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Abstract
Transition metal oxides (TMOs) have recently beeoved to efficiently serve as

hole-selective contacts in crystalline silicon (g-Beterojunction solar cells. In the
present work, two TMO/c-Si heterojunctions are exgdl using Mo@ (reference) and
V.05 as an alternative candidate. It has been found\tb@t devices present larger
(16% improvement) power conversion efficiency mauhlie to their higher open-circuit
voltage. While MOs/c-Si devices with textured front surfaces exhidiger short-circuit
currents, it is also observed that flat solar aethitectures allow for passivation of the
V,0s/n-Si interface, giving significant carrier lifetes of 200.s (equivalent to a
surface recombination velocity &~140 cm &) as derived from impedance analysis.
As a consequence, a significant open-circuit veltaj662 mV is achieved. It is found
that, at the TMO/c-Si contact, a TMO work functenhancememdyo occurs during
the heterojunction formation with its consequentpote layer enlargement
AN'= A+ Adtyo. Our results provide new insights into the TMOIicz8ntact energetics,
carrier transport across the interface and surfacembination allowing for further
understanding of the nature of TMO/c-Si heterojioms.
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1. Introduction

During the last decade, crystalline silicon (c-Sigterojunction solar cells
incorporating thin films of hydrogenated amorphailgon (a-Si:H) have become the
state-of-the-art photovoltaic technology, achieviegord efficiencies above 26% [1].
The key for the success of this technology liestloa superior surface passivation
provided by very thin layers (<5 nm) of intrinsieSaH, also allowing for carrier
conduction with minimal resistive losses. Howemtformance limitations caused by
the relatively high optical absorption of a-Si:H] [@d the highly recombining/p
doped layers [3] (which act as electron/hole seleatontacts) have led to investigate
novel heterojunction concepts between c-Si and mefpee highly-transparent

transition metal oxides (TMOSs) [4, 5].
Originally introduced in organic electronics ascélen and hole transport layers,

TMOs are large band gafe(>3 eV) semiconductors with a wide variety of work
functions (@rwo~3—7 eV) and conductivities (from insulating to aikt-like),
providing great flexibility when used as electram-hole-selective contact materials [6].
Additionally, they can be deposited at low tempaat(T <200°C) or by solution-
processing methods [7], increasing the potential pfiancess simplification and cost
reduction. Until now, hole-selective M@Chas been the study-case TMO material
alongside n-type crystalline silicon (n-Si), reaxhia power conversion efficiency
(PCE of 22.5% in a Mo@ (i)a-Si:H/n-Si configuration [8], where the intsit (i)a-Si:H
chemically passivates the silicon surface while Mp@vides the hole-selectivity. Also
rear MoQ contacts with partial contact areas have beenrteghavith an efficiency of
20.4% [9]. As an alternative, simpler structurempasing TMOs in direct contact with
n-Si have also been proposed, achieving efficienogtween 12.5 and 18.4% [10-12].
The unique behavior of Moand other similar TMOs (30s, WO;3) is explained by
their electronic configuration and large work fuont values ¢1vo>5.0 eV), which
upon Fermi level E;) alignment with n-Si®,.s~4.2 eV) induces a potential barrier

(band bending) [10, 13]. This is believed to resuithe formation of an inversion (p
layer upon n-Si where photogenerated holes areatetl and then extracted across the
TMO/n-Si interface. Recent reports have also predod,0Os as an interesting
alternative to Mo@ indicating that larger open-circuit voltage vaughigher hole-
selectivity) can be achieved for,0s—based devices with and without the inclusion of
passivating (i)a-Si:H interlayef$0-12].

In the present paper, Impedance SpectroscdBy fieasurements were used to
compare the performance of Mg@nd \W.Os as hole-selective contacts in n-Si solar
cells, showing that ¥Os—based solar cells perform better due to the poesehhigher
built-in voltages. Additionally, temperature-depentd measurements were used to
calculate barrier heights across the interfacangifurther details about the energetics
of TMO/n-Si heterojunctions.



