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ARTICLE INFO ABSTRACT

Keywords:

Tungsten-doped indium oxide

Silicon heterojunction solar cell
Improved near-infrared response

Room temperature transparent electrode

The window layers limit the performance of silicon heterojunction (SHJ) solar cells with front and back contacts.
Here, we optimized tungsten-doped indium oxide (IWO) film deposited by radio frequency magnetron sputtering
at room temperature. The opto-electrical properties of the IWO were manipulated when deposited on top of thin-
film silicon layers. The optimal IWO on glass shows carrier density and mobility of 2.1 x 10%° cm™2 and 34 cm?
vlsT respectively, which were tuned to 2.0 x 10%° cm 2 and 47 cm? V157, as well as 1.9 x 10%° cm ™2 and
42 cm? V~s™!, after treated on i/n/glass and i/p/glass substrates, respectively. Using the more realistic TCO data
that were obtained on thin-film silicon stacks, optical simulation indicates a promising visible-to-near-infrared
optical response in IWO-based SHJ device structure, which was demonstrated in fabricated devices. Addition-
ally, by adding an additional magnesium fluoride layer on device, the champion IWO-based SHJ device showed
an active area cell efficiency of 22.92%, which is an absolute 0.98% efficiency gain compared to the ITO
counterpart, mainly due to its current gain of 1.48 mA/cm?.

1. Introduction

For silicon heterojunction (SHJ) solar cells, increasing short-circuit
current density (Jsc) or fill factor (FF) is an attractive route to further
improve device efficiency, since minority carrier effective lifetimes at
one-sun injection levels approach the Auger and radiative recombina-
tion limit of the commonly-used silicon wafer base [1]. This contribution
mainly focuses on Jsc. In SHJ with front and back contacts, a front
transparent conductive oxide (TCO) on top of thin-film silicon layers is
required to ensure sufficient lateral carrier transport towards metal
contacts. Further, it acts as an anti-reflection coating on the illuminated
side of the solar cell [2]. On the other hand, to serve as a contacting and
optical reflector, rear TCO is also required for practical SHJ device
application [3,4]. To date, the development of TCOs with high mobility
and low free carrier parasitic absorption (FCA) has facilitated promising
Jsc of over 40 mA/cm? [5,6].

Indium oxide (InyO3) has been proven to be an excellent host ma-
terial for developing high performance TCOs with variable dopant

introduction [7,8]. By far, the choice of dopants that induce high
mobility in TCOs has largely been empirical, in which InpO3 doped with
transition metal elements (such as Zr [5,9], Ti [10], Mo [11], Ce [12], Hf
[13], W [8,14-16]) represent an attractive group. As suggested by Zhang
et al. [17], the high mobility potential of the transition metal doped
Iny03 could be explained by the high Lewis acid strength, which can be
calculated from L = Z/r? - 7.7y, + 8.0, where r is the ionic radius related
to the electrostatic force due to the oxidation state Z of the ion and y, is
the electronegativity of the element in the respective oxidation state.
WO exhibits a high L of 3.158 due to its low ionic radius and high
oxidation state. The W dopant with higher L compared to In>" (1.026) in
the host compound attracts electronic charge from the 0%~ 2p valence
band, resulting in the screening of the dopant’s effective charge (2). This
screening effect weakens the interaction between the carriers and
dopant ions, which means that the dopant’s activity as a scattering
center is receded thus high mobility is achievable. In addition, the ion
radii of W8 and In®" are 0.6 A and 0.8 A, respectively, the tungsten
dopant can substitute indium site in the lattice of InyOs, high
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crystallinity of IWO in Inp,O3 polycrystalline structure has been reported
[18]. Moreover, Wo* substituting for In®" can still provide an electron
even when associated with interstitial oxygen impurities (0%7) in the
lattice by forming charged complexes, [(Wr, *) O{']°, as oppose to Sn**
dopants in ITO, which become deactivated by forming neutral com-
plexes, [(2Snf,)O;{']. This means that for the same number of carrier
concentration, there may exist much less of dopant scattering centers in
IWO film than in the commonly used ITO film [19]. All the above factors
contribute to a high carrier mobility potential in IWO film [7].
Furthermore, tungsten doped indium oxide (IWO) shows complemen-
tary features in combining the advantages of indium oxide and tungsten
oxide; thus it provides possibilities in manipulation of different contact
characters [20]. As a consequence, IWO is a promising candidate for
transparent electrode in photovoltaic devices [16].

