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ABSTRACT

Continuous monitoring of deep-ultraviolet (UV-C) radiation is crucial for applications ranging from germicidal sterilization to
secure communications. While metal-oxide semiconductors offer a scalable alternative to costly SiC or AlGaN technologies,
their performance is typically bottlenecked by the lack of robust -p-type layers and UV-C transparent electrodes. In this
work, we demonstrate a high-performance, self-powered UV-C photodiode that overcomes these limitations through a fully
scalable architecture. We address the transparency constraint by utilizing graphene, directly synthesized via low-temperature
plasma-enhanced chemical vapor deposition on sapphire, as a highly transparent hole-collecting anode. A vertical p-NiO/n-ZnO
heterojunction is subsequently fabricated via magnetron sputtering, capped with a UV-C reflective aluminum mirror. By tuning
the oxygen stoichiometry during sputtering, we induce nickel vacancy acceptors that significantly enhance the p-NiO conductivity
and junction quality. Operating in self-powered mode, the device delivers a peak responsivity of 7.9 mA/W under 261 nm excitation
and a UV-to-visible rejection ratio of > 10%. It also exhibits rapid response times <50 ms and an exceptional ON/OFF ratio of 10*.
These findings establish graphene integrated with optimized metal oxides as a viable route toward low-cost, large-area UV-C
optoelectronics.

1 | Introduction environments [8, 9]. These stringent requirements are optimally

addressed by pn-junction photodiodes (PDs) designed for zero-

The deep-ultraviolet (UV-C) spectral band (200-280 nm) has
become a focal point of modern optoelectronics, driven by
critical applications like global health monitoring and secure
communications [1-4]. In particular, the rapid adoption of UV-C
light-emitting diodes (LEDs) for germicidal irradiation - essential
for water purification and surface sterilization - has created
an urgent demand for robust, large-area detectors capable of
precise dosimetry [5-7]. However, accurately monitoring these
high-energy photons remains a technological challenge, since
ideal detectors must combine high responsivity with exceptional
durability against high-energy radiation, all while maintaining
low dark currents to resolve weak signals in noise-sensitive

bias, i.e., self-powered, operation. By relying entirely on the
heterojunction’s built-in electric field for charge carrier sep-
aration, these devices inherently suppress bias-induced dark
currents and thermal noise. This photovoltaic mode of operation
maximizes the signal-to-noise ratio for detecting weak UV-C
signals, while simultaneously eliminating the need for external
power supplies in remote or portable dosimetry systems [10].

Conventional solutions often rely on complex device architec-
tures to circumvent intrinsic material limitations. Silicon (Si)
based PDs benefit from mature fabrication processes but lack
intrinsic visible-blindness, necessitating costly external filters to
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reject visible light [11]. Conversely, wide-bandgap semiconductors
like silicon carbide and AlGaN deliver exceptional UV-selectivity
and radiation hardness, yet their widespread adoption is impeded
by intrinsic material and processing challenges. Silicon carbide,
as an indirect bandgap semiconductor, has a fundamentally low
optical absorption coefficient in the deep-UV regime, which
necessitates the growth of bulky layers to achieve sufficient
quantum efficiency [12]. Meanwhile, Al-rich AlGaN layers suf-
fer from notoriously low p-doping efficiency, diminishing the
p-conductivity and thus device performance [13].

In contrast to these constraints, metal oxide semiconduc-
tors have emerged as a scalable and cost-effective alternative
for wide-bandgap photodetectors [8]. While (n-type) Gallium
Oxide (Ga,0;) offers the strict solar-blindness preferable for
outdoor operation, achieving device-grade quality via sputter-
ing remains challenging as controlling the several polymorphic
phases is not trivial, resulting in inhomogeneities in electrical
performance [14]. For indoor applications - specifically germi-
cidal sterilization - strict solar rejection is not required [15].
In this context, n-type Zinc Oxide (ZnO) presents a superior
alternative, combining sufficient visible-blindness with facile
synthesis and excellent electron transport properties [16-18]. The
primary bottleneck, however, lies in the p-side, as reliable p-type
conductivity is historically difficult to achieve in metal oxides [19].
Nickel oxide (NiO) stands out as the only viable wide-bandgap p-
type metal oxide due to its partially filled 3d orbital and hence
higher valence band energy compared to other metal oxides [20].

Current literature on p-NiO/n-ZnO metal oxide PDs that focus on
UV-C absorption is scarce. Rahman et al. achieved exceptionally
high responsivities of 167 A/W with 253 nm excitation and — 30 V
applied voltage [21]. Other groups have shown similarly high
performances with 5.77 and 291 A/W, but with UV-A excitation
(365 nm) at — 2 V applied voltage [22, 23]. However, neither of
these studies demonstrate self-powered operation (0 V). Also,
the given responsivities indicate that additional gain mechanisms
known from photoconductors must be at play, since for pure
PDs the maximum quantum efficiency # = 1 (every photo-
generated charge carrier contributes to the photocurrent) limits
the wavelength-dependent responsivity. For example, in the UV-
regime between 1 = 250 — 380 nm the theoretical responsivity
limit is expected to be R, ~ ne— ~ 0.20 — 0.31 A/W. Focusing
on self-powered UV-C PDs only, responswltles up to ~30 mA/W
at the expense for slower response times ~100 — 500 ms have
been reported [24, 25]. These devices however, are based on non-
scalable and challenging processing methods [24, 26] as well
as non-abundant and potentially harmful materials (rare earth
oxides [27], perovskites [28]). In addition, a critical yet often
overlooked bottleneck for current approaches is the top electrode:
standard transparent conductive oxides like Indium Tin Oxide
(ITO) become opaque in the deep UV regime (<350 nm) [29],
forcing devices to rely on metal finger electrodes on the top-side
that shadow the active area and limit detector efficiency.

