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Substituting the doped amorphous silicon films at the front of silicon heterojunction solar cells with

wide-bandgap transition metal oxides can mitigate parasitic light absorption losses. This was

recently proven by replacing p-type amorphous silicon with molybdenum oxide films. In this arti-

cle, we evidence that annealing above 130 �C—often needed for the curing of printed metal con-

tacts—detrimentally impacts hole collection of such devices. We circumvent this issue by using

electrodeposited copper front metallization and demonstrate a silicon heterojunction solar cell with

molybdenum oxide hole collector, featuring a fill factor value higher than 80% and certified energy

conversion efficiency of 22.5%. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4928747]

The current record energy conversion efficiency for

crystalline silicon (c-Si) solar cells is 25.6%, which was

achieved with silicon heterojunction (SHJ) technology.1 This

device featured interdigitated contacts at the back, which

offers ultimate freedom in optical optimization at the front

but adds processing complexity at the back.2,3 This is in con-

trast to the most simple “standard” SHJ design, where elec-

tron and hole collection is realized at opposite sides of the

c-Si wafer.4 In this way, device fabrication only relies on a

few well-established processing steps without requiring pat-

terning: Electron and hole collection is achieved by blanket

n- and p-type amorphous silicon films [a-Si:H(n)/a-Si:H(p)],

respectively. For improved interface passivation—essential

to yield high operating voltages—thin intrinsic a-Si:H(i)

films are inserted underneath these carrier-collecting films.5,6

The doped a-Si:H layers are capped by transparent conduc-

tive oxides (TCO) on both device sides for efficient contact

formation, to transport laterally the charge carriers, and to

maximize light coupling into the silicon substrate.7,8 Finally,

a metal grid is usually printed or electroplated at the front for

external current collection.9

In this simple design, for ultimate device performance,

the front contact should be broadband transparent. However,

due to the relatively narrow bandgap of a-Si:H of

�1.6–1.8 eV and the high defect density within the doped

layer, important parasitic light absorption occurs in the ultra-

violet and visible range of the solar spectrum.10 Alternative

Si-based materials with wider bandgap, such as a-SiOx:H,

lc-SiOx:H, or a-SiCx:H, were proposed to overcome this

issue.11,12 Unfortunately, proven optical gains for these

materials bring along lowered electrical performance due to

the increased band offsets at the amorphous/crystalline sili-

con interface, hindering efficient carrier extraction.13–15

Even more important optical gains may be achieved by using

highly transparent transition metal oxides as window layers,

provided their work function is appropriate for carrier collec-

tion.16,17 Metal oxides, and in particular, sub-stoichiometric

molybdenum oxide (MoOx, x< 3), were already investigated

as hole collecting materials for organic18–20 and inor-

ganic21–23 thin-film solar cells, as well as for organic light

emitting diodes.26–28 For these applications, the metal oxide

layer often also protects sensitive underlying layers from

sputtering-induced damage during TCO deposition.24,25,29,30

Exploiting their bandgap of �3 eV, MoOx films were

recently also integrated into SHJ devices to replace the a-

Si:H(p) layers, resulting in clear optical gains.31 However,

the fill factor (FF) of these devices remained below 70%,

with increasingly pronounced S-shaped illuminated J-V
curves when increasing the MoOx film thickness, indicating

a hole collection issue,31 despite its argued appropriate work

function.32,33

Importantly, MoOx films are sensitive to air and oxygen

exposure, as well as to temperature or plasma treatments,

which might impact solar cell performance.34 Motivated by

this, we present in this work a detailed investigation of the

interactions between MoOx and the layers it shares an inter-

face with the SHJ devices (i.e., the intrinsic a-Si:H buffer

layer and the TCO at the front). We demonstrate that with

well-engineered processes, efficient hole collection can be

obtained with such a contact, enabling measured FF values

above 80% in SHJ solar cells.

We processed MoOx-based as well as reference SHJ so-

lar cells [featuring a standard a-Si:H(p) layer] as follows:

First, high quality 4 X�cm, 230 lm n-type float-zone Si(100)

wafers were etched in potassium hydroxide to obtain a

random-pyramid surface texture. After chemical cleaning,

the wafers were dipped in 5% hydrofluoric acid for 1 min to

remove the chemically grown surface oxide. Thin intrinsic

a-Si:H films were then deposited by plasma-enhanced
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chemical vapor deposition (PECVD) on both sides of the wa-

