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Abstract

Terahertz (THz) spoof surface plasmon polaritons (SSPP) can play a key role in ultra-sensitive

fingerprint sensing of trace substances by the enhanced confinement of electric field they

provide. However, achieving both high sensitivity and broadband detection simultaneously in

such structures remains a significant challenge, owing to the necessary trade-off between

field confinement and bandwidth. This study demonstrates a sensing chip based on an

artificial THz SSPP slow-light waveguide that simultaneously achieves broad bandwidth (up

to 1 THz) along with highly sensitive detection achieved by enhancing both field confinement

strength alongside the effective light-matter interaction distance. We use α-lactose

monohydrate asa modelanalyte,andshowthatourSSPP-integratedTHz sensingchipdetects

its characteristic rotational mode at 0.53 THz at concentrations as low as 18 μg/μL, which

represents a fourfold improvement in detection limit over previous sensors. Repeat

measurements show reliable stability and reproducibilityfor the chip. In operating up to 1 THz,

a frequency range of significant interest for the study of quantum excitations in condensed

matter systems as well as for terahertz studies of molecular dynamics in polycrystalline

materials, our scalable platform is ideal for the study of light-matter in a wide range of

advancedmaterial systems.

Keywords: terahertz time-domain spectroscopy; spoof surface plasmon polariton; trace

detection; terahertz sensing chip;

Introduction

Terahertz (THz) radiation can probe a wealth of molecular fingerprint spectral

information, encompassing critical physical processes such as intermolecular

rotational/vibrational transitions, charge transport, intra and inter band transitions, and

low-energy excitations

[1]-[4]

. Spectral signatures in the terahertz range show a direct

dependence on material structure, and so offer a powerful tool for identifying chemical
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compositions, and probing biomolecular interactions, underscoring their dual importance for

both fundamental research and for practical applications

[5]-[9]

. It is noteworthy that

advancementsin THztime-domain spectroscopy (THz-TDS) technologyhave been crucial to

realizing this potential. Specifically, significant improvements in signal-to-noise ratio and

spectral bandwidth have substantially enhanced the sensitivity and selectivity of molecular

fingerprinting. This not only enables detailed investigation of weak biomolecular interactions

in fundamental scientific research but also allowsfor reliable identification of trace chemicals

in practical scenarios. Recent advances in THz sources and detectors, and especially in

femtosecond laser-based THz-TDS, have opened up widespread applications of THz

spectroscopy for medical imaging, biosensing, security, and nondestructive testing

[10]-[17]

.

However, free-space THz-TDS is often constrained by the diffraction limit to larger lateral

sample sizes and therefore larger mass samples; this limits its capability to resolve

characteristic spectral features in some functional materials with a small volume, including

biomacromolecules, some quantum topological materials, thin-film perovskites, and some

geometriesoftwo-dimensional(2D) materials

[18],[19]

.

A promising strategy to address limited material response in the THz regime is the

implementation of artificial resonances in device structures through on-chip THz sensing

technology

[20], [21]

. The operating principle of such chip-based approaches is to spatially

compress incident THz waves into volumes far below the diffraction limit. This spatial

confinement leads to a massive increase in local electromagnetic energy density. The

pronounced field confinement effectivelyamplifiesthe strength of the light-matter interaction

strength, making the characteristic vibrational or rotational signatures of minute analyte

volumes detectable. Qiu for example, achieved efficient free-space-to-chip THz wave

coupling via antenna coupling, which enhances the on-chip light-matter interaction for THz

fingerprint spectral detection

[22]

while Chen . employed an on-chip coplanar strip

waveguide structure in which the metal trace width and spacing were sharply reduced to the

micrometer scale. This configuration compressed the transmitted THz wave mode into a very

small cross-sectional area, thus enhancing the local light– matter interaction

[23]

.

