
Open Access This file is licensed under a Creative Commons Attribution 4.0 

International License, which permits use, sharing, adaptation, distribution and 

reproduction in any medium or format, as long as you give appropriate credit to 

the original author(s) and the source, provide a link to the Creative Commons license, and indicate if 

changes were made. In the cases where the authors are anonymous, such as is the case for the reports of 

anonymous peer reviewers, author attribution should be to 'Anonymous Referee' followed by a clear 

attribution to the source work.  The images or other third party material in this file are included in the 

article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If material is 

not included in the article’s Creative Commons license and your intended use is not permitted by statutory 

regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright 

holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. 

Peer Review File

Metasurface-enabled Broadband Multidimensional

Photodetectors



Editorial Note: Parts of this Peer Review File have been redacted as indicated to remove third-party 

material where no permission to publish could be obtained.



REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

A broadband multidimensional photodetector simultaneously detects polarization-sensitive 

spectral information on a single integrated chip, which may inspire many researchers in broad 

fields across academia and industry. This article presents a novel metasurface-enabled graphene 

photodetector capable of various polarization states and wavelengths of broadband light from 1 to 

8 micrometers. They suggest precise spin-wavelength differentiation by utilizing dual-arm 

plasmonic nanostructures and machine-learning techniques. The device exhibits vectorial 

photocurrents with varying polarities and amplitudes based on light's wavelength and polarization, 

allowing for efficient encoding and decoding of optical information. The authors claim significant 

advancements in optical sensing, communication, and computing, offering a compact and reliable 

solution for high-dimensional spectral-polarization co-detection. Their efforts should be deserved, 

but their demonstrations are pretty predictable, considering the graphene photodetector coupled 

with plasmonic nanoantennas, and the new findings are not very recognizable. This work with 

comprehensive experimental datasets has scientific value for photonic and optoelectronic 

scientists in the relevant community. However, considering the novelty and advancement, I cannot 

recommend that Nature Communications accept this paper for publication. At least, I would like to 

check the author's answers to the following questions and suggestions.

1. The authors mentioned "the wavelength resolution of 0.5um," but I think they must change it to 

"the wavelength prediction accuracy of 500nm" based on Supplementary Note 6. Note that the 

spectral wavelength) resolution indicates the ability to distinguish two narrow spectral peaks 

separated by fine wavelength intervals. Since their wavelength prediction relies on the confusion 

matrix of machine learning and they did not extract the resolution from two narrow spectral peaks 

from the measured or reconstructed spectra, the authors cannot mention the "wavelength or 

spectral resolution" in this work.

2. Can the current design effectively differentiate between closely spaced wavelengths within the 1-

8 micrometer range? Since we cannot confirm the "spectral resolution" in this work, how does it 

handle potential signal overlap or interference?

3. According to the state-of-the-art works recently reported on miniaturized computational 

spectrometers, their "spectral resolution" has already achieved a few nanometers to at least tens of 

nanometers. Regarding the "high peak wavelength accuracy," some works have achieved 

nanometers below the decimal point (like 0.Xnm or 0.0Xnm, depending on their designs). In 

comparison, the authors could not demonstrate "wavelength or spectral resolution" but "the 

wavelength prediction accuracy of 500nm." How can we recognize this work's advancement?

4. I agree that traditional methods require multiple discrete optical components to extract such 

multidimensional information, but the proposed device integrates this functionality on a single 



chip. However, I guess the current design must have limitations regarding the "spatial resolution" of 

detected signals. In other words, even if their proof-of-concept claims the broadband 

photodetection of high-dimensional optical information with a single integrated on-chip detector, 

the trade-off between the footprint and spatial resolution might hinder performance and increase 

process cost when expanding them to a single integrated chip. Furthermore, how do they compare 

to existing state-of-the-art technologies?

5. The authors claim their design simplifies the detection process by eliminating the need for 

additional degrees of freedom like twists or gate control. Instead, their design relies on a plasmonic 

metasurface combined with the graphene film, and the metasurface area containing the 

nanoantenna array must be at least several tens of micrometers, which is a disadvantage in the 

device footprint. In particular, their three-port (or ports of any odd number) graphene photodetector 

design coupled with plasmonic nanoantennas further increases the device footprint when 

integrated on a chip for the exact spatial resolution. It seems they tried the two-port design 

presented in Supplementary Information. How about a four-port design to increase integration 

density, and why do they only highlight the three-port design? Can authors defend their design or 

suggest a better one?

6. What are the additional potential trade-offs between achieving high-dimensional detection and 

maintaining spatial resolution or footprint?

7. How does the proposed metasurface-enabled graphene photodetector ensure the stability and 

reliability of information detection without additional degrees of freedom? In terms of stability and 

noise, unlike what was shown in Supplementary Fig. 17, the photovoltage level in the switch signal 

in Supplementary Fig. 18 is weak, and the value appears to be unstable over time. Also, was the 

fitting done correctly when obtaining the Rising and Decaying times on the right side of 

Supplementary Fig. 18? Please express the general exp fitting.

8. How does the device perform under different environmental conditions, such as varying 

temperatures and humidity levels, which could affect the graphene and metasurface materials? 

The authors note that graphene properties may be sensitive to water vapor or adsorbed gas 

molecules, especially when the graphene surface is not passivated. How does the device manage 

the potential noise and signal degradation issues that could arise from using dual-arm plasmonic 

nanostructures on a graphene platform?

9. They claim machine learning further enhances the device's ability to predict and differentiate 

optical signals over a broad wavelength range. The wavelength precision presented in this paper 

was obtained using machine learning models. Many other works share their algorithms publicly in 

similar studies.This is an excellent example of a virtuous cycle in the research world.  Likewise, I 

encourage the authors to open the code of their developed algorithm public for the benefit of other 

subsequent researchers. Suppose these two algorithm codes are publicly archived on Github and 

Zenodo. In that case, they will benefit many researchers, and this paper will attract many readers if 

it gets publication.



10. How does the use of machine learning in this photodetector compare to traditional signal 

processing methods in terms of accuracy, speed, and computational requirements?

11. What specific optical communication and computing applications would benefit most from this 

technology, and what are the anticipated improvements over current systems? What further 

developments or optimizations are necessary to make this technology viable for commercial 

deployment, particularly in terms of cost-effectiveness and ease of integration?

12. What challenges might arise in scaling the device for practical applications, particularly 

manufacturing and integration? Rather than highlighting the advantages of their design in these 

aspects, I hope that the authors will also present relevant current technologies or technologies 

needed in the future to show how the disadvantages in their design can be improved in the future.

Reviewer #2 (Remarks to the Author):

The authors have explored the use of a small array of graphene detectors, made polarisation 

sensitive by tailored metasurfaces, to provide a crude determination of the polarisation state and 

wavelength of incoming illumination. The work builds on previous studies, but includes novel 

aspects. The manuscript has issues that would need to be resolved before publication.

The authors should clarify the novelty of their study. For example, in some sections language such 

as “This design only requires a single measurement of a three-port metasurface” may mislead the 

readership. In reality, measurement of three separate devices (i.e. using six electrodes) is required 

to extract this information so the terms “single measurement” and “three port” are likely to confuse. 

I suggest the authors remove or rewrite such statements to avoid confusion.

The main text focuses on qualitative analysis, and more quantitative information should be added 

into the main text to provide the readership with a realistic picture of the impact of this 

demonstration. For example, information on the responsivity/detectivity of the sensors is relegated 

to the SI and not mentioned in the main text. This is very important given that the magnitude of the 

detectivity is quite low (i.e. 10^6 Jones scale) compared to state-of-the-art IR sensors. This means 

that the proposed sensor array would only be useful under very intense infrared light and is unlikely 

be usable in, for example, real world sensing applications. As such, it is important for the authors to 

clearly acknowledge this shortcoming as a limitation of their proposed system.

Can the authors provide information on the linearity of their photovoltage with illumination 

intensity?

Related to the above points it is not clear what application the authors foresee this detector array 

as being useful for? As discussed above, the low sensitivity would preclude usage for most 

sensing/imaging applications. Similarly, the μs detector speed documented in the SI would prevent 



usage for communication applications (which require >GHz bandwidths). Given the detection 

mechanism, it is unlikely that these metrics will improve significantly. Hence, the readership will 

want a clearer statement about the potential application of this sensor array, and removal of 

mention of other infeasible applications.

Reviewer #3 (Remarks to the Author):

This manuscript reports a metasurface-assisted graphene photodetector, which can achieve the 

simultaneous detection and distinction of various polarization states and wavelengths of 

broadband light (1-8 μm) at the wavelength resolution of 0.5 μm. By designing a set of integrated 

dual-arm plasmonic nanostructures, multidimensional information can be decoupled by encoding 

vectorial photocurrents with varying polarities and amplitudes. Furthermore, machine learning 

techniques are leveraged to reconstruct and boost the cooperate multiport metasurfaces. This 

work provides a solution for highly compact and multi-dimensional spectral-polarization detection. 

I therefore recommend the current manuscript to be published in Nature Communications. 

However, the following comments should be addressed before publication.

1.The metasurface-assisted graphene photodetector can achieve spin-wavelength differentiation 

over the infrared range (1~8 μm). Could the current design be employed to the spectral-polarization 

co-detection in visible and ultraviolet ranges? The authors should provide experimental result or 

simulation model to discuss the subject.

2.In the manuscript, the dual-arm nanoantennas were designed to be parallel with the source/drain 

electrodes. If varying the angles between the dual-arm nanoantennas and electrodes, what 

happens to the spin-wavelength differentiation by the graphene photodetector?

3. Due to the gapless properties of graphene, the photocurrents were considered to be originated 

from the photothermal effects. More discussions are suggested to provided to help the readers 

understand the generation of photocurrents of varying magnitudes and directions.

4. The wavelength resolution is 0.5 μm in the current dual-arm nanoantennas, which is expected to 

be further improved by the machine learning techniques. The reviewer wonder that what is the limit 

of wavelength resolution in experiments by adjusting the structural dimension of the dual-arm 

nanoantennas?



Reply to the reviewers: 

Reviewer 1

;`^^V_ed7

: TdaSVTS`V _g^f[V[_W`e[a`S^ bZafaVWfWUfad e[_g^fS`Wage^k VWfWUfe ba^Sd[lSf[a`)eW`e[f[hW ebWUfdS^

[`Xad_Sf[a` a` S e[`Y^W [`fWYdSfWV UZ[b( iZ[UZ _Sk [`eb[dW _S`k dWeWSdUZWde [` TdaSV X[W^Ve SUdaee

SUSVW_[S S`V [`Vgefdk* LZ[e Sdf[U^W bdWeW`fe S `ahW^ _WfSegdXSUW)W`ST^WV YdSbZW`W bZafaVWfWUfad

USbST^W aX hSd[age ba^Sd[lSf[a` efSfWe S`V iShW^W`YfZe aX TdaSVTS`V ^[YZf Xda_ - fa 4 _[Uda_WfWde*

LZWk egYYWef bdWU[eW eb[`)iShW^W`YfZ V[XXWdW`f[Sf[a` Tk gf[^[l[`Y VgS^)Sd_ b^Se_a`[U

`S`aefdgUfgdWe S`V _SUZ[`W)^WSd`[`Y fWUZ`[cgWe* LZW VWh[UW WjZ[T[fe hWUfad[S^ bZafaUgddW`fe i[fZ

hSdk[`Y ba^Sd[f[We S`V S_b^[fgVWe TSeWV a` ^[YZf%e iShW^W`YfZ S`V ba^Sd[lSf[a`( S^^ai[`Y Xad

WXX[U[W`f W`UaV[`Y S`V VWUaV[`Y aX abf[US^ [`Xad_Sf[a`* LZW SgfZade U^S[_ e[Y`[X[US`f SVhS`UW_W`fe

[` abf[US^ eW`e[`Y( Ua__g`[USf[a`( S`V Ua_bgf[`Y( aXXWd[`Y S Ua_bSUf S`V dW^[ST^W ea^gf[a` Xad

Z[YZ)V[_W`e[a`S^ ebWUfdS^)ba^Sd[lSf[a` Ua)VWfWUf[a`* LZW[d WXXadfe eZag^V TW VWeWdhWV( Tgf fZW[d

VW_a`efdSf[a`e SdW bdWffk bdWV[UfST^W( Ua`e[VWd[`Y fZW YdSbZW`W bZafaVWfWUfad Uagb^WV i[fZ

b^Se_a`[U `S`aS`fW``Se( S`V fZW `Wi X[`V[`Ye SdW `af hWdk dWUaY`[lST^W* LZ[e iad] i[fZ

Ua_bdWZW`e[hW WjbWd[_W`fS^ VSfSeWfe ZSe eU[W`f[X[U hS^gW Xad bZafa`[U S`V abfaW^WUfda`[U eU[W`f[efe

[` fZW dW^WhS`f Ua__g`[fk* AaiWhWd( Ua`e[VWd[`Y fZW `ahW^fk S`V SVhS`UW_W`f( B US``af dWUa__W`V

fZSf GSfgdW <a__g`[USf[a`e SUUWbf fZ[e bSbWd Xad bgT^[USf[a`* :f ^WSef( B iag^V ^[]W fa UZWU] fZW

