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Characteristics of MAPbI; Stacked on the GaN

Nanowires-On-Glass
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Huafan Zhang, Latifah Al-Maghrabi, Kwangwook Park, Dante Ahn, Yusin Pak,
Tien Khee Ng, Young Min Song, Boon S. Ooi, Osman M. Bakr, and Jungwook Min*

When implementing optoelectronic devices through the stacking of
heterogeneous materials, considering the bandgap offset is crucial for
achieving efficient carrier dynamics. In this study, the bandgap offset
characteristics are investigated when n-type gallium nitride nanowires (n-GaN
NWs) are used as electron transport layers in methylammonium lead iodide
(MAPDbI;)-based optoelectronic devices. n-GaN NWs are grown on
indium-tin-oxide (ITO)-coated glass via the plasma-assisted molecular beam
epitaxy (PA-MBE) process to form the “GaN NWs-on-glass” platform. A
MAPbI, thin film is then spin-coated on the GaN NWSs-on-glass. X-ray
photoelectron spectroscopy (XPS) shows that the valence and conduction
band offsets in the MAPbI, /n-GaN heterostructure are 2.19 and 0.40 eV,
respectively, indicating a type-1l band alignment ideal for optoelectronic
applications. Prototype photovoltaic devices stacking perovskite on GaN
NWs-on-glass show excellent interfacial charge-transfer ability, photon
recycling, and carrier extraction efficiency. As a pioneering step in exploiting
the diverse potential of the GaN-on-glass, it is demonstrated that the junction
characteristics of MAPbI; /n-GaN NW heterostructures can lead to a variety of

optoelectronic device applications.

1. Introduction

Group I1I-nitride compound semiconductors, such as gallium ni-
tride (GaN), indium nitride (InN), aluminum nitride (AIN), and

their alloys (Al,Ga,In; N), are pivotal
in optoelectronics due to their wave-
length tunability from ultraviolet (UV)
to near-infrared (NIR).I'] Notably, n-type
GaN is distinguished by its high conduc-
tivity and transparency, with over 85%
transmittance across all visible wave-
lengths, facilitated by a straightforward
silicon-doping process. GaN also sup-
ports diverse quantum structures, includ-
ing quantum wells, nanowires, and quan-
tum dots. Recently, the introduction of
the GaN-on-glass platform, which en-
ables growth on non-specific substrates
has drawn significant interest.2] How-
ever, research related to the device appli-
cation of GaN-on-glass is rarely reported,
so further research must be undertaken.

Additionally, metal halide perovskites
with the general formula AMX, (where
A = CH,NH,*, CH(NH,),*, Cs*; M =
Pb,*, Sn,*; X =1~, Br~, CI") are emerg-
ing as leading materials in photovoltaics,
light-emitting diodes, memory devices,
and radiation detection due to their excellent properties and
performance.l’] Nonetheless, the doping process to produce mi-
nority carriers remains a challenge in perovskite materials, un-
derscoring the importance of integrating suitable electron/hole
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transport layers in the device structure. In perovskite solar cell
cathodes, an electron transport layer (ETL) should not only
extracts photocurrent but also possess various material prop-
erties such as chemical durability, interfacial properties, ther-
mal/electrical conductivity, bandgap alignment, and optical prop-
erties (e.g., refractive index and transmittance). TiO,, ZnO, SnO,,
SrSnO,, and PCBM are well-known starting materials for the
cathode structure. However, these wide bandgap oxide materi-
als have several disadvantages, including low electron mobility,
chemical instability in acid /base solutions, reactivity with the per-
ovskite layer, high temperature processing, and difficulty in band
tunability. 3]

The concept of III-nitride/perovskite heterostructures using
Al,Ga/In; . N as electron/hole transfer layers has been exten-
sively studied to advanced optoelectronic devices (Table S1, Sup-
porting Information). To understand the interaction between
GaN and perovskite materials thoroughly, band offset parame-
ters have been explored using X-ray photoelectron spectroscopy
(XPS). The investigation of band offsets, along with junction
types, is vital as these parameters play a critical role in design-
ing semiconductor heterostructures. They help determine the
energy barriers essential for understanding electron and hole
transport in device operation (Table S1, Supporting Information).
In the literature, parameters such as valence band offset (VBO,
AE,) and conduction band offset (CBO, AE_) have been mea-
sured or estimated, indicating their junction types. Examples in-
clude n-GaN/MAPbBr; (0.13+0.08 €V, 1.39+0.12 eV) with a type-
I junction [*] n-GaN/MAPD;, ,Cl, (2.15 eV, 0.35 eV) with a type-1I
junction,®) n-GaN/FA gs-MA, ;s Pb(I, g5 Br 15); (1.67 €V, 0.49 eV)
with a type-I junction,®! n-GaN/single-crystal CsPbBr; (1.2 eV,
0.2 eV) with a type-II junction,/”] and p-GaN/CsPbBr; (1.95 eV,
0.18 eV) with a type-III junction.®]

