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Spectral sensing has been widely employed in applications ranging from satellite-based remote
imaging to biomedicine and precision agriculture. However, broader deployment has been
constrained by the complexity and cost of traditional hyperspectral instrumentation. In recent years,
efforts have shifted toward the development of compact spectrometers targeting specific spectral
regions, often at the expense of broadband analytical capability. In this work, we present the proof-of-
concept for an integrated multispectral sensor array for broadband spectral applications, combining
Silicon- and GaSb-based photodetectors. Spectral selectivity across the VIS/NIR/SWIR spectral
domain (400–2300 nm) is enabled with 19 bandpass dielectric filters in a combined active footprint of
2.02mm². The sensor assessed in this work was specifically designed to evaluate the optimal harvest
time based on weekly spectral measurements from multiple apple cultivars, without the need for
destructive chemical analysis.Moreover,wedemonstrate adeterministicmethod that employsahigh-
scattering region in the NIR as an internal normalization reference, enabling the resolution of
temporally evolving spectral signatures associated with carotenoids, anthocyanins, chlorophylls,
starch, and moisture content. These results demonstrate that broadband spectral sensors can be
deployed at scale in agricultural monitoring with multi-crop validation, enhancing field yield potential
and reducing post-harvest losses.

Photonic spectroscopy has long served as a primary tool for environmental
monitoring, detecting disease onset, and assessing quality control across
cultivars1–4. Over the past decade, advancements in hyperspectral imaging
have enabled the evaluation of crops under field conditions5. However, the
high cost and complexity of hyperspectral systemshave limited their use to a
small number of units, thereby restricting their widespread deployment for
in situ, real-time measurements. These economic constraints have driven
the miniaturization of spectrometers into integrated solutions, facilitating
scalable production.

Recent advances have yielded compact spectrometer technologies,
including electrochromic filter-based computation6, resonant-cavity-
enhanced7, black phosphorus8 photodetectors, thin-film lithium
niobate–silicon nitride Fourier transform devices9, and waveguide-
integrated HgTe quantum dot photoconductors10. These systems have
been engineered to operate across distinct spectral domains, encom-
passing the visible (VIS, 400–700 nm)11, near-infrared (NIR,

700–1100 nm)12, and short-wave infrared (SWIR, 1100–1700 nm)12

regions. Each of these solutions has targeted a narrow spectrum,
thereby limiting broadband spectral analysis. More recently, a broad-
band hyperspectral imager has been introduced to enhance sensing
capabilities within a single device, spanning the VIS to SWIR spectral
range using broadband spectral modulation materials, followed by
computational spectral reconstruction13. Furthermore, microring
resonators have enabled broadband optical sensing by converting a
narrowband pump into a phase-coherent frequency comb, where
terahertz-spaced lines form a structured optical output; yet the
attainable bandwidth remains constrained by resonator geometry and
material transparency14. Additionally, advances in Gallium Anti-
monide (GaSb)-based photodetectors using quaternary compound
InxGa1�xAsySb1�y absorber layers enable sensing the extended short-
wave infrared (eSWIR, 1700–2700 nm)12 region15–17, where, for exam-
ple, higher water absorption coefficients yield increased spectral
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sensitivity18. Nevertheless, a compact, integrated photonic solution
enabling broadband sensing from VIS to eSWIR has not yet been
realized. Within the context of sustainable food production, the
development of such a compact sensor is regarded as a crucial tool for
crop monitoring, yield enhancement, and the assessment of complex
environmental impacts at local scales.

In parallel, recent estimates suggest that approximately one-third of
food produced for human consumption, including a significant proportion
of crops, remains uneaten due to food loss or waste19. Across the global
supply chain, annual crop losses have been quantified at nearly 1 billion
tons, amounting to an estimated economic loss of 750 billion USD20,21.
Although multiple factors contribute to production inefficiency, a central
challenge lies in accurately identifying the optimal harvesting time. In
standard agricultural practice, harvest is typically conducted once per field
cycle, regardless of whether individual fruits have reachedmaturity, remain
underdeveloped, or have become overripe22. Traditional chemometric
approaches require a destructive chemical characterization reference to
determine ripeness, which limits their applicability to the final weeks of the
season and renders continuous monitoring at earlier stages unfeasible23.
Such destructive analyses not only reduce the saleable yield but also con-
sume labor, reagents, and time. Meanwhile, the optical properties of plant
tissue, together with their anatomical structure, have long been recognized
as critical subjects of investigation, as they provide insight into the internal
mechanisms governing light–matter interactions18,24–30. The optical prop-
erties of crop tissues are critical indicators for tracing the progression of
ripeness and are thus exploited in the design of integrated sensing platforms.

