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Abstract.‌ ‌Efficient‌ ‌and‌ ‌versatile‌ ‌photon-number‌ ‌resolving‌ ‌detectors‌ ‌are‌ ‌critical‌ ‌to‌ ‌the‌ ‌development‌ ‌of‌ ‌future‌‌                           
communication‌ ‌systems.‌ ‌The‌ ‌quantum-dot,‌ ‌optically-gated,‌ ‌field-effect‌ ‌transistor‌ ‌(QDOGFET)‌ ‌is‌ ‌one‌ ‌such‌ ‌detector.‌‌                       
Utilizing‌‌quantum‌‌dots‌‌(QDs),‌ ‌tiny‌‌islands‌‌of‌‌semiconductor,‌ ‌imbedded‌‌in‌‌a‌‌transistor,‌‌QDOGFETs‌‌have‌‌been‌‌shown‌‌to‌‌                                 
exhibit‌ ‌single-photon‌ ‌sensitivity‌ ‌and‌ ‌photon-number-resolving‌ ‌(PNR)‌ ‌capabilities.‌ ‌A‌ ‌photon‌ ‌is‌ ‌detected‌ ‌when‌ ‌it‌‌                         
photocharges‌‌a‌‌QD,‌‌which‌‌alters‌‌the‌‌amount‌‌of‌‌current‌‌flowing‌‌through‌‌the‌‌transistor‌‌by‌‌screening‌‌the‌‌gate‌‌field.‌‌Crucial‌‌                                     
to‌ ‌the‌ ‌resolving‌‌power‌‌is‌ ‌that‌ ‌each‌‌charged‌‌QD‌‌produce‌‌the‌‌same‌‌response,‌ ‌regardless‌‌of‌‌its‌ ‌location‌‌within‌‌the‌‌active‌‌                                       
area‌‌of‌‌the‌‌device.‌ ‌Here,‌ ‌we‌‌investigate‌‌the‌‌extent‌‌spatial‌ ‌nonuniformities‌‌in‌‌the‌‌QDOGFET’s‌‌response‌‌to‌‌light‌‌limit‌‌its‌‌                                     
ability‌‌to‌‌distinguish‌‌different‌‌numbers‌‌of‌‌photons.‌ ‌By‌‌using‌‌an‌‌optical-scanning‌‌microscope‌‌(OSM),‌‌contour‌‌plots‌‌of‌‌a‌‌                                 
QDOGFET’s‌ ‌response‌ ‌are‌ ‌acquired‌ ‌that‌ ‌show‌ ‌that‌ ‌the‌ ‌device‌ ‌exhibits‌ ‌localized‌ ‌“hotspots”‌ ‌where‌ ‌it‌ ‌is‌ ‌particularly‌‌                               
sensitive‌ ‌to‌ ‌photons.‌ ‌The‌ ‌spatial‌ ‌resolution‌ ‌of‌ ‌the‌ ‌microscope‌ ‌is‌ ‌enhanced‌ ‌by‌ ‌capping‌ ‌the‌ ‌QDOGFET‌ ‌with‌ ‌a‌‌                                 
solid-immersion‌‌lens‌‌(SIL).‌ ‌We‌‌present‌‌experimental‌ ‌results‌ ‌that‌ ‌show‌‌how‌‌the‌‌hotspots‌‌depend‌‌on‌‌bias‌‌conditions‌‌and‌‌                                 
help‌ ‌decipher‌ ‌the‌ ‌root‌ ‌cause‌ ‌of‌ ‌the‌ ‌nonuniformities.‌ ‌ 

I‌NTRODUCTION‌ ‌ 

This‌ ‌research‌ ‌is‌ ‌on‌ ‌the‌ ‌study‌ ‌of‌ ‌a‌ ‌novel‌ ‌method‌ ‌of‌ ‌detecting‌ ‌individual‌ ‌photons‌ ‌that‌ ‌makes‌ ‌use‌ ‌of‌‌                                   
nanometer-sized‌ ‌islands‌ ‌of‌ ‌semiconductor‌ ‌material,‌ ‌referred‌ ‌to‌ ‌as‌ ‌quantum‌ ‌dots‌ ‌(QDs).‌ ‌In‌ ‌a‌ ‌specially‌ ‌designed‌‌                             
transistor,‌‌referred‌‌to‌‌as‌‌a‌‌QDOGFET‌‌(quantum‌‌dot,‌‌optically‌‌gated,‌‌field-effect‌‌transistor)‌‌[1-6],‌‌an‌‌array‌‌of‌‌QDs‌‌is‌‌                                   
embedded‌ ‌near‌‌the‌‌transistor’s‌‌conductive‌‌channel.‌‌A‌‌photon‌‌is‌‌detected‌‌when‌‌it‌‌photocharges‌‌a‌‌QD,‌‌which‌‌alters‌‌                                 
the‌ ‌amount‌ ‌of‌ ‌current‌ ‌flowing‌ ‌through‌ ‌the‌ ‌transistor‌ ‌by‌ ‌screening‌ ‌the‌ ‌gate‌ ‌field.‌ ‌It‌ ‌has‌ ‌been‌ ‌demonstrated‌ ‌that‌‌                                   
QDOGFETs‌ ‌exhibit‌ ‌single-photon‌ ‌sensitivity‌ ‌with‌ ‌high‌ ‌internal‌ ‌quantum‌ ‌efficiency‌ ‌[1,‌ ‌2]‌ ‌and,‌ ‌moreover,‌ ‌can‌‌                           
accurately‌‌discriminate‌‌between‌‌the‌‌detection‌‌of‌‌0,‌‌1,‌‌2,‌‌and‌‌3‌‌photons‌‌83%‌‌of‌‌the‌‌time‌‌[3,‌‌4].‌‌However,‌‌it‌‌has‌‌also‌‌                                           
been‌‌shown‌‌that‌‌the‌‌resolving‌‌power‌‌of‌‌the‌‌detectors‌‌degrade‌‌as‌‌photon‌‌number‌‌increases,‌‌limiting‌‌the‌‌counts‌‌to‌‌low‌‌                                     
numbers.‌ ‌The‌ ‌physical‌ ‌mechanism‌ ‌that‌ ‌causes‌ ‌the‌ ‌degraded‌‌photon-number‌‌resolution‌‌is‌‌not‌‌well‌‌understood‌‌but‌‌                             
appears‌‌to‌‌be‌‌related‌‌to‌‌variations‌‌in‌‌the‌‌response‌‌of‌‌the‌‌detector‌‌associated‌‌with‌‌the‌‌seed‌‌point‌‌of‌‌the‌‌photon.‌‌In‌‌this‌‌                                           
work,‌ ‌we‌ ‌present‌ ‌the‌ ‌results‌ ‌of‌ ‌measurements‌ ‌where‌ ‌we‌ ‌use‌ ‌an‌ ‌optical‌ ‌scanning‌ ‌microscope‌ ‌(OSM)‌ ‌and‌ ‌a‌‌                                 
solid-immersion‌ ‌lens‌ ‌(SIL)‌ ‌to‌ ‌investigate‌ ‌the‌ ‌spatial‌ ‌uniformity‌‌of‌‌the‌‌QDOGFET’s‌‌response‌‌to‌‌light‌‌and‌‌use‌‌the‌‌                                 
results‌ ‌to‌ ‌identify‌ ‌the‌ ‌mechanisms‌ ‌that‌ ‌degrade‌ ‌the‌ ‌resolving‌ ‌power‌ ‌the‌ ‌device.‌‌ ‌  