Metamaterials, first theorized by Veselago (1968) for negative permittivity and permeability

materials, enable unprecedented control of electromagnetic properties via engineered

structures, breaking natural material limitations and diffraction barriers

[24]-[28]

. The label-free

and enhanced sensitivity of THz metamaterial sensors have propelled transformative

progress in trace-level THz spectroscopy applications

[29], [30]

. The label-free nature allows for

the directdetection of analytesbasedon theirintrinsicTHz vibrational fingerprints,eliminating

the need for fluorescent or radioactive tags that could alter molecular structures, complicate

preparation, or interfere with spectral readout. However, achieving both broadband and high

sensitivity in THzsensingchipsremainsa significanttechnical challenge

[31]

.

Spoof surface plasmon polariton (SSPPs) can be excited in engineered structures that

mimic natural surface plasmons; such structures can be compact, and therefore highly

integrable with other structures

[32], [33]

. On-chip THz sensing technology is a highly sensitive

detection approach that can utilize SSPPs in waveguides to thereby intensifying their

interaction with target substances relative to standard waveguides

[34]

. Engineering

micro/nanostructures of metallic materials (e.g., by the use of periodic grooves

[35]

, cylinder

arrays

[36]

, square waveguides and cylindrical rod arrays

[32]

) enables precise control over the
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SSPP dispersion relation and field localization characteristics, offering a viable technical

pathway fordevelopinghigh-sensitivityTHz sensingdevices. Terahertz SSPPstructuresoffer

significant potential for trace substance identification through enhanced fingerprint sensing,

owing to their exceptional capability in electric field localization

[37]

. Although

SSPPs-enhanced THz sensing enables highly sensitive detection of trace substances, their

practical applications still face certain limitations. Conventional SSPPs-enhanced THz

sensing typically employs coupling methods such as tip scattering, prism coupling,

parallel-plate waveguides, and spherical lenses. However, all these approaches suffer from

poor integration, lowcouplingefficiency,andnarrowoperational bandwidth, thussignificantly

constrainingapplications. Achieving broadband spectraloperationwith high-sensitivity trace

substance detection thus remainsacritical challenge for furtherdevelopmentof THz sensing

technologies.

In ourpriorwork, wecoupled free-spaceTHz pulses toa chipusing Vivaldi antennasand

slot-line waveguides, achieving broadbandoperation (0.2-1.15 THz) and high signal-to-noise

ratio in a sensing chip

[22]

. The chip was capable ofmeasuring the fingerprint spectrumof a 1

mg lactosesample. After structural optimization, the chip achieved an extendedoperational

bandwidth (0.2-1.35THz)with ratherhigh sensitivity foralpha lactose (a detection limit of 72

μg/μL in 0.8 μ L suspension, corresponding to 57.6 μ g absolute mass) for biomolecule

detection

[38]

. In this paper, a newdesignof THz sensing chip is implemented based on SSPP

waveguides having a periodic metallic groove. The choice of geometric configuration of the

metallic grooves enables tailoring of the cutoff frequency for sensing. Using α -lactose

monohydrate asan exemplaranalyte with its distinct fingerprint featureof an absorption peak

at 0.53 THz

[39]

, our experiments demonstrate that the SSPP waveguide-integrated sensing

chip achievesa fourfold improvement in the detection limit for tracesubstancescompared to

previous work. It significantly enhances sensitivity while maintaining broad bandwidth,

overcoming the limitation of traditional plasmonic sensors in simultaneouslyachieving high

integration, high coupling efficiency, broad bandwidth, and high sensitivity. Consistent

agreement between simulated and experimental data, supported by repeat experiments,

validate thesensorchip's stability andoperational reproducibility. Ourhighly sensitive, highly

stable, frequency-tunable, and low-cost integrated sensing chip thusopensnewpossibilities

for on-chip THz spectroscopy in trace substance detection, with potential applications

rangingfrompharmaceuticalanalysistosecurityscreening.