2. Experimental

Devices Fabrication:Solar cells were fabricated from n-type(Zdm resistivity
wafers (~2.3x18 cm® dopant concentration) made from float zone morsiafljne
(100 orientation) material. The use of such highligy silicon allows for a very high
bulk lifetime (7., ~3 ms under high injection conditions), ensuringnadt all
recombination effects are confined to the surfaSedar cells labeled t-Mofand t-
V.05 were subjected to random texturization of the tfreurface by alkaline etching
(~265um final wafer thickness), while cells named 64 were processed as purchased
(flat polished finish, ~28@m wafer thickness). After a standard RCA cleanifig HF
dip, all substrates were then loaded into a plasntenced chemical vapor deposition
(PECVD) system to deposit on the rear side an releatelective contact consisting of
an intrinsic/n-type a-Si¢H stack (5 nm/15 nnx~0.2). Subsequently, two rear contact
strategies were usetl) t-MoO; and t-\bOs cells had an a-SiH back-reflector (80 nm,
x~1) deposited by PECVD which was then laser-firedobtain an array of locally-
diffused point contacts (0.5% contacted area) [24]-V .05 cells had an indium-tin-
oxide (ITO) back-reflector/electrode deposited bly Ragnetron sputtering (80 nm,
1.3x10° mbar Ar pressure). As for the front hole-selectieatacts, 20 nm thick TMO
films were thermally evaporated from powderegDYMoOs; sources (>99.99% purity,
Sigma Aldrich) at ~8x1® mbar. For the front textured sample, the depasitime was
~1.7 times longer than the polished ones, in otdecompensate for the increase in
surface area. The deposition rate was ~0.2 A/spasolled by quartz micro-balance,
while the substrate remained at room temperaturimglthe process. After a brief air
exposure, an ITO front electrode/antireflectivecka{80 nm) was also deposited. At this
point in the process, QSSPC measurements wererpedoin order to determine the
carrier lifetime of the solar cell precursor (figus5). After lithographic patterning of 1
cn? active cell areas, a front-contact Ag grid (4.3%@adow losses) was thermally
evaporated by use of a shadow mask, while the bactact metallization was done by
e-beam evaporation of Ti/Al (t-Moand t-\bOs) or Ag evaporation (f-¥Os).

Characterizations:The IS measurements &Y. (Figures S7-S9) were carried out
using an Autolab PGSTAT-30 potentiostat in the dietcy range between 100 mHz and
1 MHz, being the AC perturbation of 10 mV. The dpeevere recorded in open-circuit
conditions under varying illumination up to 150 mi® (XE 300W Newport 6258).
For achieving this, a bias voltage which correspoiod/,. was applied, hence ensuring
a more homogeneous distribution of excess carbgrsuppressing DC current. For
practical reasons, an extra loop element was iedud series connection with the
circuit (Figure 5a), and at some spectra a congtiaate element was considered instead
of a second capacitor. For th8 measurements at short-circuit in the dark and at
different temperatures (Figure S3), a Gamry Refmen 3000
potentiostat/galvanostat/ZRA (same AC perturbaéind frequency range as above) was
employed joining the Novocontrol Quatro Cryosystem.



3. Resultsand discussion
3.1 Device structures and performance

The structure of the three representative devitediesl here is presented in the
sketches of Figure 1, including the specificatiah®ut composition and thickness of
each layer. This set of configurations will allow to properly compare performances
among Os— and MoQ-based Si heterojunction solar cells. The firsidtire, labeled
t-MoQOg, uses a 20 nm-thick layer of Mg@@s front hole-selective contact deposited on a
textured surface, while the rear electron-selectromtact is formed by a (ifja-
SiCi-0.2H stack that was locally-diffused by laser firiff§gure 1a). On the other hand,
there are two structures with,®s as hole selective contact called #0¢ andf-V ,0s
(see Figures 1b and 1lc, respectively). While;®y/presents the same structure as t-
MoOs, f-V,0s5 exhibits a flat superposition of layers, increasihg passivation quality
provided by \MOs. Moreover, f-\bOs uses indium tin oxide (ITO) as a rear electrode,
given that laser firing provides a good ohmic contat the expense of reduced
passivation quality. More details about the devi€alsrication and morphological
features can be found in previous works [10, 1Bg éxperimental section and the
Supplementary Information (SI).
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Figure 1: Sketches of the structures for the tli®éaces which were studied in this work, as
indicated.

