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Dual-Surface Reaction Enabled Organic–Inorganic Hybrid
Photodiodes for Faint Light Detection and Imaging

Yibo Zhang,* Gloria Vytas, Haozhe Wang, Dehui Zhang, Jiabao Shen, Chengliang Mao,
Rajiv Prinja, Ali Javey, Zheng-Hong Lu,* and Nazir P. Kherani*

Organic–inorganic heterojunction photodetectors are garnering significant
research interest. The surface-sensitive nature of nanometer-thin
single-crystalline semiconductors vis-à-vis device performance provides an
ideal platform for studying organic contacts. Herein, organic-Si
nanomembrane (SiNM) hybrid photodetectors are demonstrated for probing
faint light and self-powered imaging. Universal approaches to controlling
dual-surface reactions are proposed to achieve high-performance devices. A
1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile (HAT-CN) organic layer
effectively blocks electron injection current by reacting to unpin the SiNM
surface Fermi level. A low work-function ytterbium oxide (YbOx) (≈2.9 eV)
buffer reduces the hole injection. A facile surface reaction process is
systematically optimized for HAT-CN and ytterbium with SiNM to selectively
consolidate and deoxidize the natively grown silicon oxide (SiOx), respectively,
thereby minimizing noise. Contact interfaces between various dielectrics are
investigated for maximizing device performance. The devices achieve
competitive performance among state-of-the-art organic–inorganic
photodetectors, notably the low noise (sub-pA/μm), ultra-fast microsecond
response speed and a high rectification of 3 × 107. Further, an imaging sensor
is demonstrated to operate in self-powered mode. These results provide key
insights into interfaces, devices, and system-level applications in
organic–inorganic heterogeneous optoelectronics.

Y. Zhang, G. Vytas, H. Wang, J. Shen, R. Prinja, N. P. Kherani
The Edward S. Rogers Sr. Department of Electrical and Computer
Engineering
University of Toronto
10 King’s College Road, Toronto, Ontario M5S 3G4, Canada
E-mail: yibojhhk.zhang@mail.utoronto.ca; nazir.kherani@utoronto.ca
Y. Zhang,D. Zhang, A. Javey
Department of Electrical Engineering andComputer Sciences
University of California
Berkeley, California 94720,USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202516835

© 2025 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adfm.202516835

1. Introduction

Advancements in semiconductor-on-
insulator technology have stimulated the
development of nanomembrane opto-
electronic devices. These devices benefit
from their stable chemical and physical
properties, high-quality single-crystalline
lattice and excellent compatibility with
traditional complementary metal-oxide-
semiconductor processes.[1–6] The large
surface area associated with a semicon-
ductor nanomembrane and concomitant
reduction in photocarrier generation
volume result in low photocarrier tran-
sition times, facilitating photodetectors
with high sensitivity and rapid response
speeds.[7–14] These photodetectors have
been integrated into both rigid and soft
substrates for multiple applications such
as health monitoring,[15,16] optical waveg-
uides and lasers,[17,18] bio-sensing,[19,20]

digital eyes and imaging,[21,22] and envi-
ronmental monitoring.[7] Concurrently,
over and above traditional homojunctions
formed via the diffusion of dopants at
high temperatures, [13] numerous materials
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have been studied for the development of semiconductor
nanomembrane based heterojunction photodetectors. These
materials include metals,[14] metal oxides,[23] low-dimensional
materials,[24,25] quantum dots,[26] and perovskites.[27] The noise
level and the lowest sensed signal are essential parameters
for a photodetector. Fittingly, extensive efforts are being made
to enhance the photon sensitivity of these heterojunction
diodes. One approach integrates light-trapping structures to en-
hance optical absorption, thereby increasing photo-to-electron
conversion.[10,28,29] Another key strategy is reducing the reverse
dark current to lower the detection noise and consequently min-
imize the lowest signal the device can detect with a reasonable
signal-to-noise ratio.[30] This noise level is closely related to the
surface barrier of the non-injection contact, which is primarily
governed by the energy level alignment between the two hetero-
geneous materials and the interfacial defect states.[31–33]

Organics have been widely employed in commercial applica-
tions, impacting vast aspects of modern daily life and the fu-
ture of optoelectronic technology, ranging from organic light-
emission diodes (OLEDs),[34] organic photodetectors,[35] organic
solar cells,[36] organic thin-film transistors and organic circuits[37]

to large-area systematic integrations such as artificial skins.[38]

Compared to inorganic materials, these organics offer advanta-
geous properties, including facile and diverse processing rou-
tines and a wide range of tunable material properties, such as
optical, mechanical, and electrical characteristics.[39] Specifically,
the large span of the material’s work function/energy band lev-
els has inspired focused investigations into organic-inorganic
heterojunction optoelectronics, such as photodetectors and solar
cells based on both bulk and low-dimensional materials.[39–47]