In this work, we present a proof-of-concept device integrated
broadband multispectral sensor array (BMSA)13 with sensing cap-
abilities spanning from the VIS to the eSWIR spectral range. Analogous
to the broadband phase control achieved in Huygens’ spaceplates, where
overlapping electric and magnetic resonances yield reflection-free
transmission31, the BMSA has applied interference engineering at the
filter–detector interface. On this interface, the present device has com-
bined two independent arrays of photodiodes (PDs) with spectral
selectivity enabled by dielectric interference filters (IF) to realize multi-
resonant spectral discrimination. The integration of both detector types,
paired with miniaturized incandescent lamps (MIL) surrounding the
hybrid system, has enabled broadband spectral sensing. As one of the
immediate applications, we report a BMSA configuration for deter-
mining the ripeness degree in crops without the need for exhaustive
chemical characterization. The detection of internal constituents was
enabled by light reflected from the peel and backscattered from internal
tissues. We also demonstrate a deterministic method that employs a
high-scattering region in the NIR as an internal normalization reference
with a 1-week resolution in different apple cultivars. The resulting
deterministicmethod has enabled the assessment of temporally evolving
spectral signatures related to carotenoids, anthocyanins, chlorophylls,
starch, andmoisture. The application of the BMSA has been extended to
pre- and post-harvest ripeness assessment in other crops. Owing to the
compact design and simplified PD architecture, a large-scale and cost-
effective deployment across all stages of the supply chain can be exe-
cuted, resulting in a reduction of food loss andmore efficient harvesting.

Results
Principle of broadband multispectral sensor array
The BMSA we propose is constructed by integrating two independent PD
arrays based on Silicon (Si) and GaSb wafers into a single optical package.
Each PD was coupled with a dedicated IF, enabling selective bandpass
transmission over predefined spectral bands (Fig. 1a). Comparable to the
dispersion-engineered chiral metalens architecture32, the proposed BMSA
has achieved broadband functionality through distinct approaches to
integrate the IFs. For theSiPDarrays, differentfiltersweredirectly patterned
onto the photodetector using sputtering and liftoff 33. On the other hand,
for the GaSb-based photodetectors, the filter arrays were first defined on a
glass wafer using sputtering and liftoff, and these filter arrays, after dicing,

were attached to the PD array using an optical adhesive with low absorption
inSWIR.Representative imagesof bothPDarrays areprovided inFig. S1a–e
for Si and Fig. S2a–f for GaSb. To ensure continuous spectral coverage from
VIS to the eSWIR region, a MIL, emitting 3200 K blackbody radiation, was
selected as the illumination source (Fig. 1b). The combined active footprint
of the integrated Si- and GaSb-based PD arrays is approximately 2.02mm²,
with individual array dimensions of 0.437 × 0.701mm² (Si) and
1.31 × 1.31mm² (GaSb). The heterogeneously integrated configuration is
thereby rendered analogous to the chip-scale photonic integration strategy
employed in CMOS-compatible metasurfaces32, while remaining adapted
explicitly for broadband sensing applications. Further details regarding the
optoelectronic specifications of the Si- andGaSb-based PDs are provided in
Supplementary Information sections S1–S3.

Sensor design and spectrally significant wavelengths
As part of the BMSA development, the identification of spectrally
sensitive wavelengths was undertaken to reduce the complexity
inherent in broadband system architectures. To this end, we investi-
gated the seasonal spectroscopic variations observed throughout 2023
at a weekly temporal resolution34. The acquired reflectance spectra
were subsequently truncated to match the responsivity limits of the
Si- and GaSb-PDs. As shown in Fig. 2a for the Gala (red) cultivar, the
mean raw reflectance (ρ) measurements across biological and technical
replicates yielded 17 weekly data points during on-tree maturation,
along with an additional post-harvest data point corresponding to
week 18.

