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In this study, we investigate the electronic properties of the GaN junction with TMASnl, — (2-thiophene)
methylammonium tin iodide, a Pb-free 2D perovskite. Through spectroscopic analysis, we explore the impact of
TMA,Snl, on surface Fermi level pinning on Ga-polar GaN surfaces, revealing insights into carrier transfer at the
interface. Our findings demonstrate that TMA,Snl, induces an upward shift in the surface Fermi level of GaN,
resulting in a reduction in the surface barrier for electrons and an increase for holes. This indicates electron
transfer from TMA,Snl, to GaN and hole transfer in the opposite direction. Furthermore, utilizing ultraviolet
photoelectron spectroscopy, we determine the positions of the conduction and valence bands in TMASnl,
relative to the vacuum level to be —3.05 eV and —5.2 eV, respectively. Based on these findings, we identify a
type Il band alignment at the TMA,Snl4/GaN interface, with band offsets of 0.2 eV and 1.5 eV for the conduction
and valence bands, respectively. These electronic properties make the TMA,Snl,/GaN junction a promising
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1. Introduction

Reducing the world’s energy demand remains an urgent chal-
lenge for the society. The finite nature of fossil fuel resources,
the negative environmental impact of mining and the release of
greenhouse gases during their combustion inflame climate
change and its associated negative impacts on humanity and
wildlife. Simultaneously, a skyrocketing power demand raised
from the boom in big data processing for Al development arises
as a new ecological challenge.' Hence, curbing energy demand
through efficiency measures, renewable energy adoption, and
sustainable practices is essential. Among efforts to minimize
the negative impact of excessive energy consumption, popular-
ization and dissemination of photovoltaics and self-powered
devices play a significant role. What is more, the development
of alternative, energy-efficient computational methods, such as
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candidate for active regions in optoelectronic devices, such as photodetectors and photonic synapses.

based on the brain-inspired architecture®> neuromorphic com-
puting and dedicated hardware — neuromorphic devices, can be
considered among the measures to address the rising power
demands.?

In the past, another field that was extensively studied in the
search for reducing energy consumption was solid-state light-
ing, where gallium nitride (GaN) played a significant role as a
key building block in the realization of white light-emitting
diodes (LEDs). Due to its significant role and extensive utiliza-
tion across other industries, including telecommunications
and power electronics,” GaN may be considered a core III-V
semiconductor.

Within the range of emerging semiconductors, hybrid
organic-inorganic perovskites (HOIPs) hold considerable signifi-
cance. Having photovoltaics as their primary field of application,’
their potential was also recognized for lighting®” as well as for the
development of detectors for visible light and X-ray or gamma-ray
radiation.*® In the family of HOIPs, their two-dimensional (2D)
variants can be distinguished. These are layered materials
composed of organic layers sandwiched in inorganic ones form-
ing a quantum well structure. Manipulating the compositional
features alters the electronic structure and thus gives access to the
dielectric and optical properties of the material.'® Additionally,
the low-cost methods of synthesis together with improved tem-
perature and humidity stability of these materials compared to
their 3D analogues followed by their extraordinary optical proper-
ties as high values of absorption coefficient, charge carrier
mobility and exciton binding energy enabled their application

This journal is © The Royal Society of Chemistry 2024
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in solar cells, light-emitting diodes (LEDs), photodetectors and
lasers."*™*

This paper sheds light on the physics of the 2D perovskite
material that is TMA,Snl, and its junction with GaN. While
extensive research on junctions involving all-inorganic
perovskites''®> or Pb-based HOIPs with GaN'®'7 has been
conducted, the field of tin-based perovskites/GaN remains
largely unexplored. At the TMA,SnI,/GaN interface, the type II
of band alignment is revealed. By means of ultraviolet photo-
electron spectroscopy (UPS) and contactless electroreflectance
(CER), it is shown that at the interface electrons are transferred
from TMA,SnI, to GaN and holes from GaN to TMA,Snl,.
Conduction and valence band offsets are estimated to be
0.2 eV and 1.5 eV, respectively. The reported band alignment points
to possible application of such an interface in photodetectors,®
photonic synapses, or optical memory systems."®

