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AbWXVacX
CSmTlemeRXaV] meXal-S\ide-WemicSRdYcXSV (CMOS) image WeRWSVW aVe a ZiWYal SYXTSWX Sf maR]
machiReW XhaX iRXeVacX [iXh Xhe [SVld. While Xhe] TVeWeRXl] WeTaVaXe image caTXYVe iR fVSRX-eRd WilicSR
ThSXSdiSde aVVa]W fVSm image TVSceWWiRg iR digiXal back-eRdW, effSVXW XS TVSceWW imageW [iXhiR Xhe
ThSXSdiSde aVVa] iXWelf aVe VaTidl] emeVgiRg, iR hSTeW Sf miRimi^iRg Xhe daXa XVaRWfeV beX[eeR WeRWiRg
aRd cSmTYXiRg, aRd Xhe aWWSciaXed SZeVhead iR eReVg] aRd baRd[idXh. ElecXVical mSdYlaXiSR, SV
TVSgVammiRg, Sf ThSXScYVVeRXW iW VeUYiWiXe fSV WYch iR-WeRWSV cSmTYXiRg, [hich [aW iRdeed
demSRWXVaXed [iXh elecXVSWXaXicall] dSTed, bYX RSR-WilicSR, ThSXSdiSdeW. CMOS image WeRWSVW aVe
cYVVeRXl] iRcaTable Sf iR-WeRWSV cSmTYXiRg, aW XheiV chemicall] dSTed ThSXSdiSdeW caRRSX TVSdYce
elecXVicall] XYRable ThSXScYVVeRXW. HeVe [e VeTSVX iR-WeRWSV cSmTYXiRg [iXh aR aVVa] Sf elecXVSWXaXicall]
dSTed WilicSR T-i-R ThSXSdiSdeW, [hich iW ameRable XS WeamleWW iRXegVaXiSR [iXh Xhe VeWX Sf Xhe CMOS
image WeRWSV elecXVSRicW. ThiW WilicSR-baWed aTTVSach cSYld mSVe VaTidl] bViRg iR-WeRWSV cSmTYXiRg XS
Xhe Veal [SVld dYe XS iXW cSmTaXibiliX] [iXh Xhe maiRWXVeam CMOS elecXVSRicW iRdYWXV]. OYV [afeV-Wcale
TVSdYcXiSR Sf XhSYWaRdW Sf WilicSR ThSXSdiSdeW YWiRg WXaRdaVd fabVicaXiSR emThaWi^eW XhiW
cSmTaXibiliX]. We XheR demSRWXVaXe iR-WeRWSV TVSceWWiRg Sf STXical imageW YWiRg a ZaVieX] Sf
cSRZSlYXiSRal ¦lXeVW elecXVicall] TVSgVammed iRXS a 3 � 3 ReX[SVk Sf XheWe ThSXSdiSdeW.

MaiR Te\X
CSmTlemeRXaV]ÁmeXal S\ide WemicSRdYcXSV (CMOS) imageÁWeRWSVW haZe becSme aR iRdiWTeRWable TaVX
Sf SYV daXa-dViZeR [SVld, [heVe ZiWYal iRfSVmaXiSR TVeZailW1,2. The fVSRX-eRd WilicSR ThSXSdiSde aVVa] iR a
CMOS image WeRWSV cSRZeVXW lighX iRXS elecXVical cYVVeRXW. TheWe elecXVical daXa YRdeVgS aRalSg-XS-digiXal
cSRZeVWiSR aRd aVe XheR WhYXXled XS a digiXal back-eRd fSV image TVSceWWiRg. While XhiW WXaRdaVd
WeUYeRce Sf fVSRX-eRd image caTXYVe aRd back-eRd TVSceWWiRg VeWXVicXW Xhe VSle Sf Xhe ThSXSdiSde aVVa] XS
WeRWiRg, emeVgiRg machiRe ZiWiSR aTTlicaXiSRW [SYld beRe¦X fVSm daXa TVSceWWiRg [iXhiR Xhe ThSXSdiSde
aVVa] iXWelf3,4. FSV e\amTle, iR SbjecX XVackiRg fSV Welf-dViZiRg ZehicleW, dVSReW, SV VSbSXW, [heVe SRl] Xhe
edgeW Sf SbjecXW aVe VeleZaRX5�8, edge e\XVacXiSR iR Xhe fVSRX-eRd ThSXSdiSde aVVa] [SYld be mYch mSVe
ecSRSmical iR eReVg] e\TeRdiXYVe, TVSceWWiRg laXeRc], VeUYiVed baRd[idXh, aRd memSV] YWage, aW
cSmTaVed XS XVaRWfeVViRg Xhe [hSle image daXa cSRXaiRiRg WYTeV§YSYW iRfSVmaXiSR XS Xhe back-eRd
digiXal TVSceWWSV�SRl] XS e\XVacX Xhe edgeW9.Á

SYch iR-WeRWSV cSmTYXiRg [SYld VeUYiVe aR elecXVical mSdYlaXiSR, SV TVSgVammiRg, Sf ThSXScYVVeRXW. IR
facX, iR-WeRWSV cSmTYXiRg haW beeR VeceRXl] demSRWXVaXed [iXh elecXVSWXaXicall] dSTed ThSXSdiSdeW
[hSWe ThSXScYVVeRXW caR be mSdYlaXed [iXh gaXe biaWiRg10,11. TheWe TiSReeViRg [SVkW haZe Veali^ed
elecXVSWXaXicall] dSTed ThSXSdiSdeW b] gaXiRg X[S-dimeRWiSRal (2D) XVaRWiXiSR meXal dichalcSgeRide
(TMD) la]eVW SV XheiV ZaR deV WaalW (ZdW) WXackW12�14. IR cSRXVaWX, WYch iR-WeRWSV cSmTYXiRg iW RSX
TSWWible [iXh Xhe TVeWeRX bYild Sf CMOS image WeRWSVW, fSV Xhe] emTlS] chemicall] dSTed WilicSR
ThSXSdiSdeW, [hSWe ThSXScYVVeRXW aVe RSX ameRable XS elecXVical mSdYlaXiSR. HeVe, [e VeTSVX iR-WeRWSV
cSmTYXiRg [iXh aR aVVa] Sf elecXVSWXaXicall] dSTed WilicSR T-i-R ThSXSdiSdeW, [hich caR be WeamleWWl]