Organic–Inorganic photodetectors for weak-light detection are
emerging research topics based on diverse systems. For example,
ultra-fast speed and high detectivity have been achieved in 2D
organic–inorganic systems.[47] Meanwhile, scalability and stabil-
ity remain universal issues limiting their large-area applications.
Bulk organic–inorganic heterostructures relying on vertical junc-
tions are easily fabricated for large-scale integration.[39] Their re-
sponse speed is, however, limited by the low carrier mobility and
long transition time for photocarriers generated within the bulk
semiconductor layer (following Beer–Lambert’s law). Moreover,
the full potential of these organic–inorganic heterojunctions has
not been unlocked due to the unoptimized contact properties
and the resulting ineffective charge carrier injection capability
through the contacts.
The highly surface-sensitive nature of single-crystalline semi-

conductor nanomembranes provides a promising, albeit min-
imally explored, venue for studying the contact and interface
properties of these organics within the framework of organic–
inorganic hybrid heterojunctions. Meanwhile, efforts to iden-
tify suitable contact materials between organics and inorganic
nanomembranes, as well as to better understand their interfacial
properties, have not yet been thoroughly explored. This is crucial
for achieving high detection performance, particularly in sensing
faint light with a reasonable response speed, which would bene-
fit a multitude of applications. For a broad range of bulk-thin 2-
terminal semiconductor devices, dual carrier-transport interfaces
dominate the optoelectronic properties. Consequently, optimiz-
ing the dual contacts through surface reaction offers a promis-
ing strategy to realize giant-performance organic–inorganic het-

erojunctions, thereby advancing their systematic applications.
Here, we simultaneously resolve the challenges above by inte-
grating organics with Si nanomembrane (SiNM) for large-area,
scalable and stable organic–inorganic faint-light photodetectors.
A commonly explored hole injection layer in OLEDs, 1,4,5,8,9,11-
hexaazatriphenylene hexacarbonitrile (HAT-CN), with a high
work-function and nanometer-thin thickness, is explored as a
promising interfacial layer between metal and SiNM that pro-
vides strong surface energy band bending in relation to the off-
set in energy levels. An emerging inorganic material for the elec-
tron injection layer, ytterbiumoxide (YbOx), is explored to achieve
high-performance Ohmic contact.[48] The condensed photocar-
rier generation volume for nanometer-thin Si reduces the tran-
sition time, thereby enabling a microsecond-fast response speed.
Furthermore, the optimized contact at dual-surfaces achieves
both mitigated charge injection under reverse bias and high ma-
jority carrier injection under forward bias, demonstrating sub-
pA/μm level noise current and a high electrical rectification ratio
of up to 3 × 107. The device can sense pW light with a reasonable
signal-to-noise ratio and exhibits over 105 photo-to-dark current
ratios under large optical injection. An imager is demonstrated
with self-powered operation, indicating promising applications
of the surface-reacted organic-inorganic photodiodes. The pro-
posed surface reaction strategies to optimize contacts are ex-
pected to be applied to a wide range of emerging materials, in-
cluding 2D semiconductors, perovskites, and nanomaterials with
varying surface conditions and energy bandgaps. Specifically, the
observed phenomena related to charge injection and the ensu-
ing discussion are expected to provide general guidance on de-
vice optimization for diversematerials and interfaces. The results
and insights of this work will inspire and contribute to the devel-
opment of superior organic–inorganic heterojunctions, enabling
innovative optoelectronic devices and applications thereof.

2. Results and Discussion

2.1. Device Structures and Characterization

The device structures and thin-film characterizations are illus-
trated in Figure 1. The optimized device structure is given in
Figure 1a. Deep work-function of HAT-CN organic, together with
≈2 nm silicon oxide (SiOx), forms a high Schottky barrier with
n-SiNM. The ultra-low work-function of YbOx forms a high-
performance Ohmic contact, concurrently blocking hole injec-
tion current noise under reverse bias and allowing for giant elec-
tron injection under forward bias. The energy band diagram is
illustrated in Figure 1b. For the pre-contact diagram, a constant
vacuum energy level is indicated to highlight the material energy
band offsets. After contact, the induced Si band bending is de-
picted in Figure 1b. The deep LUMO (lowest unoccupied molec-
ular orbital) level of HAT-CN, along with its high work function,
promotes significant upward energy band bending at the Si in-
terface. This effectively blocks electron injection under reverse
bias while facilitating the collection of photogenerated holes in
the self-powered mode. Additionally, a SiOx interfacial layer un-
pins the surface Fermi level, ensuring that the Schottky barrier
height is dictated by the energy level alignment between the con-
tact materials (work-function alignment) rather than by high sur-
face state densities.
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Figure 1. a) 3-D image of the optimized device. b) Energy band alignment (before contact with a constant vacuum level) diagram for optimized device,
with an inset showing SiNM surface energy band bending after contact. HOMO: highest occupied molecular orbital. c) Investigated device structures
for device optimization. i) HAT-CN/SiNM heterojunction with high work-function Au plate on HAT-CN and Al high-resistance Ohmic contact. ii) HAT-
CN/SiNM heterojunction with low work-function Ti plate and Al high-resistance Ohmic contact. iii) HAT-CN/SiNM heterojunction with high work-
function Au plate and optimized Ti/YbOx low-resistance Ohmic contact. d) Surface morphology characterization of HAT-CN. i) HAT-CN molecular
structure. ii) Large area (2 μm × 2 μm) 3-D AFM image for HAT-CN thin film on an SOI substrate. iii) Small area (500 nm × 500 nm) 2-D AFM image.
iv) Small area (500 nm × 500 nm) 3-D AFM image. e) SEM image for an array of organic-inorganic heterojunction photodiodes with Au/HAT-CN and
Ti/YbOx contacts. f) SEM image for the device channel region.
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Figure 1c explores various combinations of contact materials
for device design. This work proposes and validates three types
of heterojunction devices to show the performance optimization
process. We begin with an unoptimized n-SiNM device featur-
ing an aluminum (Al) Ohmic contact, as shown in Figure 1c-i. It
is suggested that Al forms a slight Schottky barrier with n-SiNM,
leading to an upward surface energy band bending. This, in turn,
increases contact resistance and affects electron injection under
forward bias. For the other contact, a high work-function Au plate
is used in conjunction with an HAT-CN buffer layer. The HAT-
CN layer forms a strong Schottky barrier with n-SiNM, effec-
tively blocking electron injection under reverse bias. Additionally,
a ≈2 nm SiOx layer is maintained at the organic-inorganic inter-
face to chemically passivate the n-SiNM surface, thereby reduc-
ing the photocarrier recombination rate and mitigating reverse-
bias noise. To further investigate the impact of encapsulating
metal selection on the carrier injection effect, a lowwork-function
Ti plate is deposited on top of the HAT-CN layer, as shown in
Figure 1c-ii. This set of devices demonstrates that surface energy
band bending is primarily governed by the HAT-CN buffer layer,
withminimal influence from the encapsulatingmetal.Modifying
the interface with nanometer-thin organic layers presents a viable
approach to tuning current injection at the contact. By varying
the thickness of the HAT-CN layer, a transition between Schottky
and Ohmic contact is observed, offering a promising method for
adjusting the rectification properties of a contact system. To fur-
ther optimize the Ohmic contact, Ti/YbOx is used to replace Al as
shown in Figure 1c-iii. Upon contact with n-SiNM, the low work-
function YbOx layer facilitates electron transfer into the n-SiNM
surface, inducing downward band bending and forming a low-
resistance Ohmic contact. This low contact resistance enables a
significant majority carrier injection under forward bias, simul-
taneously suppressing hole injection current (from the Ohmic
contact Fermi level to the n-SiNM valence band) under reverse
bias and thereby reducing device noise.
Atomic force microscopy (AFM) is utilized to characterize the