Experimental Section

SensingChipFabrication

The sensing chip was fabricated using a lift-off technique. A 13-μm-thick polyimide (PI) film

wasfirst laminatedontoa 450-μm-thick n-typedopedsiliconwafer (resistivity of 1-10Ω/cm).

To enable nondestructive PI film detachment, an AR-N 4340 sacrificial adhesive layer

(identical to the UV mask exposure photoresist) was applied to the silicon wafer. Then, a

1.4-μm-thick second layer of AR-N 4340 photoresist was spin-coated onto the PI film and

baked at 90 °C for 60 s to remove residual solvents. The pattern was transferred onto the

photoresist by the UV light exposure through a photomask using an exposure dose of 140

mJ/cm² . A 10-nm-thick titanium layer, a 300-nm-thick silver layer, and then a 10-nm-thick

titaniumlayerwereeachdepositedsequentiallyontopof thepartiallycoveredPIsubstrateand
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the patterned photoresist surface by electron-beam evaporation. The initial titanium layer

servesasabonding interlayer toenhancePI-silveradhesion,while thesubsequently deposited

titanium layer functions as ananti-oxidation barrier for the silver layer. The highly conductive

silver layereffectivelyminimizesOhmic losses. Finally, the photoresist layerwasdissolved in

acetone, followed by rinsing with deionized water (DI-H₂O), therebycompleting the fabrication

of the sensingchipwith a13-μm-thickPI film as thesubstrate.Detailedcrosssection diagram

canbefoundinSupportingInformationFigureS1.

THzTime-DomainSpectroscopyMeasurements

Our terahertz time-domain spectroscopy (THz-TDS) system utilized a 1560 nm wavelength

femtosecond fiber laser (TERA K15, Menlo Systems Corp, pulse duration<90 fs) as its light

source. Theexperimental setup comprised the following keycomponents: (i) a fiber-coupled

THz receiver, (ii) a fiber-coupled THz emitter, and (iii) a low-loss expanded polystyrene (EPS)

foamsampleholderspecifically designed forouron-chipmeasurements.Between0.2-2THz,

the refractive indexof EPS foamat10kg/m

3

is1.006,which isvery close tothe refractive index

ofair.Overthesamefrequencyrange, theabsorption of theEPSfoamisbelow0.35cm

-1

.Thus,

the EPS foam does not noticeably affect terahertz wave propagation while serving as an

effective structural support without altering the transmission

[38]

.To eliminate atmospheric

moisture effects, all measurements were performed at ambient temperature in a

nitrogen-filledacrylicbox.

Numericalsimulationof theTHzsensingchipperformance.

Our simulation results were obtained using CSTMicrowave Studio. In this numericalmodel,

both substrate (PI) and metal (Ag) were treated as lossy materials from the CST material

library, while the simulation boundary conditions were set as “open” . The so-chosen

permittivity of polyimidewas1 THz is ε=ε′+iε′ ′ , where ε′=3.4215 and ε ′ ′=0.0095

[40]

.while the

conductivityofsilverwas6.3012×10

7

S/m.

Solutiontitration-basedsensingmeasurement

α -Lactose monohydrate (samples with mass of 0.0901 g, 0.1802 g, 0.3604 g, and 0.5406 g)

were each individually dissolved in 5mLof anhydrousethanol with thoroughmixing to form

homogeneoussuspensionsatconcentrationsof18μg/μL,36μg/μL,72μg/μL,and108μg/μL,

respectively. Droplets (0.8 μ g) of the suspension with different concentrations were then

pipettedonto theSSPPwaveguidesurfaceusingamicropipette.Aftertheethanolevaporated,

THz-TDSmeasurements were performed using the sensing chip with the deposited sample.

TheacquiredTHz-TDS signalswereprocessed via fast Fourier transform (FFT) toextract their

characteristic spectra.Topreventcross-contamination,eachconcentrationwasmeasuredon

anindependent chip,withall chipsexhibitinghighconsistency.