While significant efforts have been made, the exploration
of band offset parameters, specifically VBO and CBO, in
GaN/methylammonium lead iodide (MAPDI;) heterostructures
through XPS analysis remains relatively unexplored. Although
GaN/MAPDI; heterostructures have been applied in optoelec-
tronic devices, detailed reports on their band offset parameters
are scarce. For example, in the case of MAPDI, perovskite pho-
todetectors, planar p-GaN layers have been used as hole transport
layers (HTLs), either by spray-coating!® onto p-GaN templates
or pressing p-GaN against spin-coated MAPDI,.[1%] Besides, per-
ovskite solar cells (PSCs) have been constructed by spin-coating
MAPbI, onto nanoporous n-GaN, which serves as an ETL.*! The
integration of nanoporous GaN/GaN distributed Bragg reflector
stacks has also been explored, with MAPbI, perovskite acting as
the gain medium, in vertical-cavity surface-emitting lasers.[']

Despite various research achievements and potential, there
are still challenging issues in applying GaN to the perovskite re-
search area. The high temperatures required for growing single-
or poly-crystalline GaN make it impractical to grow or coat GaN
on perovskite materials. Moreover, the use of single-crystalline
substrates is crucial for GaN growth, complicating the use of
GaN/perovskite heterostructures for optoelectronic applications
due to the strong insulating properties of sapphire substrates and
the opacity of silicon substrates to visible light.

In this study, we explored the bandgap alignment character-
istics of n-GaN nanowires (NWs), used as the ETL, combined
with MAPDI; serving as the active layer, to evaluate their poten-
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tial in optoelectronic devices. The MAPDI, perovskite was spin-
coated onto n-GaN NWs that were epitaxially grown on indium-
tin-oxide (ITO)-coated glass substrates, known as the GaN-on-
glass platform. We examined the structural properties of the het-
erostructure using cross-sectional high-resolution transmission
electron microscopy (HRTEM) and analyzed the band offset pa-
rameters and heterojunction type through XPS. We observed en-
hancements in carrier extraction and photon recycling confirmed
by photoluminescence (PL) measurements and finite-difference
time-domain (FDTD) simulations. Moreover, we also confirmed
that the GaN-on-glass has excellent junction characteristics with
MAPDbI, perovskite demonstrating device applicability. We fabri-
cated prototype device structures using n-GaN NWs as an ETL in
MAPDI, perovskite solar cells and photodetectors, indicating that
the optimization of the heterogeneous integration of MAPbI, /n-
GaN and the understanding of their band offsets could support
the development of functional prototypes for electronic and op-
toelectronic devices.

2. Results and Discussion

2.1. Band Alignment of MAPbI, /GaN Heterostructure

To investigate the band alignment at the n-GaN and MAPDI;
heterojunction as depicted in Figure la, we conducted high-
resolution XPS measurements to determine the VBO at the inter-
face. The evaluation of VBO at the n-GaN/MAPDI; heterostruc-
ture involved calculating the energy difference between the Ga
2p;), and Pb 4f; , core levels in the n-GaN/MAPDI, heterostruc-
ture and the energies of Ga2p;, and Pb 4f; , core levels relative
to the respective valence band maximum (VBM) of the n-GaN
and MAPDI; samples. The VBO (AE,) for the n-GaN/MAPDI,
heterostructure can be calculated using the method proposed by
Kraut et al.,l'?] which is expressed as

A A B B
A E (ECore E\/BM ) MAPbI; - ( Core EVBM ) n—GaN
B A
( ECore ECore ) Heterostructure (1)

where MAPDI, and n-GaN are denoted as material A and B, re-
spectively. The binding energies and VBM values were deter-
mined using XPS measurements as detailed in Section S1 (Sup-
porting Information). The survey spectra presented in Figure S1
(Supporting Information), helped calculate the VBO and CBO
values at 2.19 and 0.40 eV, respectively. A schematic band align-
ment diagram illustrating these offsets is shown in Figure 1b.
The XPS results indicate a type-II band alignment, suitable for
the n-GaN/MAPDI; heterostructure in perovskite solar cells and
n—i—p photodetectors. Figure 1c displays an energy band diagram
for these n-GaN/perovskite heterostructure devices.

2.2. Growth of GaN Nanowires on ITO-Coated Glass

In this section, we elaborate on fabricating a high-quality GaN-
on-glass platform. Figure 2a presents a growth diagram for the
self-assembled growth of Si-doped n-GaN NWs and a wetting
layer on ITO-coated glass (GaN NWs-on-glass). The growth tem-
perature is capped at 700 °C to prevent damage to the ITO in-
terlayer (Figure S2, Supporting Information).””! The diagram
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Figure 1. a) Schematic diagram showing how to determine the band alignment of the n-GaN/MAPDbI; heterojunction using XPS measurement results.
b) Schematic representation of the type-Il band alignment at the n-GaN/MAPbI; heterojunction. c) Energy band diagram for the prototype device.

