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Hybrid perovskite/GaAs nanowire diodes

E.M. Darivianaki', M. Androulidaki**, K. Tsagaraki®*, M. Kayambaki®#, G. Stavrinidis?#, G. Konstantinidis>*, E. Di-

makis3, N. T. Pelekanos'? and C. C. Stoumpos'"

Halide perovskites have dominated the Gahs  CHNH.PHI, Au contact
field of photovoltaics in the past decade et
with record-breaking efficiencies g
demonstrated very recently. Likewise, Eqﬂ_ﬂgvl—‘t.wev —393ev |g‘ 156V
llI-V semiconductors represent the e
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state-of-the-art in photovoltaics, being 549 eV

the model system of photovoltaic structure engineering. Herein, we investigate the possibility of using GaAs as an Elec-
tron Transporting Layer (ETL), substituting conventional ETLs in halide perovskite photovoltaics. We demonstrate our
hypothesis on hybrid CH;NH;Pbl; perovskite/GaAs nanowire (NW) heterostructures, specifically choosing GaAs in its NW
form to enhance the electrical contact area between the two materials. The thus obtained heterostructures exhibit a
characteristic diode response with improved electrical characteristics when n-doped GaAs NWs are employed. These ini-
tial results, which are promising in terms of lll-V/perovskite heterojunctions, can potentially lead to efficient

CH;3NH;Pbl;/GaAs NW photovoltaics.

erovskite solar cells have attracted great interest re-

cently, and feature as one of the fastest developing

technologies today in the field of photovoltaics.
Because of this, extensive studies were implemented on per-
ovskite materials in the field of photovoltaics, developing
various deposition techniques, targeting to improve the char-
acteristics and the quality of perovskite materials that suc-
cessfully resulted in a spectacular rise of solar cell efficiency
and device stability as welll'-4. The current trend involves the
fabrication of tandem solar cell architectures, using a per-
ovskite subcell in combination with other high-performance
semiconductors to obtain exceptionally-high power conver-
sion efficiency (PCE). The record efficiency for tandem solar
cells up to date is 34.6% for a 2-terminal perovskite/silicon
tandem solar cell devicell.

An attractive, yet, underestimated branch of tandem solar
cells is the blend of perovskites with the other major player of
photovoltaics (in terms of device performance), the Ill-V semi-
conductors and their key representative, GaAsl67l. GaAs is a
model semiconductor with a large light absorption coeffi-
cient, a very high electron mobility value, good thermal stabil-
ity, and a high refractive index891011 |n recent years, the de-
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velopment of GaAs photovoltaics turned into architectures
based on GaAs NWs, as these structures present additional
features due to their low dimensionality, including quantum
confinement, anti-reflecting properties, enhanced light ab-
sorption and resonant wave-guiding effects(®12-22],

Conceptually, GaAs is an excellent substitute to the regular
TiO,-based Electron Transporting Layers (ETLs), since it also
has excellent band alignment in the conduction band relat-
ive to the perovskite (Fig. 1a) and, in addition, possesses a su-
perior electron mobility, which is orders of magnitude higher
than that of TiO,[23:24],

As an initial step, to examine the potential of perovskite/Ill-
V tandems, we fabricate CH3NH;Pbl;/GaAs NW heterostruc-
tures, in an architecture where n-doped GaAs NWs operate as
an ETL, in order to evaluate the charge transport properties
between the perovskite and GaAs NWs. In this configuration,
we examine the behavior of the CH;NH;Pbl; perovskite using
an inverted n-i-p structure where we substitute the ubiquit-
ous TiO, ETL layer with GaAs in its NW form.

Despite the fact that we have not been able to demon-
strate direct photo-diode characteristics in the devices, we
have been successful in demonstrating diode behavior from
the CH;NH;Pbl3/GaAs NW heterojunction and to extract the
basic diode characteristics.

