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d Zn3N2–CNx hybrid films for
silicon heterojunction photodetection

Ali J. Addie, *a Raid A. Ismail, b Azhar I. Hassan b and Mudhafar A. Mohammedb

Nanohybrid semiconductors comprising distinct nanoscale components offer new opportunities for

tailored optoelectronic properties. In this work, Zn3N2–CNx hybrid thin films were prepared by reactive

RF magnetron sputtering from a segmented Zn/graphite target and used to fabricate p-Si heterojunction

photodetectors. The hybrid-film approach was explored as a route to modify the electronic character of

a Zn3N2-rich sputtered overlayer and its junction response on silicon. X-ray diffraction and microscopy

indicated a heterogeneous nanostructured film, Raman spectroscopy showed retention of a CNx-like

disordered carbon-nitride network, and elemental mapping confirmed spatial coexistence of Zn, N, and

C with a measurable O contribution in the as-deposited layer. Optical analysis revealed characteristic

energies associated with the Zn3N2-rich and CNx-containing components. The Zn3N2–CNx/p-Si

heterojunction exhibited an ideality factor of ∼2.9, a rectification ratio of ∼13.7 at 5 V, a maximum

responsivity of ∼0.40 A W−1 at 550 nm, and a detectivity of ∼2.03 × 1011 Jones, together with stable

transient switching and rise/recovery times of ∼0.5/0.7 ms. The results support the formation of an

electronically distinct hybrid overlayer whose incorporation is associated with improved heterojunction

photodetection on p-Si. Reactively sputtered Zn3N2–CNx therefore represents a promising hybrid thin-

film platform for Si-based optoelectronic devices.
1. Introduction

Silicon remains the most scalable and technologically mature
platform for photodetectors because it combines wafer-level
manufacturability, process compatibility, and low-cost integra-
tion with established microelectronic fabrication. In modern Si
heterojunction photodetectors, however, device performance is
increasingly limited by the buried interface rather than by the Si
substrate itself. Recent reviews and benchmark studies on low-
dimensional, mixed-dimensional, and 2D/Si photodetectors
show that, once silicon provides the transport backbone,
further gains in responsivity, detectivity, dark-current suppres-
sion, and bias efficiency depend mainly on band alignment,
interfacial trap density, depletion-eld control, and junction
selectivity.1–4 This trend is evident in recent device reports,
where performance improvements were achieved by tunneling-
oxide passivation in Bi2O2Se/Si junctions,5 narrow-bandgap Te/
Si photodiodes,6 graphene/Si architectures with interface-
tailored barrier transport,7 and interface-engineered
PEDOT:PSS/Si hybrid junctions.8 These studies establish
a clear criterion for new Si heterojunction architectures: the
partner layer must do more than extend absorption; it must also
reshape junction electrostatics and interfacial defect physics.
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Hybrid thin lms are attractive because they can integrate
multiple interface-relevant functions into a single deposited
layer, including carrier-density modulation, defect redistribu-
tion, transport selectivity, and local eld shaping. Recent
reviews and benchmark device studies frame hybridization not
as simple compositional mixing, but as a route to engineering
interfacial energetics and recombination pathways that are
difficult to realize in single-component lms.9–12 More generally,
the development of photodetectors based on low-dimensional
layered materials, graphene/semiconductor hybrid hetero-
structures, and other interface-engineered Si platforms has
established that the principal advantage of hybridization lies
not merely in broadened absorption, but in its ability to modify
carrier separation, transport selectivity, and junction
electrostatics.13–15 This is especially important in photodetec-
tors, where hybrid or mixed-dimensional systems become
compelling only when the secondary phase produces
a measurable electronic effect at the interface, rather than
merely altering morphology.3,4,9–12 The present work therefore
examines whether a sputtered Zn3N2–CNx hybrid overlayer can
function as a more electronically selective and less defect-active
junction partner for p-Si.

Among earth-abundant nitride semiconductors, Zn3N2 is
a promising but under-controlled candidate for this role. It is
attractive because it can be deposited by scalable physical-vapor
routes, exhibits substantial visible-light absorption, and
generally shows n-type transport relevant to heterojunction
RSC Adv., 2026, 16, 22587–22599 | 22587
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formation.16–20 However, Zn3N2 rarely behaves as an electroni-
cally simple semiconductor. Its reported optical gap varies
widely across the literature, and this spread is now linked to
carrier-induced Burstein–Moss shis, point defects, and
oxygen-related chemistry.21,22 More recent work has shown that
oxygen is not merely incidental contamination, but can drive
Zn3N2 away from the strongly degenerate regime and substan-
tially alter resistivity, carrier density, and optical response.18 As
a result, experimentally realized Zn3N2 lms are oen charac-
terized by electron concentrations in the 1019–1021 cm−3

range,17,18,23 which is unfavorable for photodetector junctions
because excessive free-carrier density can suppress depletion,
increase leakage, and weaken electrostatic selectivity. In addi-
tion, Zn3N2 is chemically unstable under ambient oxygen
exposure, and oxidation can modify its electronic properties
even when oxide-related signatures are not obvious in
XRD.18,22,24,25 Thus, although Zn3N2 is electronically active, its
standalone thin-lm form remains insufficiently controlled for
reliable interface engineering.