Examples of current density-voltagd-\) curves resulting from representative
devices measured under illumination are shown iguf@ 2. The corresponding
performance parameters such as open-circuit volfsge, short-circuit current J..),
fill factor (FF) and PCE are summarized in Table 1. Also histograms in FEg81
present the parameter distribution for the compke of studied samples. In this
respect, devices with X0s show significantly highePCE than those comprising MgO
layers. Given that only minor improvements in ti@gocurrent generation and no clear
trend in theFF are observed, the superiority ob(M—based solar cells is directly
connected to the enhancement in the outfuin comparison with Mo@ lllustratively,
among the samples with surface texturing £8¥andt-MoQs), t-V,0s has a larged,
while the flat sample (f-¥Os) has practically the samé,. as t-MoQ. Additionally, the



V,. differences are apparent with significantly largedues achieved by the W5
devices. Our findings then indicate that theOWn-Si heterojunction makes up a
superior contact compared to Mg@-Si.
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Figure 2: Experimental current density-voltage esrvmeasured under 100 mm? of
AM1.5G light spectrum for different samples as aaded.

Table 1: Photovoltaic parameters correspondinghéoJtV curves in Figure 2 and calculated
parameters from the analysis of tNES plots in Figure 3. The depletion layer widthg is
presented at zero bias and, in parenthesis, the alculated for the real semiconductor doping
(2.3x10° cm®). This allows comparing deviations caused by getimeffects on the
capacitance area normalization.

VOC ‘JSC FF PCE Vbl ND WO

Devices MmV) | mAcen®) | (%) | (%) | (mV) (x10° em®) | (nm)

t-MoOs3 | 563 33.0 72.1| 13.4| 599 4.37 406 (560)

t-V20s | 605 34.5 74.7| 15.6| 617 6.86 330 (569)

f-V,0s | 662 32.5 70.6| 15.2| 712 2.10 644 (614)

3.2 TMO/n-Si heterojunction analysis.

The formation of the heterojunction in the TMO/né8vices occurs by band bending
of the n-Si energy levels producing a built-in pui&l V,,. However, before entering
into a discussion of the energy band diagram, iteiuired to explore the depletion
region features in order to estimate values exhibited by the devices. Therefore,
capacitance measurements as a function of DC appbktage in the dark were done.
Figure 3 exhibits such results in the typical M&thottky (MS) plot representation, i.e.
C(V). The linear decrease of MS plots, as the appl@thge is swept from reverse
bias to near flat band condition, evidences a @emistcharge density profile.
Subsequently, the neutrality of charge betweem#gative ionized defects, presumably



at the thin TMO side, and the positive Si ionizegpurities, allow us to assume the one
side abrupt junction approximation [16]. Thus tleplétion layer widthw at the n-type
silicon bulk can be calculated as a function ofdpplied DC bia¥ as

W:\/Zé‘oé‘ (Vbi v 2kBTj (1)
ANy q

where g is the elementary chargd; is the Boltzmann constant, is the absolute
temperatureg, is the vacuum permittivitys is the relative dielectric constant (11.9 for
Si) [16, 17], andN, is the donor density (doping concentration witlgliggble intrinsic
defects). The2k,T/q term corresponds to the majority-carrier contiitrutin addition

to the impurity concentration [16]. With this in mai, a parallel-plate capacitor model
can be considered for the determination of theeatewl layer capacitance per unit area
asC, =&,/ w. Subsequently, by substituting equation 1 and aftew operations, the
simplest expression for MS analysis is obtained as