2. Experimental details

2.1. GaN structures

300 nm thick GaN layers doped with p-type and n-type dopants,
Mg and Si, respectively, at concentrations of 1 x 10" ecm ™ and
7 x 10'® ecm™3, were epitaxially grown using plasma-assisted
molecular beam epitaxy on commercially available GaN/Al,O;
templates. On top of each structure, undoped GaN layers with
thicknesses ranging from 40 to 80 nm were subsequently
grown. Detailed growth conditions can be found elsewhere.’

2.2. TMA,Snl, layer deposition

0.2 M precursor solution for the TMA,Snl, deposition was
prepared by dissolving TMAI (GreatsCell Solar) in freshly pre-
pared Snl, in a molar ratio of 2:1. Details describing our
approach to Snl, synthesis can be found elsewhere.”’ The
precursor solution was prepared using a mixture of DMF
(anhydrous from Sigma Aldrich) and DMSO (anhydrous from
Sigma Aldrich) (4:1, v/v). Before deposition, the solution was
filtered with a 0.22 um PTFE filter. The cleaning procedure of
GaN substrates included 15 wt% aqueous HCI solution treat-
ment, sonication in deionized water, acetone, and isopropyl
alcohol (IPA) sequentially and 60 s nitrogen plasma treatment
to remove organic residues. Then, the perovskite precursor
solution was spin-coated onto a cleaned GaN substrate at
6000 rpm for 30 s. During the spin-coating process, 100 pL of
toluene (anhydrous from Sigma Aldrich) was introduced at 10 s
as an antisolvent. The resulting film was annealed at 100 °C for
10 min.

2.3. Structural and morphological characterization

X-ray diffraction (XRD) patterns were collected with a Rigaku
MiniFlex600 (Cu Ko, radiation, / = 1.5406 A) diffractometer. The
top-view morphology images of samples were obtained with a
field emission scanning electron miscroscope (SEM) by Phe-
nom ProX, which had an accelerating voltage of 10 kV. Hyper-
spectral images were obtained using a Photon Etc IMA-vis
setup. A 532 nm green laser was used as the excitation source.

This journal is © The Royal Society of Chemistry 2024
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The laser spot size on the perovskite surface was 360 pm in
diameter for the 50x objective (and 900 pum for the
20x objective). The exposure time was 0.5 s with a laser power
of 1000 mW with a 3.6 optical density filter resulting in a
measured power of 57 mW corresponding to 0.56 nW pm™>.

2.4. Ultraviolet photoelectron spectroscopy

For photoemission experiments, a hemispherical electron
energy analyzer (Argus CU) with a 128 channel detector and a
differentially pumped helium discharge lamp as the UPS radia-
tion source were used. A non-monochromatic He I (21.2 eV)
excitation line was employed in this photoemission experi-
ment. The optical axis of the analyzer entrance was normal to
the substrate surface. Photoelectrons were collected with a step
of 0.01 eV and with a pass energy of 5 eV. No charging
corrections were needed for UPS spectra, since no charging of
the samples was observed.

2.5. Contactless electroreflectance

In this study, contactless electroreflectance was utilized in its
dark configuration. The sample was positioned within a
capacitor-like holder linked to a high-voltage generator, which
applied a square signal with an amplitude of 3 kv and a
frequency of 280 Hz. Simultaneously, the sample’s surface
was illuminated by monochromatic light from a laser-driven
xenon lamp dispersed through a 0.75 m Andor monochroma-
tor. Reflectance and modulated reflectance spectra were then
recorded concurrently using a photomultiplier within the lock-
in technique. Further experimental details can be found
elsewhere.””

2.6. Optical absorption

The absorption spectrum was recorded on 100 nm thick
TMA,Snl, films spin coated onto glass substrates using a
tungsten halogen lamp as a probing light source. The transmit-
tance signal was detected with an Avantes AvaSpec CCD
detector.