Results and discussion

Fabrication of the heterostructure

The configuration of a typical hybrid perovskite/GaAs NW
solar cell device consists of a p-i-n heterojuction, where GaAs
NWs constitute the ETL layer (n-type material), enabling the
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Fig. 1 a Schematic representation of energy levels for GaAs and CH3;NH;Pbl; perovskite, indicating favorable band alignment for electron
transport between CH;NH;Pbl; and GaAs. b The device architecture. ¢ Schematic representation of the composition of the GaAs nanowires in
intrinsic and doped variants, respectively. In the case of doped nanowires, a thin 2D layer of GaAs is also deposited on the substrate during the

deposition of the GaAs shell.

extraction of photo-generated electrons. The CH;NH;Pbl;
perovskite is the photon absorbing layer (intrinsic material),
while the hole transporting layer (HTL) (p-type material) con-
sists of the perovskite-compatible triarylamine based mo-
lecule  2,2,7,7"-tetrakis-(N,N-di-p-methoxyphenylamine)9,9'-
spirobifluorene (spiro-OMeTAD) and its documented doping
cocktail. A thin-film of Au or a combination of Au with the
transparent conducting oxide, Indium Tin Oxide (ITO) com-
plete the electrical circuit. In this study, we deposited a thick
layer of Au as top electrode, thus the devices do not operate
as solar cells, since due to the opaqueness of Au electrode,
light penetration and absorption by the perovskite layer are
hindered. The configuration of the diode devices we fabric-
ated is illustrated in Fig. 1b.

a) GaAs nanowires

The starting point of the device assembly consists of the
preparation and insulation of the substrate and the GaAs NW
transport layer. NWs were grown in self-catalyzed Vapor-Li-
quid-Solid (VLS) mode by Molecular Beam Epitaxy (MBE) on
heavily doped (n*) Si(111) substratesi2526271 As for the
nanowire growth, Ga droplet was used as self-catalyst in-
stead of a metal (Au) catalyst. Controlled n-type doping of the
NWs can be achieved by the growth of an exterior Si-doped
GaAs “shell” around the intrinsic GaAs “core”l28 (Fig.1c). The
surface density and spatial parameters of the NWs were care-
fully adjusted in order to provide sufficient unoccupied area
on the template for the unobstructed deposition of the per-
ovskite layer. Details can be found in the Experimental Part.
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To insulate the perovskite film from the n+ Si substrate (as
well as from any GaAs-related structures other than NWs on
the substrate), a few hundreds of nanometers layer of the or-
ganic polymer Cyclotene 3022-46 benzocyclobutene (BCB)
was deposited via spin-coating process in between the array
of NWs.

b) Deposition of CH;NH;Pbl; perovskite

The deposition of the perovskite was based on spin casting
of solution techniques and it was branched in two different
approaches: the conventional single-pot solution method
where all the reagents were dissolved in a polar solvent (typ-
ically dimethyl formamide, DMF)291 and the so-called “two-
step method"30311  where the constituent reagent of
CH3NH;Pbl; (Pbl, and CH3;NH;l) were deposited sequentially
as separate processes (Fig. 2).

Comparing the two deposition techniques, we find that the
two-step method is strongly preferable for this device config-
uration, not only because it offers a better control of the
growth directionality of the perovskite32, but also because
the direct spin-coating approach causes severe damage to
the GaAs NWs, often leading to complete “uprooting” of the
material from the substrate.

Because of this trend, deposition optimization was focused
exclusively on the two-step method, varying the precursor
solutions’ concentration and the dwelling time of the film in
the CH;3;NH;l solution. Specifically, Pbl, layer is first deposited
by spin-coating process, at low revolution rate to prevent NW
damage, followed by the reaction with CH3NH;l dissolved in a
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Fig.2 Schematic representation of the two-step sequential de-
position method, that was used for the deposition of perovskite
layer.

mix of solvents, a polar alcoholic solvent and a nonpolar
solvent via dipping process in a solid/liquid reaction(Fig.3a-
b)(331,

For the two-step method, the perovskite film formation
hinges between two competing effects: nucleation34-361 and
crystallization36-38l, Generally, low CH5NH;l solution concen-
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trations (<8 mg/ml) lead to uniform distribution of small crys-
tallites that do not exhibit any preferential growth, but as a
drawback they lead to an incomplete conversion to the per-
ovskite, leaving a substantial amount of Pbl, residue. On the
contrary, at high CH;NH;l concentrations, dissolution and re-
crystallization process of perovskite crystals takes place, lead-
ing to a complete conversion to the perovskite but produce
large rod-shaped crystals that lead to a highly inhomogen-
eous film. In all these processes, soaking time is a very sensit-
ive tuning parameter, since the interruption of the crystal
growth at the opportune moment can also lead to the de-
sired film homogeneity.

