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Angular dependent terahertz emission
from the interplay between nanocrystal
diamond film and plasmonic metasurface

Shuangquan Fang,1,7,* Wenpeng Guo,1,2 Yuanyuan Huang,3,* Mingjian Shi,3 Xuezeng Tian,2

Baogang Quan,2,5,6,* Xinlong Xu,3,* Jian Yi,4 Nan Jiang,4 and Changzhi Gu2

SUMMARY

Composite structures integrated with metasurfaces and nonlinear films have emerged as alternative can-
didates to enhance nonlinear response. The cooperative interaction between the two components is
complicated. Herein, a split-ring resonator (SRR)-type metasurface was fabricated on a free-standing
nanocrystal diamond (NCD) film utilizing electron beam lithography, electron beam evaporation, and a
lift-off process. The terahertz (THz) radiation from the SRR-NCD under normal incidence originates
from the high-order magnetic resonance of SRR because the NCD film cannot produce detectable THz ra-
diation at this incident angle. As increasing the incident angle, the contribution of the THz radiation from
the NCD film gradually increases until reaching 40� incident angle limitation. The results indicate that this
angular-dependent THz radiation is induced by the interplay between the NCD film and SRR. This study
offers a new approach to investigate nonlinear processes in composite structures.

INTRODUCTION

In recent decades, due to the growth of photonics technology and semiconductor crystal growth technology, increasing types of materials

produce terahertz (THz) emission under femtosecond optical pulse excitation, such as graphene,1,2 transition metal dichalcogenides,3,4 and

Te nanotube.5 Recent progress in plasmonic metasurfaces has allowed for efficient THz generation.6–8 The split-ring resonator (SRR)-type

metasurface is one of commonly used plasmonic metasurfaces. The nonlinear photocurrent induced by the symmetry breaking of the SRR

allows it to produce strong THz radiation at normal incidence.9–11 Meanwhile, metasurfaces can be easily integrated with other nonlinear ma-

terials or films using nano-manufacturing techniques. Integrating metasurfaces with other nonlinear materials, such as multi-quantum-well

structures12,13 or epsilon-near-zero films,14 have emerged as alternative candidates to enhance nonlinear response. These integrated devices

work at room temperature, can produce broadband THz radiation under femtosecond laser irradiation, which is expected to be a broadband

THz source that can be used for bio-detection. In addition, this type of device allows to obtain control over the characteristics of the emitted

THz radiation and can be integrated in compact systems. Nanocrystal diamond (NCD) film is an emerging functional carbon nanomaterial,

experiencing excellent properties of diamond and unique properties of nanomaterials, such as a small size effect, surface effect, and quantum

effect. These effects allow NCD films to acquire new electronic and optical properties that are unavailable in bulk diamond.15,16 In addition,

NCD can achieve enhanced nonlinear optical effects because of the small grain size and presence of surfaces, making it useful in potential

applications, such as optical switching and wavelength conversion.17 Several reports have been published on the nonlinear optical properties

of NCD films, such as second- and third-harmonic generation.17–19 Moreover, the high carrier mobility and high damage threshold of NCD

films have led to investigation of the THz emission of NCD films. Recently, Xue et al. successfully detected THz emission from micro/nano-

crystal diamond film under femtosecond optical pulses excitation.20 As an emerging thin film material, NCD films can be combined with

SRR, and the THz generation process from this composite structure attracts our attention.

Studying the THz generation mechanism is critical. THz radiation can be induced by linear or nonlinear processes on materials under

femtosecond pulse excitation, such as diffusion and drift carrier,21 photo-Dember effect,22 optical rectification,23 and photon drag effect.24

The dominant process varies with the material and pump conditions. In many scenarios, several physical processes occur simultaneously in

semiconductors under femtosecond pulse excitation, such as the competition between surface optical rectification and surface photocurrent
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in MoS2
3 as well as the interplay between the photon drag effect and photogalvanic effect in tellurium nanotubes.5 Compared to single ma-

terials, the THz generation process in composite structures is complicated because the generation effects of the constituent materials are

often coupled with each other. The interplay between different nonlinear effects in composite structures has been less reported.25 These is-

sues limit the development of composite THz emitting devices. In addition, the THz emission dependence on the incident angle varies for

different materials. For instance, the THz emission from GaAs is proportional to the incident angle and reverses in polarity after changing

the incident angle into opposite direction,3 while the THz amplitude from SnS2 decreases from �40� to 40� without polarity reversal.4 The
difference in THz dependence on the incident angle reflects the difference in the THz generationmechanism. Angular-resolved THz emission

spectra obtained by accepting spectroscopic information emitted in different directions can further assist in the analysis of nonlinear pro-

cesses in materials.