B‌ACKGROUND‌ ‌ 

QDOGFETs‌ ‌employ‌ ‌photoconductive‌ ‌gain‌ ‌[7]‌ ‌and‌ ‌QDs‌ ‌to‌ ‌detect‌ ‌individual‌ ‌photons.‌‌Figure‌‌1(a)‌‌is‌‌a‌‌surface‌‌                               
image‌‌of‌‌the‌‌device.‌‌The‌‌structure‌‌consists‌‌of‌‌alternating‌‌layers‌‌of‌‌GaAs‌‌and‌‌AlGaAs‌‌with‌‌a‌‌single‌‌layer‌‌of‌‌InGaAs‌‌                                       
QDs‌ ‌at‌ ‌the‌ ‌GaAs/AlGaAs‌ ‌interface,‌ ‌as‌ ‌shown‌ ‌in‌ ‌Fig.‌ ‌1(b).‌ ‌A‌ ‌thin‌ ‌layer‌ ‌of‌ ‌silicon-doped‌ ‌material‌ ‌(Si‌ ‌δ-doping)‌‌                                   
provides‌ ‌excess‌ ‌electrons‌ ‌to‌ ‌the‌ ‌conduction‌ ‌band‌ ‌(CB),‌ ‌forming‌ ‌a‌ ‌two-dimensional‌ ‌electron‌ ‌gas‌ ‌(2DEG)‌ ‌at‌ ‌the‌‌                               
GaAs/AlGaAs‌ ‌interface‌ ‌adjacent‌ ‌to‌ ‌the‌ ‌QDs.‌ ‌The‌ ‌detector‌ ‌is‌ ‌fabricated‌ ‌by‌ ‌depositing‌ ‌source‌ ‌and‌ ‌drain‌ ‌ohmic‌‌                               



contacts‌ ‌on‌ ‌the‌ ‌structure‌ ‌surface,‌‌etching‌‌a‌‌mesa‌‌between‌‌the‌‌contacts,‌‌and‌‌depositing‌‌a‌‌semitransparent‌‌platinum‌‌                               
(Pt)‌‌Schottky-barrier‌‌gate‌‌across‌‌the‌‌mesa.‌‌The‌‌area‌‌where‌‌photons‌‌are‌‌detected‌‌is‌‌defined‌‌by‌‌the‌‌gated‌‌portion‌‌of‌‌                                     
the‌‌channel‌‌mesa,‌‌which‌‌for‌‌the‌‌QDOGFET‌‌studied‌‌in‌‌this‌‌work,‌‌is‌‌5.625‌‌µm‌2‌ ‌‌in‌‌area‌‌and‌‌encompasses‌‌about‌‌2000‌‌                                       
QDs.‌ ‌ 