In order to fine-tune these processes and produce a uni-
form perovskite film, evenly distributed between the NWs, a
“golden ratio” between the two extremes has to be sought.
Our approach involves the replacement of the commonly
used solvent 2-propanol with a slightly less polar solvent 1-
pentanol, which is beneficial for inhibition of water diffusion
into the solution during crystal growth. Addition of the non-
polar solvent n-heptane to the mixture further amplifies this
effect leading to solution mixtures that can be stable in air for
more than 24 h, providing sufficient time for the reaction to
complete. In this solvent mixture, the optimal dipping condi-
tions involve dipping of the Pbl, film (1.1M in DMF) in a 15
mg/ml 1-pentanol-heptane mixture for a total dipping time of
30 min and 60 min, out of which the diode devices were fab-
ricated.

As evidenced from XRD and spectroscopic characterization
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Fig.3 a, b SEM images of the as-grown GaAs NWs in cross-plane and near-vertical view, for undoped NW structures (see NW composition in
figure 1c), before and after the deposition of BCB layer on nanowire structures, respectively. ¢ XRD pattern of the CH3NH;Pbl; perovskite film
prepared on a glass substrate by the modified two-step sequential deposition method in comparison with the theoretical XRD pattern. Strong
preferential orientation of the crystals is observed. d Absorption spectrum of the CH;NH;Pbl; perovskite film on soda lime glass.
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on glass substrates, these conditions provide excellent qual-
ity of the perovskite film, as judged by the excellent match-
ing of the X-ray diffraction pattern, validating the chemical
purity of the compound, as well as in terms of the optical ab-
sorption spectra which are consistent with the expected
bandgap of the material (Fig. 3c-d).

Characterization of the heterostructure

¢) Morphology and Chemical Integrity

After completing the assembly of the CH;NH3Pbls/GaAs
NW heterostructure, we have proceeded in assessing the
structural integrity of the device. Indeed, as shown in Fig. 4,
SEM images reveal a homogeneous blending of the
CH5NH;Pbl; layer with the GaAs NWs. The rod-shaped per-
ovskite crystallites completely cover the GaAs NWs, with the
perovskite crystallites showing a relatively uniform distribu-
tion with only a few larger crystals sparsely localized (Fig. 4a).
The uniformity of perovskite structure that was achieved lies
in the capability to control the crystallization of perovskite
crystals by using the modified two-step deposition method,
which is based in a different mechanism for the growth of
perovskite crystals than conventional two step method.
However, by increasing the dipping time to t=1 h (Fig. 5b),
pinholes appeared, which can lead to structural inhomogen-
eity of perovskite layer and have detrimental effect on the de-
position of the HTL overlayer and the overall performance of
the completed device. Also, in this case perovskite layer fully
covers the nanowire structures.

X-Ray Diffraction on the heterostructure (Fig. 4c-d) clearly
confirms the presence of the perovskite on the heterostruc-
ture, even though it is severely masked by the very strong dif-
fraction originating from the highly-oriented single-crystal-
line (111) silicon substrate.

Last, the homogeneous deposition of perovskite layer on
nanowire structures is also revealed in the cross-section SEM
image of the diode device, as seen in Fig. 5. GaAs nanowires
are not apparent through the perovskite layer, which is attrib-
uted to non-efficient cleaving of the diode device for taking
the SEM image in cross-section.

d) Electrical characterization

Upon validating the successful formation of the hetero-
structure, we proceeded to the completion of the device by
depositing the HTL layer (spin-coating) and the top electrode
(sputtering). Spiro-OMeTAD was used following the standard
protocol. The complete circuit does indeed exhibit diode be-
havior, thus indicating the successful fabrication of the device
(Fig. 6).

The diode characteristics were further evaluated according
to a simplified equivalent circuit (Fig. 6a). Based on the fitting
parameters of the data, which are tabulated in Table 1, we
can conclude that the device for the case of undoped GaAs
NWs, suffers from a very high series resistance (R ie;) and
severe recombination losses expressed by an ideality factor
(n) that largely deviates from unity39,