For the fabrication of IWO layers, a wide range of deposition tech-
niques have been utilized, such as pulsed laser deposition (PLD), reac-
tive plasma deposition (RPD, or arc plasma ion plating, or high-density
plasma-enhanced evaporation), magnetron sputtering [7,12,14]. In
order to obtain decent carrier mobility above 60 cm? V™! 57!, a depo-
sition temperature of above 300 °C was utilized for quite a long time [7].
This is not suitable for SHJ devices, which require a process temperature
below 250 °C, or even lower [4,21]. Since 2013, Liu et al. have been
working on developing SHJ-targeted IWO film via RPD approach [15,
16,19,22]. Similar technique was also utilized by Koida et al. [8,23].
Besides, Lerat et al. applied radio frequency (RF) magnetron sputtered
hydrogenated IWO for SHJ application [24]. The above-mentioned
techniques were using a deposition or post-deposition annealing treat-
ment above 150 °C.

Accordingly, it is imperative to study the opto-electrical properties
and the application of a low thermal budget IWO layer. Herein, we
present an IWO optimization at room temperature (RT) by RF magne-
tron sputtering. The opto-electrical properties of the optimized IWO film
are evaluated on top of thin-film silicon layers. Finally, the performances
of IWO-based SHJ solar cells are tested and compared to reference de-
vices with ITO.

2. Methodology

Deposition of TCO films: TCO films were deposited on corning glass
substrates by RF magnetron sputtering technique (Polyteknic AS). Prior
to sputtering, the substrates were cleaned in acetone and isopropyl
alcohol sonication baths for 10 min, respectively. IWO films were
deposited from a ceramic target which is made of 95 wt% In;O3 and 5 wt
% WOs3. Argon and 1% oxygen in argon were utilized as the process gas.
The chamber was evacuated to a base pressure below 1 x 10~/ mbar
before deposition to eliminate the contribution of the water during the
processing. All depositions were performed at room temperature
without any intentional heating, with the chamber pressure of 4.0 x
1073 mbar, (Ar + O3) flow of 20 sccm, and power density of ~0.8 W/
cm?. The deposition rate of the optimized IWO films was ~2 nm/min.
ITO reference films were grown from a ceramic target consisting of 90
wt% InyOs and 10 wt% SnO;. The ITO depositions were done at sub-
strate temperature of 110 °C, chamber pressure of 2.0 x 10~2 mbar, Ar
flow of 50 sccm (0.05% O3), and power density of ~1.8 W/cm?. The
deposition rate of ITO layer was ~6 nm/min.

Fabrication of SHJ solar cells: First, 4-inch float zone (FZ) 280-ym
thick n-type flat (100) oriented wafers (1-5 Q cm) were randomly
textured in a heated solution composed of 5% TMAH and 2.4% ALKA-
TEX 8 from GP-Solar-GmbH. The double-side textured wafers were
subsequently cleaned in two subsequent baths of HNO3 for 10 min a
HNO3 99% bath (RT, 10 min) and HNO3 69.5% (110 °C, 10 min) for
removing the organic and inorganic contaminations, respectively. Wa-
fers were dipped in 0.55% HF for 4 min to remove the superficial oxide
layer and immediately after loaded into the plasma enhanced chemical
vapour deposition (PECVD) system. Then, SHJ cell precursors with front
10-nm thick i/n stack and rear 26-nm thick i/p stack thin-film silicon
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layers were prepared. Nominal 75-nm and 150-nm thick TCO films were
sputtered on the front and rear sides of the wafers, respectively, through
hard mask, which defines different cell areas on each wafer. The TCO
layers of the front and rear side were deposited with the same param-
eters. A geometrical factor of 1.7 was used in the thin film silicon layer
growth and TCO sputtering on textured wafer surface, with respect to
that on flat wafer. After sputtering, the IWO-based cell precursors were
annealed in air at 180 °C for 5 min for curing purposes. We note that
ITO-based devices maintained good passivation qualities after ITO
sputtering; thus no subsequent post annealing treatment was applied on
corresponding cell precursors. Front metal contacts were RT electro-
plated Cu fingers, with an underlying 100-nm thick Ag as seed layer
[25]. The photolithography process with organic photoresist (AZ
ECI3027 from Microchemicals) was used to define the contact area for
metallization. The rear metal contact was 500-nm thick thermally
evaporated Ag. For a double layer anti-reflection coating purpose,
90-nm thick MgF, layer was e-beam evaporated on the front side of the
completed SHJ devices.