ResultsandDiscussion

DesignoftheSSPPWaveguide-integratedTHzSensingChip.

Our SSPP-enhanced sensor chip architecture (Figure 1a) consisted of three functional

sections: (1)coupling regionswithVivaldi antennas for free-space-to-chipTHzpulsecoupling

(see Figure S2 for details), (2) a slotline waveguide for signal transmission, and (3) an

interaction region featuring SSPP waveguides for field enhancement. The Vivaldi antenna

features a structure composed of a narrow slotline that flares out exponentially into a wider

aperture. This design allows the antenna to radiate or receive electromagnetic waves
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effectively. Due to its exponentially tapered slot line, different sections of this antenna are

responsible for radiating/receivingatdifferent frequencies.The incidentTHzbeamis focused

bya lens toachieveafavorable transverseGaussian profile, enablingefficient reception by the

input antennaandcoupling onto thesensingchip. The SSPPwaveguideconsistsofa periodic

metallicgroovestructuresandwichedbetweentwo transitionregionsonbothends,asshown

in Figure 1(b). The SSPP waveguides designed for this work featured periodic rectangular

grooves with two depth configurations (SSPP1: 25 μm, SSPP2: 50 μm) exhibiting cutoff

frequencies of 1.0 THz and 0.7 THz, respectively. The two waveguides differed only in the

depth of themetal grooves, while theirperiod length p,groovewidth a, andnumberof periods

remained identical. Thecorrespondingparametersof the twoSSPPwaveguidesare listed in

Table1.Themetallicgroovestructureenhancestheconfinementof theelectromagneticwave

on the target analyte by reducing the wave propagation speed in the chip. This approach

preserves the chip's transmission coefficient while resolving the momentum mismatch

between the slot-line waveguideand plasmonicwaveguide. Consequently, the sensingchip's

detectioncapability isenhancedforsmall volumeanalytes.

FieldConfinementandPropagationCharacteristics.

Tovalidate thestrong field confinement effect ofourSSPPwaveguides, theelectric field

intensitywasnumerically simulatedandcomparedwiththat ofaslotlinewaveguide, as shown

inFigure2.Thedenserelectric fieldvectorarrowsontheSSPPwaveguidecomparedtothose

on the slotline waveguide indicate stronger electromagnetic field intensity during

propagation. While both SSPP1 and SSPP2 demonstrate comparable densities of electric

fieldvectorarrows,SSPP2exhibitsasignificantlystrongerelectricfieldintensity,asconfirmed

by the absolute electric field magnitude results in Figure 2. Simulation results demonstrate

that the SSPP waveguide with metallic grooves demonstrates significantly stronger

electromagnetic field confinement than the slotline waveguide, resulting in an enhanced

light-matter interaction. This intense fielddirectly amplifiesthe interactionwith thevibrational

dipoles of analyte molecules. A stronger interaction force leads to a more pronounced

perturbationof theTHzwave, resulting ina deeperandmoredistinct characteristicabsorption

peak, which is crucial for detecting trace amounts. Furthermore, deeper grooves provide

stronger localized field enhancement (see Figure S3), which leads to more pronounced

confinementeffectsinSSPPwaveguideswith lowercutoff frequencies.

Dispersion curves, transmission, and reflection coefficients were also simulated for the

two transmissionmodesof theSSPPwaveguides,withthe resultspresented in Figure3. The

dispersion curves for the two modes show a considerable separation. This aspect is

particularly pronounced for SSPP2. The resultingmomentummismatch effectively prevents

intermodalcrosstalk, enablingpureSSPPpropagationand reliablesensingchipperformance.

Figure3(c)showstheSSPP1waveguide transmissionremainsabove -2dBacross0.4-1.0THz

while reflection stays below -10 dB across this bandwidth. Similarly, SSPP2 demonstrates

transmission remains above -2.5 dB from 0.3-0.6 THz, with corresponding reflection stays

below -10 dB (Figure 3d). These results indicate that both waveguide designs achieve low

reflection lossand effectively support SSPPpropagationmodes. Additionally, an increase in

thedepthof themetalgroove is accompaniedbya decrease in thewavepropagation velocity.

