistent Si atoms stacking with
the c-Si wafer, the green dashed
lines represent the Si atoms
stackings with different
orientations from the c-Si wafer
[Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 7 The scanning TEM (STEM) high-angle annular dark-field (HAADF) images combined with chemical compositional mapping

measured by EDX of solar cells with (A) ~4-nm-thick (n)a-Si:H, and (B) ~3-nm-thick (n)nc-Si:H (n)-contacts. The white dashed lines are guides to
the eyes for distinguishing (n)c-Si/(i)a-Si:H and (n)-contact/ITO interfaces. Note that the P signal detected outside P-rich zones is an artifact, just
as the O signal in the c-Si substrate. Part (C) presents the atomic fractions (intensity) of different elements (HAADF) for EDX mapping results that
are shown in Parts (A) and (B). The “O-nm” position lies inside the (n)c-Si wafer and it is close to the (n)c-Si/(i)a-Si:H interface [Colour figure can be

viewed at wileyonlinelibrary.com]

3-nm-thick (n)nc-Si:H, on some occasions Si atoms double stacking
faults and tiny twinned crystals on top of the c-Si substrate could be
seen as shown in Figure 6C. A comprehensive study with similar
observations was recently reported.®® The formation of those crystals
at c-Si/(i)a-Si:H interface could be induced by the highly hydrogen-
diluted plasma and the lack of oxygen during the deposition.>24%°
For those reasons, unlike (n)nc-Si:H, we hardly observed those crystal-
line structures at c-Si/(i)a-Si:H interface for both cells with (n)a-Si:H
and (n)nc-SiO,:H-1 (see Figure Sé).

As shown in the O maps of Figure 7A,B, we observed more oxy-
gen presence in/near the P-rich region of the 3-nm-thick (n)nc-Si:H as
compared to the (n)a-Si:H counterparts. Further, from the Si map, we
can also identify a reduced Si atomic fraction of deposited (n)nc-Si:H
close to ITO, while (n)a-Si:H remains a similar atomic percentage of Si
as compared to that of the (i)a-Si:H beneath. Similar observations of
reduced Si atomic fraction and prominent O incorporation are also
found for (n)nc-SiO,:H-1 (see Figure S6). Therefore, both O and Si
maps of the cell with (n)nc-Si:H indicate significant amounts of oxygen

incorporations into the deposited (n)nc-Si:H. The more numerous

oxygen incorporations can be ascribed to the possibly more porous
phase of (n)nc-Si:H as it is close to the intermediate highly porous
amorphous-to-crystalline transition phase.®® This finding suggests a
possible less resistive (n)a-Si:H/ITO interface as compared to (n)nc-Si:
H/ITO interface, which may explain the slightly higher FF observed
for the cell with (n)a-Si:H aside from the fact that 4-nm-thick (n)a-Si:H
is more conductive than 3-nm-thick (n)nc-Si:H (see Figure 4). Similar
observations were also reported by Sheng et al., who conducted X-ray
photoelectron spectroscopy (XPS) depth profiling measurements on
(n)-type layer/ITO interface for amorphous silicon solar cells.®” The (n)
a-Si:H/ITO interface exhibited advantageous characteristics as com-
pared to that of (n)uc-Si:H, such as lack of oxygen segregation, less
oxidized Si thin films around the interface region, and less ITO in-dif-
fusion. While as seen in our EDX results, indium (In) is well con-
strained within ITO for all (n)-contacts investigated. Lastly, due to the
very tiny atomic fractions and large scatterings of P content in all sam-
ples, we cannot justify if there is any statistical difference in P content
from those EDX results between the two samples, though a near-zero

P content in the oxygen-rich (n)nc-Si:H layer can be concluded from
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the EDX results. Further investigations are needed for a more com-
plete comparison between the (active) doping concentrations in the

various thin (n)-contacts.