highlights two separate growth conditions for the n-GaN wetting
layer (left) and the NWs (right).[3] Initially, the n-GaN wetting
layer is grown at a relatively lower temperature (T, = 500 °C) to
encourage 3D nucleation.['*] The scanning electron microscopy
(SEM) images on the bottom left depict a 70 nm-thick n-GaN wet-
ting layer with a 3D morphology that covers each ITO columnar
grain.I" The inset displays an in situ reflection high-energy elec-
tron diffraction (RHEED) pattern along the <11-20> azimuthal
direction, indicating a well-nucleated polycrystalline structure
with its continuous ring pattern.!’) Following this, n-GaN NWs

are grown at a higher temperature (T, = 700 °C), promoting elon-
gation, as confirmed by the SEM images on the bottom right.[”]
The RHEED pattern inset shows oval shapes arranged as dis-
crete ring patterns, indicating well-grown and fully elongated
NWs (Section S2 and Figure S3, Supporting Information).'8] The
optical image in Figure 2b shows the core part of the 2-inch
GaN NWs-on-glass covered uniformly by n-GaN, with a sheet
resistance of 65 Q-sq~!, demonstrating both conductivity and
transparency. Transmittance and crystalline quality were com-
pared by measuring UV-vis—NIR transmittance and PL spectra
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Figure 2. a) Temperature-time profile for the PA-MBE growth of the n-GaN wetting layer and NWs, including tilted and cross-sectional SEM images
of the n-GaN wetting layer (bottom left) and n-GaN NWs (bottom right), respectively. Insets display in situ RHEED patterns during PA-MBE growth.

b) Optical image of a 2-inch GaN NWs-on-glass. c) Comparison of light transmittance for bare glass, ITO-coated glass, and n-GaN nanostructures of

various thicknesses. d) Room-temperature PL comparison across different thicknesses of GaN-on-glass and GaN NWs-on-glass samples. e) Comparison

of BE/YL intensity ratios from the PL spectra of each sample.
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Figure 3. a) X-ray pole figure measurement for the (002) reflection. b) Measurement of water droplet contact angle. ¢) Mott-Schottky measurements
at a Si K-cell temperature of 1180 °C with fitting curves for a fully elongated, 340 nm-thick GaN NWs-on-glass. d) Room-temperature -V curves for
20 different n-GaN NWs. Insets show the ensemble schematic of GaN NWs-on-glass (top) and the average SBH values at both interfaces (bottom).
e) Schematic illustration of c-AFM measurements on a single n-GaN NW (top) and a band diagram showing SBH formations at the (ITO-(n-GaN NWs))
and ((n-GaN NWs)-Pt/Ir) heterointerfaces, with no voltage or force applied (bottom).

for bare glass, ITO-coated glass, and various n-GaN structures. In
Figure 2c, the bare glass and 200 nm-thick ITO-coated glass ex-
hibit transmittance rates of 94.6% and 77.0%, respectively, for the
visible light wavelength range.*) For the comparison of trans-
mittance, a GaN NWs-on-glass and a planar n-GaN layer on ITO-
coated glass (GaN-on-glass) were prepared. Compared with other
GaN-on-glass structures (h = 50 and 150 nm), the fully elongated
(h = 340 nm) GaN NWs-on-glass shows enhanced transmittance
due to the rough surface creating a graded refractive index at the
air/NWs interface. However, high-density and inclined NWs tend
to dissipate more light within the NWs, reducing transmittance
below that of bare ITO-coated glass.l?! In Figure 2d, two GaN-
on-glass samples exhibit weak band edge emission (BE) peaks
at 3.4 eV and strong yellow luminescence (YL) peaks ~2.34 eV,
suggesting deficient crystallinity.?!! The disparity between the
crystal structure of GaN and ITO might cause a high density
of edge/screw dislocations within the crystal structure.l??] Con-
versely, NW structures show improved intensity of BE peaks,
with BE intensity surpassing YL intensity in 150 nm-thick n-GaN
NWs. Additionally, 340 nm-thick n-GaN NWs exhibit strong and

Adv. Electron. Mater. 2024, 2400095 2400095 (4 of 11)

narrow BE peaks and YL peaks, indicating significantly improved
crystalline quality after NW elongation. Figure 2e summarizes
the BE/YL ratio for various thicknesses of GaN-on-glass and GaN
NWs-on-glass, suggesting that n-GaN NWs with a thickness of
340 nm achieve high crystalline quality as an epitaxial layer struc-
ture.

Additional structural, surface, and electrical characterizations
were performed to evaluate the capabilities of the GaN NWs-on-
glass as a transparent conductive platform. Despite the slanted
formations of the NWs, X-ray pole figure analysis of the (002) re-
flection indicated a strong preference for the c-plane (002) orien-
tation, in the axially grown n-GaN NWs, with most NWs grow-
ing perpendicular to the ITO surface, as shown in Figure 3a.
The wettability of the n-GaN NWs ensemble was assessed using
the sessile-drop contact angle measurement method, revealing a
contact angle of 29.8° for a 5-uL water droplet, indicative of hy-
drophilic surface properties suitable for spin-coating perovskite
materials (Figure 3b). Electron concentration within the ensem-
ble was quantified by Mott-Schottky measurement,[?*] with re-
sults shown in Figure 3c indicating heavy doping of the GaN

© 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

85U8017 SUOWIWIOD 8AIIe81D Bedldde au Aq peusenob aJe sspoie YO ‘88N Jo SN 10} Aeiq18ulUQ 43| UO (SUORIPUOD-PUe-SWLRIW0D A3 1M Afe.d 1 [euljuo//Sdny) SUORIPUOD pue swie | 8 88S *[202/20/2T] uo ArigiTauljuo A8|Im @imiisu fuoleN yown Aq G60007Z0Z W B/Z00T OT/I0p/W0D A8 |imAseiq 1 puluo//:Sdny Wwoiy papeojumoq ‘0 ‘X09T66TZ