fer to enable high-quality interface passivation. The electron

collector was realized by subsequent deposition of a thin a-

Si:H(n) layer at the rear side. For hole collection, either a

�7-nm-thick thermally evaporated MoOx or a �6-nm-thick

PECVD a-Si:H(p) layer (for the reference cells) was used on

the wafer front side. All PECVD layers were deposited in an

Octopus I reactor from INDEOtec SA. More details on the a-

Si:H and MoOx film depositions can be found elsewhere.31,35

A �65-nm-thick hydrogenated indium oxide/indium tin ox-

ide (IO:H/ITO) bi-layer was deposited as front-TCO by RF/

DC magnetron sputtering (MRC 603).36 The back electrode

was realized by an ITO/Ag stack deposited in the same sput-

tering setup. Finally, a low-temperature silver paste was

screen-printed to form the front grid, followed by curing

(<200 �C). The optical absorptance of MoOx, a-Si:H, and

TCO films was measured with a spectrophotometer (Lambda

950, Perkin Elmer) fitted with an integrating sphere on co-

deposited AF32 glass witness samples. The annealing of

these films was carried in a N2 purged oven. Film thicknesses

on these planar substrates are 1.7 times higher than for layers

deposited on random-pyramid textured c-Si wafers due to

deposition directionality.37 High-resolution transmission

electron microscopy (HR-TEM) was carried out on selected

samples using a FEI Osiris instrument. For this, cross-

section samples were prepared using mechanical tripod pol-

ishing (Allied High Tech Multiprep) followed by low-energy

Ar ion milling (Gatan PIPS). Finally, completed solar cells

were characterized by light J-V (Wacom solar simulator,

Keithley 2601A sourcemeter) and external quantum effi-

ciency (EQE, in-house built setup).

To illustrate the influence of subsequent processing steps

on the optical properties of the MoOx layer, Fig. 1(a) shows

the optical absorptance of device-relevant MoOx and IO:H/

ITO films on glass prior to annealing, either deposited sepa-
rately or sequentially (IO:H/ITO bilayer sputtered on MoOx

film). Absorptance spectra of a-Si:H(p) and of bare AF32

glass substrates are also provided for reference. In the as-

deposited state [see panel (a)], as a result of its �3 eV

bandgap, the MoOx spectrum features a cut-off wavelength at

400 nm, while the absorptance in the visible and infrared

ranges remains below 2%. The same graph also shows the ab-

sorptance of the IO:H/ITO bilayer (deposited at room temper-

ature) used here as highly transparent TCO. Surprisingly,

when MoOx is capped with this IO:H/ITO bilayer, the total

absorptance is significantly higher than expected from the

spectra of the individual layers.25 Increased absorptance of

MoOx is known to result from low-temperature annealing in

N2 atmosphere [see also Fig. 1(b)], which can be explained by

an increase of oxygen vacancies in this material.38,39 In our

case, sputtering takes place at a temperature below 50 �C and

can therefore not explain these optical changes. Exposing our

MoOx films directly to a pure Ar plasma revealed that the

increased absorptance is induced both by bombardment with

energetic particles and by plasma UV luminescence, causing

photochromism of MoOx.30,40 When subsequently annealed,

changes in the optical properties of the MoOx/TCO layer stack

are mainly due to the crystallization of the TCO, as seen by

the blue-shift of the cut-off and decreased free carrier absorp-

tion in the infrared.41 Additional investigations revealed that

the nature of the annealing atmosphere (reducing or oxidizing)

has no impact on the optical properties of the MoOx/IO:H/

ITO stack (data not shown). We attribute this to the efficient

capping provided by the TCO bi-layer.36

To further investigate the MoOx/TCO interaction and its

evolution during annealing, HR-TEM was carried out on

mirror-polished c-Si samples, capped with a full a-Si:H(i)/

MoOx/IO:H/ITO contact stack. Figures 2(a) and 2(b) show

such a stack in its as-deposited and annealed states (25 min

at 200 �C in a N2 purged oven), respectively. In either case,

an atomically sharp and defect-free c-Si/a-Si:H(i) interface is

seen, required for high-quality surface passivation.42

Similarly, the a-Si:H(i)/MoOx interface is clearly delimited.

In contrast, the MoOx/IO:H interface is less sharply resolved,

suggesting the presence of a �1–2 nm-thick intermixing

layer induced by the sputtering process [Fig. 2(a)].

Panel (b) indicates that during annealing, the presence

of this intermixing layer becomes more pronounced and

reaches a thickness of 5–7 nm with the occurrence of epitax-

ial nano-grains on the IO:H lattice [Fig. 2(b), indicated by

the white arrow].

Next, we investigated the impact of the presence of the

MoOx layer and the subsequent annealing on the passivation

properties of the a-Si:H(i) buffer layer. For this, we eval-

uated the effective minority carrier lifetime (seff) of the sili-

con wafer by transient photoconductance measurements

(Sinton Instruments, WCT-120),43,44 which gives direct in-

formation on the surface passivation quality. Figure 3(a)

shows seff (at a carrier injection level of 1015 cm�3) as a func-

tion of the annealing time (at 200 �C in a N2 environment).