3.4 | Solar cells—Effects of interface treatments

To mitigate the possible resistive interface of (n)nc-Si:H with ITO as
observed in Figure 7, we deposited 2-nm (n)a-Si:H capping layer on
top of the 3-nm-thick (n)nc-Si:H. This extra (n)a-Si:H aims at improving
the transport of electrons through (n)a-Si:H/ITO interface. Besides,
the effects of HPT + VHF (i)nc-Si:H treatments, which were already
applied for solar cells with 3-nm-thick (n)nc-Si:H (n)-contact in
Figure 4, are also investigated in this section. Note that we have not
observed any detectable layer growth or etching by SE after
6 minutes of VHF (i)nc-Si:H deposition. The J-V parameters of solar
cells are shown in Figure 8.

As presented in Figure 8, the combined HPT + VHF (i)nc-Si:H
treatments significantly improved i-Voc of precursors (before ITO)
from 734 to 745 mV. Aside from an 11-mV gain of cells' Vo, we also
observed a slightly increased Jsc and a nearly 3%.ys. FF improvement
by applying the treatments. Those improvements are related to more
hydrogen incorporation induced by the treatments, which improve
the passivation quality and increase the bandgap of (i)a-Si:H layers.3®
Nevertheless, the additional 2 nm of (n)a-Si:H capping layer further
improved the FF to 80%, which could partially be attributed to a bet-
ter (n)a-Si:H/ITO interface as expected from the EDX results and also
a more conductive (n)-contact stack as discussed in Section 3.1.

Although we observed a slightly lower i-Voc already before ITO

deposition when (n)a-Si:H capping layer was applied, the precursor
preserved its passivation quality after ITO sputtering, unlike passiv-
ation degradations observed for other (n)nc-Si:H single-layer counter-
parts. Nevertheless, mainly due to extra parasitic absorption that was
induced by this additional (n)a-Si:H layer, cells exhibited 0.4%.,,s lower
efficiency as compared to the cells with only the combined HPT and
VHF (i)nc-Si:H treatments. Overall, 3-nm-thick (n)nc-Si:H with com-
bined HPT + VHF (i)nc-Si:H treatments is appealing to be used as the
window layer mainly thanks to the high Jsc and the promising FF of
the cells.

3.5 | Solar cells—Certified I-V and MgF,/ITO
double-layer anti-reflection coating

The best cell with 3-nm-thick (n)nc-Si:H and the reference cell with
4-nm-thick (n)a-Si:H were chosen to be independently certified at
ISFH CalTec (Hamelin, Germany). Both cells feature the same layer
stacks and fabrication process except for the (n)-contact. The mea-
sured |-V parameters are shown in Figure 9. The cell with 3-nm-thick
(nnc-Si:H exhibits certified designated area  of 22.20%, which is
0.44%.,,,s. higher than that of (n)a-Si:H counterparts mainly due to the
highly transparent thin (n)nc-Si:H window layer. As reported
previously,'”?2 for doped layers thicker than ~9 nm, Jsc gains were
observed for cells with doped nc-Si:H rather than for cells with a-Si:H
with comparable thicknesses. Here, we exploit further the more opti-
cal advantageous (n)nc-Si:H over the (n)a-Si:H at an ultra-thin thick-
ness level (~3 to 4 nm). Nevertheless, further comprehensive studies

including fine-tuning of our processes are needed to draw more
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FIGURE 8 The schematic sketches and external parameters of rear junction FBC-SHJ cells featuring 3-nm-thick (n)nc-Si:H as (n)-type contact
as function of HPT + VHF (i)nc-Si:H and (n)a-Si:H capping layer treatments. Solar cells without any treatment are denoted as the reference (Ref.).
The VHF (i)nc-Si:H is abbreviated as VHF. Note that we have not observed any detectable layer growth or etching by SE after 6 minutes of VHF