SgfZad%e S`eiWde fa fZW Xa^^ai[`Y cgWef[a`e S`V egYYWef[a`e*

Author Reply: NV RcV XcReVWf] e` j`f W`c j`fc bfVdeZ`_d R_U dfXXVdeZ`_d) hYZTY hZ]] XcVRe]j

V_YR_TV eYV bfR]Zej `W `fc ^R_fdTcZae+ KYVdV dfXXVdeZ`_d YRgV R]d` cV^Z_UVU fd e` cVWZ_V R_U UVVa]j

Via]`cV eYV acRTeZTR] a`eV_eZR] Raa]ZTReZ`_d `W `fc h`c\+ NV YRgV TRcVWf]]j T`_dZUVcVU VRTY bfVdeZ`_

R_U dfXXVdeZ`_) dfaa]V^V_eZ_X hZeY VieV_dZgV UReR R_U deReV^V_ed+ NV Y`aV e` RUUcVdd j`fc

T`_TVc_d R_U WRTZ]ZeReV eYV afS]ZTReZ`_ `W `fc h`c\ Z_ eYZd [`fc_R]+

>Zcde]j) a]VRdV R]]`h fd e` V]RS`cReV `_ eYV _`gV]ej `W eYZd aRaVc+ KYV YZXY]ZXYe `W `fc h`c\ Zd eYV

fdV `W ^VeRdfcWRTV UVdZX_ e` dZ^f]eR_V`fd]j RTYZVgV eYV UVeVTeZ`_ R_U UZdTcZ^Z_ReZ`_ `W a`]RcZkReZ`_

Z_W`c^ReZ`_ R_U hRgV]V_XeY Z_W`c^ReZ`_) eYVcVSj RTYZVgZ_X YZXY*UZ^V_dZ`_R] UVeVTeZ`_+ KYZd ^VR_d

eYRe hYZ]V RTYZVgZ_X hRgV]V_XeY daVTecR] cVd`]feZ`_) hV TR_ R]d` ViecRTe eYV a`]RcZkReZ`_ Z_W`c^ReZ`_

`W ]ZXYe) VdaVTZR]]j eYV YZXY]j TYR]]V_XZ_X TZcTf]Rc a`]RcZkReZ`_ Z_W`c^ReZ`_+ 9]eY`fXY eYVcV Zd deZ]]

c``^ W`c Z^ac`gV^V_e Z_ daVTecR] UVeVTeZ`_ TRaRSZ]Zej T`^aRcVU e` ^R_j `_*TYZa daVTec`^VeVcd

TfccV_e]j ac`a`dVU) eYV RSZ]Zej e` cVT`X_ZkV a`]RcZkReZ`_ Z_W`c^ReZ`_ Zd f_ZbfV e` `fc h`c\+ A_ `eYVc

h`cUd) hYZ]V daVTec`^VeVcd `c a`]RcZ^VeVcd ejaZTR]]j RTYZVgV eh`*UZ^V_dZ`_R] Z_W`c^ReZ`_

UVeVTeZ`_ &hRgV]V_XeY,a`]RcZkReZ`_paY`e`cVda`_dV') `fc decReVXj ReeV^aed eYcVV*UZ^V_dZ`_R],YZXY*

UZ^V_dZ`_R] Z_W`c^ReZ`_ UVeVTeZ`_ &hRgV]V_XeY ( a`]RcZkReZ`_paY`e`cVda`_dV'+ @`hVgVc) Rd j`f

^V_eZ`_VU) eYVcV RcV deZ]] ZddfVd Z_ deReV^V_ed `c aVcW`c^R_TVd+ NV YRgV ^RUV VieV_dZgV cVgZdZ`_d

R_U ac`gZUVU UVeRZ]VU cVda`_dVd Rd W`]]`hd+



<a__W`f -* LZW SgfZade _W`f[a`WV #fZW iShW^W`YfZ dWea^gf[a` aX ,*1g_(# Tgf B fZ[`] fZWk _gef

UZS`YW [f fa #fZW iShW^W`YfZ bdWV[Uf[a` SUUgdSUk aX 1,,`_# TSeWV a` Kgbb^W_W`fSdk GafW 2* GafW

fZSf fZW ebWUfdS^ iShW^W`YfZ' dWea^gf[a` [`V[USfWe fZW ST[^[fk fa V[ef[`Yg[eZ fia `Sddai ebWUfdS^

bWS]e eWbSdSfWV Tk X[`W iShW^W`YfZ [`fWdhS^e* K[`UW fZW[d iShW^W`YfZ bdWV[Uf[a` dW^[We a` fZW

Ua`Xge[a` _Sfd[j aX _SUZ[`W ^WSd`[`Y S`V fZWk V[V `af WjfdSUf fZW dWea^gf[a` Xda_ fia `Sddai

ebWUfdS^ bWS]e Xda_ fZW _WSegdWV ad dWUa`efdgUfWV ebWUfdS( fZW SgfZade US``af _W`f[a` fZW

#iShW^W`YfZ ad ebWUfdS^ dWea^gf[a`# [` fZ[e iad]*

Author Reply 1: NV RaacVTZReV j`f a`Z_eZ_X `fe eYV ZddfV+ NV TRcVWf]]j VgR]fReVU R_U UZWWVcV_eZReVU

eYVdV eh` T`_TVaed+ JaVTZWZTR]]j) cVd`]feZ`_ Z_UZTReVd eYV RSZ]Zej e` UZdeZ_XfZdY eh` _Rcc`h daVTecR]

aVR\d dVaRcReVU Sj WZ_V hRgV]V_XeY Z_eVcgR]d+ KYZd cVbfZcVd eVdeZ_X eYV UVgZTV fdZ_X ^`_`TYc`^ReZT

]ZXYe R_U cVT`_decfTeZ_X R_U R_R]jkZ_X eYV cVdf]ed+ @`hVgVc) Z_ eYZd ViaVcZ^V_e) Rd hV ReeV^ae e`

T`]]VTe daVTecR] UReR `gVc R_ f]ecR*hZUV hRgV]V_XeY cR_XV &.*5 o^') R_U dZ_TV eYV ]ZXYe hV Raa]j

_VVUd e` dZ^f]eR_V`fd]j TRccj a`]RcZkReZ`_ Z_W`c^ReZ`_) Ze Zd _`e WVRdZS]V e` eVde hZeY dfTY UV_dV]j

_Rcc`hSR_U ^`_`TYc`^ReZT ]ZXYe+ KYVcVW`cV) hV cVT`_decfTe) R_R]jkV) R_U acVUZTe eYV daVTecR] UReR+

A_ `fc TRdV) hV RXcVV eYRe eYV hRgV]V_XeY acVUZTeZ`_ RTTfcRTj) cV]jZ_X `_ ^RTYZ_V ]VRc_Z_X) dY`f]U

SV cVWVccVU e` Rd #2-- _^ hRgV]V_XeY acVUZTeZ`_ RTTfcRTj+#

Author action 1: NV YRgV T`ccVTeVU R]] cV]VgR_e UVdTcZaeZ`_d Z_ eYV cVgZdVU ^R_fdTcZae+

<a__W`f .* <S` fZW UgddW`f VWe[Y` WXXWUf[hW^k V[XXWdW`f[SfW TWfiWW` U^aeW^k ebSUWV iShW^W`YfZe

i[fZ[` fZW -)4 _[Uda_WfWd dS`YW9 K[`UW iW US``af Ua`X[d_ fZW #ebWUfdS^ dWea^gf[a`# [` fZ[e iad](

Zai VaWe [f ZS`V^W bafW`f[S^ e[Y`S^ ahWd^Sb ad [`fWdXWdW`UW9

Author Reply 2:

.+ KYR_\ j`f W`c cRZdZ_X eYV bfVdeZ`_+ NZeYZ_ eYV cR_XV `W acVUZTeZ`_ RTTfcRTj) eYV cVgZdVU UVdZX_

TR_ VWWVTeZgV]j UZdeZ_XfZdY UV_dV]j daRTVU hRgV]V_XeYd cR_XZ_X Wc`^ . e` 5 ^ZTc`^VeVcd hZeY R -+.

^ZTc`^VeVc Z_eVcgR]) Rd R WfceYVc Z^ac`gV^V_e Rd T`^aRcVU e` acVgZ`fd ^`UV]+ KYZd Zd R_ ReeV^ae e`

Raa]j ^RTYZ_V ]VRc_Z_X e` daVTecR] Z_W`c^ReZ`_ `gVc R_ f]ecR*hZUV hRgV]V_XeY cR_XV &.*5 o^' eYRe

R]d` Z_T]fUVd a`]RcZkReZ`_ Z_W`c^ReZ`_+ <fV e` ViaVcZ^V_eR] ]Z^ZeReZ`_d) eYV UV_dZej `W eYV `SeRZ_VU

UReR Zd ]Z^ZeVU+ KYV hRgV]V_XeY acVUZTeZ`_ RTTfcRTj `W `fc ^RTYZ_V ]VRc_Z_X ^`UV] Zd T`_decRZ_VU

e` -+2 ^ZTc`^VeVcd+ @`hVgVc) hYV_ hV YRgV dfWWZTZV_e ecRZ_Z_X dR^a]Vd) `fc ^RTYZ_V ]VRc_Z_X

^`UV] TR_ WfceYVc Z^ac`gV eYV hRgV]V_XeY acVUZTeZ`_ RTTfcRTj+ A_ eYV Jfaa]V^V_eRcj A_W`c^ReZ`_

&JA') hV YRgV UV^`_decReVU eYRe eYV acVTZdZ`_ `W hRgV]V_XeY TR_ SV cVUfTVU e` -+. ^ZTc`^VeVcd+

KYV`cVeZTR]]j) hZeY R dfWWZTZV_e _f^SVc `W UReR dR^a]Vd) eYV hRgV]V_XeY acVUZTeZ`_ RTTfcRTj TR_ SV

Z^ac`gVU e` R_j UVdZcVU cR_XV+

/+ KYV djdeV^ UVdZX_ Z_ eYZd aRaVc Zd RZ^VU Re UVeVTeZ_X R_U ZUV_eZWjZ_X R dZ_X]V SVR^ `W ]ZXYe hZeY



hRgV]V_XeY R_U a`]RcZkReZ`_ Z_W`c^ReZ`_+ <fV e` eYV _VVU e` dZ^f]eR_V`fd]j UZdTVc_ YZXY*

UZ^V_dZ`_R] Z_W`c^ReZ`_) eYV ac`TVddZ_X ^VeY`U Zd ^`cV T`^a]Vi T`^aRcVU e` ejaZTR] ^Z_ZRefcV 

T`^afeReZ`_R] daVTec`^VeVcd+ E`UV] T`_decfTeZ`_ R_U ac`TVddZ_X Rd dY`h_ Z_ >ZXfcV I.+.+ K` 

ac`TVdd R_U UZdeZ_XfZdY YZXY UZ^V_dZ`_R] Z_W`c^ReZ`_ Wc`^ eh` `c ^`cV SVR^d `W ]ZXYe) 

^VRdfcV^V_ed _VVU e` SV eR\V_ dVbfV_eZR]]j+ @`hVgVc) dZ_TV eYV ^RTYZ_V ]VRc_Z_X ^`UV] hV fdVU 

TR_ `feafe R cVdf]e hZeYZ_ -+. dVT`_Ud W`c R_j XZgV_ Z_afe) eYVcV Zd ^Z_Z^R] dRTcZWZTV Z_ eZ^V 

cVd`]feZ`_+

Figure R1.1 Jf^^RcZkVU h`c\W]`h UZRXcR^+ 9) JZ^a]ZWZVU gVcdZ`_+ :) <VeRZ]VU gVcdZ`_+

Author action 2: NV YRgV `fe]Z_VU eYV ]Z^ZeReZ`_d `W eYV ^RTYZ_V ]VRc_Z_X ^`UV] UV^`_decReVU Z_ 

eYZd h`c\ Z_ eYV UZdTfddZ`_ dVTeZ`_) dVeeZ_X eYVdV Rd eRcXVed W`c WfefcV VWW`ced+ NV YRgV RUUVU eYV 

h`c\Z_X acZ_TZa]V `W eYV RS`gV ^`UV] e` Jfaa]V^V_eRcj >ZX+ /4+

<a__W`f /* :UUadV[`Y fa fZW efSfW aXaX)fZW)Sdf iad]e dWUW`f^k dWbadfWV a` _[`[Sfgd[lWV 

Ua_bgfSf[a`S^ ebWUfda_WfWde( fZW[d #ebWUfdS^ dWea^gf[a`# ZSe S^dWSVk SUZ[WhWV S XWi 

`S`a_WfWde fa Sf ^WSef fW`e aX `S`a_WfWde* JWYSdV[`Y fZW #Z[YZ bWS] iShW^W`YfZ SUUgdSUk(# 

ea_W iad]e ZShW SUZ[WhWV `S`a_WfWde TW^ai fZW VWU[_S^ ba[`f &^[]W ,*O`_ ad ,*,O`_( 