Both passivation samples (with and without MoOx over-

layer) increase their seff within the first minutes of annealing,

which is explained by a reorganization of the passivating

film’s microstructure.45,46 However, for longer annealing,

seff slightly decays for the MoOx sample. Similar annealing

effects were observed in the past when capping a-Si:H(i)

buffer layers with p-type a-Si:H films, which was explained

FIG. 1. Optical absorptance of MoOx films and IO:H/ITO bilayers deposited

separately or sequentially on AF32 glass (a) before and (b) after 200 �C
annealing (in N2 for 25 min). Absorptance spectra of a thin a-Si:H(p) film

and of bare AF32 glass are given for reference.

081601-2 Geissb€uhler et al. Appl. Phys. Lett. 107, 081601 (2015)
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by Fermi-level induced native defect generation in the passi-

vating films.47 Here, the magnitude of this effect remains

modest, as seen in Fig. 3(b), where seff is increased for all

injection levels excluding any negative effect on device

performance.

Summarizing our findings so far, we conclude that (1)

oxygen vacancies are created in the MoOx film by the TCO

deposition process; (2) subsequent annealing may result in

the formation of an interlayer between MoOx and IO:H; (3)

the annealing required for the Ag paste curing does not alter

markedly the passivation properties of the a-Si:H(i) buffer

layer.

To investigate the impact of annealing on device level,

we fabricated solar cells featuring either MoOx or standard a-

Si:H(p) hole extraction layers. The cells were metallized by

using screen-printing, followed by annealing at the lowest

possible temperature to evaporate the solvents contained

within the silver paste. This pre-drying is mandatory to obtain

a reasonable electrical conductivity and mechanical stability

and was carried at 100 �C for 25 min (instead of the typically

used 200 �C for 25 min). Once finished, the cells were subse-

quently annealed at 130 �C, 180 �C, and 200 �C in steps of

15 min. For the reference cell, Fig. 4(a) confirms that increas-

ing the annealing temperature up to 200 �C improves the de-

vice performance (FF improves from 75.4% to 77.1%),

linked to the improved metal conductivity as well as to

improved passivation (seen also in Fig. 3).48 In contrast to

this, Fig. 4(b) shows that annealing above 130 �C dramatically

deteriorates the performances of our MoOx-based cell.16 The

J-V characteristics become S-shaped (FF deteriorates from

76.6% to 69.7%), strongly suggesting the appearance of a

hole-blocking barrier. A possible cause for this barrier is the

earlier discussed MoOx/TCO interlayer, which thickens with

annealing. However, an exhaustive characterization of the

interlayer film composition remains necessary to fully estab-

lish this view. The occurrence of the S-shaped curves was

found to be independent of the annealing ambient (air or N2-

purged, data not shown). Hence, processing above 130 �C
temperature must be avoided to preserve efficient hole collec-

tion. In addition, we note that the JSC remains unchanged after

annealing as the decreased absorptance in the 650–1200 nm

range is counterbalanced by losses in the 400–650 nm range

accordingly to Fig. 1.

We now directly compare MoOx-based and reference

devices. Figure 5 shows both cell structures featuring

identical TCO layers (IO:H/ITO bilayer), but annealed at

their respective optimal conditions (namely, 100 �C for the

MoOx-based cell and 200 �C for the reference device).

Focusing on the solar-spectrum integrated EQE curves, we

see a substantial gain of 0.88 mA cm�2 in the 310–610 nm

wavelength range for the MoOx-based device. However, this

gain is partially lost by parasitic light absorption, caused by

the MoOx/TCO interaction, and by the lower optical trans-

parency of non-cured IO:H/ITO films (Fig. 1). At 800 nm,

the EQE of the MoOx-based cell is 2% absolute lower than

FIG. 2. HR-TEM micrographs of the c-Si/a-Si:H(i)/MoOx/IO:H interfaces

for (a) an as-deposited sample and (b) after annealing at 200 �C in N2 for

25 min. Images are purposely defocused to increase the contrast of the

MoOx/IO:H interfacial layer.

FIG. 3. (a) Minority carrier lifetime at an injection level of 1015 cm�3 as a

function of the sample annealing time. (b) Minority carrier lifetime curves in

function of the injection level before and after a 32 min annealing.

FIG. 4. Light J-V characteristics of (a) reference and (b) MoOx-based SHJ

solar cells after post-processing annealing at various temperatures.

Measurements were taken at room temperature.

081601-3 Geissb€uhler et al. Appl. Phys. Lett. 107, 081601 (2015)
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its reference counterpart. This difference is actually smaller

than expected from the data in Fig. 1, which can be

explained by the 1.7 thinner layers in our devices, compared

to test structures shown in Fig. 1. These detrimental effects

lead to a 0.58 mA cm�2 loss for wavelengths above 610 nm.