Characterizations: The opto-electrical properties of the TCO films
were evaluated with a Hall effect measurement setup HMS-5000
(ECOPIA CORP) and with a spectroscopic ellipsometry (SE) system M-
2000DI1 system (J.A. Woollam Co., Inc.). The former gave information on
the carrier density (N,), carrier mobility (unay1), and resistivity (p) of the
TCO films. The latter was instead used to derive the film thickness (d),
wavelength-dependent complex refractive index (n, k), and absorption
coefficient (@) spectra. The optical band gap (Eg) was extracted from
Tauc plot [26]. The single and multi-layer strategy approach in SE
modelling is described in Fig. S1. Besides, the transmittance and
reflectance spectra were obtained from a PerkinElmer Lambda 1050
system. Additionally, the crystalline structure of the films was studied
with the X-ray diffraction (XRD) technique. The XRD spectra were ob-
tained on an XPERT-PRO diffractometer system with spinning stage
(Spinner PW3064), and a Cu Ka radiation from the X-ray tube with
normal focus was used (Cu Ka = 1.5406 A). Morphological images of the
TCO layers were detected from field-emission scanning electron micro-
scope (FE-SEM) via Hitachi Regulus 8230, and surface roughness of the
thin-film silicon layers was obtained from atomic force microscope
(AFM) measurement setup and NOVA program.

Simulation: Ray-tracing GenPro4 optical simulations [27] of our SHJ
device structure were performed based on double-side textured c-Si
wafer with SE-fitted complex refractive index of each functional layer as
input.

Solar cell measurements: Quasi-steady-state photoconductance
(QSSPQC) lifetime measurements were performed using a Sinton In-
struments WCT-120 on cell precursors before and after the TCO sput-
tering. Current-voltage (I-V) characteristics of complete SHJ devices
were measured using a class AAA Wacom WXS-1568S solar simulator
under 1-sun illumination conditions (100 mW cm ™2, AM 1.5G). The
error bar in reported figures was calculated by dividing the standard
deviation by the square root of number of measurements. External
quantum efficiency (EQE) measurements were performed to evaluate
wavelength-dependent optical response and to extract the short-circuit
current density Jsc roe. The active area power conversion efficiency of
the devices was calculated from the product of Voc, FF, and Jsc gge. The
reflectance of solar cells was also measured via the PerkinElmer Lambda
1050 system.

3. Results and discussion

3.1. Opto-electrical properties optimization and material analysis of 75-
nm thick IWO films on glass substrate

Hall measurements show that the IWO films are n-type semi-
conductor. Fig. 1(a) shows their carrier density (Ne), mobility (ue), and
resistivity (p) change as function of O,-to-Ar flow ratio (X). For X
increasing from 0 to 0.50%, N. monotonously decreases, while . first
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Fig. 1. (a) N,, e, and p of the as-grown IWO films with a variable O,-to-Ar flow ratio (X), based on six groups of experimental data. (b) Complex refractive index of

the IWO films for different X.

rises and then goes slightly down. Consequently, the p value first de-
creases and then rises up. The highest ye of 34 cm? V~'s~! was obtained
at X = 0.25%. This is higher than the reported <20 cm? V™'s™! of RT-
sputtered IWO layer at room temperature [28]. However, we note that
both N, and y. of our as-deposited layer are lower than that of reported
RT grown IWO films from RPD approach [14,19]. Possibly, as compared
to the sputtering process, the high-density plasma density in RPD tech-
nique provides higher reactivity of the evaporated species from the
tablet material, which promotes higher effective doping of W dopant
and thus produces excess electrons and higher N, in the IWO film [14,29,
30]. The charge screening effect of more effective W dopant and the
plausibly increased densification/crystallization of the film, contribute
to a higher . in the IWO film [7,14,19].

Furthermore, the electrical properties of the TCOs correlate their
optical properties. Fig. 1(b) displays the complex refractive index of the
IWO films. The IWO deposited at X = 0.25% yields the largest optical
bandgap (Eg) in UV range and low absorption in NIR range, while the
IWO deposited at X = 0.50% shows an Eg shrinkage (Moss-Burstein ef-
fect [31]) and rather high p due to its lowest Ne. Thus, it was not
considered for use in devices.