surface morphology of HAT-CN thin films in Figure 1d. The
molecular structure of HAT-CN is illustrated in Figure 1d-i. A
large-area 3D AFM scan (2 μm × 2 μm) in Figure 1d-ii re-
veals that the thin HAT-CN film forms separate islands with
distinct boundaries. To further examine the surface characteris-
tics, a smaller scanned area (500 nm × 500 nm) is provided in
Figure 1d-iii. (2D image) and Figure 1d-iv (3D image), demon-
strating a low surface roughness of ≈1.2 nm within a typical
island region. A 2D AFM image of a larger thin-film area is
given in Figure S1 (Supporting Information). Scanning electron
microscopy (SEM) images are presented in Figure 1e,f, illus-
trating the device structure. A low-magnification SEM image in
Figure 1e takes a large-area view of the devices, highlighting the
excellent uniformity achieved through the developed physical va-
por deposition process for organic films. The fabricated devices
feature asymmetrical contacts, with an effective SiNM channel
length of less than 10 μm, facilitating rapid separation and col-
lection of photocarriers, as shown in the zoomed-in SEM image
in Figure 1f. One challenge encountered during fabrication was
the poor adhesion of the organic thin film to the SiO2 (buried ox-
ide) layer. To address this, slight over-etching of the buried oxide
layer was applied during the reactive ion etching (RIE) process,
creating nanostructures in the SiO2 region to improve adhesion.

The SEM image of an individual device is provided in Figure S2
(Supporting Information).

2.2. Device Interface and Material Characterization

The device interface and material properties are analyzed in
Figure 2. High-resolution transmission electron microscopy
(HRTEM) images depict the Au/HAT-CN/SiOx/SiNM interface
in Figure 2a,b. The focused ion beam process for HRTEM sam-
ple preparation is given in Figure S3 (Supporting Information),
which also reveals the rough SiO2 surface. Figure 2a examines
the low-magnification cross sectional image of the organic-SiNM
junction. The contact material conformally attaches to the SiNM
surface. The interface is further revealed by a high-magnification
image as shown in Figure 2b. There is no clear boundary be-
tween the HAT-CN and SiOx layers due to a similar Z-contrast
between these two dielectrics, and no clear lattice fringes can be
observed for the entire ≈6 nm-thick HAT-CN/SiOx layer. The lat-
tice diffraction pattern of the entire structure is displayed as an
inset in Figure 2b. The dominant dot array corresponds to the
single crystalline Si lattice, while no lattice dots are witnessed for
HAT-CN or SiOx. This indicates that the HAT-CN/SiOx layer is
amorphous, which agrees with the X-ray diffraction (XRD) re-
sults in Figure S4 (Supporting Information). For HAT-CN thin
films deposited on a Si-on-insulator (SOI) substrate, only Si peaks
are observed from its XRD patterns, confirming the amorphous
crystalline nature of HAT-CN. Note that the strong Si peaks
may overlap with theHAT-CN signals fromXRDmeasurements,
causing suspicions about determining the HAT-CN crystallinity.
The HRTEM image primarily confirms the amorphous nature of
HAT-CN in Figure 2b and that in Figure S5 (Supporting Infor-
mation) – no clear HAT-CN lattice is evident. The Ohmic con-
tact is optimized by altering the surface with an ultra-low work-
function YbOx layer, permitting an enormous injection of ma-
jority electrons. The HRTEM image for the Ti/YbOx/SiNM in-
terface is shown in Figure 2c. No clear SiOx is detected under-
neath the YbOx layer, advising that the oxygen in the existing
SiOx was replaced by highly reactive Yb, forming YbOx and Si.
This surface reaction reduces the device series resistance by elim-
inating the high-resistive SiOx layer and generating a downward
surface energy band bend for an electron accumulation layer, as
illustrated in Figure 1b. Yb reacting with SiOx is further inves-
tigated by examining the SiNM surfaces with/without YbOx in
Figure S6 (Supporting Information). Around 2 nm amorphous
layer displaying white color contrast is obtained from the non-
YbOx region, demonstrating the presence of SiOx when there is
no YbOx deposited on top. This reaction is energetically favorable
due to the high Gibbs free energy of Yb, since it is more likely to
react with oxygen to form oxides than Si. The elemental inter-
diffusion and the reaction at the Au/HAT-CN/SiOx/SiNM inter-
face are confirmed by electron energy loss spectroscopy (EELS)
mapping results in Figure 2d. A line boundary is displayed for
the Aumapping result, signifying that Au diffuses into HAT-CN.
The oxygen and Si distribution results validate the existence of
SiOx with a thickness of ≈2 nm. The SiOx layer chemically pas-
sivates the SiNM surface, reducing leakage current and enhanc-
ing photocarrier collection rates by suppressing recombination.
The overall composite image also confirms that Au diffuses into
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Figure 2. a) Large area cross section HRTEM image for the Au/HAT-CN/SiOx/SiNM heterojunction. b) HRTEM image for the organic-SiNM interface,
with an inset showing the lattice diffraction pattern. c) HRTEM image for Ti/YbOx/SiNM interface, implying the eliminated SiOx due to reaction. d) EELS
mapping results for organic-SiNM interface, indicating the presence of SiOx, and the inter-diffusion between Au and HAT-CN. e) Indication of the dual-
surface reaction process, for which the Yb reacts to eliminate the SiOx, and HAT-CN reacts to further strengthen the SiOx. f) Raman spectra for HAT-CN
thin films deposited on SOI substrate with different HAT-CN thicknesses. g) UPS results for both YbOx and HAT-CN thin films with 20 nm thickness.