Thisreduction in propagationspeed increases the interaction timebetweentheTHzwaveand
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the analyte molecules in the sensing region, thereby enhancing the signal strength. This

temporal enhancement, combinedwiththe spatial field enhancement, synergistically boosts

the total energyexchange,makingthefingerprintsignalmoredetectableabove thenoisefloor.

StructuralOptimizationofthemetallicgroove.

To furtheroptimize the transmission performanceof the SSPPwaveguides,we designed

threekindsofgroovestructureswith different configurationsandsimulatedeachnumerically,

as illustrated in Figure4.Three structuresarecompared: abilaterally symmetric structurewith

grooves, a bilateral asymmetric structure with offset grooves, and a unilateral structure with

grooves. Figure4(d) shows that the simulateddispersion curvesof fundamentalmode (FM)

and high-order mode (HOM) in bilateral groove structures (including both symmetric and

asymmetric offset configurations) areclosely spaced. This indicates that the phasevelocity

between the two transmission modes is small, which makes interference between

transmissionslikely tooccur. Incomparison,theunilateralmetalgroovestructureensuresthat

the dispersion curves of fundamental mode and high-order mode remain sufficiently

separated. As a result, the SSPP waveguides supported by this structure can effectively

suppress inter-mode crosstalk, maintainmode singularity, and thereby improve the spectral

smoothnessandbroadbandcharacteristics.

ToinvestigatetheeffectofmetalgroovedepthontheSSPPs,wesimulatedthedispersion

curves forperiodicmetal grooveswithdepths ranging from20 to60μm,whilemaintaininga

fixed groove period (p = 90 μm) and width (a = 60 μm), as shown in Figure 5(a). The

experimental data demonstrate a clear inverse correlation between the cutoff frequency of

SSPPwaveguidesandgroovedepth. At small groovedepths, thewaveguideexhibits relatively

high cutoff frequencies, indicatingweakerconfinementof theelectromagnetic fieldwithinthe

metallic grooves. Simulation results of the maximum electric field under different groove

depthsalsodemonstrate this(seeFigure S3). Theweakerconfinement consequently reduces

the transmission efficiency of SSPPs. As the groove depth increases, the cutoff frequency

decreases monotonically and drops to approximately 0.6 THz at a depth of 60 μm. This

phenomenon demonstrates that deeper groove structures can significantly enhance the

confinement capability for SSPP waveguides, thereby effectively reducing their cutoff

frequency. These results conclusively establish the groove depth as a critical structural

parameterforcontrollingthecutofffrequencyofsensingchip.

Atransitionregionwasdesignedat the junctionbetweentheslotlineandgroove. Toverify

the necessity of the transition region, simulations were conducted for two plasmon

waveguides (matched and mismatched) to compare their transmission and reflection

coefficients in Figure 5. Although transmission coefficients of the two waveguides are

comparable, thecurve of themismatchedwaveguideexhibits significant fluctuations. These

fluctuations arise from the momentummismatch between the regions of SSPP waveguide

and theslotlinewaveguide.Compared with themismatchedwaveguide, thematcheddesign

achieves significantly better momentum matching, which manifests as smoother

transmission coefficient curves and improved transmission performance. This behavior is

similarly observed in the reflection spectra. The mismatched SSPP waveguide exhibits

reflection coefficients consistently above -5 dB (blue curve), whereas the matched SSPP

waveguide demonstrates significantly improved performance with reflection coefficients

above -10dB (red line) across themeasured frequency range. These results confirm that the



7

transition region effectively facilitates momentum matching between the regions of SSPP

waveguideand theslotlinewaveguide. The transitionregion consistsofmetallic grooveswith

progressivelyincreasingdepths,whichsimultaneouslysupportsSSPPandslotlinewaveguide

propagation modes. The shallow-groove region predominantly supports slotline waveguide

modes, while increasing groove depth induces a gradual transition to SSPP waveguide

propagationmodes.