Carbon nitride thin lms (CNx) offer a complementary set of
attributes, combining chemical stability, broad processing
exibility, and electronically tunable bonding disorder. Recent
work on amorphous CNx and graphitic/polymeric carbon
nitride lms has shown that carbon nitride can be deposited
directly on technologically relevant substrates, including Si, by
sputtering and vapor-phase routes.26–30 This has expanded
carbon nitride from a mainly photocatalytic material toward
a more device-oriented thin-lm platform, as illustrated by
rapid CVD growth of graphitic carbon nitride lms,27 controlled
growth of ultrathin graphitic carbon nitride lms,28 and ultra-
thin amorphous carbon nitride integrated with Si vertical
photodiodes, where the carbon nitride layer acted as an elec-
tronically active junction partner rather than a passive coating.29

However, CNx is not electronically ideal in isolation. Its bonding
structure is strongly preparation-dependent, and sputtered or
amorphous CNx lms can contain variable mixtures of sp2-rich
carbon environments, C–N/C]N motifs, structural disorder,
and depth-dependent composition.26,31 Recent analyses further
show that carbon-nitride thin-lm functionality is strongly
dependent on bonding topology, defect structure, lm conti-
nuity, and interface construction.32–34 CNx is therefore relevant
here not as a complete standalone device material, but as
a highly perturbable carbon-nitride network that may modify
interfacial charge transfer and defect response in a hybrid lm.

The integration of Zn3N2 with CNx arises from the comple-
mentary electronic roles of the two phases. Zn3N2 serves as an
electronically active nitride-rich matrix, but its device perfor-
mance is limited by excess carrier density and oxygen-sensitive
defect chemistry. CNx, by contrast, provides a carbon-nitride-
rich network whose local bonding structure and transport
behavior are readily altered by growth conditions and inter-
phase coupling. These characteristics become complementary
at the heterojunction: the Zn3N2-rich phase sustains conduc-
tivity and visible-light activity, while the CNx-rich phase can
regulate carrier density, trap response, and charge-transfer
processes without dominating the overall lm composition.
This view is consistent with a broader trend in photodetector
22588 | RSC Adv., 2026, 16, 22587–22599
research, where secondary phases are valuable only when they
produce a measurable electronic effect at the interface.3,4,9–12 It
is also consistent with recent carbon nitride/Si and interface-
engineered Si device studies showing that modest changes in
interface quality can lead to substantial changes in dark
current, responsivity, and detectivity.5–8,29

In this work, Zn3N2–CNx hybrid thin lms were deposited by
reactive RF magnetron sputtering from a segmented Zn/
graphite target and integrated into p-Si heterojunction photo-
detectors. The work examines the effect of introducing a CNx-
containing secondary network into a Zn3N2-rich sputtered lm
on the structural, electronic, and junction properties of the
resulting heterostructure relative to a Zn3N2 reference. The
scope is focused on hybrid-lm formation, compositional
coexistence, and the role of the hybrid overlayer as an elec-
tronically active partner in Si-based photodetection. Under this
framework, the Zn3N2–CNx layer is treated as a sputtered hybrid
platform in which CNx incorporation is linked to modied
carrier transport and improved heterojunction behavior on p-Si.
2. Experimental and characterization
techniques
2.1. Deposition of Zn3N2–CNx hybrid thin lms

Zn3N2–CNx hybrid thin lms were deposited on soda-lime glass
and p-type silicon substrates using a NanoSys500 ultra-high-
vacuum multi-PVD system (Mantis Deposition Ltd, UK). The
deposition chamber was evacuated to a base pressure below 1×
10−7 mbar prior to sputtering. Film growth was carried out by
reactive RF magnetron sputtering from a mosaic target con-
sisting of Zn and graphite segments. Depositions were per-
formed at a constant working pressure of 1 × 10−3 mbar in an
N2/Ar atmosphere with ow rates of 27 and 3 sccm, respectively.
The applied RF power was 50 W, corresponding to a power
density of ∼2.55 W cm−2, and the target-to-substrate distance
was 15 cm. Substrates were rotated continuously at 5 rpm
during deposition to promote lm uniformity, and the deposi-
tion time was xed at 30 min for all samples. The relative
fraction of Zn3N2 and CNx in the deposited lms was controlled
by the area ratio of the Zn and graphite segments in the mosaic
target, as described in previous work.35
2.2. Thin-lm characterization

The optical transmission and reectance of the prepared thin
lms on glass and silicon substrates were measured by a UV/Vis-
NIR double beam spectrophotometer (V-670, JASCO, Japan).
The spectrophotometer has a wavelength range of (300–1200
nm). X-ray diffraction measurements were performed using
a Shimadzu LabX XRD-6000 system, Japan, with a 2 kW Cu-Ka
radiation (l = 1.5405 Å). The scanning angle ranges over 2q
from 10° to 80° with a minimum step angle of 0.002° (2q).
Surface morphology were investigated by a Zeiss Sigma 300
FESEM equipped with an X-ray energy dispersive spectroscopy
detector. Raman spectra were measured using a confocal
Raman microscope (Senterra, Bruker Optics, Germany) with
532 nm excitation laser sources. Spectra acquisition was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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performed over the range 50–4400 cm−1 with various laser
powers and integration times on each point. Atomic force
microscopy was done using a multi-mode AFM (Ntegra, NT-
MDT, Russia) operating in tapping non-contact mode with an
Etalon tip.