Adv. Funct. Mater. 2025, e16835 e16835 (5 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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HAT-CN, resulting in an overlap interdiffusion region. The na-
tive SiOx grown at room temperature was of low quality. The na-
tive SiOx layer was further strengthened by high-energy HAT-
CN particles (by evaporation) approaching the surface. This dual-
surface reaction process is illustrated in Figure 2e, where the
Ohmic contact surface is optimized by Yb reacting with the ini-
tial native SiOx to achieve low-resistance contact (as shown in
Figure 2c), and HAT-CN reacting with the surface to further
strengthen the SiOx, thereby passivating the surface and creat-
ing a high Schottky barrier. The surface reaction and bonding
process between HAT-CN and SiOx are illustrated in Figure S7
(Supporting Information). The mechanism is described some-
where else,[49] and will be confirmed below. The entire process
provides a facile and effective method to realize ultra-high per-
formance organic–inorganic heterojunctions. The Raman spec-
tra (532 nm excitation laser) for varying samples are shown in
Figure S8 (Supporting Information), revealing the presence of
SiOx. An increased Si─O bond ratio from HAT-CN on SOI sam-
ples (Table S1, Supporting Information) further confirms the re-
action between HAT-CN and SiOx.
Figure 2f illustrates the Raman spectra from 600 to 2400 cm−1

(532 nm excitation laser) for HAT-CN thin films deposited on an
SOI substrate. The measurements include three HAT-CN film
thicknesses: ≈90, ≈40, and ≈20 nm. Distinct vibrational modes
are observed at several labelled peaks, originating from both
the underlying silicon substrate and HAT-CN layer. The broad
peak at ≈965 cm−1, spanning 900–1030 cm−1, is attributed to
second-order Raman scattering from the silicon substrate. The
Raman shift at ≈699 cm−1 corresponds to specific vibrational
modes of the central aromatic ring, while peaks at≈1400, ≈1480,
and ≈1533 cm−1 are associated with various stretching vibra-
tions within the aromatic ring system.[50] The bands at ≈2241
and ≈2255 cm−1 are related to the C≡N bond and nitrile vibra-
tions, respectively.[50–52] The Raman spectra of HAT-CN powder
are given in Figure S9 (Supporting Information), with different
measurement spots. The Raman spectra for HAT-CN thin-film
measured by another 785 nm excitation laser are presented in
Figure S10 (Supporting Information). The work function of the
HAT-CN and YbOx is determined by ultraviolet photoelectron
spectroscopy (UPS) in Figure 2g. A ≈2 eV cut-off energy (Ecut-off)
difference is exhibited between the twomaterials; work-functions
of ≈4.9 and ≈2.9 eV are respectively obtained for HAT-CN and
YbOx, implying a large energy level tunability of the two con-
tact buffer layers. The high work-function of HAT-CN generates
a large upward energy band bending with electron-rich SiNM
(4.05 eV electron energy affinity). Ideally, theHAT-CN is expected
to form a ≈0.85 eV Schottky barrier height between n-Si, calcu-
lated from the difference between the HAT-CN work-function
and the n-Si electron affinity. However, the practical Schottky bar-
rier height may not approach this value due to the presence of
surface states, which trap the electric charges and hinder the po-
tential drop between two contact materials. As such, the native
SiOx at the interface provides sufficient chemical passivation ef-
fect to saturate the surface states and thus generate a high barrier
height exceeding ≈0.8 eV (as simulated below).
The elemental composition at the organic-SiNM interface

is further revealed in Figure 3. The time of flight secondary
ion mass spectroscopy (ToF-SIMS) results of the Au/HAT-
CN/SiOx/SiNM hetero-interface are presented in Figure 3a,