VWbW`V[`Y a` fZW[d VWe[Y`e'* B` Ua_bSd[ea`( fZW SgfZade Uag^V `af VW_a`efdSfW #iShW^W`YfZ ad

ebWUfdS^ dWea^gf[a`# Tgf #fZW iShW^W`YfZ bdWV[Uf[a` SUUgdSUk aX 1,,`_*# Aai US` iW dWUaY`[lW

fZ[e iad]%e SVhS`UW_W`f9

Author Reply 3: KYR_\ j`f W`c YZXY]ZXYeZ_X eYV ZddfVd cRZdVU Sj eYV cVgZVhVcd R_U ^V_eZ`_Z_X

h`c\d dfTY Rd hRgV]V_XeY*dTR]V S]RT\ aY`daY`cfd daVTec`^VeVc) ^Z_ZRefcZkVU daVTec`^VeVcd hZeY

ef_RS]V gR_ UVc NRR]d [f_TeZ`_) ef_RS]V eh`*UZ^V_dZ`_R] YVeVc`[f_TeZ`_d _VRc*Z_WcRcVU

daVTec`^VeVcd R_U JZ_X]V*_R_`hZcV daVTec`^VeVcd) &PgS`( K*( GShWZ( =* GSfgdW IZafa`[Ue 15( 2,-)

2,3 &.,.-'7 Paa`( A*A* Wf S^* KU[W`UW 378( .52).55 &.,..'7 =W`Y( N* Wf S^* GSfgdW Ua__g`[USf[a`e

13( 02.3 &.,..'7 PS`Y( Q* Wf S^* KU[W`UW 365( -,-3)-,., &.,-5'*'+ hYZTY YRgV dfTTVddWf]]j RTYZVgVU

^Z_ZRefcV T`^afeReZ`_R] daVTec`^VeVcd hZeY YZXY daVTecR] cVd`]feZ`_+ IVXRcUZ_X eYV #YZXY aVR\

hRgV]V_XeY RTTfcRTj)# UfV e` eYV ]Z^ZeVU UReR Z_ eYZd ViaVcZ^V_e) eYV hRgV]V_XeY acVUZTeZ`_ RTTfcRTj

`W `fc ^RTYZ_V ]VRc_Z_X ^`UV] Zd T`_decRZ_VU e` -+2 ^ZTc`^VeVcd+ @`hVgVc) hYV_ hV YRgV dfWWZTZV_e

ecRZ_Z_X dR^a]Vd) `fc ^RTYZ_V ]VRc_Z_X ^`UV] TR_ WfceYVc Z^ac`gV eYV hRgV]V_XeY acVUZTeZ`_

RTTfcRTj+ A_ eYV Jfaa]V^V_eRcj A_W`c^ReZ`_ &JA') hV YRgV UV^`_decReVU eYRe eYV acVTZdZ`_ `W

hRgV]V_XeY TR_ SV cVUfTVU e` -+. ^ZTc`^VeVcd+ KYV`cVeZTR]]j) hZeY R dfWWZTZV_e _f^SVc `W UReR

dR^a]Vd) eYV hRgV]V_XeY acVUZTeZ`_ RTTfcRTj TR_ SV Z^ac`gVU e` R_j UVdZcVU cR_XV+

IVXRcUZ_X eYV RUgR_TV^V_e `W eYZd h`c\) Ze%d Z^a`ceR_e e` _`eV eYRe eYVdV RTYZVgV^V_ed RcV _`e

T`_ecRUZTe`cj e` eYV ScVR\eYc`fXYd R_U Z__`gReZ`_d V^aYRdZkVU Z_ `fc h`c\+ A h`f]U ]Z\V e`

V]RS`cReV `_ eYV RUgR_TV^V_ed `W `fc h`c\ Wc`^ eh` aVcdaVTeZgVd7

1. High-dimensional detection capability that can simultaneously resolve wavelength and

polarization information.

K` WRTZ]ZeReV Via]R_ReZ`_) hV YRgV df^^RcZkVU eYV RUgR_eRXVd `W `fc h`c\ Z_ >ZXfcV I.+/+ 9d TR_

SV dVV_) eYV h`c\d ^V_eZ`_VU Sj eYV cVgZVhVcd UVR] hZeY eh`*UZ^V_dZ`_R] Z_W`c^ReZ`_ UVeVTeZ`_

&hRgV]V_XeY Z_W`c^ReZ`_paY`e`cVda`_dV'+ KYVj cV]j `_ ^ReVcZR]d `c decfTefcVd eYRe RcV YZXY]j

dV_dZeZgV e` hRgV]V_XeY Z_W`c^ReZ`_ R_U TR__`e RTYZVgV a`]RcZkReZ`_ Z_W`c^ReZ`_ cVd`]feZ`_+

@R_U]Z_X eYcVV*UZ^V_dZ`_R] Z_W`c^ReZ`_ cV]ReZ`_dYZad &hRgV]V_XeY Z_W`c^ReZ`_ ( a`]RcZkReZ`_

Z_W`c^ReZ`_paY`e`cVda`_dV' Zd ViecV^V]j TYR]]V_XZ_X+ KYVcVW`cV) eYV ^R[`c UZWWVcV_TV R_U

RUgR_TV^V_e `W `fc h`c\ T`^aRcVU e` eYV h`c\d ^V_eZ`_VU Sj eYV cVgZVhVcd Zd eYRe) eYc`fXY eYV

UVdZX_ `W _R_`R_eV__Rd) `fc UVeVTe`c Zd TRaRS]V `W eYcVV*UZ^V_dZ`_R] Z_W`c^ReZ`_ cVd`]feZ`_ W`c eYV

WZcde eZ^V+ G_ eYZd SRdZd) WfceYVc cVdVRcTY TR_ SV T`_UfTeVU e` Z^ac`gV ^VecZTd dfTY Rd hRgV]V_XeY

cVd`]feZ`_ R_U a`]RcZkReZ`_ RTTfcRTj+



Figure R1.2. Schematic illustration of the high-dimensional detection innovation in this work

2. Breakthrough in wavelength detection limitations.

9TT`cUZ_X e` eYV h`c\d R_U cVgZVhd ^V_eZ`_VU Sj eYV cVgZVhVcd &>ZXfcV I.+0') TfccV_e ^Z_ZRefcV

T`^afeReZ`_R] daVTec`^VeVcd cV]j `_ eYV ^ReVcZR]%d dV_dZeZgZej e` UZWWVcV_e hRgV]V_XeYd `W ]ZXYe)

^R\Z_X Ze ViecV^V]j TYR]]V_XZ_X e` RTYZVgV f]ecR*hZUVSR_U) VdaVTZR]]j Z_WcRcVU SR_U cVd`]feZ`_+ Gfc

h`c\ V^a]`jd _R_`R_eV__R RccRjd e` RSd`cS Z_WcRcVU ]ZXYe) R_U eYV Z_ec`UfTeZ`_ `W ^RTYZ_V ]VRc_Z_X

T`^aV_dReVd W`c eYV _R_`R_eV__R%d ]Z^ZeReZ`_ `W cVda`_UZ_X `_]j e` daVTZWZT hRgV]V_XeYd+ KYZd

V_RS]Vd hRgV]V_XeY cVd`]feZ`_ `gVc R hZUV cR_XV &.*5 o^'+ KYV RTTfcRTj TR_ R]d` SV WfceYVc

Z^ac`gVU eYc`fXY eYV `aeZ^ZkReZ`_ `W ^RTYZ_V ]VRc_Z_X R]X`cZeY^d+

Figure R1.3. The field of miniaturized spectroscopic devices. H]`e T`^aRcZ_X eYV cVd`]feZ`_) `aVcReZ`_R] daVTecR]
cR_XV) R_U W``eacZ_e W`c dV]VTeVU UVgZTV UV^`_decReZ`_d Z_ eYV ]ZeVcRefcV R_U eY`dV eYRe RcV T`^^VcTZR]]j RgRZ]RS]V
&Z_UZTReVU Sj RdeVcZd\d') Rd TReVX`cZkVU Z_e` eYVZc cVdaVTeZgV dfSWZV]Ud &dVV T`]`c \Vj'+ >``eacZ_e V_T`^aRddVd eY`dV
V]V^V_ed `W eYV UVgZTV eYRe RcV RTeZgV Z_ cVd`]gZ_X R_U UVeVTeZ_X ]ZXYe) R_U U`Vd _`e Z_T]fUV RTTVdd`cj T`^a`_V_ed
dfTY Rd eYV cVRU`fe V]VTec`_ZTd `c aRT\RXZ_X+ &PS`Y( Q*( :^Tdai)HiW`( L*( <S[( N* $ ASeS`( L* KU[W`UW 371( WSTW,3..

[REDACTED]

[REDACTED]



&.,.-'*'

KYVcVW`cV) eYZd h`c\ X`Vd SVj`_U dZ^a]V daVTecR] cVd`]feZ`_ R_U ReeV^aed YZXY*UZ^V_dZ`_R]

Z_W`c^ReZ`_ UVeVTeZ`_ R_U cVd`]feZ`_) RTYZVgZ_X R ScVR\eYc`fXY Z_ daVTecR] T`gVcRXV+ KYZd Zd R_

Z__`gReZgV T`_TVae) R]SVZe RT\_`h]VUXZ_X gRcZ`fd dY`ceT`^Z_Xd Z_ ^VecZTd) hYZTY hV YRgV

RUUcVddVU eYc`fXY dfaa]V^V_eReZ`_ R_U `aeZ^ZkReZ`_ Z_ eYV cVgZdVU ^R_fdTcZae+ NV RZ^ e` YZXY]ZXYe

eYV dZX_ZWZTR_TV `W eYZd h`c\+

Author action 3: NV YRgV `S[VTeZgV]j acVdV_eVU eYV RUgR_eRXVd R_U RcVRd W`c Z^ac`gV^V_e

UV^`_decReVU Z_ eYZd h`c\ Z_ eYV UZdTfddZ`_ dVTeZ`_) dVeeZ_X eYVdV Rd X`R]d W`c WfefcV VWW`ced+

<a__W`f 0* B SYdWW fZSf fdSV[f[a`S^ _WfZaVe dWcg[dW _g^f[b^W V[eUdWfW abf[US^ Ua_ba`W`fe fa WjfdSUf

egUZ _g^f[V[_W`e[a`S^ [`Xad_Sf[a`( Tgf fZW bdabaeWV VWh[UW [`fWYdSfWe fZ[e Xg`Uf[a`S^[fk a` S e[`Y^W

UZ[b* AaiWhWd( B YgWee fZW UgddW`f VWe[Y` _gef ZShW ^[_[fSf[a`e dWYSdV[`Y fZW #ebSf[S^ dWea^gf[a`#

aX VWfWUfWV e[Y`S^e* B` afZWd iadVe( WhW` [X fZW[d bdaaX)aX)Ua`UWbf U^S[_e fZW TdaSVTS`V

bZafaVWfWUf[a` aX Z[YZ)V[_W`e[a`S^ abf[US^ [`Xad_Sf[a` i[fZ S e[`Y^W [`fWYdSfWV a`)UZ[b VWfWUfad(

fZW fdSVW)aXX TWfiWW` fZW Xaafbd[`f S`V ebSf[S^ dWea^gf[a` _[YZf Z[`VWd bWdXad_S`UW S`V [`UdWSeW

bdaUWee Uaef iZW` WjbS`V[`Y fZW_ fa S e[`Y^W [`fWYdSfWV UZ[b* ?gdfZWd_adW( Zai Va fZWk Ua_bSdW

fa Wj[ef[`Y efSfW)aX)fZW)Sdf fWUZ`a^aY[We9

Author Reply 4: KYR_\ j`f W`c cRZdZ_X eYVdV bfVdeZ`_d+ @VcV) hV UV^`_decReV R eYcVV*eVc^Z_R]

UVgZTV hZeY R cRUZfd `W Raac`iZ^ReV]j /- o^) TRaRS]V `W cVW]VTeZ_X S`eY eYV hRgV]V_XeY R_U

a`]RcZkReZ`_ Z_W`c^ReZ`_ `W ]ZXYe Wc`^ R dZ_X]V TfccV_e ^VRdfcV^V_e+ ;`^aRcVU e` ecRUZeZ`_R]

UZdTcVeV UVgZTVd) eYZd UVdZX_ cVUfTVd daReZR] `TTfaR_Tj Z_ eVc^d `W UZ^V_dZ`_d+ KYV UVeVTeZ`_ `W

a`]RcZkReZ`_ R_U hRgV]V_XeY Z_W`c^ReZ`_ U`Vd _`e cVbfZcV dVaRcReZ`_) ViecRTeZ`_) R_U [fUX^V_e

eYc`fXY UZdTcVeV T`^a`_V_ed) Sfe Zd UZcVTe]j cVW]VTeVU Sj eYV ^RX_ZefUV R_U a`]RcZej `W eYV TfccV_e+

9d j`f ^V_eZ`_VU) WfceYVc cVUfTZ_X eYV UVgZTV dZkV ^Rj Z^aRTe Zed aVcW`c^R_TV+ @`hVgVc) eYZd TR_

SV T`^aV_dReVU Sj R]eVcZ_X eYV UVgZTV ]Rj`fe+ >`c ViR^a]V) eYV UVgZTV TR_ SV WfceYVc ^Z_ZRefcZkVU)

Rd Z]]fdecReVU Z_ >ZXfcV I.+1+ <fV e` eYV Z_TcVRdVU ]V_XeY Z_ eYV UZcVTeZ`_ `W eYV gVTe`c aY`e`TfccV_e)

VgV_ hZeY R TYR__V] hZUeY `W `_]j .- o^) eYV dZX_R] decV_XeY Z_TcVRdVd WZgVW`]U+ KYZd Z_UZTReVd eYRe

UVgZTV aVcW`c^R_TV TR_ SV R]eVcVU RTT`cUZ_X e` UZWWVcV_e cVbfZcV^V_ed hZeY`fe dRTcZWZTZ_X daReZR]

cVd`]feZ`_+

Figure R1.4. Performance comparison between three port devices and cascaded devices



K` T`^aRcV e` ViZdeZ_X deReV*`W*eYV*Rce eVTY_`]`XZVd) hV YRgV df^^RcZkVU R_U T`^aRcVU

dZ^Z]Rc h`c\d+ Ae TR_ SV `SdVcgVU eYRe `fc h`c\ dY`hd RUgR_eRXVd Z_ eYV UVeVTeZ`_ hRgV]V_XeY cR_XV+

E`de Z^a`ceR_e]j) eYV ac`a`dVU YZXY*UZ^V_dZ`_R] daVTecR] UVeVTeZ`_ TR_ TRaefcV a`]RcZkReZ`_

Z_W`c^ReZ`_ Z_ RUUZeZ`_ e` hRgV]V_XeY+ @`hVgVc) eYVcV Zd deZ]] c``^ W`c Z^ac`gV^V_e Z_ eVc^d `W

cVd`]feZ`_+

Table R1.1. ;`^aRcZd`_ SVehVV_ eYZd UV^`_decReZ`_ R_U `eYVc T`^aRTe daVTec`^VeVcd

Method of spectral 
reconstruction 

Footprint  Resolution 
/range 

Spectral 
detection 

range 

Spectral 
information 

Ref.  