We note that despite different refractive indices, both a-

Si:H(p) and MoOx devices present similar reflectance char-

acteristics.49 This was confirmed by optical simulations

where only a �1% difference was obtained due to the

extremely thin films considered here. Consequently, the illu-

minated J-V curve of the MoOx-based cell shows a �0.3 mA

cm�2 total gain in short-circuit current density (JSC).

As already pointed out, key to our results is the avoid-

ance of post-deposition processes above 130 �C. With this,

the presented MoOx-cell has a significantly better FF than

the one obtained in the earlier studies, reaching now values

on par with standard SHJ cells.31 This underlines that

MoOx can be an efficient hole collector, also at standard

operating temperatures.50 The discrepancy between the JSC

of the present study and the one obtained by Battaglia et al.
is two-fold: First, a-Si:H(i) layers with different thicknesses

were used, which can lead to a JSC difference up to 1 mA

cm�2.10 Second, the IO:H was not annealed in our case

leading to more parasitic light absorption in the blue part of

the spectrum accordingly to Fig. 1.31

Finally, we discuss how the thermal processing limita-

tion for these devices does not exclude ultimate device per-

formance. In this context, a significant improvement can be

achieved by replacing the Ag-printed metallization by Cu

electrodeposition, not requiring any thermal treatment.

Furthermore, this process reduces substantially the finger

width (20 lm, compared to 70–80 lm for screen-printing),

reducing optical shadowing from 5%–7% down to 2%–3%

while increasing the number of finger from 9 to 20.9 To test

this in MoOx-based devices, we first deposited a �30-nm-

thick Cu seed layer on the front TCO by thermal evaporation

(Leybold Vacuum), which was selectively masked by a pho-

tolithographically patterned resist. In the unmasked areas,

the Cu was then thickened by electrodeposition at room-

temperature, in a home-built system using a Cu sulfate elec-

trolyte. Finally, after photoresist removal, the seed-layer

between the fingers was removed in 1 min in a basic Cu

etchant at room temperature.9,51 Using this modified metalli-

zation scheme, the FF of the finished device is significantly

increased up to 80.36%, as can be deduced from the illumi-

nated J-V characteristics given in Fig. 6. This is explained by

a lower line resistivity in the Cu electrodeposited front-grid

compared to the screen-printed cells previously presented,

corresponding to a reduction in series resistance from 1.62 to

0.83 X�cm2. Moreover, the overall front-grid shadowing is

reduced compared to screen-printed cell, resulting in an

additional JSC gain.9

With these FF and JSC improvements, while maintaining

a similar open-circuit voltage (VOC), we obtained an energy-

conversion efficiency of 22.5% for a 4 cm2 solar cell certified

by the Fraunhofer ISE CalLab (Fig. 6). Further simple

improvements can be made in the optical design of the cell.

For this, the TCOs relying on a thermal treatment for crystalli-

zation (as the IO:H/ITO bilayer used in the present study) can

be replaced by amorphous TCOs, which do not require any

annealing to tune the optical and electrical properties.52

Furthermore, by replacing IO:H, the sputtering process would

not rely on water vapor as a dopant source, which simplifies

the process and avoids possible water-MoOx interactions.

In summary, we showed that when replacing the p-type

amorphous silicon film with a MoOx layer at the front of

SHJ solar cells, the properties of the MoOx layer are strongly

impacted by subsequent processing steps. Specifically, sput-

tering of the TCO leads to increased light absorption, likely

due to an increased oxygen vacancy density within the

MoOx film. However, this effect was not found to be detri-

mental for the electrical cell performance. In addition, proc-

esses above 130 �C significantly increase the thickness of the

MoOx/IO:H interfacial layer and possibly be the cause of the

hole-blocking behavior and FF loss observed when devices

are annealed above this temperature. Therefore, by maintain-

ing all processes below this temperature, similar performan-

ces as those for a a-Si:H(p) reference SHJ solar cell can be

obtained, despite suboptimal material properties. In this

respect, specific processes specially designed for low tem-

peratures significantly improve cell performance, such that

an energy conversion efficiency of 22.5% is demonstrated

with copper-plated front metallization. These results there-

fore demonstrate that metal oxide layers can be used as a

FIG. 5. (a) EQE and (b) light J-V characteristic of MoOx-based and a-

Si:H(p) references SHJ solar cells with adapted silver paste curing

temperature.

FIG. 6. Light J-V characteristic of MoOx-based SHJ solar cells with Cu elec-

trodeposited front grid (certified by the Fraunhofer ISE CalLab).
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replacement for p-doped amorphous silicon layers in highly

efficient SHJ cells, improving optical performance while

maintaining excellent passivation and high fill factors.
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