The enhanced sensing performance is the result of an optimized signal path. The THz

wavesarecoupled on-chip by Vivaldi antennasandare transferred to theSSPPwaveguide via

a transition region. The core enhancement occurs within the SSPP waveguide, where the

periodicmetallic grooves simultaneously confine the electromagnetic field and decrease the

wave propagation velocity. This combination of enhanced field confinement and prolonged

interaction time dramatically boosts the light-matter interaction, ultimately resulting in a

substantial increaseinthechip'ssensitivity.

ManufacturingandCharacterizationofTHzSensingChips.

Based on the above design principles, the fabrication of the plasmonic waveguide-based

sensingchip wasachieved throughmicro/nanofabrication processes including spin coating,

soft baking, UV exposure, post-exposure baking, development, and electron-beam

evaporation deposition. Figure 6 shows optical microscopy images of the sensing chip

integrated with SSPP waveguides, where (a) and (b) display the full waveguide

characterization of SSPP1 and SSPP2, respectively. The SSPP waveguide exhibits a high

degreeof fabrication integrityanddemonstratesexcellent interconnectionwithcurvedgroove

waveguides,with noobservablewrinkling for the regionsofbend.Figure6showsthe localized

characterization images of metallic grooves in SSPP1 and SSPP2 waveguides. As

demonstrated,all fabricatedmetallicgroovesexhibitexcellentqualitywithwell-definededges

and consistent uniformity. The as-fabricated SSPP1 and SSPP2 sensing chips were first

characterized under unloaded conditions using a THz-TDS system. The corresponding

spectraobtainedbyaFastFourierTransform(FFT)aredisplayedinFigures6.Thepronounced

dip at 1.0 THz in the spectral curve of the SSPP1 sensing chip (Figure 6e) shows a cutoff

frequencyat1.0THz,whichagreeswellwithsimulationresults.Themeasuredspectralcurve

exhibits a smooth profile across the 0.1–1.0 THz frequency range, thereby demonstrating

excellent momentum matching between the SSPP waveguide and the slotline waveguide.

Moreover, the spectral curves measured by three different sensor chips show excellent

agreement, indicating that the sensor chip with SSPP waveguide exhibits high testing

repeatability and stability. The spectral curveof theSSPP2sensingchip in Figure 6(f) exhibits

a distinct dip at 0.7 THz, matching the simulated cutoff frequency. Furthermore, the spectral

curvesof the three sensingchipsin the figureshowexcellent consistency, demonstrating that

the SSPP2chipalsoachieveshigh reliability and repeatability.Wenote that the spectral curve

ofSSPP2sensingchip inthe0.1-0.7THzrangeexhibitedslight fluctuations,whichweassume

arise because the metallic grooves of SSPP2 have a greater depth, meaning the

(length-constrained) transition region in this chip cannot achieve idealmomentummatching

betweentheSSPP andslot-linewaveguides, resulting in someresidualmomentummismatch.

Nevertheless, this issuedidnotaffect itsperformance insubsequentapplicationtesting.

PerformanceEvaluationofTraceAnalysis

To validate thesensingcapability of the chip for trace-level detection,α-lactosemonohydrate
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was employed as amodel analyte for sensing tests. The α-Lactosemonohydrate is ideal for

verifying thechip's trace-detection capabilitybecauseof its highstability, non-toxicity, distinct

low-frequency terahertz fingerprints, and its narrow 0.53 THz absorption peak that we note

slightly exceeds the SSPP waveguide's cutoff frequency. Figure 7 displays the spectral

responses of different types of sensing chips to α -lactose monohydrate at varying

concentrations. The black, red, and blue curves show the sensing results for chipswith a slot

