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Theinsitu monitoring of different parameters of light isimportant for

the development of high-capacity information technology. However, the
number of light states increases exponentially as parameters are added,
and conventional detection systems must split light signals into numerous
channels and photodetectors using bulky optics. Here we report a one-pixel
devicethatisintegrated onanoptical fibre tip and can simultaneously
resolve the mode, polarization, wavelength and intensity of light. The device,
which can generate spatially dependent responses, is based on twisted,
dichroiclayers of two-dimensional black phosphorus and black arsenic-
phosphorus, as well as ring-grating-like electrodes. The device generates
six distinct photoresponses and we use it to achieve four-dimensional

light detection with one-shot measurements, creating a large recognizable
input-state space of around 10*. We also show that the approach can be used
for multidimensional image encryption communication.

The characterization of the intrinsic parameters of light—as derived
from Maxwell’s wave equations—is essential for the development
of optical sensing'?, imaging**, communication®® and security
encryption’”®. Guided waves in optical fibres carry, for example, a
range of different information—including mode field, polarization,
wavelength and intensity—that enhances the data-carrying capacity
of asingle fibre by orders of magnitude®'®. However, each additional
parameter canlead to an exponentialincreasein thelight state number,
creating challenges for fibre demultiplexing systems that must split
the light signal into numerous channels and photodetectors using
bulky optics" . These ex situ detection strategies lead to high energy
consumption, scanning-induced time delay, and additional noise and
crosstalk during light propagation™.

Despite attempts to design compact photodetectors capa-
ble of capturing light information beyond intensity—such as light
field™>'°, polarization'”* or wavelength***—resolving these indi-
vidual dimensions often requires different strategies. This makes
integration and simultaneous processing challenging. Recent reports
on joint polarization-wavelength-intensity detection using elec-
trical scanning methods’, as well as complementary-metal-oxide-
semiconductor-based strategies>*, are also limited by detection speed
and device compactness. This makes them unsuitable for the fast,
insitudetection of different light parameters required for optical fibre
sensing and communication.

In this Article, we report a device that is integrated on an optical
fibretip and canidentify four-dimensional (4D) light parameters: mode
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Fig.1|Fibre-integrated device for multidimensional light identification.

a, Schematic of the device capable of analysing multiple light parameters.

b, Two functional layers based on BP and AsP are twistedly stacked on an optical
fibre endface, along light propagation. ¢, Pseudo-colour scanning electron
microscopy images of the device. The leftimage shows the fibre device fixed

ina ceramic ferrule. Scale bar, 50 pm. The right image is an enlarged view that
highlights the stacked electrode architecture and functional materials. Scale bar,
10 pm. The white dashed circles represent the fibre core area. d, Cross-sectional

transmission electron microscopy image of the device (along the white dashed
linein c). Scale bar,1 pm. The platinum (Pt) filmis used to protect the sample
during transmission electron microscopy fabrication. e, Sensitivities of 4D light
parameters are enhanced by twisted BP-AsP stacks and electrode architecture,
which lead to characteristic responses in terms of electrical signals for precise 4D
light parameter decoupling. f, Our one-pixel device achieves 4D light parameter
detection with numerous light states via a fast one-shot measurement, achieving
highinput-state space.

field (M), polarization (6), wavelength (1) and intensity (/). The device
combines twisted dichroic materials with awavelength scale, grating
like multielectrode architecture, providing six distinct photoresponses
via their combined interaction. In contrast to multipixel or multishot
strategies (Fig. 1f), our approach achieves the fast in situ sensing of
transmitted 4D light information using a one-pixel device (an active
footprint of -70-nm thickness and ~12-umradius) with aone-shot meas-
urement (-100-kHz detection speed; Supplementary Fig. 21). Due to
distinctresponse differences in the light states, our device exhibits the
high-precisionrecognition of 4D light parameters with minimal errors,
achievingalarge recognizable discrete input-state space of about 10* to
handlelarge amounts of light information. We also show that our device
can be used for high-dimensional image encryption communication.

