SEM CONDUCTOR PHOTOMULTI PLI ER DEVI CE Cross- Reference To Rel at ed
Application 5[0001] This application clains the benefit of priority
of Singapore patent application No. 201200836-3, filed 6 February
2012, the content of it being hereby incorporated by reference inits
entirety for all purposes. Technical Field 10 [0002] Various

enbodi nents relate to a sem conductor photonultiplier device, for
exanpl e a silicon (SEEMMONDUETORIPHOITOMULTIRLIERADEVUWEEK- Si quenchi ng
resi stors. Background 15 [0003] Single photon detection has becone
possi bl e since the invention of photonultiplier tubes (PMIs), which
has found many appli cati @pss/RetdRRYe Fb REGEGM pili&aSnf rom t hen on.
However, PMIs have two ﬁ%ﬁﬂﬁ?‘T%%ﬁglﬁﬁ%mT‘§énsitivity to
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oper at i ofcierragmiBIsentiredy forpH PBIPOFSSt vity and fast tining response. The
Si PMs can al so take advantage of the highly devel oped silicon (Si) 25
process technol ogies and the nodern fabrication facilities for

bat ch- processi ng i n sen conduct orLachuigalFigld whi ch guar ant ees t he
robusltoness and | ow fabrication costs of the devices. As a result of
the eXcellent properties associated with Si PMs, SiPMs have found
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Tonmogr aphy (PET), radiation detection for honeland security systens,
and so on. The detection of photons in visible and ul traviol et
regions is of special interest in ungear s.

15

[0003] Single photon detection has become possible since the invention of
photomultiplier tubes (PMTs), which has found many applications in many different
areas from then on. However, PMTs have two main handicaps: their high sensitivity to
magnetic fields and their high prices.

20 [0004] Silicon photomultipliers (SiPMs) have been developed during recent years as a
possible alternative to PMTs. Nowadays, the performances of SiPMs are fast approaching
those of conventional PMTs. In addition, SiPMs have a lot of advantages over PMTs,
such as compactness, low bias voltage operation, magnetic field insensitivity and fast
timing response. The SiPMs can also take advantage of the highly developed silicon (Si)

25  process technologies and the modern fabrication facilities for batch-processing in
semiconductor industry, which guarantees the robustness and low fabrication costs of the
devices. As a result of the excellent properties associated with SiPMs, SiPMs have found
widespread applications in high-energy physics, fluorescence and luminescence decay
measurements, single-molecule detection, laser ranging, nuclear medical imaging such as

30 Positron Emission Tomography (PET), radiation detection for homeland security



[ 0005] Si PMs have been investigated and devel oped for many years, and
many i deas and technol ogi es have been adopted to increase the fil
factors of Si PMs. However, there 5 remains chall enges associated with
conventional SiPMs, for exanple in terns of the dark current/dark
count rate and/or the photon detection efficiency (PDE). For exanple,
conventional SiPMs have high dark current, high crosstalk, and | ow
fill factsgstembFind s0REThédeteRRINNGE Photsil Mt Vividley kD AatioRk 8€kions is of
fabrication processes may be required to fabricate conventional SiPM
devices,5@8H§éﬁ@€ﬁ¥¥ﬁ“¥ééﬁ?ﬁing in a decrease in the yield 10 and an
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20 Summary

[0008] According to an embodiment, a semiconductor photomultiplier device is
provided. The semiconductor photomultiplier device may include a substrate having a
front side and a back side, a common electrode of a first conductivity type adjacent to the
25 back side, a cell including an active region of a second conductivity type adjacent to the
front side, and a contact region of the second conductivity type adjacent to the front side,

the contact region being spaced apart from the active region by a separation region.



[0010] FIG 1A shows a schematic bl ock di agram of a sem conduct or
photonul tiplier device, according to various enbodi nents. 10[ 0011]
FIG 1B shows a cross-sectional representation of a sem conduct or
photonul ti plier device, according to various enbodi nents, based on

t he enmbodi nent of FIG 1A. [0012] FIG 2A shows a schematic top view
of a part of a silicon photomultiplier (SiPM device. 15[0013] FIGS.
2B and 2C show respective $eheDRidiptionaEshePeiwiaaal views of a
silicon photormultiplier (ST PM cell of a part of a silicon

photomul tiplier (SiPM device. [0014] FIG 2D shows a schematic top
vi ew of idyi i pkj ' f P '

Vi ow ek e B e b R g 1 BF pra S b B
phot onul tthptifierenf SiePh) Theadrhwing® piRODE hedebs@rily3a ssdlewenphase instead genetaly

vi ew qf art,of,a sili;£0 hot.omul ti.plier i P evi ce, ,acgardi ng
Vo vari odeH BB anpl. SR TRl o R disalpls R uERovid
schemat i Glegdripion,setiond Ratbolintns 6ff tha ifvdntion ArddBatebad Witk IrefefentStdPMe
cell of %Har_t of a silicon photonmultiplier (SiPM device, according
to vari odelleMBEdravansssin WhiLh017] FI G 3D shows a schematic top view
of a siligem) ot QRUKWR!d Sheh @il Mock Hdgrh $rd GCHASHASEE! pRiIGhulibEY
taken along the line B-B of the top view of the silicon

phot omul tdepice.accqréin@igy verédus embodid@n®] FI G 3E shows a schematic

Cr 0ss-.sectj Vi of, part of ilicaon photomultiplier i P
devi o8 widh PG BsahaPel oS Aelisiel s PROUERAT (bt Pa' Semtcndtior
30Mul ti plphosiniudtiylies Hevled, utayrdiag eovaiing enthbodimidne) basetiandhéerembsdiment of
100191 FI F shows a schematic cross-sectional view of a part of a
silicon pHBt ltiplier (SIPM device with a reach-through structure,

accor di nqeb2) AaG PN ShMPPSiNERAEStop view of a part of a silicon photomultiplier (SiPM)

device.

15  [0013] FIGS. 2B and 2C show respective schematic cross-sectional views of a silicon
photomultiplier (SiPM) cell of a part of a silicon photomultiplier (SiPM) device.

[0014] FIG. 2D shows a schematic top view of a silicon photomultiplier (SiPM) cell and
a cross-sectional view taken along the line A-A' of the top view of the silicon
photomultiplier (SiPM) cell.

20 [0015] FIG. 3A shows a schematic top view of a part of a silicon photomultiplier (SiPM)
device, according to various embodiments.

[0016] FIGS. 3B and 3C show respective schematic cross-sectional views of a silicon
photomultiplier (SiPM) cell of a part of a silicon photomultiplier (SiPM) device,
according to various embodiments.

25 [0017] FIG. 3D shows a schematic top view of a silicon photomultiplier (SiPM) cell and
a cross-sectional view taken along the line B-B' of the top view of the silicon
photomultiplier (SiPM) cell.

[0018] FIG. 3E shows a schematic cross-sectional view of a part of a silicon
photomultiplier (SiPM) device with a SACM (Separation of Absorption, Charge,

30 Multiplication) structure, according to various embodiments.



[ 0020] FI G 4A shows schematic cross-sectional view of a silicon
photomul tiplier 5(SiPM device, for simulations. [0021] FIG 4B shows
a schematic cross-sectional view of a silicon photonultiplier device
with lateral bul k-Si quenching resistors (LR-SiPM according to

vari ous enbodi nents, for sinulations. [0022] FIGS. 5A to 5E show
sinmulation results of a silicon photonultiplier structure with

1ﬁ| at er al [0OLOGrRIGH NBF rshs\k@ta)rsghc(d;dﬁchM sechbﬁﬂFviehfe oflopi gt Mﬁagﬁh@i‘n
the activ reglo IS t to be I x 101 nP 0023] FI G shows

si nul at ed® %ﬁtsf’g\é)e dewcw@uﬁv@éfﬂr@rowghest%ﬂ%nﬁceﬁﬁ‘a}g & VRS
phot onul tmouﬁﬁenQSSi PM device and the silicon photonultiplier with

| ateral bul k-SI quenching resistors (LR-SiPM device of FIGS. 4A and
4B. 15] O(IQQ‘-}O} HlG. 4A shows sehephasic erbsssieptivnat iview rafs al silicohophat¢raultiplier

i nt ernal f 1-en for the silicon photormultiplier with

| at ergl l:g eVIC%E%)E% néaﬁ%régm stors (LR-SiPM) device of FIG 4B, with
di f f er ent[o6z1g a?gés 4Bpghowsda tschettediic n@odshyectiumbl v&mpmf reglian. photcﬁzﬁﬁlaﬁl_her

FIG 8 shows a p|o ation results fo ue |

r esponse< VP WﬁE Laitﬁlr?lc%H%oﬂtﬂ?ﬂ&b?‘gpfﬁsﬁmi 3‘&&@&@1 diRg tonaarious
silicon phgfoamdntd, RdrisfhulMidd. | at eral bul k-Si 20 quenching resistors
(LR-Si PM device of FIGS. 4A and 4B. [0026] FIG 9 shows a LR Si PM

cel | wit H0042d dd6Bi utusE vt simmlatiegiresnks ofacsilicani phgtomltiplicr sloecture with
e nbodwrre NhRral gﬁérﬁldng%ﬁ&%r(tﬁt él?ﬂd&i&lhérggg;b\?é%g {J%&% %th{%gacqgé ?’%ﬁaon 18

descriptionr
illust ratsbﬂi) bedpetd'fim’.det ai | s and enbodi ments in whi ch the | nventi on
may be practl ced. These enbodjinments are described in sufficjent

detai | tdO®MHIE. sbaws grfatedcurent-yrltags (I-V howveacfor e eangentiopalnilicon,
Q her e”’%ﬁ?j{oﬁ’iﬁﬁﬁﬁlewlﬁ?ﬁ) Wel ok ZRd ARdsiBOSH gﬂ%ﬂﬁlﬁl liet Q}thc MteraPBHIk-Si

el ectrical changes nay be nmade w thout departing fromthe scope of
the i nvemupmhlnnggsmar(LBt&Pbﬁiﬂ@ﬁpmfﬁlﬁsaﬂé anddBnecessarily nutual ly

excl ul%' v 8%2343,;1({%0?% enbOdioq%? STl s gmbr%sut q:br fi& 1ntelntalpq19a?19.1n9 E:ffﬁ?ernce:y for

ot her "e Mhew’e
the silicon photomulnpher with lateral bulk-Si quenchmg resistors (LR-SiPM) device of

FIG. 4B, with different dosages applied to define the active p+ region.

[0025] FIG. 8 shows a plot of simulation results for the blue light responses for the

silicon photomultiplier (SiPM) device and the silicon photomultiplier with lateral bulk-Si
20  quenching resistors (LR-SiPM) device of FIGS. 4A and 4B.

[0026] FIG. 9 shows a LR-SiPM cell with discontinuous contact regions, according to

various embodiments.

Detailed Description

25
[0027] The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention. Other embodiments may be utilized and
30  structural, logical, and electrical changes may be made without departing from the scope

of the invention. The various embodiments are not necessarily mutually exclusive, as



[ 0028] Enbodi nents described in the context of one of the nethods or
devices are anal ogously valid for the other nethod or device.
Simlarly, enbodi nents described in 5the context of a nethod are
anal ogously valid for a device, and vice versa. [0029] Features that
are described in the context of an enbodi nent may correspondi ngly be
applicable to the same or simlar features in the other enbodi nents.