Fig. 2(a-b) present the XRD patterns corresponding to an In,O3 cubic
bixbyite crystal structure and SEM images of the IWO layers grown with
different X. One can see from both figures that, with increasing X from
0 to 0.50%, the crystallization of the as-deposited IWO films largely
improves. This is possibly due to the increased stoichiometric compo-
sition of the film [32]. For the XRD results with X = 0 and X = 0.15%, the

(a) (b)
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absence of diffraction peaks is indicative of mostly amorphous films.
Further, from corresponding SEM images, we additionally observe the
characteristic crystalline grain evolution, indicating a limited sensitivity
of the XRD measurement in detecting low crystalline materials [9]. From
Fig. 2(b), the grain size of the IWO films shows a decreasing trend with
increased X, indicating more grain boundaries (GBs) that act as carrier
scattering defects. Therefore, combined with the data shown in Fig. 1,
the monotonously decreased N, from X = 0 to X = 0.50% is mainly
caused by a continuously increased oxygen incorporation, which oc-
cupies oxygen vacancies (Vo) that provide additional electrons in the
IWO films [33]. Whereas the pe could be influenced by the compensation
of decreased point defect scattering from Vo elimination, and GB scat-
tering as mentioned above in Fig. 2 (b) [7]. In addition, the carrier
transport at GBs is also influenced by the N, change [34-36]. As a
consequence, y. firstly rises from X = 0% to X = 0.25%, then drops with
a further increased X to 0.50%.

Fig. 3 compares the absorption coefficient spectra of the optimal IWO
grown from X = 0.25% to the ITO reference, with the inset table showing
the parameters of Ne, ye, p and Eg. Notably, in the short wavelength
range, the IWO with lower N, shows a larger optical bandgap (Eg) than
ITO, which is opposite to the well-known Moss-Burstein effect [31].
Presumably, it indicates a smaller effective electron mass in the IWO
film structure [7,11]. Besides, with respect to ITO film, the lower ab-
sorption coefficient (a) of IWO layer in the NIR region could be
explained by the classical Drude theory [37,38]. In addition, to further
confirm the observations, we compared the absorptance curves of IWO

500 nm

Regulus 2.0KV x100k SE(U)

7

500 nm
H—I—Iﬂdﬂ—l—gcm

Fig. 2. (a) X-ray diffraction patterns, and (b) scanning electron microscope images of IWO films deposited with different O-to-Ar flow ratios (X).



C. Han et al.

1.6
~ ——IWO
g ——ITO (ref))| 12 E
S 12 E
= E
3
= g
5 H408 o
15 Q
£ 08 8
5 N, H, P E, §
: (1020 cm®) | (em? V's) | (104 Q em) (eV) ;
e wo | . i s | 1s6 q04 0
g. 04 L (RT) 2. 3 D) 5 z
w0

<
o IO | o4 | 43 | 62 |37

(110°C)
400
0.0 1 A 1 I | L 1 :
400 600 800 1000 1200
Wavelength (nm)
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and ITO films which were calculated from 1-R-T, as shown in Fig. S2,
which shows the same trend as we observed from Fig. 3.

3.2. IWO on top of thin film Si layers and optical Genpro4 simulation

Fig. 4(a—d) show the N, and y, values of nominal 75-nm thick TCOs
on glass and on i/n/glass and i/p/glass, respectively. Our lab-standard
ITO film acts as a reference, and the i/n and i/p thin-film silicon layer
stacks are in the same layer thickness as used in SHJ devices. We note
that a hot-plate annealing at 180 °C for 5 min was performed on the RT-
deposited IWO samples. This is a required step to recover the sputter
damage of the passivation quality of the SHJ cell precursors (see Fig. S3),
which could also potentially improve the electrical property of the IWO/