Black phosphorus 
spectrometer  

16 × 9 µm2 1.19 % 2-9 µm Wavelength Nat. Photonics 15, 
601–607 (2021) 

Single*dot perovskite 
spectrometer 

440 × 440 
µm2

1.28 % 350-750 
nm 

Wavelength Adv. Mater. 34, 
e2200221 (2022) 

ReS2/Au/WSe2 vdW 
spectrometer  

6 × 4 µm2 6.25 % 1150-
1470 nm 

Wavelength Nat. Commun. 13, 
4627 (2022). 

MoS2/WSe2 vdW 
heterojunction   

22 × 8 µm2 0.68 % 405-845 
nm 

Wavelength Science. 378,296-
299(2022) 

This work Radius~20 
µm 

1.42% 1-8 µm Wavelength
polarization

Author action 4: NV YRgV RUUVU eYV RS`gV UZdTfddZ`_ Rd R_ `aeZ^ZkReZ`_ ^VeY`U W`c UVgZTV

aVcW`c^R_TV e` Jfaa]V^V_eRcj >ZXfcV /0 Z_ eYV dfaa]V^V_eRcj Z_W`c^ReZ`_+ NV YRgV RUUVU eYV

RS`gV T`^aRcZd`_d e` Jfaa]V^V_eRcj KRS]V 2+

<a__W`f 1* LZW SgfZade U^S[_ fZW[d VWe[Y` e[_b^[X[We fZW VWfWUf[a` bdaUWee Tk W^[_[`Sf[`Y fZW `WWV

Xad SVV[f[a`S^ VWYdWWe aX XdWWVa_ ^[]W fi[efe ad YSfW Ua`fda^* B`efWSV( fZW[d VWe[Y` dW^[We a` S

b^Se_a`[U _WfSegdXSUW Ua_T[`WV i[fZ fZW YdSbZW`W X[^_( S`V fZW _WfSegdXSUW SdWS Ua`fS[`[`Y fZW

`S`aS`fW``S SddSk _gef TW Sf ^WSef eWhWdS^ fW`e aX _[Uda_WfWde( iZ[UZ [e S V[eSVhS`fSYW [` fZW

VWh[UW Xaafbd[`f* B` bSdf[Ug^Sd( fZW[d fZdWW)badf &ad badfe aX S`k aVV `g_TWd' YdSbZW`W bZafaVWfWUfad

VWe[Y` Uagb^WV i[fZ b^Se_a`[U `S`aS`fW``Se XgdfZWd [`UdWSeWe fZW VWh[UW Xaafbd[`f iZW` [`fWYdSfWV

a` S UZ[b Xad fZW WjSUf ebSf[S^ dWea^gf[a`* Bf eWW_e fZWk fd[WV fZW fia)badf VWe[Y` bdWeW`fWV [`

Kgbb^W_W`fSdk B`Xad_Sf[a`* Aai STagf S Xagd)badf VWe[Y` fa [`UdWSeW [`fWYdSf[a` VW`e[fk( S`V iZk

Va fZWk a`^k Z[YZ^[YZf fZW fZdWW)badf VWe[Y`9 <S` SgfZade VWXW`V fZW[d VWe[Y` ad egYYWef S TWffWd

a`W9

Author Reply 5: KYR_\ j`f W`c cRZdZ_X eYVdV bfVdeZ`_d+

>Zcde) hV h`f]U ]Z\V e` RUUcVdd eYV cVgZVhVc%d T`_TVc_d cVXRcUZ_X eYV dZ^a]ZTZej R_U daReZR]

`TTfaR_Tj `W `fc UVgZTV+ KYV XcRaYV_V UVgZTV T`gVcVU hZeY R ^VeRdfcWRTV decfTefcV Zd gVcj VRdj e`

WRScZTReV) cVbfZcZ_X `_]j R dZ_X]V Via`dfcV R_U UVa`dZeZ`_ fdZ_X ecRUZeZ`_R] ac`TVddVd+ DRcXV*RcVR

XcRaYV_V Xc`heY R_U ecR_dWVc eVTY_ZbfVd RcV R]d` gVcj ^RefcV+ A_ T`_ecRde) eYV h`c\d ^V_eZ`_VU

&Kf_RS]V ^`Zcm bfR_ef^ XV`^Vecj dV_dZ_X) ^Z_ZRefcZkVU daVTec`^VeVcd hZeY ef_RS]V gR_ UVc NRR]d



[f_TeZ`_) ef_RS]V eh`*UZ^V_dZ`_R] YVeVc`[f_TeZ`_d _VRc*Z_WcRcVU daVTec`^VeVcd R_U JZ_X]V*_R_`hZcV

daVTec`^VeVcd) &FS( <* Wf S^* GSfgdW 604( .22n.3. &.,..'7 Paa`( A*A* Wf S^* KU[W`UW 378( .52).55

&.,..'7 =W`Y( N* Wf S^* GSfgdW Ua__g`[USf[a`e 13( 02.3 &.,..'7 PS`Y( Q* Wf S^* KU[W`UW 365( -,-3)

-,., &.,-5'*'' cV]j `_ ^VTYR_ZTR] ViW`]ZReZ`_ R_U ecR_dWVc) VdaVTZR]]j W`c YVeVc`decfTefcVd R_U ehZde

djdeV^d) hYZTY cVbfZcV decZTe T`_ec`] `W Z_eVcWRTV T`_eRTe R_U R_X]Vd) ^R\Z_X eYVZc WRScZTReZ`_ WRc

^`cV TYR]]V_XZ_X R_U eZ^V*T`_df^Z_X eYR_ `fc h`c\+ @`hVgVc) Z_ eVc^d `W UVgZTV RcVR) eYVj RcV

dZ^Z]Rc]j dZkVU Z_ eYV eV_d `W ^ZTc`^VeVcd R_U RcV T`_ec`]]RS]V+ KYVcVW`cV) `fc UVgZTV YRd RUgR_eRXVd

Z_ eVc^d `W WRScZTReZ`_ UZWWZTf]ej) T`de) R_U Z_eVXcReZ`_ T`^a]ViZej+

JVT`_U]j) hV hZ]] Via]RZ_ eYV afca`dV `W eYV eYcVV*eVc^Z_R] UVdZX_+ KYV cVRd`_ W`c UVdZX_Z_X

eYcVV eVc^Z_R]d Zd SRdVU `_ eYV h`c\Z_X ^VTYR_Zd^ `W eYV U`fS]V*Rc^ a]Rd^`_ZT _R_`R_eV__R+ =RTY

dZkV `W _R_`R_eV__R TR_ UVeVTe R_j eh` hRgV]V_XeYd `W TZcTf]Rc]j a`]RcZkVU ]ZXYe R_U ZUV_eZWj eYV

W`fc T`^SZ_ReZ`_d `W D;H w.) D;H w/) I;H w.) R_U I;H w0 SRdVU `_ eYV ^RX_ZefUV R_U a`]RcZej

`W eYV aY`e`TfccV_e+ NYV_ eYV _f^SVc `W hRgV]V_XeYd Z_TcVRdVd e` eYcVV) dZi T`^SZ_ReZ`_d `W ]ZXYe

Z_W`c^ReZ`_ hZ]] RaaVRc+ K` Z^ac`gV ZUV_eZWZTReZ`_ RTTfcRTj) VRTY `W eYV eYcVV eVc^Z_R]d TR_ SV

cVda`_dZS]V W`c W`fc `W eYVdV T`^SZ_ReZ`_d) R_U WZ_R] V_T`UZ_X TR_ SV fdVU e` RTYZVgV acVTZdV

UZWWVcV_eZReZ`_ &>ZXfcV I.+2'+ 9UUZeZ`_R]]j) eYV eYcVV hRgV]V_XeYd TR_ SV UVdZX_VU e` daR_ R hZUV

cR_XV) dfTY Rd .+22 o^) 1 o^) R_U 4 o^+ KYZd WRTZ]ZeReVd eYV ]VRc_Z_X R_U acVUZTeZ`_ `W aY`e`TfccV_e

`gVc R hZUV SR_U &.*5 o^' fdZ_X ^RTYZ_V ]VRc_Z_X+

Figure R1.5. Three-port design for three-band circular polarization detection. R) ;`_decfTeZ`_ `W eYV daReZR]

^`UV] `W eYV aY`e`TfccV_e+ >`c R dZ_X]V*a`ce UVgZTV) Ze%d a`ddZS]V e` UVeVc^Z_V S`eY eYV hRgV]V_XeY R_U daZ_

Z_W`c^ReZ`_ `W ]ZXYe hZeYZ_ R eh`*UZ^V_dZ`_R] a]R_V W`c^VU Sj eYV ^RX_ZefUV R_U R^a]ZefUV `W eYV aY`e`TfccV_e+

KYc`fXY eYV T``aVcReZgV RTeZ`_ `W ^f]eZa]V UVgZTVd) Ze Zd a`ddZS]V e` VdeRS]ZdY R daReZR] aY`e`TfccV_e ^`UV] hZeY

hRgV]V_XeY R_U daZ_ cVd`]feZ`_ TRaRSZ]ZeZVd+ S) HY`e`g`]eRXV V_T`UZ_X XV_VcReVU Sj eYV Z_TZUV_TV `W TZcTf]Rc]j



a`]RcZkVU ]ZXYe hZeY eYcVV UZWWVcV_e hRgV]V_XeYd+ KYV T`^SZ_ReZ`_ `W `feafe dZX_R]d Wc`^ VRTY TYR__V] R]]`hd W`c eYV

ZUV_eZWZTReZ`_ `W eYV hRgV]V_XeY R_U a`]RcZkReZ`_ Z_W`c^ReZ`_ `W eYV Z_TZUV_e ]ZXYe+ U) JTYV^ReZT cVacVdV_eReZ`_ `W

eYV ViecRTeZ`_ `W eYcVV*hRgV]V_XeY TZcTf]Rc]j a`]RcZkVU dZX_R]d+ A_ eYV TRdV `W ^ZiVU ]ZXYe Z_TZUV_TV) eYV ac`TVddZ_X

`W aY`e`g`]eRXV dZX_R] V_T`UZ_X R]]`hd W`c eYV ViecRTeZ`_ `W eYV hRgV]V_XeY R_U TZcTf]Rc a`]RcZkReZ`_ Z_W`c^ReZ`_ `W

eYV Z_TZUV_e ]ZXYe+

KYV ]Rj`fe `W eYV eYcVV*eVc^Z_R] UVgZTV Zd dY`h_ Z_ >ZXfcV I.+3+ JfTY R eYcVV*eVc^Z_R] ]Rj`fe

Zd R]d` SV_VWZTZR] W`c V_dfcZ_X eYRe eYV TZcTf]Rc ]ZXYe da`e TR_ T`gVc R]] eYV UVgZTVd) ^R\Z_X Wf]] fdV

`W eYV RgRZ]RS]V daRTV+ NYV_ hV RZ^ e` UVeVTe ^`cV hRgV]V_XeY Z_W`c^ReZ`_) ^`cV UVgZTVd h`f]U

SV _VVUVU) `TTfajZ_X ^`cV daRTV+ KYVcVW`cV) eYV Z_ec`UfTeZ`_ `W ^RTYZ_V ]VRc_Z_X YVcV Zd Z_eV_UVU

e` Rg`ZU dRTcZWZTZ_X daReZR] cVd`]feZ`_+ :j VdeRS]ZdYZ_X R aY`e`TfccV_e ]VRc_Z_X ^`UV] W`c eYcVV

hZUV]j daRTVU hRgV]V_XeYd) hV TR_ acVUZTe ^`cV hRgV]V_XeY Z_W`c^ReZ`_+

Figure R1.6. Microscopic image of the device and schematic of the spot coverage.