The‌‌principles‌‌of‌‌operation‌‌of‌‌the‌‌QDOGFET‌‌are‌‌shown‌‌in‌‌Fig.‌‌1(b).‌‌During‌‌operation,‌‌a‌‌reverse‌‌bias‌‌(negative‌‌                                   
gate‌ ‌voltage,‌ ‌‌V‌g‌)‌ ‌is‌ ‌applied‌ ‌to‌ ‌the‌ ‌gate.‌ ‌When‌ ‌a‌ ‌photon‌ ‌is‌ ‌absorbed‌ ‌in‌ ‌the‌ ‌100-nm-thick‌ ‌GaAs‌ ‌absorption‌ ‌layer‌‌                                     
(between‌ ‌the‌ ‌QDs‌ ‌and‌ ‌2DEG),‌ ‌it‌ ‌excites‌ ‌an‌ ‌electron‌ ‌from‌ ‌the‌ ‌valence‌ ‌band‌ ‌(VB)‌ ‌to‌ ‌the‌ ‌conduction‌ ‌band‌ ‌(CB)‌‌                                     
leaving‌‌behind‌‌an‌‌empty‌‌state,‌‌or‌‌hole,‌‌in‌‌the‌‌VB.‌‌Subsequently,‌‌the‌‌positively‌‌charged‌‌hole‌‌is‌‌swept‌‌by‌‌the‌‌internal‌‌                                       
electric‌‌field‌‌toward‌‌the‌‌QDs,‌‌where‌‌it‌‌is‌‌trapped,‌‌while‌‌the‌‌excited‌‌electron‌‌is‌‌swept‌‌into‌‌the‌‌2DEG.‌‌Once‌‌in‌‌a‌‌QD,‌‌                                           
the‌ ‌hole‌ ‌screens‌ ‌the‌ ‌internal‌ ‌field‌ ‌produced‌ ‌by‌ ‌the‌ ‌gate‌ ‌contact,‌ ‌subsequently‌ ‌changing‌ ‌the‌ ‌amount‌ ‌of‌ ‌current‌‌                                 
flowing‌ ‌in‌ ‌the‌ ‌2DEG‌ ‌(‌Δ‌I‌ds‌)‌ ‌for‌ ‌as‌ ‌long‌ ‌as‌ ‌the‌ ‌hole‌ ‌is‌ ‌stored‌ ‌in‌ ‌the‌ ‌dot.‌ ‌The‌ ‌magnitude‌ ‌of‌ ‌the‌ ‌step‌ ‌in‌‌current‌‌is‌‌                                               
dictated‌‌by‌‌the‌‌transconductance‌‌‌g‌m‌ ‌‌of‌‌the‌‌FET,‌‌where‌‌care‌‌must‌‌be‌‌taken‌‌that‌‌the‌‌device‌‌is‌‌operating‌‌in‌‌the‌‌linear‌‌                                         
transconductive‌ ‌region.‌ ‌These‌ ‌current‌ ‌changes‌ ‌are‌ ‌converted‌ ‌to‌ ‌voltage‌ ‌changes,‌ ‌ ‌,‌ ‌via‌ ‌a‌‌                    V ΔI GΔ out =   − R ds      
transimpedance‌ ‌amplifier‌ ‌with‌ ‌resistance,‌ ‌‌R‌,‌ ‌and‌ ‌gain,‌ ‌‌G‌,‌ ‌which‌ ‌are‌ ‌monitored‌ ‌by‌ ‌external‌ ‌electronics.‌ ‌During‌‌                             
operation,‌ ‌the‌ ‌QDOGFET‌ ‌and‌ ‌its‌ ‌surrounding‌ ‌circuitry‌ ‌are‌ ‌cooled‌ ‌in‌ ‌order‌ ‌to‌ ‌decrease‌ ‌electrical‌ ‌noise.‌ ‌ 

‌ 

FIGURE‌ ‌1.‌‌ ‌(a)‌ ‌Image‌ ‌of‌ ‌the‌ ‌QDOGFET‌ ‌surface‌ ‌showing‌ ‌the‌ ‌drain,‌ ‌gate,‌ ‌source,‌ ‌active‌ ‌area,‌ ‌and‌ ‌conventional‌ ‌current‌ ‌direction‌‌ 
during‌ ‌operation.‌  ‌(b)‌ ‌Schematic‌ ‌diagram‌ ‌of‌ ‌the‌ ‌composition‌ ‌and‌ ‌band‌ ‌structure‌ ‌of‌ ‌the‌ ‌QDOGFET.‌ ‌ 

‌ 
When‌ ‌the‌ ‌gate‌ ‌and‌ ‌2DEG‌ ‌of‌ ‌the‌ ‌QDOGFET‌ ‌are‌ ‌modelled‌ ‌as‌ ‌conductive‌ ‌plates‌ ‌of‌ ‌an‌ ‌ideal‌ ‌parallel-plate‌‌                                 

capacitor‌ ‌(PPC)‌ ‌with‌ ‌the‌ ‌QD‌ ‌layer‌ ‌treated‌ ‌as‌ ‌an‌ ‌infinite‌ ‌plane‌ ‌of‌ ‌charge‌ ‌storage,‌ ‌a‌ ‌concise‌ ‌relationship‌ ‌exists‌‌                                   
between‌‌the‌‌electrical‌‌and‌‌structural‌‌characteristics‌‌of‌‌the‌‌device‌‌and‌‌its‌‌photoresponse‌‌‌Δ‌I‌ds‌.‌‌In‌‌the‌‌small-signal‌‌limit,‌‌                                 
the‌ ‌step‌ ‌in‌ ‌the‌ ‌channel‌ ‌current‌ ‌caused‌ ‌by‌ ‌a‌ ‌single‌ ‌trapped‌ ‌hole‌ ‌is‌ ‌given‌ ‌by‌‌ ‌  