waveguide, a 1.0-THz-cutoff plasmonic waveguide, and a 0.7-THz-cutoff plasmonic

waveguide, respectively. All three sensor chips demonstrate increasingly sharper

characteristic lactoseabsorptionpeakswithhighermassesofaddedlactosepowder.Figure7

shows thesensingresultsforα-lactosemonohydrateat concentrationsof 108μg/μLand72

μg/μL.When lactosepowderof thesamemass/concentration isadded, the imageshows that

the absorption peak intensity measured by the sensing chip with an SSPP waveguide is

stronger than thatwith only a slotwaveguide.Moreover, the lactoseabsorption peak intensity

measured with the SSPP2 sensing chip is stronger than that of SSPP1. This result indicates

that the SSPP's field confinement effect further enhances the interaction betweenTHzwaves

and lactose, which in turn improves the sensitivity of the sensing chip. Furthermore, the

broadbandmeasurements (Fig. 7) capturedabroadspectral profile. Theobservedspectrum

ofthe lactosesamplematchestheknownfingerprint ofpurelactose,withcharacteristicpeaks

appearing at expectedpositions (e.g., 0.53 THz).Moreover, noextraneousabsorption signals

were detected, indicating high sample purity. This result demonstrates the advantage of a

widerbandwidthfordetectingtracesubstances.

Figure 7(c) presents the frequency response spectra obtained from three different sensing

chipsafterdepositing28.8μgoflactosepowder(0.8μLofa36μg/μLlactosesuspension)on

the sensorsurface. The figure shows that the absorption peak intensityof lactosemeasured

by the slot waveguide sensingchip is notablyweak,whereas the SSPPwaveguide-basedchip

detects a significantly stronger characteristic absorption peak. Figure 7(d) displays the

spectral curves measured by three different sensing chips after adding 14.4 μ g lactose

powder. Under these conditions, the groovewaveguide sensingchip fails to detect lactose's

characteristic absorption peak. The SSPP1 sensing chip shows relatively weak absorption

peaks, whereas the SSPP2 chip still exhibits significantly stronger characteristic peaks for

lactose. These results demonstrateboth that: (i)SSPPsenhance thechip's sensingcapability,

enablingfingerprint-spectrumdetectionofsmall-masspowdersamples,and(ii)a lowercutoff

frequency of the SSPP waveguide reduces the detectable mass limit, thereby improving

sensing performance. The lower the cutoff frequency of a SSPP waveguide, the deeper its

metallic grooves. This increased groove depth improves the confinement of SPP modes,

therebyenhancingthe interactionbetweenelectromagneticwavesandmatter.

Table 2comparesbroadband THz spectroscopystudiesona-lactosemonohydrate, including

free-space and on-chip THz-TDSmethods. Compared with other studies, the proposed THz

sensing chip has quadrupled the sensitivity and reduced the lactose concentration required

fordetection.

Conclusions

In summary, a broadbandTHzsensingchip exhibitinghigh sensitivitywas implementedusing

engineered SSPP waveguides with periodic metallic grooves, demonstrating enhanced
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spectral resolution in trace substance detection. Simulations and experiments results

demonstrate that the field-confined SSPP waveguides enable impedance matching with

slot-line waveguides, significantly enhancing terahertz wave-matter interaction to enable

highly sensitive trace substance detection. The cutoff frequency of SSPP sensing chip can be

precisely tailored by engineering periodic metallic groove geometries, thereby facilitating

substance-specific fingerprint detection. The field confinement effect exhibits a positive

correlation with metallic groove depth in SSPP waveguides, leading to progressively lower

detection threshold. Using solution titration, we applied 14.4 μg of α -lactose mono-hydrate

anddetected itscharacteristicabsorption features at concentration aslow as 18μg/μL. The

SSPP sensing chip with distinct cutoff frequencies demonstrated consistent reproducibility

andmeasurementstability across multiple samples from the same batch. This work proposes

an innovative design strategy for the THz sensing chips, providing critical insights for

advancingTHz spectroscopyapplicationsin tracesubstancedetection.