To address all these limitations, we propose a unique device
architecture constructed upon a sapphire substrate, which serves
adual function: it acts as a UV-C transparent window for backside
illumination and, crucially, provides an ideal template for the
direct growth of graphene [30]. Synthesized via low-temperature
plasma-enhanced chemical vapor deposition (PECVD), graphene

serves as a hole-collection electrode, combining high electrical
conductivity due to its sp?>-hybridized carbon lattice with excep-
tional UV-C transparency exceeding 90% [29]. Deposited onto this
transparent graphene anode is a UV-C absorbing p-NiO/n-ZnO
heterojunction, realized via a highly-scalable and cost-effective
sputtering process. This active region bypasses the doping chal-
lenges of AlGaN by combining the naturally leverageable hole
conductivity of NiO [31] with the high electron mobility of ZnO
[16]. Lastly, the stack is capped with an Aluminum (Al) electrode
acting as a UV-C reflective mirror [32], which allows the optical
recycling of non-absorbed photons and hence a thinning of
the metal-oxide heterojunction to shorten the carrier extraction
paths.

2 | Results

The main steps of our UV-C PD processing chain (graphene
growth, metal oxide sputtering, and metallization) are shown
schematically in Figure la-c. After cleaning the c-plane sap-
phire substrate, graphene is grown directly on top via a low-
temperature PECVD process (s. Figure la and Figure S1).
Methane (CH,) is used as a precursor alongside nitrogen (N,) as
the carrier gas. Once the plasma is ignited, CH, is decomposed
into CH,, (x = 0-3) species, which adsorb on the sapphire surface
and contribute to the nucleation and growth of the graphene
film [30]. Due to the dielectric nature of the sapphire substrate,
positive charges are able to accumulate on its surface and prevent
further growth by shielding the CH, ions in the plasma from
reaching the substrate surface. To mitigate this surface charge
build-up, the DC-plasma is pulsed with a certain frequency f,
which changes the sign of the applied voltage and hence allows
for the compensation of build-up charge and the continuation of
graphene growth on the sapphire surface (Figure S2).

Typical characterization methods of graphene include x-ray pho-
toelectron spectroscopy (XPS) and Raman spectroscopy. The prior
yields the Cls spectrum of the grown graphene (see Figure 1d),
which verifies the strong presence of sp?-carbon in the as-grown
graphene layer. Often, the sp-carbon related peak is also fitted
into the Cls spectrum at slightly higher binding energies (AE
~ 1 meV). However, the distinction is challenging due to the
significant overlap of both signals. Instead, the C KLL Auger peak
in Figure le can be used to derive the so-called D-parameter,
which is highly sensitive to the electronic structure of the carbon
thin film. Here, an approximate value of D ~ 21.5 eV (s. Figure 1f)
confirms that the PECVD-grown graphene film overwhelmingly
consists of graphite-like sp?>-hybridized carbon atoms, compared
to practically non-existent sp3-carbon (D ~13.7 €V) [33].

Figure 1g shows the Raman spectra of directly grown graphene
films as a function of plasma frequency ranging from 1 to 100 kHz
(blue to violet). The successful growth of graphene can be derived
from the presence of all the signature Raman peaks of graphene
(D, G, and 2D). Here, the G- and 2D-peaks are the most impor-
tant ones since they describe the sp?-hybridized carbon atom
arrangement and the far-range order of the graphene crystal.
Since monolayer graphene typically shows I,,/I5 > 2 [34], our
value L, /15 ~ 1in combination with absorption measurements in
the visible range (Figure S3) hints toward 2 - 6 layers of graphene
(few-layer graphene, FLG) [35]. As expected from a plasma-driven
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FIGURE 1 | Fully scalable process flow of a graphene/metal-oxide based UV-C photodiode. (A) Schematic visualization of graphene growth via
PECVD. (b) Sputtering of a NiO/ZnO heterojunction directly onto graphene and (c) metallization of Ti/Au bottom electrode and Al top electrode acting as
UV-C mirror using optical lithography. (d) C1s spectrum of graphene demonstrating sp?-hybridization of the grown graphene. (¢) C KLL Auger spectrum
and (f) its derivative to obtain the D-parameter, which contains information about graphene’s electronic structure. (g) Raman spectra of graphene grown
on sapphire substrates in dependence of the plasma frequency (1-100 kHz). (h) Electro-optical characterization of directly grown few-layer graphene
(FLG) via sheet resistance (circles) and UV-C transmittance (triangles) measurements. (i-k) Ni2p, Zn LLM, and Ols spectra confirming the successful
growth of the NiO and ZnO thin films. (1) Transmittance spectra after each process step of graphene/NiO/ZnO heterojunction growth.

process, the defect-related D-peak is also observable with approx. governs the rate of surface charge compensation. Consequently,
I,/I5 ~ 1, which originates from the high nucleation density, lower frequencies likely impede growth by allowing charge build-
giving the graphene its typical nanocrystalline (nc) nature [36]. up to repel positive CH, species, whereas higher frequencies

