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ABSTRCT

Dopant-free passivating contacts for photovoltaics have the potential to be deposited at low costs,
while providing excellent surface passivation and low contact resistance. However, one pressing
issue of dopant-free carrier selective contacts is their lower environmental stability compared to
conventional silicon-based contacts. In this contribution, we study the degradation in ZnO/LiFx/Al
electron selective nanocontact with experiments and simulations, and suggest design modifications
for higher performance and stability. Using a thicker metallization and optimal ZnO deposition
temperature (130 °C), we improved open-circuit voltage and fill-factor, together with improved
stability with a retention of over 93% and 88% of the initial open-circuit voltage and fill-factor
after storage in air for 380 h. The champion device has reached the efficiency of 21.3% with Voc
of 727 mV, Jsc of 37.6 mA/cm?, and FF of 78.0%. Furthermore, the enhanced stability in vacuum,
STEM images, and the current-exchange simulation suggests that the degradation of the a-Si:
H(1)/ZnO/LiFx/Al contact is caused by a drop of the LiFx/Al work function, due to interaction with
air. This work has—first developed a deep understanding of degradation mechanism and the

methodology of stability analysis for dopant-free silicon solar cells.



Introduction

Extensive attention has been paid to carrier selective contacts in the fields of photovoltaics, thin-
film transistors and light-emitting diodes. These contacts enable asymmetric conductivity of
photogenerated holes and electrons towards the opposite metallic terminals.! Typically,
conventional heavily doped carrier selective contacts in industrial silicon solar cells are limited by
Auger recombination, free-carrier absorption losses and/or high-temperature doping process (>
800 °C).2 3 An alternative strategy for fulfilling excellent surface passivation and a low-resistance
contact simultaneously is the application of passivating contacts.* Remarkably, the incorporation
of doped and intrinsic hydrogenated amorphous silicon (a-Si: H) stacks or polycrystalline silicon
(poly-Si) combined with interfacial SiO> layer at the metal/silicon interface demonstrated high
open-circuit voltage (Voc) over 726 mV and certificated efficiency over 26%.% © However, these
high efficiencies were obtained with all-back-contacted devices, due to inherent trade-offs in terms
of optical and electrical performances for such contacts. Furthermore, the higher production cost
of such technologies compared to traditional ones precludes so far the widespread
commercialization of these technologies.” 8

Dopant-free passivating contacts, composed of nanoscale non-silicon materials with a wide
bandgap and a high or low work function, usuaHy-combined to a-Si: H(i), SiOx or organic materials
passivation layers, have been proposed as a potentially cheaper and more efficient strategy,
allowing low temperature and simpler deposition methods.>* Numerous high-work-function-
materials have been developed to form hole selective contacts on p-Si or n-Si wafers, including
transition-metal oxides (e.g., M0Os,'% 12 \/,05,1% B WQ3,1* CrO3,'® NiO,'® CuO'’), metal iodide

(e.g., Cul)®® and poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS)! 20,



Recently, a remarkable efficiency of 23.5% was reached for silicon heterojunction solar cells using
hole-collecting and transparent MoOXx (4 nm) to replace a-Si: H(p).?* Additionally, wide variety
of electron selective contact materials, such as metals (e.g., Ca,?> Mg, Sc,2® Yb?*), metal oxides
(e.9., MgO,® Ti02,% Zn0,'? Ta,0x,%” BaOx,? and Nb,0s?%), metal nitrides (e.g., TaNx,° TiN),
fluoride salts (e.g., LiFx,'* 28 and MgF.%), carbonates (e.g., CsCOs, K2CxOy, Rb2CxOy, CaCxOy,
SrCx0y, and BaCxOy),**** and their stack combination,?® ** have been successfully inserted
between metal and n-Si, to reduce Schottky barrier and eliminate Fermi level pinning effect at
Al/n-Si interface. Moreover, full dopant-free silicon solar cell technologies utilizing dopant-free
hole and electron transport layers simultaneously, have the potential to be high-efficiency and low-
cost technique in the field of industrial silicon solar cells. 1?3