‌ 

IΔ ds = gm ε A′
eW (1)‌ ‌ 

‌ 

where‌ ‌‌e‌ ‌is‌ ‌the‌ ‌elementary‌ ‌charge,‌ ‌‌W‌ ‌is‌ ‌the‌ ‌distance‌ ‌between‌ ‌the‌ ‌Pt‌ ‌gate‌ ‌and‌ ‌the‌ ‌QD‌ ‌layer,‌ ‌‌ε’‌ ‌is‌ ‌the‌ ‌electric‌‌                                           
permittivity,‌ ‌and‌ ‌‌A‌ ‌is‌ ‌the‌ ‌active‌ ‌area‌ ‌[4,‌ ‌8].‌ ‌Although‌ ‌these‌ ‌current‌ ‌changes‌ ‌are‌ ‌small,‌ ‌over‌ ‌time‌ ‌even‌ ‌a‌ ‌single‌‌                                       
trapped‌ ‌hole‌ ‌causes‌ ‌a‌ ‌large‌ ‌change‌ ‌in‌‌the‌‌cumulative‌‌charge‌‌transferred‌‌in‌‌the‌‌2DEG.‌ ‌The‌‌photoconductive‌‌gain‌                                 
associated‌ ‌with‌ ‌this‌ ‌process‌ ‌provides‌ ‌the‌ ‌detector‌ ‌with‌ ‌single-photon‌ ‌sensitivity.‌ ‌In‌ ‌addition,‌ ‌in‌ ‌the‌ ‌event‌ ‌that‌‌                               
multiple‌ ‌photons‌ ‌photocharge‌ ‌multiple‌ ‌QDs,‌ ‌the‌ ‌net‌ ‌change‌ ‌in‌ ‌current‌ ‌is‌ ‌proportional‌ ‌to‌‌the‌‌number‌‌of‌‌photons,‌‌                                 
provided‌ ‌that‌‌each‌‌charged‌‌QD‌‌produces‌‌the‌‌same‌‌response‌‌regardless‌‌of‌‌its‌‌location‌‌within‌‌the‌‌active‌‌area‌‌of‌‌the‌‌                                     
detector.‌ ‌It‌‌is‌‌this‌‌aspect‌‌of‌‌the‌‌QDOGFETs‌‌that‌‌provides‌‌them‌‌with‌‌photon-number-resolving‌‌capabilities‌‌and‌‌is‌‌the‌‌                                 
focus‌ ‌of‌ ‌this‌ ‌work.‌ ‌ 

E‌XPERIMENTAL‌‌ ‌P‌ROCEDURE‌ ‌ 

The‌ ‌uniformity‌ ‌of‌ ‌the‌ ‌responses‌ ‌produced‌ ‌by‌‌different‌‌QDs‌‌within‌‌the‌‌QDOGFET‌‌was‌‌investigated‌‌using‌‌the‌‌                               
cryogenic‌‌OSM‌‌shown‌‌schematically‌‌in‌‌Fig.‌‌2(a).‌‌In‌‌these‌‌measurements,‌‌the‌‌SIL-capped‌‌QDOGFET‌‌was‌‌cooled‌‌to‌‌                               
~117‌ ‌K‌ ‌while‌ ‌focussed‌ ‌50-ns‌ ‌laser‌ ‌pulses‌ ‌were‌ ‌roster‌ ‌scanned‌‌over‌‌a‌‌100-point‌‌grid,‌‌covering‌‌its‌‌active‌‌area.‌‌At‌‌                                     
each‌ ‌point‌‌on‌‌the‌‌grid,‌‌the‌‌individual‌‌steps‌‌in‌‌the‌‌output‌‌voltage,‌‌‌Δ‌V‌out‌,‌‌caused‌‌by‌‌200‌‌laser‌‌pulses‌‌were‌‌recorded.‌ ‌                                       
The‌‌spatial‌‌resolution‌‌of‌‌the‌‌OSM‌‌was‌‌enhanced‌‌by‌‌mounting‌‌a‌‌cubic-zirconia‌‌SIL‌‌on‌‌the‌‌QDOGFET‌‌surface.‌‌The‌‌                                   

‌  ‌ 
(a)‌ ‌  (b)‌ ‌ 



diffraction‌‌limited‌‌spot‌‌diameter‌‌of‌‌monochromatic‌‌light‌‌is‌‌given‌‌by‌‌ ,‌‌where‌‌‌λ‌‌is‌‌the‌‌wavelength‌‌of‌‌light,‌‌‌n‌‌is‌‌                    NA n
0.52λ                    

the‌‌index‌‌of‌‌refraction‌‌of‌‌the‌‌medium,‌‌and‌‌NA‌‌is‌‌the‌‌numerical‌‌aperture‌‌of‌‌the‌‌objective‌‌lens.‌‌As‌‌a‌‌result,‌‌by‌‌using‌‌a‌‌                                             
cubic-zirconia‌‌SIL‌‌with‌‌‌n‌‌=‌‌2.14,‌‌the‌‌spot‌‌size‌‌was‌‌reduced‌‌by‌‌about‌‌half‌‌in‌‌comparison‌‌to‌‌what‌‌it‌‌would‌‌have‌‌been‌‌                                           
for‌ ‌a‌ ‌bare‌ ‌QDOGFET.‌ ‌The‌ ‌OSM‌‌utilized‌‌a‌‌50x-magnification‌‌objective‌‌lens‌‌with‌‌a‌‌13-mm‌‌working‌‌distance‌‌and‌‌                                 
NA=0.55,‌ ‌resulting‌ ‌in‌‌a‌‌diffraction‌‌limited‌‌spot‌‌size‌‌of‌‌360nm.‌‌The‌‌actual‌‌spot‌‌diameter‌‌of‌‌the‌‌OSM‌‌was‌‌slightly‌‌                                     
larger‌ ‌due‌ ‌to‌ ‌imperfections‌ ‌within‌ ‌the‌ ‌system.‌ ‌Figure‌ ‌2(a)‌ ‌shows‌ ‌the‌ ‌ideal‌ ‌case‌ ‌when‌ ‌the‌‌laser‌‌light‌‌is‌‌normally‌‌                                     
incident‌‌on‌‌the‌‌SIL.‌‌During‌‌scanning,‌‌deviation‌‌from‌‌this‌‌ideal‌‌case‌‌occurs‌‌as‌‌the‌‌laser‌‌spot‌‌moves‌‌over‌‌the‌‌surface‌‌                                       
of‌‌the‌‌SIL.‌‌However,‌‌the‌‌SIL‌‌has‌‌a‌‌diameter‌‌of‌‌1mm,‌‌while‌‌the‌‌maximum‌‌dimension‌‌of‌‌our‌‌scanned‌‌area‌‌is‌‌less‌‌than‌‌                                           
3µm.‌ ‌As‌ ‌these‌ ‌lengths‌ ‌differ‌ ‌by‌ ‌3‌ ‌orders‌ ‌of‌ ‌magnitude,‌ ‌any‌‌distortion‌‌effects‌‌due‌‌to‌‌scanning‌‌across‌‌the‌‌SIL‌‌are‌                                       
negligible.‌ ‌ 