Feat ur es sbi@tentbio@inft@sCdan bR ohibired ewittDolieedit mofe @herefibodinieRy toNBim new
correspondlngly be applicable to the other enbodinents, even if not
expl i ci t 58984 ed i n these other enbodinents. 10 Furt her nore,
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feature |n the context of an enbodi nent nay correspondi ngly be
appl i cablasalpgoushievaunter the atheri ingthod endeviee. i Similhrdy, cinthodinesrirodispeedsin

[0030] In,.the. context of vari t he artlcles "a", "an"
Lo e ind BeGRRE S8l atnafRushPRR AP Lbdrcd AL AR VT os

ref er encq0029] maetum@. t]m )3 dbfscﬁl:h& it @Rtdohest 6ff anldmetodinremi may[ceﬂé’s};]andhﬁglyhe
context of va od| ment s, e phrase t substantl | y*
may i ncl 37&@@@9@% © SARF of %néé%fo‘g%}“ﬁ’feé iy Hiei omfémip fs- Feptimpat at e

cont ext Qfesiffbel théeem&tr@%semﬁmma&rrﬁa 3Be&hondhgly %BpJpBHde?é &
as appl ied to a nuneric val ue enco asses t he exact™ val ue” and

r easonablathey agaitaent?0 P03 H] _nms etﬂgl@dﬂm alesdribed t ine thesy mthean@mlmdments
I nCl ges P%rllt%m%rog%gihjht mnd?c%t b%n 10113 z%n%/oqraltgggt?ve?f tdes%rlgi?dS R a%zﬁgre

listed itens arious e J& 958

phot omul tih phe eonté:8i ¢Vn stnbumtmtnemwtdmrﬂes;gimdmgly be rapﬂﬁﬁﬁleptbomemame or
detection, eJ‘fl Ci encé;l}e/hg} B‘E i ous enbodi nents may al so provide an
appr oach SBU4rieatwg i eFFIinPO WER'ST, the photon detection efficiency

(PDE) 2530601 he tl%Jé"dHtéﬂcmoefvfnh&iseéﬁ%dirﬂerﬁé lthe icREOOMYlt bl 4BE'S as Aeda
result, a high or r}proved PDE may be expect ed or obtained, without

sacri fi cedittoregedriep fepsvre ox ﬁﬁﬁ@ebmd[uéeﬁs%]ef%mqedg9n@ﬁb@aten@°ﬁh% fegtuges or
pr ow]se 31ahdkcon phot onultiplier (SiPM structure with increased
fill Tactor @nd/or with increased guantum efficiency (QE) at short
wavel engt[f831dd/tly cant¢:hadtvapohsy eiSbodimkats edic phose S'sekast \fabstaumlly” may
enbodi mar}%uﬁu(?e “exac‘":f\ly's ancsv| a reasonable variance.
[0032] In the context of various embodiments, the term “about” or “approximately” as
applied to a numeric value encompasses the exact value and a reasonable variance.
20  [0033] As used herein, the term “and/or” includes any and all combinations of one or
more of the associated listed items.
[0034] Various embodiments may provide a silicon photomultiplier (SiPM) structure
with high or increased photon detection efficiency (PDE). Various embodiments may
also provide an approach to increase the fill factor, the photon detection efficiency (PDE)
25 and the quantum efficiency in silicon photomultipliers. As a result, a high or improved
PDE may be expected or obtained, without sacrifices of other performances.
[0035] Various embodiments may provide a silicon photomultiplier (SiPM) structure
with increased fill factor and/or with increased quantum efficiency (QE) at short
wavelengths and/or without poly-Si related processes. Various embodiments of the SiPM

30 device may provide a lateral bulk-silicon (Si) quenching resistor to replace a poly-Si



30device may provide a lateral bulk-silicon (Si) quenching resistor
to replace a poly-Si  resistor, and/or elimnation of structured
nmetal wires on the active region, and/or separation of the active
region and the contact region. [0036] Various enbodi ments may provide
packagi ng of device nodules, as well as readout circuits for the SiPM
devi ces of various enbodi nents. 5[ 0037] The fabrication process for
form ng tradstGt PMdthevéltgination warstractaredmivedi neindss omraie etieasegon, amndl/sray
result in a high ield, as c ared to the process for form ng
convent i GBI tlb%ﬂfit‘(‘f%e,gl% anggg‘? CPET B8 f abri cati on process nay
be free qhozuplwaioht GRibolRN Ba) FrElial SHcRLRGESS BSvicd RDARIes, The well P
devi ces of various enbodi ments may provide one or nore of the 10

f ol | owi ngeadopbeitrcuss ths th $16M devides af various eabedimentsent , high fil

fact or, t{Hb%{] %‘he%ﬁ&t%ﬁbl?% Jﬁ%&' P&%ﬁiﬁg e SPNEERic “&%ﬁloug YRGB
resistor), or no contac holes 1 n et active regron: € approach of
vari ous endobk emivr andraaypeaNi des kighe yodld,f ahdongatadan thd piobess SoPfdming

devi ces. [0039] The. Si PM of various. enbodi nents nmay for exanpl e be
used in aJBBY‘?nE {‘;l_og@’%’l 1¥VFC€F-£%OF Hloﬁed\?%élf‘ﬁi%@? ?"‘?S?nc‘}“%iq?‘?g%ee of
nucl ear nRUsARbn (FERPENGelaie@pre¥aeR! € Positron em ssion tonography
(PET)), biophotonics, high-energy physics, |aser ranging and

radi at i o098 ddwei HRM feyicesxelnjareous gimbedimensh éay eprayide yong yert mass. ofTHhe
Si PM of i ous. i | : :
I PM@T ViBho Wi ggg%g%@@%x R &R cﬁﬁgﬁhfé b AEMCIRACRIR S guenching

appl i cations, evice nay netli ¢ resonanc
( MR) - conpadistte @@,g. daeralnmyikSe qukenbing pedstérormpbronthcMi¥1E5R the active region.

20i nstrunent ati on 0040] Th ilicon photormultipl.i (SIP .
e ot | o B dln deddhe EhBaSimenCoR PR SR sk i EbriabD G5 B SiPM
(APD) i s debhredasic building block of SiPM When light is |aunched to

an APD, the photons na§ be absorbed by the material of the APD, which
consequer{PWﬁ) rdg 1PN ph verReusyeRbedmERR 3y retepply holused i prplicetiens

genergte el : : :
accelgragg%&gﬁogﬁﬁ?gﬁIEF%%???ghgﬁégg |ﬁﬁgﬂgh%£§?%%g?gﬁgggﬁ? e]gmgﬁged
hi gh enoleghssian terhegyaphyt (RET Y abimpkdtenips, duglssnergyn phiysiss, asdr amogieg and
process, re a re.carriers,.n b enerated thr hoinpact .
o zat | dntiadr BetpdiRps 65 Ppibleo e T Hbmafnd SBERTY Ribat R SEPESF basigus
flow ng tdubadihentd@agbedeplolbe fefheblthcamnpplicatiphs, WHeFehs SiPMdebRe may
observed in the current-voltage (|- rve of an APD when aval anche

occurs, 3JSwiRasnstie He-soewqee@é%hﬁﬁ%mbﬁ @E@ énaysao devplegd ot fybnih MR/PET

aval afpchg, HhassesionS called the breakdown voltage. The breakdown

vol t age neans the voltage beyond which the aval anche process occurs.
[0040] The silicon photomultiplier (SiPM) operating mechanism will now be described.

Avalanche Photo Diode (APD) is the basic building block of SiPM. When light is
launched to an APD, the photons may be absorbed by the material of the APD, which
consequently results in the generation of electron/hole pairs. The generated free carriers
25  (electrons and holes) may then be accelerated by a high electric field in the device to
acquire a speed high enough to trigger the avalanche process. In this avalanche process,
more and more carriers may be generated through impact ionization. All the carriers may
finally contribute to the current flowing through the diode. Therefore, an abrupt increase
may be observed in the current-voltage (I-V) curve of an APD when avalanche occurs,

30 where the corresponding voltage associated with the avalanche process is called the



[0041] SiPMis also called Ceiger-node APD, because its operating
voltage is normally 10% 20% hi gher than the breakdown voltage, in
order to achieve high detection 5 sensitivity. In this working
condition, a resistor in series with the APD nay be quite necessary
to control the current and the correspondi ng power consunption of the
di ode. Furthernore, the resistor may al so be used to quench the fired
di ode. Fdresdawpl eyltaptieth¢ Hecatdose vodtage mechnbytha witagd depdiat otich the
obvi ous curre t increase may be observed, which results in a bias
increase‘Hﬁaﬁﬂ31¥%§*%TﬁP$'Accordingly, the voltage that is applied on
the 10 dijggler]idipel ik a¥BYal&Ql GHBELAMORPDWERRsiCHERNE v¥RAA Gomldls

aval anche process is consequentk% turned of f until the diode is fired
agai n by ¥ofer higher drin (lgolrzpkdpwa aAeigi deleorderdta lsehierehidhi defection
resistor form. I : ks f o8 : I ti.on. . of
R e AT
i nt ensi t yneodssdrfpgo conttiad et curreghéndothe tchrespoithhg evwerecomymjitdnnaefabeldiede.

according.to the 5 anal ogue.sum of .the currents.fromeach cell. The
hot on daEBEITdFY 1SRN G HBER 67 i PR fHy T Re i Gyerbig when
product ahe tivdees pRABVES Sihgle PhbRnIbRAGBRIhi BRASYMAFIY obddMed, which
aval anche triggering probability (Pirigger), and the fill factor

(FF). Theepbe haypiasaneratseran the aesisarmcediagivo fievollagothat srpprledn shepr
x '3l fo! ggf&feEﬁ]éé?E hlgﬂclﬁe)lowgg%%ﬂﬂ tlfcl ﬁ"e l&d%vﬁp%ﬁgg ?%% TRidche %!r&%&t is

di agram of a sem conductor photomultiplier devi according to
vari ous ewbsdienthyttemed h& vaghthe divde ot fired pfrot byrehdthgriphetondevi ce 100

i ncl ud t 102 hayi front. si 104 and.a b i de 106,
" oo, 18902 U giods oS e hepenitaniibistr Sty i Bl oo Bl S5% B
back si dgaidllel céné&ldn dfliergt Manbeis g calls, *6dH Vewhiel wdikslih G @beran&Re tRd

conductivity type. adjacent to the front. 25 side 104, and a contact
regi on 13BERTL; oethe dagident dighti g the, STRM tdppise pqyabe meaguied awordiggio tede

104, {h i ' | [
1sNe LQABLACIunt §HIHRRurkdts ?ghﬁ&cﬁ R&f %f%t@ﬁﬁé efeRfidd @ﬁcﬁﬁ%ﬂn@&i)g)g'aon

112 by a separation region 116. In FIG I ne repres
118 is i |31Bikmay baigiven b w privduct eff thice pasimieterh dhavgemtunh efficicbsy (Qff)e the

102, the ¢ n el ectrode.10 e gell,110.with t i Vv eqgi o
105" 1 he NAMSR, Febdito pihlty, Uimed a1t Al faPiok B e PRk B e
30i ncl udeleadnmired usiap Eqoatfsni Ing:l@nd/ or nechani cal coupling. [0044] In

ot her words, separate active region 112 and contact region_114 may be
provided in the seni conductor 6%3%6&@Ptﬁ6%ﬂé@wdevice 100, (Bvagien ). gap

or separatjon region 116 nmay be provided in hetween the active region
112 afd ﬁh%‘%cl(ﬂ‘ga&g T8y Snsehematicr leck digean of §; sicenduepphatempliabelc

region llavRBY100¢ Redanges vaidsabhbodifbft.! Yhe sBmican®Redt MldiGhultiplicr
adj acent to the front side 104. The front side 104 and the back side
106 are olspiesilioe intludes oisubsiates U¥shavang a 1ot sidee l@eeahd ok didst 166 tay

type may c%%n%nf Iﬂ%&?&h% {6805? Er}%‘slf ;L,Jn%%ct?vqg'd%gia\éjatcgntttxptﬁe back side 106, a

cell 110 including an active region 112 of a second conductivity type adjacent to the front

25  side 104, and a contact region 114 of the second conductivity type adjacent to the front

side 104, the contact region 114 being spaced apart from the active region 112 by a

separation region 116. In FIG. 1, the line represented as 118 is illustrated to show the

relationship between the substrate 102, the common electrode 108, the cell 110 with the

active region 112, the contact region 114 and the separation region 116, which m.ay

30 include electrical coupling and/or mechanical coupling.