Herein, we have investigated the THz emission properties of a metasurface composed of an SRR array and free-standing NCD film (SRR-

NCD). The angular dependence of THz emission from SRR-NCDswas investigated under a femtosecond laser excitation. The THz emission of

the SRR-NCD exhibits 2-fold rotational symmetry with the polarization angle and 3-fold rotational symmetry with regard to the azimuthal

angle at incident angles of 0� and 40�. Combined with the THz radiation dependences on the pump fluence and incident angle, we have

confirmed that the THz radiation from the SRR-NCD originates from the cooperative interaction of the SRR and NCD film under oblique inci-

dence. Additionally, by investigating the THz radiation dependence on the incident angle for the SRR, NCD, and SRR-NCD films, the THz

radiation contribution ratio between the SRR and NCD films can be calculated. The contribution ratio of the NCD film to the SRR for THz

emission is 2.5:1 at 40� incidence. This study lays a foundation for the potential applications of SRR-NCDs in functional THz emission devices.

Experiments and methods

Metasurface design and fabrication

The SRR hasmultiple resonancemodeswhich can be excited at different wavelengths.26,27 In this experiment, the output amplified laser pulse

of the THz emission spectroscopy setup is a central wavelength of 800 nm. The metasurface shape should be designed to induce magnetic

mode resonance under femtosecond (fs) pulse excitation.9 As such, the obvious selection would be SRRs for THz generation in most of the

reported works. The core structural parameters are lattice constants and SRR lengths. On the one hand, as increasing the lattice constant, the

resonant strength decreases to some extent due to reduced interaction between the SRRs, while the resonant frequency remains un-

changed.28 On the other hand, the SRRs are equivalent to a typical inductor-capacitor (LC) resonant circuit of resonant frequency f =

1/2p(LC)1/2, where L and C are the equivalent inductance and the equivalent capacitance of the SRR gap.28 Thus, the resonant frequency

is inversely proportional to the unit cell sizes, which should be matched to the excitation wavelength to induce electromagnetic resonance.

Therefore, the dimensions of the SRR were determined by CST Studio Suite 2016 with parametric scanning, making its high-order resonant

mode can be excited at 800 nm. Figure 1A shows the dimension schematic of the designed SRR. The simulated linear transmission through

the SRR (Figure 1B) presents a resonant dip at 800 nm for polarization parallel to the base of the SRR.

Figure 1. Design and fabrication of the SRR-NCD

(A) Typical SRR dimensions.

(B) Simulated transmission spectra of the SRR for horizontal (blue) and vertical polarizations (red) (relative to the SRR orientation in A).

(C) Schematic illustration of the fabrication flowchart of the SRR-NCD.
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The detailed fabrication process of the SRR-NCD is shown in Figure 1C. A p-type (100) silicon wafer was cleaned with acetone, ethyl alcohol,

and deionizedwater (DW) using an ultrasonic cleaner, and then dried on a hot plate. Thereafter, anNCD filmwith 4 mm-thickness was deposited

on the silicon substrate surface utilizing a hot filament chemical vapor deposition system (HFCVD) (Step I). Figure S1 shows the Raman spectros-

copy and ellipsometric characterization of the NCD film. The SRR-type metasurface on the NCD filmwas fabricated using electron-beam lithog-

raphy (EBL) and electron-beam evaporation (EBE), followed by a lift-off procedure. The silicon wafer with the NCD film was spin-coated with

polymethyl methacrylate (PMMA) and ethyl lactate (EL) bilayer electron-beam resist, and then exposed in an EBL system (JEOL, 6300FS)

(Step II). The exposed wafer was developed using a MIBK/IPA developer to obtain the SRR array pattern. Subsequently, a metallic film of

5 nm Ti and 60 nm Au was deposited by an EBE system (Step III). After deposition, a lift-off process was performed to obtain the SRR structure

(Step IV). Finally, in order to eliminate the influence of the silicon substrate on the measurement, the silicon substrate was removed by a nitric

acid/hydrofluoric acidmixtureusingparaffin as amask (StepV). SEM images of the SRR-NCDare shown in Figure S2 in supplemental information.