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC
MATERIALS

Open Acces:

J

www.advancedsciencenews.com

NWs-on-glass heated to a Si cell temperature of 1180 °C, resulting
in an electron concentration of 6.0x10'® cm=3. This supports the
classification of the NWs as heavily doped n-type semiconductors
(Section S3, Supporting Information). Conductive atomic force
microscopy (c-AFM) was then used to study the contact behav-
ior between n-GaN NWs and ITO. The Ohmic contact at the het-
erointerface between n-GaN/metal is notably challenging, often
presenting a high Schottky barrier height (SBH) of ~1 eV. Ran-
dom sampling of 20 n-GaN NWs yielded current-voltage (I-V)
curves that estimated the SBH formation at both interfaces of
the n-GaN NWs ends (Figure 3d).1?4) According to the fitting re-
sults (Section S4, Supporting Information), the average SBH val-
ues at the ITO-(n-GaN NWs) and (n-GaN NW)-Pt/Ir heteroint-
erfaces were 0.437 and 0.502 eV, respectively. The average SBH
of 0.437 eV at the ITO-(n-GaN NWs) interface showed a simi-
lar value to other reported values for sputtered ITO on n-GaN
(0.462 eV).?*] However, the observed average value of 0.502 eV
at the (n-GaN NW)-Pt/Ir interface was lower than the theoreti-
cal prediction of @5~ "/" (1 eV), with values ranging from 0.388
to 0.691 eV. This variation is attributed to the nano-sized Pt/Ir
tip diameter (25 nm), which is smaller than the average diame-
ter of the n-GaN NW (75 nm), leading to an unstable Schottky
metal contact area during ¢-AFM measurement.!”] In conclu-
sion, Mott-Schottky and ¢-AFM measurements confirmed that
the n-GaN NWs are heavily doped, with an electron concentra-
tion of 6.0x10™ cm™=3, which facilitates thermionic-field emis-
sion as the dominant mechanism for electrical transport through
the Schottky barriers at both ends of the n-GaN NWs.[26] Con-
sequently, a perovskite/n-GaN heterostructure can be effectively
formed by spin-coating on the hydrophilic GaN NWs-on-glass,
allowing efficient electron transport from perovskite to the ITO
interlayer through n-GaN, as the sufficiently narrow SB permits
tunneling.1242627] Figure 3e illustrates a schematic representation
of a single n-GaN NW on the ITO interlayer probed with a Pt/Ir-
coated c-AFM tip (top), and suggests a schematic band diagram
at a sample bias of 0 V and 0 nN applied force (bottom).[2d272b]

2.3. Structural and Optical Characteristics of n-GaN/MAPDblI,
Heterostructure

In Figure 4a, bright-field scanning transmission electron mi-
croscopy (STEM) examined the cross-sectional view of an n-GaN
NWs/MAPbI, heterostructure to observe each interface and con-
firm the infiltration of MAPbDI, perovskite material into n-GaN
NWs. Initially, it was confirmed that the n-GaN wetting layer
is integrated between the ITO interlayer and the n-GaN NWs.
Subsequent energy-dispersive X-ray spectroscopy (EDX) STEM
images demonstrated that the n-GaN NWs remained intact af-
ter the MAPDI; spin-coating process, with each MAPbI; and
ITO interlayer separated by n-GaN (Figure 4b,c). Moreover, the
MAPDI, perovskite materials infiltrated well between the high-
density, inclined n-GaN NWs. A magnified bright-field STEM im-
age (Figure 4d) confirms that the n-GaN NWs are encapsulated
by MAPbI; materials. White arrows within the n-GaN NWs indi-
cate the well-known defects of basal-plane stacking faults (bSFs).
These bSFs, indicative of mixed lattice stacking in wurtzite GaN
crystals, are predominantly generated by the coalescence of in-
clined n-GaN NWs.[28] To further confirm the lattice structures,
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materials from n-GaN NWs (red rectangle) and MAPDI; per-
ovskite (blue rectangle) were analyzed. From the high-resolution
scanning transmission electron microscopy (HR-STEM) image,
a c-plane oriented GaN lattice structure was confirmed, and an
inset of the fast-Fourier transform (FFT) shows a wurtzite lattice
structure (Figure 4€).1%) In Figure 4f, white solid lines mark the
lattice interplanar spacing of ~0.32 and 0.44 nm, with an inset of
FFT confirming the f-phase tetragonal structure of MAPDI, .3
The optical properties of the n-GaN/MAPDI; heterostructure
were assessed by comparing a MAPbI, light-absorber layer spin-
coated on GaN-on-glass with that on the GaN NWs-on-glass,
and a reference sample spin-coated on bare glass. Powder X-
ray diffraction (XRD) patterns measured the crystal quality of
MAPDI, and the GaN NWs-on-glass after spin-coating, confirm-
ing that each layer was well preserved without any signs of cor-
rosion. In Figure 4g, the MAPDI, diffraction peaks align well
with those of the tetragonal phase.’!! Comparative studies us-
ing PL intensity comparison and time-resolved PL (TR-PL) mea-
surements of recombination dynamics (Figure 4h,i) showed that
the GaN NWs-on-glass exhibited the lowest PL intensity and a
shorter average decay time of 15.955 ns (Section S5 and Table S2,
Supporting Information).[??! This suggests that the GaN NWs-
on-glass more efficiently extracts photogenerated electrons from
the perovskite medium. We speculate that these results are due
to the different geometries of the planar layer and NWs platform.
The high aspect ratio of NWs offers a larger contact area for the
MAPDI, light-absorber layer at the MAPDI;/n-GaN NWs inter-
faces. Consequently, the GaN NWs-on-glass platform was con-
firmed to be a better ETL with respect to carrier extraction effi-
ciency when stacked with perovskite materials than the GaN-on-
glass platform.