minimize this repulsion by frequently neutralizing the surface
Interestingly, the Raman spectrum does not differ significantly (Figure S2). The assumption that follows is that lower plasma
when the plasma frequency is varied. To check, if this observation frequencies produce thinner graphene layers with similar quality,
holds true for the electro-optical properties of these graphene as evidenced by the Raman signatures for otherwise constant
films, electrical sheet resistance and optical absorption measure- growth parameters. This is exactly what is observed by the
ments were conducted and are shown in Figure 1h. The color  inverse relationship between sheet resistance and transmittance
scheme is kept constant as in the previous Figure 1g regarding for nc-graphene, where thin layers are more transparent but
the different frequencies from 1 to 100 kHz (blue to violet). The also more electrically resistive [30]. Since an optimum between
sheet resistance of the graphene films (left axis, spheres) shows high transparency and low sheet resistance is desired, a plasma
a decrease from Rg ~ 11.4 kQ/[] to Ry ~ 3.6 kQ/[] when the frequency of f ~ 10 kHz is chosen for further processing of the
frequency is increased from 1 to 100 kHz, respectively. The UV- photodetectors.
C transmittance of the graphene films at a wavelength of 261 nm
demonstrates a similar trend by decreasing from approx. 84% Following the direct growth of graphene, the NiO/ZnO metal
(1 kHz) to 71% (100 kHz). These trends can be explained by  oxide heterostructure was sputtered on top (see Figure 1b). As a
understanding the influence of the frequency of the pulsed DC first step, the graphene-capped sapphire substrates are selectively
plasma during PECVD graphene growth. The plasma frequency covered with shadow masks, and a NiO thin film is sputtered in an
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Tuning NiO p-doping via oxygen-rich sputtering (0%-20% O,) and post-annealing (60 min at 200°C in air). (a) XPS spectra revealing

the emergence of Ni** states, indicative of p-type doping [31]. (b) Transmittance spectra showing that higher Ni** abundance increases absorption, while

annealing partially restores transparency, which is beneficial for visible-blindness. (c) Hole concentration (red) and mobility (blue) versus O, content.

Annealing slightly reduces carrier density but significantly increases mobility due to defect healing. (d) Resistivity versus O, content. Film resistance
drops by at least two orders of magnitude upon O, introduction, confirming the critical role of oxygen in establishing p-conductivity.

atmosphere of argon and oxygen gas at pressures around 4 mbar.
Due to NiO acting as the window layer (first UV-C sensitive
layer in the pn-heterojunction) and an absorption coefficient
of @ ~ 5-10° cm™ [37], its film thickness was chosen to be
~30 nm, thinner than typical literature values (>100 nm) [21,
22, 38]. The successful growth of NiO is proven by the Ni2p
spectrum measured via x-ray photoelectron spectroscopy (XPS)
as shown in Figure 1i. The doublet feature at binding energies
~855 eV originates from the different oxidation states of the Ni
ions (Ni** and Ni**) in the NiO lattice. The satellite peaks at
higher binding energies ~861 to 867 eV are a clear indicator for
the formation of a metal oxide, in contrast to purely metallic
Ni thin films. Figure 1j shows the Ols XPS spectrum of NiO
(green) and compares the amount of lattice O vs. defective O,
the latter most likely stemming from metal hydroxide layers like
Ni(OH), forming naturally on top of the sputtered NiO thin
films [39].

The Gr/NiO samples are annealed at 200°C for 60 min in air (for
a detailed discussion, see Figure 2), before a ZnO thin film is
sputtered on top to form the metal oxide-based pn-heterojunction.
Figure 1k shows the Zn LLM Auger transitions measured via XPS
for 20 nm ZnO thin films, since the Zn2p spectrum essentially
cannot differentiate well between the peaks for Zn vs. ZnO
(Figure S4). Due to Auger transitions being a 3-electron process,
the difference between highly conductive Zn and semiconducting
ZnO is emphasized. For metallic Zn, leftover holes in the Zn
lattice are rapidly screened due to an abundance of electrons
refilling the empty states, resulting in higher kinetic energies
of the Auger electrons (~991.5 eV). In the ZnO, however, this

screening of positive charge is much slower due to all electrons
being bound in the metal oxide lattice, which effectively leads
to lower Auger electron kinetic energies ~988.1 eV. The Ols
spectrum is another important measure to verify the quality of
ZnO (s. Figure 1j), as most of the oxygen atoms are supposed to
be bound in the lattice at lower binding energies (~ 529.9 eV).
The higher binding energy peak at ~531.6 eV is related to
defective O atoms and can be a direct marker for O-vacancies (V)
induced n-doping in ZnO. The combination of Zn2p, Zn LLM, and
O 1s spectra thus verifies high-quality sputtered ZnO thin films
[40, 41].

As discussed above, the visible-blindness of the UV-C PDs is
important to minimize visible-light-induced noise, e.g. for indoor
UV-C applications. Figure 1l shows the optical transmittance
spectra of the devices after each processing step. The dark-gray
spectrum demonstrates the transmittance after FLG is grown
directly onto the sapphire substrates. In the visible spectrum
between 450 and 600 nm, T, ranges between 85% and 90%.
After sputtering of 20 nm NiO and annealing the Gr/NiO stack,
an absorption edge in the UV-vis spectrum with an optical
bandgap of E,nijo ~ 3.7 eV is observed whereas the visible
transmittance decreases to 76%-82%. This loss of visible trans-
mittance originates from nickel vacancies Vy; in NiO, which
introduce in-gap defect states and will be further discussed
below [42]. Subsequent sputtering of 20 nm ZnO introduces a
second optical gap of Eyz7,0 ~ 3.4 eV. At the same time, the
transmittance of the completed Gr/NiO/ZnO stack in the visible
spectral range does not change, indicating that ZnO is fully
transparent here.
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To ensure p-doping of NiO required for forming a NiO/ZnO pn
junction, either extrinsic or intrinsic doping mechanisms can
be employed. The most common extrinsic acceptors constitute
of Li'" or Ag'* cations, which substitute into vacant Ni*" sites
[31]. On the other hand, Ni?* vacancies are the source of an
intrinsic p-doping mechanism and can be easily controlled by
the oxygen content during the sputtering process [31]. This is
why in this work the stoichiometry of the sputtered NiO films
was tuned by varying the oxygen flow ratio from 0% to 20% in
an argon atmosphere. Investigating the structural evolution via
atomic force probe microscopy revealed smoother NiO surfaces
when the O-content during sputtering was increased (Figure S5).