[0045] FIG 1B shows a cross-sectional representation of a

sem conductor photonul tiplier device 120, according to various
enbodi nents, based on the enbodinent 10 of FIG 1A As illustrated
in FIG 1B, the sem conductor photomultiplier device 120 may i ncl ude
a plurality of cells, e.g. 110, each cell including an aval anche
phot odi ode (APD). It should be appreciated that features of the

sem condy004t Iphohamybtdspleparatel exiice rdgdéh di2 shdnadnemit usg'lmg tIhlemaparte

respective r.ef re ce nunerals bhased on.like. . fegtures of the

Cont conc Ui iio HsrsmHv B e B euTpby, FiseoRisp o ¢ 4 b seestion
various %%@ﬁi i1 1B Ha§ be phR&videAilbemdebh ¥R 486 RBlonBY ahE 8 c%nfa@ﬁ'egiﬂn\/lffwr €
| i ght or oton nmay be absorbed so that free carriers may

generat e hef @Gwreglw { Heandothe epntagff regign lddsmesnbo airrgsd éateltaHE relativp to
“cont act &e0L,a8; agaxed??@ixfaﬁ&ﬁgia%mo\amrﬁ@ sidd PO bgmlae jo0hact

with the active’r eeane rlca erconnecmn
(for ex arqppeslasmdesmf dsesubetchtd Y021 zmelsacdﬁki@ondlfa)mtﬁ e rmynlm diffe2ft fwbme,
may be COE%)bg? 9% 004 In the context of various enbodi nents, the
term "sud ENChEy "a device layer. [0049] In various

enmbodi menbe4s] FISUr fIBCGSthvst he @6ésseetidR0i ddprdsdetafi®y bf €aOtehi@niupst
side 104 of the substrate 102. This may nean that a surface of the

subst r at ephftw%twlter] deviet 120neccardies tm&mweralr%n%? bricdeonghe erabedipent
LN, o VR 0] R isurl FinaSh Y6, hESBRokR T Bl B BRI RY

or intot esu strate n various e a sur
of the caontladsa plagalignoflcells,neg: 11D ecaoh celhmcfudumtarmvdlendﬁzphofodidde (APD).

substr at 02 Th| S By t hat surface, of t substrate. 1 on
The t 1 ontlt Sioad pPreRties B B ofud Shm Btuelor b BtBR ik R0 iR
114. The defste@aisingOthe e@ineNredpkdtiveyefB@ndeoniBetaR Nt 1afe foatulest B the
substrate 102. 03)2%4 I n variouys enbodi nents, the contact region 114

may at | S5&{coadisierphetoguliplicnfedemPO he active region 112. Therefore,
the cgnt 61@64({}@9&9@ céiﬁéxtr@varﬁﬁEneﬁleQi%eﬁ tgﬁe' R 3% gwbdrégtb%”qﬁw ¥fean a

regl on 112 he cont act regi on I ne an m c “cont act
bet ween trhgiomwheredighbey Rhnt@m)abmhbmrbpd exthatfies, camiereiney be gawtated.
inter Conr[ﬁﬁ,f] Eih tlge cShite:d orfevanous embodiments, the term “contact region” may mean a
region which may provide an ohmic contact with the active region 112, and where an
electrical interconnection (for example as represented by 122 in FIG. 1B), e.g. a metal
20  wire, may be coupled to.
[0048] In the context of various embodiments, the term “substrate” may mean a device
layer.
[0049] In various embodiments, a surface of the active region 112 may lie on the front
side 104 of the substrate 102. This may mean that a surface of the substrate 102 on the
25  front side 104 may also form the surface of the active region 112. The active region 112
may be formed embedded or into the substrate 102.
[0050] In various embodiments, a surface of the contact region 114 may lie on the front
side 104 of the substrate 102. This may mean that a surface of the substrate 102 on the

front side 104 may also form the surface of the contact region 114. The contact

30 region 114 may be formed embedded or into the substrate 102.



5wire). [0052] In various enbodi nents, the contact region 114 may be
a continuous region. In addition, it should be appreciated that the
contact region 114 may be discontinuous. This nay nean that the
contact region 114 may be defined by a plurality of portions arranged
spaced apart from each other, where the plurality of portions at

| east substantially 10surrounds the active region 112. [0053] In the
cont ext df03idrln oms’ioesrtﬁmdiqdﬁmrﬁs, ﬁne héogbact esgisn alrléemmyatbh:astes}lbistaeﬁiallyor

ef fective uen in_SiP atl I ) .
erbod mert oS Biyedpak Y17 PReteRR B Fappd gt d 1 o P poact i
contact, @ofidedhe @€nE aedioyila2 e b@ntﬁ@h@‘%ﬂn far megxaiéﬁhe afVéhini® lcoftct
t he actlve region 112, for 15 electric connection between the
active rlfPEisnthoaciing “%ﬁ*Pf& Igang; forpxanle ap glspical; iptsrooanestion (g agnetal
wire).s Hoygyer, there may be challenges in that, when an aval anche
process is triggered, a high aval anche current may fl ow through the
smal | corlP8&A thokaoust @nb@ﬁaamﬁ; dhdnamitﬂg regich hithsiayrbeos ccaltilhewsmegipmnkl
and a ver Iar int. obse dlnt

area, V\hea?églt'toﬁ 51% ?T&%Plecé? & Ytrlilf éuttaq SHa" ﬁrgf etﬁlésc%tfnéw?so Thisr «
20 anynorigay jE4abhht tlhl?l cbxﬁt@ct&é)g‘iblexm by ba ke t@z@ﬂdtaﬁ%ﬂéﬁporﬁm arranged

separation region 116 nma bet ween about 0.1 gm.and about 2 gm fo
exanpl e B8EkEePHLBAM 91 T rvehesh G Pleralitg Rl Efé'flﬁ)@eﬁt éf’éﬁfuﬁu%ta&tiauy

1.1. 1p argqrr@ggﬂtthgﬂcﬁ%r%%n\/\p@n about 0.1 11111 and about 0.5 um
bet ween about 0.5 gm and about 2 um or between about 0.5 gm and about

1 um Thil805% dnghe kemtextsofi W@loas:tembedmr@gtson hidlp resrsthncanayobr arguired doron
114 may bgfcgtg‘%at{u%g&qn LABRAS hgaéger by a di stance of between about

Olgman corres, ngtothe wi dth of the separation
regi on 116054] Qﬁ)&ﬁ]lodsremb@ﬂmm antead bh®odmsact tihg fappariding tie sheidt odhtdcl,6

may have a resi stance that er than respectiye resistance f
the acti v’ﬂesmaﬁgffema%fza e et e %?X@@S% BYFTRf AR tYes[ae@megm U fus
embodjsne & ridaNEordeltiohebel@h AR: delide FEYorPR 2f R 'Iﬁ@le'cfhcﬁl ﬁl{e'i'c%tnn&@i'bﬁ Q8
of the substrate 102, and wherein the contact

fornmed ik meisbwinY Hooveven fhergmaythe @aﬁmgﬁ&tlbthﬂo %enﬁl@ a‘ViaIramhepmqeﬁsm
176, 1 o0oBFEiEE Akl SARRLAPRRECREY BBl hNobhe HBSERBEIIE Tor SR
i ncl ude dnviageo:hmemadm ofrﬂ Emmnrmcamt aralna (@y @}irgeacmﬂhaintemﬂﬁ)nay be observed
electri C%L'tﬁis Csx%%ﬁla%ga tw ere the 810 eagq%y gelg !‘bumtlo]ilétl” and may not be able to work
20  anymore,
[0055] In the context of various embodiments, the separation region 116 may be between
about 0.1 pm and about 2 pum, for example between about 0.1 pm and about 1.5 pum,
between about 0.1 pm and about [ pum, between about 0.1 pum and about 0.5 um, between
about 0.5 pm and about 2 pm or between about 0.5 pm and about 1 pm. This means that
25  the active region 112 and the contact region 114 may be separated from each other by a
distance of between about 0.1 pm and about 2 um, corresponding to the width of the
separation region 116.
[0056] In various embodiments, the separation region 116 may have a resistance that is
higher than respective resistances of the active region 112 and the contact region 114.

30 [0057] In various embodiments, the active region 112 may be formed in a first portion of

the substrate 102, and wherein the contact region 114 may be formed in a second portion



5[ 0059] In various enbodi nents, the area of the front side 104 to

whi ch the active region 112 is adjacent to may be free of one or nore
el ectrical interconnections. This neans that there may be no

el ectrical interconnection on the front side 104 of the substrate 102
where the active region 112 may be positioned in the substrate 102.

[ 0060] In various enbodi nents, the contact region 114 may incl ude
dopant s aoff thhsnbiOsed 0P dhe dind pottioni Heyngt spperdadpan foom denecatdi ppntidr b dre

t han dopants of the gond conductivity type in the active region
112. [Ooéfﬁ’ar?tﬁ)“\fﬁglf’ﬂai ‘embodi ments, the cell 110 may further include

an inter r{uabsmelerseﬂmd@ﬂdwtortﬂl@t&nmﬁ;lshe@qediu@u DY infay fudR& iRQLILAD clebifical
active region 112 and the common el ectrode 108. The internediate

regi on maiterenneston (&g Bana#yig) cleckisanequpiaddo thetopact regop dig.on 112.
The inter ﬁ@ébﬁ%h@gg %ﬂlbp@mleuackﬁédsr Q%amgsfr@ %&eg& It S HI QD BHC bl lel

type at a concentration [ower than oants 0 |rs conduct|V|ty
type in trhgond)lﬁnlma(ﬁhmt toonley b@&“ree[cﬁt)tﬁﬁ] orl moneag] eattisa] éntbodineetidis, Thise

Conduct | VTS (et HAG 1L o CRet e RGO CTo Rt TRB BBt oo

el ect r odguBd@te l02evhidné kB catEion @02 Ry BBYoRiCoreRac A salfyadate ffonom t he
active I’eﬂl on _112. The internedi ate r:ogl on may i nclude dopants of the

second cdAMM dnviarigus gmbodiments  Gisc eMtach PEAn eldﬂalpax dnchpde| depantst piathe
dopanfys Qtcdnle cSRELAARF URAUGE | V'c%}{cefn ﬂ 316%1{%? f'ﬁ&ﬂi'd’o ﬁt?%to'?heljsgcond

[ 0063] The sem conduct’or” phot onul t1i p I ce i nclude a
pl ur al i t ywonductigity type lmﬁleeata,‘\h:lcgbil lidcl ud| ng a respectl ve active

Front st duti A4 %anls colmeRSaRe i B Do bl Pl R e ion

plurali t;ofofhecﬁkdts:;orﬂuamwl typet bawgeex afip! &0t feB@nSen co@dut @dmmon
photormlt &erdgglce 100 tha plurality of cells nay be as
i || ust rat K Tlfsmtemf Megm 3y & %Séﬁﬂlb%?ﬂt\?élﬁ%?“ the active

enmbodisne LddPiie f i
T L, AL Bl S

exanpl e, a Rencentration lower than dopants of the first conductivity type in the common
electrode 108.
[0062] In various embodiments, the cell 110 may further include an intermediate region
of the second conductivity type between the active region 112 and the common
20 electrode 108. The intermediate region may be spaced apart from the active region 112.
The intermediate region may include dopants of the second conductivity type at a
concentration equal to or lower than dopants of the second conductivity type in the active
region 112,
[0063] The semiconductor photomultiplier device 100 may include a plurality of cells,
25  each cell including a respective active region (e.g. 112) of the second conductivity type
adjacent to the front side 104. The common electrode 108 may be shared by the plurality
of cells. A non-limiting example of the semiconductor photomultiplier device 100 with a
plurality of cells may be as illustrated in FIG. 1B.
[0064] In the context of various embodiments, the separation region 116 may define a
30  resistance between the active region 112 and the contact region 114. For example, the

separation region 116 may define a bulk resistance. In various embodiments, depending