Device architecture

The key to the identification of different light parameters lies in
enhancing the sensitivity of the device to all relevant light parameters
and effectively distinguishing these intricately coupled parameters
through their characteristic responses. The device structure (Fig. 1a)
consists of two multiport layers stacked on the endface of atwo-mode

fibre (Fig. 1b). Each layer contains three pairs of concentric ring
electrodes covered by a thin film of black phosphorus (BP) or black
arsenic-phosphorus (AsP) as the photoactive material, and a hexagonal
boronnitride (hBN) nanoflake for insulation and encapsulation, which
can be clearly identified in the scanning electron microscopy images
(Fig. 1c) and transmission electron microscopy images (Fig. 1d and
Supplementary Fig. 1) of the device. In the two layers, the outer-ring
electrodes (E,), serving as common ground electrodes, and the inner
ringelectrodes (E,~E;) together formatotal of six detection ports (1-6),
with Ports 1-3 located in the BP layer and Ports 4-6 located in the AsP
layer. As shown in Fig. 1e, our design concept for 4D light parameter
identificationis as follows. First, the geometrical electrode architecture
enhances sensitivity to fibre modes by inducing asymmetrical photoex-
citon generation under non-uniform mode fields. Its ring-grating-like
structure drives diffraction-mediated, wavelength-dependent redis-
tribution of light-field energy (Supplementary Section 2.3), yielding
distinct self-driven photoresponses at spatially separated electrode
pairs. Second, the BP and AsP layers, with differentiated chromatic
dispersion and optoelectronic properties, provide complementary
wavelength and intensity responses. These layers are twisted in crystal
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orientations to generate complementary polarization-dependent
photoresponses with specific phase shifts'®*. This three-dimensional
structural and material design enables our miniaturized device to gen-
erate aset of differentiated photovoltage signals at six ports, each with
multidimensional characteristic photoresponses V,,(M, 8,A,1), where n
isthe number of detection ports, from a one-shot measurement, allow-
ing for the efficient distinguishment of 4D light parameters through a
simplified data processing technique.

To evaluate the multidimensional photosensing performance of
the device, we built an experimental setup that allows the stepwise
modulation ofinputlight parameters and synchronous signal acquisi-
tion (Supplementary Fig.19). Inthe experimental sequence, the wave-
length (1) is tuned via atunable opticalfilter, the polarization angle (6)
isadjusted using a half-wave plate, the intensity (/) isregulated using a
variable optical attenuator and the mode field (M) is defined through
three optical switches, resulting in seven possible mode combinations.
Under this controlled modulation scheme, allindividual modes share
essentially identical values of A, 6and/,and the polarization phase retar-
dation introduced by the photonic lantern remains constant across
modes. Consequently, eachinputlight stateis uniquely defined by the
tuple (M, 0,A,1). Onillumination, the device outputs six characteristic
photovoltage channels, which are acquired quasi-simultaneously using
a multichannel data acquisition card featuring high-speed channel
switching and excellent interchannelisolation.

For mode-field sensing, we exploit the strongly non-uniformillu-
mination of fibre modes. Figure 2a shows the electric-field distributions
ofthe Gaussian-like LP,; and saddle-like LP;; modes along the two-mode
fibre core, with the corresponding mode-adapted electrode layout
clearlyillustratedin Fig.2b. This asymmetryinillumination on the pho-
toactive materials drives unequal photocarrier injectioninto electrode
pairs, leading to self-driven photoresponses (Fig. 2c). Asaresult, each
fibre mode’s distinct light-field distribution generates mode-specific
self-driven responsesin the structured electrodes (Fig. 2d).

For intensity sensing, the BP and AsP layers show distinct response
curves (Fig. 2d), arising from differences in the weighting coefficients
oftheir hybrid photogeneration mechanisms (Supplementary Fig. 14).
Meanwhile, owing toillumination energy differences across electrode
positions, each electrode pair exhibits distinct weighting coefficients
and V,-Iresponse curves, enabling the accurate recognition of the
intensity of each mode state.

For polarization sensing, the anisotropic BP and AsP layers exhibit
strong dependence onthe polarization state of the incident light. The
polarization angle 6 of the input light is tuned by rotating a half-wave
plate, and the corresponding polarized photoresponses are mapped
with respect to intensity and mode states (Fig. 2e). In each material
layer, the photoresponses show distinct 6-dependent variations for dif-
ferent modes, arising from the intrinsic polarization differences preset
amongthe modes (Fig. 2b). Owing to their twisted crystal orientations,
BP and AsP produce V,-6 curves with clear phase shifts under specific
mode states, establishing a one-to-one V,-6 relationship'*. Under
arbitrary mode combinations (Fig. 2f), the detection ports produce
distinct intensity- and polarization-encoded photoresponses, with
simultaneous multimode excitation causing response superposition,
phase-angle shifts in V,—6 curves and decreased polarization ratios.