The 19.4%-efficient dopant-free asymmetric heterocontact (DASH) silicon solar cells, applying
MoOyx and LiFx based nanocontacts with a-Si: H(i) passivation layers, was the first relevant-
efficiency device produced.®® Subsequently, the incorporation of a protective TiO2 (1.5 nm) film
between the a-Si: H passivation layer and the low work function LiFx/Al electrode improved the
efficiency (20.7%), thermal and ambient stability.? In another approach, by introducing the ZnO
(75 nm) interlayer between a-Si: H(i) and LiFx, the full dopant-free silicon solar cells have
demonstrated a higher short circuit current (Jsc) and an impressive efficiency of 21.4%, attributed
to the mitigated plasmonic absorption of the rather thick ZnO films.'> Nevertheless, the
ZnO/LiFx/Al electron selective contacts exhibit severe degradation, which was also observed in
ZnO-based perovskite solar cells and dye-sensitized solar cells,®-* limiting the deployment of
dopant-free carrier selective contact technology. Besides, publications of dopant-free carrier
selective contacts for silicon solar cells, lack detailed stability study and deep mechanism

understanding of device degradation.



In this contribution, detailed experimental research of degradation in the ZnO/LiFyx/Al electron
selective nanocontacts was conducted. We have evidenced the importance of the metallization and
deposition temperature during ZnO growth, to enhance environmental stability in air. The implied-
Voc (iVoc), contact resistance (pc), and current-voltage (J-V) measurements of the ZnO/LiFx/Al
electron contacts were investigated with ageing time and in different environments. AFORS-HET
simulation, scanning transmission electron microscopy (STEM), J-V measurements in the range
of -2-2 V, and their analysis with an exchange current density model allowed a deep understanding

of degradation mechanism and the methodology development of stability analysis.*°

Results and Discussion
Implied Voc and Contact resistance

To evaluate the passivation quality of the a-Si: H(i)/ZnO/LiFx/Al nanocontacts aged in air, ZnO
films with different deposition temperature were low-pressure chemical vapor deposited
(LPCVD), using diethylzinc and water vapours as precursors, capped with 1.5 nm LiFx/5 nm Al
evaporated, as schematically shown in Figure 1a. The increase in ZnO deposition temperature
improves the iVoc and effective lifetime (zer), as shown in Table 1. As shown in Table 2, fitting
the lifetime curves with the model developed by Olibet et al.*! indicates that the enhancement of
iVoc, attributed to a reduction of the effective surface recombination velocity (Seff), is due to an
increase in the fixed positive charge density (Qr) and a decrease in the defect density (D) of the
interface between n-Si and a-Si: H(i)/ZnO/LiFx/Al contact. The drop of D: could be linked to the
slight decrease of Urbach energy, as shown in the photothermal deflection spectra of ZnO/a-Si:
H(i) on glass (Figure S1). When ZnO deposition temperature increases further than 130 °C, the

teff, 1IVoc, Seff, Qf and Dt remain constant. The variations of Qr and Dt with temperature correlate



with the crystallite-size increase and the resistivity decrease of LPCVD Zn0O.*? Finally, Figure 1b
shows that the iVoc of a-Si: H(i)/ZnO/LiFx/Al-nanocontacted devices is stable for up to 400 h for

all ZnO deposition temperatures investigated here.
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Figure 1. Implied Voc characterizations and contact resistance measurements as a function of
ageing time. (a) Schematic of iVoc test structures with indium tin oxide (ITO)/a-Si: H(p)/a-Si:
H(1)/n-S1/a-Si: H(1)/ZnO/LiFx/Al (5 nm). (b) 1Voc of the samples with a series of ZnO deposition

temperature. (¢) Schematic view of contact resistance test structures. (d) p. between n-Si and a-Si:



H(1)/ZnO/LiFx/Al, featuring different thickness of Al (0 and 200 nm) and various ZnO deposition

temperature.

Table 1. The initial iVoc, pc and device parameters of the samples featuring different ZnO

deposition temperature.

Deposition

temperature/°C iVoc/mV pe/Q-cm? Voc/mV  FF/%
100 713 0.22 711.9 72.0
115 726 0.13 711.8 74.4
130 733 0.24 716.8 74.7
145 735 0.39 714.8 70.9

Table 2. The initial recombination parameters and interface electronic properties of the samples

with different ZnO deposition temperature.