XPS analysis reveals the chemical evolution of the films
(Figure 2a). The Ni 2p spectrum is normalized to the lower
binding energy feature around 854 - 855 eV, which resembles
the lattice-bound Ni?* ions. The introduction of oxygen during
sputtering leads to the formation of nickel vacancies Vy;, which
introduce a charge imbalance into the NiO lattice [31]. This
imbalance is compensated by the creation of Ni** ions, acting as
localized hole states through which the carriers can traverse via
a hopping mechanism [31]. The signature of these Ni** states is
seen in spectral features around 855 - 856 eV, which emerge when
oxygen is introduced during sputtering. Recent density functional
theory calculations revealed that the emergence of Ni** hints
toward the formation of non-stoichiometric NiO instead of an
oxygen-rich, macroscopic Ni,O; phase, the latter being highly
unstable under standard sputtering conditions [43]. Interestingly,
when the O, content is increased to 5, 10, and even 20%, no
significant variance of the Ni** feature is observed. A potential
explanation could originate in the surface-sensitive nature of the
XPS analysis. In comparison to bulk, the amount of creatable
acceptor states on the NiO surface is much lower and hence may
saturate quite fast for minimal amounts of oxygen added during
sputtering (here ~5%).

However, this increase of Ni**-based p-doping introduces an
optical trade-off. As shown in Figure 2b, films with higher
oxygen content exhibit reduced optical transmittance in the
visible regime. For example, at 500 nm, a decrease from 88%
to 68% transmittance is obtained when adding 10% of O,. This
“darkening” originates from the Ni vacancies, Vy; which trap
electrons from adjacent Ni**. To compensate for the missing
positive charge, these adjacent Ni** cations oxidize to Ni**. The
transformation to Ni**, however, also induces structural and
electronic distortions within the lattice, leading to a stronger
hybridization between the Ni 3d and O 2p orbitals [44]. It is this
enhanced hybridization that generates localized in-gap defect-
states and hence additional absorption pathways in the visible
spectral region [42].

Post-deposition annealing (200°C for 60 min in air) is found
to play a critical role in balancing this trade-off, as it partially
restores the optical transparency and thereby improves the
visible-blind rejection ratio of the final device. According to
Li et al., this is caused by a recrystallization and reduction of
lattice defects such as Vy; and excess interstitial oxygen atoms that
were incorporated during the O,-rich sputtering process [45].

Hall effect measurements were performed to investigate the
electrical charge transport and to quantify carrier mobility and

carrier density, as well as to identify the carrier type of NiO
in order to confirm its distinct p-type character. The main
results are summarized in Figure 2c. The intrinsically low
carrier mobility of NiO prepared without adding O, during the
sputtering process precluded a reliable determination of the
carrier type by Hall measurements. However, increasing the
oxygen content during sputtering leads to an increase in hole
carrier concentration up to 2 X 10”7 cm™ in case of the as-grown
sample, confirming the effective generation of acceptor states.
While the subsequent annealing step causes a slight reduction
in carrier concentration—consistent with the recovery of optical
transparency -, it yields a substantial benefit in carrier mobility,
which almost triples and reaches values up to 1 cm?/Vs . This
mobility enhancement is attributed to the healing of lattice
defects and the reduction of grain boundary scattering, which
facilitates more efficient hole transport. Ultimately, the resistivity
(Figure 2d) demonstrates that the presence of reactive oxygen
during sputtering is the dominant factor for the electrical perfor-
mance, since the transition from pure Ar sputtering to oxygen-
rich sputtering is critical for getting measurable resistivities at all.
While undoped NiO is above the setup detection limit (~MQcm),
the p-doped NiO thin films show significantly reduced resis-
tivities in the order of 0.5 — 1.9 kQcm, establishing the nec-
essary conductivity of the p-channel required for self-powered
operation [46].

Building on this optimized p-NiO, the device was finalized by
processing the cathode by evaporating 200 nm of Al as UV-C
reflective mirror (s. Methods), resulting in the completed device
displayed in Figure 3a. The optical micrograph shows the top-
view of a fully processed UV-C PD with the dark background
representing the FLG film on sapphire (white arrow), which is
contacted by the Ti/Au bottom electrode ring. The violet arrow
indicates the sputtered p-NiO/n-ZnO layers with a diameter of
0.25 cm, which defines the active area of the PD (~ 0.05 cm?).
At the top, the device architecture is finalized by the Al electrode
contacting the ZnO layer. The Al electrode serves as an ohmic
contact to ZnO, acting as well as an UV-C mirror during the
backside illumination of the PD [47].

Figure 3b shows the schematic band energy diagram of the PD
architecture. The work function of graphene (~ 4.75 eV) was
measured via Kelvin Probe Force microscopy (Figure S6), and
the depicted electron affinities of the metal oxides, as well as
the Al work function, are typical values agreed in literature [48].
By subtracting the experimentally observed optical bandgaps
(Figure 1j), the valence band energies are estimated. The work
function difference at the graphene/NiO (4.75 eV/5.2 eV [49])
interface suggests the formation of a slight contact potential
barrier of 0.45 eV, which depends on the doping level of both
materials [50]. However, previous studies have shown that doped
metal oxide thin films on top of graphene are able to shift their
Fermi level via charge transfer processes [51, 52]. Upon contact,
electrons are assumed to spontaneously flow from the graphene
into the NiO to equilibrate the Fermi levels. Because graphene
has a low density of states, this electron depletion heavily p-dopes
the graphene, shifting its Fermi level significantly downward
[52]. This charge transfer is reported to create a strong interfacial
dipole that virtually aligns the effective work function of the
graphene with the valence band of the NiO [52]. Thus, the
initial potential barrier is reduced, facilitating highly efficient,
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FIGURE 3 | UV-C photodiode characterization. (a) Optical micrograph of finalized PD. (b) Schematic band diagram showing the NiO/ZnO type-1T
heterojunction with graphene and Al electrodes contacting the metal oxides. (c) Current-voltage plots showing a diode-like rectifying behavior for UV-C
PDs with different O,-flow during p-NiO deposition. (d) Transient photoresponse of the UV-C PDs over a time span of 90 s for modulated light exposure.
(e) Photocurrent and (f) responsivity of the detectors in dependence of excitation power in log-log scales, demonstrating sub-linear photoresponse.