Page 3/15

iRXegVaXed [iXh Xhe VemaiRdeV Sf Xhe CMOS image WeRWSV elecXVSRicW, [hile VeTlaciRg Xhe chemicall]
dSTed WilicSR ThSXSdiSde aVVa]. SYch WilicSR-baWed aTTVSach cSYld e\TediXe Xhe Veal-[SVld aTTlicaXiSR Sf
iR-WeRWSV cSmTYXiRg dYe XS iXW cSmTaXibiliX] [iXh Xhe maiRWXVeam CMOS elecXVSRicW iRdYWXV]3,4,15,16.
CSRcVeXel], [e ¦VWX demSRWXVaXe laVge-Wcale deZice TVSdYcXiSR b] fabVicaXiRg XhSYWaRdW Sf dYal-gaXe
WilicSR T-i-R ThSXSdiSdeW aX Xhe [afeV Wcale. We XheR TeVfSVm iR-WeRWSV cSmTYXiRg SR WeVial STXical
imageW YWiRg a 3 � 3 ReX[SVk Sf XheWe elecXVSWXaXicall] dSTed ThSXSdiSdeW b] elecXVicall] TVSgVammiRg
Xhe ReX[SVk iRXS 7 diffeVeRX cSRZSlYXiSRal ¦lXeVW.Á

Á

ElecXVSWXaXicall]ÁdSTed WilicSRÁThSXSdiSdeW

The ThSXScYVVeRX Sf a diSde, ITh, gVS[W [iXh Xhe TS[eV Sf Xhe iRcideRX lighX, P, [iXh Xhe VeWTSRWiZiX], R,

beiRg Xhe TVSTSVXiSRaliX] cSRWXaRX17, i.e., ITh =ÁRÁxÁP. A cSRZeRXiSRal, chemicall] dSTed ThSXSdiSde e\hibiXW
a cSRWXaRX VeWTSRWiZiX] R, WiRce Xhe TaVameXeVW XhaX deXeVmiRe R, eWTeciall] Xhe dSTiRg deRWiXieW Sf Xhe T
aRd R VegiSRW, aVe ¦\ed. OR Xhe SXheV haRd, iR aR elecXVSWXaXicall] dSTed ThSXSdiSde, [heVe Xhe dSTiRg
deRWiXieW caR be mSdi¦ed b] gaXe biaWiRg, R iW elecXVicall] TVSgVammable. The elecXVSWXaXicall] dSTed
ThSXSdiSde caR XhYW TeVfSVm aRalSg mYlXiTlicaXiSR beX[eeR Xhe iRcideRX lighX TS[eV P aRd Xhe elecXVicall]
TVSgVammed VeWTSRWiZiX] R. ThiW TVSgVammable STXSelecXVSRic aRalSg mYlXiTlicaXiSR iW Xhe ke] XS iR-
WeRWSV image TVSceWWiRg.Á

OYV elecXVSWXaXicall] dSTed ThSXSdiSde iW bYilX SR aR iRXViRWic WilicSR [afeV. IX cSRXaiRW X[S cSRXacX
elecXVSdeW�i.e., elecXVSde 1 aRd 2�XS TVSZide Xhe cYVVeRX TaXh, aRd X[S XST gaXe meXalW, [hich, [heR
biaWed [iXh Xhe Wame ZSlXage magRiXYde Sf STTSWiXe WigRW, cVeaXe elecXVSWXaXicall] dSTed T aRd R VegiSRW
iR WilicSR (FigW. 1a aRd b). The TaVX Sf Xhe WilicSR [iXhSYX aR] SZeVl]iRg gaXe meXal iW aR iRXViRWic (i) VegiSR,
aRd acXW aW a chaRRel iR Xhe deZice. ThiW chaRRel VegiSR iW diVecXl] e\TSWed XS lighX fVSm abSZe. The
cSRXacX aRd gaXe elecXVSdeW aVe aVVaRged iR aR iRXeVdigiXaXed faWhiSR fSV a high chaRRel [idXh/leRgXh
VaXiS Sf 5576 vm/5 vm. DeXailed fabVicaXiSR WXeTW aVe deWcVibed iR MeXhSdW aRd SYTTlemeRXaV] Fig. 1.
The VeWYlXiRg T-i-R diSde e\hibiXW a WXaRdaVd VecXif]iRg behaZiSV (SYTTlemeRXaV] Fig. 2), [hich cSR¦VmW
Xhe elecXVSWXaXic dSTiRg. AW [e W[aT Xhe WigRW Sf Xhe X[S gaXe biaWeW, Xhe VecXif]iRg behaZiSV §iTW iXW
TSlaViX] (SYTTlemeRXaV] Fig. 2), [hich fYVXheV ZeVi¦eW Xhe elecXVSWXaXic dSTiRg.Á