?eflll);:i*t;(t):re JoC Sert/cm’s™! Teft/s QOt/cm’? Ddem

100 26 7.0 x 10 1.0 x 10° 1.1 x 10"
115 16 1.1x10°  9.8x10°  7.9x10
130 6.5 2.2 %107 1.8 x 10" 3.6 x 10°
145 6.5 2.2 %1073 1.8x10%  3.6x10°

The contact resistance was determined from the test structure, covered with nanoscale a-Si:

H(i)/a-Si: H(n)/ITO/Ag and a-Si: H(i)/ZnO/LiFx/Al at the front and rear side, respectively,

depicted in the Figure 1c.!? Table 1 shows that when the deposition temperature increases from

100 to 115 °C, p. first decreases and then increases as the temperature exceeds 115 °C. It again



correlates with the larger crystal grains and decreased resistivity of ZnO layers deposited at such
temperatures, and the transition of morphological surface and grain orientation in this 115-145 °C
temperature range.*? The original pc with various ZnO deposition temperature are extracted to be
0.13-0.39 Q-cm?, which are sufficiently low to form a high-efficiency n-Si solar cell with full area
heterocontact. 27 27 27 27272121, 40 Ag can be seen in Figure 1d, the samples with a deposition
temperature of 115 °C and 50 nm thermally evaporated Al, exhibit the fastest deteriorating contact
resistance by over two orders of magnitude within 130 h. By contrast, the further application of
200 nm electron beam deposited (EBD) Al in a-Si: H(i)/ZnO/LiFx/Al contact significantly
mitigated the degradation, which may be due to the further protection against air exposure.
Interestingly, As the ZnO deposition temperature increases from 100 to 130 °C, the degradation
rate of pc decreases. The best samples with a ZnO deposition temperature of 130 °C and thicker

metallization display the nearly constant p. below 14 Q-cm? after ageing in air for 380 h.

Device performance

Silicon heterojunction solar cells using a-Si: H(i)/ZnO/LiFx/Al electron nanocontacts as full-area
rear contacts were fabricated, as sketched in Figure 2a. Note that the same thickness of ZnO films
was applied in the fabrication of all the samples. The Jsc was therefore similar, and since it was
also in time, we focus in the following on the Voc and fill factor (FF) of the devices with different
ZnO deposition temperatures. Looking first at initial results, Table 1 shows that increasing the
deposition temperature from 100 °C to 130 °C improves the Voc and FF. Further temperature
increase reduces the Voc and FF. Moreover, the champion cells using a-Si:H(i)/ZnO (130
°C)/LiFx/Al (250 nm) electron contacts achieved the efficiency of 21.3%, accompany with Voc of

727 mV, Jsc of 37.6 mA/cm? and FF of 78.0%, as shown in Figure 2b. Furthermore, cell



performance with different thickness of Al (0 and 200 nm) and various ZnO deposition
temperature as ageing time, are shown in Figure 2c,d. Compared with the cells with 50 nm Al
whose Voc and FF degraded drastically to 428 mV and 46.5 % within 75h, the great improvement
of the device stability was found by introducing thicker metallization. Additionally, the device
stability was improved as the ZnO deposition temperature increases from 100 °C to 130 °C and
then was deteriorated when the temperature increases further. The trends of Voc and FF are
essentially consistent with the change of the relative contact resistance. The most stable cells (130
°C) with 250 nm Al remained above 93% of the starting Voc and above 88% of the starting FF

after aged for 380 h.
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Figure 2. Device results of Silicon heterojunction solar cells featuring a-Si: H(i)/ZnO/LiFx/Al
contact. (a) Sketches of the Silicon heterojunction solar cells. (b) J-V curve of the champion cells
using a-Si:H(i)/ZnO (130 °C)/LiFx/Al (250 nm) electron contact. The device parameters are
included in inset. (¢) Voc and (d) FF of the devices with Al thickness (0 and 200 nm) and different

ZnO deposition temperature, as a function of ageing time.

Degradation mechanism

In order to understand the degradation mechanism of the a-Si: H(i)/ZnO/LiFx/Al nanocontacts,