10



separation region 116 may define a bulk resistance. In various
enbodi nents, depending on the required resistance, the contact
region 114 may be continuous or discontinuous. |In enbodi nents where
the contact region 114 may be continuous, the separation region 116
may be continuous in between the active region 112 and the contact
region 114, where the length of the resistor may be the gap w dth,
whi ch mayonbibe sdyeintd rdsstanes nhd doatagttegion 194 megyi tercodtidioan dr discundatous. In
region 114 ile the wdth of the resistor nmay be fhe perineter of
The oot vatodests hge teodiel s iR Seae Bl bt Serprion Bsn Hhce
of the ragisboEtortBMoRein RhAEdnMBE YethR@Wegibh 180RAM B NTacRRId 1 1€ where
contact region 114 may be di scontinuous, the contact region 114 may

be def i nehe kgt ofithe ssistay ey bsoihe isam svidihy whigh hayhechartabriweerf the gridiec h
ot her, : b LY Of B! I i .

ourr ounadtepn 1 KEpf ot fobichl1 IR BAGRE odeh o BE reBhATM B biimerspof. |
i s di scorthé aetoegegidefliyechitlymay pk wwidd. iAsya whulpdliet iesis@ncenefitha odsisenr enay

hi gh resi,st ance r | east higher than the resi nce .pravi ded by a
Cot act  rEgeBavay Jowetn RS gty Shee Rt rain: ) £ he: BrUSHen TP
enbodi menhé chaxdt Rggian ¢ONhRGber RGined b bdpaligHof mﬁm%ﬁh%ww&d ihe
whol e resjstor may be regarded_as the shunt connection of a plurality
of i ndepdffiefichnings. where dhg plnghty ofinqrtions ableast supstratiply susrounds the active
addi t jpongh); f ey at i '

By chiong: a0t ez areyfl Sporfiel Rty 4 Ml BUSLAMBIMEREH Diuislly &7
bet ween aietinnsOmay adhnevarachiglbresistagicd, ionat 12ass bigherathaothewesittinck arayédedtlyan
about 2 pm al so r.avided. [0065].ln the context . of. vari,ous
enbodi ety Rk, B BHRIE Mot OGN pMGuSRE IS sho S minls iR
type and doh@cisegvndl owlichtis Mistyntinypes, MRy wiheleReditoe a9 duehirdéd Xs the
type, or 20 the first coEg%ptigity type.nay be p-type conductivity
type and S'W¥ cOBRSSHER ebAaTER Pt irdeRssdenikylind rsistyiselncwriaut einbedigents,
type. 5By QuRvhaliy st RRAQH:AG TS/ afesreggta&&rlﬂmxga/be]t Val‘fe}mﬁ"chgné]{ﬁé)fil@ witih
the formof a pn junction, may be fornmed. [0066] In the context o
vari ous exfithalseperation regieedi@nwluth mag-teyipeveoraaat 0.Vipny atd peoutr@yumeAn

that the region i - doped, ani ng tha host terial of the
region i s ﬂE@“W?#ﬁaﬁgpgﬁﬁ?ﬁgmgﬂﬁﬁgwyﬂ P%HH§W&@ ept weakl y- bound
outer el goa¢:pns e QMdxber basdus FRIbSHinfhis, HRGHEVONFIRRIL RheMRGHPRCHh Ehe

| eft behind by the electrons, known as hol'es. Such doping atons are
al so genevafudjivitetweraad thesezendcomivebvityatypermay[l@Q6Fpe kondustvitotypexar

of Va{oi Ouiﬁ? ﬁFgP Qgﬁdﬁ%ﬂ\tnﬁz tyﬁ_e rélﬁagflébge?p—??&e%n@ﬁc%#gf ty%g %91&' ?l%el rréal.eltc&lyd (t: g?tl\?

mean that e region is aning th host erta
regi on i sygtopegbdf-tydetdondiafiiving typt.aB% plohRling @positeaypadel exdduativity type, a

conductiop electrons to the host erial, thereby resulting in an
el ectri céﬂ‘?‘%”d’ot %Ig)éf“iq}cé‘f’tﬁ‘—]ﬂ‘bcﬁl@& 1Fli'r;é‘a]!t’e {?ﬁfp‘é‘}l al with an excess

[0066] In the context of various embodiments, a region of a p-type conductivity type may

e

mean that the region is p-doped, meaning that a host material of the region is doped with
25  doping atoms that may accept weakly-bound outer electrons from the host material,

thereby creating vacancies left behind by the electrons, known as holes. Such doping

atoms are also generally referred to as acceptor atoms.

[0067] In the context of various embodiments, a region of an n-type conductivity type

may mean that the region is n-doped, meaning that a host material of the region is doped
30 with doping atoms that may provide extra conduction electrons to the host material,

thereby resulting in an electrically conductive n-doped host material with an excess

11



nunber of nobile electrons (negatively charged carriers). Such doping
atons are also generally referred to as donor atons. [0068] In the
context of various enbodi nents, where the host material nmay be for
exanple silicon, which is a Goup IV elenent, the host material may
be doped or 5 inplanted with Group Il doping atons or elenents, for
exanpl e boron (B), alumnium (A) or gallium(&G), to forma p-doped
mat er i al ,nuprbedopewbbde carpban{redativietyhcl@rgadpeadiae)piSnch dowing atmms are also
el enents, for horus (P), arsenic (As) or antinony (Sb),

ex | e phgs
to form a%?nﬂgﬁ%bezgper‘?éf’é?ﬁ oratomsnoeo] In the context of various

enbodi menye6s) tihehé rcdftexsS bl @addlk GhbddMesyr HB6e ME HobembRrhl anly & €8
104 may be free of resistors (e.g. integrated resistors), for exanple

such as paryBlel sibepn, (Puels issp) OrouR 13t slemient, ghe dipst material Bekthexdonsd or
vari ous { S SR o] i plie j 0 y
e a S, 1 [EBane il ey AT GRS e RCERARE: Bok Sl 3 325
appr eci atauminhe (Al ke galbem (Ga) do ddror a peibped mhisriayr deped e dmplonted with
achi evi ng~t he 15, sem conduct o hot rul ti pl.i er devi ces .of variou
erbod! MU o 4G SHE & FSPRRS: dMact BE PhofPoBRn I orreE G KT
current andmbohe (YR ©foe0s n-déparRier4. I n other words, the

sem conduct or photonultiplier device 100 may include or may be nade

of a senilBPhBths conied of Frrioysoamhgdiments, thaligpbside 404 on divatiiriace ehthe
vi ew @f T, AN : | &i,pki i i

il usl?r a? fcﬁlg sglrﬁolfeofé%rrp Igbg%@aoqrs}? %Ig\%ﬂg}a%r(%ggllﬂzt r?é%g%&%%)g-f?‘?%a@ %%Q'Rh s
exanpl e, nofwsiliSoPkpcady-Siyresstordevi ce 200 is shown with 12 Si PM cells,

where on i cel | be. as.represepted within the,dotted |i 0X
S5 1 oodarHdiuh e, el ofh IS DESBEEMER s ol P OFisR i uniifoBEs
i ncl udes davidetl 6 trhN bid an eitivor? Photomuliiplice PPV NS/ iR, HRGIeRBr, Af sB&B@ be

t hrough which |ight or photon rr&el/ pass 25 into the SiPMcel]. 202, an
active r dGPGRIatEG6 ok ether spmiondiclors masgyialin Y deedtssthde achighngt hat

passes t heAUGRAIAG SRIGRILEAL W PEAN 2O TR ¥nBSdiRRART pl%l’tlgﬁ_tl{e?éh'% g;fe

(e.g. an integrate remstorL 208, and one or nore nmetal "wires
The resi shallengesintaymsaefithadark cyueniend iy waer etsThedortHe otlico serdst thehe

5 el PTG TPt B0 e, FIRAEYGE 1 "3RSt &
connect i camidoatve@mitaealSi PM cel | 202 with other SiPMcells of the
S PM devi [8(?71% (HG. 2A shows a schematic top view of a part of a silicon photomultiplier (SiPM)
20 device 200, illustrating an example of a SiPM array 200. As a non-limiting example, the
SiPM array or device 200 is shown with 12 SiPM cells, where one SiPM cell may be as
represented within the dotted line box 202.
[0072] Using the SiPM cell 202 as an example, the SiPM cell 202 includes a detection
window 204 which represents a region or area through which light or photon may pass
25  into the SiPM cell 202, an active region 206 which represents a region or area where light
that passes through the detection window 204 may be absorbed, a resistor (e.g. an
integrated resistor) 208, and one or more metal wires 210. The resistor 208 may act as a
quenching resistor for the diode of the SiPM cell 202. The metal wire(s) 210 may be

employed for example to comnect the diode and the resistor 208, and for electrical

30  connections between the SiPM cell 202 with other SiPM cells of the SiPM device 200.

12



100731 Wiile not clearly shown in FIG 2A, it should be appreciated
that the active region 206 may span and overlap with the areas of the
detecti on wi ndow 204 and the netal wire(s) 206, as may be shown in
FIGS. 2B, 2C and 2D. [0074] It should be appreciated that
descriptions relating to the SiPMcell 202 may 5simlarly be
applicable to any one or each of the other SiPMcells of the SiPM
devi ce 20007HoVhéx anptlearly Reov8i RMFE@ 2A2 it2shionld| b espreciated dedt itha active

Fesi ot or ) <9 208 b heh G e iy b6 et Sht ol S i bt he

devi ce 2QRetamyiré(§)C10608 ARNELOIho WAL FRGINPB) 20nghBr ed netal wires, e.g.
222, which may be shared by a group of six SiPMcells, including the

Si PM cel 0834 I fb‘%i%d bR cRPRERCEE b fhab dascripeyrstelatingdo the St ol 30 umay
respect i s%nﬁ@e%? p%h&[ é%? sa%gtar&na% exafvar? o o%e%'élpﬁg@eus pf jthg SiPM

phot onul t 1 pl a part a sitlicon tomulti
(Si PM) ddlevice 2Q@CFOrf6mnlldxauhpISePMmellt2hé 1Bl (aeietecﬂﬁlﬂwofdoﬁ 234 ﬁﬁ\actlve

[0077] FIG hows a Separ at of

hosor pt 1 JrEoRRN d3eSis e @ i e afieh OB R SRRE Brbiidi 12000,
i ncl udes [a01H]ode SiPVOEEick)20808ay itBivab of@Yr hided beieman detieséd MBtaMadewW
204, and an _active region 206, which nmay be hi ahly doped (SePé\% lp

regi on), FHPAedvhigh maxke shasedby 2 gioup of él‘é SrMias Sé‘EPé%dc“F%’thé gell 202,
silicon (Siddisikstysiue) 240. The di ode 203 may further |ncI ude a
l'ightly doped (e.d. p- region) region 242 formed within or embedded
in the sUB&16]dtleS228, aHQSZ(hnhqu@pmﬁba}t@maéigicmms se@ionhlevipws 10€ @i Bhicop4 2

may be ar Lange jon 206 and..s art

Tho act | AOREGpIROERP Ryl of pmt 37k S9i55R pAP ErEoRERiTh 28H AL R
resi stor eX@@plevibi th Sitay caezm @K:HIGI. cally coupled to the active region
206 vi a Lre 210. cell 202 nmay further include a
passi vat ?[8%%]1?% Flé‘{”i’sr?gs‘;‘gg/g%‘? %1“’“}[ poAEM ﬁ@yag%gﬁﬁbqﬁnm}og Chaiger e
di odeg cqum% ROAGh N Erdcfurs, eREGPINVE11 S0P Mh G Edes 3 didR @M&Clg@mt@mm%ay
Si PM cel | For® exanpl e, a second di ode (D ode its