Cy” = L(Vbi -V- ZkBTj ' (2)
qg,£Np q

The V,; can be obtained from the voltage intercept wiilg results from the slope
of the linear portion irC%(V). By substituting these results in equation (Ljt a given
applied bias can be obtained. Resulting values/fprNp andw, (at V=0) are reported
here for the first time for TMO/c-Si solar cellshosving the expected behavior
characteristic of p-n junctions (see Table 1). Reéigg the band bending, it accords well
with previous experimental reports via Surface Bwoitage (SPV) and theoretical
simulations for theb,.sirange [11, 18]Np andwy values in Table 1 are also in good
agreement with typical orders of magnitude obsemesimilar structures, although they
do not consider effective area rectifications anddontributions from gap trapping
states. In fact, unlike the textured samples, tkegnce of gap defect levels is evidenced
in the f-V,Os device from its frequency dependent capacitanqeorese [19, 20] shown
in Figure S2, where the slope of the MS plot vaneish the AC perturbation
frequencies, even though they converge to the s§mwalue.

MS analysis straightforwardly gived, as the intercept of the linear plots with the
voltages axis, irrespective of area normalizatiorfrequency dependent capacitances
[16]. Similarly to the above mention&d_. behavior, devices with XDs present higher
V,; than those incorporating MaPbeing f-\,Os the structure with the larger value.
Interestingly, the obtaine¥,; values are similar to those of standard c-Si soédls in
which 600-750 mV are distributed between the twidesiof the homojunction,
suggesting that TMO/n-Si heterojunction behavelang [21, 22]. The difference here
is thatV,;~0.6-0.7 V is restricted to the Si side, indicatthgt the junction achieves
weak inversion at zero bias. In addition, an almdsal linear MS plot (Figures 3 and
S2) is very much less frequent in heterojunctioniabs like CdTe [23, 24], CIGS [25,
26], organic [27] and hybrid [28] solar cells, wldéhe constant doping profile (regular
slope) is rarely reported. Since a constant chakgesity profile translates into a




guadratic behavior of the potential withiv a quadratic bending of the energy bands
can also be expected. These two elements (Mygand constant doping) could support
previous assumptions on the occurrence of a p-typersion layer upon n-Si in the
vicinity of the TMO interface (see energy-scaleddbdiagram of Figure 4a).
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Figure 3: Experimental (dots) Mott-Schottky plotsdarespective linear fittings (lines) under
dark and room temperature conditions for the diifier samples, as indicated. The AC
perturbation was 10 mV at 1.0 kHz.

As summarized in Table ST1, the studied TMOs paskege energy bandgaps and
work functions compared to silicon, and generallyikit prominent n-type conductivity
due to defect states generated from oxygen vaai@jeThis is the reason why it has
been proposed [10, 15] that a dipole lajers present at the TMO/n-Si interface, in
order to equilibrate the Fermi levels in the endrgpd diagram once the heterojunction
is formed. Considering absolute values and assunorgjgnificant changes in the TMO
electron affinity after the contact is made, thas be written as

Do =P =0aV, +A. 3)

The spatial distribution of the work function offse illustrated in Figure 4a-c in an
illustrative typical case assumidgwo~6.7 eV, where the interfacial dipole is possibly
originated by shallow O vacancies in the TMO bk 10, 29]. Here, usually reported

bandgaps (Table ST1) and our calculatgd values (Table T1) were used to sketch
energy levels before and after the formation oftteeerojunction, reveling two possible
scenarios. In the first case, the conduction bagd)(bends up forming a barrier of
height AE. of approximately 29, T for electrons (Figure 4b), while in the second
case no barrier is formed (Figure 4c). When suddtive high barriers AE. >10k,T)
are present, typically thermionic emission andiomeling are expected to occur [16].
Therefore, as it is known, the current denslty follows the expression