where the elemental intensity is plotted as a function of sputter
time for CN, Si, Au, O and SiO ions. Cyanide ions are selected to
specify the presence of HAT-CN. Before ≈200 s sputter time, Au
is the primary element as expected. The Au signal drops at ≈200
s, where the CN signal rises, denoting the interface at Au/HAT-
CN. The oxygen signal emerges at the point when the CN signal
reaches its maximum value, approximately at 215 s. The major
source of oxygen is silicon native oxide, and a small amount of ox-
idized nitride from HAT-CN also accounts for the observed oxy-
gen, as discussed in the X-ray photoelectron spectroscopy (XPS)
analysis below. The O and SiO signals reach their highest values
before the CN signal drops, evoking amixture of the interface be-
tween HAT-CN and SiOx. Figure 3b displays the XPS spectra for
the overall elements from 0 to 600 eV binding energy (B. E.) at a
depth of 16 (which is within the HAT-CN layer). A mixture inter-
face with peaks dominated by Au, oxygen, nitrogen, carbon, and
Si is observed. Standard fingerprint peaks for N 1s (Figure 3c)
and Si 2p (Figure 3d) are presented at varying etch depths to fur-
ther investigate the interface. In Figure 3c, the N signal appears
at a depth of 14 and almost disappears, with weak intensity, at
a depth of 20. A peak B. E. shift is noticed from depth 16 to 20.
The lower B. E. peak of Si-N (≈397.4 eV) emerges as the etch
depth increases.[53,54] Similar observations have been reported
when the silicon surface reacts with N-containing organics.[53–55]

The presence of SiOx is disclosed in Figure 3d. At depths 15 and
16, prominent SiOx peaks are observed at ≈100.1 and ≈102.6 eV,
while these peaks vanish at higher depths of 19 and 20 when ap-
proaching the single-crystal Si lattice. Au 4f peaks are fitted in
Figure 3e, consisting of two prominent peaks: bulk Au 4f7/2 at
≈84 eV and bulk Au 4f5/2 at ≈87.7 eV.[56] Peak fitting for Si 2p in
Figure 3f further reveals the condition of silicon oxide at depth
16. Two sharp peaks at B. E. of ≈100.1 and ≈99.4 eV are typical Si
2p1/2 and Si 2p3/2 signals.

[57,58] The broad peak at ≈100.1 eV cor-
responds to Si─O─C bonding.[59] The broad peak at ≈102.6 eV
corresponds to Si 2p from carbon-bonded SiOx, as reported.

[58,60]

These results further confirm the surface reaction process as sug-
gested in Figure 2e and Figure S7 (Supporting Information). The
N 1s XPS spectrum in Figure 3g consists of two prominent peaks,
which account for two types of nitrogen atoms in HAT-CN: pyri-
dinic N at ≈398.4 eV and nitrile N at ≈400.2 eV.[61,62] Similar to
the observation from previous literature, small parts of nitrogen
atoms bond with oxygen as oxidized N (≈402.8 eV) or alkyl nitrite
(≈404.1 eV), and some N atoms break out of HAT-CN and form
alkylammoniumN at≈401.3 eV.[61] The N 1s peaks at higher etch
depth are fitted in Figure S11 (Supporting Information), show-
ing a dominant Si─N bonding: as the depth goes from 16 to 20,
the oxidized N and alkyl nitrite signal disappear due to the dis-
tinct distance from the surface native SiOx, which is consistent
with the ToF-SIMS diagram after 300s where CN− signal inten-
sity is still higher than that from O− signal. Thermally evapo-
rating HAT-CN to strengthen the SiOx is further confirmed in
Figure S12 (Supporting Information). XPS results of the native
SiOx for as-received SOI wafers (without depositing HAT-CN on
top) suggest a weak Si–O bonding for the unreacted surface.

2.3. Device Optoelectronic Performance

The optoelectronic properties are measured in Figure 4.
Figure 4a shows the current-voltage (I–V) curves under dark, with

Adv. Funct. Mater. 2025, e16835 e16835 (6 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) TOF-SIMS results for Au/HAT-CN/SiNM. b) XPS results of the overall elemental survey at Au/HAT-CN/SiNM interface. c) N 1s XPS results
at different etch depths. d) Si 2p XPS results at different etch depths. e) Au 4f XPS peak fitting at etch depth 16. f) Si 2p XPS peak fitting at etch depth
16. g) N 1s XPS peak fitting at etch depth 16.

exponential (left) and linear (right) scales. A sub-pA/μm level re-
verse dark current is observed, indicating ultra-low noise. A rec-
tification ratio of ≈3 × 107 is obtained at ±5 V, resulting from
the significant blocking of carrier injection under reverse bias
and allowing for a majority carrier injection under forward bias.
The Schottky barrier height ΦB is calculated to be ≈0.87 eV in
Figure S13 (Supporting Information).[63] This high Schottky bar-
rier height is a result of the high work-function from HAT-CN
and the surface chemical passivation from SiOx. As discussed in
Figure 2g, the ≈4.9 eV work function of HAT-CN ideally gen-
erates ≈0.85 eV Schottky barrier with n-Si, given ΦB = Φm −
𝜒 s (where 𝜒 s is the SiNM electron affinity, 4.05 eV). The ob-
tained ≈0.87 eV ΦB agrees with the ideal barrier height, imply-
ing the reaction-strengthened SiOx (Figure 2e) provides signifi-
cant chemical passivation that overcomes the surface Fermi level
pinning effect.[63] In Figure 4a, under a small forward voltage
bias of <230 mV, a voltage shift of below 85 mV is obtained
when the current increases one order of magnitude, as calcu-
lated in Figure S14 (Supporting Information). This suggests ex-

cellent charge injection capability through the contacts. The re-
producibility of this ultra-low reverse dark current is confirmed
by several independent measurements in Figure S15 (Support-
ing Information), displaying excellent reproducibility of the pA
level reverse current. The devices also show highly stable per-
formance over time (Figure S16, Supporting Information). For
devices stored in ambient air for 16 months, tens of pA reverse
dark current is still observed. Both organic and interface degra-
dation may lead to device performance degradation, given a sta-
ble Si lattice. The contact selection on device performance is dis-
cussed in Figure 4b, which explores various contacts proposed
in Figure 1c. The Al forms a “high-resistance Ohmic contact”
with a low forward current level at 10−8–10−7 A at 3 V. We note
that Al is commonly considered to form a slight Schottky bar-
rier with n-Si, and this barrier influences the carrier injection
under forward bias.[64] The influence of the metal capsulation
layer (as shown in Figure 1c-i,ii) is investigated in Figure 4b.
For devices represented by the red and black curves, low-work-
function Ti and high-work-function Au plates were respectively