IllYmiRaXiSR Sf Xhe iRXViRWic chaRRel VegiSR [iXh a fVeUYeRc] Sf lighX higheV XhaR Xhe WilicSR baRdgaT
(b1.12 eV, SV b1,100 Rm) geReVaXeW a ThSXScYVVeRX. FSV XhiW ThSXScYVVeRX geReVaXiSR mSde, XhVSYghSYX
XhiW [SVk, [e biaW bSXh cSRXacX elecXVSdeW aX ^eVS ZSlXage aRd de¦Re Xhe cYVVeRX §S[ fVSm elecXVSde 1 XS
2 aW TSWiXiZe. The geReWiW Sf Xhe ThSXScYVVeRX iW Xhe elecXVSRW aRd hSleW e\ciXed b] Xhe lighX, [hich aVe
W[eTX iR STTSWiXe diVecXiSRW b] Xhe bYilX-iR TSXeRXial (Vbi) Sf Xhe diSde, [hich iW deXeVmiRed b] Xhe dSTiRg
deRWiXieW Sf Xhe T aRd R VegiSRW (Fig. 1b). The elecXVSWXaXic alXeVaXiSR Sf Xhe dSTiRg deRWiXieW Zia Xhe gaXe
ZSlXageW chaRgeW Vbi, [hich iR XYVR caR mSdif] Xhe magRiXYde aRd diVecXiSR Sf Xhe ThSXScYVVeRX fSV a
giZeR TS[eV Sf iRcideRX lighX. IR SXheV [SVdW, Xhe gaXe biaWeW XYRe Xhe VeWTSRWiZiX] R.Á
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We demSRWXVaXe XhiW deTeRdeRce Sf R SR Xhe gaXe biaWeW b] meaWYViRg Xhe ThSXScYVVeRX [iXh a ¦\ed
TS[eV, Ved-¦lXeVed halSgeR lamT XhaX iW TeViSdicall] WhYXXeVed SR aRd Sff, [hile Xhe ZSlXage aX Xhe gaXe
abSZe elecXVSde 1 (VG, 1) iW WXeTTed YT fVSm -3 V XS 3 V [iXh a 0.5 V WXeT, aRd WimYlXaReSYWl] Xhe ZSlXage
aX Xhe gaXe abSZe elecXVSde 2 (VG, 2) iW WXeTTed dS[R fVSm 3 V XS -3 V [iXh a 0.5 V WXeT (iRWeX Sf Xhe Fig.
1c). The STXical TS[eV Sf Xhe lighX WSYVce, PWSYVce, iW 15 vW, [hich iW diffeVeRX fVSm, bYX TVSTSVXiSRal XS, Xhe
TS[eV P Sf Xhe lighX iRcideRX SR Xhe deZice, Wcaled accSVdiRg XS Xhe deZice aRd/SV beam aVea. The
meaWYVed ThSXScYVVeRX, WhS[R iR Fig. 1c, e\hibiXW Xhe e\TecXed mSdYlaXiSR Sf R b] Xhe gaXe biaW
ZSlXageW. ReTeXiXiSR Sf WYch gaXe-cSRXVSlled ThSXScYVVeRX mSdYlaXiSR fSV b50 miR WhS[W Xhe WXabiliX] Sf
Xhe TVSgVammabiliX] iR R (SYTTlemeRXaV] Fig. 3).Á

COMSOL MYlXiTh]WicW WimYlaXiSR alWS cSR¦VmW Xhe STeVaXiRg TViRciTle Sf Xhe elecXVSWXaXicall] dSTed T-i-R
diSde. The gaXiRg cleaVl] cVeaXeW T aRd R VegiSRW, [iXh Xhe baRd beRdiRg acVSWW Xhe chaRRel
(SYTTlemeRXaV] Fig. 4a-c) aRd Xhe VeWTSRWiZiX] R chaRgiRg [iXh Xhe gaXiRg aW e\TecXed (SYTTlemeRXaV]
Fig. 4d; mSVe SR XhiW WhSVXl], iR cSRRecXiSR [iXh Fig. 2c).Á

Á

PVSgVammable STXSelecXVSRic mYlXiTlicaXiSR

We fYVXheV iRZeWXigaXe Xhe deTeRdeRce Sf Xhe ThSXS VeWTSRWe SR Xhe gaXe ZSlXageW, aRd RS[, alWS SR Xhe
lighX TS[eVÁ(Fig.Á2a). FigYVe 2b WhS[W Xhe ThSXScYVVeRX maT [iXh X[S gaXe ZSlXageW iRdeTeRdeRXl] W[eTX,
each fVSm -5 V XS 5 V [iXh a WXeT SfÁ0.1 V, [hile Xhe ThSXSdiSde iW illYmiRaXed b] blYe laWeV lighX (473 Rm)
[iXh a ¦\ed PWSYVce Sf 125 vW. WheR Xhe X[S gaXe ZSlXageW aVe ideRXical, i.e., VG, 1 = VG, 2, [heXheV iX iW
TSWiXiZe (R-R dSTiRg) SV RegaXiZe (T-T dSTiRg), RS SZeVall TSXeRXial gVadieRXÁdeZelSTW, aRd XhYW RS
ThSXScYVVeRX WhSYld be TVSdYced. The cSVVeWTSRdiRg TTÁXSÁRR liRe, [iXh ^eVS cYVVeRX, iW iRdeed clSWe XS
Xhe ideal TSWiXiZe diagSRal liRe, aRd iXW WlighX deZiaXiSR iW TSWWibl] dYe XS chaVge caVVieV XVaTTiRg aX
defecXW fSVmed dYViRg fabVicaXiSR. OR Xhe SXheV haRd, [heR [e W[eeT Xhe X[S gaXe ZSlXageW aX Xhe Wame
magRiXYde, bYX [iXh STTSWiXe WigRW,ÁalSRg Xhe RegaXiZe diagSRal liRe, Xhe ThSXScYVVeRX
mSRSXSRicall]ÁiRcVeaWeWÁfVSm Xhe RegaXiZe ma\imYm XS Xhe TSWiXiZe ma\imYm,Á[hich iW cSRWiWXeRX
[iXhÁXhe mSRSXSRic chaRge Sf Vbi fVSm Xhe RegaXiZe ma\imYm XS Xhe TSWiXiZe ma\imYm (Fig. 1b). FigYVe
2c TlSXW XhiW ThSXScYVVeRX VeWTSRWe alSRg Xhe RegaXiZe diagSRal liRe aW a fYRcXiSR Sf VG, 1 = -VG, 2, [hich
[e deRSXe aW TVSgVammiRg ZSlXage VT. ThiW meaWYVed deTeRdeRce Sf Xhe ThSXScYVVeRX SR VT iW alWS
UYaliXaXiZel] cSRWiWXeRX [iXh Xhe COMSOL WimYlaXiSR (SYTTlemeRXaV] Fig. 4d). FVSm heVe SR, all Xhe gaXe
biaWiRg iW cSR¦gYVed aW VT =ÁVG, 1 = -VG, 2.