2.4. Fabrication and Optical Simulation of Perovskite-GaN
Prototype Device

After confirming the infiltration behavior of MAPbI; into n-
GaN NWs, a prototype device structure was proposed for demon-
strating perovskite solar cells and photodetectors. Figure 5a il-
lustrates a prototype device comprising an ITO interlayer on
glass (transparent conducting layer, TCL), n-GaN NWs with a
wetting layer (ETL), MAPDI, (light-absorbing layer), and Spiro-
OMeTAD (HTL). Prior to device fabrication, a 3D-FDTD sim-
ulation was conducted on the MAPbI;/GaN NWs heterostruc-
tures to study optical phenomena, using parameters for GaN and
MAPDI; sourced from the literature.’*) A model structure, fea-
turing a single GaN NW on a GaN wetting layer as an ETL is also
depicted in Figure 5a and analyzed under UV and visible light
illumination. In the FDTD simulation, light travels from the bot-
tom of the glass, through the ITO interlayer (b = 200 nm) and
GaN NWs, reaching the MAPDI, layer. The UV light (4 =350 nm)
degrades MAPDI; material quality; thus, the underlying layer ab-
sorbs almost all the UV light to protect the perovskite from degra-
dation (Section S6 and Figure S5, Supporting Information).>*]
Conversely, it allows visible light to pass through without absorp-
tion. The device’s GaN wetting layer, with a bandgap energy of
3.4 eV, functions as both an ETL and an effective UV blocker, ab-
sorbing light below 380 nm. The simulations tested light prop-
agation and absorption at the MAPDI;/GaN heterostructure in
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Figure 4. a) Bright-field STEM image of a prototype device following the spin-coating of MAPbI; material, with accompanying STEM-EDX elemental
mapping of b) Ga, In, Sn, and c) Ga, |, and Pb atoms. d) A detailed bright-field STEM image reveals the n-GaN NWs and MAPbl; materials. White arrows
highlight bSF defects within the n-GaN NWs. e) HR-STEM image illustrating the lattice structure within n-GaN NWs (highlighted by a red rectangle in
Figure 4d), including an inset showing the FFT analysis of the wurtzite crystal structure of GaN. f) HR-STEM image displaying the lattice of MAPbl;
(marked by a blue rectangle in Figure 4d), with an inset showing the FFT of the tetragonal phase of the MAPblI; lattice. g) Powder XRD patterns of the
n-GaN NWs and MAPbI; spin-coated on the GaN NWSs-on-glass. h) Steady-state PL spectrum, and i) Normalized TR-PL decay curve for MAPbI; on

various substrates: bare glass, GaN-on-glass, and GaN NWSs-on-glass.

three GaN nanostructures: GaN-on-glass (h = 300 nm, left), GaN
NWs-on-glass (h = 270 nm for NWs and 70 nm for the wet-
ting layer, center), and pristine GaN NWs (h = 270 nm, right),
each at different thicknesses and exposed to various wavelengths
(A = 350, 400, 530, and 660 nm), respectively (Figure 5b,c). The
wetting layer thickness was set at 70 nm due to coalescence at
the early stage of NWs growth (Figure S3, Supporting Informa-
tion). The MAPDI, layer’s height (400 nm) on GaN NWs was con-
sidered thinner since the MAPDI; materials infiltrated between
NWs. For all GaN configurations, the electric (E)-field profile of
MAPDI, perovskite is intensified at the interface with GaN due
to the high refractive index of GaN, enhancing light refraction
(Figure 5b). As the incident light wavelength increases, the en-
hanced E-field position shifts deeper into the GaN NW structures.

Adv. Electron. Mater. 2024, 2400095 2400095 (6 of 11)