Adv. Funct. Mater. 2025, e16835 e16835 (7 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) I–V curves with exponential and linear scales for an optimized device with Au/HAT-CN/SiOx and Ti/YbOx contacts. b) Dark I–V curves for
devices with various contacts. c) Photocurrent-voltage measurements under different illumination power intensities (405 nm laser). d) Linear current-
voltage curves under small illumination power. e) Photocurrent as a function of incident power density at varying biases. f) Noise current spectral
density.

Adv. Funct. Mater. 2025, e16835 e16835 (8 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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deposited on a thick HAT-CN layer (4–6 nm), with both devices
having the same HAT-CN thickness. Both devices exhibit similar
reverse and forward currents, indicating that the surface barrier
height is primarily determined by the nanometer-thin organic
buffer layer, rather than the metal capsulation layer. Thin HAT-
CN layers (2–4 nm) were deposited with Ti to study the rectifi-
cation properties, see the blue curve where the reverse current
level is increased to the nA scale. This signifies that the contact
is transferred into a “high resistance Ohmic contact” due to the
lack of conformity of the organic buffer layer, leading to leakage
carrier injection from Ti into SiNM. This confirms that the inter-
facial organic layer, with a thickness of a few nanometers, domi-
nates the entire contact properties, providing a potential method
for engineering rectification properties in organic–inorganic het-
erojunctions. Further, the grain boundary of HAT-CN thin films
with varying thicknesses is investigated by AFM in Figure S17
(Supporting Information). For≈2 and≈3.3 nmHAT-CN, discon-
tinuous organic islands are formed (Figure S17a,b, Supporting
Information). Consequently, the organic–inorganic junctions are
transferred to Ohmic contacts in Figure 4b (blue curve). This sug-
gests that the insufficiently conformal organic layer loses its con-
trol over the Si surface energy band bending. Thick organic layers
with continuous thin films (Figure S17c,d, Supporting Informa-
tion) are observed to form high-performance rectifying junctions
in Figure 4b. These results together indicate that engineering
the grain boundary is a promising research direction for mul-
tifunctional organic–inorganic optoelectronics. The Ohmic con-
tact is further optimized by replacing Al with Ti/YbOx stacks
(cyan curve in Figure 4b), as proposed in Figure 1c-iii. An in-
crease of over three orders of magnitude is obtained for the for-
ward current at 3 V for devices with a Ti/YbOx contact, compared
with that of Al contact devices. This indicates that YbOx dramat-
ically reduces the contact resistance by generating a downward
surface band bending for an electron accumulation layer, as sug-
gested in Figure 1b. Photocurrent–voltage curves are measured
in Figure 4c under illumination with a 405 nm wavelength laser
at various power intensities. The device exhibits a pA-level pho-
tocurrent resolution, ranging from several pA (red curve) to hun-
dreds of pA (magenta curve), corresponding to faint pW light il-
lumination on the device area. Under a large optical injection,
the device exhibits a photo-to-dark ratio of up to 105, as shown
by the gray curve in Figure 4c, where ≈14.9 mW mm−2 laser
powerwas used. To better understand the photocurrent response,
linear-scale I–V curves under pW level illumination are plotted in
Figure 4d. A distinguished photocurrent is observed at 0 V bias,
proving the self-powered mode. Photocurrent increases with a
higher reverse bias, indicating the photoconductive gain effect.
Namely, the large carrier mobility difference between HAT-CN
and YbOx leads to a photocarrier re-cycling effect, in which one
electron-hole pair generatesmore than one photocurrent.[65] Nev-
ertheless, the device demonstrates clear resolution to pW light
illumination due to the reduced dark current. The photocurrent
versus light intensity at varying biases is plotted in Figure 4e. The
devices in this work are photovoltaic-type photodetectors. At 0 V
bias, Shockley-Queisser’s limit states that the photodiode doesn’t
exhibit a gain effect. The maximum responsivity corresponds to
the case where photocarriers are fully collected. Namely, photo-
electrons and photoholes are respectively directed to Ti/YbOx and
Au/HAT-CN contacts, and transferred into photocurrent with no