cells with 250 nm Al were stored in both vacuum and air, then measured with ageing time,
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described in the Figure 3a,b. Compared with the samples in air, the cells stored in vacuum showed
an enhanced stability and retained 97% and 93% of the initial Voc and FF, respectively, after 400
h ageing. This remaining slight degradation could be ascribed to the time spent out of vacuum for
various measurements. The improved stability of the sample held in vacuum suggests that the
interaction of the ZnO/LiF«/Al nanostack with air is responsible for this degradation, which is
consistent with the fact mentioned above that the use of thicker metal protection mitigated the
degradation. Thus, an encapsulated module with a-Si: H(i)/ZnO/LiFyx/Al electron selective contacts
has the potential to demonstrate sufficient stability in air. STEM bright-field (BF), high-angle
annular dark-field (HAADF) images and corresponding energy-dispersive X ray spectra (EDX)
data of the a-Si: H(i)/ZnO/LiFx/Al (~ 100 nm) nanocontact after the exposure of 432 h in air (thus
after strong degradation) are shown in Figure 3c-f. The EDX signal of the F K edge highlights the
presence of the LiFx interlayer separating the ZnO from Al. The existence of O in the LiFx/Al layer
might be attributed to air ingress. The presence of O is also likely to result from the oxidation of
the surfaces of the thin TEM lamella in-between or during process steps. In addition, as referred
in Table S1, the reaction calculator also suggests that Al can reacts with air in a-Si:
H(i)/ZnO/LiF«/Al contacts,* leading to the work function increase of LiFx/Al, which is consistent
with the AFORS-HET simulation (Figure S2).** The capping-layer work function was shown
critical to the performance of ZnO-based nanocontacts, thus such an increase is likely to be the
origin of the degradation of pc, Voc and FF. Although Al is known to form a self-limiting very thin
oxide layer preventing diffusion of oxygen, permeation or percolation of oxygen-containing

molecules through the Al film is a possible mechanism.

11



740 .
(a)7zo :
700 :
__ 680} 4
E 660 | O\E y
~ 640} ]
>’ 620} Vacuum 1 & 50F y
600 | —— Air 1 a5} ]
580 | 1 40r y
560F 35: ]
0 50 100 150 200 250 300 350 400 30 7750 100 150 200 250 300 350 400

Time (h) Time (h)

L T T T (nm)

250

200

150

100

50

(Rt S [ Jut BN £or BN e [ A v R LGN NE AN T BN N BOC GO N PN

i

Al

. 2]
0o HO NO O
(o))

”'/
@ |
16 I
0
N
o ]
o)
W/
M

mSi "0 mA
mZn EF ®mC (at%)

12



Figure 3. The degradation mechanism analysis of a-Si: H(i)/ZnO/LiFx/Al electron contacts. (a)
Voc and (b) FF of the cells in vacuum and air, as a function of ageing time. STEM microscopy
images of a-Si: H(1)/ZnO/LiFx/Al (~ 100 nm) electron contacts. (c) STEM BF, (d) HAADF images,
(e) Cross-sectional STEM EDX map, and (f) corresponding of atomic concentration profile,

computed from the the Si, Zn, O, F and Al K edges.

S-shaped J-V curve

In view of the difficulty of accessing the cause of the degradation from the composition or
structural analysis, we performed a more detailed analysis of the J-V curve at various stages of
degradation. The J-V curves of the devices with a-Si: H(i)/ZnO (115 °C)/LiFx/Al (250 nm) electron
nanocontacts exhibit standard diode characteristics shape, with decline of Voc and FF as ageing
time, illustrated in Figure 4a. Interestingly, the J-V curves measured in the test range of 1-2 V
were found to turn to S shape with ageing time, as shown in Figure 4b. The transition of the tested
J-V curves as ageing time increase is basically consistent with the change of the simulated J-V
curves with the increasing work function of LiFx/Al by AFORS HET, as shown in Figure S3. Then,
the devices after the 2088 h storage were measured at various illuminations and temperatures, as
shown in Figure 4c and 4d, respectively. As the illumination decreases, the S-shaped J-V curves

get more pronounced. However, the S-shaped J-V curves vanish with the temperature increasing.

13
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Figure 4. S-shaped J-V curves of the devices with a-Si: H(i)/ZnO/LiFx/Al electron selective
contacts using deposition temperature of 115 °C and 250 nm Al. The J-V curves as a function of
ageing time, in the range of (a) -0.2-0.8 V and (b) -0.2-2 V. The S-shaped J-V curves of the
samples after 2088h, varying (c) illumination ratio of 100 mW/cm? with fixed temperature of 25
°C and (d) temperatures with fixed illumination of 100 mW/cm?. The fitted lines were reproduced

using exchange current density model.