From‌ ‌the‌ ‌roster‌ ‌scans‌ ‌of‌ ‌‌Δ‌V‌out‌,‌ ‌contour‌ ‌plots‌ ‌of‌ ‌the‌ ‌mean‌ ‌step‌ ‌height‌ ‌(MSH),‌ ‌the‌ ‌mean‌ ‌number‌ ‌of‌ ‌photons‌‌                                     
(MNP),‌ ‌and‌ ‌the‌ ‌mean‌ ‌signal‌ ‌per‌ ‌photon‌ ‌(MSP)‌ ‌were‌ ‌produced‌‌using‌‌the‌‌statistical‌‌approach‌‌detailed‌‌in‌‌Ref.‌‌[2].‌‌                                   
These‌ ‌contour‌ ‌plots‌ ‌were‌ ‌then‌ ‌superimposed‌ ‌onto‌ ‌a‌ ‌surface‌ ‌image‌ ‌of‌ ‌the‌ ‌device‌ ‌for‌ ‌reference.‌ ‌For‌ ‌example,‌ ‌a‌‌                                   
contour‌‌plot‌‌of‌‌the‌‌MSH‌‌is‌‌shown‌‌in‌‌Fig‌‌2(b)‌‌for‌‌‌V‌g‌ ‌=‌‌-0.5‌‌V,‌‌‌V‌BP‌ ‌=‌‌+2‌‌V,‌‌‌R‌‌=‌‌100kΩ,‌‌and‌‌‌G‌‌=‌‌100.‌‌Variations‌‌in‌‌the‌‌                                                         
response‌ ‌of‌ ‌the‌ ‌QDOGET‌ ‌are‌‌apparent‌‌in‌‌the‌‌data,‌‌where‌‌a‌‌“hotspot”‌‌consisting‌‌of‌‌a‌‌region‌‌of‌‌enhanced‌‌MSH‌‌is‌‌                                       
observed‌‌towards‌‌the‌‌drain‌‌side‌‌of‌‌the‌‌device.‌ ‌In‌‌the‌‌Results‌‌Section‌‌of‌‌this‌‌work,‌‌we‌‌present‌‌contour‌‌plots‌‌acquired‌‌                                       
for‌ ‌a‌ ‌variety‌ ‌of‌ ‌bias‌ ‌conditions‌ ‌that‌ ‌show‌ ‌how‌ ‌the‌‌hotspot‌‌depends‌‌on‌‌‌V‌g‌ ‌and‌‌‌V‌BP‌.‌‌From‌‌these‌‌data‌‌sets,‌‌we‌‌gain‌‌                                           
insight‌ ‌into‌ ‌what‌ ‌is‌ ‌causing‌ ‌the‌ ‌signal‌ ‌nonuniformity.‌ ‌Circuit‌ ‌parameters,‌ ‌‌R‌ ‌and‌ ‌‌G‌ ‌are‌ ‌kept‌ ‌constant‌ ‌for‌ ‌all‌‌                                   
measurements‌ ‌presented‌ ‌in‌ ‌this‌ ‌work.‌ ‌ 
‌ 

FIGURE‌ ‌2.‌‌ ‌(a)‌ ‌Schematic‌ ‌diagram‌ ‌of‌ ‌the‌ ‌OSM‌ ‌with‌ ‌SIL‌ ‌integration‌ ‌that‌ ‌was‌ ‌used‌ ‌to‌ ‌map‌ ‌the‌ ‌photo-response‌ ‌of‌‌ 
QDOGFETs.‌ ‌(b)‌ ‌Overlay‌ ‌of‌ ‌a‌ ‌MSH‌ ‌contour‌ ‌plot,‌ ‌acquired‌ ‌for‌ ‌‌V‌BP‌‌ ‌=‌ ‌+2V‌ ‌and‌ ‌‌V‌g‌‌ ‌=‌ ‌-0.5‌ ‌V,‌ ‌on‌ ‌an‌ ‌image‌ ‌of‌ ‌sample,‌ ‌with‌ ‌the‌ ‌active‌‌ 
area‌ ‌outlined‌ ‌in‌ ‌dashed‌ ‌lines.‌  ‌For‌ ‌‌V‌BP‌‌ ‌>‌ ‌0,‌ ‌the‌ ‌drain‌ ‌potential‌ ‌is‌ ‌higher‌ ‌than‌ ‌the‌ ‌source‌ ‌potential,‌ ‌resulting‌ ‌in‌ ‌channel‌ ‌current‌ ‌‌I‌ds‌ ‌ 