The light absorption profiles in Figure Sc indicate that both the
GaN-on-glass and GaN NWs-on-glass effectively absorb UV light
at 350 nm, almost preventing it from reaching the MAPbI; layer.
However, the pristine GaN NWs do not block UV light due to the
absence of a GaN wetting layer. The simulation also showed that
the visible light wavelengths above 400 nm are predominantly
absorbed by the MAPDI, layer. Notably, the light absorption by
MAPDI, is enhanced along the m-plane facet of the GaN NW on
the wetting layer, whereas the pristine GaN NWs show weaker
absorption at the bottom. The study summarized the optical phe-
nomena of light propagation and absorption in the MAPbI,/GaN
NW heterostructures using GaN NW ETLs with and without
a wetting layer, compared to a planar GaN layer. The 70 nm-
thick wetting layer effectively blocks UV light, enhancing light
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Figure 5. Schematics of a) a prototype device alongside an optical simulation model for 3D-FDTD. Three distinct GaN structures are illustrated: a GaN-
on-glass (left), GaN NWs-on-glass (center), and pristine GaN NWs (right) for b) an E-field profile and c) a light absorption profile. These structures
were simulated at monochromatic wavelengths of 350, 400, 530, and 660 nm. The red dashed rectangle identifies the GaN NWSs (270 nm) ETL on a
wetting layer (70 nm). The schematic also outlines d) the deposition of the ITO layer on glass via RF magnetron sputtering and the growth of n-GaN
NWSs on ITO-coated glass by PA-MBE. e) Details the MAPbI; perovskite spin-coating process and its measurement overview. Insets display false-color
cross-sectional SEM images of the GaN NWs-on-glass and an overview of a prototype device.

absorption along the vertical facet of the NW. The entire fabrica-
tion process is detailed in Figure 5d,e. A pseudo-color SEM cross-
sectional view (inset of Figure 5d) shows a collection of epitaxially
grown n-GaN NWs, with a density of 1.60x10° cm™ and a fill-
ing factor of 45.5%. A quarter of a 2-inch GaN NWs-on-glass was
cleaned using solvents and exposed to oxygen plasma to enhance
hydrophilicity. The prototype device structure was then fabricated
using an anti-solvent approach for MAPbI, deposition, followed
by the Spiro-OMeTAD spin-coating process. The process flow, il-
lustrated in Figure 5e, and a cross-sectional SEM view highlight
each layer’s role in the device structure.

2.5. MAPDbI, Perovskite Device Applications Based on the n-GaN
NWs ETL

To evaluate our studies on MAPDI, /n-GaN NW heterostructures,
prototype device structures were assessed using current density-
voltage (J-V) and external quantum efficiency (EQE) measure-

Adv. Electron. Mater. 2024, 2400095 2400095 (7 of 11)

ments. We constructed devices for perovskite solar cells in three
distinct configurations of n-GaN ETL nanostructures: solely n-
GaN NWs (pristine GaN NWs), GaN-on-glass, and GaN NWs-on-
glass. Figure 6a illustrates the J-V characteristics of MAPDI, per-
ovskite solar cells with various n-GaN ETL nanostructure types
and lengths. Notably, PSCs with pristine GaN NWs lacking a wet-
ting layer (the green curve) displayed the lowest fill factor (FF)
and power conversion efficiency (PCE). As previously mentioned,
spin-coated MAPDI; perovskite infiltrates well between n-GaN
NWs, allowing direct contact with the ITO interlayer due to the
absence of an n-GaN wetting layer. Consequently, pristine GaN
NWs do not prevent the flow of holes from MAPDI; to ITO.1%!
Subsequently, we explored the effects of GaN-on-glass and thick-
nesses of GaN NWs-on-glass ETLs. In this context, PSCs fea-
turing a 340 nm-thick GaN NWs-on-glass ETL exhibited supe-
rior performance with a reverse-scan short-circuit current den-
sity (J,.) of 19.60 mA-cm~2, open-circuit voltage (V) of 1.078 V,
and FF of 74.2%. These figures significantly exceeded those of
PSCs using a 1255 nm-thick GaN NWs-on-glass ETL, likely due

© 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 6. a) J-V characteristics of MAPbI; PSCs with n-GaN nanostructure ETLs, featuring heights of 340 and 1255 nm for GaN NWSs-on-glass, 50 and
150 nm for GaN-on-glass, and 272 nm for pristine GaN NWs. b) Three different Si doping concentrations of GaN NWs-on-glass ETL and corresponding
photovoltaic parameters under AM1.5G with 1 sun illumination. c¢) EQE spectra and the integrated J. of the champion cell. d) Spectral responsivity and
absorption spectra (inset shown). e) -V curves under various light intensities and f) linear dynamic range and responsivity measurements conducted
with a 520 nm laser. g) Temporal response investigated under various light intensities of a 520 nm laser with 20 Hz modulation and h) rise and fall times

calculated at a light intensity of 100.17 mW-cm™

to the diffusion length limitation of photo-excited carriers below
450 nm in n-GaN at room temperature (Table S3, Supporting
Information).3®! Our findings underscore a critical length de-
pendency of n-GaN NWs when paired with a perovskite active
layer. As previously confirmed by 3D-FDTD simulations, the PSC
with a 340 nm-thick GaN NWs-on-glass ETL also exhibited per-
formance compared to PSCs with a GaN-on-glass ETL. Addition-
ally, we investigated PCE for different electron concentrations in
GaN NWs-on-glass, as depicted in Figure 6b. Optimizing the dop-
ing strategy improved the ionized carrier concentration, enhanc-
ing injection efficiency and emphasizing the importance of pre-
cise doping quantification for device applications. Using Mott-
Schottky analysis,!?3! we measured the electron concentration in
GaN NWs-on-glass. MAPDI; PSCs with an electron concentra-
tion of 6.0x10"® c¢m~ demonstrated notable improvements in
Jeo» Voo, and FF (Table S3, Supporting Information). The PCE of
these solar cells increased from 12.52% to 15.67% before declin-
ing to 14.41% as the electron concentration rose. Excessive Si
doping in GaN NWs often leads to severe coalescence with ad-
jacent NWs (Figure S4, Supporting Information),’*’! resulting in
optical loss and reduced transmittance that impair carrier extrac-
tion efficiency. The corresponding EQE and integrated ], of the
best-performing PSC are presented in Figure 6c¢. This top PSC,
featuring a GaN NWs-on-glass ETL, demonstrated an electron
concentration of 6.0x10™ cm™ and a height of ~#340 nm. In the
visible wavelength range without bias, the EQE surpassed 65%,
peaking at 71.9% at 680 nm, suggesting the device’s potential as
a photodetector. The responsivity value, calculated from the mea-
sured EQE,?®] can be derived using the specified equation.