2.3. Device fabrication

The p-type Si(100) substrates were immersed in diluted HF for
approximately 4 min immediately prior to deposition to remove
the native oxide layer. Both glass and silicon substrates were
then ultrasonically cleaned in organic solvents, rinsed sequen-
tially with ethanol, acetone, and deionized water, and dried
under nitrogen ow. Ultra-at stealth-diced p-Si dies (10 × 10
mm, 10–20 U cm; Ted Pella Inc.) were selected to minimize edge
damage and debris associated with conventional saw dicing.
Aluminum contacts were deposited by thermal evaporation
through a shadow mask in the same PVD chamber at a base
pressure of 10−6 mbar and a deposition rate of ∼1.0 Å s−1. A
thin Au coating (∼30 nm) was also applied to the backside of the
Si substrate in order to promote a stable, low-resistance back
contact during device characterization.

2.4. Device characterization

The electrical and photoelectric performance of the hetero-
junction devices was evaluated using an integrated Sciencetech
PTS-2-QE Quantum Efficiency System (Sciencetech Inc., Can-
ada). Current–voltage (I–V) characteristics were measured
inside a light-tight sample chamber using the system's internal
Keithley 2450 source-measure unit (SMU). Dark-current
measurements were used to determine the saturation current
and ideality factor (n) from the semi-logarithmic I–V plots. The
rectication factor (RF) was calculated as the ratio of the
forward to reverse current at an applied bias of 5 V.

Hall-effect measurements were carried out using a Meas-
ureReady™ FastHall™ Station (Lake Shore Cryotronics, USA) to
evaluate the electrical transport properties of the deposited
lms. The measurements were used to determine the Hall
coefficient, carrier type, carrier concentration, mobility, and
resistivity/sheet resistance of the lms. Data acquisition and
analysis were performed using the integrated M91 FastHall™
measurement controller and MeasureLINK™-MCS soware
platform. The Hall measurements provided direct information
on the transport behavior of the hybrid lms and were used to
correlate the lm conductivity with the heterojunction device
performance.

Photoresponse characterization was performed under white-
light illumination provided by a 150 W xenon short-arc lamp.
Illuminated I–V curves were recorded over the voltage range
from −10 to +10 V with a step of 0.1 V. The spectral responsivity
(R) and external quantum efficiency (EQE/IPCE) were measured
in the wavelength range of 300–900 nm using a 1/4 m Czerny–
Turner monochromator equipped with a motorized triple-
grating turret and automated order-sorting lters. During
spectral scanning, the monochromatic probe beam was
modulated with an optical chopper operated in the range of 10–
200 Hz, and the resulting photocurrent was detected using
© 2026 The Author(s). Published by the Royal Society of Chemistry
a Stanford Research Systems SR800 series lock-in amplier to
improve the signal-to-noise ratio. All measurements and data
acquisition were controlled through the SciPV soware
platform.

3. Results and discussions

The Results and discussion section begins with the character-
ization of lms deposited under the optimized growth condi-
tions. The hybrid lms were prepared by RF magnetron
sputtering from the mosaic target using 27 sccm N2 and 3 sccm
Ar at 50 W for 30 min. This power was selected as the highest
stable operating value for the mosaic target without plasma
breakdown and enabled co-deposition of both components.

Fig. 1a and b presents the FESEM images of the deposited
lms at high and low magnications, respectively. The surface
morphology is generally similar to that of Zn3N2 lms prepared
under comparable conditions, indicating that Zn sputtering
remains dominant during deposition, consistent with the ex-
pected sputtering yields of Zn and C. The low-magnication
image in Fig. 1b conrms that the lm covers the surface
uniformly, whereas the high-magnication image in Fig. 1a
reveals a granular morphology with a stronger tendency toward
cluster-like agglomeration than the more separated grains
observed previously.

The grain-size distribution shown in Fig. 1d yields an average
grain size slightly larger than that previously obtained for lms
deposited using pure Zn or pure graphite targets. In addition,
the distribution can be deconvoluted into two overlapping
normal components centered at approximately 28 and 10 nm,
indicating the presence of two characteristic grain populations
on the surface. Such bimodal behavior is consistent with the
hybrid nature of the deposited lm, where the smaller-size
population may plausibly be associated with the CNx-rich
component, while the larger-size population is more likely
related to the Zn3N2-rich grains. Accordingly, the bimodal grain-
size distribution is interpreted not as stand-alone proof of
phase separation, but rather as part of a convergent set of
structural, compositional, and spectroscopic observations
consistent with a Zn3N2-dominant hybrid lm containing
a CNx-rich component.