flowing‌ ‌from‌ ‌drain‌ ‌to‌ ‌source.‌‌ 

R‌ESULTS‌ ‌ 

Contour‌ ‌plots‌ ‌showing‌ ‌the‌ ‌effect‌ ‌of‌ ‌changing‌‌the‌‌direction‌‌of‌‌the‌‌channel‌‌current‌‌are‌‌shown‌‌in‌‌Fig.‌‌3.‌‌In‌‌Fig.‌‌                                       
3(a),‌‌‌V‌BP‌ ‌=‌‌+2V,‌‌and‌‌‌I‌ds‌ ‌flows‌‌in‌‌the‌‌downward‌‌direction,‌‌while‌‌in‌‌Fig.‌‌3(b),‌‌‌V‌BP‌ ‌=‌‌-2V,‌‌and‌‌‌I‌ds‌ ‌flow‌‌in‌‌the‌‌upward‌‌                                               
direction.‌ ‌The‌ ‌bottom‌ ‌panels‌ ‌of‌ ‌the‌ ‌figure‌ ‌show‌ ‌the‌ ‌MSH‌‌for‌‌the‌‌entire‌‌100-pt‌‌grid,‌‌where‌‌the‌‌active‌‌area‌‌of‌‌the‌‌                                         
device‌‌is‌‌indicated‌‌by‌‌black‌‌dashed‌‌lines.‌ ‌The‌‌top‌‌panels‌‌show‌‌the‌‌MNP,‌‌and‌‌the‌‌middle‌‌panels‌‌show‌‌the‌‌MSP.‌ ‌For‌‌                                         
these‌‌panels,‌‌data‌‌is‌‌only‌‌shown‌‌in‌‌and‌‌around‌‌the‌‌active‌‌area,‌‌since‌‌calculations‌‌of‌‌MNP‌‌and‌‌MSP‌‌are‌‌nonsensical‌‌                                       
beyond‌‌the‌‌boundaries‌‌of‌‌the‌‌active‌‌area‌‌where‌‌the‌‌QDOGFET‌‌is‌‌not‌‌sensitive‌‌to‌‌light.‌‌The‌‌theoretical‌‌value‌‌for‌‌the‌‌                                       
signal‌‌per‌‌photon,‌‌‌Δ‌V‌out‌,‌‌calculated‌‌using‌‌Eqn.‌‌[1]‌‌is‌‌also‌‌provided‌‌in‌‌the‌‌figure‌‌for‌‌comparison.‌‌It‌‌is‌‌also‌‌marked‌‌by‌‌                                         
a‌‌black‌‌bar‌‌on‌‌the‌‌MSP‌‌legends.‌‌The‌‌potential‌‌difference‌‌between‌‌the‌‌source‌‌and‌‌drain‌‌contacts‌‌is‌‌also‌‌indicated‌‌on‌‌                                       
the‌ ‌figure.‌ ‌ 

The‌ ‌contour‌ ‌plots‌ ‌shown‌ ‌in‌ ‌Fig.‌ ‌3‌ ‌illustrate‌‌that‌‌the‌‌cause‌‌of‌‌the‌‌hotspot‌‌is‌‌electrical‌‌in‌‌nature,‌‌as‌‌opposed‌‌to‌‌                                         
being‌ ‌structural.‌ ‌Notice‌ ‌that‌ ‌for‌ ‌both‌ ‌polarities,‌ ‌the‌ ‌hotspot‌ ‌in‌ ‌the‌ ‌MSH‌ ‌(bottom‌ ‌panels)‌ ‌is‌ ‌observed‌ ‌near‌ ‌the‌‌                                   

‌ 

‌ 
(a)‌ ‌  (b)‌ ‌ 

‌ 



high-potential‌‌side‌‌of‌‌the‌‌gate.‌‌This‌‌would‌‌not‌‌be‌‌observed‌‌if‌‌the‌‌hotspot‌‌were‌‌due‌‌to‌‌variation‌‌in‌‌the‌‌thickness‌‌of‌‌                                         
the‌‌gate‌‌contact.‌‌The‌‌MNP‌‌and‌‌MSP‌‌data‌‌provide‌‌further‌‌insight‌‌into‌‌the‌‌origins‌‌of‌‌the‌‌hotspot.‌ ‌The‌‌MSP‌‌contour‌‌                                       
plots‌ ‌(middle‌ ‌panels)‌ ‌show‌ ‌some‌ ‌nonuniformity‌ ‌across‌ ‌the‌ ‌active‌ ‌area,‌ ‌but‌ ‌the‌ ‌pattern‌ ‌is‌‌less‌‌organized‌‌than‌‌the‌‌                                   
MSH‌ ‌data.‌ ‌Overall,‌ ‌the‌ ‌MSP‌ ‌measured‌ ‌across‌ ‌the‌ ‌majority‌ ‌of‌ ‌the‌ ‌active‌ ‌area‌ ‌is‌ ‌in‌ ‌good‌ ‌agreement‌ ‌with‌ ‌that‌‌                                     
predicted‌‌by‌‌the‌‌PPC‌‌model‌‌for‌‌both‌‌polarities.‌ ‌By‌‌contrast,‌‌the‌‌nonuniformity‌‌observed‌‌in‌‌the‌‌MNP‌‌contour‌‌plots‌‌                                   
(top‌‌panels)‌‌better‌‌match‌‌those‌‌observed‌‌for‌‌the‌‌MSH‌‌plots,‌‌which‌‌indicates‌‌that‌‌hotspot‌‌is‌‌a‌‌result‌‌of‌‌more‌‌efficient‌‌                                       
detection‌ ‌of‌ ‌photons‌ ‌seeded‌ ‌near‌ ‌the‌ ‌high-potential‌ ‌side‌ ‌of‌ ‌the‌ ‌active‌ ‌area.‌‌ ‌  