recombination loss and no photocarrier recycling. At higher bias,
the responsivity (≈0.47 A W−1 at −3 V) exceeds the one-photon-
one-electron limit (0.33 A W−1 at 405 nm wavelength),[66,67] sug-
gesting that the device exhibits gain due to lifetime and transit
time variations between photoelectrons and holes. A high linear-
ity of photocurrent with incident power is displayed in Figure 4e
at 0 V bias, meaning that the high organic-inorganic interfacial
barrier is sufficient to extract a noteworthy amount of photocarri-
ers without requiring external bias.[66,67] The responsivity is calcu-
lated to be ≈0.245 AW−1 at 0 V bias. The noise current spectrum
is measured in Figure 4f. 10−12 to 10−11 A/ Hz1/2 noise current
density is obtained for the device up to 10 kHz. In Figure 4f, 1/f
noise is present at low frequency at both−1 V and 0V biases. This
could be the trapping/de-trapping of carriers by interfaces, or the
noise from the test system. Another possibility is that charge in-
jection from the contact region is not fully mitigated for a biased
junction. At high frequency, the thermal noise dominates.Figure 5 investigates the temporal photovoltage response of
the photodetectors. Figure 5ameasures the long time scale (1ms)
response stability under pulsed laser illumination (520 nm, 39 ns
pulse width), for which the laser was modulated at 60 kHz. With-
out additional bias, the photodetector exhibits a stable photo-
voltage response for self-powered operation (Figure S18, Sup-
porting Information). Figure 5b determines the response speed
from the results in Figure 5a. The hybrid device exhibits a typi-
cal photovoltaic effect-based response.[66] ≈3.83/≈1.45 μs rise/fall
times are obtained. The response speed of a photodetector is pri-
marily governed by the carrier transit time and the resistance–
capacitance (RC) constant. In this work, the high carrier mobility
and confined photocarrier generation volume for SiNM signifi-
cantly shorten the carrier transit time within the Si layer. Addi-
tionally, the small device area and the optimized contact inter-
faces effectively minimize the RC constant. The use of a moder-
ately thin HAT-CN further alleviates the transit times within the
low-mobility organic layer. Collectively, these factors contribute
to themicrosecond-fast photoresponse. Notably, the speed in this
work is practically limited by the mobility in organic layers and
the test equipment (for example, the explored pre-amplifier has
a response time limit of ≈1 μs). The device effectively responds
within the Si absorption range. The temporal response was tested
using a continuous power 1060 nm laser (Figure S19, Support-
ing Information), demonstrating the device’s capability to detect
a broad range of wavelengths. The current spectral density (CSD)
under illumination is illustrated in Figure 5c with a 1000Hz laser
frequency and no voltage bias. Significant photocurrent peaks ap-
pear at frequencies with an integral order of 1000 Hz, and the
device noise level is below 10−12 A/Hz1/2. The frequency is plot-
ted as a log–log scale in Figure S20 (Supporting Information).
At low frequency, 1/f noise is present, in agreement with that
observed in Figure 4f. At high frequency, a constant CSD fur-
ther confirms that the noise current is dominated by thermal
noise. Some key metrics, including dark current, rectification ra-
tio and rise time, are compared between our device and state-
of-the-art reports in Figure 5d.[9,23,68–75] Note that there are vari-
ations in material natural properties, device area and measure-
ment methods among these reports, and we use “1” rectification
ratio for devices with symmetrical contacts.[9,68] It is noted that
2-D material based photodetectors have a comparably low dark
current level.[71,73] Organic–inorganic heterojunctions typically

Adv. Funct. Mater. 2025, e16835 e16835 (9 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a) Long time temporal response under illumination with a pulsed laser at 60 kHz frequency and−4.5 V bias. b) Zoomed-in image of a) showing
the shape of photovoltage, and the device’s rise/fall time. c) Current spectral density under illumination with a CW laser at 1000 Hz, without applied bias.
d) Metric (rise time, dark current and rectification ratio) comparison between this work and the advanced photodetector reports. e) Metric (responsivity,
EQE and light-to-dark ratio) comparison between this work and the state-of-the-art photodetectors.

Adv. Funct. Mater. 2025, e16835 e16835 (10 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202516835 by U
niv of C

alifornia L
aw

rence B
erkeley N

ational L
ab, W

iley O
nline L

ibrary on [16/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

suffer from the high response time due to the low carriermobility
within organics.[69,72] The demonstrated organic-SiNM photodi-
odes in this work have a pA level dark current, ≈3 × 107 rectifi-
cation ratio, and μs fast response speed among the metal-SiNM
junctions,[9,68] metal oxide-SiNM junction,[23] organic-inorganic
heterojunctions,[69,72] 2-D/3-D heterojunctions,[70] and 2-D ma-
terial photodetectors.[71,73,74] Other performance metrics, includ-
ing spectral responsivity, light-to-dark current ratio and external
quantum efficiency (EQE) of our device, are compared with the
state-of-the-art photodetectors in Figure 5e.[76–85] The spectral re-
sponsivity is measured at 0 V bias in this work, meaning no pho-
toconductive gain effect. Under an applied voltage bias, other re-
ported photodetectors can possess hundreds of A/W responsiv-
ity for devices with a gain effect.[71] 0.245 A/W responsivity (our
device) at 0 V bias is competitively high among the non-gain de-
vices, the upper limit of which is defined by the one-photon-one-
electron condition.[66] The EQE of our devices is≈75% at 405 nm,
close to the 100% EQE limit for a non-gain device. A trade-off ex-
ists between the gain effect and the noise level for a photodetec-
tor. For example, photodiodes or photoconductors possess high
responsivity due to the large variation between the carrier tran-
sition time and lifetime, but suffer from high noise current and
a low signal-to-noise ratio.[80,81] The ≈105 photo-to-dark ratio for
our device is also comparable to those from bulk semiconductor
devices,[12,65,76,82] which have a high optical absorption rate. The
test conditions, such as the use of a defocused laser beam, also
limit the light-to-dark current ratio in this work. In addition to
those organic–inorganic heterojunctions with bulk semiconduc-
tors, microsecond-fast response and high detectivity have been
reported in 2D material-based photodetectors.[86] Our devices
also demonstrate a comparatively low NEP at a 10−11 W/Hz1/2

level and an ultra-high rectification ratio compared with emerg-
ing 2D material photodetectors.[86] In summary, the advanced
performance metrics in this work suggest that tailoring dual-
interface reactions is an effective strategy for nanomembrane op-
toelectronic devices.