MSVeSZeV, [e demSRWXVaXe Xhe liReaV deTeRdeRce Sf ITh SR PWSYVce��aRd XheVefSVe SR P��fSV aR] giZeR
RÁTVSgVammed b] XYRiRg VT. ThiW liReaViX] iW imTSVXaRX fSV high-¦deliX] aRalSg mYlXiTlicaXiSR beX[eeR P
aRd a giZeR R. FigYVe 2d WhS[W Xhe meaWYVed ITh aW a fYRcXiSR Sf PWSYVce (Ved-¦lXeVed halSgeR lamT) fSV
ZaViSYW VTÁ(aRd XhYW R) ZalYeW. A WimTle liReaV ¦X ]ieldiRg a high cSe¨cieRX Sf deXeVmiRaXiSR
(0.996ÁaZeVaged acVSWW all VT ZalYeW) cSR¦VmW Xhe liReaV deTeRdeRce Sf ITh SR PWSYVce, aRd XhYW SR P, fSV
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each TVSgVammed ZalYe Sf R. LiReaViX] iW alWS cSR¦Vmed fSV diffeVeRX [aZeleRgXhW Sf iRcideRX lighX
(SYTTlemeRXaV] Fig. 5).Á

Á

WafeV-Wcale chaVacXeVi^aXiSR Sf elecXVSWXaXicall]ÁdSTed WilicSR ThSXSdiSdeW

ElecXVSWXaXicall]ÁdSTed WilicSR ThSXSdiSdeW ma] acceleVaXe Xhe Veal-[SVld Veali^aXiSR Sf iR-WeRWSV
cSmTYXiRg dYe XS XheiV WYiXabiliX] fSV laVge-Wcale iRXegVaXiSR [iXh CMOS elecXVSRicW. TS demSRWXVaXe, [e
haZe fabVicaXed, iR-hSYWe, 4,900 Sf Xhe dYal-gaXe T-i-R WilicSR ThSXSdiSdeW SR a 4-iRch WilicSR [afeV (Fig.
3a, lefX) YWiRg Xhe CMOS-cSmTaXible fabVicaXiSR (Wee MeXhSdW). The fabVicaXed [afeV feaXYVeW 7 � 7 = 49
VeXicleW, [iXh each VeXicle cSRXaiRiRg 10 � 10 = 100 ThSXSdiSdeW (Fig. 3a, VighX).Á

FigYVe 3b WhS[W ThSXScYVVeRX maTW SbXaiRed b] illYmiRaXiRg a 400 Rm LED lighX [iXh a ¦\ed PWSYVce Sf
170 vWÁWeViall]��diSde b] diSde��acVSWWÁaR e\amTle VeXicle cSRXaiRiRg 100 ThSXSdiSdeW, fSV ZaViSYW VT

ZalYeW (-5 V XS 5 V [iXh a 2 V WXeT, clSck[iWe fVSm VighX, XST cSVReV). TheWe maTW WhS[ a high deZice-XS-
deZice YRifSVmiX] iR Xhe VeWTSRWiZiX] TVSgVammiRg [iXhiR Xhe VeXicle. IR Xhe [afeV-Wcale ThSXScYVVeRX
meaWYVemeRX Sf aÁ5 � 5ÁVeXicle aVVa] (2,500 ThSXSdiSdeW) [iXh aR aYXSmaXed TVSbe WXaXiSR [iXh VT ZaVied
fVSm -5 V XS 5 V [iXh a 0.1 V WXeT, 2,372 deZiceW WhS[ed TVSgVammable VeWTSRWiZiX] (b95% ]ield).
CSRcVeXel], aW [e W[eeT VT,ÁXhe ThSXScYVVeRXW Sf Xhe 2,372 deZiceW, iR VeWTSRWe XS Xhe 400 Rm LED lighX
[iXh Xhe ¦\ed PWSYVce Sf 170 vW,ÁZaVied fVSm -380 r 50 RA XS 430 r 47 RA (Fig. 3c). FigYVe 3d WhS[W Xhe
diWXVibYXiSR Sf Xhe 2,372 ThSXScYVVeRXW fSV WelecXed VT ZalYeW (-5 V XS 5 V [iXh a 1 V WXeT), [heVe deZice-XS-
deZice ZaViaXiSRW aVe mSVe TVSRSYRced XhaR XhSWe fVSm Xhe WiRgle VeXicle, [hich iW WXaRdaVd aX Xhe [afeV
Wcale.

Á

OTXSelecXVSRic cSRZSlYXiSRal image TVSceWWiRg iR a ThSXSdiSde ReX[SVk

We cSRRecX 9 ThSXSdiSdeW aW WhS[R iR Fig. 4a XS TeVfSVm aRalSg mYlXiTlicaXiSR beX[eeR Xhe iRcideRX
lighX TS[eV aRd Xhe TVSgVammed VeWTSRWiZiX] iR each ThSXSdiSde, aRd XS WYm, SV accYmYlaXe, Xhe
VeWYlXiRg 9 ThSXScYVVeRXW Zia KiVchhSff�W cYVVeRX la[. The ThSXScYVVeRX WYm VeWYlXiRg fVSm XhiW aRalSg
mYlXiTl]-accYmYlaXe (MAC) STeVaXiSR iW a dSX TVSdYcX beX[eeR Xhe 1 � 9 iRcideRX lighX TS[eV ZecXSV aRd
Xhe 1 � 9 ZecXSV Sf TVSgVammed VeWTSRWiZiXieW. CSRWeUYeRXl], Xhe 9-ThSXSdiSde ReX[SVk Sf Fig. 4a WeVZeW
aW aR STXSelecXVSRic cSRZSlYXiSRal TVSceWWSV, [iXh Xhe 1 � 9 ZecXSV Sf TVSgVammed VeWTSRWiZiXieW��SV
eUYiZaleRXl] Xhe 3 � 3 maT Sf VeWTSRWiZiXieW TVSgVammed acVSWW Xhe ThSXSdiSde aVVa]��WeVZiRg aW aR
image ¦lXeV keVRel. The accYmYlaXed ThSXScYVVeRX iW cSRZeVXed XS aR SYXTYX ZSlXage (VSYX) Zia a
XVaRWimTedaRce amTli¦eV SR a TViRXed ciVcYiX bSaVd (PCB). OYV meaWYVemeRX W]WXem iW deXailed iR
SYTTlemeRXaV] Fig. 6.