(i)nc-Si:H deposition. The results represent averaged parameters with four solar cells (3.92 cm?) and the error bars represent the standard

deviations [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Theindependently certified |-V characteristics and device parameters of the best rear junction FBC-SHJ solar cells featuring
(A) 3-nm-thick (n)nc-Si:H and (B) 4-nm-thick (n)a-Si:H contact. Both cells feature the same layer stacks and fabrication process except for the (n)-
contact. The certifications were performed at ISFH CalTeC (Hamelin, Germany) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 The EQE and 1-R spectra of rear junction FBC-SHJ
cell featuring 3-nm-thick (n)nc-Si:H with and without MgF, for
forming DLARC with ITO [Colour figure can be viewed at
wileyonlinelibrary.com]

detailed conclusions. It is worth noting that our screen-printed Ag
front fingers feature a designated width of ~70 pm, which leaves still
plenty of room for improving further the Jsc of the solar cells. Never-
theless, our 3 nm thin (n)nc-Si:H enabling efficiency above 22% is
thinner than the state-of-art minimum required thickness for (n)nc-Si:
H or (n)nc-SiO,:H-based (n)-contacts for high-efficiency SHJ solar
cells, 4192228 thys enabling lower material consumptions and poten-
tials for higher industrial throughputs.

To further explore the potential of the optimized stack, we
applied an additional 100-nm-thick MgF, layer on top of the ITO to
form the double-layer anti-reflection coating (DLARC).%¢? We dem-

onstrate a Jsceqe Up to 40.0 mA/cm? for the cell with 3-nm-thick (n)

nc-Si:H as shown in Figure 10. This Jsc eqe gain brings the active area
Nactive 10 22.88% and originates from the better anti-reflection effects
induced by the DLARC. Thus, we observed 0.2 and 0.6 mA/cm?
Jsceqe improvements in the wavelength ranges below and above
600 nm, respectively. Further improvements to achieve cell > 23%
in the short-term are (a) a more transparent TCO, such as IFO:H,”°
(b) a lower front metal coverage via finer-line screen printing or
copper-plating,”* and (c) a better passivation quality by applying a
bilayer (i)a-Si:H layer stack.®®>72

4 | CONCLUSIONS

In this work, aiming at minimizing the parasitic absorptions induced by
(n)-type window layers, we studied opto-electrical properties of (n)a-
Si:H, two types of (n)nc-SiO,:H, and (n)nc-Si:H layers and implement
them (as thin as 2 nm) into rear junction FBC-SHJ solar cells.

We firstly investigated and compared various (n)-type layers
both optically and electrically, where (n)a-Si:H is the least optical
favorable then followed by (n)nc-Si:H and two (n)nc-SiO,:H layers.
However, due to the observed thickness- and substrate-dependent
electrical properties, nc-Si:H-based layers exhibited lower 64, and
generally higher E, values than that of (n)a-Si:H when they were
deposited on (i)a-Si:H coated glasses with thicknesses below 20 nm.
Accordingly, those layers were integrated into rear junction FBC-
SHJ solar cells. We noticed a strong correlation between (n)-
contacts properties and cell precursors' passivation qualities after
ITO sputtering. That is, a thicker and a more conductive (n)-contact
tends to exhibit a higher passivation resilience to ITO sputtering
and a smaller gap from i-Voc to Voc. Besides, we also found that
(n)-layer with a higher Egs or a larger oga (lower E,) delivers a
higher J,. or a higher FF in well-passivated solar cells (Voc
> 710 mV), respectively.
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Subsequently from HRTEM and EDX analysis, a higher oxygen
presence near (n)nc-Si:H/ITO interface is revealed as compared to the
(n)a-Si:H counterpart, which suggests a less resistive (n)a-Si:H/ITO
interface and thus contributing to slightly higher FFs observed in solar
cells. Eventually, we demonstrated the successful application of an
ultra-thin layer of only 3-nm-thick based on (n)nc-Si:H PECVD plasma
growth conditions together with HPT + VHF (i)nc-Si:H that delivers a
certified designated area 5 of 22.20%. This cell shows 0.61 mA/cm?
Jsc gain over the (n)a-Si:H counterpart owing to the higher transpar-
ency of (n)nc-Si:H, while maintaining comparable Voc > 714 mV and
FF > 80%. Further, the cell with 3-nm-thick (n)nc-Si:H featuring MgF,
/ITO DLARC exhibits a Jsceqe of 40.0 mA/cm? and an active area
Nactive Of 22.88%.
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