For wavelength sensing, wavelength-dependent light-field
localization at different electrode edges (Fig. 2g,h), where self-driven
photogeneration predominantly occurs (Fig. 2c), produces varying
responses across multiple detection ports®. The electrode structure,
resembling a ring grating, induces the in-material-layer interference
of diffraction waves, driving local field redistributions across elec-
trode pairs and yielding distinct responses. Meanwhile, this interfer-
ence modulated by the surrounding refractive index, together with
the complex refractive index contrast between BP and AsP arising
from their compositional variations* >, generates complementary
wavelength-dependent responses in the two material layers (Fig. 2i).

These combined effects of material dispersion and electrode geometry
uniquely encode discrete-wavelength points in the six-port photore-
sponse set, allowing the device to operate effectively as an enhanced
wavelength meter. In particular, fibre dispersion alters the effective
refractive indices of different modes, modifying the light-field distri-
butionat the fibre facet. As aresult, wavelength responsesin the fibre
may deviate from ideal simulations; however, our light-field-based
detection approach can effectively compensate for these discrepan-
cies, provided the wavelength is precisely calibrated.

Decoupling with characteristic responses
Multidimensional light incidence leads to an intricate coupling of
parametersin eachsignal output, thereby requiring dedicated decou-
pling processes. We first evaluate the device’s capability to recognize
discrete 4D light states. This is achieved by constructing a discrete
precalibration database, in which the measured photoresponses of 4D
light parameters are mapped as 8-/ curved surfaces across different A
and Mstates (Fig. 3a). The response specificity to different multidimen-
sional states is characterized by photovoltage differences (D) across
multiple ports®. In total, we distinguish 7 mode fields, 7 wavelengths,
19 polarization states and 10 intensities, yielding 9,310 (7 x 7 x 19 x 10)
distinctinput states. The difference matrix of these 4D states is shown
in Supplementary Fig. 32, where the response differences are found
to exceed device noise fluctuations, indicating that these states can,
in principle, be reliably distinguished. During operation, the six-port
photoresponses are compared with the precalibration database viaroot
mean square error (RMSE)-based 1-nearest-neighbour (1-NN) search.
The database entry yielding the minimum RMSE—corresponding to
the closest match—is designated as the output state (Methods). For
example, Fig. 3b shows that theincident LP,;,modeis correctly resolved,
exhibiting the lowest RMSE among all mode states. Figure 3c further
displays the RMSE distribution for correctly and incorrectly identified
states, where the correct results exhibit notable lower RMSE levels,
demonstrating the high recognition accuracy of the decoupling pro-
cess. Building on this, the cross matrices in Supplementary Fig. 30
illustrate that the device successfully decouples 9,310 light states with
an accuracy exceeding 99%, underscoring its robust performance. In
addition, to assess the contribution and potential redundancy of the six
ports, we performed tensor decomposition analysis of the measured
response signals, which reveals that the device effectively extracts a
4D information space from the six-port read-out, indicating partial
redundancy (Supplementary Section 6.6). By evaluating 4D light iden-
tification using different combinations of ports, we find that the four
ports located near the device centre already achieve identification
accuracies exceeding 97%, whereas the outer-ring ports mainly provide
redundant information that enhances robustness and noise tolerance.
Apart fromthe discrete nature of mode states, polarization, wave-
length and intensity vary continuously, requiring an accurate predic-
tion between calibration points. To address this, we establish databases
precisely calibrated along asingle light dimension (polarization, wave-
lengthor intensity) and refine them using atypical spline interpolation
method. The same RMSE-based decoupling procedureis then applied
toidentify the state closest to the refined calibration database, which
is taken as the output. In particular, all testing data are entirely inde-
pendent of the precalibrated database, including both states identical
to those in calibration and completely uncalibrated states. Recogni-
tion accuracy is quantified by the average offset (AX) and average
standard deviation (6X), where lower values signify higher accuracy
(Methods provides full definitions). For linear polarization recognition
(Fig. 3d), accuracies reach A6, =~0.14° and 06, =~0.58° for calibrated
states (indicated using subscript ‘c’), and A6, =-~0.34° and 06, = ~1.49°
for predicted unknown states (indicated using subscript ‘u’), under
a 4° precalibration step within the 0°-90° range. For single-peak
wavelength recognition (Fig. 3e), accuracies reach A1, =~0.016 nm,
oA, =~0.04 nmfor calibrated states,and A1, =~0.12 nm, oA, = ~-0.25 nm
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i, Decoupling results of each dimension under multidimensional light incidence
ing, including polarization (top), wavelength (middle) and intensity (bottom).