Experimental setup of the terahertz emission spectroscopy

A THz emission spectroscopy system (Figure S3) was used to measure the THz emission characteristics of the SRR-NCD. Figure 2 shows a

simplified diagram of the THz radiation generated by the SRR-NCD under an 800 nm fs pulse excitation, where XYZ is the laboratory coor-

dinate system. The incident angle is labeled as q, which is between the incident wave vector and the normal of the sample, and can be

changed by spinning the sample in the XZ plane. The sample can be rotated in the XY plane to alter the azimuthal angle a. The polarization

angle b was controlled using a half-wave plate (HWP). Figures 2B–2D are typical THz time-domain signals measured with varied incident

angle, azimuthal angle, and polarization angle, respectively.

RESULTS AND DISCUSSION

THz emission from the SRR-NCD under 0� and 40� incidences
The THz emission measurement of the SRR-NCD was performed with an 800 nm fs pulse at a fixed pump fluence of 0.48 mJ/cm2. Figures 3A

and 3B show the time-domain signals of the THz emission excited by the p- (Pin) and s-polarized (Sin) pumpbeams under 0� and 40� incidence,
respectively. With the limitation by our experimental configuration, although the THz emission signal will further increase as the increasing of

incident angle, we currently focus on the results of 40� incidence. According to Figure 3A, the observable THz emission is generated under Pin
excitation with a normal incident angle, while no THz radiation is detected under Sin excitation. However, THz emission can be excited by both

Pin and Sin excitations under 40
� incidence (Figure 3B). At normal incidence, the spectral bandwidth of the THz radiation excited by p-polar-

ization is �2 THz, whereas no significant THz radiation can be observed under s-polarization excitation (Figure 3C). For THz emission under

40� incidence, the spectral bandwidth is typically equal (�2 THz) under Pin and Sin excitations; however, the intensity of the THz radiation pro-

duced under Pin illumination is larger than that under Sin illumination, and the THz waveform polarities are reversed under Pin and Sin excita-

tions. Therefore, the THz radiation under both 0� and 40� incidences is dependent on the polarization condition of the pump beam. This

comes after one of the key characteristics of second-order nonlinear optical effects, such as photon drag effect or photogalvanic effect.2,29

Figure 2. Simplified diagram of angle-resolved THz measurement

(A) Diagram of experimental setup for the THz generation. The angles q, a, and b represent the incident angle, azimuthal angle, and polarization angle,

respectively.

(B–D) Typical THz time-domain signals measured with varied incident angle, azimuthal angle, and polarization angle, respectively.
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We can tentatively deduce that the THz radiation mechanism of the SRR-NCD is relevant to the nonlinear optical effect. However, the SRR-

NCD exhibits a significant difference in THz radiation at 0� and 40� incidence. This perhaps connected to different nonlinear optical effects.

Meanwhile, according to the current measurement from Lock-in amplifier, the absolute value THz electric field of the SRR-NCD has been ob-

tained as 102 V/m, which is larger than the absolute THz electric field of the MoS2 crystal of 96.72 V/m30 and WSe2 of 23.15 V/m.31 The peak

power of the THz radiation is estimated as PTHz(SRR-NCD) = 10.8 mW (see the detailed calculation in supplemental information).

Since the pump fluence dependence of the THz amplitude can distinguish the linear and nonlinear processes in materials,5 we have inves-

tigated the THz radiation of the SRR-NCD in relation to the pump fluence under 0� and 40� incidence.With the pump fluence increasing from

0.19 mJ/cm2 to 0.76 mJ/cm2, the THz amplitude of the SRR-NCD increases linearly with the pump fluence under 0� and 40� incidences, as
shown in Figure 4A. We can confirm that the THz radiation from the SRR-NCD is dominated by the second-order nonlinear optical effects,

because the amplitude of the THz radiation is quadratic with the pump electric field by employing ETHzfEðuÞ$EðuÞ$cð2ÞfIpump.
30

Polarization dependence of THz generation under 0� and 40� incidences
To further identify the relationship between the THz emission of the SRR-NCD and pump beam polarization states, we have measured the THz

amplitude of the SRR-NCD varyingwith the polarization angle (b in Figure 2A) under 0� (Figure 4C) and 40� (Figure 4F) incidences. For direct com-

parison, thepolarizationangledependenceof THzamplitudewasalso recorded for thebareNCDfilm (Figure4D)andSRRat 0� (Figure4B) and40�

(Figure 4E) incidences. The polarization angle is varied from 0� to 360� (0�, 180�, and 360� correspond to Pin excitation, while 90� and 270� corre-
spond to Sin excitation). As shown in Figure 4C, the THz emission of the SRR-NCD at normal incidence exhibits 2-fold rotational symmetry with

varying b in the whole range. The maximum value of the THz radiation presents at Pin excitation, and the upper bound (close to zero) occurs at

Sin excitation. Suchdependence is consistentwith theSRR, as shown in Figure4B.When theSRR is illuminatedunder Sin excitation, only theelectric

dipole resonance can be excited. In this mode, the nonlinear currents are out of phase, hence interfering destructively.9 As a result, there isn’t any

THz emission visible in the far field. As shown in Figure 4F, the THz radiation of the SRR-NCD also demonstrates 2-fold rotational symmetry at 40�

incidence. However, the THz emission under the Sin excitation is not zero and transfers toward the positive direction (as noted by the red arrow in

Figure 4F). This is because the symmetry of the SRR’s electric dipole resonance mode is broken under the oblique incidence, which enables

the detection of THz radiation (Figure 4E). Additionally, the NCD film does not contribute to the amplitude shift because the THz radiation

of the NCD film under Pin and Sin excitation is different in amplitude but same in polarity (both present negative values in Figure 4D). Moreover,

the THz emission of the SRR-NCD excited by the Pin pump beam enhances and significantly transfers toward the negative direction (as noted

by the blue arrow in Figure 4F) under 40� incidence. At an incident angle of 40�, the NCD film exhibit strong THz radiation under Pin excitation.

Thus, the shift was owing to the NCD film. According to the aforementioned findings, the SRR metasurface primarily contributes to the THz gen-

eration of the SRR-NCDmetasurface under normal incidence, whereas the THz generation under oblique incidence originates from the cooper-

ative contact between the SRR metasurface and NCD film.

Azimuthal angle dependence of THz generation under under 0� and 40� incidences
Onaccountof thepreviousanalysis, theTHzemission fromtheSRR-NCDcanbeconsideredas thecooperative interactionof thenonlinear current

in the SRR and NCD. The nonlinear current in the SRR is induced by the ponderomotive acceleration of photoelectrons (see the THz radiation

Figure 3. THz radiation properties from the SRR-NCD under 0� and 40� incidences
(A and B) The time-domain THz pulses from the SRR-NCD excited by p- (Pin, black) and s-polarized (Sin, red) pump beam under (A) 0� and (B) 40� incidences.
(C and D) The corresponding spectral amplitudes generated from the SRR-NCD under (C) 0� and (D) 40� incidences.
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mechanismof the SRRmetasurface in the supplemental information). This nonlinearity changeswith the rotation azimuthal angle because it flows

along the structure. Thus, the THz radiation from the SRR canbe influencedby the azimuthal angle (Figure S5B). However, the nonlinear current in

the NCD film is induced by the photon drag effect.20 Because NCD is a polycrystalline material, the anisotropy of grain orientation enables THz

amplitude to be independent of the azimuthal angle (Figure S4). Therefore, the THz generation mechanism from the SRR-NCD under different

incidences can be further confirmed from the THz emission dependence on the azimuthal angle. The azimuthal angle dependence of THz radi-

ation under 0� and40� incidences aremeasured at a fixedpumpfluenceof 0.48mJ/cm2 (Figure 5). According toFigure 5A, as the azimuthal angle

varied from 0� to 360� under the normal incidence, the THz radiation generated from the SRR-NCD exhibits 3-fold rotational symmetry. This is in

linewith the results of the SRR,which is represented in Figure S5B. Therefore, at normal incidence, the THz emission from the SRR-NCDoriginates

from the SRR. At 40� incidence, the THz emission from the SRR-NCD also exhibits 3-fold rotational symmetry as the azimuthal angle a changed

from0� to 360�. However, the THz radiation from the SRR-NCDunder 40� incidence remainedalmost negative over the entire angle range. This is

different fromtheSRR, inwhich thepolarityof theTHz radiationcan reversewith thechange inazimuthal angle.Moreover, theTHzemissionampli-

tude from the SRR-NCDunder 40� incidence transfers toward the negative direction (as noted by the black arrowhead in Figure 5B). This is attrib-

uted to the contribution of the azimuth-independent photon drag current in the NCD.