The‌ ‌enhanced‌‌detection‌‌efficiency‌‌observed‌‌near‌‌the‌‌high-potential‌‌side‌‌of‌‌the‌‌active‌‌area‌‌can‌‌be‌‌explained‌‌by‌‌                                 
the‌‌dynamics‌‌of‌‌the‌‌photo-excited‌‌holes.‌‌While‌‌the‌‌transport‌‌of‌‌the‌‌holes‌‌perpendicular‌‌to‌‌the‌‌plane‌‌of‌‌the‌‌absorption‌‌                                     
layer‌ ‌is‌ ‌subject‌ ‌to‌ ‌the‌ ‌gate‌ ‌field,‌ ‌the‌ ‌motion‌‌of‌‌the‌‌holes‌‌in‌‌the‌‌plane‌‌of‌‌the‌‌absorption‌‌layer‌‌is‌‌influenced‌‌by‌‌the‌‌                                             
potential‌‌difference‌‌between‌‌the‌‌source‌‌and‌‌drain‌‌contacts.‌ ‌As‌‌such,‌‌positively‌‌charged‌‌holes‌‌tend‌‌to‌‌be‌‌“washed”‌‌                                 
downstream‌ ‌in‌ ‌the‌ ‌direction‌ ‌of‌ ‌the‌ ‌channel‌ ‌current‌ ‌‌I‌ds‌.‌ ‌Given‌ ‌these‌ ‌dynamics,‌ ‌holes‌ ‌excited‌ ‌towards‌ ‌the‌‌                               
high-potential‌ ‌side‌ ‌of‌ ‌the‌ ‌active‌‌area‌‌flow‌‌in‌‌the‌‌direction‌‌of‌‌‌I‌ds‌,‌‌but‌‌can‌‌still‌‌be‌‌trapped‌‌by‌‌QDs‌‌beneath‌‌the‌‌gate‌‌                                           
contact‌‌and‌‌thus‌‌alter‌‌the‌‌channel‌‌current.‌ ‌By‌‌contrast,‌‌holes‌‌generated‌‌near‌‌the‌‌low-potential‌‌side‌‌of‌‌the‌‌active‌‌area‌‌                                     
tend‌ ‌to‌ ‌exit‌ ‌the‌ ‌gated‌ ‌area‌ ‌before‌ ‌they‌ ‌can‌ ‌be‌ ‌trapped‌ ‌by‌ ‌a‌ ‌QD.‌ ‌‌   
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FIGURE‌ ‌3.‌‌ ‌Contour‌ ‌plots‌ ‌of‌ ‌the‌ ‌MSH‌ ‌(bottom),‌ ‌MSP‌ ‌(middle),‌ ‌and‌ ‌MNP‌ ‌(top)‌ ‌for‌ ‌‌V‌g‌‌ ‌=‌ ‌-0.5‌ ‌V‌ ‌and‌ ‌(a)‌ ‌‌V‌BP‌‌ ‌=‌ ‌+2V,‌ ‌and‌‌ ‌  
(b)‌ ‌‌V‌BP‌‌ ‌=‌ ‌-2V.‌  ‌The‌ ‌signal‌ ‌per‌ ‌photon‌ ‌(Δ‌V‌out‌)‌ ‌calculated‌ ‌using‌ ‌the‌ ‌PPC‌ ‌model‌ ‌and‌ ‌Eqn.‌ ‌[1]‌ ‌is‌ ‌provided‌ ‌for‌ ‌comparison.‌ ‌The‌‌ 

potential‌ ‌difference‌ ‌between‌ ‌the‌ ‌source‌ ‌and‌ ‌drain‌ ‌contacts‌ ‌is‌ ‌provided‌ ‌in‌ ‌the‌ ‌middle‌ ‌panel.‌ ‌ 
‌ 

The‌ ‌effects‌ ‌of‌ ‌varying‌ ‌‌V‌g‌ ‌on‌ ‌the‌ ‌contour‌ ‌plots‌ ‌of‌ ‌the‌‌MSH,‌‌MNP,‌‌and‌‌MSP‌‌are‌‌shown‌‌in‌‌Fig.‌‌4.‌‌The‌‌bottom‌‌                                           
panels‌ ‌show‌ ‌that‌ ‌the‌ ‌hotspot‌ ‌is‌ ‌more‌ ‌centrally‌‌located‌‌on‌‌the‌‌active‌‌area‌‌when‌‌a‌‌lower-magnitude‌‌gate‌‌voltage‌‌is‌‌                                     
used.‌‌As‌‌the‌‌magnitude‌‌of‌‌‌V‌g‌ ‌is‌‌increased,‌‌the‌‌hotspot‌‌is‌‌pushed‌‌further‌‌towards‌‌the‌‌high-potential‌‌side‌‌of‌‌the‌‌active‌‌                                       
area.‌ ‌Also,‌ ‌the‌ ‌MSP‌ ‌becomes‌ ‌less‌ ‌uniform‌ ‌and‌ ‌deviates‌‌further‌‌from‌‌the‌‌theoretical‌‌‌Δ‌V‌out‌.‌‌This‌‌behaviour‌‌can‌‌be‌‌                                   
explained‌ ‌by‌ ‌the‌ ‌large‌ ‌potential‌ ‌gradient‌ ‌that‌ ‌is‌ ‌formed‌ ‌across‌ ‌the‌ ‌active‌ ‌area‌‌when‌‌a‌‌large‌‌gate‌‌voltage‌‌is‌‌used.‌‌                                       
Notice‌‌that‌‌for‌‌‌V‌g‌ ‌‌=‌‌-1.5V,‌‌the‌‌potential‌‌difference‌‌between‌‌the‌‌source‌‌and‌‌drain‌‌contacts‌‌is‌‌0.85V,‌‌which‌‌results‌‌in‌‌a‌‌                                         
large‌ ‌gradient‌ ‌in‌ ‌the‌ ‌localized‌ ‌gate‌ ‌voltage‌ ‌over‌ ‌the‌ ‌active‌ ‌area‌ ‌of‌ ‌the‌ ‌device.‌ ‌While‌ ‌the‌ ‌2DEG‌ ‌located‌ ‌on‌ ‌the‌‌                                       
low-potential‌‌side‌‌of‌‌the‌‌active‌‌area‌‌is‌‌gated‌‌by‌‌a‌‌local‌‌‌V‌g‌ ‌of‌‌-1.5V,‌‌the‌‌other‌‌side‌‌is‌‌gated‌‌by‌‌a‌‌-2.35V‌‌bias.‌ ‌Holes‌‌                                               
trapped‌ ‌in‌ ‌QDs‌ ‌on‌ ‌the‌ ‌high-potential‌ ‌side‌ ‌of‌ ‌the‌ ‌active‌ ‌area‌ ‌will‌ ‌screen‌‌the‌‌larger‌‌gate‌‌field,‌‌which‌‌has‌‌a‌‌bigger‌‌                                         
impact‌ ‌on‌ ‌the‌ ‌channel‌ ‌current,‌ ‌consistent‌ ‌with‌‌the‌‌contour‌‌of‌‌the‌‌MSP‌‌data‌‌shown‌‌in‌‌Fig.‌‌4(c).‌ ‌The‌‌fact‌‌that‌‌the‌‌                                         
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MNP‌ ‌is‌ ‌lower‌ ‌on‌ ‌the‌ ‌high-potential‌ ‌side‌ ‌of‌ ‌the‌ ‌active‌ ‌area‌ ‌indicates‌ ‌that‌ ‌although‌ ‌the‌ ‌MSP‌ ‌is‌ ‌enhanced‌ ‌in‌ ‌this‌‌                                       
region,‌ ‌the‌ ‌detection‌ ‌efficiency‌ ‌is‌ ‌low‌ ‌since‌ ‌most‌ ‌of‌ ‌the‌ ‌photoexcited‌ ‌holes‌ ‌drift‌ ‌out‌ ‌of‌ ‌the‌ ‌area‌ ‌downstream.‌‌ 