Atomic force microscopy was used to further examine the
surface morphology and topography of the hybrid lm depos-
ited on the silicon substrate. As shown in Fig. 2, the 1 × 1 mm2

AFM scan provides the surface morphology in Fig. 2a, while the
corresponding grain-size distribution and three-dimensional
topography are presented in Fig. 2b. The lm exhibits a cauli-
ower-like surface composed of agglomerated nanoscale gran-
ular clusters, in good agreement with the FESEM observations.
The AFM grain-size analysis gives an average value of about
31 nm, which is slightly larger than that obtained from SEM.
This difference is expected because AFM lateral dimensions are
oen overestimated due to tip-convolution effects during
scanning. In contrast to the SEM grain-size distribution, no
clear overlapping distribution was resolved in the AFM data,
which may be related to the limited scan area and the lower
statistical representation of the smaller clusters.
RSC Adv., 2026, 16, 22587–22599 | 22589
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Fig. 1 FESEM of the Zn–N–C hybrid films on the silicon substrate: (a) high magnification image with 100 nm scale, (b) low magnification image
with 1 mm scale, (c) image segmentation based on watershed edge detection method, and (d) grain size distribution histogram and normal
distribution curve.
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In addition to topography, AFM phase-contrast imaging can
provide qualitative information about surface heterogeneity
and possible variations in local composition or mechanical
response.36,37 Fig. 2c and d shows the topography and phase
images acquired simultaneously from the same scanned area.
The phase image in Fig. 2d reveals regions of contrast distrib-
uted across and between the grains, indicating local differences
in material properties. Since the cantilever response is inu-
enced by variations in adhesion, stiffness, and viscoelastic
behavior, these phase shis suggest the presence of more than
one surface environment. The small regions marked by white
circles exhibit a contrast distinct from the surrounding matrix,
which may indicate clusters with properties different from the
dominant phase. Considering the hybrid nature of the depos-
ited lm, these regions may be associated with the CNx-rich
component, although phase-contrast imaging alone does not
provide denitive phase identication.

To further evaluate the surface relief of the hybrid lm,
a height-prole analysis was extracted from the 1 × 1 mm2 AFM
image, as shown in Fig. 3. The prole reveals a corrugated
surface composed of coalesced nanoscale features that form
cluster-like surface domains separated by shallow valleys. The
dotted vertical lines mark the lateral extent of a representative
cluster, indicating that the observed morphology is governed
22590 | RSC Adv., 2026, 16, 22587–22599
not only by individual grains but also by their aggregation into
larger topographic units. This observation is consistent with the
cauliower-like morphology identied in the FESEM and AFM
images.

The roughness parameters derived from the AFM analysis
are summarized in the inset of Fig. 3. The lm exhibits root-
mean-square roughness (Rq) and arithmetic average rough-
ness (Ra) values of 16.51 and 13.28 nm, respectively, indicating
a moderately rough surface with relatively uniform height
variations. The limited difference between Rq and Ra suggests
that the height distribution is not dominated by isolated
extreme asperities, but rather by broadly distributed surface
undulations associated with the clustered morphology. The
skewness value (Rsk = −0.2156) is slightly negative, which
indicates a mild tendency toward valley-dominated topography,
while the kurtosis value (Rku = 2.815), being close to 3, suggests
a near-normal height distribution with rounded rather than
sharply peaked surface features. Overall, the line-prole anal-
ysis supports the formation of a clustered and topographically
heterogeneous surface, while still preserving a relatively regular
vertical roughness distribution.

Thin-lm growth in sputtering systems is governed by the
interaction between the substrate surface and the atoms, radi-
cals, and clusters arriving from the plasma phase. In the present
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Atomic force microscopy of the hybrid nitride system with a scan area of 1 × 1 mm2. (a) 2D surface topography and (b) grain size
distribution histogram and normal distribution curve with 3D image inset. (c) High-resolution atomic force microscope images (scan area of 250
× 250 nm2). (c) Image of AFM topography mode and (d) image of AFM phase-contrast mode.
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case, the cauliower-like morphology and clustered surface
evolution suggest that the lm growth cannot be described
adequately by a purely diffusion-controlled mechanism. Rather,
the theory of charged clusters (TCC) provides a more suitable
framework for interpreting the growth behavior.38,39 Within this
model, nanoscale clusters nucleate and grow in the gas phase
prior to deposition, and the nal microstructure develops
Fig. 3 AFM height profile extracted from the 1× 1 mm2 image of the hybr
The dotted lines indicate the lateral extent of a representative surface cl

© 2026 The Author(s). Published by the Royal Society of Chemistry
through their subsequent interaction with the substrate
surface. Plasma-generated electrons and ions can impart charge
to these clusters, while cluster coalescence may occur before
charging. Once charged, however, further agglomeration is
hindered by coulombic repulsion, which limits the cluster size
and affects the structural arrangement of the deposited
layer.39,40 This interpretation is consistent with the structural
id film surface, together with the corresponding roughness parameters.
uster.

RSC Adv., 2026, 16, 22587–22599 | 22591
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features observed in Fig. 4a. The XRD pattern of the hybrid lm
shows weak and broadened reections at positions corre-
sponding to indexed Zn3N2 planes, as indicated in the gure,
superimposed on a broad diffuse background and a broad
feature in the low-angle region characteristic of disordered
carbon-based material. The indexed reections were assigned
by comparison with the standard Zn3N2 reference pattern
(ICDD card no. 35-0762). Together, these features indicate that
the hybrid layer is predominantly poorly crystallized, consisting
of a Zn3N2-rich phase embedded within a structurally disor-
dered carbon-nitride-containing matrix.