Within the 780–1327 nm interval, the so-called NIR plateau—
associated with multiple scattering in the leaf mesophyll composed of
elongated and cylindrical cells located between the lower and upper
epidermis—was observed to exhibit minimal spectral variation. The
presence of numerous air–water interfaces within the mesophyll
results in multiple scattering events, leading to enhanced reflectance
in this NIR region due to negligible pigment and water
absorption18,35,36. In the present data set, ρ remained effectively con-
stant between 750 nm and 840 nm, consistent with reflectance
behavior due to the non-stressed samples characterized by intact
intercellular air–water spaces located in the normal outer cortex,
Fig. 2b30,37–39. This wavelength interval was therefore considered
representative of an effective NIR plateau in crop tissues. Conse-
quently, 800 nm was selected as the internal reference wavelength for
seasonal normalization (Fig. 2c), deriving into 12 discrete spectral
bands that were selected to capture five representative molecular
groups: carotenoids, anthocyanins, chlorophylls, O–H overtones,
and C–H overtones34,40–42.

Selected spectral bands were employed to capture seasonal
development, with chlorophyll acting as the principal contributor in
the VIS range and exhibiting a continuous decline. Contributions from
carotenoids and anthocyanins became evident in week 12, followed by
a consistent decrease in reflectance until week 18. Within the NIR to
SWIR region—specifically the 1450–1770 nm window—a pronounced
increase was observed, peaking at 1710 nm and subsequently declining
toward the end of the season. This spectral window has been associated
with the presence of starch43. In the eSWIR region, enhanced inter-
week contrast was identified. At the spectral edge between 2180 nm and
2300 nm, a progression from minimum to maximum reflectance was
observed beginning at week 9.

Channel selection of the photodiode array
After the sensitivity bands were identified, we performed the channel
selection for the BMSA by using the normalized reflectance spectra and
sensitive bands as reference. The spectral filters corresponding to each
PD channel were modeled using Lorentzian peak fitting. In Fig. 3a, the
ten channels implemented within the Si-based PD responsivity range
(400–1100 nm) are shown. Channels 1 through 9 were defined with a
filter with full-width at half-maximum (FWHM) values ranging from
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20 nm to 50 nm, while channel 10 was assigned a FWHM of 100 nm.
Figure 3b illustrates the nine channels selected for the GaSb-based PD
responsivity range (900–2300 nm), with FWHM values set between
40 nm and 60 nm.

Selected channels were evaluated concerning their detector respon-
sivity (see Fig. 3c). To balance the responsivity levels between the two
detectors, the GaSb responsivity was scaled by a factor of 1/3. Following this
responsivity balancing, we compute raw counts for each selected channel
according to the equation:

Counts /
Z λ2

λ1

EðλÞ � RðλÞ � FcðλÞ � RDðλÞdλ ð1Þ

where Counts denotes the integrated signal output from the sensor
channel, E(λ) is the spectral irradiance of the illumination source, R(λ)
represents the spectral raw reflectance of the sample, Fc(λ) is the
spectral transmission function of the IF, and RD(λ) is the spectral
responsivity of the detector.

As a result, we obtained 19 selected channels from the two
detectors using the sample’s spectral raw reflectance and subsequently
the generated mean raw counts (MRC) for the chosen weeks (as shown
in Fig. 3d). When compared with the ρ data, the resulting MRC
exhibited similar spectral patterns, indicating consistent molecular
fingerprints. In alignment with the reflectance analysis, theMRCs were
normalized to the value obtained at channel 10. The normalized counts
(Fig. 3e, f) were subsequently multiplied by a factor of 100 to enhance

visualization. Further details regarding the BMSA implementation into
a physical design concept are provided in Supplementary Information
section S4 and shown in Fig. S4a–c.

Non-destructive ripeness monitoring
Next, we investigated the feasibility of implementing spectral indices across
the VIS– eSWIR spectral range for the assessment ofmolecular groups with
a weekly resolution. In the VIS range for the Gala cultivar, the carotenoids
via the carotenoid-to-chlorophyll ratio (Cr:Chl), anthocyanins via the
modified anthocyanin reflectance index (mARI), and chlorophylls via the
chlorophyll index (Chl) have demonstrated good feasibility in previous
studies40,44. In the SWIR–eSWIR region, we proposed a Starch Index (StI)
due to the spectral associated features between 1450 nm and 1770 nm with
absorptions linked to C–H overtones in the first overtone and the starch
content31,43. Additionally, we introduced a modified normalized difference
water index (MNDWI), utilizing the eSWIR water-sensitive bands at
1920 nm45–47. Supplementary Information section S6 in Fig. S7 provides a
comparison withMNDWI using other sensitive wavelengths, and Table S1
details the adaptation of these indices to the channel-based PD array
formulations.