_AT2 qv
Jre = po exp[ kBT]{eXp[E] 1} (4)

where k;T is the thermal energyA is the Richardson constantyp the distance
betweenE. and the top of the barrieiq¢ > AE_.in Figure 4b), andr is the relation
between the rest mass and the effective mag$ i ) when thermionic emission over
the barrier is the dominating mechanism. Thusait lbe proved [30] that the resistance
unit surfaceR, = (dJ,c / dV)™* at zero applied bias follows the relation

=g Ko _ayp %
RO_anTeXp[I%T . (5)

At this point it is useful to mention that when tunnelimgs a significant contributing
role an extra term must be added to equation (4) @andan be written as a more
complex expression. Furthermore, if tunneling is the dominatieghanismR, cannot
be easily reduced to equation (5) and the temperature should ooeetiplly affecR, .
However, that situation is only expected for high doping leablsve 10"° cm™ [30].
Conveniently, from equation (5) it is apparent that the lineaoffitn[qTR A k]
versusq/ k; T yields an slope equaling and an intercept approachibg a], allowing
for testing underlying mechanisms as thermionic emission ahdaioeling across the
barrier.

For this purpose]-V curves and impedance spectroscdi®y analyses were carried
out for the textured samples (2®s and t-MoQ) in the dark and within the temperature
range between 210 K and 295 K. The noisy response fropD§-tfue to its largeR,
values prevented a reliable data processing. From the stisMedrves (Figures S3a,b)
the slope of the linear fittings aroun®=0 was calculated and subsequently
R, :(dJ/ d\/)_1 obtained. As for the impedance, a Nyquist plot (negative imaag
part of impedance-Z" versus the real componedt') [31] was obtained from this
measurements (Figures S3c,d), and fitted to the series conndciorsistanceR, and
a simpleRC equivalent circuit (inset Figure S3c), beify the resistance of the arc.

The R, values obtained frond-V and IS measurements can be observed in Figure
S3e. With these values, Figure 4d was elaborated and the barrisratedtatqyp =16
meV for t-\V,0s and q¢ =50 meV for t-MoG;, Consequently, since such barriers are in
the order ofk,T and a =10, thermionic emission is discarded as the main transport
mechanism over the barrier. This could be interpreted implyingthieaenergy band
diagram sketched in Figure 4b witkE. may occur only if tunneling is the dominating
mechanism. Alternatively, it is also possible that no barrierrscauall, as presented in
the third sketch of Figure 4c. In this case, during the heteetban formation, and due
to inner bandgap defect levels, the TMO work function is augmeh@g,, as well as
the dipole layerA'=A+Ad,,,, (assuming no electron affinity change), in such a way
that no interfacial barrier occurs.
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Figure 4. Energy band diagram for TMO and n-Si befeontacting (a) and after the
heterojunction formation with (b) and without (cartier formation AE.. (d) Arrhenius plot
with results for possible barriegg for electrons. In (a) the zero signals the vaclewel and
absolute values from tables T1 and ST1 were usefd)Ithe data results from Figure S3 are
considered. Here we propose a TMO work functioraenbmenid that also increases the
dipole layerA and eliminates the barrier (c), provided that texteon affinity change occurs.
This is possibly due to the absence of a barrieteeced by thejgp = k; T values in (d).

Furthermore, there is also a work function scattein Table ST1 that suggests a
possible tunable conductivity in TMOs, which fop®% can reach almost the intrinsic
state. The enhancement of the energetic offsetdegtiheE. and the TMO conduction
band minimum most probably depends on the n-Saeartiefects and their passivation
mechanisms, which is affected by fabrication caod# and reactivity, changing the
TMO work function. In addition, another recent wgils] has pointed to the formation
of a SiQ-1 5 ultra-thin interlayer by chemical reaction betwé¢lee TMO and the n-Si, as
can be observed in Figure S4. This interlayer (notuded in Figure 4b,c) can be
directly holding the dipole or mediating the paasiomn. Nevertheless, work function
tuning seems to be a more likely mechanism oveidvaiormation, at least for XDs—
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based devices. This is understood givei©36 major @ scattering (table ST1), their
significantly higherV,, andw, values (table T1) and the absence of a notewdwdinger
(Figure 4d). Such features may have a direct imjpeitte recombination mechanisms as
studied in the following section.