In this hybrid system, the effect of thermal treatment is ex-
pected to be multifaceted, because annealing may inuence not
only crystallinity and defect density but also oxygen-related
chemistry and the relative balance between the Zn3N2-rich
and CNx-containing components. For this reason, controlled
annealing under suitable atmospheres represents a potentially
valuable route for further optimization of lm quality and
heterojunction performance in future work.

The compositional features of the hybrid lm are further
supported by the EDS spectrum and elemental maps shown in
Fig. 4b. Across ve randomly selected surface regions, the lm
Fig. 4 (a) XRD patterns of CNx, Zn3N2, and Zn3N2–CNx thin films on gla
using ICDD card no. 35-0762. (b) EDS spectrum and elemental mapping
films.

22592 | RSC Adv., 2026, 16, 22587–22599
exhibited an average composition of 75.5 ± 1.8 wt% Zn, 12.9 ±

1.0 wt% C, 7.7 ± 0.8 wt% N, and 3.9 ± 0.6 wt% O. When
expressed in normalized atomic proportions, this corresponds
approximately to Zn : C : N : O = 1.00 : 0.93 ± 0.08 : 0.48 ± 0.05 :
0.21 ± 0.03. The relatively small standard deviations indicate
good micrometer-scale compositional reproducibility. The lm
is clearly Zn-rich, whereas the reduced nitrogen content is
consistent with the known tendency of reactively sputtered zinc
nitride lms to deviate from ideal stoichiometry under practical
growth conditions.18,19 The elemental maps further show that
Zn, N, and C are laterally distributed across the scanned region
without evidence of gross micron-scale segregation, supporting
the formation of a hybrid Zn3N2–CNx layer rather than a mere
spatial superposition of isolated nitride-rich and carbon-rich
domains. A reproducible oxygen signal was also detected
across multiple analyzed regions, conrming that oxygen is an
intrinsic part of the as-deposited lm chemistry rather than an
analytical artifact. However, because the present EDS analysis is
not depth-resolved, it does not permit determination of whether
the oxygen is distributed uniformly through the lm thickness
or preferentially enriched near the surface or buried interface.
This observation remains chemically important because oxygen
ss; dashed lines and Miller indices indicate Zn3N2 reflections indexed
of the hybrid film. (c) Raman spectra of CNx, Zn3N2, and Zn3N2–CNx

© 2026 The Author(s). Published by the Royal Society of Chemistry
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incorporation and post-deposition oxidation are well docu-
mented in Zn3N2-based thin lms and can signicantly modify
their structural and electronic behavior even when no distinct
oxide phase is resolved by XRD.18,19,25 Accordingly, the deposited
layer is most appropriately described, at the compositional level
probed here, as a Zn–N–C–O thin-lm system with a Zn3N2-
dominant character.

The Raman spectra of the CNx, Zn3N2, and Zn3N2–CNx lms
are presented in Fig. 4c. The CNx reference lm exhibits the
broad D and G bands centered at approximately 1362 and
1577 cm−1, respectively, with full widths at half maximum of
about 198 cm−1 for the D band and 124 cm−1 for the G band,
and an ID/IG ratio of approximately 0.96. These spectral features
are characteristic of disordered carbon-nitride lms under
visible excitation, where the Raman response is dominated
primarily by the disordered sp2-bonded carbon network rather
than by isolated C–N vibrational modes.30,41–43 The broad line
shape and moderate ID/IG value are therefore consistent with
a sputtered CNx phase containing defective aromatic clusters
and substantial bond-angle and bond-length disorder. In
contrast, the Zn3N2 reference lm shows broad low-
wavenumber bands at approximately 265 and 567 cm−1,
which can be assigned to Zn3N2-related vibrational modes,44,45

while no pronounced D and G bands are observed.
For the Zn3N2–CNx hybrid lm, the Raman spectrum retains

the characteristic carbon-related D and G bands, appearing at
approximately 1359 and 1571 cm−1, respectively, together with
additional low-wavenumber features associated with the Zn3N2-
rich component. Relative to the CNx reference, the hybrid lm
exhibits a slight downshi and broadening of the G band,
accompanied by a reduction in the ID/IG ratio to approximately
0.81. These changes indicate that the disordered CNx-like sp2

network is preserved in the hybrid layer but experiences
a modied local bonding and electronic environment aer
coexistence with the Zn3N2-rich phase.41–43 Within the Ferrari–
Robertson framework, this behavior is more consistent with
perturbation of the sp2 cluster topology and disorder state than
with the emergence of a new, independently resolved carbon
phase. Therefore, the Raman results support hybrid-lm
formation by conrming retention of the CNx-derived vibra-
tional signature together with measurable spectral modication
in the Zn3N2–CNx layer. Although these data do not by them-
selves prove a specic Zn–N–C interfacial bond, when consid-
ered together with the XRD, EDS, and morphological
observations they provide convergent evidence for a Zn3N2-
dominant hybrid lm containing a spectroscopically detectable
carbon-nitride-rich component.