Comparing between the diodes fabricated using different
deposition conditions for the perovskite layer and the degree
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Fig. 4 a, b SEM images of the CH;NH;Pbl3/GaAs NW heterostructure for two different perovskite deposition conditions (30 min and 60 min
dipping time, respectively). ¢, d XRD pattern of the CH3NH;Pbl;/GaAs NW heterostructure indicating the formation of crystalline perovskite on
top of the nanowires, evidenced by the reflection at ~ 14°. The overarching peak at 20 = 29° results from the (111)-oriented Si substrate.
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Fig.5 SEM image in cross-section for the diode device, in case of 1 h dipping time. The (circular) electrode layer is not included in the SEM im-
age. In the SEM image, homogeneous deposition of perovskite layer on nanowire structures is revealed. GaAs nanowires are not apparent
through the perovskite layer which is attributed to non-efficient cleaving of the diode device for taking the SEM image in cross-section.
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Fig. 6 a Schematic representation of the equivalent electrical circuit of the CH3NH;Pbl;/GaAs NWs heterojunction. b |-V characteristics of the
diode between pristine GaAs NWs and CH;NH;Pbls. ¢, d I-V characteristics of the diode between doped GaAs NWs and CH;NH;Pbl; for two dif-
ferent perovskite deposition conditions (30 min and 60 min dipping times, respectively).

Table 1. Resistance parameters of the diode devices before and after NW doping. In the second case, the resistance parameters of the diode devices that
were fabricated using two different deposition conditions (dipping times) for perovskite layer deposition are mentioned as well.

Deposition conditions Rseries Rshunt Adiode Rs * Adiode Reh * Adiode Ideality factor
Undoped GaAs nanowires 0.12*GQ 1.7 GQ 0.0725 cm? 8.7 MQ*cm? 123.25 MQ*cm? 46
n*-type doped GaAs shell (Dip. time: t=30 min) ~ 2254kQ  169.5kQ  0.00785cm?  0.177 kQ*cm? 1.33 kQ*em? 1.83
n*-type doped GaAs shell (Dip. time: t=1 h) 84187Q 11.31kQ  0.0095 cm? 8 Q*cm? 107.4 Q*cm? 45

of doping in the GaAs NWs, we can observe large deviations
in the |-V characteristics (Figures 6(b-d) and Table 1). After
doping the GaAs NWs, high measurable current was ob-
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served, originating from the significantly improved R e, Ob-
served for both perovskite deposition conditions. The ob-
served improvement, which spans several orders of mag-
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nitude in terms of carrier transport efficiency, indicates, in-
deed, a better electron transport pathway at the
CH3NH;Pbls/GaAs NWs interface, resembling much more the
schematic band alignment diagram between the two semi-
conductors. Thus, the effect of GaAs doping on the chosen
CH;NH;Pbl3/GaAs heterointerface architecture is of para-
mount importance and is associated with the large decrease
of the resistivity of the circuit (Table 1), which in turn enables
GaAs to operate as an efficient ETL layer, following the con-
ceptual design of the device.

Nevertheless, we observe that shunt resistance is low, in
case of doped NWs for both perovskite depositions. The low
shunt resistance value is justified considering the growth of
perovskite structure. Specifically, for the case of 30 min dip-
ping time, the existence of large size crystals in perovskite
structure results in inhomogeneity of perovskite layer. The in-
homogeneity of perovskite structure can lead to the forma-
tion of trap pathways of carriers at the interfaces of the layers
that act as a barrier for carrier transport, creating recombina-
tion losses.

On the other hand, for the case of 1 h dipping time, the ex-
istence of pinholes in perovskite structure can also generate
trap states of carriers that can lead to significant recombina-
tion losses. This fact justifies the much lower value of shunt
resistance, as compared to the case of 30 min dipping time.

Last, the high value of ideality factor (~4.5 as observed in
Table 1) is attributed to recombination losses that are a res-
ult of the low value of shunt resistance, which is lower than
the optimum reported value for MAPbI; (~5 kQ*cm?2)i40l,

Even though we fabricated diode devices and not solar cell
devices, we managed to extract some indirect photo-diode
characteristics of these devices, as shown in Figure S1 of the
supplementary section, owing to light absorption in the peri-
phery of the Au contacts. Specifically, supposing that free
photo-carriers have a diffusion length of 1 um, assuming an
optimal perovskite performancel’, the maximum distance
that they can travel until they reach the electrode is 1 um.
This means that carriers that have to travel longer distances
than 1 pm, would recombine before they would be able to
reach the electrode (see Figure S1 and the associated discus-
sion). Therefore, we assume that carriers can be collected at a
ring region of 1 um around the Au electrode, that has a circu-
lar shape. Thus, taking into account the ring area and the I-V
characteristics of the devices under illumination conditions,
we assessed a photovoltaic conversion efficiency (PCE) of
0.49%, for the case of doped GaAs NWs and a 30 min dipping
time. In addition, it is worth mentioning that we observed
open circuit voltage (V,.) values of the devices ranging from
0.05 V to 0.15 V, under illumination conditions. Thus, we infer
that despite the opaqueness of the top electrode, a measur-
able photo-response of the devices was observed, that is en-
couraging for observing efficient photo-response in the cor-
responding solar cell device, including transparent Indium Tin
Oxide (ITO) as top electrode.