Simulation of the angular dependent THz generation

According to the different THz radiation characteristics of the SRR-NCD at different incident angles, we can extract the different contributions

of SRR and NCD to the THz generation at different incident angles, which is consistent with simulation results. The simulations were based on

Figure 4. Pump fluence and polarization angle dependence of THz radiation

(A) Dependence of THz amplitude of the SRR-NCD metasurafce on pump fluence under 0� (black) and 40� (red) incidences. The experimental and fitting results

are depicted with dot and solid lines, respectively.

(B–F) The polarization angle dependences of the THz peak-to-valley values of (B) SRR and (C) SRR-NCD under 0� incidence and (D) NCD, (E) SRR, and (F) SRR-NCD

under 40� incidence.

Figure 5. Azimuthal angle dependence of THz generation from the SRR-NCD under different incident angles

(A) 0� and (B) 40� incidences.
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COMSOL Multiphysics. In this model, both gold and NCD are considered as plasmonic materials that can be quantitatively described by a

Drude model, εNCD(u) = ε
0(u) � iε’’(u) = εN �u2 p/(u2 + iug), where εN is the infinite frequency permittivity, up =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ne2=ðε0mÞ

p
is the plasma

frequency determined by the carrier density n, and g is the collision frequency. For gold, these parameters were set as εN = 1, up = 1.366 3

1016 rad s�1, and g= 1.23 1014 rad s�1.14 For theNCD, these parameters were set as εN= 5.6,up = 2.19813 1013 rad s�1, and g= 5.1173 1011

rad s�1.

The THz radiation of the SRR and SRR-NCDmetasurfaces are related to the strength of the electric field distributions. As show in Figures 6A

and 6B, the electric field Ey component intensity of SRRs at 0� incidence is stronger than that at 40� incidence, which is consistent to the exper-

imental result as the radiated THz amplitude of SRRs at 0� incidence is larger than that at 40� incidence. On the contrary, the Ey electric field

intensity of the SRR-NCDmetasurface at 0� incidence is obviously lower than that at 40� incidence (Figures 6C and 6D), corresponding to the

lower THz amplitude at 0� incidence compared with that at 40� incidence. Due to the interplay between the SRR and NCD film, the electric

field distributions of the SRR-NCDat 40� incidence ismuch larger than that at normal incidence. The simulation resultsmatch the experiments.

The resonancemode corresponding to the previous electric field distribution diagram is given through the surface photocurrents distribution,

as the Ez electric field distributions shown in Figure 6. The resonance modes of SRR and SRR-NCD both exhibit high-order magnetic reso-

nance at different incident angles.32

Evolution of THz radiation contributions

To further analyze the angular-dependent properties of the SRR-NCD, we have measured the dependence of the peak-to-valley values of the

THz emission as a function of the incident angle for the NCD film, SRR, and SRR-NCD (Figure 7A) at a fixed pump fluence of 0.48 mJ/cm2. The

pump beam polarization state was set to p-polarization throughout the duration of the measurement. The THz emission of the NCD film is

proportional to the incident angle in either the positive or negative direction. The negative value indicates that the THz waveform reverses

after changing the incident angle into opposite direction. These reversed polarities indicate the opposite direction of the nonlinear current.

Notably, the THz emission amplitude of the NCD film under normal incidence is zero, which is in line with the characteristics of the photon

drag effect.2 However, the THz amplitude of the SRR is the largest under normal incidence, then decreases in amplitude as increasing the

incident angle. Meanwhile, the THz radiation from the SRR demonstrates no polarity change with an incident angle from�40� to 40�. There-
fore, the direction of the nonlinear current induced by the ponderomotive acceleration of photoelectrons in the SRR is independent of the

incident direction. Compared to NCD, the apparent THz radiation at normal incidence can be observed in SRR-NCD, which suggests the

significant contribution of SRR. Moreover, the THz amplitude of the SRR-NCD film significantly transfers toward the negative direction (as

noted by the blue arrow in Figure 7A) relative to the NCD film. Thus, the THz generation mechanism from the SRR-NCD under oblique inci-

dence is complex.