The optical transmittance spectrum of the as-deposited
hybrid lm on glass, recorded over the wavelength range of
300–1200 nm, is shown in Fig. 5a. The lm exhibits low trans-
mittance throughout most of the visible region, reaching only
about 1.0% at 500 nm, and then increases progressively toward
longer wavelengths to approximately 66% at 1200 nm. This
behavior is similar to that of Zn3N2 lms deposited under
comparable conditions, although the hybrid lm shows slightly
higher transmittance in the visible range. The gradual trans-
mittance variation, rather than a sharp absorption edge, is
© 2026 The Author(s). Published by the Royal Society of Chemistry
consistent with the hybrid and disordered character of the
deposited layer. Unlike a well-crystallized single-phase semi-
conductor, the present lm consists of a Zn3N2-rich component
coexisting with a disordered CNx-containing network, as sup-
ported by the weak and broadened XRD features and the broad
Raman response of the carbon-nitride phase. In such a hetero-
geneous system, the optical edge is expected to be broadened by
overlapping absorption contributions from the different
components together with disorder-induced band-tail states
and defect-related absorption associated with nonstoichiometry
and oxygen incorporation. The observed transmittance
behavior is therefore more appropriately interpreted as arising
from a distribution of local electronic environments rather than
from a single abrupt band-edge transition.46

Given that Zn3N2 is the dominant phase in the deposited
layer, the optical transitions were analyzed using the Tauc
relation, ahn = A(hn − Eg)

m, where m = 1/2 for allowed direct
transitions andm = 2 for allowed indirect transitions. From the
linear extrapolation of (ahn)2 versus hn, shown in the inset of
Fig. 5a, using the most nearly linear region in the range of
approximately 2.3–3.1 eV, the apparent direct transition energy
was estimated to be about 2.15 eV. This value is larger than that
reported for single-crystal Zn3N2,47 but remains comparable to
values reported for reactively sputtered Zn3N2 thin lms
prepared under different growth conditions.48–50 Likewise,
extrapolation of (ahn)1/2 versus hn over the approximately linear
region of 1.1–2.2 eV gives an apparent indirect transition energy
of about 0.96 eV, which can be associated with the CNx-con-
taining component of the hybrid lm. Because the deposited
layer is chemically and structurally heterogeneous, these values
are more appropriately regarded as apparent optical transition
energies rather than intrinsic bandgap values of isolated
phases.

The slight modication of the optical transition behavior
relative to the single-component lms can be attributed to
electronic interaction between the Zn3N2-rich matrix and the
dispersed CNx-rich phase. In such a hybrid system, the CNx

component may partially alter the local electronic environment
of adjacent Zn3N2 domains, thereby affecting the absorption
edge and the apparent transition energies extracted from the
Tauc plots. This interpretation is consistent with the structural
and spectroscopic results, which indicate a Zn3N2-dominant
hybrid layer containing a disordered carbon-nitride-rich
component.

Hall-effect measurements provide direct evidence that
incorporation of CNx modies the transport properties of the
Zn3N2-rich layer. Both the Zn3N2 reference lm and the Zn3N2–

CNx hybrid lm exhibited n-type conductivity. The pure Zn3N2

lm showed an electron concentration of (3.2 ± 0.4) × 1020

cm−3, a Hall mobility of (4.6 ± 0.5) cm2 V−1 s−1, and a resistivity
of (4.2 ± 0.6) × 10−3 U cm. By comparison, the Zn3N2–CNx

hybrid lm exhibited a lower carrier concentration of (6.8± 0.9)
× 1019 cm−3, a mobility of (3.1 ± 0.4) cm2 V−1 s−1, and a higher
resistivity of (2.9 ± 0.4) × 10−2 U cm. The nearly one-order
reduction in free-electron concentration, accompanied by only
a moderate decrease in mobility, indicates that CNx incorpo-
ration does not merely introduce additional disorder, but
RSC Adv., 2026, 16, 22587–22599 | 22593
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Fig. 5 (a) Optical transmittance of the film prepared from the mosaic target. The inset represents the linear fitting for the direct and indirect
energy gap, and (b) semi-logarithmic plot of the dark and illuminated I–V characteristics of the heterojunction of the nanohybrid film on p-Si
synthesized from the mosaic target.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/2
2/

20
26

 1
1:

06
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
instead shis the Zn3N2-rich matrix toward a less strongly
degenerate transport regime. This change is favorable for
heterojunction formation on p-Si because it supports develop-
ment of a more effective depletion region and is consistent with
the improved rectication and photoresponse observed for the
hybrid device.

The dark C–V characteristics support the same conclusion
from the junction perspective. From the linear region of the 1/
C2–V plots measured at 1 MHz, the built-in potential increased
from 0.43 ± 0.03 V for the Zn3N2/p-Si junction to 0.61 ± 0.04 V
for the Zn3N2–CNx/p-Si junction. In parallel, the capacitance
dispersion under reverse bias was reduced, for example from 24
± 3% to 11 ± 2% between 10 kHz and 1 MHz at −1 V, while the
interface-state density decreased from (1.2 ± 0.2) × 1012 to (4.6
± 0.7) × 1011 cm−2 eV−1. These results indicate that the hybrid
heterointerface is electronically less defective and less disper-
sive than the Zn3N2/p-Si reference. Thus, the enhanced junction
behavior is more directly explained by transport and interface
modication than by morphology alone.