For further understanding of the S-shaped J-V curves, an exchange current density model,*° was

utilized to reproduce our current-voltage trends. This model, sketched in Figure 5a, describes the
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characteristics of contact-limited solar cells with the flows of both electrons and holes through
each of their contacts. There are therefore four saturation current densities (two per contacts)
representing the Ag/ITO/a-Si: H(p)/a-Si: H(i) hole contact on the one hand (] op, and JP.), and a-
Si: H(i)/ZnO/LiF«/Al electron contact on the other hand (JZ° and J&"°). The J-V characteristics

of the cell under the assumptions are

Zno

JL+IE, 415D e JLt] +b
](V) — _(]L+]Oe+]zn0)+ LG(ze VO + 0oh Von ’ (l)
Joe vy, Jon e v
T e

Here, Vr = kgT/q, is the thermal voltage, where kg is the Boltzmann constant, T is the
temperature, q is the electron charge. The corresponding Jo’s are

—(Ev—tﬂp)/k r
B

Jon = AnT?e )
Ec—@P

Joe = AsT?e kT, ©)
_ —_/pnZn0

20 = girze 0 o @
E—pZnO

JEn0 = prT2¢ kpT (5)

Where, A" is the Richardson constant, A% and A}, can be different, Ec and Ev are the conduction-

and valence-band energies of silicon, and P and @%"° are work-function energies of Ag/ITO/a-
Si: H(i)/a-Si: H(p) contact and a-Si: H(i)/ZnO/LiFx/Al contact, respectively. The effective A" can

be calculated for metal Schottky contacts according to:

4mkq
Ah_%! (6)
. AmTmik:
AL = ””}‘;Bq, (7

where h is Planck’s constant, and m” is the carrier effective mass, given by
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mi, = o () ®

my = (), ©

ZﬂkBT

An Ohmic series resistance was added to the model, which was slightly adjusted to reproduce
the slope at high-forward bias between 0.7 and 2.4 Q cm? as shown in Figure 5b-d. Also, since the
contacts used here rely on heterostructures and are by far not ideal Schottky contacts, equations
(6) and (7) are not expected to be applicable, although the general formalism is applicable.*® Thus,
the dependency of A™ with 1/T was maintained, and equations (2) to (5) can be rewritten as:

_{EV_¢pv% ,
B

Jo 0h = aon (10)
Ec—¢P

Joe = agcTe ksl , (12)
- (By—¢*"9)

o’ = afp’Te st , (12)
E e pZnO

J&n0 = qZnOTe kpT (13)

Table S2 shows the values chosen for the a,, parameters to fit all curves. These enabled a good
fit of the data while appearing physically realistic. Then, most of the parameters were kept constant
for all J-V curves exhibited in Figure 4: Only the work-function of the a-Si: H(i)/ZnO/LiFx/Al
contact (@%™° increases from 4.22 eV to 4.3 eV as ageing time) was varied to reproduce the
effect of degradation in Figure 4a,b, whereas only T was changed to reproduce the effect of
changing the temperature for curves shown in Figure 4d (as well as Ec to reproduce the temperature
dependency of the Si bandgap®). Finally, when changing illumination, j, and J%, were varied
proportionally to the illumination, the latter accounting for the large change in hole density in the

Zn0

absorber. Conversely, Joz~ was only slightly reduced by 20% with illumination since the electron

16



density changes much less in the n-type wafer used here. Resulting values for Jo’s are shown in

Figure 5b-d, with the varying parameters indicated in the graph. As can be seen in Figure 4, the

agreement with the experiment is excellent in all cases besides a few parameters (J, T and pZ™°)

variations. Notably, this model enables reproducing the current saturation in forward bias

conditions, which can not be fitted with a typical diode model, making it valuable for S-shaped J-

V curve analysis. This model is therefore consistent with our interpretation that an increase of the

work function of the contact is causing the observed degradation.
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and Rs fitted from J-V curves shown in Figure 4, as a function of (b) ageing time, (c) illumination

and (d) temperature.

4. Conclusion

In this work, we investigated the ambient stability of the a-Si: H(i)/ZnO/LiFx/Al passivating
electron nanocontact in terms of passivation, contact resistivity and cell performance. The iVoc
remained stable, but the Voc and FF degraded with ageing time, matching well to the trend of the
pc. The employment of thicker Al and optimized ZnO deposition (130 °C) improved the iVoc, pc,
Voc, FF and stability, which maintained above 93% of their initial Voc and above 88% of the initial
FF after ageing for 380 h. Moreover, the champion cells with the efficiency of 21.3%, Voc of 727
mV, Jsc of 37.6 mA/cm2, and FF of 78.0% was demonstrated. Furthermore, the enhanced stability
in vacuum and STEM images revealed that the degradation of the a-Si: H(i)/ZnO/LiFx/Al contact
is caused by the air ingress in LiFx/Al interface, indicating potentially excellent stability for the
encapsulated module with a-Si: H(i)/ZnO/LiFx/Al nanocontacts. Finally, AFORS-HET simulation,
current-exchange modeling and S-shaped J-V characteristics in the range of 1-2 V disclosed that

the deteriorated work function of LiFx/Al is responsible for the degradation.