WiXh aR image ¦lXeV keVRel TVSgVammed, Xhe 9-ThSXSdiSde ReX[SVk RSX SRl] caTXYVeW aR iRTYX WceRe, bYX
alWSÁTVSceWWeW iX WimYlXaReSYWl].ÁFigYVeW 4b-d WhS[ aR e\amTle demSRWXVaXiSR [heVe Xhe ReX[SVk ¦RdW
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Xhe edgeW Sf a mSZiRg lighX WTSX. We TVSgVam Xhe ThSXSdiSde ReX[SVk XS feaXYVe Xhe WTeci¦c VeWTSRWiZiX]
maT Sf Fig. 4b b] iRdeTeRdeRXl] XYRiRg VT Sf each ThSXSdiSde (Wee MeXhSdW). ThiW ¦lXeV keVRel iW
deWigRed fSV edge-deXecXiSR alSRg Xhe \-a\iW, VeWYlXiRg iR TSWiXiZe aRd RegaXiZe ThSXScYVVeRXW [heR Xhe
ThSXSdiSde ReX[SVk iW aX Xhe VighX aRd lefX edgeW Sf Xhe lighX WTSX, VeWTecXiZel], aRd SXheV[iWe Regligible
ThSXScYVVeRXW. FigYVe 4c WhS[W VSYX mSRiXSVed [iXh a lighX WTSX fVSm aR LCD TVSjecXSV (TS[eV WeX XS 255
SYX Sf 255, gVeeR chaRRel SRl]) mSZiRg fVSm lefX XS VighX aX a fVeUYeRc] Sf 4 H^, demSRWXVaXiRg Xhe
cSRWiWXeRX TSWiXiZe (6 V) aRd RegaXiZe (-6 V) VeWTSRWeW aW Xhe WTSX mSZeW SZeV Xhe aVVa]. We haZe
eZalYaXed XhiW d]Ramic TVSceWWiRg YT XS a WTSX mSZemeRX fVeUYeRc] Sf 500 H^ (Fig. 4d), XheÁma\imYm
fVeUYeRc]ÁSf SYV STXical WeXYT.Á

Á Á Á Á Á ÁÁE\TaRdiRg fVSm Xhe WimTle e\amTle abSZe, [e TeVfSVm iR-WeRWSV TVSceWWiRg Sf a 256 � 256 Ti\el
image (Fig. 5a, gVe] Wcale, 8 biX deTXh) [iXh Xhe cSRXVaWX iRZeVWiSR ¦lXeV keVRelÁ(Fig. 5b)ÁTVSgVammed iRXS
Xhe 9-ThSXSdiSde ReX[SVk (Wee MeXhSdW fSV TVSgVammiRg). IllYmiRaXiSRÁSfÁa 3 � 3 TaXch Sf Xhe image
SRXS Xhe ThSXSdiSde ReX[SVk YWiRg aR LCD TVSjecXSV (gVeeR chaRRel SRl]) VeWYlXW iR aR accYmYlaXed
ThSXScYVVeRX aW Xhe SYXcSme Sf Xhe STXSelecXVSRic cSRZSlYXiSR. B] WlidiRg Xhe 3 � 3 TaXch XhVSYgh Xhe 256
� 256 image aRd VeTeaXiRg Xhe STXSelecXVSRic cSRZSlYXiSR, [e geReVaXe a 254 � 254 maXVi\ Sf
accYmYlaXed ThSXScYVVeRXW (a XSXal Sf 64,516 accYmYlaXed ThSXScYVVeRXW), [hich VeTVeWeRXW Xhe image
(Fig. 5c) TVSceWWed [iXh Xhe cSRXVaWX iRZeVWiSR ¦lXeV keVRel.Á

BeWideW XheÁcSRXVaWX iRZeVWiSR ¦lXeViRg, [e haZe VeTeaXed iR-WeRWSV image TVSceWWiRg YWiRg 6 SXheV [idel]
YWed ¦lXeV keVRelW11,18�22: diffeVeRce Sf GaYWWiaRW (DSG), GaYWWiaR blYVViRg, image WhaVTeRiRg, bS\
blYVViRg, hSVi^SRXal SSbel, aRd ZeVXical SSbel ¦lXeVW (SYTTlemeRXaV] Fig. 7). AW Xhe 63 ThSXScYVVeRX ZalYeW
TVSgVammed [iXh a ¦\ed PWSYVce fVSm Xhe LCD TVSjecXSV (gVeeR chaRRel SRl]; 9 ZalYeW TeV ¦lXeV aRd a XSXal
Sf 7 ¦lXeVW), [hich cSVVeWTSRd XS Xhe 63 TVSgVammed R ZalYeW, aVe cSmTaVed XS XheiV XaVgeX ZalYeW, [hich
VaRge fVSm -2 vA XS 4 vA, Xhe ma\imYm eVVSV [aW 18 RA. SiRce Xhe VaXiS Sf Xhe ma\imYm eVVSV XS Xhe
XaVgeX VaRge, 1/333, lieW beX[eeR 1/29 aRd 1/28, Xhe TVSgVammiRg accYVac] iW 8 biX. The imageW WhiRed
[iXh Xhe LCD TVSjecXSV (gVeeR chaRRel SRl]) aRd TVSceWWed [iXh XheWe ¦lXeV keVRelW aVe WhS[R iR Fig. 5e,
bSXXSm; Xhe SSbel ¦lXeVed image iR Fig. 5e, bSXXSm iW a cSmTSWiXe TVSdYced b] Xhe VSSX WYm Sf WUYaVeW Sf
Xhe hSVi^SRXal aRd ZeVXical SSbel ¦lXeVed imageW (SYTTlemeRXaV] Fig. 8)20. The jY\XaTSWiXiSR Sf XheWe
imageW TVSceWWed iR Xhe aRalSg dSmaiR [iXhiR Xhe ThSXSdiSde aVVa] (Fig. 5e, bSXXSm) [iXh XhSWe
cSmTYXed digiXall] (Fig. 5e, XST) YReUYiZScall] ZeVif] SYV iR-WeRWSV cSmTYXiRg Wcheme.