Conclusions

Hybrid GaAs NW/MAPDbI; perovskite diode devices were
successfully fabricated and the heterojunction diode re-
sponse has been thoroughly analyzed. We have identified

Materials Lab 2025, 4, 250005

that the doping level of the GaAs NWs is critical for the per-
formance of the diodes, as indicated by the very low series
resistance value. Also relevant in this context is the depos-
ition method of the perovskite, with a modified two-step de-
position method producing thus far the most promising res-
ults. This fact indicates enhanced electron transport through
GaAs NWs, constituting an encouraging result for follow-up
demonstration of complete solar cell functionality, using
GaAs NW structures, as ETL. However, recombination losses
are still present in the diode devices, as indicated by the relat-
ively low values of shunt resistance. Therefore, we suggest
that by further optimizing perovskite morphology, eliminat-
ing the formation of pinholes in the perovskite layer, shunt
resistance would be increased, thus charge transport would
be improved. In addition, we observed indirect photo-diode
characteristics of the diode devices that we fabricated, which
is encouraging for the efficient operation of solar cell devices,
including GaAs NWs as ETL. However, addressing the fabrica-
tion of GaAs/perovskite solar cells, several obstacles need to
be overcome, as an effective way of illuminating the device
past the mostly opaque layers of the heterojunction. Possible
steps in this direction involve the deposition of ultra-thin (<20
nm), semitransparent Au electrodes and/or the deposition of
a Transparent Conductive Oxide (TCO) as an alternative trans-
parent electrode. The present work represents the first step
towards an unexplored direction in the field of emerging
photovoltaic materials and we anticipate that future experi-
ments will lead to the successful realization of lll-V/perovskite
semiconductor heterojunction solar cells.
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Experimental part

Materials. Anhydrous N,N Dimethylformamide (99.8%),
Spiro-OMeTAD (99%), 4-tert-Butylpyridine (TBP) (98%) and
Bis(trifluoromethane)sulfonamide lithium salt (LITFSI) was
purchased from Sigma Aldrich. 1-pentanol (98+%) was pur-
chased from Alfa Aesar. Heptane (>99%) was purchased from
Merck. All chemicals were used as received.

GaAs nanowire epitaxial growth. Undoped GaAs NWs (30
nm in diameter) were grown in self-catalyzed Vapor-Liquid-
Solid (VLS) mode on n* Si(111) substrates by solid source
MBE[25:26], For the realization of n-type doping, the undoped
NWs were overgrown by a 35 nm-thick Si-doped GaAs shell
(nominal electron concentration: 10'8 cm=3)27), This resulted
in an average total NW diameter of <d>=100 nm. Both un-
doped and n*-type doped GaAs NWs were used for the fabric-
ation of the diode devices. The average NW height is <L>=1
um (1.2 pm) and the average NW density is <D>=4.8x107
cm~2 (3x108 cm?) for the doped (undoped) NWs. For com-
pleteness, it should be mentioned that the undoped cores of
the doped NWs were grown in pulsed mode!26], whereas the
undoped NWs in conventional (i.e. continuous) mode(23), Fur-
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thermore, the undoped NWs contain two AlGaAs segments of
a few nm close to the NW tip (for a different study). Both
aforementioned differences, though, are not expected to
have any noticeable effect on the diode characteristics.