>`c eYV dZefReZ`_ hZeY ^`cV a`ced) hRgV]V_XeY cVd`]feZ`_ SVT`^Vd UV_dVc) Sfe eYV `TTfaZVU

daRTV R]d` Z_TcVRdVd RTT`cUZ_X]j+ :j ]VgVcRXZ_X ^RTYZ_V ]VRc_Z_X R]X`cZeY^d) eYV UVeVTeZ`_

Z_W`c^ReZ`_ ac`gZUVU Sj eYV eYcVV hRgV]V_XeYd Wc`^ eYV eYcVV*a`ce dVefa Zd dfWWZTZV_e e` ^VVe eYV

UReRdVe cVbfZcV^V_ed+ KYVcVW`cV) R W`fc*a`ce UVdZX_ Zd _`e _VTVddRcj+

Author action 5: NV YRgV RUUVU eYV T`ccVda`_UZ_X UZdTfddZ`_ Z_ eYV eYcVV*a`ce UVdZX_ dVTeZ`_ `_

aRXV .- R_U eYV UZdTfddZ`_ dVTeZ`_ `_ aRXV .3 `W eYV ^R_fdTcZae+

<a__W`f 2* NZSf SdW fZW SVV[f[a`S^ bafW`f[S^ fdSVW)aXXe TWfiWW` SUZ[Wh[`Y Z[YZ)V[_W`e[a`S^

VWfWUf[a` S`V _S[`fS[`[`Y ebSf[S^ dWea^gf[a` ad Xaafbd[`f9

Author Reply 6: @VcV) eYV UVgZTV W`c YZXY*UZ^V_dZ`_R] UVeVTeZ`_ V_T`UVd R_U R_R]jkVd eYV



aY`e`TfccV_e Wc`^ R dZ_X]V ^VRdfcV^V_e e` ZUV_eZWj a`]RcZkReZ`_ R_U hRgV]V_XeY Z_W`c^ReZ`_) cReYVc

eYR_ fdZ_X UZdTcVeV UVgZTVd W`c dVaRcReV ViecRTeZ`_ R_U ZUV_eZWZTReZ`_ Rd Z_ ecRUZeZ`_R] ^VeY`Ud+ KYZd

XcVRe]j cVUfTVd daReZR] `TTfaR_Tj+ 9UUZeZ`_R]]j) hZeY eYV RZU `W ^RTYZ_V ]VRc_Z_X) Ze Zd a`ddZS]V e`

cVT`X_ZkV hRgV]V_XeY R_U a`]RcZkReZ`_ Z_W`c^ReZ`_ RTc`dd R hZUV SR_U hZeY`fe dRTcZWZTZ_X daReZR]

cVd`]feZ`_+ AW eYV UVgZTV dZkV Zd WfceYVc cVUfTVU) eYVcV ^ZXYe SV R ecRUV*`WW hZeY aVcW`c^R_TV) Sfe eYZd

TR_ SV SR]R_TVU Sj R]eVcZ_X eYV UVgZTV ]Rj`fe+

9UUZeZ`_R]]j) Rd eYV cVgZVhVc ^V_eZ`_VU) WfceYVc cVUfTZ_X eYV UVgZTV dZkV ^Rj Z^aRTe Zed

aVcW`c^R_TV+ @`hVgVc) eYZd TR_ SV T`^aV_dReVU Sj R]eVcZ_X eYV UVgZTV ]Rj`fe+ >`c ViR^a]V) eYV

UVgZTV TR_ SV WfceYVc ^Z_ZRefcZkVU) Rd Z]]fdecReVU Z_ >ZXfcV I.+4+ <fV e` eYV Z_TcVRdVU ]V_XeY Z_ eYV

UZcVTeZ`_ `W eYV gVTe`c aY`e`TfccV_e) VgV_ hZeY R TYR__V] hZUeY `W `_]j .- o^) eYV dZX_R] decV_XeY

Z_TcVRdVd WZgVW`]U+ KYZd Z_UZTReVd eYRe UVgZTV aVcW`c^R_TV TR_ SV R]eVcVU RTT`cUZ_X e` UZWWVcV_e

cVbfZcV^V_ed hZeY`fe dRTcZWZTZ_X daReZR] cVd`]feZ`_+

Figure R1.7. Performance comparison between three port devices and cascaded devices

Author action 6: NV YRgV RUUVU eYV RS`gV UZdTfddZ`_ Rd R_ `aeZ^ZkReZ`_ ^VeY`U W`c UVgZTV

aVcW`c^R_TV e` Jfaa]V^V_eRcj >ZXfcV /0 Z_ eYV dfaa]V^V_eRcj Z_W`c^ReZ`_+

<a__W`f 3* Aai VaWe fZW bdabaeWV _WfSegdXSUW)W`ST^WV YdSbZW`W bZafaVWfWUfad W`egdW fZW

efST[^[fk S`V dW^[ST[^[fk aX [`Xad_Sf[a` VWfWUf[a` i[fZagf SVV[f[a`S^ VWYdWWe aX XdWWVa_9 B` fWd_e aX

efST[^[fk S`V `a[eW( g`^[]W iZSf iSe eZai` [` Kgbb^W_W`fSdk ?[Y* -3( fZW bZafaha^fSYW ^WhW^ [` fZW

ei[fUZ e[Y`S^ [` Kgbb^W_W`fSdk ?[Y* -4 [e iWS]( S`V fZW hS^gW SbbWSde fa TW g`efST^W ahWd f[_W*

:^ea( iSe fZW X[ff[`Y Va`W UaddWUf^k iZW` aTfS[`[`Y fZW J[e[`Y S`V =WUSk[`Y f[_We a` fZW d[YZf e[VW

aX Kgbb^W_W`fSdk ?[Y* -49 I^WSeW WjbdWee fZW YW`WdS^ Wjb X[ff[`Y*

Author Reply 7: KYR_\ j`f W`c eYV bfVdeZ`_d+ JZ_TV eYV cZdV R_U WR]] eZ^Vd `W eYZd UVgZTV RcV dY`ceVc

eYR_ eYV dR^a]Z_X ]Z^Ze `W eYV d`fcTV ^VeVc) hV fdVU R_ `dTZ]]`dT`aV W`c dR^a]Z_X ^VRdfcV^V_ed+

KYV _`ZdV) Rd dfaa]V^V_eVU Z_ >ZXfcV .5) acZ^RcZ]j `cZXZ_ReVd Wc`^ eYV eVdeZ_X djdeV^+ >`c deRSZ]Zej

^VRdfcV^V_ed) hV acVdV_e >ZXfcVd I.+4) R_U .+6 e` UV^`_decReV eYV cV]ZRSZ]Zej R_U deRSZ]Zej `W eYV

UVgZTV+

A_ acVgZ`fd VgR]fReZ`_d `W cVda`_dV eZ^V) hV R_R]jkVU eYV eZ^V Z_eVcgR]d T`ccVda`_UZ_X e` eYV

.-$ e` 6-$ cR_XV `W eYV e`eR] dZX_R] e` `SeRZ_ cZdV R_U WR]] eZ^Vd+ @VcVRWeVc) hV hZ]] V^a]`j eYV

^VeY`U ac`gZUVU Sj eYV cVgZVhVcd W`c RddVdd^V_e Rd >ZXfcV I.+5+ KYV WZeeZ_X Wf_TeZ`_ Zd7
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NYVcV M Zd eYV aY`e`g`]eRZT g`]eRXV) f Zd eYV eZ^V) 9 Zd eYV T`VWWZTZV_e) R_U v Zd eYV ViecRTeVU cZdZ_X

v. R_U WR]]Z_X VUXV eZ^V v/+

Figure R1.8. The optoelectronic switch signals of the device were collected by an oscilloscope, allowing for the

measurement of both the rising and falling edge times.

Author action 7: NV YRgV faUReVU eYV VgR]fReZ`_ ^VeY`U W`c UVgZTV cVda`_dV eZ^V R_U Z_T]fUVU Ze

Rd Jfaa]V^V_eRcj >ZXfcV .6 Z_ eYV dfaa]V^V_eRcj Z_W`c^ReZ`_+

<a__W`f 4* Aai VaWe fZW VWh[UW bWdXad_ g`VWd V[XXWdW`f W`h[da`_W`fS^ Ua`V[f[a`e( egUZ Se hSdk[`Y

fW_bWdSfgdWe S`V Zg_[V[fk ^WhW^e( iZ[UZ Uag^V SXXWUf fZW YdSbZW`W S`V _WfSegdXSUW _SfWd[S^e9 LZW

SgfZade `afW fZSf YdSbZW`W bdabWdf[We _Sk TW eW`e[f[hW fa iSfWd hSbad ad SVeadTWV YSe _a^WUg^We(

WebWU[S^^k iZW` fZW YdSbZW`W egdXSUW [e `af bSee[hSfWV* Aai VaWe fZW VWh[UW _S`SYW fZW bafW`f[S^

`a[eW S`V e[Y`S^ VWYdSVSf[a` [eegWe fZSf Uag^V Sd[eW Xda_ ge[`Y VgS^)Sd_ b^Se_a`[U `S`aefdgUfgdWe

a` S YdSbZW`W b^SfXad_9

Author Reply 8: KYR_\ j`f W`c cRZdZ_X eYVdV bfVdeZ`_d+ 9]] eVded Z_ eYZd defUj hVcV T`_UfTeVU Re

c``^ eV^aVcRefcV R_U ViYZSZeVU T`_dZdeV_e aVcW`c^R_TV `gVc UZWWVcV_e eZ^V aVcZ`Ud+ K` Z_gVdeZXReV

eYV deRSZ]Zej T`_UZeZ`_d R_U ac`eVTeZ`_ ^VeY`Ud `W eYV UVgZTVd) hV acVaRcVU UVgZTVd S`eY hZeY R_U

hZeY`fe Y:F &YViRX`_R] S`c`_ _ZecZUV' T`gVcRXV R_U ^VRdfcVU eYV aVcW`c^R_TV deRSZ]Zej &TY`aaVU

dZX_R]' `W S`eY ejaVd `W UVgZTVd RWeVc ]`_X*eVc^ c``^ eV^aVcRefcV Via`dfcV &>ZXfcV I.+6+'+ 9d eYV

cVgZVhVc ^V_eZ`_VU) eYV aVcW`c^R_TV `W SRcV XcRaYV_V UVgZTVd UVeVcZ`cReVU dZX_ZWZTR_e]j UfV e`



RUd`caeZ`_ VWWVTed Wc`^ hReVc gRa`c R_U `eYVc WRTe`cd+ @`hVgVc) eYV UVgZTVd T`gVcVU hZeY Y:F UZU

_`e dY`h dfSdeR_eZR] aVcW`c^R_TV UVXcRUReZ`_+ 9UUZeZ`_R]]j) eYV a]Rd^`_ZT decfTefcV Zd ^RUV `W X`]U

^ReVcZR]) hYZTY Zd cVdZdeR_e e` `iZUReZ`_+ KYVcVW`cV) T`gVcZ_X eYV ^ReVcZR] hZeY Y:F VWWVTeZgV]j

^RZ_eRZ_d eYV deRSZ]Zej `W eYV UVgZTV+ K` WfceYVc V_dfcV aVcW`c^R_TV deRSZ]Zej) hV R]d` V^a]`jVU R_

V_TRadf]ReZ`_ eVTY_ZbfV e` de`cV eYV UVgZTVd Z_ R gRTff^ V_gZc`_^V_e) hYZTY XcVRe]j YV]ad Z_

^RZ_eRZ_Z_X eYV UVgZTV aVcW`c^R_TV+

Figure R1.9. The performance stability (chopped signal) of devices with and without hBN after long-term

room temperature exposure.