CSRclYWiSR
BiS-iRWTiVed cSmTYXiRg haW RYcleaXed iRXeRWe, [SVld[ide VeWeaVch effSVXW iR VeceRX ]eaVW, [iXh iR-memSV]
cSmTYXiRg mSXiZaXed b] Xhe cS-lScaXiSR Sf memSV] aRd cSmTYXiRg iR Xhe bVaiR, aRd [iXh Xhe eZeR mSVe
VeceRX iR-WeRWSV cSmTYXiRg iRWTiVed b] Xhe WeRWSV] TeViTheValW Sf Xhe bVaiR, [heVe WeRWiRg iW
accSmTaRied b] eaVl] iRfSVmaXiSR TVSceWWiRg3,4,10,11,23�28. IR XhiW [SVk, [e haZe demSRWXVaXed aRalSg
image cSRZSlYXiSR TVSceWWiRg aW a fSVm Sf iR-WeRWSV cSmTYXiRg, [heVe [e haZe deZelSTed aRd YXili^ed
Xhe elecXVSWXaXicall] dSTed WilicSR ThSXSdiSde aVVa]. ThiW aTTVSach baWed SR WilicSR deZiceW WYggeWXW a
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[a] XS acceleVaXe Xhe TVacXical Veali^aXiSR Sf iR-WeRWSV cSmTYXiRg b] XakiRg adZaRXage Sf Xhe maiRWXVeam
CMOS elecXVSRicW iRfVaWXVYcXYVe. A mSRSliXhic iRXegVaXiSR Sf Xhe elecXVSWXaXicall] dSTed WilicSR
ThSXSdiSde aVVa] [iXh cSRZeRXiSRal CMOS image WeRWSV elecXVSRicW, [hile VeTlaciRg Xhe chemicall]
dSTed WilicSR ThSXSdiSde aVVa], iW Xhe Re\X WXeT Sf VeWeaVch SYV deZelSTmeRX WYggeWXW. The
elecXVSWXaXicall] dSTed ThSXSdiSde [e haZe fabVicaXed iR-hSYWe iR XhiW demSRWXVaXiSR SccYTieW aR aVea
SVdeVW Sf magRiXYde laVgeV XhaR a chemicall] dSTed ThSXSdiSde iR Xhe WXaXe-Sf-Xhe-aVX CMOS image
WeRWSV. ThYW, iRcVeaWiRg Xhe deRWiX] Sf Xhe elecXVSWXaXicall] dSTed ThSXSdiSde aVVa] XhVSYgh WYbWXaRXial
deZice miRiaXYVi^aXiSR, [hile maiRXaiRiRg TeV-Ti\el gaXe aRd cSRXacX elecXVSdeW aRd XheiV cSRXVSl b] CMOS
elecXVSRicW, [SYld be bSXh a ke] diVecXiSR aRd a challeRge iR XhiW liRe Sf iRZeWXigaXiSR.

MeXhSdW
ElecXVSWXaXicall] dSTed WilicSR ThSXSdiSde fabVicaXiSR.ÁDeZice fabVicaXiSR begaR [iXh [afeV cleaRiRg b]
diTTiRg 4-iRch YR-dSTed Si [afeV [iXh 200 Rm XheVmal S\ide (BiSXaiR HSRg KSRg CS., LimiXed, VeWiWXiZiX] >
10,000 Shmxcm) iR PiVaRha WSlYXiSR (H2SO4:H2O2 = 3:1) aX 80 �C fSV 10 miR. TS bYild a deZice SR a Si
WYVface, Xhe deZice fabVicaXiSR aVea iW de¦Red XhVSYgh Xhe cSRZeRXiSRal ThSXSliXhSgVaTh].
He\ameXh]ldiWilS\aRe (HMDS) iW emTlS]ed iR adZaRce XS Xhe ThSXSVeWiWX XS TVeZeRX YRdeVcYX dYViRg a
[eX-eXch TVSceWW. STiR-RiRWe-DV]eV (SRD) iW YWed fSV [afeV dV]iRg XhVSYgh all Xhe TVSceWW. The 200 Rm Sf
XheVmal S\ide iW eXched YWiRg bYffeVed S\ide eXchaRX (BOE, 6:1) fSV 3 miR. The TaXXeVR iW WXViTTed b]
aceXSRe, iWSTVST]l alcShSl (IPA), aRd SRD. CSRXacX elecXVSdeW (CV/AY = 10/25 Rm) aVe fSVmed b]
cSRZeRXiSRal lifX-Sff TVSceWW YWiRg e-beam eZaTSVaXSV. LifX-Sff-VeWiWXSV (LOR 3A) iW emTlS]ed fSV higheV
fabVicaXiSR ]ield. 30 Rm Al2O3 gaXe dielecXVic iW deTSWiXed YWiRg aXSmic la]eV deTSWiXiSR (ALD) aX 250Á{C.
AfXeV Zia fSVmaXiSR b] TaXXeVRiRg [iXh HMDS aRd BOE (1 miR), gaXe elecXVSdeW (CV/AY = 10/250 Rm) aVe
fSVmed b] Xhe lifX Sff TVSceWW.Á

Á

IXeVaXiZeÁTVSgVammiRg. While all Xhe Ti\elW aVe e\TSWed XS cSRWXaRX, ma\imYm lighX fVSm Xhe LCD
TVSjecXSV (255 fSV Xhe 8 biX VaRge, gVeeR chaRRel SRl]), VT fSV each Ti\el iW WeX XS a calcYlaXed Vk fSV Xhe kXh

iXeVaXiSR calcYlaXed b] Xhe fSllS[iRg eUYaXiSR:Á

[heVe IXaVgeX iW Xhe XaVgeX cYVVeRX aRd Ik iW Xhe meaWYVed ThSXScYVVeRX aX RXh iXeVaXiSR c]cle, fSV each Sf 9
Ti\el. We keeT mSdYlaXiRg VT YRXil Xhe diffeVeRce beX[eeR IXaVgeXÁaRd Ik iW leWW XhaR allS[ed eVVSV VaRge, i.e.,
23 RA if [e WeX aR 8 biX accYVac] fSV Xhe fYll VaRge Sf 6 vA.Á