(g) Spectral photoresponse of the detectors showcasing excellent visible-blindness.

quasi-ohmic transport of photogenerated holes from the NiO
into the graphene anode [50, 53].

The separation of photogenerated charge carriers is mostly
governed by the heterojunction interface between NiO/ZnO,
specifically by the type-II transition and the built-in field that
arises upon contact of these p- and n-type materials. The type-
II band alignment arises from the conduction band minimum
and valence band maximum of the p-NiO being positioned higher
than the corresponding bands in the n-ZnO. When photons are
absorbed and converted to electron-hole pairs at the pn-junction,
this type-II alignment, coupled with the strong built-in electric
field of the depletion region in the pn-junction, facilitates the
separation of the charge carriers, with the electrons being swept
toward the n-side (ZnO) and the holes driven toward the p-side
(NiO). The potential of the built-in field depends on the electron
affinities and doping levels of the metal oxides and can range
between 0.4 and 2.3 V (s. Methods). To experimentally validate
the operation of the pn-junction, we analyze the current-voltage
characteristics of the fully assembled UV-C PDs for different O,-
percentages (0%, 5%, 10%, and 20%) that were used during the NiO
sputtering (see Figure 3c). For all devices, diode-like rectifying
behaviors are observed. In the forward bias regime, a turn-on
voltage of 0.3 - 0.4 V is observed. Notably, these turn-voltages are
at the lower end of the calculated range between 0.4 and 2.3 V.
This, however, is an expected behavior due to the defect-prone
nature of non-epitaxially grown metal oxide interfaces. In the
literature, a vast variety of turn-on voltages V;; higher than 1.2V
are reported, mainly due variations in processing techniques,
materials quality, and characterization methods [22, 23, 54-58].

The transient photoresponse after pulsed excitation serves as a
fundamental benchmark for the performance of self-powered
photodetectors, rigorously evaluating both the signal contrast
between the illuminated (ON) and dark (OFF) states and the
switching speed between them. Figure 3d demonstrates the
transient photoresponse for devices with different NiO p-doping
(same color scheme as Figure 3c) measured in self-powered mode
(zero bias). Once the detector is illuminated with a wavelength of
261 nm and a power density of approximately 0.57 mW/cm?, pho-
tocurrents up to 3 pA are observed. Considering the finite dark
current of ~250 pA that may originate from thermally activated
interface defect states at the sputtered NiO/ZnO heterojunction
[56], a photoresponse with an excellent ON-OFF ratio > 10*
is obtained. All detectors show high switching speeds between
ON/OFF states faster than 50 ms, which represents the data
collection speed limit of our setup (Figure S7).

With increasing O,-content from 0% to 10% O,, an increase in
photocurrent is observed from 1.2 to 3 pA. This enhancement
can be attributed to the progressive p-doping of the NiO layer,
which is essential for establishing a robust pn junction. As the
hole concentration rises, the Fermi level shifts toward the valence
band, thereby increasing the built-in potential V;; at the NiO/ZnO
interface. This stronger internal field is critical for the efficient
separation of charge carriers in self-powered operation. A further
increase to 20% O, however, leads to a decrease in photocurrent
to ~1.6 pA, identifying 10% O, as the optimal condition. This
drop in photocurrent is likely driven by changes in the NiO
material properties following the thermal annealing step required
for device fabrication. While the as-deposited NiO films become
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more conductive with oxygen, the macroscopic resistivity of
the 20% film increases significantly after annealing, introducing
resistive losses that could hinder photogenerated charge carrier
extraction (Figure 2d).

A further performance parameter is the linear dynamic range of
a photodetector. In theory, the photocurrent I, scales with the
excitation power P with «P* [59], where « is the power-law expo-
nent describing the functioning principle of the photodetector.
Hereby, « = 1 would indicate a linear photoresponse usually
seen in PDs with power-independent carrier lifetimes and band-
to-band recombination. Figure 3e depicts I, vs. P for the different
devices in a log-log plot. The solid blue line indicates & = 1.
Averaging over all devices, a value of @ = 0.6 + 0.1 is extracted,
indicating a similar sub-linear photoresponse for all levels of
NiO p-doping [59]. Contradictory to a typical Si-based PD, a
sublinear photoresponse is very much expected for the sputtered
metal oxide heterojunction studied in this work [60, 61]. On
the one hand, sputtering offers easily controllable introduction
of “desired defects” into the metal oxide lattices such as V, in
ZnO (n-dopant) [62] and Vy; in Ni (p-dopant) [20]. On the other
hand, sputtering is known to yield higher amounts of surface
and interface defects, leading to energetically deep trap states
[60]. Importantly, these trapping processes are exaggerated at low
powers, since most trap states are still unoccupied. When the
power is increased substantially, most of the trap states are getting
occupied, which leads to an increase of the recombination rate at
high power and hence lower photoresponse, resulting in a sub-
linear relation between photocurrent and excitation power. As
one of the most important figures of merit, the responsivities of
all detectors are summarized in Figure 3f. Consistent to previous
observations, the 10% O, sample shows the highest responsivities.
According to the photodetection mechanism described before, a
maximum responsivity should be observed at the lowest possible
excitation power. This is shown in the inset of Figure 3f for the
best performing device (10% O,) where a maximum responsivity
of R~ 7.9 mA/W is demonstrated at a minimum power density of
P~ 10 yW/cm?.