COrrespo na«rlwée @detP@gllﬂo\Mm@a‘EtzOGeande@ aiye 2@011 oo, r"égdnm@bd highdly dﬁ-‘(ﬁ‘dl
wre 256 h o ri si.d t ile,a t

di ode (Di o&e P %) %9@8 forled ta(sjg g%nrtrljgsggﬁ f Snj% gf g%t Fl\lzlbgfg?tee gn Sifisan QE
regi on 26absteutd rizAoi ﬂgperchsdstzm rﬂﬁﬁfurﬂiﬁf a:hclumier e lﬂg,ﬁﬂyalmqiecpaagj patrégidn)

2t cast TSHORPAREVEEH LR O AMDHICt dh 405 PRCYP PR 204 oD N FeEie

Si PM geviTaR R Q8pismy4d Rl ue @Uﬁngéﬂrﬂéﬁ&ﬂ?{h%(h%ﬁwl%ﬁ%ﬁ‘hog% ca@hﬁ&ﬁﬂbmt 0
a back side of the substrate 240. The comon el ectrode

hi ghl'y ddpeeptiveresiondieilibe SiIPM gelt Wefu(tbergnclucips a-qyeRrding reqsmsi SeWIh@h
that of trFéé'r BE ek 1c£l¥|:c9.ﬁm 1208 thy%htr% %%920%0%5% a%\%{*ﬁb?wh@ shgde

may there e be et ween t + regl on e n+ conmon
el ect r odecll 202 m‘ﬁb!éuldwnrmludelaqxasmtzﬂenBfmsmiayng)layerliaﬂed by the di ode

203, the nd di pde 25 he th d di ode 260, and

oot i nuo 06ER e B SRoFE it B RS SR Png: ot rar e At rellsa
wire 76 o ﬁkaﬁ&etm& IRPISOBIDROE | IR tdxamBle? Adsecd il Biddé Bidde ade25A0RitRStsan
exanpl e, - region 242 is arranged In between the active region

206 and tqqge%ﬁ%ﬁ Peiregion Gadveorrgionh AP, gpersiar J54rapd pregakwire 256 are shown
to the right side of the diode 203, while a third diode (Diode 3) 260 with its

corresponding pt active region 262, p- region 264, quenching resistor 266, metal
wire 268 and passivation layer 270. The passivation layer 211, 270 may be a continuous

30 layer at least substantially around the detection window 204,
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10 each of the active region 206 and the common el ectrode 274, for
exanpl e arranged mdway relative to the active region 206 and the
common el ectrode 274. [0080] FIG 2C shows a SiPMcell 202 with a
reach-through structure. The reach-through structure nmay be simlar
to that of the SACM structure of FIG 2B except that the lightly
doped region 242 of the reach-through structure may be of a

conduct i 0078]tFheeSiPM. dpvict 200 malSndoqked forompo sictwoded Mhatmeal adjdvent to a

active regipn. 206, . an hat, the |ightl oped |nternediate region_242
ot or e b EREPstAE 2dhy s beiing SR8tk p UL BRL e GRS R of
ext ends id@h@udtik}ﬂ%&%(er.gf.tt‘eﬁ%l@pécng@b@ﬁtet Redeooma: aiRetesids 64 Using
[0081] FIG 2D shows a schenmatic top view of a silicon

phot ormul tdigfe 298 asgnppmpls; p digste may thereferse-fomaed bytwren, the\pt wegion 206
| ¢ U . .
al ong st he,hife 44 ‘@. B ggﬁc}d@w! $We Qbrnlrldf e%cﬁgg@gg& Pﬁg%cfagﬁg{ﬁﬂgyotxhe

exanpl'e correspon e portion represent
201 in Fld®de22(3,ith¢ gstonditdiody 230eamb theethatli dodeo?26Q, had dindyf be entontinuous

features of . the Si P 1] 20 etween the top view and t .

oy ase sectrundy w208 fonidlintofs,d e oe B cadiprgnn the
only par tcofimdneedtioué 224, Ubidearte diolo L0R xad4i:RnplY, HRSPEAHIN S R alBifged
detection w ndow 204 of the diode 203, on the front side of 25 the

subst r at 62 240veen SherpRAiE eepien 280 prd die SonEnesiectis 3 fisandrinace rassiom
outsifie tdieh QEUECRURR MERAONS ARAIR! Gndis] EHod0 ACIBITRAME ohlfzed
8, 66, an n.

nmetal wires 210, 256, 2 I ntegrated resistors 208, d so

| n addi t imdway slgevede dwsictife tehon206 avdthe eginown2i6trades2idsed t o

accomod | wir 0. eref ore hot ons | aunched i.n_.t hese
Mead rednEuicrFe Sodt { SpS o AR 8 S AT B ThF et
unl i keLy strQctoee Iﬁ@jt gﬁiﬁﬁilay BOh0 3dl]1e Ei(\CM ﬁﬁizbgﬁf of Fl(? ,zr]?\/\&idcsﬂlfthﬁ tﬁ&l}@g}ﬂllrg{ea
rati o betweep the detection ndow (e.g. nd the surface of the
whol e d_e\figg@ap TN iﬂﬁﬂ&lﬁ%ﬁ#ﬁ‘ﬁ%\'ﬁﬁvﬁ%@?mﬁﬁ E%mcowﬂmt@w (e i |
fact ofs i Siopbd)@pBb@ead thi®r A6t K&k Qé‘%i&i-f D06 IRl har el h%-dogébefn%‘ér%&atea
smal | area detection wi ndow and/or 1arge area 'jdeaa‘(_g regi ons" may | ead
to a snmltegiph P#2 isdforraed abetentcandsia gortact| withathe aolivtaegion i266 ard £xtendsrintp.
100841 il t i t only consideration in
desi gni wgﬁﬁg‘@?%\ﬁi‘? }O.uagd r%éoen?%?# gle%gcfdﬁgZ% the fill factor and the

f ol | owi nd0e81) dBGN2D ghoweq sihemaBntop viay ofih siticnieplibtéraulbipliéraREM) ¢ellR02

consideration in the design, an faﬁ{ei catiqn a device: (%,i%g[ce tain
anount ofanaraé?af_gss-ﬁ%%’&nﬂo“ e piene lﬁﬁ&r?\d%ﬁL? B ey & ingisilod ozl g
| nt egipat & E:@mip &ﬁfes%&ﬁ)ngttbeheswﬁs@}ep@@e@ed Bea AMAMRR0E8A FEG. 24,
shoul d be | argé enough to reduce or mnimse the crosstalk to an
accept ablibugtiafiag the(cgyrelagom g6 thecbiferantsfeapres né theddiPM( ¢edr 202 bstwsea thestop
view and the cross-sectiona] view.
[0082] As illustrated in FIGS. 2B, 2C and 2D, only part of the device surface, for
example corresponding to the detection window 204 of the diode 203, on the front side of
25  the substrate 240, is adopted to collect incident photons. The areas outside the detection
windows 204 are assigned to accommodate the metal wires 210, 256, 268, integrated
resistors 208, 266, and so on. In addition, large areas of the active region 206 are used to
accommodate the metal wire 210. Therefore, photons launched in these “dead regions”
(areas outside the detection window 204) are quite unlikely to be detected.

30  [0083] Fill Factor (FF), which is the area ratio between the detection window (e.g. 204)

and the surface of the whole device, is an important parameter for SiPM. The higher the
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10 shown in FIGS. 2A and 2D) may be necessary to avoid or mnimse
edge breakdown of the electric field; and (D) extra structures may be
requi red, for exanple to enhance the device performances, such as
guard rings and isolation trenches. [0085] The above-nenti oned
considerations, as well as the fabrication technol ogi es used, may
restrict the fill factor of a SiPMdevice. Neverthel ess, when the
speci fi ¢ filbfacnis, gwrla'gheorthaodetcstiomleﬁ'mieachwﬂl beélfheMre;mmﬁtjarbmdetactﬁhPM

device, its . fill ctor _nmay, be inproved by an i of .the cell
i mene onviigey A eR S e e e EFEIsRY it smHIEOE En pdcpyseatenty
i ncr easesalbafs_{eaﬁl@maﬁﬁcieﬁ@t of the dead regi on. However, there may be
chal l enges in_that | arge-area diodes may put forward a hig

r equi r endAP84 Nevedhalegs, filk fagternis giob éhssenly ﬁ@?SI@X%H?&l ia %Eémgé‘l S@%mlh)
20100861 ]%&J‘of’fsef;&%rgé}ﬁ%etfﬁl 3P -and e %ﬁo@g% A elLbsr R uﬁagén%m@%; sove

regi on) serves as the active region e contact region o
t he Si PMmeed ko bd:mkeleinmm:mdetahen pa-the glgsigm a(mfabnvmome:maah)nc%(a\) certain
functi ons as ere. he, absor bed

L whor anftpat O8erBR ek o 5! SB%r%gﬁe?ogt%agfhrsms{a iigt A iceyaleq Fegitors:

bei ng t hgBgeliwt s%@ﬁraﬁ@gbaﬁeeﬂ\ﬁtﬁﬁd%nt &etls RROAA bYil4rge 2ddhghBY rd¥ce or minimise
electrically coupled or connected tg, for the Si PM 25cell 202. [00871

Each p+ riBgicestals tg ameseptabls levabo(Clnyndsd ¢araess i dbmeel! (for Grempletas
mai ntgi N dhbhen WIS WA Y3 DEIEE bE lnsceégaf—'} & ARl &l 3MiARE 'eﬁ%tfgll%gl?dgﬁglséf

i %
substantially perfect or op m ohm ¢ ‘contact between
t he net altheweleetricdield; apd @D) 28&1 stma)res mn}d bgirtquired, foSkxanfide ¢ ewtfancchthep+

regi on, 252, 26 and t.he S rat where both

Fequt r enditice B aRGe, e R ae B PG SIRARBNGER en “However, the
det ect i orf008s) d(hw,ab@vegmeﬁ%ed ﬁMﬁtdeﬁiﬁSnst, las ﬁ.rgh Ialg He)falltqatoh &¢h1’|fcﬂ%§1cl£srhsed
e.g. 206. As a resuylt e pho ener te el ectrons y like

get recomPhdestic %Lr? dilly ttl cl’f‘érgiol%na gﬁé 2?)‘86 W5 ethetass g’?&‘br@fﬂ? nﬂ%efllﬁc
reducg t %nﬁ%ﬁaﬁm@tﬁbﬁkeeﬂ&ybeé@tegﬁmw?mdaeyﬂnfvﬁdaﬁ?& it qrfu RS feor

light with short wavel ength. In other words, as the highly doped p
regi ons, iepgpveddp an x8Peaspgbthesell dimensiopohesausedheares obthe égﬁegtmna\nmdme