Figure 4a–e shows the spectral indices for Gala from normalized
counts. Week 18 values are marked with white squares. Cr:Chl and mARI
increased exponentially, ChI declined, and StI peaked at week 12.MNDWI
reached a minimum moisture in week 12 before stabilizing. StI and
MNDWI were highly variable in the first four weeks. These patterns match
the fruit development timeline (Fig. 4f), marking transitions from cell

Fig. 1 | Scheme and principle of the broadband multispectral sensor array
(BMSA). a Schematic of the optical BMSA module architecture, composed of two
heterogeneous photodiode (PD) arrays—silicon (Si) and GaSb-based—surrounded

by an array of miniature incandescent lamps (MIL) irradiating a 3200 K blackbody
radiation. b Normalized spectral responsivities of Si and GaSb-based detectors,
overlaid with the modeled light source spectrum.
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division–expansion to starch accumulation–degradation30,34,47,48. The error
bars indicate the within-batch variability at each week, computed as the
standard deviation.

Extension to other cultivars
In analogy to the Gala cultivar, the extension of the methodology to addi-
tional apple cultivars was explored to evaluate the applicability of the BMSA
approach in precision agriculture. Owing to its compact architecture,
integration into autonomous farming platforms, such as robots and drones,
represents a promising use case (Fig. 5a). Furthermore, reflectance mea-
surements were employed to derive both raw and normalized PD responses
for two additional apple cultivars—Pirol and Gravensteiner. The corre-
sponding spectral indices and normalized counts obtained from the 19-
channel PD array are shown in Fig. 5b–k. Weekly measurement intervals
were adjusted to align with the phenological development of each cultivar.
The error bars indicate the within-batch variability at each week, computed

as the standard deviation. The mARI index was excluded for both cultivars
due to the absence of associated pigment signatures. The corresponding
normalized reflectance spectra of the Pirol and Gravensteiner cultivars are
presented in Supplementary InformationFig. S8a, b, section S7.As observed
in Gala, an accumulation of carotenoids and a reduction in chlorophyll
content were detected. The StI again exhibited a parabolic pattern, con-
sistent with enzymatic accumulation and subsequent degradation of starch
during ripening in the pre-harvesting stage49.

Unlike Gala, the expected post-harvest decline in the StI was not
consistently observed in Pirol andGravensteiner. By contrast, the MNDWI
displayed marked variability during the first four weeks, followed by a
pronounced minimum between weeks 10 and 12, corresponding to the
transition from starch accumulation to degradation. Further extension to
the Shampion (red-yellow) cultivar can be found in the Supplementary
Information section S8 (Fig. S9), where the spectral indices, including the
mARI, are being extended with another apple cultivar.

Fig. 2 | Broadband spectrometer measurements and spectrally significant
wavelengths forGala (red) cultivar across the 2023 season. aMean raw reflectance
spectra for selectedweeks,measured over the 400–2300 nm range, encompassing the
visible (VIS), near-infrared (NIR), short-wave infrared (SWIR), and extended short-
wave infrared (eSWIR) regions. b Schematic depiction of the NIR plateau, where
photon scattering at cellular interfaces occurs before emerging as diffuse reflectance;
deeper scattering occurs in the outer cortex. c Normalized reflectance at 800 nm,

highlighting, demarcated by vertical dashed lines, sensitive molecular groups: car-
otenoids, anthocyanins, chlorophylls, O–H and C–H overtones. Fruit development
is indicated by arrows, beginning with a decrease in chlorophyll followed by an
increase in carotenoids and anthocyanins from week 12 onward. In the SWIR
spectra, a reduction is observed until week 12, after which stabilization occurs until
week 18. At the edge of the eSWIR region, a shift from minimum to maximum is
observed after week 9.
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The normalization approach based on the stable scattering levels
observed at theNIR plateauwas extended to the pre-harvesting assessment
of non-apple cultivars by monitoring the development of Citrus japonica
andAnanas nanus over a 4-week period. The evaluated cropswere grown in
flowerpots and spectrally characterized on a weekly basis. The acquired ρ
spectra were normalized at 800 nm, and the corresponding PD counts were
calculated following the same procedure applied to apple cultivars. The
resulting data forCitrus japonica andAnanas nanus are shown in Fig. 6a, b,
respectively. In both cases, the normalization procedure was found to be
effective, consistent with the absence of stress in the evaluated cultivars.
Across the evaluationperiod, a consistent increase innormalized countswas
observed in channels 7 and 8, corresponding to chlorophyll-sensitive bands
in the Si-based PDs. In addition, channels 13–16 exhibited an increase in
normalized counts, corresponding to the SWIR–eSWIR spectral window
between 1450 nm and 1770 nm. Further details regarding the reflectance
measurement setup are provided in Supplementary Information section S5
and Fig. S6a, b. Extended analyses using the normalizedmean reflectance of

Citrus japonica andAnanas nanus are presented in Supplementary Section
section S9 and Fig. S10.