Solar Energy Materials and Solar Cells 227 (2021) 111082

thin-film silicon does not influence p., whilst it mildly adjusts N.. After
annealing, the IWO films show a slightly lower N from 2.1 x 10%° cm ™3
on glass substrate to 2.0 x 10%° cm ™3 on i/n/glass and 1.9 x 10%° cm™3
on i/p/glass substrates, respectively. The N, decreases reflect oxygen
incorporation during the annealing process. On the other hand, upon
annealing, the y increases from 34 cm? V~'s~! on glass substrate to 47
em? V1571 on i/n/glass and 42 cm? V~!s7! on i/p/glass substrates,
respectively. This phenomenon could be associated with an increased
Lewis acid strength (L) as introduced in Introduction part. After
annealing treatment, tungsten dopant with a higher L could be reached
due to a higher oxidation state of tungsten ions, which leads to an
increased carrier mobility [7,32,40,41]. Additionally, with respect to
as-deposited states, the y. increases in annealed IWO layers on i/n/glass
and i/p/glass substrates are different, indicating that the p. is also
influenced by (i) increased crystallization, as implied by the XRD pat-
terns and SEM images in Fig. S4, and (ii) possible defect passivation of
thermally effused hydrogen from underlying thin-film silicon layers [42,
43]. Furthermore, with respect to glass substrate, the as-deposited ITO
film on i/n stack shows constant y and mildly increased N, while the
ITO layer on i/p stack displays distinct y drop together with N, rise. The
N. change could be partially owing to the diffused hydrogen from the
thin film underneath, which has been elucidated by Cruz et al. [42],
Ritzau et al. [43] and Huang et al. [39]. Regarding the observed ye drop
for the ITO on i/p stack, we exclude the cause from the substrate surficial
roughness as observed by Cruz et al. [42]. In fact, AFM measurements
show quite similar root-mean-square roughness values of 1.11 nm and
1.23 nm for our i/n and i/p stacks, respectively. Plausibly, our N, and .
change is also correlated with additional features, such as crystalliza-
tions of both TCOs and thin-film Si layers and their inherent in-
teractions, hydrogen effusion behaviour in dependence of
temperature/ambience, TCO/Si interfacial oxide influence on carrier
transport. Elaborated study still needs to be carried out to fully under-
stand the interaction between IWO and doped thin-film layers. Addi-
tionally, it is worth pointing out that the substrate topology such as
textured wafer surface might also have an impact on the TCO properties

p-layer interface [39]. For the IWO layers, deposition on either glass or [44,45], which remains to be investigated via appropriate
50 50
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Fig. 4. (a) pe and (b) N, of the as-deposited and annealed IWO films on different substrates; (c) ye and (d) N, of as-deposited ITO layers on different substrates. The

results are based on three groups of experimental data.
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characterization approaches.

Fig. 5 shows the corresponding absorption coefficient (a) curves
versus wavelength of TCOs on different substrates. Basically, all the IWO
layers show favourable lower « than reference ITO films along the vis-
NIR range. Regarding the IWO layers on thin-film silicon layers, with
respect to the IWO films on i/n/glass and i/p/glass substrates, the
different o transition in the UV range is possibly related to the thermally-
effused hydrogen from underlying thin-film silicon layers, since both
interstitial and substitutional hydrogen have been proven to act as
shallow donors in InyO3 system [42,43,46]. Additionally, the @ changes
of the TCOs in the NIR region could be aligned with the classic Drude
theory [37,38]. Overall, we may conclude that with thin-film silicon
layer underneath, the top TCO film could be manipulated both electri-
cally and optically, which needs to be considered in device simulations
as well as in practical cell fabrication.

Fig. 6(a—c) show GenPro4 optical simulation results of comparative
SHJ devices based on IWO and ITO counterpart. Fig. 6(a-b) are the
simulated absorptance curves of IWO- and ITO-based SHJ structure, in
which the TCO data obtained from thin-film silicon stacks were used.
The results based on TCO data obtained on glass substrates were pro-
vided in Fig. S5(a-b). From Fig. 6(a-b), the implied photocurrent density
in c-Si absorber was calculated to be 40.3 mA/cm? in IWO cell and 38.5
mA/cm? in ITO cell. As compared to ITO cell, the outstanding optical
advantage of IWO cell is ascribed to the much less parasitic absorption in
IWO layer. Fig. 6(c) displays the optical losses corresponding to reflec-
tion, parasitic absorption from thin-film silicon, TCO, and rear metal
components. In Fig. 6(c), the results from simulations based on TCO data
obtained on glass substrates are also included. With respect to the results
from data on glass substrates, the IWO cell shows a lower parasitic ab-
sorption in TCO layer, while ITO cell shows an increased parasitic ab-
sorption in TCO layer. This is related to their different changing trends in
N,, as shown in Fig. 4 [37]. In addition, we notice that the total refection
loss in IWO cell is visibly higher than in ITO cell. Following the approach
as utilized in Ref. [47], we decomposed the total reflectance into front
side reflectance (R;) and rear side internal reflectance (R»), which are
indicated in Fig. 6(d). The R; and R, are 1.3 mA/cm? and 1.6 mA/cm?
for IWO cell, and 1.5 mA/cm? and 0.5 mA/cm? for ITO cell, respectively.
This means that the high reflection loss in IWO cell comes from its high
R, value, indicating that large amount of NIR light escapes after passing
through the cell. While in ITO cell such NIR light is mainly absorbed in
the TCO, this is not displayed in the reflection loss. In this regard, the
higher Ry in IWO cell may not be optically detrimental since there is still
possibility to make use of it with appropriate manipulation strategy. To
summarize, the interactive opto-electrical properties of TCO with
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Fig. 5. SE-fitted absorption coefficient (a) curves of TCOs on top of
different substrates.
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underlying layers need to be considered in device design, and our IWO
layer indicates a promising optical outperformance in SHJ cell over ITO
counterpart.