Goped. p SRkl kI BEL RS hAIBha i JuORA PEHRE SRS Wbl M Be Rl |
doped p+ indgit hmg:-alea glodaﬁﬁay R Xorv2i® a higher ehyireneditioh g fahvéca@nm pfoctdse

devi ce 20&)6 EOO 8] FIG 3A éhows a schematic top view of a part of a
silicon pPHSESHIPE ARt 88BN devi ce 300, according to various

enbodignehess] Wik séfedhde@ BGSSEBBE %n@fzna i ;E’M.«%idnaeécm%gﬁ) Serves as
non-limting exanple, the SiPMarray or device 300 is shown wt
both the active region and the contact region of the SiPM cell. For example, the p+ 1eg10n
(active region) 206 functions as the active region, where light or photon may be absorbed
and where free carriers may be generated as a result, as well as being the contact region,
where the metal wire 210 may be electrically coupled or connected to, for the SiPM
25 cell 202.
[0087] Each p+ region, e.g. 206, 252, 262, may be highly doped in order to maintain the
uniformity of electric field and also achieve at least substantially perfect or optimum
ohmic contact between metal {e.g. the metal wire, e.g. 210, 256, 268), and silicon (Si)
(e.g. of the ptregion, e.g. 206, 252, 262, and the substrate 240), where both requirements

30 may be quite critical for SiPM devices. However, the detection window, e.g. 204,

overlaps this highly doped p+ region, e.g. 206. As a result, the photo-generated electrons
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1012 SiPMcells, where one SiPMcell may be as represented within the
dotted line box 302. [0089] Using the SiPMcell 302 as an exanpl e,
the SiPMcell 302 includes a detection wi ndow 304 which represents a
region or area through which light or photon may pass into the Si PM
cell 302, an active region 306 which represents a region or area
where light 15 that passes through the detecti on wi ndow 304 may be
absor bed, manikadn e g remibimdtialthinipt-esgidd,G.g. Toe, whitk etayrcodingvwedig

dth ti i gn. 306 f di t of i ode. of th
S oM col s et sfitioag O o T frese S0, Sl Bt aRoweds s
whi ch at {R8akhehURSSBE Wakh Yas Y RiHNARpEE+ qi@%ig%t £.8moll DsoWe3 0

the active regron 306. The separation region may define a bulk
quenchi nPotle diesachive fagiap amsluthr cantagioregioni eleetops fleat apphaip-garerded ihde

e o L E6E) By B RSP B g

connect i onagibus, elge2@h, 362 28Adhikey sdpanathed)E offe devidIR0. and f or

electric ctiops between.the SiPM.cell 302 with other SiP
Cetts of I EIER A ShREs Sae R 05T ChmpPEorDR TR (RN
FIG 3A, delicshmal dnp&ﬁdi@ﬁptbecarai@%rﬁ%alméda@ iBGitha¥ife Z2n B8 o305 STBM
span and overlap with the area of the detection w ndow 304, as may be
shown i n 3¥ap300.38s a3woziitsm, exagwie |the SiRMouTay eredeipssr €4 it alepvirhath
descrjgpti i SUP Wy h : .
appl | Sab %rstﬁgﬂghéisb%%f ohd UL Hlay, 707 Pobethllh) Qidik B8 dogedline
devi ce 30®x30Be netal wire 310 may be shared by the SiPMcells,

B

phot onmul tv/iglidve 304 SIY reprkéntOh répifiabt ared tldosdh WEiR 1ighosopRdidd Bhi Phss
(Si PM device 300, according to various enbodi nents, for exanple for
the Si PMiBwthe S egll F2ean ackive regieiOtrvhich spresaina repioy mredeyherg hght
with S ' ARG 0N Rl i ol '

str uctﬁur ég{l hg% %?{Igﬁ/lﬁ%hgﬂlﬂfq%toz I ncﬁﬁgggj qug?%gia?sagbg ’eé 1 &Jfodg%%giq%%al
may i ncl vdieessl 18eTecdstestionmiatiow FBanddnelacsive aegion/3oregy Hnm3I0Bodosripatt

may be hi ghl y do ( . PBraneqion)., forne dipacent to a front .si,de
o the ol HofiBre st oo 2o R s s REHIB S A58 Mnhafont 683 Aany
further iwigthide Radti gitklaytidlgpedtrquadg.the-dat@tbonyindegi 00M 3hd fter aatle

within or enb in the substrate 340, as.an internediate region.
regelon %jg el%e separatﬁ)n region 312 may define a b&k quenc%ing resistor (e.g. %ulk Si

20  resistor) for the diode of the SiPM cell 302, as will be described with reference to

FIG. 3B later. The metal wire 310 may be employed for example for electrical connection

to the diode and the separation region 312, and for electrical connections between the

SiPM cell 302 with other SiPM cells of the SiPM device 300.

[0090] While not clearly shown in FIG. 3A, it should be appreciated that the active
25  region 306 may span and overlap with the area of the detection window 304, as may be

shown in FIGS. 3B, 3C and 3D.

[0091] Tt should be appreciated that descriptions relating to the SiPM cell 302 may

similarly be applicable to any one or each of the other SiPM cells of the SiPM

device 300. The metal wire 310 may be shared by the SiPM cells, including the SiPM
30 cell 302, of the SiPM device 300.
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10 The p- region 342 may be arranged beneath the active region 306
and spaced apart fromthe active region 306. [0094] The Si PM cell 302
may further include a contact region (e.g. p+ region) 380, which may
be highly doped, forned adjacent to the front side of the substrate
340. The contact region 380 may be fornmed laterally fromthe active
regi on 306, and spaced apart 15 fromthe active region 306 by the
separ at i d09RJIION 3B, shbwsh defschvamtia berbés-@oidomahi ndew esofst ar  silicon

bet ween the active reginon 306. and the cantact regi.on 330. The co ct
Cegi on senay iy LBV sellotmprmiaty Slroapuo b he: (o dgrin Jabe.
The cont agtortiR@iteNark cidydifne| R bkdgsk kot (RoSiPheetIt IRIFEIGEI Rl Wi re
310. The netal wire 310 may be shared by adjacent SiPMcells of the

Si PM devi 0893 dUG. 3B shasysafddf el wigly a PG £veppraep gbAbsqseiing, Chargen
20 i i . . i | G. i
corr edpondfidpigeiof) Shucitkd THeHE oot 12 IO o dlode Bipdt1 4, hfiShy,

For exanphendaa deteaioh windde 0Bj adkar?)cti3BOegion BOG, tvehicto mag dp dighily doged

region (active region) 35 nd p-. region 354 are shown to the.right
si de of ta(%-é- é’igoﬁ’ 9%83}0%‘% |"’§Ja5“ﬁh‘i°rﬁ Efinécféd%( Ba &ife® “%téo@xﬁr tsﬁ“’PP s&)
corres po_rbﬂbﬂﬂitd}+3@0t'lih‘éedioa’e5 30@%@’1 ﬁﬁ'ﬁ%r iﬁbludeegil(ghtlg%pe@r(g.g. p- region)
passi vation | ayer 370. The passivation Igﬁgr 311 70 may be a
conti nuodﬁglp%tﬁ%? fogmer gidhin op sbaddier 4n ithe sitbstize Sthheascrs Al TARIET
304. |00 The,:Si i j .
For el adh EabaETe o Batle e g HeR Ee Sy S BRTER G EFASE A it
el ect r odeh@7tivbeegorgiléy doped, of a conductivity type (e.g.

"n+"-d i. t t of.t i i 306, Usi,ng 30, diode
305 as alt AT S bkl ey HEF b B OB ekt RaRm 50
regi on 30Ghicinhalfbe Hidhly doped) fehee tadjadént 3 the Fdif skl Qlbegite 9@ Théd
may be shared by the diode 303 th% second diode 350 and the third
di ode 36¢OPECyeRINASEA MY bedPrBehintegliNrem thesactiva Hgiopadlop @odyspaced apart
cont i fUOUR hiRCKiOl Rogioh 6Ty RNG \éfa@i@ﬁ%?ornm, b dnelink &Bﬁ’iﬁ%bl@ncﬁﬁltgal

wire 376 adjacent the common el ectrode 3/74. Using the diode 303 as an
exanpl e, resigopbetivennghereciivatregiondPioand3ne cordach ragiangifd. The bettact eagicnis0

active regi . n_electr.od 7 an ace art
From saciibf P aliehdlf BrERIRE L AEN30R the ANBCPRRRE S0 My bs,
exanpl e aflecaigiy conpdakty thematal wire 300t THe Akl wige 3 EDmeNbSSaraltd; ddient
conmmon el ectrode 4. .[0097] | oul, e.appreci ated .that besi.des
Che. SAcw SV el pEhE STEHltter dbRTGE SEM SeHpP Gimercis drclile a possivaton
conf i gur afrii@futing WSEr 88, t he reach-through structure, nay also be 10

adopted to realize the SiPMdevices of various enbodinents. FIG 3C
shows a SP¥NI e sBown vint HG 3 aeh-ditrles iegrresnondiog uiceresfiésdive SiPM cells

reach- {hr NIl SLIMELEG, BTV sbe ETLLARI G LDala Blgb REIRACH S HRh Ul

of FIG except ed region
r each- t hroougiposding pt-uegomatiberegfoni 3 Emdic tregiod §54 atpehdven ©. the right side

o PRI, it a2 A L0

25 region 362, p- region 364, and passivation layer 370. The passivation layer 311, 370 may

0]

be a continuous layer at least substantially around the detection window 304,

[0096] The SiPM device 300 may include a common electrode 374 formed adjacent to a

back side of the substrate 340. The common electrode 374 be highly doped, of a

conductivity type (e.g. “nt+”-doped) opposite to that of the active region 306. Using
30 diode 303 as an example, a diode may therefore be formed between the p+ region 306

and the n+ common electrode 374. The common electrode 374 may be shared by the
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15 adjacent and in contact with the active region 306 and extends
into the substrate 340 towards the common el ectrode 374. [0098] FI G
3D shows a schematic top view of a silicon photonmultiplier (SiPM
cell 302 and a cross-sectional view taken along the line B-B' of the
top view of the SiPMcell 302, for exanple corresponding to the
portion represented by the dotted box 302 in FIG 3A, 20

i Il ustratdiodg 3Me theorecaldadipdn3 B artdhthe dhifd diodnBod &ag. shasd df atijacer®iSHNM

cell 302 between the top view and the cr -sect | | view, [00

PG 38 SHONe S Sendng potbros Bubds s hd e Wt Rl ReRek eon
phot onul tihghl wire 67 Riyhcetleibe GBmaRA dctidd@3 BACMIHSEP Al 309 a®fn example,
Absor ption, Charge, Miltiplication) structure, according to various

enbodi nerihe p- igerpsinte s Af2 & pvaneed |18 bptveen theackivsy ragism 8 andi theo2
d Call . i | t i i
and Gal | 2 elbbfade 374 ah&lé%c%ggat%n ﬂ&ns%igﬁ%lf'tﬁe %&Weegg%ha%dggagﬂng{e

t he bul k quenching resistor ween the contact re

t he acti wenmegi dect®d6 3G4r foe spanple ngatgedGeldway 18@Gye tohthe ciciddereg8da, 306

f or med thrg h t he a(itiv?1 éﬁ‘?' on 306, the internediate region 342 and
the commofi¢ e et R BYLeSH Tesponding to Cell 1 302, the bulk

quenchi nqoo%esiIssuldBS afptoMaed tHah BeSQRAHRE BACRY s@ictd8 Qs 3R6wh e FEGLip.e
30 region 352 corresponding to Cell_ 2 386, and the diode 350, forned

through tTEYattes deviee gpRfigusamns. fh a5t B feahabeouel gigpums Mayhalse he
comop el AeLkPe 1 Slide 1EOSPRE B@@Qés e&@gﬁf%&badiﬁﬁﬁm. BRSO stsig sﬁl'fh?/

bul k resistor 312 as an exanple, t resistor 312 1s latera
defi ned byllBA2 vathpareachdrongystorcturanthd sachntherusht dtypciure ey ibessimildrhto