Electrical insulation of GaAs. For the devices fabrication,
Cyclotene 3022-46 benzocyclobutene (BCB) polymer was de-
posited on NW template via spin coating technique using the
following spinning conditions: i) 300 rpm spinning velocity
and 300 rpm s~1 acceleration, t=10 sec and ii): 3000 rpm spin-
ning velocity and 300 rpm/s acceleration, t=40 s. Sub-
sequently, BCB is baked at 110 °C for 1 min. Further steps of
thermal treatment are followed: iii) A gradual decrease in
temperature (ramp) to 20 °Cin 2 sec and a stay at this temper-
ature for 2 sec.iv) Aramp to 100 °Cin 15 min and a stay at this
temperature for 15 min. v) A ramp to 150 °C in 15 min and a
stay at this temperature for 15 min. vi) A ramp to 250 °Cin 1 h
and a stay at this temperature for 1 h. vii) A gradual temperat-
ure decrease (ramp) to 20 °C in 30 min and a stay in this tem-
perature for 2 sec. viii) BCB etching with Reactive-lon Etching
(RIE) follows until NWs to emerge in the desired height. The
conditions of this process are the following: power is 200 W,
pressure is 140 mTorr, and the process time is 11 min. After,
BCB etching, the NW height above BCB layer is 500 nm for the
doped nanowires and 300 nm for the undoped ones. MAPblI;
perovskite layer was then deposited on Si/GaAs NW-BCB film,
as described above.

Substrate cleaning. Si/GaAs NW-BCB substrates were sub-
ject to ultrasonicating cleaning according to the following
procedure: the substrates were ultra-sonicated in Helmanex
water solution (Helmanex/water volume ratio: 2/98) for 15
min at room temperature. They were subsequently rinsed
with water and followingly deionized water. Next, the sub-
strates were firstly ultra-sonicated for 15 min in isopropanol
and then acetone solvent, at room temperature, as well. Sub-
sequently, they were rinsed with copious amounts of acet-
one firstly and then isopropanol for further cleaning. Last the
substrates were removed from isopropanol solution and im-
mediately dried by blowing with a N, piston. After the clean-
ing preparation, the substrates were submitted to oxygen
plasma treatment, using power P=88 mW for 15 min and oxy-
gen gas flow of 50 cm3/min.

Preparation of precursor powders. Pbl, and CH;NH;l
(MAI) powders were prepared in the lab, using the following
preparation process:

For MAI powder preparation, equimolar quantities of
methylamine (CH;NH,) and HI (57% w/w in H,0) were mixed,
followed by evaporation of the solvent at 80 °C under vacu-
um.

The preparation of Pbl, powder is implemented by the
double exchange reaction between lead nitrate and potassi-
um iodide (Pb(NOs);:Kl)=1:2. Two aqueous solutions were
prepared and, upon mixing, Pbl, powder was precipitated in
nearly quantitative yields. Pbl, powder was isolated from the
solution via suction filtration and drying under vacuum.

Solvent drying. For the preparation of precursor solutions
for perovskite layer deposition, we used dried solvents be-
fore use. Because 1-pentanol solvent is not anhydrous, we
dried it by using molecular sleeves (zeolites). For the drying
preparation of 1-pentanol,zeolites were first dried by anneal-
ing them in an oven (Eurotherm 2408CP, 2408P4, 2408CM
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(Carbolite)) at 500 °C, overnight. Subsequently, they were ad-
ded in hot (pre-heated) 1-pentanol solvent, inside a conical
flask and then the flask was immediately capped with a
septum cap.

Perovskite film fabrication. For perovskite deposition,
two step spin-dipping method was used and specifically non-
polar solvent techniqueB2. Immediately before Pbl, and
CH3NHsl (MAI) solution preparation, both Pbl, and MAI
powders were dried by heating them in a vacuum oven (mod-
el: EV 018) at 58 °C under vaccuum overnight. For the depos-
ition process of perovskite layer, firstly Pbl, solution was pre-
pared (C=1.1 M), by dissolving 405.68 mgr (0.88 mmol) of Pbl,
powder in 0.8 ml of N,N-Dimethylformamide (DMF), at 100 °C,
until complete dissolution of the powder is achieved. Then,
when the solution is cooled at room temperature, it was
filtered using a 0.45 pm pore-size hydrophilic filter. Pbl, solu-
tion is deposited on the clean and oxygen plasma pre-treated
substrates (Si/GaAs NW-BCB layer) via spin coating,using the
following program of spinning conditions for each depos-
ition: i) 300 rpm, 300 rpm s~7, 10 s and ii) 3000 rpm, 300 rpm/s,
40 s. For the pre-treatment of the substrates using oxygen
plasma, the Zepto 119440 (Diener) instrument was used. After
the deposition of Pbl, on the films, Pbl, films were annealed
at 90 °C for 2 min. Next, at the second stage of the fabrication
method, MAI solution (dipping solution) was prepared by dis-
solving MAI (15 mgr ml~") in a mix of solvents: anhydrous 1-
pentanol (98+%) and heptane at (2:1) volume, respectively.
Specifically, 90 mgr (0.566 mmol) of MAI were dissolved in the
mix of solvents: 6 ml of anhydrous 1-pentanol, 3 ml of
heptane. After the annealing stage of Pbl, films, they were left
to cool down, at room temperature, and then they were
dipped into the MAI solution. In the solution, in-situ reaction
of Pbl, and MAI reactants takes place, for the formation of
MAPbI; perovskite phase. To ensure complete conversion of
Pbl, to perovskite phase, the films were left in the dipping
solution for high dipping time, specifically for 30 min and 1 h.
After dipping, the perovskite films were dried by blowing dry
nitrogen gas using a N, piston to remove residual MAI from
the film and they were subsequently annealed on a hotplate
at 60 °C in air for 5 min. The MAPDbl; perovskite films (of ~500
nm thickness) were fabricated, in air.