Post-harvest ripeness assessment was further extended to non-
apple cultivars by evaluating Hass avocados and Cavendish bananas.
Both cultivars were selected at an early-ripeness stage and were spec-
trally characterized over 1- and 2-week periods, respectively, with the
aim of reaching an overripe final stage. For Hass avocados, three sets of
measurements were acquired, resulting in three ripeness categories
defined according to the final physiological stage of the crop, as shown in
Fig. 6c. Reflectance measurements were performed following the pro-
tocol applied to apple cultivars. The corresponding PD responses are
presented in Fig. 6d–g. In contrast to the pre-harvest assessments, a clear
spectral separation was observed from day 1 between overripe samples
and ripe and unripe samples, particularly across channels 11–19, cor-
responding to the GaSb-based PDs. This separation became more pro-
nounced at later time points. Such behavior is attributed to the onset of
internal stress within the tissue50, which disrupts homogeneousmultiple

Fig. 3 | BMSA channel selection. Lorentzian-type filters, depicted as dashed
magenta lines, are overlaid on the normalized reflectance spectra across selected
weeks, shown alongside the spectral responsivity of a Si (400–1100 nm) and bGaSb
(900–2300 nm) based PDs. c Combined responsivity of both detectors is displayed,
with selected channels indicated in dashed blue (Si) and red (GaSb). d Raw signal

counts from the 19 selected channels obtained using the unprocessed reflectance of
Gala apples. The GaSb signal was scaled to compensate for differences in respon-
sivity relative to Si. e Normalized counts relative to channel 10 and expressed as a
percentage, with a f magnified view.
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scattering in the NIR plateau and consequently leads to enhanced con-
trast after normalization. In addition, differences between ripe and
unripe avocado samples were observed in channels 3 and 4, associated
with chlorophyll-sensitive bands, consistent with the absence of
anthocyanins in avocados.

Cavendishbananaswere subsequently classified according to theKader
ripeness scale51,52, with an additional overripe category defined as >R7
(Fig. 6h). The corresponding normalized counts for ripeness stages ranging
from R2 to >R7 are shown in Fig. 6 (i,j). An increase in normalized counts
was observed up to stage R5 in channel 7 of the Si-based PD, followed by a
decrease across channels 3–7 at stages R7 and >R7. In contrast, the GaSb-
basedPDexhibited an increase innormalized counts across channels 11–19,
with markedly higher contrast at stages R7 and >R7. This response is
consistent with the behavior observed in avocados and is attributed to tissue
degradation during senescence, which disrupts the stable scattering regime
characteristic of theNIRplateau. Extended analyses using normalizedmean
reflectance of Hass avocados and Cavendish bananas are provided in Sup-
plementary Information section S10, in Fig. S11, and Fig. S12.

Discussion
In conclusion, we present the first BMSA platform based on integrated
Si-GaSb-based PDs, offering continuous spectral coverage from 400 to
2300 nm. From a photonic-integration standpoint, the BMSA can be
regarded as an extension of recent broadband phase- and dispersion-
control strategies developed for integrated resonant systems. The
broadband transparency achieved in Huygens’ spaceplates31 and the
dispersion management realized in chiral metalenses32 have illustrated
how interference and spatially engineered resonances enable wide
spectral functionality on a chip. By transferring these concepts to agri-
cultural sensing, the BMSA design and feasibility were established
through weekly measurements of four apple cultivars over an 18-week
period. Results from this experiment enabled the development of a NIR
plateau-referenced normalization method for reflectance calibration
that accounts for internal tissue stress, thereby providing deterministic
intra-seasonal and inter-cultivar comparability. Using the normalized
spectrum as reference, we selected the BMSA channels, comprising a
total of 19 IFs bands across the two detectors. Subsequently, ρ features