Author action 8: NV YRgV RUUVU eYV TYRcRTeVcZkReZ`_ `W UVgZTV aVcW`c^R_TV deRSZ]Zej e`

Jfaa]V^V_eRcj >ZXfcV /- Z_ eYV dfaa]V^V_eRcj Z_W`c^ReZ`_+

<a__W`f 5* LZWk U^S[_ _SUZ[`W ^WSd`[`Y XgdfZWd W`ZS`UWe fZW VWh[UW%e ST[^[fk fa bdWV[Uf S`V

V[XXWdW`f[SfW abf[US^ e[Y`S^e ahWd S TdaSV iShW^W`YfZ dS`YW* LZW iShW^W`YfZ bdWU[e[a` bdWeW`fWV [`

fZ[e bSbWd iSe aTfS[`WV ge[`Y _SUZ[`W ^WSd`[`Y _aVW^e* FS`k afZWd iad]e eZSdW fZW[d S^Yad[fZ_e

bgT^[U^k [` e[_[^Sd efgV[We* LZ[e [e S` WjUW^^W`f WjS_b^W aX S h[dfgage UkU^W [` fZW dWeWSdUZ

iad^V* E[]Wi[eW( B W`UagdSYW fZW SgfZade fa abW` fZW UaVW aX fZW[d VWhW^abWV S^Yad[fZ_ bgT^[U Xad

fZW TW`WX[f aX afZWd egTeWcgW`f dWeWSdUZWde* KgbbaeW fZWeW fia S^Yad[fZ_ UaVWe SdW bgT^[U^k

SdUZ[hWV a` @[fZgT S`V QW`aVa* B` fZSf USeW( fZWk i[^^ TW`WX[f _S`k dWeWSdUZWde( S`V fZ[e bSbWd i[^^

SffdSUf _S`k dWSVWde [X [f YWfe bgT^[USf[a`*

Author Reply 9: KYR_\ j`f W`c eYV gR]fRS]V dfXXVdeZ`_d+ NV YRgV SfZ]e R ?Ze@fS cVa`dZe`cj W`c

`fc ac`[VTe e` ac`eVTe `fc T`ajcZXYe R_U eYV `cZXZ_R]Zej `W `fc aRaVc+ Ae Zd TfccV_e]j R acZgReV cVa`dZe`cj+

@`hVgVc) hV RcV hZ]]Z_X e` ^R\V Ze afS]ZT `_TV `fc h`c\ Zd afS]ZdYVU+ KYV RUUcVdd W`c `fc T`UV `W



eYV UVgV]`aVU R]X`cZeY^ R_U ^RTYZ_V ]VRc_Z_X ^`UV]

Zd7Yeead7,,XZeYfS+T`^,gZ_U`]Z_VCZd,EGAIQaY`e`UVTVTe`c+XZe+ 9_j`_V Zd hV]T`^V e` RTTVdd eYV

T`UV W`c RTRUV^ZT afca`dVd RWeVc `SeRZ_Z_X aVc^ZddZ`_ Wc`^ eYV RfeY`cd+

<a__W`f -,* Aai VaWe fZW geW aX _SUZ[`W ^WSd`[`Y [` fZ[e bZafaVWfWUfad Ua_bSdW fa fdSV[f[a`S^

e[Y`S^ bdaUWee[`Y _WfZaVe [` fWd_e aX SUUgdSUk( ebWWV( S`V Ua_bgfSf[a`S^ dWcg[dW_W`fe9

Author Reply 10: KcRUZeZ`_R] aY`e`V]VTecZT UVeVTeZ`_ R_U dZX_R] ac`TVddZ_X ^VeY`Ud acZ^RcZ]j cV]j

`_ T`_decfTeZ_X R_U Z_eVXcReZ_X hRgV]V_XeY* R_U,`c a`]RcZkReZ`_*dV_dZeZgV V]V^V_ed Z_ daRTV &W`c

ViR^a]V) daReZR]]j Z_eVXcReVd UZWWVcV_e aY`e`_ZT TcjdeR] decfTefcVd' `c eZ^V &W`c ViR^a]V) TYR_XVd

RTeZgV XReZ_X T`_ec`] R_U ^VRdfcVd Yf_UcVUd `W eZ^Vd' e` Z^ac`gV eYV hRgV]V_XeY,a`]RcZkReZ`_

UVeVTeZ`_ RSZ]Zej &UVeVTeZ`_ cR_XV R_U dV_dZeZgZej'+ 9 ^RTYZ_V ]VRc_Z_X*SRdVU aY`e`UVeVTe`c `_]j

cVbfZcVd R TVceRZ_ R^`f_e `W c`fXY UReR T`]]VTeVU Wc`^ eYV ]RS`cRe`cj+ G_TV eYV aY`e`UVeVTe`c Zd

ecRZ_VU) j`f TR_ Z_afe R_j ]VXR] aY`e`TfccV_e e` XVe R bfR]ZWZVU `feafe `W daZ_ Z_W`c^ReZ`_ R_U

hRgV]V_XeY+ eYV RTTfcRTj `W eYV ^`UV] TR_ SV ef_VU Rd UVdZcVU+ 9e eYV dR^V eZ^V) eYV daVVU `W eYV

^`UV] Zd ^fTY WRdeVc T`^aRcVU e` ecRUZeZ`_R] aY`e`UVeVTe`cd+ A_ eYZd aRaVc) eYV ^RTYZ_V ]VRc_Z_X

^`UV] hV fdVU TR_ `feafe R cVdf]e hZeYZ_ -+. dVT`_Ud W`c R_j XZgV_ Z_afe+ IVXRcUZ_X T`^afeReZ`_R]

cVd`fcTV cVbfZcV^V_ed) eYV ^RTYZ_V ]VRc_Z_X*SRdVU aY`e`UVeVTe`c YRd TVceRZ_ UV^R_Ud `_ T`^afeVc

YRcUhRcV dfTY Rd ;HL) I9E) R_U de`cRXV UVgZTVd+

Author action 10: NV YRgV RUUVU cV]VgR_e UZdTfddZ`_d Z_ Jfaa]V^V_eRcj F`eV 3+

<a__W`f --* NZSf ebWU[X[U abf[US^ Ua__g`[USf[a` S`V Ua_bgf[`Y Sbb^[USf[a`e iag^V TW`WX[f _aef

Xda_ fZ[e fWUZ`a^aYk( S`V iZSf SdW fZW S`f[U[bSfWV [_bdahW_W`fe ahWd UgddW`f ekefW_e9 NZSf XgdfZWd

VWhW^ab_W`fe ad abf[_[lSf[a`e SdW `WUWeeSdk fa _S]W fZ[e fWUZ`a^aYk h[ST^W Xad Ua__WdU[S^

VWb^ak_W`f( bSdf[Ug^Sd^k [` fWd_e aX Uaef)WXXWUf[hW`Wee S`V WSeW aX [`fWYdSf[a`9

Author Reply 11: KYR_\ j`f W`c j`fc T`_decfTeZgV bfVdeZ`_d+ DZXYe a`ddVddVd ^f]eZa]V UVXcVVd `W

WcVVU`^ &dfTY Rd hRgV]V_XeY) a`]RcZkReZ`_) af]dV ]V_XeY) VeT+' eYRe TR_ SV feZ]ZkVU W`c Z_W`c^ReZ`_

V_T`UZ_X+ KYV h`c\ acVdV_eVU YVcV UV^`_decReVd eYV RSZ]Zej e` UVeVTe S`eY a`]RcZkReZ`_ R_U

hRgV]V_XeY Z_W`c^ReZ`_ dZ^f]eR_V`fd]j) V_YR_TZ_X eYV UZdeZ_TeZgV TYRcRTeVcZdeZTd `W ]ZXYe+ KYV cZTY

T`^SZ_ReZ`_ `W YZXY*UZ^V_dZ`_R] Z_W`c^ReZ`_ ac`gZUVd dfWWZTZV_e TYR__V] TRaRTZej+ KYZd Zd hYj

cVdVRcTYVcd RcV Via]`cZ_X `cSZeR] R_Xf]Rc ^`^V_ef^ UVeVTeZ`_) UVdaZeV eYV dZX_ZWZTR_e TYR]]V_XVd

Z_g`]gVU &BZ) O+ Ve R]+ HY`e`TfccV_e UVeVTeZ`_ `W eYV `cSZeR] R_Xf]Rc ^`^V_ef^ `W ]ZXYe+ KU[W`UW 368)

430*434 &/-/-''+

@VcV) hV ac`gZUV R_ ViR^a]V W`c Raa]ZTReZ`_+ A_ >ZXfcVd / R_U 0 `W eYZd aRaVc) eYV T`^SZ_ReZ`_

`W `aeZTR] TZcTf]Rc a`]RcZkReZ`_ Z_W`c^ReZ`_ hZeY daVTZWZT hRgV]V_XeY Z_W`c^ReZ`_ ac`gZUVd



_f^Vc`fd UVXcVVd `W WcVVU`^ W`c `aeZTR] T`^^f_ZTReZ`_+ 9UUZeZ`_R]]j) eYV UfR] `aeZTR] Z_TZUV_TV

^`UV TR_ ]VRU e` eYV dfaVca`dZeZ`_ `c TR_TV]]ReZ`_ `W `feafe dZX_R]d) hYZTY TR_ SV feZ]ZkVU W`c eYV

Z^a]V^V_eReZ`_ `W aY`e`_ZT ]`XZT XReVd+ K`URj) eYV ]Z^ZeReZ`_d `W ViZdeZ_X V]VTec`_ZT ]`XZT XReVd Z_

eVc^d `W acVTZdZ`_ R_U cRaZU T`^afeReZ`_) T`^SZ_VU hZeY eYV Via]`dZgV UV^R_U W`c gRcZ`fd UReR

ac`TVddZ_X) YRgV daRc\VU Z_eVcVde Z_ _Vh ]`XZT XReV a]ReW`c^d &CZ^) N+ Ve R]+ HVc`gd\ZeV

^f]eZWf_TeZ`_R] ]`XZT XReVd gZR SZa`]Rc aY`e`cVda`_dV `W dZ_X]V aY`e`UVeVTe`c+ GSfgdW

Ua__g`[USf[a`e 13) 4/- &/-//''+ KYV UVgZTVd ac`a`dVU Z_ eYZd aRaVc TR_ T`_gVce `aeZTR] Z_afed Z_e`

V]VTecZTR] `feafed R_U aVcW`c^ ^f]eZa]V :``]VR_ ]`XZTd e` cVR]ZkV aY`e`V]VTecZT ]`XZT XReV) Rd dY`h_

Z_ >ZXfcV I.+..+

Figure R1.11. Demonstration of the photoelectric logic gate

Author action 11: NV YRgV RUUVU eYZd a`eV_eZR] Raa]ZTReZ`_ e` Jfaa]V^V_eRcj >ZXfcV /1 Z_ eYV

dfaa]V^V_eRcj Z_W`c^ReZ`_+

9d j`f _`eVU) dVgVcR] Z^ac`gV^V_ed) UVgV]`a^V_ed) `c `aeZ^ZkReZ`_d RcV cVbfZcVU e` cVR]ZkV

eYVdV Raa]ZTReZ`_d+ >Zcde) Z_ eVc^d `W aVcW`c^R_TV) V_YR_TZ_X eYV UVgZTV%d cVda`_dZgZej Zd _VTVddRcj+

KYZd TR_ SV Via]`cVU eYc`fXY eYV ac`a`dVU ^VeY`Ud) dfTY Rd XReV g`]eRXV ^VTYR_Zd^d) ]Rj`fe

`aeZ^ZkReZ`_) R_U Z^ac`gV^V_ed Z_ ^ReVcZR] bfR]Zej+ JVT`_U) cVXRcUZ_X UVgZTV cVda`_dV eZ^V)

XcRaYV_V YRd R]cVRUj UV^`_decReVU a`eV_eZR] W`c f]ecRWRde cVda`_dV daVVUd &2-- ?@k') hYZTY TR_

dVcgV Rd R cVWVcV_TV W`c `aeZ^ZkReZ`_ R_U Via]`cReZ`_ &DaWbX^[( K*F* Wf S^* FWfS_SfWd[S^ YdSbZW`W

bZafaVWfWUfad i[fZ TS`Vi[VfZ WjUWWV[`Y 1,, Y[YSZWdfl* KU[W`UW 380( --25)--30 &.,./'*'+ E`de

Z^a`ceR_e]j) Z_ eVc^d `W T`de*VWWVTeZgV_Vdd R_U VRdV `W Z_eVXcReZ`_) eYV ]RcXV*dTR]V Xc`heY eVTY_`]`Xj

W`c XcRaYV_V WZ]^d Zd _`h bfZeV ^RefcV+ ;`^SZ_VU hZeY YZXY*acVTZdZ`_ ]ZeY`XcRaYj eVTY_ZbfVd) eYZd

cVUfTVd eYV T`de*VWWVTeZgV_Vdd `W eYV UVgZTV R_U V_dfcVd T`^aReZSZ]Zej hZeY ;EGJ eVTY_`]`Xj+

KYVcVW`cV) Ze Y`]Ud ac`^ZdZ_X Raa]ZTReZ`_ ac`daVTed+

<a__W`f -.* NZSf UZS^^W`YWe _[YZf Sd[eW [` eUS^[`Y fZW VWh[UW Xad bdSUf[US^ Sbb^[USf[a`e(

bSdf[Ug^Sd^k _S`gXSUfgd[`Y S`V [`fWYdSf[a`9 JSfZWd fZS` Z[YZ^[YZf[`Y fZW SVhS`fSYWe aX fZW[d

VWe[Y` [` fZWeW SebWUfe( B ZabW fZSf fZW SgfZade i[^^ S^ea bdWeW`f dW^WhS`f UgddW`f fWUZ`a^aY[We ad

fWUZ`a^aY[We `WWVWV [` fZW XgfgdW fa eZai Zai fZW V[eSVhS`fSYWe [` fZW[d VWe[Y` US` TW [_bdahWV [`

fZW XgfgdW*



Author Reply 12: KYR_\ j`f W`c eYV gR]fRS]V dfXXVdeZ`_d+ A_ eYV TfccV_e cVdVRcTY `_ UVgZTVd SRdVU

`_ eh`*UZ^V_dZ`_R] ^ReVcZR]d) ^R_j TYR]]V_XVd RcV SVZ_X RUUcVddVU) Sfe ZddfVd RcZdV hYV_ dTR]Z_X

fa e` acRTeZTR] Raa]ZTReZ`_d) aRceZTf]Rc]j Z_ ^R_fWRTefcZ_X R_U Z_eVXcReZ`_+ KYZd aRaVc ReeV^aed e`