SupportingInformation

Detailed cross section diagram (Figure S1), function curve of the Vivaldi antenna (Figure S2),

andmaximumfieldversusgroovedepth (Figure S3).
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Figure 1.Schematic of the SSPPwaveguide-integratedTHz sensing chip. (a) THz pulsesare

coupled into and out of the sensing chip via Vivaldi antennas. A transition region facilitates

gradual transmissionmode conversion fromslotline waveguidemodes toa SSPPwaveguide

mode. (b) Detail diagramsof two kind of SSPPwaveguide grooves. Detailed parametersare

listed inTable1.

Figure 2. Simulation results for the slotline and SSPP waveguide. The instantaneouselectric

field vectordiagramsof theslotline(a), SSPP1(b), andSSPP2 (c)waveguide. Theelectric field

of the slotline(d), SSPP1(e), and SSPP2(f) waveguide at 0.5 THz. (Electric field strength≥

1e+06isshowninredforcontrast.)

Figure3.Simulation resultsfor theSSPP1andSSPP2waveguide.Thedispersioncurvesof the

two transmissionmodes in the SSPP1(a) andSSPP2(b)waveguide. SimulatedS-parameters

fortheSSPP1(c)andSSPP2(d)waveguide.

Figure 4. Schematic diagrams and simulated curves of metal groove units with different

structures. Threestructural units: (a)bilaterally symmetric grooves, (b) bilaterally asymmetric

grooves, and (c) unilateral grooves. (d) Simulated dispersion curves of the three structures

under fundamentalmode(FM)andhigh-ordermode(HOM).

Figure 5. Simulated results of SSPP waveguide with different depths of metal grooves. (a)

Simulation results of periodic groove structures at different depths. Transmission (b) and

reflection(c)coefficientsof thematchedandmismatchedwaveguide.

Figure 6.Full viewand locally magnified opticalmicroscope imagesof the SSPP1 (a, c) and

SSPP2 (b,d)waveguidesensingchips.Theblackspotsaredustparticlesonthepolyimidefilm,

and they have no significant impact on the performance of the sensing chip.

Frequency-domain signals of SSPP1 (e) and SSPP2 (f) sensing chips in zero loading

conditions(withoutanalyte).



14

Figure7.The detectedabsorption fingerprintsofα-lactosemonohydrateat 108μg/μL (a),72

μg/μL(b),36μg/μL (c),and18μg/μL(d) concentrationsfordifferentsensingchips.

Table1.Geometric parametersof theSSPP waveguide’smetallic groovestructure.

SSPP1 5 10 15 20 25 30 40 20

SSPP2 10 20 30 40 50 60 40 20

: period length; : groove width; / : depth of periodic metallic grooves; / : depth of

transition region (n=1,2,3,4,5).

Table 2. Comparison of trace substance detection capabilities in the THz spectroscopy

studies.

ID Couplingmode

Frequency

range

Detectionlimit Sample(form) Year Study

1 free-space 0〜2.0THz 10mg α-lactose 2022 [41]

2

scatteringedge

coupling

0.4-1.4THz Notspecified

α-lactose

(powder)

2014 [39]

3

parallel-plate

waveguide

0.1-1.0THz 5.5mg

acetone,methanol,ethanol

(solutiontitration)

2017 [42]

4 prismcoupling 0.2-1.0THz Notspecified water,gasoline 2019 [43]

5

on-chip

(vivaldi antenna)

0.2-1.15THz 1.0mg

α-lactose

(powder)

2023 [22]

6

on-chip

(extendedcircular)

0.2-1.35THz 57.6μg

α-lactose

(solutiontitration)

2024 [38]

7

on-chip

(metallicgroove)

0.3-0.7THz 14.4μg

α-lactose

(solutiontitration)

2025

this

study