Jiight _ EQE X Ze

R = =
Py he X100

(2)

Adv. Electron. Mater. 2024, 2400095 2400095 (8 of 11)

2 (20 Hz). All measurements were performed without applying any bias.

where Jy,p,, is the photocurrent density, Py, is the illuminated
power density under a specific wavelength of incident light, e
is the electron charge, h is the Planck constant, and ¢ is the
speed of light. Figure 6d shows the spectral responsivity of a
prototype device at 0 V, which linearly increased from 300 to
800 nm, peaking at 420 mA-W~! at 750 nm. This trend aligns
well with previous studies using MAPDI, as an active medium
for photodetection.['*3°] The inset displays the absorption spec-
tra of MAPDI, /n-GaN NWs, indicating strong absorption within
the 300-800 nm range. To further examine the photoresponse,
I-V curves were measured in the dark and under varying light
intensities using a 520 nm laser at 0 V (Figure 6e), showing in-
creased photocurrent with light intensity due to more photogen-
erated carriers. The linear dynamic range (LDR), a key perfor-
mance metric for photodetectors, maintained constant respon-
sivity over a broad light intensity spectrum. The LDR is described
as:

Psat
LDR = 20log . (3)

where P, and P, denote the light intensities where the current
starts to deviate from the linear region and the lowest measured
light intensity, respectively.[*’] In Figure 6f, the LDR was recorded
under a 520 nm laser with light intensities ranging from 0.02
to 111.8 mW-cm™2, achieving a value of 71.9 dB. Responsivity
is also measured as a function of light intensity, showing a dif-
ference of 1.3 mA-W~! (grey area). The slight difference could
be attributed to the stability of the perovskite material and mea-
surement error.!] For the temporal response, the laser mode
was switched to pulse mode with modulation at 20 Hz. A sine
waveform was applied to the device, with intensity increasing
alongside the light intensity (Figure 6g). The rise and fall times
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(denoted as ¢, and t;) were determined to be 6.55 and 7.71 ms,
respectively, based on the curve fitting in Figure 6h.

3. Conclusion

In summary, n-GaN nanowires were grown on I'TO-coated glass
using PA-MBE, with MAPbI; subsequently spin-coated onto
GaN NWs-on-glass to investigate the band alignment of the n-
GaN/MAPDI; heterostructure. It was found that MAPDI; per-
ovskites infiltrated well between the n-GaN nanowires, with the
structural properties analyzed using cross-sectional HRTEM.
XPS measurements indicated a VBO of 2.19 eV and a CBO of
0.40 eV, suggesting a type-II band alignment. Prior to device fab-
rication, carrier extraction and photon recycling enhancements
were confirmed through PL measurements and FDTD simula-
tions. A prototype device was fabricated, making the first demon-
stration of heterogeneous integration of bottom-up n-GaN NWs
with MAPDI,. This approach merges these promising materi-
als, aiming to overcome the limitations of both GaN (low PCE
in GaN-based solar cells, <3%) and perovskite (lack of durable
ETL) materials on ITO-coated glass. This study presents a novel
method for integrating GaN-based wide bandgap materials with
other systems, enhancing their practical applications.

4. Experimental Section

MAPbI3/GaN Heterostructure Band Alignment Measurement by XPS:
XPS was carried out using a Kratos Axis Supra DLD spectrometer with
a monochromatic Al Ka X-ray source (hv = 1486.6 eV) at 45 W, a multi-
channel plate, and a delay line detector in a vacuum of ~107° mBar.
Electrochemical impedance spectroscopy (EIS; Nyquist and Mott-Schottky
measurements) was used to estimate the ionized carrier concentration of
n-GaN NWs in dark conditions. The SBH was determined through ¢-AFM
(using an Agilent 5500 SPM) equipped with an Sb-doped Si probe and a
conductive Pt/Ir tip (CONTV-PT).

Growth of n-GaN NWs and Wetting Layer:  Si-doped n-type GaN NWs
were grown on ITO-coated 2-inch glass (fused silica) using a Veeco GEN
930 PA-MBE system. The NWs were grown at 700 °C for 2 h, follow-
ing a 10 min growth of a n-GaN wetting layer at 500 °C. This layer was
placed between the n-GaN NWs and the ITO interlayer. The deposition and
growth procedures for the n-GaN NWs and the wetting layer are detailed
schematically (Figure 5d), with full procedures available elsewhere.[2°] For
comparison, while the n-GaN wetting layer’s growth time was consistently
10 min, the n-GaN NWs’ growth time was varied to adjust the NWs’ length.
The temperature of the Si dopant cell ranged from 1165 to 1210 °C, varying
the electron concentration in GaN.