As discussed before, the visible-blindness of the photodetector
is important to minimize interference from visible light, for
example, during UV-C monitoring in germicidal applications. To
study the spectral response of the PDs, illumination wavelength-
dependent photoresponse measurements are conducted and
shown in Figure 3f for a reference excitation power of P =
20 uW (s. Methods section). For this, UV-C and UV-B-to-vis
excitations are achieved by a 261 nm laser and an Xe-lamp with
a monochromator selecting the desired wavelength, respectively.
The noise level of the Xe-lamp and hence the minimally resolv-
able responsivity of ~13 pA/W (depicted as the dashed line) is
derived from the dark current (~254 pA) using P, ~ 20 uW.
The wavelength dependent responsivities are plotted in Figure 3g
for different O,-percentage during NiO sputtering. The most sig-
nificant differences are observed between devices with undoped
(0%) vs. p-doped (5, 10, 20% O,) NiO films where responsivities
in the UV-regime are almost doubled when any amount of O,-
induced p-doping is present. Between the different UV-bands,
no significant spectral dependence is seen, with responsivities
ranging between 5 and 6 mA/W. For wavelengths between 375
and 425 nm, a drop in responsivity down to ~ 0.5 mA/W occurs
for all devices. This observed photoresponse can be attributed

to a residual absorption caused by the Urbach tails of the metal
oxides [63], which are typically observed in low-temperature
sputtered thin films. Moving further into the visible range, the
measured photoresponse (e.g. ~ 15 uA/W at 500 nm) reaches
the experimental noise floor of approximately ~ 13 pA/W. This
demonstrates a lack of charge carrier generation under visible
illumination. This observation validates the expectations since
the energies of “visible” photons fall below the nominal optical
bandgaps of both NiO (~3.7 eV) and ZnO (~3.4 eV), meaning
that the incident radiation becomes insufficient to drive direct
electron transitions from the valence to the conduction band.
Consequently, bulk charge carrier photogeneration is effectively
suppressed, yielding a UV-to-visible rejection ratio of more than
two orders of magnitude and experimentally confirming the
device’s excellent intrinsic visible-blindness.

3 | Discussion

The development of high-performance UV-C optoelectronics is
often hindered by the limitations of conventional transparent
conducting oxides (TCOs) like Indium Tin Oxide (ITO), which
becomes opaque for wavelengths below 350 nm.

In this work, we address these gaps by integrating graphene
electrodes with defect-engineered metal oxides that form a pn
junction on a UV-C transparent sapphire substrate. This architec-
ture utilizes the broad spectral transparency of CVD graphene for
transmitting UV-C light while acting as an electrode, the built-
in field of the metal oxide pn-junction to drive current even at
zero-bias, and a back-side Aluminum (Al) mirror to maximize
photon path length within the active layer, providing a path
toward high-efficiency, low-cost fabrication.

A key factor in this architecture is the favorable charge transport
observed between the graphene anode and the p-NiO layer. While
a significant potential barrier might be expected given their work
function difference, exceptionally high photocurrents up to 3 nA
without any applied bias (self-powered operation) hint toward
the formation of quasi-ohmic contacts due to interface dipoles
that facilitate hole transport through charge transfer doping
processes known from literature. This alignment allows the
CVD-grown graphene to function as an effective hole-collection
electrode, overcoming the spectral cut-off of conventional ITO
for wavelengths < 350 nm and extending device operation into
the deep-UV-C window without sacrificing carrier collection
efficiency.

Crucially, the performance of the final detector relies on the
stoichiometric tuning of the p-NiO layer. Our results highlight a
fundamental balance: excess oxygen while sputtering is necessary
to generate nickel vacancies acting as acceptors, yielding a p-
doping level up to p ~ 2%10"cm™3, yet it simultaneously
introduces sub-bandgap states that can reduce optical transmis-
sion. We find that post-deposition annealing acts as a critical
optimization step, selectively reducing structural disorder to
restore the optical band edge while preserving sufficient vacancy
acceptors for p-type conductivity. This engineering allows the
device to maintain a built-in potential capable of driving zero-bias
operation, which is essential for energy-autonomous sensing. The
device’s spectral selectivity arises directly from the wide bandgaps
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of the constituent oxides, effectively rejecting visible light without
the need for external filters. The devices exhibit rapid temporal
switching, suggesting that carrier extraction is efficient enough
to support dynamic monitoring applications.

When contextualizing this performance against traditional
silicon-based technologies, the unique advantages of our archi-
tecture become apparent. While highly optimized Si-based pho-
todetectors can achieve exceptional responsivities of ~200 mA/W
in the UV-C regime, their narrow bandgap inherently requires
complex device geometries and the integration of bulky external
optical filters to block ambient light in the visible spectral range.
In contrast, our device architecture enables intrinsic visible-
blindness due to the wide-bandgaps of the metal oxides. At the
same time, the thin film deposition itself, as well as the p/n-
doping processes, are done in highly scalable, low-cost sputtering
processes.

Ultimately, this all-oxide approach demonstrates the potential
of combining industrial magnetron sputtering with direct CVD
growth on standard sapphire substrates. By bridging the pro-
cessing of 2D materials with bulk metal oxides, this work
establishes a scalable platform for transparent, self-powered UV-
C photodetection devices. The true impact of this architecture
lies in its potential for wafer-scale integration to meet the
rising global demand for solar-blind technologies. Applications
such as autonomous dosage monitoring in water purifica-
tion and secure optical communications require exactly these
types of highly sensitive, energy-independent sensor nodes.
Furthermore, because our fabrication avoids the prohibitive
costs and lattice-mismatch issues of traditional deep-UV epi-
taxy, it provides a direct, cost-effective pathway toward high-
resolution UV-C imaging arrays. To transition from single-pixel
devices to commercial arrays, future research must address
large-area uniformity at the graphene-oxide interface and inte-
gration with standard readout circuitry. Additionally, enhanc-
ing the UV-to-visible rejection ratio will require tailoring the
NiO/ZnO heterostructure to suppress sub-bandgap absorption
while maintaining a high-quality p-n junction. This could
be achieved, e.g., by transitioning from intrinsic defect engi-
neering to the introduction of external dopants (e.g., Li* or
Ag"), which mitigate the formation of visible-absorbing mid-
gap states. Overcoming these hurdles will pave the way for
a new generation of low-cost, energy-autonomous deep-UV
optoelectronics.