Fig. 4 | Computed spectral indices from the BMSA in theGala cultivar across the
season. a Carotenoid-to-chlorophyll ratio (Cr:Chl), b anthocyanin index (mARI),
c chlorophyll index (ChI), d starch index (StI), and emodified normalized difference
water index (MNDWI) were tracked and associated with maturation. The nor-
malized spectral ratio (NSR) was used as the response variable for each index. f Fruit

development timeline was included to illustrate the chronological progression of
physiological stages following complete blooming. The error bars indicate the
within-batch variability at each week, computed as the standard deviation. Figure 4f
adapted with permission from ref. 48.
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were successfully translated into counts and normalized counts, allow-
ing us to resolve spectral indices associated with known carotenoids,
anthocyanins, and chlorophylls, and to propose novel indices in the
eSWIR for starch and moisture content with weekly resolution.

The practicality of the architecture has been demonstrated across
multiple cultivars, includingCitrus japonica,Ananas nanus,Hass avocados,
and Cavendish bananas, for both pre- and post-harvest monitoring, pro-
viding a non-destructive approach to assessing fruit maturity. The compact

Fig. 5 | Potential application and ripeness evaluation of Pirol and Gravensteiner
cultivars. aPotential application scenario for the BMSA in precision agriculture. For
Pirol, b normalized counts from the 19-channel PD array and the derived indices

cCr:Chl, dChI, e StI, and fMNDWI are shown. Gravensteiner, g normalized counts
and indices h Cr:Chl, i ChI, j StI, and kMNDWI are shown. The error bars indicate
the within-batch variability at each week, computed as the standard deviation.
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Fig. 6 | Extension to additional cultivars in pre- and post-harvest conditions.
Normalized counts obtained during pre-harvest assessment over 4 weeks are shown
for aCitrus japonica andbAnanas nanus. Post-harvest assessment ofHass avocados
over 8 days is shown, including c classification by final ripeness stage (unripe, ripe,
overripe) and normalized counts at d day 1, e day 4, and f day 8, with g an enlarged

view. h Representative photograph of Cavendish banana samples classified
according to the Kader ripeness scale51,52, ranging from R2 to >R7. Normalized
counts for banana samples across ripeness stages are shown in (i), with (j) an
enlarged view. Figure 6c reproduced with permission from ref. 34.
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design and simplified PD architecture support implementation in an inte-
grated format, which is expected to reduce food loss by enabling real-time
ripeness monitoring. Tailored spectral channels, in combination with the
proposed indices, eliminate the dependence on destructive chemical ana-
lyses and thereby preserve marketable yield. Moreover, the compact foot-
print of the BMSA facilitates large-scale and cost-effective deployment
throughout the agricultural value chain. As an illustrative example, the
current price range for a VIS hyperspectral camera spans approximately
11,220 USD–28,340 USD53–55, while spectrometers are typically priced
between 2520 USD–10,630 USD56–59. An individual evaluation kit for the
spectral sensor is available from69.57USD–396.04USD60,61, with lower unit
costs achievable at higher purchase volumes. Comparable ratios are
expected for broadband VIS-eSWIR hyperspectral camera–sensor systems.
Potential applications of the BMSA include integration into farming robots,
such as drones and harvestingmachinery, as well as greenhousemonitoring
systems and retail environments. Collectively, these contributions indicate
that the presented architecture has the potential to reduce food loss, opti-
mize water and resource use, and advance the sustainability of agricultural
production systems.

Lastly, recent advances in machine learning algorithms (MLAs) and
multi-seasonal datasets approaches have underscored their value in pre-
dicting crop yield, nutrient dynamics, and harvest outcomes62,63. While the
standardization of nutrient and emission factors into regional yields has
been shown to be unfeasible, integration of BMSA-derived per-fruit mea-
surements withMLAs is anticipated to enable robust forecasting of ripeness
trajectories. Such integration would allow local tendencies to be established
over years of use and predictive assessments to be performed months in
advance of harvest, thereby enhancing decision-making at both farm and
supply-chain levels.

Methods
Fabrication of Silicon and GaSb-based photodiodes
Si-basedphotodiodes. Si-based PDswere fabricated on 8″wafers using
a 350 nmCMOS process, and the corresponding interference filters were
patterned using SiO₂/Nb₂O5 sputtering and lift-off64. A sputtering pro-
cess was used as the coating method, compared with conventional eva-
poration techniques, which are characterized by greater stability of
spectral characteristics under environmental influences.