for predicted unknown states, with a 0.1-nm precalibration step over
therange of1,550-1,558 nm. For intensity recognition (Fig. 3f), accura-
ciesreach Al,=-1.68 x10™* mW and o/, = -5.90 x 10> mW for calibrated
states,and A/, =-~1.12 x 102 mW and o/, = -1.85 x 102 mW for predicted
unknown states, with a 0.2-mW precalibration step over the range of
1.0-2.8 mW. Owing to the complementary and distinct responses of

the six detection ports, the detection accuracies achieved for indi-
vidual light dimensions are comparable with those of state-of-the-art
single-purpose compact devices (Supplementary Table1). Compared
with the calibrated states, where minimal errors mainly reflect noise
fluctuations, the higher errors in unknown states reasonably highlight
the device’s predictive capability beyond calibration.
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Fig. 4| Multidimensional image encryption/decryption process. a, Schematic
oftheencryption process. b, Polarization and wavelength modulation on
segments of ciphertext. The sequence of segments indicates sequential
transmission. Polarization states (6,_;) refer to RGB channels and wavelengths
(A_s) refer to the hidden keys. ¢, Ciphertext loaded on mode and intensity
states, from the first segment (top) to the last segment (bottom). d, Database-
establishing process. Incident light carrying mode (top) and intensity (middle)

Mode and intensity
misrecognition

Polarization
misrecognition

Wavelength
misrecognition

Reconstructed
original image

states are calibrated using the photovoltage responses (bottom) of the device.
e, Photovoltage responses of six ports in BP and AsP layers with encrypted light
states. f, 4D light parameter recognition results of the received data. Sequential
segments of ciphertext carrying different wavelengths and polarizations

are shown from left to right. g, Image reconstruction process using received
ciphertext and keys. h, Simulated mistaken reconstructed results when the
device lacks fully recognition ability to 4D light parameters.

Next, we assess the device’s capability toidentify unknown multidi-
mensional lightincidence using six feature-rich photoresponses from
asingle measurement. By leveraging high-dimensional precalibration
and three-dimensional interpolation, we construct a precise, refined
dataset foraccurate state reconstruction. Using the same decoupling
procedure, both calibrated and previously uncalibrated light states
withvarying polarization, wavelength and intensity are reconstructed
with high accuracy (Fig. 3g, h). Statistical analysis across all dimen-
sionsyields comprehensive accuracies of A6, =1.15°, AA. = 0.33 nmand
Al.=1.33 107> mW for calibrated states, and AG, = 3.54°,AA, = 0.46 nm
and A/, =1.53 x107® mW for predicted unknown states (Fig. 3i). Unlike
conventional methods that rely on extensive multishot or multipixel
sampling, our approach resolves high-dimensional light parameters

fromasingle shot using asimple algorithm, drastically reducing data
requirements and enabling ultrafast processing (approximately micro-
seconds on a personal computer, with further acceleration via paral-
lelization; Supplementary Section 6.5).

Multidimensional image encryption
communication

As a proof of concept, we demonstrate an image encryption com-
munication process, where image data are encrypted using 4D light
parameters for transmission, subsequently decrypted by our device,
and finally reconstructed through analgorithm. Figure 4aillustrates the
encryption scheme, inwhicha 6-bit originalimage is divided into three
images in RGB channels using three polarization states 8,, 6, and 6.
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In each RGB channel, the image data are encrypted using logistic cha-
otic systems”, and the decisive keys for logistic mapping (Methods)
are encoded into wavelength states that are sequentially loaded onto
pixel segments (Fig. 4b, rows) and are distinct between RGB channels
(Fig. 4b, columns). After conversion into ciphertext, the image data
are encoded into mode and intensity states (64 different combina-
tions in total), and synchronously carry both colour and encryption
keys during the transmission (Fig. 4c). In particular, our demonstra-
tion provides key space size over 108 (Supplementary Section 7.2) for
security against attacks™.

