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[0 this Leller， a scalecl-dowll silicon-on-insulator (501) metal-oxide-semiconductor lield-effect廿ansistor(MOSFET) 
is characterizecl ns a photon delector， where photogenerated individual holes are甘appedbelow the negalively 
biased gate and modulate slepwIse the eleclron currenl日owmgIUリ田 botlomchannel induced by the positive 
substrate bias. The outpul waveforms exhibil c1ear separation of current levels corresponding 10 differenl numbers 
of trapped holes. Considering lhis capabilily of single-hole counting， a small dark counl of less than 0.02 g-l al room 
temperature， and low operation voltage of 1 V， SO! MOSFET could be a unique photon-number-resolving delector if 
山esmall quanlulll efficiency were improved 由 2011Oplical Society of America 
OCIS叩 d出0<10.5160，倒0.3780，0'10.6040， 040.G日70，230.51 GO 

Single-photon detectors attract much attention due to 
their v副首旬 ofapplications， such出 inf1uorescence 
life也nemeasurement 111. DNA microarrays 121. and 
quan刷m cryptography 131. However， conventional 
single-photon detectors， i.e.， photomultiplier tubes 
(PMTs)加 davalanche photodiodes (APDs)， rely on car-
lier multiplication and still have some issues in telms of 
dark counts， operation speed limited by the recovely 
回 1eand after pulses， high operation voltage， etc. H 1 
Since these issues stem mainly fl'Om出ecarrier nllutipli 
cation by a high electric field， improvement can be 
achieved by directly detecting photogenerated caniers 
one by one without any multiplication. Such detectors 
[ら71are expected to have photon number resolution 
σNR)， which is useful in some classes of quantum key 
distribution 18]副 dquantum compu回tion19]必出ough
PNR can be attalned by PMTs 110] 01' APDs 1111，血ere-
solution is limited. Detecto四 suchas甘ansitionedge sen-
sors 112]， visible light photon counters 11 :1]， and parallel 
n剖 owiredetectors 11-1] have better resolution， but opel 
ate only at cryogenic temperatures 

It h描 beenreported that a ShOlt-副 ldnarrow-channel 
silicon-on-insulator (SOI) metaJ-oxide-semiconductor 
field-effect佐山田刷(MOSFET)COtud operat疋 atroorn 
temperature as a photon detector based on single-carrier 
coun回 gIG，7]. It de出ctedphotogenerated car町田 one
by one without multiplication， and features a vely low 
dark count and small operation voltage. However，出e
counting ra胞 oftlle de匝ctorwas less山田lOs.l，and 
spec甘oscopicresponse and pulse counting statistics 
were not known. In this Letter， we furtller pll四uetlle pos-
sibility of tl田 typeof photon detecωl' using a scaled-
down (65 nm gate length L and 105 nm channel width W) 
SOl MOSFET 

Figure 1 shows (a) the top剖ld(b) cros，トsectional
views ofthe device 115，16]. In出isstructure， photogener 
ated holes can be trapped under the lower gate (LG) 
when negative voltage (V LG < 0) is applied， whereas the 
back electron channel， which is used as an elec仕orneter，
C血 befonned wi出 positivesubstra回 voltage(V 5UD > 0) 
16]. Photogeneration of holes and tlleir recombination 
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will modulate the electron Cllrrent and can be detected 
出 pulses

Figure 2 shows drain cun-ent wavefonns for different 
levels of incident Iight intensity at a wavelengtll of 550 nm 
at 300 K. We shift each waveform for clarity. It shows that 
the pulse count increases抽出elight intensity increases 
Moreover， different pulse levels can be seen clearly， sug-
gesting that a different number of holes is trapped undel 
the LG. The first， second， third， and fOUlth levels corre-
spond to zero， one， two， and three trapped holes， respec-
tively. Note that the dark counts are le田 山 田 0.025.1

(two counts in 110 s). The bias voltages are less th叩 or
eqllal to 1 V， much less出anthose of PMTs and APDs 
There is proportionality between pulse count rate and 

nominal photon incident ra胞，田 shownin Fig. 3. Here， 

the number ofrising edges in the wavefOlm was counted， 
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日g.1. (Color online) Device structure. (a) Top view 
(b) Cross-sectional view. The Uucknesses of the buried ox.ide， 
SOJ， LG oxide， and insulalor below Ule UG)山 e145， 50， 5，叩d
440 nrn， respectively 
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Fig. 2. (Color 0叫ine)Dr叫ncuncnt waveforms al 300 K 
for diffcrent levels of light intensity at a wavelength of 550 run 
Base出回目町'cntis about 1 nA，出ldeach wavefoml田 shifted
for c1arity. VD• VJ.G. VUG• and Vsus are 0.05，ー1，-0.6， and 1 V， 
respectively 

加 dthe nominal photon incident rate was obtained by 
multiplying the light intensity and the active area shown 
in Fig. l(a). Nominal qu田 tumefficiency (QE) c皿 beob 
包ined[Tom出eproportionality constant田 1dis plo此ed
in Fig. "田afunction of wavelength. Light absorption 
by a 50 nm thick 8i slab is nearly parallel to出eexpen・

menta1 data， indicating that吐1espectroscopic behavior 
of QE is governed mainly by the 8i absorption coefficient 
Although the highest QE (1.3%) at the shortest wave-
length (400 nm) is rather low， the noise equivalent power 
(NEP) [81 is田 small田 7.7x 1O-18W;、1Hzowing to 
仕lesmall dark counts. However， the detectivity D' = 