¢-AFM Measurement for n-GaN NWs: A 1x 1cm? sample of the GaN
NWs-on-glass was prepared for c-AFM measurements. The sample was
treated with a 10% KOH solution to remove the surface oxide and re-
duce contact resistance. Subsequently, 5 nm of Ni and 5 nm of Au were
deposited using the oblique angle deposition technique of an e-beam
evaporator. c-AFM measurements were performed using an Agilent 5500c
SPM, and Pt-Ir coated, antimony-doped silicon probes were used (Bruker
CONTV-PT). Detailed procedures are available elsewhere.[*]

Device Fabrication with MAPbI; Perovskite: The spin-coating process
and device fabrication steps are illustrated in Figure 5e. Methylammo-
nium iodide (MAI) was sourced from Greatcell Solar Limited, Australia,
and lead (Il) iodide (Pbl,, 99.999%, ultradry) was obtained from Alfa
Aesar. y-Butyrolactone (GBL, >99%) was procured from Sigma-Aldrich.
All materials were used as received without additional purification. Be-
fore spin-coating MAPbI;, the GaN NWs-on-glass were cleaned using O,
plasma treatment for 5 min. MAPbI; films were created using an anti-
solvent extraction approach in an N, glove box. The MAPbI; perovskite
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precursor solution was made by dissolving 461 mg of Pbl, and 159 mg of
MALI in 700 uL of dimethylformamide (DMF) and 78 pL of dimethyl sul-
foxide (DMSO). The solution (100 uL) was spin-coated onto the n-GaN
nanowires at 4000 rpm for 20 s, followed by a quick chlorobenzene wash
(200 pL) after 6 s of spinning. The sample was then annealed at 100 °C for
15 min. Spiro-OMeTAD (50 nm) was prepared as previously reported!’]
and applied over the MAPDbI; layer at 4000 rpm for 60 s. Finally, Au (80 nm)
was deposited via thermal evaporation at a high vacuum of 3.0 x 1076 Torr.

Materials Characterization: The sample’s transmittance and absorp-
tion were measured using a UV-vis—NIR spectrophotometer (UV-3600,
SHIMADZU, Japan). The morphology of the n-GaN NWs and the sub-
sequent prototype devices was characterized using SEM (Zeiss Merlin,
Jena, Germany). HR-STEM and elemental mapping were performed via
STEM-EDX spectroscopy using a TEM (Titan Themis Z, Thermo Fisher
Scientific, USA). Temperature-dependent PL measurements were con-
ducted in a helium-cooled closed-loop refrigerator (Janis Cryostat: CCS-
XG-M/204N) using a third harmonic signal (A = 260 nm) from a mode-
locked Ti:Sapphire laser (Coherent Mira-HP) with an output power of
3.5 W (4 =780 nm). Emissions were detected by QEPro (Ocean Optics).
TR-PL utilized a second harmonic generator (APE-SHG/THG, 4 =400 nm)
from a mode-locked Ti:Sapphire laser (Coherent Mira 900) with an output
power of 1.9 W (4 = 800 nm), with emissions detected by a streak cam-
era (Hamamatsu C6860). The crystallinity of the sample was verified using
powder XRD (Bruker D8 ADVANCES) with CuK,, radiation. Temperature-
dependent XRD measurements were performed with a Bruker D8 Advance
2 equipped with an HTK 1200N furnace. XRD pole figures were examined
using a Bruker D8 Discover Ultra with Cu Ka radiation (4 = 1.5406 A),
collecting data across a full g-scan in the y range from 0 to 50° using a
LYNXEYE_XE detector in 0D mode.

Optical Simulation: FDTD simulations (FullWave, RSoft Design
Group, USA) were conducted to determine the light absorption profile
across various thicknesses and shapes of the GaN/MAPbI; heterostruc-
ture on ITO-coated glass. The simulations were set up with domain sizes
of 150 nm in the x and y directions, respectively, and a 1 nm grid size. Per-
fectly matched layer (PML) boundary conditions were used to isolate the
computational regions. The incident light was directed from the bottom
glass layer to the top MAPbI; perovskite layer, with both transverse elec-
tric (TE) and transverse magnetic (TM) polarization modes averaged to
simulate unpolarized light. A wave propagation monitor on the xz plane
(y = 0) was used to measure the spatial absorption profile.

Solar Cell and Photodetector Device Test:  Photovoltaic characterization
was conducted using a Class AAA solar simulator equipped with a 150 W
Xenon lamp (Sun 3000, Abet Technologies) under AM1.5G illumination.
|-V characteristics were measured with a Keithley 2500 source meter, and
light intensity was calibrated using a silicon reference cell with a KG5
filter window (ReRa Solutions). The EQE was addressed using a spec-
tral response measurement system (QEX10, PV Measurements, Inc.). For
speed measurements, the photocurrent was recorded at various excitation
power densities up to 111.8 mW-cm~2 with a fixed excitation wavelength
of 520 nm from a single mode laser diode (Thorlabs, LP520-SF15). All
measurements were conducted without applying a bias voltage.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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