The decryption process requires a precise identification of 4D
light parameters and algorithmic reconstruction of the original image.
The device is first calibrated by establishing a database with random
mode and intensity states under varying wavelengths and polarization
conditions (Fig. 4d). Then, the sequentially encrypted information is
transmitted in the fibre and converted into photovoltage signals by
the six ports of the device (Fig. 4e). These responses are recognized
as 4D light states (Fig. 4f), and the data segments are rearranged into
RGB channels according to different polarizations, providing three
different wavelength sequences. Finally, the ciphertext is filled into
RGB layers and decrypted using hidden keys acquired from the wave-
length sequence in each layer, achieving a structural similarity index
measure of 0.9917 between the reconstructed image and the original
image (Fig.4g).Itisworth noting that the reconstructed imageis dam-
agedifthe deviceis missing or imprecise in a certain light dimension.
We simulate three typical mistaken reconstruction results (Fig. 4h) to
highlight theimportance of multidimensional light detection technol-
ogy inimproving information capacity and security.

Conclusions

We have reported the one-shot detection of 4D light parameters
using a one-pixel device on a fibre tip. The device architecture
enhances the photosensitivity to all light dimensions and generates
characteristic photoresponses for precise light parameter identifi-
cation, eliminating the need for external photodetector arrays, fil-
ter arrays, bulky polarization/dispersive components, collimators
and focusing lenses. Our device can support around ~10* separate
light states (Supplementary Fig. 32), and this state space could be
further expanded by refining the discretization of each individual
light dimension.

By using the distinct polarization and light-field distributions of
linear polarized modes, our device can recognize multiple modes in
high-dimensional mode spaces, suchas those supportedinafour-mode
fibre (Supplementary Section 2.5). However, extending this approach
to multimode fibres with additional modes is challenging, as stable
mode-dependent distinguishable responses are difficult to maintain
inthis situation. The symmetry breaking induced by the metal-semi-
conductor Schottky junction'allows the device to detect circular and
elliptical polarizations and, in principle, support full-Stokes identifica-
tion for polarization-only tasks (Supplementary Section 5.4). However,
signal overlap and calibration difficulty in the presence of simultaneous
4D variations make full-Stokes reconstruction a challengein the current
multidimensional setting.

Our device operates in a wavelength-meter mode and does
not aim at full spectral reconstruction such as broadband chemical
sensing or wavelength division multiplexing, because of the limited
encoding dimensionality available in a single-shot measurement. This
discrete-wavelength operation is well suited to applications such as
fibre-optic monitoring, wavelength locking and optical encryption,
where the rapid and accurate identification of the incident centre
wavelength is essential. Furthermore, the BP-AsP heterostructure
supports phototransistor-like operation, and thus, electrically induced
spectral modulation could be used to enrich the encoding space and
supportbroadband spectral reconstruction in futureimplementations
(Supplementary Section 5.5).

Methods

Device fabrication

The sequential fabrication processes of the device are shown below. (1)
Preparation and cleaning: the commercially available silicatwo-mode
optical fibre (FM2010-B, YOFC) is fixed with a ceramic ferrule (125-pm
inner diameter, 2.5-mm outer diameter) and ground to obtain a flat
fibre-ferrule endface, followed by a thorough cleaning process. (2)
L, electrode fabrication: we proceed to the optimized electron-beam
lithography (Mira, Tescan) to create the desired patterns, using
electron-beam evaporation (PVD75Proline EB, KurtJ. Lesker) to deposit
metal electrodes (10 nm of Cr and 40 nm of Au). (3) Material prepara-
tionand transfer: mechanical exfoliationis used to prepare BPand hBN
films (SixCarbon Technology Shenzhen) on polydimethylsiloxane,
whichare then transferred to polycarbonate films. The prepared BP and
hBN films on polycarbonate polymer films are successively transferred
to the optical fibre endface using an optimized dry transfer method.
(4) Subsequent layer fabrication: following similar fabrication steps,
L,electrodes, AsP layer and hBN layer are fabricated step by step. Note
that the fabrication, preservation, transportation and measurements
of the device are conducted in an air-free environment (vacuumor N,
atmosphere) to minimize the degradation of BP and AsP as much as
possible. The more detailed fabrication processes are shown in Sup-
plementary Section 3.