(active area)I/2;NEP figme of merit considering the 
active area is only 4.3 x 1012 cmjHz W-1 This value is 
comparable to出atof an ordinary 8i photodiode (for ex-
ample， Hamamatsu Photonlcs 8133&-18sK)， but 2 orde白
of magnltude smaller than that of皿 APD(for exan1ple， 
Perkin-Elrner SPCM-AQRH-16). The low QE results from 
出emeta且icupper gate (UG) covering出eentire active 
area of the device， i.e.， the device only receives出e
scattered light by lines for eleclJical connection and 
probing pads on血esan1e level with the UG， and could 
be improved by replacing the UG with a lJ'ansparent one. 
Effective町 ea加 dQE might also be enlarged by the use 
o[ an antenna [171. The active area may be widened， but 
the conslJiction in the Si charmel (i.e.， small L and locally 
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Fig. 3. (Color oluine) Count rate描 afunction of nominal 
photon incident rate for differcnt wavelengths. Solid symboIs 
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Fig. 4. (Color online) NomiJ叫 quantumeillciency with同一

spccl tρU1C wavelengUl， Light absorption by U1C 50 nm Si slab 
calculated from U1C absorption coefficient田 alsoshown 

small w) have to be madeもokeep the high sensitivity to 
single holes， and the collection efficiency and血etr町田it
speed of the photogenerated holes may be another con-
cern. The ma羽mumcotmt rate in Fig. 3 is about 300 S-I 

for the amp凶 er(oL instrtm1ents， Model 1211) used in 
this measurement. Note出atpulse width deternlined by 
the hole Iifetime does not limit the count rate as long as 
the rising edges are counted 

Figures 5(a}ー5(c)町 ehistograms of drain currents cor-
responding to Fig. 2. The solid symbols are obtained data 
and the solid curves are fitting curves、叫出 Gaussian
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Fig. 5. (Color online) Histograms of digitized dr山 1curren阻
corresponding 1:0 Fig. 2. The白"5t，second， third，肌dfour由
peaks (rom le此 ineach graph correspond 1:0 zero， one， two， 
and threc trapped holes， respective!y. Data acquisition timc per-
10【1and time step are 1.565山 d61μS， respectively，回d25，600 
(= 1.565/611司 datapoin凶 (currentvalues)出 eclassi.ficd into 
bins WiUl a widUl o[ 2 pA 
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Fig. 5. (Color onUne) (a) Probability of slalcs oblained from 
Fig. G描 afunction of CQunt rate， n山nely，hole generation rate 
R. Statesfo，JI，J2. andJ3 correspond lo zcro， onc， two， and 
Ulree trapped holes， respcctively. (b) State tr，皿 S山ondiagl加 1

加 explain(a) 

distribution. The peaks仕umle此ωrightin each graph 

correspond to zero， one， two， and three trapped holes 

When incident light intensity回creases，more and mQfc 

holes are generated. Thus， the possibility of holes being 
trapped凹 derthe LG increases， resulting in higher pe必也

for more trapped holes. These peaks are clearly sepa-

rated， indicating that the detector can resolve出enurnbeI 

of trapped holes in the time period before recombination 

takes place. This wo凶dlead to出ecapability of PNR，江

the QE could be made closer to unity 
Figure 6(a) shows probabilities of stat疋SIi COlTe-

sponding to the number of trapped holes i田 afunction 

of count rate， namely， hole generation rate R. The theo 
retical CLUves (solid cUlves) are based on Fig. G(b) undel 

steady-sta胞 conditions，f.;/T，=Ii._lRand "LI， = 1， where 

Ti is the hole lifetime cOlTesponding to i， and 10， 5， and 
lms are ob阻inedas fitting p町 田netersforも = 1，2， and3， 
respectively. Expelimental data (solid symbols) and 
theoretical ones coincide well， suggesting that the hole 

number can be resolved up to 3 with time resolution 

smaller出叩 lrr百
Since the lifetime of holes is closely related加山e

hole number resolution， the江 recombinationbehavior 
is fur出erstudied. Recombination rate as a function of 
drain current (not shown here) follows出epower law 
閉山田 exponentof 0.42. This indicates山atrecombina 
tion is not a simple bimolecular process，田 opposedto 
[[;1. ContJibution of indirect proce田 (e.g.，via a recombi-

nation center) is a possibility 

It h出 beenshowrr出ata scaled-down SOl MOSFET 
can be used田 aphoton detector that directly counts 
photogenerated holes without mul回plication，and fea-
tures very low dark counts of less出叩 0.02S-l at room 
temperatUIe and low operation voltage of 1 V. Since tlle 
detector can clearly resolve the munber of photogener-
ated holes， it could attain PNR江出eQE could be raised 
close to unity. 

The authors are indebted to Ke回akuYamada of 
Unive四ityof Tsukuba， Toyohi.ro Chikyo of the National 
Institute of Materials and Science， Tetsuo Endoh of 
Tohoku University，叩dHideo Yoshino and ShigelU 

Fujisawa of Semiconductor Leading Edge Technologies， 
Inc. for tllei.r cooperation in the device fabrication 
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