‌ 

FIGURE‌ ‌4.‌‌ ‌Contour‌ ‌plots‌ ‌of‌ ‌the‌ ‌MSH‌ ‌(bottom),‌ ‌MSP‌ ‌(middle),‌ ‌and‌ ‌MNP‌ ‌(top)‌ ‌for‌ ‌‌V‌BP‌‌ ‌=‌ ‌+2V‌ ‌and‌ ‌(a)‌ ‌‌V‌g‌‌ ‌=‌ ‌-0.1‌ ‌V,‌‌ ‌  
(b)‌ ‌‌V‌g‌‌ ‌=‌ ‌-0.5V,‌ ‌and‌ ‌(c)‌ ‌‌V‌g‌‌ ‌=‌ ‌-1.5V.‌ ‌The‌ ‌signal‌ ‌per‌ ‌photon‌ ‌(Δ‌V‌out‌)‌ ‌calculated‌ ‌using‌ ‌the‌ ‌PPC‌ ‌model‌ ‌and‌ ‌Eqn.‌ ‌[1]‌ ‌is‌ ‌provided‌ ‌for‌‌ 

comparison.‌ ‌The‌ ‌potential‌ ‌difference‌ ‌between‌ ‌the‌ ‌source‌ ‌and‌ ‌drain‌ ‌contacts‌ ‌is‌ ‌provided‌ ‌in‌ ‌the‌ ‌middle‌ ‌panel.‌‌ 

C‌ONCLUSIONS‌ ‌ 

In‌ ‌this‌ ‌work‌ ‌we‌ ‌have‌ ‌spatially‌ ‌resolved‌ ‌the‌ ‌variation‌ ‌in‌ ‌the‌ ‌MSH,‌ ‌MNP,‌ ‌and‌ ‌MSP‌ ‌over‌ ‌the‌ ‌active‌ ‌area‌ ‌of‌‌a‌‌                                         
SIL-capped‌‌QDOGFET.‌‌We‌‌have‌‌shown‌‌that‌‌the‌‌observed‌‌variation‌‌is‌‌due‌‌to‌‌electrical‌‌aspects‌‌of‌‌the‌‌device,‌‌rather‌‌                                   
than‌ ‌physical‌ ‌ones‌ ‌and‌ ‌that‌ ‌the‌ ‌gate‌ ‌voltage‌ ‌and‌ ‌current‌ ‌polarity‌ ‌greatly‌ ‌affect‌ ‌these‌ ‌variations.‌‌Specifically,‌‌the‌‌                                 
hotspot‌‌tends‌‌towards‌‌the‌‌high‌‌potential‌‌side‌‌of‌‌the‌‌active‌‌area,‌‌with‌‌a‌‌larger‌‌potential‌‌gradient‌‌corresponding‌‌to‌‌a‌‌                                     
greater‌‌shift‌‌to‌‌that‌‌side.‌‌The‌‌variation‌‌in‌‌the‌‌MNP‌‌can‌‌be‌‌explained‌‌in‌‌terms‌‌of‌‌the‌‌in-plane‌‌transport‌‌of‌‌the‌‌holes,‌‌                                           
where‌ ‌they‌ ‌tend‌ ‌to‌ ‌drift‌ ‌downstream‌ ‌in‌ ‌the‌ ‌same‌ ‌direction‌ ‌of‌‌‌I‌ds‌.‌ ‌We‌‌also‌‌see‌‌that‌‌the‌‌MSP‌‌is‌‌more‌‌uniform‌‌for‌‌                                           
smaller‌‌gate‌‌voltages‌‌due‌‌to‌‌the‌‌lower‌‌localized‌‌potential‌‌difference‌‌over‌‌the‌‌active‌‌area.‌‌This‌‌finding‌‌is‌‌consistent‌‌                                   
with‌‌previous‌‌work‌‌[3,‌‌4],‌‌where‌‌lower‌‌gate‌‌voltages‌‌were‌‌used‌‌when‌‌demonstrating‌‌the‌‌photon-number-resolving‌‌                             
capabilities‌ ‌of‌ ‌QDOGFET.‌ ‌ 
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