2.4. Imaging System

The proposed interfacial strategies, along with the resulting high
device performance and large-area device uniformity, further ad-
vance the systemic applications of our organic-inorganic hetero-
junctions. An imaging system is demonstrated in Figure 6. In
Figure 6a, a white LED illuminates a shadow mask (mounted on
amovable stage), and the transmitted light is focused on the pho-
todiodes, which are wire-bonded to a testing board (Figure 6b).
The output of the photodiodes is connected to a multiplexer
(MUX), whose signal is then amplified by a pre-amplifier. A
micro-controller is utilized for the sampling circuit, which se-
lects signals from different photodiodes, and a computer records
the measured photocurrent. Spatially resolved photocurrent data
from different regions of the mask are collected by moving the
stage along one direction. No bias was applied for the photo-
diodes during the imaging process. 19 random measurements
were conducted over the chip area to show the uniformity of the
reverse dark current (Figure 6c, where the dark current distribu-
tion is plotted with voltage). Most of the dark currents are dis-
tributed at the pA level, confirming the potential of our device

strategy for application in large-area commercial imaging sys-
tems. The I–V curves and reverse current data point distribu-
tion for the 19 measurements are given in Figure S21 (Support-
ing Information). The imaging results shown in Figure 6d re-
veal a clear distinction between photocurrent in the mask’s open
region (“CAL”) and dark current in the fully shadowed region.
56 × 33 pixels are indicated for the image. Surface passivation of
the photodiode enhances responsivity without additional bias, as
suggested in Figure 4e, enabling low-power operation. As a re-
sult, a distinct photocurrent is obtained without external power
applied to the photodiode array, demonstrating a self-powered
imaging system. The resolution of the imaging results can be
further enhanced by improving the test system. In summary, the
demonstrated interface reaction-based strategies show great po-
tential for both device- and system-level applications in organic-
inorganic heterojunctions.

3. Conclusion

This work demonstrates the ultra-high performance of an
organic-SiNM photodetector. Nanometer-thin HAT-CN is inte-
grated with the SiOx/SiNM interface, resulting in a high sur-
face Schottky height due to the high organic work function
and surface chemical passivation properties. The dark cur-
rent is further mitigated by blocking the hole injection cur-
rent on the Ohmic contact side through the insertion of an
emerging material YbOx. The contact selection and its influ-
ence on device performance are thoroughly investigated and dis-
cussed to demonstrate the universality of the proposed mech-
anism and observed results. The optimized devices exhibit
pA-level low dark current noise, a rectification ratio of over
107, μs response speed, and self-powered photodetection, plac-
ing these devices among the highest-performing reported pho-
todetectors. A self-powered imager utilizing devices with the
proposed interfacial strategies is demonstrated, indicating the
great potential of this organic-inorganic heterojunction in sys-
tems requiring low-power consumption. The reported insights
are expected to propel the development of high-performance
organic/silicon nanomembrane heterojunctions, with further
contact optimization through the engineering of interfacial
materials.

4. Experimental Section
Device Fabrication and Characterization: The devices were fabricated

from commercial SOI wafers (400 and 55 nm device layer thickness,
<100> orientation, electron-rich). Photolithography and subsequent RIE
processes were employed to define the device area. Two additional pho-
tolithography steps were used to define the contact region. The contacts
were then deposited to finish the device fabrication after the lift-off pro-
cess. A thermal evaporator was used to deposit the organic contact. The
deposition rate was optimized at ≈0.3 Å s−1. An e-beam evaporator was
used to deposit Al, Ti, and Yb contacts at deposition rates of ≈1, ≈1.1,
and ≈1.1 Å s−1, respectively. A sputtering system was used to deposit
Au at ≈1.1 Å s−1. A Bruker Dimension Icon AFM was used to take the
AFM images. The Raman shifts were acquired by an Invia Raman spec-
trometer. The Raman spectra were baseline-corrected, averaged from five
distinct spots per sample, and normalized. A Thermo Fisher Scientific
UPS was explored to measure the work functions. The HRTEM and EELS
results were taken by a JEOL F200 S/TEM. The XPS results were taken
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Figure 6. a) Imaging system set-up. b) Mounted photodiodes on a testing board by wire-bonding. c) Reverse dark current statistic distribution as a
function of voltage, for 19 random tests. d) Imaging results using a “CAL” shadow mask. Photocurrent is the metric reflecting the “CAL” image.

by a Thermo Fisher Scientific K-Alpha XPS. Current-voltage (I–V) curves
were measured by a Keithley 4200 semiconductor analyzer at room tem-
perature. A continuous power (CW) fiber-coupled laser from Thorlabs
(LP405-SF10) illuminated the device area for photocurrent-voltage mea-
surements. For temporal response measurement, both CW laser (Thor-
labs, LP515-SF3) and pulsed laser (Thorlabs, NPL52B with 39 ns pulse
width) were used to illuminate the device. A function generator modulated
the laser frequency/repetition rate. The output photovoltage signal from
the device was connected to a current pre-amplifier (Stanford Research
SR570).

Statistical Analysis: All experiments were conducted for more than
3 times to confirm the reproducibility of the results. The AFM results
were analyzed by a software NanoScope Analysis. The XPS data base-
line subtraction and peak fitting in Figure 3f,g and Figure S11 (Sup-
porting Information) were conducted using a software Thermo Advan-
tage. The XPS results in Figure 3c,d and Raman results in Figure
2f and S9,S10 were normalized. The raw Raman spectra were pro-
cessed by cosmic ray removal and baseline subtraction in Python. In
Figure 6c, I–V measurements were conducted for 19 times and got
the average/maximum/minimum dark current as a function of volt-
age. All the rest of results were shown as directly measured from the
instruments.

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