Experimental Section

For the iVoc characterization, the samples were fabricated on n-type float zone (FZ) c-Si
substrates with a thickness of ~ 195 pm and resistivity of ~ 2.1 Q cm. Both sides of the textured
and cleaned wafers were covered with a plasma-enhanced chemical vapor deposited (PECVD) a-
Si: H(i) layer (~ 9 nm on the flat reference glass). Then, on the front side, a-Si: H(p) (~ 10 nm) and

ITO (~ 75 nm) were grown by PECVD and magnetron sputtering, respectively, followed by

18



annealing at 210 °C. Subsequently, ZnO films were deposited at the rear side via LPCVD at
variable deposition temperature (100-145 °C). Note that the thickness of all the ZnO layers was
set to ~ 140 nm, requiring to adjust the deposition time, due to more thermal energy at higher
temperatures, resulting in accelerated ZnO growth.*? The samples were annealed at 150 °C for 30
min, followed by thermal evaporation of LiFx (~ 1.5 nm)/Al (~ 5 nm). Finally, iVoc measurements
were taken using Sinton Instruments WCT120.

The contact resistance measurements were conducted using textured FZ n-Si wafers, covered
with PECVD a-Si: H(i)/a-Si: H(n) (~ 10 nm) and a-Si: H(i) on the front and back sides,
respectively. The ITO/Ag stacks were sputtered on the front side, before annealing at 210 °C. Here,
the contact between Ag/ITO/a-Si: H(n)/a-Si: H(i) and n-Si was shown to be Ohmic contact with a
contact resistance of 0.02  cm? in our previous work.*? In the following, annealing at 150 °C was
implemented after the deposition of LPCVD ZnO at the rear surface. LiFx/Al (~ 50 nm) was
evaporated on the rear side through a mask of 0.75 x 0.75 cm?, subsequently capped by EBD Al
(0 or 200 nm) without breaking the vacuum. The dark J-V curves were acquired by a Keithley
2601A source meter.

Silicon heterojunction solar cells with a-Si: H(i)/ZnO/LiFx/Al were processed, employing
samples covered with a-Si: H(i)/a-Si: H(p) and a-Si: H(i) on the front and back surfaces,
respectively similar to the lifetime samples. The sputtering of ITO was carried out through a mask
to define 2 x 2 cm? area, followed by screen printing of Ag grid and curing at 210 °C. LPCVD
ZnO was deposited on the rear side, followed by an annealing at 150 °C. Finally, the thermal
evaporation of LiFx/Al and electron beam deposition of Al were performed, similar to the contact
resistance structures. The light J-V behaviors were obtained under standard test condition (100

mW/cm?, AM 1.5 spectrum, and 25 °C), by the utilization of a Wacom WXS-90S-L2 solar
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simulator. Additional light J-V curves in the range of -2-2 V were measured under an illumination
of 100 mW/cm? at variable temperature (25—75 °C) and under variable illumination intensity (0—
100 mW/cm?) at 25 °C.

The microstructure of the a-Si: H(i)/ZnO/LiFx/Al (~ 100 nm) nanocontact stack, here deposited
on a polished <100> n-Si wafer and stored in air for 18 days, was assessed in cross-section by
STEM. A thin lamella was prepared using the conventional focused ion beam lift-out method in a
Zeiss NVision 40 using a final gallium beam milling voltage of 5 kV. STEM BF, HAADF images
and EDX were obtained using a Fisher Scientific Osiris microscope operated at 200 kV with a
beam current of 250 pA and equipped with four silicon drift detectors for fast EDX mapping. EDX

data was quantified using the Cliff-Lorimer method.*®
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The thicker metallization and optimal ZnO deposition (130 °C) improved device performance

(21.3%-champion efficiency) and stability maintaining over 93% and 88% of the initial Voc and

FF after stored in air for 380 h. The degradation is attributed to the deterioration of LiFx/Al work

function, due to by t

he air ingress in LiFx/Al interface.
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