Decoupling of 4D light parameters

Whenincident light illuminates the device, the photoresponse of the
device can be obtained from the six ports and decoupled using the
previously calibrated database in three steps. (1) Calculate the RMSE
between the measured data and the database entries calibrated with
specificmode and wavelength conditions. (2) Record the intensity and
polarization states corresponding to the minimum RMSE value under
different conditions. (3) Identify the lowest RMSE among all conditions
to confirm the mode and wavelength state, together with the corre-
sponding intensity and polarization state, to serve as the 4D light
parameters of the incident light. Considering the size of database
needed and therecognition error, our method based on RMSE calcula-
tion has an advantage over other alternative approaches, including
classification/regression algorithms and even artificial neural
networks. The details of the RMSE calculation can be expressed as

RMSE = \/ Zﬁzl Viighe — «ai) /6, where Viigneand V., refer to the response

ofincidentlight and calibrated states and nis the index of the six ports.
RMSEs represents the ‘distance’ between the unknown incident light
and the calibrated states, located by the responses of the six ports.

Analysis of the recognition results

We use the average offset (AX) and the average standard deviation (oX)
of different input states to characterize the recognition accuracy of
device. For specificlight dimension X, the average offset is calculated
by AX = %(Z:\’:l IX; — Xo|) where X;and X, refer to the measured and refer-
ence value, respectively, and Nis the total number of sample counts.
The average standard deviation is oX = é(ZLI\/Zﬁ:l (Xa —)?)Z/A),
where X, and X refer to individual and average decoupled value, A is
the number of measurements of each input state and B is the total
amount of states (V= A x B). AX indicates the probable deviation in
measurements and X reflects the stability across multiple measure-
ments, where low values of both signify minimal decoupling error and
highrepeatability. Further details of the deviation analysis are provided
inSupplementary Section 6.2.

Image encryption communication

In the experiment, we choose a 32 x 32 RGB image to show the advan-
tages of 4D light parameter detection. Seven mode fields and teninten-
sities are used to convey the 6-bit depthinformation of asingle pixelin
different RGB channels. 0°, 45° and 90° polarization states represent
the R, G and B channels, respectively, whereas distinct wavelengths
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sequentially loaded onto RGB channels carry different keys for encryp-
tion and decryption (Supplementary Fig. 39). We provide the polari-
zation and wavelength states according to the encryption scheme,
where the §and A show the transmission sequence in different polari-
zation states (RGB channels), for example, the A sequence ‘4213’ indi-
cates the wavelength modulation in 8, (90°) channel is (15, A5, A, 4,).
Supplementary Fig.39cillustrates the mapping relationship between
wavelength and rvalues used for the logistic random sequence encryp-
tion, and the (4;,1,,A,, 1,) sequence mentioned above corresponds to
the key value r=3.953 71, where the four digits after 3.9 are mapped
by the Aindex. In our demonstration, the hidden keys carried by wave-
length information are Rr=3.93579, Gr=3.91539 and Br=3.95371,
thereby achieving the image encrypted transmission.

Regarding the details of image encryption, different r values
are used for generating random sequences, which enable different
encryptions of the original image. Using a specific rand aninitial value
X(0) =0.5,therandom sequence canbe expressed as X,; =rx X; x (1 - X)).
The generated sequence X is scaled to the range of 0 to 63 as X’, cor-
responding to the 6-bit information. A bitwise XOR operation is then
performed between X" and the originalimage (Supplementary Fig. 40)
to produce the encrypted image. The encrypted image is transmitted
as ciphertext and the decrypted image can be obtained by perform-
ing a bitwise XOR operation with X" again (Fig. 4g). Additionally, the
encrypted depth information tends to be more randomly distributed
compared with the original depth, whichis compatible with therandom
calibration mentioned in Fig. 4d.

Data availability

The source data for this study are available via Figshare at https://doi.
org/10.6084/m9.figshare.29412878 (ref. 39). Other data that support
the findings of this study are available from the corresponding authors
uponrequest. Source data are provided with this paper.

Code availability
The codes that support the findings of this study are available from the
corresponding authors upon reasonable request.
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