Lo each dbiicr 6SAEA sugubleaitane 3 Ve B R LD dopefali P REGRD,

be needed'ez_vdhtthlioﬂgl@ﬂnhct?re rhARELYf a]lc:bcﬁduall'_\(i@hw\ﬁ(heag. S‘ﬁh’led@kdil)?oppo?itsq tlg I\%lat
cross-sectional  view o p of a. silicon photonultiplier (Si

devi ce 300 i £HIE rP@&E@?ﬁ?ﬁ@ﬂf_ %ﬁt@ﬂw@p%@émgﬁbe §e8I0p P gy ormed
enbodisme fifacedt Und Ll oRBAGRR thSENCRbbA J0B dnllCxdRiiab e bibstrad 0o
and Cell 2°386. 10 FIG 3F illustrates the synbolic representations

of the bubwagstheshmmprrabenirod®3’74812 bet ween the contact region 380 and
the actiy han ' : | & ]ltgl 03,
formed t MO Cna e FOL S ARBRAE RGBT o T sistu PR LB P B30 0% g
t he comuondelcessssediond Adew eaken elopg i ling B-B' 63ahé top V362 of thh SifMIckl] 302,
quenchi ng, resi stor 388 between the contact region, 38Q and fhe_active
fegh on 389 B TRPFL S o0k Poibon gepresened B4tk flted Hoae 280 FIG cirec
through tistAGhd ¥R doB@iafibn 3Pthe diff§ehtiTeRURBAF BleSiPRUANB3 AR dd@p
comon el ectrode 374, corresponding to Cell 2 386.
view and the cross-sectional view,
[0099] FIG. 3E shows a schematic cross-sectional view of a part of a silicon
photomultiplier (SiPM) device 300 with a SACM (Separation of Absorption, Charge,
Multiplication) structure, according to various embodiments, for two adjacent SiPM cells
25 in the form of Cell 1 302 and Cell 2 386. FIG. 3E illustrates the symbolic representations
of the bulk quenching resistor 312 between the contact region 380 and the active
region 306 corresponding to Cell 1 302, the diode 303, formed through the active
region 306, the intermediate region 342 and the common electrode 374, corresponding to

Cell 1 302, the bulk quenching resistor 388 between the contact region 380 and the active
30  region 352 corresponding to Cell 2 386, and the diode 350, formed through the active
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[0102] As can be seen in FIGS. 3B to 3F, no netal wires may be found
in the active region 306 and alnost all or a substantially |arge
portion of the active area of the SiPMcell 302 may be used for |ight
detection, as defined by the detection wi ndow, e.g. 304. As 20 no
nmetal wires are present or necessary in the active regions, e.g. 306,
the Si PM device 300 may have | arger detection wi ndows, e.g. 304, for
exanpl e a&gi6® 8P tedlint@mbdiete edibh 88V iriethe 06mfnoh GRctrddy 37, dddtesponding to
Therefore, the fill factor for the SiPMcell 302 and the overall Si PM
devi ce 36%3 §3 e increased, as conpared to the SiPM device 200.
Consequenpjop Ustﬂﬁgo @lepﬂj\ﬂlﬁ 91{341 16031518y 3 é)@nil}?é/ @hé bll kg SRk %Clb' 8 r‘[atf:rally
eff|C|enc Eurth ernore, I n various e I ments,

pol y- Si Shett by @mafa@om@@m andyisi mhetrh:al)&nFHWd@wntheh@O@d@BO& aks tes

enbodlnen i C accor. I|fy t.he . fabricatio roc
and r Sauciste 2% Gt MRURSRPaRs 0 doicly b=t St o hSRel G,
be requi redk 3485 nd hretabinkiidh day be aesiiRd withel O€les. a separati on regi on,
e.g. 312, rOV|dlqg: g i nherent dj ode- reS|stor connection, the Si PM
devi ce 3081HAFIGe H shows aesphgmatic Frost-scchipmal wewr 6f xffploé Potileoy;
resi st or ShoudihbIFRYSiPR) %@Q@@‘Joofv&l{h @%‘é&@ﬂ? WRotdh §tﬁ‘1%tu§ %%d?@i&ﬁ?% v%@&s

as quenching resistors. can be seen iIn

met al W regogibients; é’ombwpa@mnysé’;bé galls fnr thmfpme Oécﬁeillvle 30%@11@) r€elle2 g86
306, and e sent_in n et ad ac

et s A IS eE P covbibo it demrdh iind BEGfY Bl BUFRRRR LR AP o
regi on, eegveeB®i conmdt ﬁegmnmao ahd tieratfived:Gion BOS b@mipoxﬁﬁng toaTellni 302, yhe
doped regl i,h the formof the contact 5 region 380, ri ht be

the et aldigde; 1933 fermied thinteb dicardive iTREIO Q5 15 IemResiA BeATE %0 mJaﬁ?

bet ween mimon( 8edrodk M4MBSRspMdigs 102 COI 1321@) tﬁengulﬁ' dﬂeﬁ@ﬁné Risistdre388-
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simul taneously satisfy these two requirenents. In contrast, in the

Si PM 300, the contact region, e.g. 380 and the active region, e.g.
306, may be optinmally designed and defined separately. For exanple,
very thin and noderately doped p+ region, e.g. 306, nay be sufficient
for the active region to maintain the electric field uniformty.

Thus, the 5 quantum efficiency of the device 300 at short wavel engt hs

nmay be i npI®N etk cah®t8ddn i FEGERESIPV, devhas e 30D ayeaddni;ﬂaelgrm@dt fremt s
may have one or more of the follow ng advantages: (1). a high fi]
factor (FRYagYE B8O e A0S etdere Plirrasentin tess alanly egiors hepkeqediasnt

(2) a singif fih edgiliarhé&ratd9meRoAEREScbet f,é%w&ga e 'a&ibe%gleggl %n@og and
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various qyhogi ﬂmmsthe houkeipiRA] 09Y3 06 RN, SiiefllAshabE ahyiizd 4 it DR ed

software may be used to sinulate the fabrication processes and t
devi ce cﬁm&ﬁt@nﬂ:e threwgh lzhs gp exhepkrarationgeSocM lgtbqu\&@mrtéemtwob@ghlk-red
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t he deV|ce ‘ar syme erefore, cylin
coor di natterosgls‘a eéﬁlslmylnhhlsmdthfe(yap bh&lesepwdtaahlregion BOX mial eerpel spO e alf

conparison, the erfor mances, of 20 cony, nti onal S d a LR Si PM
of vari oUBoB tﬁfglsewstwﬂm%wgb?& H n@r?swhgfﬁl‘:EWYB@ similar to the
investi g3joBsi JRER? In EEiPMAlediRE 268 & 85008 ih FebY. §RQWﬁ9hﬂﬁPetfbx% the

cross-sectional views of a silicon hotorrul Fg\qf.l ier (SiPM device 400,
havi ng a $BMydesicedddrpy bgnaaed ag 03'1 Mhwith 4 yulkaﬁmuﬁlcsmgﬂe%ﬁors or

oot o kit A LB S DA S B s US40 B,

and 4B show LRSiRMtcell.| ledasousumthodahenits) filer lawtal dbnlkeSi cplhm:hngFMmten(s)ciﬂz

400 and L0, Tk SRSy Qe B o L ud g L0
structure or pattern. Therefore, the SiPM device 300 may be termed as “Quenching Ring
SiPM” or QR-SiPM.

20 [0105] In various embodiments, by adjusting the gap width, or in other words, the width
of the separation region, e.g. 312, between the contact region, e.g. 380 and the active
region, e.g. 306, the resistance of the lateral quenching resistor may be tuned or varied.
As a result of the high resistivity of intrinsic Si, sufficiently high resistance may still be
achieved even when the gap width is quite small. Thus, in spite of the introduction of an

25  extra highly doped contact region, e.g. 380, in the SiPM device 300, the “blank” regions
between adjacent cells may still remain as narrow as, or even narrower than, the
necessary cell separation width in the SiPM device 200 or in conventional SiPM arrays.
[0106] Furthermore, as mentioned above, the p+ region, e.g. 206, in the SiPM 200 as
shown in FIGS. 2A to 2D, serves not only as an active region to maintain the uniformity

30  of electric field, but also as a contact region to achieve good ohmic contact between metal

and Si. Therefore the p+ region, e.g. 206, needs to be very highly doped to
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nunerals are denoted for like features in the Si PM device 400 and the
LR- Si PM devi ce 450. These features include a substrate 440, a
detecti on wi ndow 404, a highly 30 doped region (p+ region) 406, which
acts as both the active region and the contact region for the Si PM
device 400, and as the active region for the LR-Si PM device 450, a
lighly doped internediate region (p- region) 442, a conmon el ectrode

474, bei ngméltdhe@hly siefetedeadioabaliinch@JiO¢bhtrad, ﬂieﬂaalsmfmr?,eo%g caftdcta
passivation layer 411 on the front side of the substrate 440, and a
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for the active region (p+ region) 406 in the LR- Si PM devi ce 450 may

be adopt €8a¥ b? u@ednfﬁaﬁhesmubampo@éé e MHRoepforsintiaspota ity mrtqmnn@pe@fof a
pol y- o] ef i e e at

Si PM evicggbej%gﬁaTﬁﬁmge%?(glgrglggg{lﬁ ooy Ogg %ﬁro uced 't“gﬁt hgﬁ\%})lge
400 by defimaisiapstiney boinvetizatedsi stance bet ween netal and Si. [0112]

The fill F of he Si PM. devi ce ,400 .and t he SiP vi.ce
256y IBREITIGETEA i B aE s S remans Dt PO P wiopn
fill factgotomaytiplies (SiPM% dEt‘rl@éﬂt@(b%uhng 3 pABe $if ienchi iMesient GRt 4EWn)t Hd

85.6% (for LR Si PM device 450), when the gap between ad]acent cells

i s about @sicoprmhotmubtiplier yath lags! bulfseSi ppenghineagg o) RoUP M devise 66
tot hﬁ elfbfnsfﬁﬁflét%s Oﬂasgt?to‘ﬁl th)év' SUR“?M' &rutcﬂﬁe gy oA gﬁ’d QBSshow the detailed

structural information of the SiPM device 400 and the LR-SiPM device 450 under
simulation, including the dimensions of the respective SiPM devices. Like reference
numerals are denoted for like features mn the SiPM device 400 and the LR-SiPM
device 450. These features include a substrate 440, a detection window 404, a highly
30 doped region (p+ region) 406, which acts as both the active region and the contact region
for the SiPM device 400, and as the active region for the LR-SiPM device 450, a lighly
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101131 As can be seen fromFIGS. 4A and 4B, the Si PM device 400 and
the LR-Si PM devi ce 450 have identical active region 406 and epitaxial
t hi ckness. Based on the 5 configurations of the Si PM device 400 and
the LR-Si PM device 450, the fill factor of the LR-Si PM device 450 may
be hi gher than that of the SiPM device 400, based at |east in part
due to the larger detection wi ndow 404 of the LR Si PM devi ce 450 as
conpar ed doped h@brneddidid ecofbrPip-devioap 4490a comdhlddctrbe 47an6éihg ahighly
of the LR-Si PM 450 may .be determ ned through sipulation. 10 FlGS.  5A
to 5E sholdPed mgiom mbrcsieny p et ivire il O jrd g ipepisationdexsr 11490 thesfien sifeq
x 1014/ crgy {ORLEGH0S806nd N hBAI 35l ¥8 5@9{%&0&?@9@@ dé%a?éfémw-m
101151 FIG 5A shows the sinulation results 500 of the doping

profi | es ddditionhehd RRSPIPM disvice ed5tcludes s cortadt nggiohe4§(et sepapiedgby