3. Results and discussion

3.1. Materials characterization

The investigation focused on GaN structures grown in the van
Hoof architecture, featuring a 15 nm film of polycrystalline
TMA,Snl, (which is an intrinsically undoped semiconductor)
spin-coated on top. We decided to use a less investigated
(compared to commonly used phenylethylammonium or buty-
lammonium cations) TMA (2-thiophenemethylammonium)
cation in TMA,Snl, because of its unique structural and elec-
tronic properties. Thiophenemethylammonium as the cation of
choice in tin-based perovskites is compelling due to its unique
sulfur-containing structure, which offers distinct advantages
over cations like BA and PEA, both of which lack additional
heteroatoms. TMA sulfur atoms form stronger interactions with
Sn which can help in stabilizing the Sn(u) oxidation state.
Additionally, the electron-rich thiophene ring offers enhanced
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Fig. 1 Sketch illustrating investigated TMA,Snl4/GaN hybrids. On the left-
hand side, the crystal structure of the TMA,Snl, perovskite is shown.

electronic coupling with the inorganic layer, which can improve
the charge transport. Furthermore, the short, rigid methylene
linker in TMA provides greater structural stability and reduces
lattice distortion compared to longer alkyl chains (as in TEA),
likely promoting more efficient charge carrier transfer. As well,
TMA offers improved hydrophobicity compared to BA and PEA,
which helps protect the perovskite layers, making them more
resistant to moisture. This enhanced stability is particularly
valuable for extending the operational lifetime of Sn-based
perovskites implemented for investigation.

At room temperature, TMA,Snl, adopts a centrosymmetric
crystal structure within the orthorhombic crystal system. It
comprises inorganic layers of [Snlg]'~ octahedra separated by
two layers of the 2-thiophenemethylammonium organic cation,
forming a Ruddlesden-Popper phase.*® The crystal structure of
TMA,Snl, along the b axis is depicted in Fig. 1. TMA,Snl, is a
2D perovskite, introduced in 2021,>® with its properties yet to be
fully elucidated. To date, only red-light emission and a 47 ns
carrier lifetime have been reported.?®

In van Hoof structures, a thin layer of undoped materials
with a specified thickness (d) is grown atop a considerably

(a) (b)

TMA,Snl, on GaN
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thicker highly doped layer (for adopted layers thicknesses and
doping concentrations, see the Experimental section). This
design ensures a controlled distribution of the built-in electric
field within the undoped caps, which can be precisely probed
using electromodulation spectroscopy, particularly CER. The
combination of van Hoof structures and CER spectroscopy has
proven to be a valuable methodology for examining electronic
phenomena at the GaN interface with materials such as
graphene,”! hexagonal boron nitride,*® and methylammonium
lead iodide,*® as well as for investigating the susceptibility of
the polar GaN surface to external conditions.”®>” Therefore,
GaN van Hoof structures were selected as the platform for
investigating the TMA,Snl,/GaN interface. Further details elu-
cidating the rationale behind the chosen methodology will be
provided alongside the CER results. The schematic representa-
tion of the analyzed samples is presented in Fig. 1. Fig. 2(a)
shows the SEM image of continuous and uniform TMA,Snl,
layers deposited on the GaN van Hoof substrate. Fig. 2(b)
presents the XRD patterns of the TMA,SnI,/GaN structure. In
the inset, the (0002) GaN peak is visible. The (002) and (004)
peaks detected in the low 2-theta range confirm the 2D struc-
ture of the TMA,Snl, perovskite. In Fig. 2(c), the hyperspectral
photoluminescence image of TMA,Snl, recorded for a 620 nm
emission wavelength can be seen. No dark spots can be
observed indicating a good quality layer with homogeneous
emission.