The semi-logarithmic dark and illuminated I–V characteris-
tics of the Zn3N2–CNx/p-Si heterojunction are presented in
Fig. 5b. Under illumination, the photocurrent increases
systematically with incident power, reecting enhanced
photogeneration and collection of electron–hole pairs. The
ideality factor was determined from the linear forward-bias
region using the diode relation I = I0 exp(qV/nkT), and the
device exhibited an ideality factor of about 2.9. This relatively
large value indicates that the forward current is not governed by
ideal thermionic emission alone. Instead, it is more plausibly
associated with trap-assisted recombination through electri-
cally active states at or near the heterointerface, together with
a possible tunneling-assisted contribution through localized
states in the disordered hybrid layer. In addition, some contri-
bution from barrier inhomogeneity cannot be excluded. These
factors are consistent with the non-ideal transport expected for
a nanostructured Zn3N2–CNx/p-Si heterojunction.51 The recti-
cation ratio, dened as RR = IF(+5 V)/IR(−5 V), reached
approximately 13.7, which is signicantly higher than that ob-
tained for the Zn3N2/p-Si heterojunction. This improvement
22594 | RSC Adv., 2026, 16, 22587–22599
indicates that the CNx-containing hybrid layer modies the
excessive free-carrier character of Zn3N2 and promotes more
effective junction formation with p-Si.

The increase in photocurrent with illumination intensity is
not attributable to optical transmission alone, but rather to the
combined inuence of absorption, carrier generation, trans-
port, and collection across the heterointerface. In the present
system, the improved photoresponse of the hybrid device is
more plausibly associated with the reduced carrier concentra-
tion of the Zn3N2-rich layer, the higher built-in potential, and
the lower interface-state density indicated by the Hall and C–V
analyses. At the same time, the clustered morphology and
mixed-phase character of the lm may facilitate local charge
separation and transport across adjacent semiconducting
domains. Accordingly, the enhanced photocurrent of the
Zn3N2–CNx/p-Si device is best understood as the result of
coupled optical and electronic effects arising from hybridiza-
tion, rather than from a single structural factor.

Fig. 6a illustrates the spectral responsivity (Rl), external
quantum efficiency (EQE), and specic detectivity (D*) of the
Zn3N2–CNx/p-Si heterojunction measured under a reverse bias
of 5 V. The spectral responsivity was determined from the
photocurrent generated at each wavelength according to Rl =

Iph/Pin = (Ilight − Idark)/(PlA), where Iph is the photocurrent, Pin is
the incident optical power on the illuminated area, Pl is the
monochromatic optical power density, and A is the effective
illuminated device area.52,53 The corresponding external
quantum efficiency was calculated from the responsivity using
EQE = (Rlhc)/(ql), which, for l expressed in nm, becomes EQE
(%) = (1240Rl/l) × 100.54 The specic detectivity was estimated
using the shot-noise-limited expression D* = RlA

1/2/(2qId)
1/2,

where q is the elementary charge and Id is the dark current at
the corresponding bias.55–57 Under reverse bias, the external
electric eld widens the depletion region and facilitates the
separation and collection of the photogenerated electron–hole
pairs, thereby suppressing recombination losses and enhancing
the responsivity of the heterojunction. A broad spectral
response was observed for the nanohybrid device, with the
maximum shied slightly relative to the pure Zn3N2 device. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Spectral responsivity, external quantum efficiency, and specific detectivity of the Zn3N2–CNx/p-Si heterojunction measured under
a reverse bias of 5 V. (b) Time-dependent photocurrent response under periodic light on/off modulation. (c) Enlarged transient profile used to
determine the rise time (sr) and fall time (sf).
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peak responsivity reached 0.40 A W−1 at 550 nm, corresponding
to an EQE of about 90%, which conrms efficient photocarrier
generation and extraction in the visible region. The wavelength
dependence of D* followed the same general trend as Rl,
because detectivity increased with increasing responsivity and
decreased with increasing dark-current contribution. Fig. 6b
and c further presents the transient photoresponse of the
Zn3N2–CNx/p-Si heterojunction under periodic light on/off
modulation. The device exhibits stable and repeatable switch-
ing between the dark and illuminated states over multiple
cycles, indicating good reproducibility of the photocurrent
response. From the enlarged transient prole in Fig. 6c, the rise
time (sr) and fall time (sf) were estimated to be approximately
0.5 and 0.7 ms, respectively. These fast transient characteristics,
together with the enhanced responsivity and detectivity, indi-
cate that the Zn3N2–CNx hybrid overlayer supports efficient
carrier separation and transport at the heterojunction.