3.3 Carrier lifetime by impedance analysis

The differences between,¥s— and MoQ-based cells are also directly reflected in
the contactless photo-conductance measurementheinquasi-steady state regime
(QSSPC) [32], through which minority carrier lifei results (Figure S5). Similarly to
V.. andV,;, V205 samples show longer carrier lifetime values. Howgetlee QSSPC
technique does not account for contact effectsesinis performed before the Ag grid
deposition. Accordingly, a more suitable and genpratocol is presented here for
studying minority carrier lifetimes in TMO/n-Si suol cells, bearing in mind that
differences with respect to the QSSPC technique magyond to the TMO role in the
heterojunction formation and the top electrode.

In order to explore the dominating loss mechanianthiese heterojunction—-based
devices, i.e. the so-called Shockley-Read-Hall (PRidombination through interface-
located band gap states [38}, analysis was used. Surface recombination procegds
electron and hole capture by surface states withsesguent annihilation. The
measurements were performed under illumination @énecircuit conditions. The
equivalent circuit is presented in the inset ofufgg5a, where the experimental data of f-
V205 atV,. =633 mV is also shown with its respective fitting. Tiecuit is basically
composed by the series connection of a resistéicand two Voigt elements (parallel
RC subcircuit, see Figure S6) [31]. In this sense, 8RH carrier lifetime results by
summing terms related to the capture rate of e@mstrand holes in the surface
recombination center [33]. Occupancy changes ofdeotion band electrons and
valence band holes can be accessed by exploriragiti@p effect of respective excess
carriers. The usually-known diffusion capacitant@] [or chemical capacitance [34],
informs on the occupancy of conduction band budicebns [35]:

dn
C=(— 6
n =0 dE, ) (
where the capacitance is given per unit volumecorresponds to the free electron
concentration and,. accounts for the electron quasi-Fermi level. Setctorward bias
or under usual illumination levels the device camrknin high-injection conditions, the
occupancy change of valence band bulk holes giseda an additional capacitance per
unit volumeC , being p the hole concentration ar11'f1Fp the hole quasi-Fermi level:
dp
C =—f —. 7
p =0 dE. (7)

P

Importantly, as illustrated in Figure & is dominant at reverse and low forward bias
regions but surpassed Iy, , as forward bias increases. For instance, in dacka
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short-circuit, Figure S3f evidences the predomindepletion layer capacitance as it
follows its C, O T™"'2 trend from equation 2.

The equivalent circuit of Figure 5a models the saall operation through the
contribution of two resistive elements accountiogthe individual capture of holes and
electrons by the recombination centers. Surfacememation centers govern then the
recombination flux throughR, and R,, which are spatially confined at the interface,
while the AC response is coupled with bulk chemaagacitances of equations 6 and 7.
Consequently, the SRH carrier lifetime results bgsidering the separate contributions
from the capture times of each carrier type as [33]

TSRH:Tn+Tp:RnCn+ RpC;' (8)