RTYZVgV `_*TYZa YZXY*UZ^V_dZ`_R] `aeZTR] Z_W`c^ReZ`_ UVeVTeZ`_ eYc`fXY ^VeRdfcWRTV decfTefcVd) jVe

eYVcV RcV deZ]] d`^V ac`S]V^d eYRe _VVU WfceYVc Z_gVdeZXReZ`_ e` cVd`]gV+ >Zcde]j) cVXRcUZ_X

cVda`_dZgZej) aVcW`c^R_TV TR_ SV WfceYVc V_YR_TVU Sj Raa]jZ_X XReV g`]eRXV) Z^ac`gZ_X ^ReVcZR]

bfR]Zej) R_U `aeZ^ZkZ_X UVgZTV ]Rj`fe+ JVT`_U]j) e` WfceYVc V_YR_TV Z_eVXcReZ`_) dZ_X]V*f_Ze UVgZTVd

TR_ SV ViaR_UVU Z_e` RccRj aZiV] UVgZTVd) V_RS]Z_X ^f]eZ*TYR__V] dZX_R] `feafe R_U WfceYVc cVUfTZ_X

eZ^V cVd`]feZ`_+ 9UUZeZ`_R]]j) RTYZVgZ_X YZXY*cVd`]feZ`_ UVeVTeZ`_ Zd R]d` R WfefcV TYR]]V_XV eYRe

_VVUd e` SV RUUcVddVU+ KYZd cVbfZcVd ^RefcV ^RTYZ_V ]VRc_Z_X R]X`cZeY^d R_U eYV Z^a]V^V_eReZ`_ `W

^`_`TYc`^ReZT ]ZXYe eVdeZ_X Z_ ViaVcZ^V_ed+

Author action 12: NV YRgV RUUcVddVU eYV ]Z^ZeReZ`_d R_U `aeZ^ZkReZ`_ _VVUd `W eYZd h`c\ Z_ eYV

UZdTfddZ`_ dVTeZ`_ `_ aRXV // `W eYV cVgZdVU ^R_fdTcZae+



Reviewer 2

<a__W`fe6 LZW SgfZade ZShW Wjb^adWV fZW geW aX S e_S^^ SddSk aX YdSbZW`W VWfWUfade( _SVW

ba^Sd[eSf[a` eW`e[f[hW Tk fS[^adWV _WfSegdXSUWe( fa bdah[VW S UdgVW VWfWd_[`Sf[a` aX fZW ba^Sd[eSf[a`

efSfW S`V iShW^W`YfZ aX [`Ua_[`Y [^^g_[`Sf[a`* LZW iad] Tg[^Ve a` bdWh[age efgV[We( Tgf [`U^gVWe

`ahW^ SebWUfe* LZW _S`geUd[bf ZSe [eegWe fZSf iag^V `WWV fa TW dWea^hWV TWXadW bgT^[USf[a`*

Author Reply: NV RaacVTZReV j`fc RWWZc^ReZ`_d R_U T`_decfTeZgV WVVUSRT\+ A_ cVda`_dV e` eYV dVcZVd

`W bfVdeZ`_d cRZdVU) hV WZcde ac`gZUV R bfR_eZeReZgV R_U djdeV^ReZT UVdTcZaeZ`_ `W eYV UVgZTV%d

aVcW`c^R_TV+ JVT`_U]j) hV Via]`cV `aeZ^ZkReZ`_ decReVXZVd W`c eYV UVgZTV%d aVcW`c^R_TV+ E`de

Z^a`ceR_e]j) cVXRcUZ_X eYV WVRdZSZ]Zej `W Raa]ZTReZ`_d) hV UZdTfdd eYV ]Z^ZeReZ`_d `W eYV h`c\)

Z^ac`gV^V_e ^VeY`Ud) Raa]ZTReZ`_ ViR^a]Vd) R_U WfefcV h`c\ ac`daVTed+ H]VRdV R]]`h fd e`

V]RS`cReV `_ eYVdV RdaVTed Z_ UVeRZ] SV]`h+

<a__W`fe -6 LZW SgfZade eZag^V U^Sd[Xk fZW `ahW^fk aX fZW[d efgVk* ?ad WjS_b^W( [` ea_W eWUf[a`e

^S`YgSYW egUZ Se oLZ[e VWe[Y` a`^k dWcg[dWe S e[`Y^W _WSegdW_W`f aX S fZdWW)badf _WfSegdXSUWp

_Sk _[e^WSV fZW dWSVWdeZ[b* B` dWS^[fk( _WSegdW_W`f aX fZdWW eWbSdSfW VWh[UWe &[*W* ge[`Y e[j

W^WUfdaVWe' [e dWcg[dWV fa WjfdSUf fZ[e [`Xad_Sf[a` ea fZW fWd_e oe[`Y^W _WSegdW_W`fp S`V ofZdWW

badfp SdW ^[]W^k fa Ua`XgeW* B egYYWef fZW SgfZade dW_ahW ad dWid[fW egUZ efSfW_W`fe fa Sha[V

Ua`Xge[a`*

Author Reply 1: KYR_\ j`f W`c a`Z_eZ_X `fe eYVdV ZddfVd+ Gfc Z_ZeZR] ZUVR hRd e` fdV R_ Z_eVXcReVU

djdeV^ eYRe V^a]`jd R eYcVV*TYR__V] d`fcTV ^VeVc e` `SeRZ_ ^VRdfcV^V_e Z_W`c^ReZ`_

dZ^f]eR_V`fd]j+ @`hVgVc) hV RT\_`h]VUXV eYRe eYVdV deReV^V_ed RcV _`e Raac`acZReV+ NV YRgV

W`]]`hVU j`fc dfXXVdeZ`_ R_U YRgV UV]VeVU R_U cVhcZeeV_ eYVdV deReV^V_ed RTT`cUZ_X]j+

<a__W`f .6 LZW _S[` fWjf XaUgeWe a` cgS^[fSf[hW S`S^ke[e( S`V _adW cgS`f[fSf[hW [`Xad_Sf[a` eZag^V

TW SVVWV [`fa fZW _S[` fWjf fa bdah[VW fZW dWSVWdeZ[b i[fZ S dWS^[ef[U b[UfgdW aX fZW [_bSUf aX fZ[e

VW_a`efdSf[a`* ?ad WjS_b^W( [`Xad_Sf[a` a` fZW dWeba`e[h[fk+VWfWUf[h[fk aX fZW eW`eade [e dW^WYSfWV

fa fZW KB S`V `af _W`f[a`WV [` fZW _S[` fWjf* LZ[e [e hWdk [_badfS`f Y[hW` fZSf fZW _SY`[fgVW aX fZW

VWfWUf[h[fk [e cg[fW ^ai &[*W* -,R2 Ca`We eUS^W' Ua_bSdWV fa efSfW)aX)fZW)Sdf BJ eW`eade* LZ[e _WS`e

fZSf fZW bdabaeWV eW`ead SddSk iag^V a`^k TW geWXg^ g`VWd hWdk [`fW`eW [`XdSdWV ^[YZf S`V [e g`^[]W^k

TW geST^W [`( Xad WjS_b^W( dWS^ iad^V eW`e[`Y Sbb^[USf[a`e* :e egUZ( [f [e [_badfS`f Xad fZW SgfZade

fa U^WSd^k SU]`ai^WVYW fZ[e eZadfUa_[`Y Se S ^[_[fSf[a` aX fZW[d bdabaeWV ekefW_*

Author Reply 2:

KYR_\ j`f W`c a`Z_eZ_X `fe eYVdV ZddfVd+ A_ eYV acVgZ`fd gVcdZ`_ `W eYZd aRaVc) eYV W`Tfd hRd

acZ^RcZ]j `_ eYV cVR]ZkReZ`_ R_U Wf_TeZ`_R] TYRcRTeVcZkReZ`_ `W YZXY*UZ^V_dZ`_R] Z_W`c^ReZ`_

UVeVTeZ`_) hYZ]V eYV Via]`cReZ`_ `W UVgZTV cVda`_dZgZej hRd `gVc]``\VU+ :RdVU `_ eYV cVgZVhVc%d

dfXXVdeZ`_d) hV YRgV Z_gVdeZXReVU Y`h e` Z^ac`gV UVgZTV cVda`_dZgZej+ KYVcV RcV eh` ^RZ_

Raac`RTYVd7

.+ :j Raa]jZ_X XReV g`]eRXV e` cVXf]ReV eYV JTY`ee\j [f_TeZ`_ W`c^VU SVehVV_ XcRaYV_V R_U



eYV ^VeR] decfTefcV) eYV cVda`_dZgZej `W eYV UVgZTV TR_ SV ^`Uf]ReVU) Rd dY`h_ Z_ >ZXfcV I/+.+

;`^aRcVU e` UVgZTVd hZeY`fe XReV g`]eRXV) eYV aY`e`cVda`_dV TR_ Z_TcVRdV Sj Raac`iZ^ReV]j WZgV

eZ^Vd hYV_ R XReV g`]eRXV `W .2-M Zd Raa]ZVU+ KYZd UV^`_decReVd eYRe XReV g`]eRXV cVXf]ReZ`_ Zd R_

VWWVTeZgV ^VeY`U W`c V_YR_TZ_X UVgZTV cVda`_dZgZej+

Figure R2.1. Performance comparison between three port devices and cascaded devices

/+ NV TR_ a]Rj hZeY eYV XV`^Vecj `W eYV XcRaYV_V ]RjVc e` Z_TcVRdV eYV aY`e`cVda`_dV+ KYV

UVgZTV TR_ SV WfceYVc ^Z_ZRefcZkVU) Rd Z]]fdecReVU Z_ >ZXfcV I/+/+ <fV e` eYV Z_TcVRdVU ]V_XeY Z_ eYV

UZcVTeZ`_ `W eYV gVTe`c aY`e`TfccV_e) VgV_ hZeY R TYR__V] hZUeY `W `_]j .- o^) eYV dZX_R] decV_XeY

Z_TcVRdVd WZgVW`]U+ KYZd Z_UZTReVd eYRe UVgZTV aVcW`c^R_TV TR_ SV R]eVcVU RTT`cUZ_X e` UZWWVcV_e

cVbfZcV^V_ed hZeY`fe dRTcZWZTZ_X daReZR] cVd`]feZ`_+

Figure R2.2. Performance comparison between three port devices and cascaded devices

A_ eYV ac`TVdd `W Via]`cZ_X eYV RW`cV^V_eZ`_VU ^VeY`Ud) eYV cVda`_dZgZej TR_ SV Z_TcVRdVU Sj

Raac`iZ^ReV]j WZgV eZ^Vd) R_U eYV T`ccVda`_UZ_X UVeVTeZgZej TR_ SV V_YR_TVU e` eYV `cUVc `W .-P4+

K` VgR]fReV eYV WVRdZSZ]Zej `W `fc UVgZTV W`c acRTeZTR] Raa]ZTReZ`_d) hV T`^aRcVU Zed aVcW`c^R_TV

hZeY T`^^VcTZR] UVeVTe`cd) Rd dY`h_ Z_ KRS]V I/+.+ ;`^aRcVU e` eYV kVc`*SZRd UVgZTVd `W TfccV_e

T`^^VcTZR] UVeVTe`cd) `fc Z_ZeZR] cVda`_dZgZej Zd _`e e`` ]`h+ :j Raa]jZ_X eYV RW`cV^V_eZ`_VU

^VeY`Ud) hV TR_ WfceYVc V_YR_TV eYV UVgZTV%d cVda`_dZgZej+



Table R2.1. Comparison with typical infrared detectors

Comparison with typical infrared detectors

No Description Wavelength 
(-m)  

Responsivity 
(V/W) 

Bias 
Voltage 

Ref. (with 
hyperlink) 

1 Germanium 
photodiode  

1.5 10 0-2 V Nat. Photon. 
15, 925 (2021)

2 InAsSb photovoltaic 
detector 

4-5.9 21 0 V P11120-201, 
Hamamatsu

3 Thermopile detector  0.19-20 0.1 0 V TD10X, 
Thorlabs

4 Thermopile detector  3-5 50 0 V T11361-01, 
Hamamatsu

5 This work 1.55-8 63 0 V 

Author action 2: NV YRgV RUUVU eYV RS`gV UZdTfddZ`_ Rd R_ `aeZ^ZkReZ`_ ^VeY`U W`c UVgZTV

aVcW`c^R_TV e` Jfaa]V^V_eRcj >ZXfcV /0 Z_ eYV dfaa]V^V_eRcj Z_W`c^ReZ`_+ ;`^aRcZd`_ hZeY

ejaZTR] Z_WcRcVU UVeVTe`cd YRd SVV_ RUUVU Rd Jfaa]V^V_eRcj KRS]V 0+

<a__W`f /* <S` fZW SgfZade bdah[VW [`Xad_Sf[a` a` fZW ^[`WSd[fk aX fZW[d bZafaha^fSYW i[fZ

[^^g_[`Sf[a` [`fW`e[fk9

Author Reply 3: K` Via]`cV eYV ]Z_VRcZej `W eYV aY`e`g`]eRXV cVda`_dV e` Z]]f^Z_ReZ`_ Z_eV_dZej Z_

eYV UVgZTVd) hV TYRcRTeVcZkVU eYV^ fdZ_X R _VRc*Z_WcRcVU eVde djdeV^ hZeY R da`e dZkV d^R]]Vc eYR_

eYV RcVR `W eYV UVgZTVd Rd dY`h_ Z_ >ZXfcV I/+0+ KYV ^VRdfcVU a`hVc UVaV_UV_TV `W eYV a`]RcZkReZ`_

dV_dZeZgZej Z_UZTReVd eYV VieV_dZgV ]Z_VRc Uj_R^ZT cR_XV `W `fc UVgZTV+

Figure R2.3. Measured correlation between responsivity and incident power dynamic range.