3.2. Investigation of the TMA,Snl, band diagram

In order to evaluate the position of band edges of TMA,Snl,
relative to the vacuum level, the UPS spectra were recorded. The
band gap of TMA,Snl, was extracted from absorption spectra
depicted in Fig. 3(a). In this spectrum, strong excitonic absorp-
tion at 1.95 eV followed by absorption on continuum of states
starting at 2.15 eV can be seen. This is consistent with exciton
binding energies for 2D perovskites, which are shown to be in
the range of 150-200 meV;*® thus, we estimate the energy gap
for this material to be approximately 2.15 eV. Fig. 3(b) shows
the UPS spectrum of the valence band of TMA,Snl,. The
position of the valence band edge relative to the Fermi level
(VBE) or the cut-off energy E. can be determined by identifying
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Fig. 2 (a) The SEM image of the TMA,Snl, layer. (b) XRD patterns of the TMA,Snl4/GaN structure. (c) Hyperspectral 620 nm emission from the TMA,Snl,

layer. The right-hand side scale bar presents intensity (counts).
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Fig. 3 (a) The absorption spectrum of the 300 nm TMA,Snl, layer

deposited on glass. (b) UPS spectra of TMA,Snl4. The secondary electron
edge and the valence band maximum position were identified as 17 eV and
1 eV, respectively, and are labelled on the spectrum. (c) The band diagram
for TMA,Snl, obtained from absorption and UPS measurements.

the point where the linear fit to the edge of the spectrum or
extrapolated linear threshold of the spectrum, respectively,
crosses with the background. In TMA,Snl,, the valence band
edge was observed to be 1 eV below the Fermi level, and a cut-
off energy of 17 eV was determined. The work function Wr can
be calculated as a difference of photon energy (EP" = 21.2 eV)
and a cut-off energy, Wy = EP" — E.. The position of the valence
band maximum (VBM) relative to the vacuum level can be
extracted from VBM = Wg + VBE. The position of the conduction
band minimum (CBM) can be derived from the VBM and
energy gap (E,), CBM = VBM — E,.*° Fig. 3(c) illustrates the
band diagram of TMA,Snl, constructed based on UPS results.
The positions of the CBM and VBM relative to the vacuum level
are determined to be —3.05 eV and —5.2 eV, respectively.

3.3. TMA,Snl,/GaN interface

CER is a modulation spectroscopy technique that relies on a
perturbation of materials dielectric function through altering
the near-surface band bending by the externally applied electric
field. This results in the emergence of resonant-like features in
the modulated reflectance spectrum around energies corres-
ponding to optical transitions.>**° For structures with the built-
in electric field, Franz-Keldysh Oscillations (FKO) appear in the
modulated reflectance spectrum at the energies above the
fundamental transition of the analyzed structure. The strength
of this built-in electric field is associated with the FKO period
and can be determined from:*'*?

-2r\/JE—FE — E\
A—R X exp (75’) cos (i <E Eg) + (p)

R (h0)32 3\ 7o
1
x EX(E-E))
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where 70 is the electro-optic energy, I' is the line width, ¢ is the
phase, F is the electric field and u is the electron-hole reduced
mass for GaN. FKO extrema follow the relationship:

3
4(E, — E\2
nn—goﬁ—g(T) , (3)
where E, is the energy of each extremum and 7 is its index. The
electric field F can be derived from the plot of (E, — Ey)*”
against n. This plot exhibits linear dependence, with a slope
being directly proportional to F.

In van Hoof structures, the built-in electric field arises in the
undoped top layer as a consequence of the difference of the
Fermi level position at the surface and at the interface of a
highly doped/undoped layer.*® At the interface between the
doped and undoped GaN, the Fermi level is situated near the
conduction band edge (CB) or the valence band edge (VB) due
to n-type or p-type doping, respectively. Conversely, on the
opposite side of the undoped layer, the surface Fermi level
position is anchored by surface states to one of the two
densities of states (SDOS) within the GaN band gap. Their
existence is attributed to the presence of Ga dangling bonds
on the GaN surface.*® For the polar GaN surface with the 2 x 2
Gar, surface reconstruction, it was proven theoretically®> and
experimentally®® that the upper SDOS (US), extending approxi-
mately 0.6 eV from the conduction band edge into the GaN
bandgap, determines the surface Fermi level for n-doped
structures. Conversely, the lower SDOS (LS) is situated approxi-
mately 1.7 eV from the CBE, nearly at the midpoint of the GaN
bandgap, and establishes the surface Fermi level for p-doped
structures. The electric field built-in the top layer of van Hoof
structures gives rise to the FKO in the modulated reflectance
spectrum. Its value can be calculated according to eqn (2) and
(3). For n-type van Hoof structures (GaN:Si) at room tempera-
ture, all dopants are already ionizied®® and the depletion layer
between the undoped cap and the doped layer is sufficiently
small to allow for the calculation of the surface barrier from:

b, = Fd. (4)

For p-type van Hoof structures (GaN:Mg), the depletion region
between the cap and the doped layer is notably broader; thus,
the band bending and surface barrier @, are derived from
solving the 1D Poisson equation®® in NextNano solver.

In this work, a series of TMA,SnI,/GaN hybrids together with
reference GaN structures with undoped GaN layers of 40, 60,
and 80 nm thicknesses for Si doped (n-type) substrates, and a
60 nm thickness for Mg doped (p-type) substrates were exam-
ined. The upper panels of Fig. 4(a) and (b) display CER spectra
acquired for n-type van Hoof structures with a 40 nm thick
undoped layer and p-type GaN structure, respectively. In both
cases, TMA,Snl,/GaN hybrids together with reference GaN
samples were investigated. In all spectra, a resonance corres-
ponding to the GaN bandgap transition at 3.45 eV is observed,
accompanied by the Franz-Keldysh oscillation (numbered)
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Fig. 4 CER spectra of reference GaN and TMA,Snl,;/GaN hybrids for (a)
n-GaN with the 40 nm undoped cap layer and (b) p-GaN with the 60 nm
undoped cap layer. Lower panels in (a) and (b) present an evaluation of the
built-in electric field.

above it. As evident, the FKO period for TMA,Snl, covered
samples varies from that observed for reference GaN. For
TMA,SnlI,/GaN:Si hybrids (Fig. 4(a)), the FKO period is reduced
compared to the reference GaN, while for TMA,SnI,/GaN:Mg
samples (Fig. 4(b)) the opposite relationship is observed: the
FKO period is increased, which points to the change in the
value of the built-in electric field in the presence of TMA,Snl,.
Such a relationship is supported by the analysis conducted
according to eqn (3) and presented in lower panels of Fig. 4(a)
and (b). Observably, n-type van Hoof GaN substrates exhibit a
decrease of the built-in electric field, whereas p-type van Hoof
GaN structures demonstrate an increase in this value. CER
spectra and built-in electric field analysis for all investigated n-
type and p-type substrates are presented in Fig. S1(a) and S2 in
the ESL.{ In accordance with eqn 4, the altered value of the
built-in electric field indicates a change in the surface barrier
height (®). These values were computed for both reference GaN
substrates and TMA,Snl, covered hybrids, as illustrated in
Fig. 5, with the procedure for obtaining them for n-type
structures as shown in Fig. S1(b) and described in the ESL¥
As observed, there is a decrease in the surface barrier for
electrons from 0.6 €V to 0.5 eV for GaN:Si substrates upon
coverage by TMA,Snl,. Conversely, for GaN:Mg, an increase in
the surface barrier height for holes from 0.8 eV (for reference)
to 0.95 eV (for TMA,Snl, covered hybrids) is revealed. The
change of the surface barrier is related to the unpinning of
the surface Fermi level from its native position due to ongoing
electronic phenomena.

Fig. 6(a) and (b) show the scheme of the GaN band bending
(black solid lines) and band edges of TMA,Snl, (in pink) and
GaN (in blue). Orange lines represent GaN surface densities of
states. Black dashed lines mark the Fermi level in GaN and
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Fig. 5 The surface barrier calculated for GaN and TMA,Snl4/GaN hybrids.