Diode device fabrication.

An ~160 nm, 2,2,7,7'-tetrakis-(N,N-di-p-methoxyphenylam-
ine)9,9" spirobifluorene (spiro-OMeTAD) layer was sub-
sequently deposited, as the p-type layer of the device. As for
the HTL solution preparation, 0.08 gr (65.3 mmol) Spiro-
OMeTAD (C=65.3 Mm), 2.7 mgr (9.1 mmol) Bis-(trifluorometh-
ane)sulfonimide lithium salt (LiTFSI) (C=9.1 mM) and 3.5 ul (25
mmol) 4-tert-butylpyridine (tBP) (C=25 mM) were dissolved in
1 ml chlorobenzene. The solution was stirred at room temper-
ature with partially cap open for about 12-16 h, so as to be ox-
idized in air. The color of the solution should be orange or
pink. Then the solution was infiltrated using a 0.45 um pores-
size filters. Spiro-OMeTAD was deposited on the film via spin-
coating technique, using the following spinning conditions:
4000 rpm, 1000 rpm/s, 30 s. Subsequently, the films were
dried under vacuum for 30 min. Next, Au layer was deposited
(thickness:110 nm) via dc magnetron sputtering technique,
using MED 020 Sputter coater. A shadow mask was depos-
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ited on the samples before the sputtering process, for select-
ive coating of the sample with Au metal. So, Au was depos-
ited in the form of circular spots that had a diode area:
A4iode=0.00785 cm2. The deposition conditions of Au layer
were: pressure P=3*10-2 mbar, current 1=30 mA, operation
voltage V=333V, Au deposition rate is 0.59 nm/s. The devices
fabrication was performed at ambient conditions.

Device morphology

For the study of perovskite and nanowire heterostructures,
a high resolution Scannning Electron Microscope FE-SEM,
JEOL JSM-7000F was used, equipped with INCA microanalysis
system (Oxford Instruments). The microscope is equipped
with Schottky type field-emission (T-FE) gun with a Zr/O
Tungsten emitter. Images were collected at 15 kV accelerat-
ing voltage.

X-Ray diffraction (XRD) characterization

For the study of crystal quality of perovskite structure, a
Bruker D8 ADVANCE XRD system was used, employing a Cu
source, with Cu Ka1 radiation (A=1.5406 A) operating at 40 kV
and 40 mA. For the XRD measurements, the 2 theta angles
range was 2°-60° and the rate of measurements was 0.02°/sec.

Optical characterization

1 Photoluminescence (PL) measurements

Photoluminescence measurements were carried out at
room temperature. The excitation was performed using a cw
He-Cd laser with A = 325 nm, with laser power 2 mW. The
spectra were obtained using spectrometer with grating 150
groove/mm and a very sensitive LN,-cooled CCD.

2 UV-vis -NIR measurements

The absorption, reflection, and transmission measure-
ments were performed in a Shimadzu UV-2600 spectrophoto-
meter, equipped with an ISR-2600 Plus two-detector integrat-
ing sphere, enabling measurements in the 185 nm-1400 nm
wavelength region.

Electrical characterization of the devices.

For the electrical characterization of the devices, the cur-
rent density versus voltage (J-V) data were collected in air
without any encapsulation using a Keithley 2400 source
meter, operating both as a voltage source and current meter.
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