3.3. Devices performance

Fig. 7(a—d) depict the measured IWO- and ITO-based SHJ cell pa-
rameters. The metallization approach is room temperature Cu-plating.
For each batch, we tested variable devices in different metal design,
all the devices in the same design showed similar comparative trend, and
only the optimal 8.97 cm?-cell results are summarized in Fig. 7. The
implied-Vqc of the SHJ cell precursors varied from 720 to 735 mV (not
shown here). From Fig. 7(a), the average Vo, especially for IWO cells, is
approaching 730 mV, due to the RT-Cu-plating metallization [25]. As for
the optical response in Fig. 7(b), all the IWO cells showed notably higher
Jsc than ITO devices, which agrees with the previous optical simulation
results as shown in Fig. 6. We notice that the Jsc improvement from
reference ITO cell to IWO cell was generally 0.8-1.4 mA/cm?, which is
smaller than the 1.8 mA/cm? as predicted from Genpro4 simulation.
This may be ascribed to the electrical carrier transport/collection dif-
ference in the two kinds of devices, or possible underestimation on the
simulated parasitic absorption of IWO layers, since reflection-type
spectroscopic ellipsometry has been reported to present limited sensi-
tivity for weak light absorption [48,49]. Additionally, from Fig. 7(c), the
IWO cells showed slightly higher FF and lower series resistance (R;,
sunsvoc) than the ITO-based counterpart. This possibly originates from a
favourable band alignment at the IWO/doped Si layer interfaces, as the
IWO exhibit different work-function than ITO [20,50]. The IWO cells
outperformed ITO devices due to their advantage in both optical and
electrical aspects, as displayed in Fig. 7(d). With respect to ITO-SHJ
cells, the averaged cell efficiencies of IWO-SHJ cells show absolute im-
provements of 0.98%. Our comparative cell results are in agreement
with the observations from Ding et al. [6]. It is noteworthy that Ding et
al. used hydrogenated IWO layers, which presented both higher y. and
N, as compared to our IWO film. According to Ding et al. [6], as
compared to ITO cell, their Jg¢ increase is less, and FF increase is higher
in IWO cell than in our case. Plausibly, the phenomena are related to the
hydrogen inclusion in their IWO layer, which generates more dopants to
ensure a good conductivity, yet results in a probability to compensate its
optical property [51,52]. Additionally, we note that the measured Jgc in
our -V measurements was a bit higher than the integrated Jsc rgr, from
EQE curve, similar phenomenon is also seen in Ref. [53]. Below we
report the active area power conversion efficiency to avoid such a
measurement error from the different light sources and metal fractions
in the illumination area.

To minimize the above-mentioned high reflection loss in IWO cell
(Fig. 6), we further introduced the so-called double layer anti-reflection
coatings (DLARC). By adding an additional non-absorptive layer with
appropriate thickness and refractive index of ~1.5 @ 600 nm, we can
further decrease the reflection losses on device level [5,16,54,55]. Fig. 8
and Table 1 show the EQE, 1-R and cell parameters of our optimized
IWO-based SHJ device and its ITO counterpart, with and without (w/0)
a 90-nm thick MgF, top layer. The MgF, optical parameters and the
simulative optimization with MgF, thickness on our IWO cell structure
are shown in Fig. S6(a-b). From Fig. 8, compared to the devices without
MgF; on top, the cell with MgF, layer showed significantly improved
optical responses. Especially the Jsc gor of the IWO cell was improved
from 39.41 mA/cm? to 40.16 mA/cm? This is mainly caused by a
boosted performance in the short wavelength range (300-550 nm),
resulting from the decreased reflectance of the cell surface, as we can
clearly see from the 1-R curve. Finally, with adding a MgF5 layer on top
of the IWO device, the active area power conversion efficiency was
improved from 22.52 to 22.92%.