4 | Materials and Methods
4.1 | Sapphire Wafer Preparation

C-plane sapphire wafers from the company Helios New Materials
Ltd. (Jiangyin, Jiangsu, CN) with a thickness of 430 pm (and
initial 2-inch diameter) were cut into 1 X 1 cm? pieces and used
as graphene growth substrates. Before insertion into the PECVD
reactor chamber, the sapphire substrates were cleaned in a boiling
acetone bath for 3 min. Afterward, ultra-sonication followed for
2 min, and the solvent-bath/sonication process was repeated for
ethanol. with a consecutive ultra-sonication for 2 min. Lastly, the
substrates were rinsed with isopropanol and blow-dried under
nitrogen gas.

4.2 | Graphene Growth via Plasma-Enhanced
Chemical Vapor Deposition

Graphene was synthesized in a 4-inch cold-wall PECVD system
(Black Magic) from AIXTRON SE (Herzogenrath, DE). The reactor
configuration includes a resistively heated graphite heater and
a graphite susceptor positioned above it, serving as the sample
holder. A second graphite element, functioning both as a (top)
heater and counter electrode, is installed approximately 10 cm
above the lower electrode. An exterior and interior view of the
system and the reactor chamber, including these components,
is provided in Figure S1. Temperature monitoring is performed
using two thermocouples. One sensor is embedded in the top
heater, while the second is placed onto a dummy substrate close
to the actual sample position. This latter sensor, referred to as
the surface thermocouple (SFTC), is shielded by a quartz tube to
prevent plasma-induced degradation. All temperatures reported
throughout this study correspond to the readings obtained from
the SFTC.

Methane (CH,), nitrogen (N,), and argon (Ar) were employed
as precursor and carrier gases. The process begins with heating
the reactor to the target temperature at a ramp rate of 150°C
min~! under 800 sccm N, at a chamber pressure of 10 mbar. Upon
reaching the growth temperature, the nitrogen flow is reduced
to 200 and 5 sccm CH, is introduced. Subsequently, a capaci-
tively coupled DC plasma is ignited between the lower graphite
electrode and the upper graphite heater, which simultaneously
acts as the counter electrode. Plasma excitation is operated in
pulsed mode, with frequencies varied between 1 and 100 kHz
(see Figure S2). During each pulse cycle, a short polarity reversal
lasting 1-10 ps is implemented to neutralize charge accumulation
on the dielectric sapphire substrates. The bias voltage depends
on the plasma power, which was maintained at 50 W for all
experiments. Growth was conducted at a substrate temperature of
670°C (SFTC reading) for a fixed duration of 30 min. Additional
technical details of the reactor design are available elsewhere
[30]. After completion of the deposition step, active heating is
discontinued, and the system is allowed to cool naturally under
a high flow of inert gas (2000 sccm Ar and 500 sccm N,). The
cooldown period lasts approximately 40 min, reaching ~200°C
before sample removal. A schematic overview of the full growth
sequence is shown in Figure SI.

4.3 | Sputtering of Metal Oxides and Device
Fabrication

To deposit pn-heterojunction consisting of NiO and ZnO onto
the sapphire/graphene template, a customized ECOvap RF-
sputtering system from the company MBRAUN (Garching, DE)
is used. For NiO sputtering, a gas flow mixture of Ar/O, is
used, whereas the O, flow was varied between 0% and 20%.
At the same time, the total gas flow rate was kept at 50 sccm,
meaning that an O, percentage of 10% was achieved by using a
gas flow mixture of 45/5 sccm of Ar/O,. The thickness of NiO was
varied between 20 and 100 nm, depending on the characterization
method, with deposition rates of approximately 1 nm/min. For
the XPS and transmittance measurements presented in Figure 1,
both NiO and ZnO thin films were 20 nm thick. For Hall
measurements, 100 nm thick NiO layers were used to ensure
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sufficient conductivity since NiO is known for its low charge
carrier mobility.

In the final detectors, 30 nm of NiO were deposited to ensure suf-
ficient photons reach the pn-junction at the NiO/ZnO interface.
The chamber pressure during NiO sputtering was approx. 4 mbar.
During the deposition process, the sample holder on which
the substrate was attached was rotating to ensure homogenous
growth of NiO. After the deposition, the NiO thin films were
annealed at 200°C for 60 min on a hotplate in air for some of the
experiments. After this, the samples were then loaded back into
the sputter chamber, and ZnO was sputtered with approx 60 nm
to form the metal oxide pn-heterojunction. Here, a gas flow con-
sisting only of 50 sccm argon was used, and the chamber pressure
was at ~ 4 mbar. The deposition rate was kept between 1.5 and
2 nm/min. Finally, the ring-shaped bottom contacts with an inner
diameter of 3.0 mm were processed via optical lithography using
AZ nLOF 2070 negative photoresist, developed in AZ 326 MIF fol-
lowing standard spin-coating, baking (110°C), and UV exposure
steps. A Ti/Au (15/85 nm) metal stack was subsequently deposited
by employing electron-beam evaporation for the Ti adhesion layer
and thermal evaporation for the Au -followed by a standard lift-
off process. Lastly, a 200 nm thick Aluminum (Al) top contact was
electron-beam evaporated. To prevent electrical short-circuiting
between the electrodes, the Al contact was defined using a
smaller shadow mask (2.5 mm in diameter) in comparison to
the metal oxide stack, most importantly confining it within the
oxide area.