DeclaVaXiSRW
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CSde aZailabiliX]

E\TeVimeRXal cSde iW aZailable fVSm Xhe cSVVeWTSRdiRg aYXhSVW SRÁVeaWSRable VeUYeWX.Á

DaXa aZailabiliX]

The daXa XhaX WYTTSVX Xhe ¦RdiRgW Sf XhiW WXYd] aVe aZailable fVSm Xhe cSVVeWTSRdiRg aYXhSVW YTSR
VeaWSRable VeUYeWX.

AckRS[ledgemeRXW

The aYXhSVW ackRS[ledge Xhe WYTTSVX Sf XhiW [SVk b] SamWYRg AdZaRced IRWXiXYXe Sf TechRSlSg] (SAIT)
YRdeV CSRXVacX A30216 aRd b] Xhe NaXiSRal ScieRce FSYRdaXiSR (NSF) ScieRce aRd TechRSlSg] CeRXeV
fSV IRXegVaXed QYaRXYm MaXeVialW YRdeV CSRXVacX DMR-1231319. DeZice fabVicaXiSR [aW TeVfSVmed iR
TaVX aX Xhe HaVZaVd CeRXeV fSV NaRSWcale S]WXemW (CNS), [hich iW WYTTSVXed b] Xhe NSF YRdeV CSRXVacX
1541959.

Á

AYXhSV cSRXVibYXiSRW

H.J., H.H., S.P., aRd D.H. cSRceiZed aRd deWigRed Xhe e\TeVimeRXW. H.J., M.P., aRd S.L. deWigRed aRd
fabVicaXed Xhe elecXVSWXaXicall] dSTed WilicSR ThSXSdiSdeW. H.H. deWigRed Xhe iRXeVface elecXVSRicW. H.J.
H.H., M.P. aRd S.L. TeVfSVmed Xhe meaWYVemeRXW Sf iRdiZidYal dYal-gaXe T-i-R ThSXSdiSdeW. H.J. aRd H.H.
TeVfSVmed Xhe iR-WeRWSV image TVSceWWiRg. M.L. aRd C.K. TeVfSVmed Xhe [afeV-Wcale meaWYVemeRXW. W.J.
TeVfSVmed COMSOL mYlXiTh]WicW WimYlaXiSRW SR Xhe dYal-gaXeÁT-i-R ThSXSdiSde. H.J., H.H., W.J., M.L.,
C.K., M.P., S.L., aRd D.H. aRal]^ed Xhe daXa. S.P. aRd D.H. WYTeVZiWed Xhe TVSjecX. H.J., H.H., aRd D.H. [VSXe
Xhe maRYWcViTX. All aYXhSVW diWcYWWed Xhe VeWYlXW aRd imTlicaXiSRW, aRd VeZie[ed Xhe maRYWcViTX.

Á
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FigYVe 1

ElecXVSWXaXicall] dSTed WilicSR T-i-R ThSXSdiSde. a, OTXical micVSWcSTe (XST), WcaRRiRg elecXVSR
micVSWcSTe (SEM, middle), aRd aXSmic fSVce micVSWcSTe (AFM, bSXXSm) imageW Sf aR elecXVSWXaXicall]
dSTed T-i-R ThSXSdiSde TVSXSX]Te. CSRXacX elecXVSde 1 aRd 2 aRd X[S gaXe elecXVSdeW abSZe (falWe-cSlSVed
[iXh blYe aRd Ved WhadeW iR Xhe SEM aRd AFM imageW) aVe iRXeVdigiXaXed. b, PaVX Sf Xhe deZice SEM image
(XST) aRd cSVVeWTSRdiRg WchemaXic illYWXVaXiSR (bSXXSm) Sf Xhe cVSWW-WecXiSRal Zie[ Sf Xhe ThSXSdiSde,
gaXe-biaWed XS fSVm T-i-R aRd R-i-T cSR¦gYVaXiSRW. FSV a mSVe VealiWXic WTaXial TVS¦le Sf Xhe elecXVSR
cSRceRXVaXiSR YRdeV gaXe biaWiRg, Wee SYTTlemeRXaV] Fig. 4. c, MeaWYVed ThSXScYVVeRX [iXh TYlWed lighX
(blYe) aRd WXeTTed gaXe ZSlXageW (VG,1, Ved; VG,2, RSX WhS[R). A Ved-¦lXeVed halSgeR lamT (PWSYVce = 15 vW)
iW YWed aW Xhe lighX WSYVce, VG, 1 iW WXeTTed YT fVSm -3 V XS 3 V [iXh a 0.5 V WXeT, aRd VG, 2 iW
WimYlXaReSYWl] WXeTTed dS[R fVSm 3 V XS -3 V [iXh a 0.5 V WXeT.



Page 12/15

FigYVe 2

PVSgVammable ThSXS VeWTSRWe Sf Xhe dYal-gaXe WilicSR T-i-R ThSXSdiSde. a, SchemaXic illYWXVaXiSR Sf Xhe
meaWYVemeRX WeXYT. IRcideRX lighX [iXh TS[eV P�i.e. PWSYVce Wcaled accSVdiRg XS Xhe deZice aRd/SV beam
aVea�iW cSRZeVXed XS Xhe ThSXScYVVeRX, ITh, [hich iW mSdYlaXed b] Xhe X[S gaXe ZSlXageW, VG, 1 aRd VG, 2. b,
PhSXScYVVeRX maT meaWYVed [iXh each gaXe ZSlXage iRdeTeRdeRXl] W[eTX fVSm -5 V XS 5 V [iXh a 0.1 V
WXeT. c, PhSXScYVVeRX VeWTSRWe [iXh VT = VG, 1 = -VG, 2 W[eTX fVSm -5 V XS 5 V [iXh a 0.1 V WXeT. The lighX
WSYVce fSV TaVXW b aRd c iW a blYe laWeV (473 Rm) [iXh a PWSYVce Sf 125 vW. d, The meaWYVed ThSXScYVVeRX
ZW. PWSYVce [iXh VT aW a TaVameXeV, ZaVied fVSm -4 V (blYe) XS 4 V (Ved) [iXh a 1 V WXeT. The lighX WSYVce iW a
Ved-¦lXeVed halSgeR lamT.
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FigYVe 3