TMA,Snl,. The illustrated alignment of Fermi levels at the
perovskite/GaN interface represents the state before equili-
brium is reached. The conduction band minimum (CBM) in
GaN is situated at an energy of approximately —3.25 eV,*” which
is 0.2 eV below the CBM of TMA,Snl, (—3.05 eV), as extracted

(@)

(b)

(0]

TMA28n|4 GaN
fa E,=02eV | = - -
A E,=1.5eV
5 & &

Fig. 6 (a) Sketch of GaN band bending and the TMA,Snl,/GaN band
alignment versus the vacuum level for (a) TMA,Snl4/GaN:Si and (b)
TMA,Snl,/GaN:Mg structures. (c) Band alignment at the TMA,Snl,/GaN
interface. Arrows show the direction of carriers flow.
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from UPS measurements (refer to Fig. 3). Consequently, elec-
trons from the conduction band of TMA,Snl, flow to the GaN
surface. This results in an upward shift of the surface Fermi
level in GaN (indicated by the red arrow in Fig. 6(a)) and a
decrease in the surface barrier @,, which is consistent with CER
results (see Fig. 5).

From UPS experiments on TMA,Snl,, the VBM was deter-
mined to be —5.2 eV. Given that GaN has a larger energy gap
(3.45 eV) compared to TMA,Snl, (2.15 eV), its VBM is positioned
1.5 eV below that of TMA,Snl,. The flow of holes from the GaN
surface to TMA,Snl, occurs leading to the upward shift of the
surface Fermi level (Fig. 6(b)) and increase of the surface barrier
for holes @, as shown in CER (see Fig. 5). This analysis leads to
the conclusion that the TMA,Snl,/GaN interface is character-
ized by the type II band alighment with a conduction band
offset of AE. = 0.2 eV and a valence band offset of AE, = 1.5 eV
as illustrated in Fig. 6(c). Such a band alignment is advanta-
geous for use in photodetectors®® and neuromorphic devices
such as photonic synapses.'® Since natural synapses integrate
computing and memory functions,'’ it is believed that devel-
oping hardware and software inspired by them will help over-
come the bottleneck effect in the von Neumann architecture,
which arises from the separation of computing and memory
units."® Consequently, a significant increase in computing
capabilities and more efficient energy utilization could be
achieved. Reported realizations of photonic synapses are based
on III-V semiconductors®® or 2D materials including transition
metal dichalcogenides, graphene, hexagonal boron nitride and
black phosphorus.’® Perovskites have also been successfully
integrated into the active area of such devices.*>*! The coex-
istence of ionic motion and electronic conduction, coupled
with facile solution-based fabrication, is beneficial for achiev-
ing modulatable hysteretic operation of the synapses and for
future scaling up from single device to arrays.*’ Furthermore,
implementation of GaN/AlGaN and (PEA),Pbl, in high electron
mobility transistors for neuromorphic vision sensors has been
successfully demonstrated.*” This indicates that the investi-
gated interface between GaN and the Pb-free 2D perovskite
TMA,SnlI, could be considered as a candidate for the active area
in neuromorphic devices.

4. Conclusions

In this work, an interface of TMA,Snl, - a representative of the
Pb-free 2D HOIP - and GaN was investigated. Carriers flowing
through the TMA,SnI,/GaN interface were examined by CER
spectroscopy and the band edge positions of TMA,Snl, relative
to the vacuum level were revealed by UPS experiments. It was
shown that in the presence of TMA,Snl, the surface Fermi level
of GaN is shifted upward, which is translated to the reduction
of the surface barrier for electrons and its increase for holes.
We correlate it with the electron transfer from TMA,Snl, to GaN
and hole transfer in the opposite direction. This observation is
consistent with UPS results showing that the investigated
TMA,Snl,/GaN interface exhibits a type II band alighment with

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry C

the VBO and CBO values of 1.5 eV and 0.2 eV, respectively. With
these findings, we draw conclusions about the possible appli-
cation of such heterojunctions in photodetectors and emerging
energy-saving optoelectronic devices as photonic synapses or
optical memory systems.
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