Author action 3: NV YRgV RUUVU eYV ]Z_VRcZej `W aY`e`g`]eRXV hZeY Z]]f^Z_ReZ`_ Z_eV_dZej e`

Jfaa]V^V_eRcj >ZXfcV /.+



<a__W`f 0* JW^SfWV fa fZW STahW ba[`fe [f [e `af U^WSd iZSf Sbb^[USf[a` fZW SgfZade XadWeWW fZ[e

VWfWUfad SddSk Se TW[`Y geWXg^ Xad9 :e V[eUgeeWV STahW( fZW ^ai eW`e[f[h[fk iag^V bdWU^gVW geSYW Xad

_aef eW`e[`Y+[_SY[`Y Sbb^[USf[a`e* K[_[^Sd^k( fZW ve VWfWUfad ebWWV VaUg_W`fWV [` fZW KB iag^V

bdWhW`f geSYW Xad Ua__g`[USf[a` Sbb^[USf[a`e &iZ[UZ dWcg[dW 8@Al TS`Vi[VfZe'* @[hW` fZW

VWfWUf[a` _WUZS`[e_( [f [e g`^[]W^k fZSf fZWeW _Wfd[Ue i[^^ [_bdahW e[Y`[X[US`f^k* AW`UW( fZW

dWSVWdeZ[b i[^^ iS`f S U^WSdWd efSfW_W`f STagf fZW bafW`f[S^ Sbb^[USf[a` aX fZ[e eW`ead SddSk( S`V

dW_ahS^ aX _W`f[a` aX afZWd [`XWSe[T^W Sbb^[USf[a`e*

Author Reply 4: KYR_\ j`f W`c j`fc T`_decfTeZgV bfVdeZ`_d+ DZXYe a`ddVddVd ^f]eZa]V UVXcVVd `W

WcVVU`^ &dfTY Rd hRgV]V_XeY) a`]RcZkReZ`_) af]dV ]V_XeY) VeT+' eYRe TR_ SV feZ]ZkVU W`c Z_W`c^ReZ`_

V_T`UZ_X+ KYV h`c\ acVdV_eVU YVcV UV^`_decReVd eYV RSZ]Zej e` UVeVTe S`eY a`]RcZkReZ`_ R_U

hRgV]V_XeY Z_W`c^ReZ`_ dZ^f]eR_V`fd]j) V_YR_TZ_X eYV UZdeZ_TeZgV TYRcRTeVcZdeZTd `W ]ZXYe+ KYV cZTY

T`^SZ_ReZ`_ `W YZXY*UZ^V_dZ`_R] Z_W`c^ReZ`_ ac`gZUVd dfWWZTZV_e TYR__V] TRaRTZej+ KYZd Zd hYj

cVdVRcTYVcd RcV Via]`cZ_X `cSZeR] R_Xf]Rc ^`^V_ef^ UVeVTeZ`_) UVdaZeV eYV dZX_ZWZTR_e TYR]]V_XVd

Z_g`]gVU &BZ) O+ Ve R]+ HY`e`TfccV_e UVeVTeZ`_ `W eYV `cSZeR] R_Xf]Rc ^`^V_ef^ `W ]ZXYe+ KU[W`UW 368)

430*434 &/-/-''+

@VcV) hV ac`gZUV R_ ViR^a]V W`c Raa]ZTReZ`_+ A_ >ZXfcVd / R_U 0 `W eYZd aRaVc) eYV T`^SZ_ReZ`_ `W

`aeZTR] TZcTf]Rc a`]RcZkReZ`_ Z_W`c^ReZ`_ hZeY daVTZWZT hRgV]V_XeY Z_W`c^ReZ`_ ac`gZUVd _f^Vc`fd

UVXcVVd `W WcVVU`^ W`c `aeZTR] T`^^f_ZTReZ`_+ 9UUZeZ`_R]]j) eYV UfR] `aeZTR] Z_TZUV_TV ^`UV TR_

]VRU e` eYV dfaVca`dZeZ`_ `c TR_TV]]ReZ`_ `W `feafe dZX_R]d) hYZTY TR_ SV feZ]ZkVU W`c eYV

Z^a]V^V_eReZ`_ `W aY`e`_ZT ]`XZT XReVd+ K`URj) eYV ]Z^ZeReZ`_d `W ViZdeZ_X V]VTec`_ZT ]`XZT XReVd Z_

eVc^d `W acVTZdZ`_ R_U cRaZU T`^afeReZ`_) T`^SZ_VU hZeY eYV Via]`dZgV UV^R_U W`c gRcZ`fd UReR

ac`TVddZ_X) YRgV daRc\VU Z_eVcVde Z_ _Vh ]`XZT XReV a]ReW`c^d &CZ^) N+ Ve R]+ HVc`gd\ZeV

^f]eZWf_TeZ`_R] ]`XZT XReVd gZR SZa`]Rc aY`e`cVda`_dV `W dZ_X]V aY`e`UVeVTe`c+ GSfgdW
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Figure R2.4. Demonstration of the photoelectric logic gate
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e[_g^fS`Wage VWfWUf[a` S`V V[ef[`Uf[a` aX hSd[age ba^Sd[lSf[a` efSfWe S`V iShW^W`YfZe aX TdaSVTS`V
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decfTefcV Zd ReecZSfeVU e` eYV gVTe`c aY`e`TfccV_e XV_VcReVU Sj eYV _`_*f_ZW`c^ WZV]U decV_XeY
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REVIEWERS' COMMENTS

Reviewer #1 (Remarks to the Author):

I respect the authors' efforts in adding various contents to the Supplementary Information during 

the review process. However, regarding the updated contents, I am curious about the lack of 

updates to the References in the Supplementary Information (as well as the Manuscript). I hope the 

authors will add or update the References during the proof stage. Also, here is my feedback for each 

comment below:

Reviewer #1-1

The term "wavelength resolution" used in this paper was inappropriate, but now I think it is well 

addressed. The authors correctly indicated the term "wavelength prediction accuracy of 500㎚" 

here.

Reviewer #1-2

I have asked how to handle signals that are overlapped or interfered with due to the absence of 

spectral resolution. However, the responses provided in points 1 and 2 seem inadequate answers 

to this question.

In the first response, the author refers to the data presented in Supplementary Note 6, mentioning 

that the data with a 0.1-micrometer interval has better accuracy. However, this response is not an 

appropriate answer to the question. It is widely known that the accuracy improves as the training 

data set increases during the machine learning process, so this aspect does not need to be 

emphasized. The author was attempting to highlight, once again, the high prediction accuracy 

across the ultra-wide wavelength range and the inclusion of polarization information (the key points 

they wanted to emphasize in the paper) due to the absence of spectral resolution.

In the second response, the author further supplements the key points emphasized in the paper as 

mentioned above. Re-emphasizing the advantages to the reviewer through this content seems like 

a good reply. However, I don't believe that measuring polarization through the photocurrent flowing 

through each port in the three-port device, based on incident light, and predicting wavelength 

through machine learning is more complex than the typical processing methods of miniature 

computational spectrometers. The polarization measurement is due to the inherent characteristics 

of the metasurface, resulting in different photocurrents in each port, and the overall machine-

learning process does not appear to involve a more complex implementation at the coding level 

compared to typical miniature computational spectrometers.

Although my question was not addressed thoroughly here, I appreciate the author's responses.

Reviewer #1-3

I like the response that the significant difference and advancement of the author's work compared 

to the work is that, through the design of nanoantennas, their detector is capable of three-

dimensional information resolution for the first time. I agree that achieving high resolution in the 

ultra-wide infrared band is exceptionally challenging. I recognize the author's efforts in introducing 



machine learning to compensate for the nanoantenna's limited response to specific wavelengths.

Reviewer #1-4

I appreciate the comparison table and their highlight on the proposed high-dimensional spectral 

detection that can capture polarization information and wavelength.

Reviewer #1-5

Although large-area graphene growth and transfer techniques have matured, multiple ports of 

plasmonic nanoantenna and the graphene channel may still have some fabrication difficulty, cost, 

and integration complexity issues. I can recognize the purpose of the three-terminal design, but its 

comparison to a four(or more)-port design is missing. Nevertheless, I like their updated discussion 

sections.

Reviewer #1-6,7,8

I respect their updated characterization of their device's performance, stability, and potential trade-

offs.

Reviewer #1-9

I appreciate their determination to share their algorithms publicly.

Reviewer #1-10,11,12

I like their detailed discussion and updates to the Manuscript and Supplementary Information.

I appreciate the author's humble attitude of acknowledging various shortcomings in metrics and 

efforts to address some of them through supplementation and optimization in the revised 

manuscript. Therefore, I recommend that Nature Communications accept this paper for 

publication after updating my minor comments, which can be addressed during the proof stage.

Reviewer #2 (Remarks to the Author):

They authors have addressed my main comments

Reviewer #3 (Remarks to the Author):

The authors have addressed my comments. I recommend the current manuscript to be accepted 

now.



Reply to the reviewers: 

Reviewer 1 

Comments: 

I respect the authors' efforts in adding various contents to the Supplementary Information during 

the review process. However, regarding the updated contents, I am curious about the lack of 

updates to the References in the Supplementary Information (as well as the Manuscript). I hope 

the authors will add or update the References during the proof stage. Also, here is my feedback for 

each comment below: 

Author Reply: We are greatly appreciative of your positive assessment of our work. Your 

recommendations are of great significance for the perfection of our endeavors. With regard to the 

remaining concerns, we are more than happy to address them point by point for modification. 

 

Comment 1. I have asked how to handle signals that are overlapped or interfered with due to the 

absence of spectral resolution. However, the responses provided in points 1 and 2 seem inadequate 

answers to this question. In the first response, the author refers to the data presented in 

Supplementary Note 6, mentioning that the data with a 0.1-micrometer interval has better 

accuracy. However, this response is not an appropriate answer to the question. It is widely known 

that the accuracy improves as the training data set increases during the machine learning process, 

so this aspect does not need to be emphasized. The author was attempting to highlight, once again, 

the high prediction accuracy across the ultra-wide wavelength range and the inclusion of 

polarization information (the key points they wanted to emphasize in the paper) due to the absence 

of spectral resolution. In the second response, the author further supplements the key points 

emphasized in the paper as mentioned above. Re-emphasizing the advantages to the reviewer 

through this content seems like a good reply. However, I don't believe that measuring polarization 

through the photocurrent flowing through each port in the three-port device, based on incident 

light, and predicting wavelength through machine learning is more complex than the typical 

processing methods of miniature computational spectrometers. The polarization measurement is 

due to the inherent characteristics of the metasurface, resulting in different photocurrents in each 

port, and the overall machine-learning process does not appear to involve a more complex 

implementation at the coding level compared to typical miniature computational spectrometers. 

Although my question was not addressed thoroughly here, I appreciate the author's responses. 

Author Reply 1: Thank you for bringing this issue to our attention, and we have indeed 

conducted a substantial amount of literature research on the topic. For miniaturized spectrometers, 

the treatment of signals that are overlapped or interfered due to the lack of spectral resolution 

requires intensive narrow-band monochromatic light for testing and reconstruction. This involves 

the use of monochromator testing equipment to test the device and reconstruct the data model. 



However, in this experimental context, we require the collection of spectral data within an ultra-

wide wavelength range of 1-8 micrometers that carries both polarization and wavelength 

information. Due to the lack of testing conditions such as a dense array of narrow-band polarized 

monochromatic light sources, the implementation of narrow-band monochromatic light testing is 

not feasible. Consequently, we are only able to reconstruct, analyze, and predict the spectral data, 

which restricts further refinement of the resolution. 

 

This point will serve as a focus for our next phase of research efforts. On one hand, we need to 

combine wide spectral data with monochromatic light data to construct an optical current model. 

On the other hand, we need to further optimize machine learning algorithms to enhance the 

accuracy of predictions and the ability to handle overlapping signals 

 

Author action 1: We have added relevant descriptions to the discussion section of the manuscript. 

 

Comment 2. Although large-area graphene growth and transfer techniques have matured, multiple 

ports of plasmonic nanoantenna and the graphene channel may still have some fabrication 

difficulty, cost, and integration complexity issues. I can recognize the purpose of the three-

terminal design, but its comparison to a four (or more)-port design is missing. Nevertheless, I like 

their updated discussion sections.  

 

Author Reply 2: Thank you for your insights. Indeed, the plasmonic structure processing 

technology based on electron-beam direct writing currently requires higher precision compared to 

the simpler photolithographic techniques used in laboratories. We are working hard to simplify the 

preparation process as much as possible to reduce complexity.  

 

Additionally, the multi-port design helps us to gain more recognition of polarization information 

for different wavebands of light, as mentioned in the previous question. The increase in ports is 

expected to improve the resolution of signal collection, however, it will also increase the 

complexity of device fabrication. This issue will also become a key problem that we need to 

address in the next phase of our research.  

Author action 2: We have added relevant descriptions to the discussion section of the manuscript. 
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