WafeV-Wcale aVVa] Sf Xhe dYal-gaXe WilicSR T-i-R ThSXSdiSdeW. a, OTXical imageW Sf a fabVicaXed [afeV
cSRXaiRiRg 7 � 7 VeXicleW (lefX) aRd a VeXicle cSRXaiRiRg 10 � 10 ThSXSdiSdeW (XST, VighX), aRd aR SEM image
Sf 9 e\amTle ThSXSdiSdeW. b, The ThSXScYVVeRX maT Sf a WiRgle VeXicle (10 � 10 ThSXSdiSdeW) [iXh VT

ZaVied fVSm -5 V XS 5 V [iXh a 2 V WXeT (clSck[iWe fVSm XST, VighX). c, The aZeVage (WSlid liRe) aRd WXaRdaVd
deZiaXiSR (WhadeW) Sf ThSXScYVVeRXW meaWYVed fVSm 2,372 [SVkiRg ThSXSdiSdeW fVSm 5 � 5 VeXicleW
cSRXaiRiRg 2,500 ThSXSdiSdeW, [iXh VT ZaVied fVSm -5 V XS 5 V [iXh a WXeT Sf 0.1 V. d, The hiWXSgVam Sf Xhe
ThSXScYVVeRX daXa cSllecXed iR TaVX c., [iXh VT fVSm -5 V (blYe) XS 5 V (Ved) WhS[R iR 1 V iRcVemeRXW fSV
claViX]. All meaWYVemeRXW WhS[R iR XhiW ¦gYVe [eVe TeVfSVmed [iXh a 400 Rm LED lighX [iXh a PWSYVce Sf
170 vW.
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FigYVe 4

A 3 � 3 ThSXSdiSde ReX[SVk fSV aRalSg mYlXiTl]-accYmYlaXe (MAC) cSmTYXaXiSR. a, SchemaXic illYWXVaXiSR
Sf Xhe ReX[SVk cSmTViWiRg 9 dYal-gaXe WilicSR T-i-R ThSXSdiSdeW. The accYmYlaXed ThSXScYVVeRX aW a
VeWYlX Sf Xhe aRalSg STXSelecXVSRic MAC STeVaXiSR iW cSRZeVXed XS a ZSlXage (VSYX) b] a XVaRWimTedaRce
amTli¦eV SR a TViRXed ciVcYiX bSaVd. b, A ThSXScYVVeRX maT TVSgVammed [iXh a cSRWXaRX lighX TS[eV, i.e., a
VeWTSRWiZiX] maT, [hich VeTVeWeRXW a ¦lXeV keVRel fSV edge-deXecXiSR alSRg Xhe \-a\iW. c, MeaWYVed VSYX Sf
Xhe ThSXSdiSde ReX[SVk aVVaRged iRXS Xhe ¦lXeV keVRel Sf TaVX b, [iXh a lighX WTSX mSZiRg fVSm lefX XS VighX
aX 4 H^. d, ReTeXiXiSR Sf TaVX c, bYX [iXh Xhe lighX WTSX mSZiRg fVeUYeRcieW aX 10, 50, 100, 250, aRd 500 H^.
FSV all e\TeVimeRXW iR XhiW ¦gYVe, aR LCD TVSjecXSV (gVeeR chaRRel SRl]) [iXh a TS[eV 255 SYX Sf 255 iW
YWed aW a lighX WSYVce.

FigYVe 5
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IR-WeRWSV image TVSceWWiRg YWiRg Xhe 3 � 3 dYal-gaXe T-i-R ThSXSdiSde ReX[SVk. a, A 256 � 256 iRTYX
image (lefX) aRd iXW e\amTle TSVXiSR (XST, VighX). The bSXXSm VighX iW aR e\amTle Sf a 3 � 3 TaXch fVSm XhiW
iRTYX image, [hich iW TVSjecXed SRXS Xhe ThSXSdiSde ReX[SVk. b, A TVSgVammed ThSXScYVVeRX maT [iXh a
¦\ed TS[eV Sf lighX�i.e., a VeWTSRWiZiX] maT�fSV cSRXVaWX iRZeVWiSR ¦lXeViRg. The ma\imYm LCD TVSjecXSV
bVighXReWW (255 SYX Sf 255, gVeeR chaRRel SRl]) iW YWed fSV XhiW TVSgVammiRg. c, The 254 � 254 maT Sf
accYmYlaXed ThSXScYVVeRXW [iXh Xhe 9 ThSXSdiSde ReX[SVk TVSgVammed aW iR TaVX b, [heVe Xhe 64,516
accYmYlaXed ThSXScYVVeRXW aVe WeViall] SbXaiRed b] illYmiRaXiRg, YWiRg Xhe LCD TVSjecXSV (gVeeR chaRRel
SRl]), Xhe ThSXSdiSde ReX[SVk [iXh a 3 � 3 TaXch WlidiRg XhVSYgh Xhe 256 � 256 iRTYX image. d, VaViSYW
¦lXeVed imageW SbXaiRed [iXh digiXal cSmTYXiRg (XST) aRd iR-WeRWSV cSmTYXiRg (bSXXSm).Á

SYTTlemeRXaV] FileW

ThiW iW a liWX Sf WYTTlemeRXaV] ¦leW aWWSciaXed [iXh XhiW TVeTViRX. Click XS dS[RlSad.

SYTTlemeRXaV]¦Ral.dSc\

https://assets.researchsquare.com/files/rs-1186104/v1/784826d2ecf0e92927e90e67.docx