The responsivity maximum of the heterojunction was
observed at 550 nm, indicating a slight shi relative to the pure
Zn3N2 device. This shi can be related to the modied optical
transition behavior of the hybrid nitride lm, as inferred from
the optical measurements. Compared with the pure nitride
device, the hybrid heterojunction exhibited higher responsivity
Table 1 Comparison of the present Zn3N2–CNx/p-Si heterojunction p
ported in the literature

Device Wavelength/range Bias

Zn3N2–CNx/p-Si 550 nm 5 V
SnS2/Si 340 nm 0 V
Chlorophyll-b/Si 435 nm Self-
Ag/n-Si/Al2O3/CuS/ITO 980 nm 0 V
Bi2O3-decorated MWCNTs/n-Si 560 nm 6.5
Te/n-type Si UV-vis-NIR Self-
ZnO@PdTe2/Si 254–1550 nm 0 V

© 2026 The Author(s). Published by the Royal Society of Chemistry
and higher EQE, reecting improved photocarrier separation
and collection at the hybrid-lm/p-Si interface.

The spectral variation of the specic detectivity, D*, followed
the same general trend as the responsivity because both gures
of merit are governed by the wavelength-dependent photocur-
rent, although D* is also affected by the dark-current level. The
maximum recorded detectivity was 2.03 × 1011 Jones at 550 nm.
Based on the responsivity results reported in our previous
work,45 the corresponding best detectivity of the Zn3N2/p-Si
device was about 8 × 109 Jones at 600 nm, showing that the
hybrid device outperforms the Zn3N2 reference by nearly two
orders of magnitude. The improvement is attributed to the
combined effect of lower leakage current and higher spectral
responsivity in the Zn3N2–CNx/p-Si heterojunction. This
behavior is also consistent with the higher optical trans-
mittance of the hybrid lm in the 300–900 nm range, which
permits more photons to penetrate to the depletion region and
participate in photocurrent generation, whereas the lower
transmittance of the Zn3N2 lm tends to conne absorption
closer to the surface and results in reduced photocurrent
output. Taken together, comparison with the Zn3N2/p-Si refer-
ence shows that CNx incorporation improves the heterojunction
through coupled transport, interfacial, and optical effects.
hotodetector with representative Si-based hybrid photodetectors re-

R (A W−1) D* (Jones) Ref.

0.40 2.03 × 1011 This work
∼3.8 ∼2 × 1014 58

bias ∼0.73 ∼2.2 × 1012 59
0.41 1.739 × 1011 60
1.37 8.5 × 1011 61

powered 0.248 1.8 × 1012 62
1.23 1.56 × 1013 12

RSC Adv., 2026, 16, 22587–22599 | 22595
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Relative to the Zn3N2 lm, the hybrid overlayer exhibits a lower
free-electron concentration and higher resistivity, while the
corresponding junction shows a higher built-in potential, lower
interface-state density, improved rectication, higher respon-
sivity, andmarkedly enhanced detectivity. These trends indicate
that the performance improvement arises primarily from
hybridization-induced transport modication and improved
junction electrostatics, with the slightly higher optical trans-
mittance of the hybrid layer likely providing an additional
contribution to photocurrent generation.

Table 1 further places this result in context by showing that
the Zn3N2–CNx/p-Si heterojunction lies within the established
performance window of Si-based hybrid/composite photode-
tectors: at 550 nm and 5 V reverse bias, its specic detectivity is
comparable to some reported Si-based hybrid devices, higher
than several lower-performing architectures, and lower than the
best values reported for more extensively optimized self-
powered mixed-dimensional systems.
4. Conclusions

Zn3N2–CNx hybrid thin lms were successfully deposited by
reactive RF magnetron sputtering from a segmented Zn/
graphite target and integrated into p-Si heterojunction photo-
detectors. Structural and morphological analyses indicate that
the deposited layer is a Zn3N2-rich heterogeneous nano-
structured lm containing a retained CNx-like disordered
carbon-nitride network. FESEM and AFM reveal a clustered
cauliower-like surface with nanoscale granular features, while
XRD, Raman spectroscopy, and EDS support the coexistence of
Zn-, N-, and C-containing phases with a measurable oxygen
contribution in the as-deposited layer. These results show that
hybridization modies not only lm composition but also the
nanostructural organization of the sputtered overlayer.

The electrical results further show that this hybridization is
accompanied by a signicant change in the electronic behavior
of the Zn3N2-rich layer and of its junction with p-Si. Relative to
the Zn3N2 reference, the hybrid lm exhibits a lower electron
concentration, while dark C–V analysis indicates a higher built-
in potential and a reduced interface-state response. The Zn3N2–

CNx/p-Si device correspondingly shows improved rectication,
a maximum responsivity of about 0.40 A W−1 at 550 nm, and
a detectivity of about 2.03 × 1011 Jones. Taken together, the
results indicate that the enhanced photodetector performance
arises from the combined effect of hybrid-lm nanostructure
and improved junction electrostatics, with the electrical diag-
nostics providing the clearest evidence that CNx incorporation
modies carrier transport and interfacial defect behavior.
Accordingly, Zn3N2–CNx represents a promising sputtered
hybrid platform for Si-based photodetectors, and further eval-
uation of its behavior over extended ambient exposure times
would be of interest, particularly to determine whether the CNx-
containing network contributes to moderating ambient-
induced changes, although further progress will also require
tighter control of composition, oxygen incorporation, and
interface chemistry.
22596 | RSC Adv., 2026, 16, 22587–22599
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