Now we look at the EQE curves of the IWO cell and ITO cell in Fig. 8.
Before applying the MgF, top layer, the IWO cell displays lower blue
response in 300-600 nm (—0.46 mA/cm?) and significantly higher
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response in vis-NIR region in 600-1200 nm (+1.74 mA/cmz), as
compared to ITO cell. After adding the top MgF; layer, the INO/MgF,
cell outperformed ITO/MgF; cell in the whole wavelength range, which
corresponds to a 0.44 mA/cm? gain in the 300-600 nm region and a
1.04 mA/cm? gain in 600-1200 nm region, respectively. According to
Fig. 3, the IWO layer has a higher E; value of 3.86 eV than the 3.75 eV of
ITO layer, while the IWO cell shows a lower blue response, as compared
to ITO cell. To elaborate that, we performed optical band gap (Ej) plots
of the TCOs on top of thin-film silicon stacks at the illuminated side of
our SHJ device, as shown in Fig. S7. The extracted Eg values are 3.81 eV
and 3.87 eV for IWO and ITO layers, respectively. Combined with Fig. 4,
this more realistic comparison is in accordance with the Moss-Burstein
effect [31] and well explains why the IWO cell shows a lower blue
response than ITO cell. Additionally, this difference is not existing after
applying MgF», and the Js¢ gor improvement of ITO/MgF; cell over ITO
cell is 0.55 mA/cm?, which is lower than the 0.75 mA/cm? in IWO case.
This is related to the non-ideal DLARC use [54]. Optimization on the
DLARC design and corresponding experimental validation are out of the
scope of this work, thus will not be further elucidated.

Furthermore, according to Ding et al. [6] and Lerat et al. [24],
significantly improved blue response in IWO cell accounts for the Jg¢
increase with respect to ITO cell while no NIR contribution was
observed. This is different from our observations that improved NIR
response contributes to the Jsc gor increase of the as-fabricated IWO cell
over ITO cell. Considering that the reference ITO film used by Lerat et al.
was in a similar N, range as the one we use in our work, we speculate the
rationale of the different optical response in IWO cells may lie in the

microstructure and carrier conductive mechanism difference in the IWO
films [7,52]. To better interpret the improved optical property of our
moderate mobility IWO layer, elaborated investigation based on density
functional theory is under investigation.

4. Conclusions

We optimized RF magnetron sputtered IWO TCO at room tempera-
ture by adjusting the O,-to-Ar gas flow ratio during deposition process.
The opto-electrical properties of the TCO layers were found to be sen-
sitive to the substrate materials and post-annealing process. The opto-
electrical properties of the IWO were manipulated when deposited on
top of thin-film silicon layers. This needs to be considered in practical
simulation and experimental work. The optimal IWO on glass shows
carrier density and mobility of 2.1 x 10?° ecm™ and 34 cm? V™is7,
which were tuned to 2.0 x 10%° cm ™2 and 47 em? V1571, as well as 1.9
x 10%° em ™3 and 42 em? V™ !s7}, after treated on i/n/glass and i/p/glass
substrates, respectively. Further, GenPro4 simulations implied a clearly
increased visible-to-near-infrared optical response in IWO-based SHJ
cell with respect to the ITO-based cell, which was demonstrated in
practical comparative SHJ devices. Applying MgF, as double-layer
antireflection coating on top of the optimal device, the EQE-integrated
short circuit current density was improved from 39.41 mA/cm? to
40.16 mA/cm?. Our final 8.97-cm? wide IWO/MgFy-based solar cell
showed an active area cell efficiency of 22.92%, which is an absolute
0.98% efficiency gain compared to the ITO counterpart, mainly due to
its current gain of 1.48 mA/cm?.
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Table 1
Solar cell parameters of the optimal IWO-based SHJ device and its ITO coun-
terpart, before and after MgF, top layer deposition (cell area 8.97 cm?).

Voc (mV) Jscsqr, (mA/cm?) FF (%) Nact. (%)
IWO 730 39.41 78.27 22.52
IWO/MgF, 731 40.16 78.07 22.92
ITO 728 38.13 78.00 21.65
ITO/MgF, 728 38.68 77.91 21.94
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