Based on the previous analysis, SRR-NCD produces angular-dependent THz emission owing to the interplay between the NCD film and

SRR. THz time-domain emission waveforms of the SRR, NCD, and SRR-NCD at three typical incident angles (0�, �40�, and 40�) are shown in

Figure 6. Electric field distributions of SRR-NCD and SRR metasurfaces

Simulated Ez (left panels) and Ey (right panels) components of electric field distributions of the SRRs at (A) normal incidence and (B) 40� incidence, respectively.
Simulated Ez (left panels) and Ey (right panels) components of electric field distributions of the SRR-NCD at (C) normal incidence and (D) 40� incidence,

respectively. The flowing directions of surface currents are labeled by the blue arrows.
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Figures 6C, 6D, and 7B, respectively. As shown in Figure 7B, the amplitude of the THz pulse is nearly equal from�40� to 40� incidences in the

SRR without polarity reversal. In terms of the NCD film (Figure 7C), the THz amplitude is almost zero under normal incidence since the photon

drag current vanishes at symmetric non-equilibrium distribution of carriers along the positive and negative directions.33 Meanwhile, the

measured THz waveforms at �40� and 40� have the same amplitude and opposite polarity. The apparent THz signal is observed at 0� inci-
dence in the SRR-NCD, as shown in Figure 7D. Because only the SRR can generate THz emission under normal incidence, the THz emission of

the SRR-NCD is nearly 100% from the contribution of the SRR component under 0� incidence. Meanwhile, the measured THz waveforms at

�40� and 40� incidence have opposite signs. Note that the THz emission at 40� is larger than that at �40� incidence, which is ascribed to the

concurrent contribution of the SRR and NCD. Because the nonlinear current in the SRR is independent of the incident direction, the photo-

current components generated from the SRR and NCD are synchronous and play a constructive role in the THz radiation in the positive inci-

dent direction. After reversing the incident direction, the nonlinear photocurrent from the NCD flows along the contrary direction compared

to the nonlinear photocurrent from the SRR, causing an adverse effect on the THz radiation in the negative incident direction. Thus, we can

calculate the THz contribution ratio of theNCD and SRR at oblique incidence, which is approximately 2.5:1 for the THz radiation from the SRR-

NCD under 40� incidence (see the detailed calculation in the supplemental information).

Conclusion

We have fabricated an SRR-NCD metasurface using EBL, EBE, and lift-off processes. The angular-dependent THz emission from SRR-NCD

was observed under femtosecond laser excitation. The THz radiation originates from the ponderomotive acceleration of photoelectrons in

the SRR combined with the photon drag effect in the NCD. The THz emission of the SRR-NCD under normal incidence is solely from the SRR.

While the contribution ratio between theNCDand SRR is approximately 2.5:1 for the THz radiation from the SRR-NCDunder 40� incidence, on
the basis of the incident angle dependence of THz radiation. This work provides an insight into the nonlinear processes in the SRR-NCD com-

posite structure, which unveils the interplay between the ponderomotive acceleration of photoelectrons and the photon drag effect.

Limitations of the study

In this study, we fabricated a split-ring resonator-typemetasurface on a free-standing nanocrystal diamond film. However, themanufacture of

the structure is still the main challenge due to the dense arrangement of SRRs and the adverse effects of the silicon etching process.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Shuangquan Fang

(sqfang@yzu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

(1) Data reported in this paper will be shared by the lead contact upon request.

(2) This paper does not report original codes.

(3) Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The COMSOL software has been employed to analyze the electric field distributions of the metasurface.

METHOD DETAILS

The simulations were based on COMSOLMultiphysics. In this simulation, both gold and NCD are considered as plasmonic materials that can

be quantitatively described by a Drudemodel, ε (u) = ε’(u)� iε’’(u) = εN�u2 p /(u2 + iug), where εN is the infinite frequency permittivity,up =ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ne2=ðε0mÞ

p
is the plasma frequency determined by the carrier density n, and g is the collision frequency. For gold, these parameters were set

as εN= 1,up = 1.3663 1016 rad s�1, and g= 1.23 1014 rad s�1. For theNCD, these parameters were set as εN= 5.6,up = 2.19813 1013 rad s�1,

and g = 5.117 3 1011 rad s�1.

QUANTITATION AND STATISTICAL ANALYSIS

The simulation data is produced by COMSOL Multiphysics software. The THz emission signals is measured by a THz emission spectroscopy

system. Figures shown in the main text were produced by ORIGIN from the raw data.

ADDITIONAL RESOURCES

Any additional information about the simulation and data reported in this paper is available from the lead contact on request.

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

COMSOL COMSOL China Co., LTD http://cn.comsol.com/
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