GaSb-based photodiodes
The GaSb-based PDs were grown via molecular beam epitaxy on 3” wafers
n-type GaSb substrates. The growth sequence commenced with a GaSb
buffer layer, followed by an n-type In₀.₁₄Ga₀.₈₆As₀.₁Sb₀.₉ cladding layer
lattice-matched to the substrate. Subsequently, a 2–4 μm-thick
In₀.₁₄Ga₀.₈₆As₀.₁Sb₀.₉ absorber layer, doped with tellurium to induce n-type
conductivity, was deposited. A 60 nm p-type Al₀.₂Ga₀.₈Sb barrier layer with
low doping density was introduced to suppress dark current. The structure
was completed with a 200 nm p-type GaSb contact layer, which also served
as an optically transparent cap for the mesa architecture65.

Mesa structuring was undertaken through anisotropic etching,
extending several tens of nanometers into the contact layer to expose the
cathode region for ohmic contact formation. To enhance external quantum
efficiency, the PD device was coated with a 70 nm SiNx passivation layer,
and the device aperture includes an additional nitride layer to further reduce
reflection losses at peakwavelength15–17. The presentwork focuses on a 4 × 4
photodetector array.

The thin-film filter materials used for the GaSb-based PD were SiO₂/
Nb₂O564,66. For thefilter design, a standardband-passFWHMdependingon
the filter in the 40–60 nm range was designed using measured n& k values
and deposited using sputtering lift-off on a glass wafer. Depending on the
spectral requirements, each stack comprises approximately 20–60 alter-
nating layers, with the design resulting from a multi-dimensional optimi-
zation of individual layer thicknesses and their combined interference
effects across the entire system.

For the optical adhesive, a standard highly transmissive SWIR (ca.
3 μm) adhesive was employed in a typical controlled packaging assessment,
with a thickness of approximately 10 μm.Thefilter array on the glass diewas
attached to the photodetector array with a volume packaging foundry. The
alignment and uniformity/thickness of the glue were controlled in the sub-
micron regime.

Photographs of the Si- and GaSb-based devices, along with optoelec-
tronic characterization (see Fig. S3a–c) figures, are provided in Supple-
mentary Information sections S1–S3, respectively.

Plant materials
Four apple cultivars exhibiting distinct pigment compositions atmaturity—
Gala (red), Pirol (yellow), Gravensteiner (green), and Shampion (red-yel-
low)—were selected with a local producer. The timeline spanned 18 weeks
for theGala and Shampion cultivars,with fruit sampledweekly fromthe tree
over 17 weeks and an additional batch stored under ambient conditions for
one week to allow post-harvest ripening. Each batch was composed of
10 samples. The ripening durations ofPirol andGravensteinerwere shorter,
requiring15 and13weeks, respectively. Residual sampleswere subsequently
stored at room temperature for three and one week, respectively, before
spectral acquisition to permit ethylene production via climacteric respira-
tion. In the case of the Hass avocados, the samples were randomly selected
from a retail store, comprising 30 samples. The timeline for the character-
ization was one week34,67,68.

For Citrus japonica, one plant per flowerpot was carried, with 5 sam-
ples per plant. The Ananas nanus was a single sample from a single plant.
Lastly, the Cavendish bananas comprised 10 samples, supplied by a local
supermarket.

Spectral data acquisition
The spectral characterization was performed using a fiber-optic system
featuring a hexagonally arranged internal bundle spanning the
400–2300 nm spectral range, as illustrated in the Supplementary
Information Fig. S5. The configuration consisted of seven fibers, with the
central fiber and one peripheral channel assigned for sensing, while
the remaining five fibers were employed for broadband illumination. In
the case of apple cultivars, each week, spectral data were collected from
ten samples per cultivar, with ten replicate measurements acquired from
the equatorial region of each fruit. Reflected light from the surface and
internal tissues was captured by the sensing fibers and transmitted to a
dual-channel spectrometer for analysis34. The same methodology from
apple cultivars was applied to Citrus japonica, Ananas nanus, Hass
avocados, and Cavendish bananas. The setup for Citrus japonica and
Ananas nanus wasmodified as shown in Fig. S6a, b. Full methodological
details of the spectral acquisition procedure are provided in Supple-
mentary Information section S5.

Data availability
All data needed to evaluate the conclusions in the paper are present in the
paper and/or the Supplementary Materials. Additional data related to this
paper may be requested from the authors.
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