Figures S7-S9 present the impedance plots withrerpatal data and fittings for the
three solar cells under study, as well as the tieguiitting parameters for the respective
V_.values. The behavior of,, values are summarized in Figure 5b, showing that
carrier lifetime is larger for MOs-based cells. This is in agreement with the resilthe
QSSPC technique (Figure S5), both in order of ntageiand general trend. From this
comparison, and considering individual lifetime stamt values (Figures S7e, S8f and
S9d), it is assumed that the longer time constamesponds to minority carriers (holes)
and the shorter to the majority carriers (givent thas a n-Si base). The superior
performance of YOs—based cells is then connected to the reductiorsurface
recombination by enhanced passivation that, corsglyy produces higher open-circuit
voltages. Nearly one order of magnitude improvenietitetime is observed (~200s)
for -V,0s in comparison to textured devices. In terms okdfl/e recombination
velocity, approximated as,; = L/7,, beingL the absorber n-Si thickness, one can
calculate thaf~140 cm & (f-V,0s), St ~1300 cm 8 (t-V20s), andSs ~2600 cm $
(t-M00Os), signaling the effectiveness of the passivation strategy. Bypaong S«
corresponding to laser firing rear structures {6 and t-MoQ), one can observe the
beneficial effect of the textured ,®@s hole-selective contact. After changing the
structure of both rear and front contacts (%) the performance enhancement is even
larger.
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Figure 5: (a) Nyquist plot for the experiment&lresults (dots) of f-¥Os sample alV,. =633
mV with its respective fitting (solid line) to thequivalent circuit (inset). (b) Total carrier
lifetime for the studied samples, as indicated.

Regarding the chemical capacitance, it is knowrt thdollows an exponential
dependence with the applied voltage (or V..) of the form C, [ exp( qVv /I%T) [16,
34]. Accordingly, from equations 6 and 7 and takinp account how the splitting of
the quasi-Fermi levels depends on the carrier curatéon [36], the capacitance per
unit area can be expressed as [33]

:qun’p nizexp[(EFn—EFp)/IgT}
T T \/(ND/2)2+n2exr{(EFn—EFP)/IETJ.

Here n is the intrinsic carrier concentration, and  stands for the effective bulk
length (normal to the interface direction) of thegion where the electron (or hole)
occupation changes take place. This latter paramefiects the consequent geometric
differences between electrons and holes bulk capadiehaviors due to its different
recombination rates and diffusion lengths.

Moreover, the quasi-Fermi levels match e energy (i.e.qV,. = E - E- . which
is the free energy of an electron—hole pair) iinité carrier mobility, homogeneous
carrier density profiles and perfectly selectiventeats are considered as good
approximations [33]. Thuen'p(voc) plotting should exponentially grow. Such behavior
is clearly observed in Figures S7c, S8d, and S9%revthe capacitances,  obtained

(9)
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from fitting are plotted as a function ¥f.

In addition, the capacitive data of Figures S7cd,Shd S9b were also fitted to
equation 9 by using the parameters listed in T&l&. By considering plausible
levels and carrier concentrations similarly to tho$ Table T1,L | values of hundreds
of micrometers were obtained for the three samp@esthe other handl,, of around
tens of micrometers were obtained for the textgaadples. Interestingly, from equation
9 a change in exponential slope fraphk; T to q/2k; T is expected if logarithm scaled
capacitance is plotted as a functionkgf - EFp. As also pointed in Figures S7c, S8d,
and S9b, the simulated change in exponential sfopa q/k;T to g/2k;Tcan be
appreciated in good agreement with the experimelaiizl.

4. Conclusions

In summary, transition metal oxides® and MoQ have been electrically studied as
hole selective contacts in heterojunction c-Sirso#dls. It has been shown that(%—
based devices have better performance than thasg M®O;. While textured devices
using WL.Os exhibit larger short-circuit currents, it was ohsel that flat solar cell
architectures permit for a significant increasgassivation of the MDs/n-Si interface.
This strategy allows for open-circuit voltage vaueeaching 662 mV. Such
improvement has been supported by the exploratidheodepletion layer features and
the evaluation of minority carrier lifetimes. Foetlatter, a protocol based t$analysis
has been proposed, also revealing the importaatablcapacitive mechanisms in the
performance of the TMO/n-Si cells. In addition, sooonsiderations on the energy band
diagram have been discussed, although some detafetts (such as the magnitude of
dipoles involved) need to be determined in futuieky Therefore, a more thorough
understanding of the TMO/n-Si interface and thergetecs involved could result in
significant improvements for this kind of novel ts®lar cells.
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