4.4 | Characterization Methods

The directly grown graphene layers were characterized with
Raman spectroscopy. For this, a confocal NTEGRA Spectra
system from NT-MDT BV (Apeldoorn, NL) is used. The spectra
were measured combining an excitation wavelength of 532 nm,
a laser spot size < 0.5 um, a spectral resolution < 4 cm™,
a pinhole of 50 pm, and an integration time of 10 s. The
Raman spectra were measured in the center of the square-
shaped samples and averaged over three single measurements.
A UV-vis Spectrophotometer UV-2550 from Shimadzu Corp.
(Kyoto, JP) is used to obtain transmittance spectra in the spectral
range of 300-800 nm. All transmittance measurements were
compared to graphene-free reference c-plane sapphire substrates.
Topography and contact potential difference information of the
grown graphene layers on sapphire were obtained via a Bruker
Corp. (Billerica, MA, USA) Innova AFM system in combina-
tion with a Zurich Instruments AG (Ziirich, CH) MFLI lock-
in amplifier and PID controller, used for the extraction of a
Kelvin signal. Surface-sensitive x-ray and ultraviolet photoelec-
tron spectroscopy measurements were performed with a PHI
5000 VersaProbe II from Physical Electronics GmbH (Feldkirchen,
DE).

Sheet resistance measurements were conducted using a four-
point probe system with a probe spacing of 1.27 mm from
Ossila Ltd. (Sheffield, GB). By averaging over four measure-
ments, where the sample was rotated by 90° consequently, the
influence of possible inhomogeneities of the directly grown
graphene layer were mitigated. Hall effect measurements in van
der Pauw geometry were carried out to determine the carrier

density and mobility of NiO with 100 nm thickness. Ni/Au
(5 nm /110 nm) contacts were deposited at the sample corners
and exhibited ohmic behavior. Measurements were conducted
at room temperature under vacuum. A constant current was
applied using a Keithley 2400 source meter, and the (Hall)
voltage was measured using a Keithley 2000 Digital Multimeter.
A perpendicular magnetic field of up to 1.2 T was applied using
a Bruker B-E 10 electromagnet. Hall voltage measurements were
recorded using two cross-configurations with current reversal of
each combination of the Van der Pauw geometry. During the
measurements, the magnetic field was ramped gradually from
0 to +1.2 T, then decreased to —1.2 T, and finally returned to
0 T. To obtain the optimal average Hall voltage, all individual
traces were symmetrized and aligned to a consistent polarity
(i.e., normalized in direction) before averaging and calculating
standard deviation. The schematic of the measurement setup and
the equations used for the analysis can be found in previous
publications [64].

UV-C photoresponse measurements of the final PDs were carried
out using a 261 nm solid-state laser by HT-Laser UG (Miinster,
DE). The laser beam was expanded by a simple two-lens setup to
uniformly illuminate the whole active area ~ 0.05 cm? of the PDs.
A powermeter was used to determine the power densities arriving
at the active area. For spectral photoresponse measurements, a
75 W Xe-lamp (LSB511) from Quantum Design GmbH (Pfungstadt,
DE) was used in combination with a “Omni-1200” monochroma-
tor from Zolix Instruments Co., Ltd. (Beijing, CN). The resulting
power densities arriving at the active area of the PDs were
measured with powermeters. All photoresponse measurements
were taken by contacting the devices with two probing tips on
the p- (Ti/Au contact) and the n-side (Al contact) and using
a Keysight B2901BL to measure the dark- and photocurrents of
the devices.

4.5 | Calculation of Built-in Potential at NiO/ZnO
pn-Junction

The built-in potential V,; of the NiO/ZnO heterojunction
was calculated analytically to determine the range of pos-
sible values resulting from the spread of electron affinities
reported in the literature. Vi; was determined using the
relation [65]:

qVy = ()(prio - Xn—ZnO) + Eg nio — 5p—NiO = Sh-zn0

where x,_yio represents the electron affinity and E,y;o the
bandgap of NiO. The terms &, _xio = Er — Eypy and 6, _z,0 =
Ep — Ecgy denote the positions of the Fermi level relative to
the respective band edges. Using a hole concentration of p =
112 - 10"cm™ from Figure 2c, &, _yjo Was calculated to be
0.12 eV. For ZnO, an electron concentration of n = 1-10°cm™
was approximated for sputtered thin films from literature [62],
which results in a degenerate condition where the Fermi level
lies approximately 0.09 eV above the conduction band minimum
(vielding a value of 6,_,,0 = — 0.09eV). Applying the fixed
bandgaps (Egnio = 3.6€V, Eyz,0 = 3.4eV) and varying the
electron affinities from literature (y, _ nio = 1.46 —2.46 €V; X, _ 700
= 3.7 — 4.6eV), we identified a theoretical V;;-range from ~
0.4t02.3V.
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4.6 | Spectral Responsivity Calculation

The spectral responsivity R(1) was determined by measuring
the device photocurrent under monochromatic excitation from a
Xenon arc lamp (250-700 nm). To account for the non-uniform
spectral power distribution of the lamp and the sub-linear power
response of the photodetector, a normalization procedure was
applied. The detectors power-dependent responsivities were first
characterized at a fixed wavelength in the UV-C regime via a
261 nm laser, revealing a power-law relationship with a =~ 0.56.
All measured spectral data were then normalized to a constant
reference power of P,; = 20 uW using the correction relation:

P a-1
f
Rcorr (A) = Rmeas (A) : (PL>

meas
This procedure effectively decoupled the spectral dependence
from the power-induced non-linearity, ensuring an accurate
representation of the detector’s intrinsic spectral characteristics.
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