the different..redqion f.the LR Si PM Vi ce, 450. i Fl 5 ]
he i ReShadEReR 10 o S Rl AR AT ot i s Fa Fafun> Be AN
COr r esponitiitg 400 dnbehpDRISFM defrict 60 hEvéShiPed eyl deodd Suvutebit diffeent

dashed el lipse represented as 502 in FIG 5A. The sinulation results
510 show s8°I#Rg $BFB# doping profiles for the active region 406 and

the cont 3gi10]8Q: e 480 R9icTBIO0LHIORS TR.8HM Qﬁ?ﬁestjslggfhg;ﬁﬁ%tﬁid‘fftﬁé QN

during processing, the highly-doped active region d tThe contact

regi on 486gimay4déx maydbé rboutt B2 8400, rine Witkncg dptwéent the sppauréice oof the
al nost. nerge with each ot her, Wen a ce i

region 412 and y rtain
rever ¥e bﬁuasgraitfs‘?‘*g’p%ﬁit qitop sutfpre qf -%ﬁnrﬂwa@eﬁe@é regiqn 442 lem%%hourré How

through t{g1480 diinwe BawdapPidien scEBr BRI MRInARatt BE rdditiDI £d the to
resistor. This nmay be confirmed by the simulation results 520 of the

current daerfseeof the samimnbpuelegmdeadd4 stayvbe aboutfd).83um5ED the BPM deviegddth the
density of rrent.that flo hr a he | ateral .resistor, 412.. .
25101151 NURRHPIRE IR Emepd P degial A0 LB P oy e P o Rge,
the el ectlajes 41i1embly Bk SdbbiitdsitindNBorl e tITE SEHM QlePick B0l @ SRrapdng width

beneath the active region 406, and the nultiplication region 542,
abovelst hebetwrenche pt-gegirn d66 474 theapassiastihloysr Dy mayg bt tabod 30pm54ad the

FI GS. 5D ar&&b(gtE‘lres%e%:ti vel ’ﬂﬁhi C oaiji ]g[ion ted fromthe sane
si mul at i oN'“FEs 1% SSRAGUYE 8 Hown W4 MiPPerent™scal e of electric field
range to pIPYiGR ankest RYeViEW Rfiohnembi ebd 30 uBfifQr Wiyt YmpAsai®y &re
seen, in spite of the | ow doping dosage of the active region 406
conpar ed approxiradely @ >t he/ewnbacn intsgihsrepagoal 8i laperyorusvbioatendéd ewderi ¢
field di Sa;[pinl'ot})(tljrﬁétglr}]r 10 eV, followed by rapid thermal annealing (RTA) at about 1050°C for
20  about 5 seconds. The active and contact region (p+ region) 406 in the SiPM device 400
may be defined by implantation of approximately 4.0 x 10"*/cm’® boron into the epitaxial
Si layer or substrate 440 under approximately 10 eV, also followed by RTA at about
1050°C for about 5 seconds. Substantially similar doping and annealing processes may be
applied to the definition of the contact region (p+ region) 480 in the LR-SiPM 450. A
25  varied doping dosage for the active region (p+ region) 406 in the LR-SiPM device 450
may be adopted for comparison purposes. The deposition and etching of poly-Si resistors
is not defined in the process simulation of the SiPM device 400. The serial resistor may
be introduced to the device 400 by defining the contact resistance between metal and Si.
[0112] The fill factor (FF) of the SiPM device 400 and the LR-SiPM device 450 may

30  depend on the gap between adjacent cells. For example, the fill factor may increase from

about 72.4% (for SiPM device 400) to 85.6% (for LR-SiPM device 450), when the gap
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may still be achieved in both the absorption region 532 and the

mul tiplication region 542. The non-uniformty of electric field is

|l ess than 1% in either region. [0117] FIG 6 shows a sinmul ated
current-voltage (I-V) curve 602 for the silicon photomultiplier
(SiPM device 400 and a simulated current-voltage (I1-V) curve 604 for
5 the silicon photormultiplier with |ateral bul k-Si quenching

resi st or shefvdsn QidfabInt delis i€ @bdth Q. uri\SorBayh ik e RBcRhRakdomatebuicage
of the LR-SiPM 450.is a fagw_vol t ages. higher than the Si PM device 400.
I'n addi t it she digungtiopef gmetah yiires o) the aLHERFHONS esi st or may not have a

constant hefy) %LBGbe dobis YAl BEITAK SlEATanYStEM aGicY Abd 26 (RPIk ISRt

This nmay be because not all the current flows through the quenching
resi st or devise 40 beys wenigparctvd mgionegD®rand 1¢pitaninlvtiscknesre Based amt the

i 48 dth ti i 06 |, .port] of e C ent
o O B ow RS f Bl P iR B R ne D SR eBRES AT 8 51 BougR BRI
(p+ cong jg(-StIﬁgideﬂicélaﬂo lmaiytbladi(ilghep&&ii!m of 21533&@%%1&&%6710(1 ib_@éeﬂ%ﬂda@ﬁn
regl on , e C rge ayer )- _reglon the apsor I on reglon
53%, t he PREiqugdo F@Qﬁl&%ﬁr QL@%Ct‘é?Hd‘ﬂP‘ilfé” 8%0%@2 LRAPM éFYl@%ﬂg%?%mp&gﬁdi t8n

W t hi n t RgatleRinal EMIARVIcE80450 may change with the 15vol tage appli ed.
Therefore, a non-linear |-V curve 604 nay be observed. [0118] The

i nt er nal (614 {Ths fondtiopplet o the LIRASIPEL BAP ahenyi lere d@ningid thrénghl SRnSiapin.
deviceg 4 V= sal.s0-be; i nv i e Lyl gty The devigces be
il urﬁ%na?;gggnga t?:oﬁ)isrl%oa‘fved%wagﬁ%‘ fhaflle 8T 3RSl Sﬁm\%ﬁ\rfel‘%ﬁgt At ad

a pover densdtymdtiophedésage MMhe aRive Tépgor 406 Mboné bilchightvnmay be
vertical ly |aunched éqewg. vertical incident beam) to the device 20
surface. [FHS]dilEend shrvoie smalgionresrdly SB@ of the dopingprefHes 5 the kSt

detectio i.pd : : eqlater f1.Cl _
series opi eﬁ%-gsfggl\/é?ﬂ%m'glaéé%%i%% %‘%@Eﬂ%gg% |G((‘:1 ay{anrgél{)l}selpg% é(flgcijr%ijpel\falch
ot her, nualgvise 46&Ivaulediled SR showethe smivlatebnarsswdts fS5U0 ¢ the LB Sifibl/édveregish.
FIG 7 shows

quant i 250realaRcy B8 il PRl ERPEOT et 630 itie Ph s sfivse
di f f er entreglosagdsasaf2l ineFIA. & Ad efliengmuladoR eésulte 5p6 sheWithé dfftPent HaBing
D101 700 SHOEE 15 LML 200 4hE 3k nd LSS LSRR 19 507 SRS,
dosage ofPrqitk g o g y ,
because of the diffusion during processing, the highly-doped active region 406 and the
contact region 480 may extend into the 400 nm-wide gap of the separation region 412 and

20 may almost merge with each other. When a certain reverse bias is applied to the
LR-SiPM device 450, a current may flow through the 400 nm-wide gap 412, which
serves as the quenching resistor. This may be confirmed by the simulation results 520 of
the current density distribution, as shown in FIG, 5C illustrating the density of current
that flows through the lateral resistor 412.

25  [0116] When the LR-SiPM 450 is working above the breakdown voltage, the electric
field distributions in the absorption region 532, beneath the active region 406, and the
multiplication region 542, above the common electrode 474, are as shown by results 530,
540 in FIGS. 5D and 5E respectively, which originated from the same simulation result
and are shown in different scale of electric field range to provide a better view of the field

30  uniformity. As may be seen, in spite of the low doping dosage of the active region 406

compared with that of the contact region 480, a very uniform electric field distribution
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1014/ cn2, thesinulation result 704 corresponding to a dopi ng dosage
of 5 x 1014/cn®2, thesinulation result 706 correspondi ng toa doping
dosage of 1 x 1015/cn®2, thesinulation result 708 30corresponding to
a dopi ng dosage of 2 x 1015/cnR, and the sinulation result 710
corresponding to a dopi ng dosage of 4 x 1015/cnR. As may be clearly
seen, the quantum

may still be achieved in both the absorption region 532 and the multiplication region 542,
The non-uniformity of electric field is less than 1% in either region.
[0117] FIG. 6 shows a simulated current-voltage (I-V} curve 602 for the silicon
photomultiplier (SiPM) device 400 and a simulated current-voltage (I-V) curve 604 for
5 the silicon photomultiplier with lateral bulk-Si quenching resistors (LR-SiPM)
device 450. As may be seen, the breakdown voltage of the LR-SiPM 450 is a few
voltages higher than the SiPM device 400. In addition, the lateral bulk-Si quenching
resistor may not have a constant resistance. Its value may change with the voltage
applied. This may be because not all the current flows through the quenching resistor (the
10 gap or separation region 412 between the contact region 480 and the active region 406).
A small portion of the current may flow directly from the cathode (n+ substrate 474) to
the anode (p+ contact region 480) without passing through the multiplication region 542,
the charge layer (p- region) 442, the absorption region 532, the active region 406 and the
gap 412. The current distribution within the LR-SiPM device 450 may change with the
15  voltage applied. Therefore, a non-linear I-V curve 604 may be observed,
[0118] The internal quantum efficiency of the SiPM device 400 and the LR-SiPM
device 450 may also be investigated by simulation. The devices may be illuminated by a
collimated light beam with a certain wavelength and a power density of about 1 mW/em®.
The incident light may be vertically launched (e.g. vertical incident beam) to the device
20 surface. The dimension of the beam may be set to be the same as the detection
window 404,
[0119] The internal quantum efficiency of a series of LR-SiPMs, with doping dosages
which are different from each other, may be calculated and determined as a function of
wavelength. FIG. 7 shows a plot 700 of simulation results for the internal quantum
25  efficiency for the LR-SiPM device 450 of FIG. 4B, with different dosages applied to
define the active p+ region 406. The plot 700 shows the simulation result 702
corresponding to a doping dosage of 1 x 10'%em? the simulation result 704
corresponding to a doping dosage of 5 x 10%cm? the simulation result 706
corresponding to a doping dosage of 1 x 10/cm?® the simulation result 708
30 corresponding to a doping dosage of 2 x 10%/cm?, and the simulation result 710

corresponding to a doping dosage of 4 x 10"°/cm®. As may be clearly seen, the quantum
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efficiency of the LR-Si PM device 450 at short wavel engths increases
noticeably with a decrease of the dopi ng dosage of the active region
406. This result nmay confirmthe correl ati on between the doping
concentration and the carrier reconbination. The quantum effici ency
decreases at |onger wavel engths (Il onger than 500nm), as shown in FIG
7. This 5 decrease may be nmainly attributed to the inconplete

absor pt i affielendynst te DR-$iPYhlewdd 450nattshert IvRelgndthdircleasidotivtadly WakQr .
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the respases: dufveldie ches?oH&fh 480thangt-$ipes &V gevithen M@htgwoﬂae

al nost identical to the rati o between the areas of the tection

wi ndows 488221t shedd bergpersvipted sthavihe AR §iPMedevicentiG pad tthe ERSERM
comest | REINESIATS JOEFLURL BPSh LRt s by sty o
604) of tsreularRd HluRMight Qespbiser806 and the simulated dark current curve 808, the doping
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4 x 10"%/cm?, which is at least substantially the same as that for the active region 406 of

the SiPM device 400. For obtaining the simulated blue light response 810 and the

30  simulated dark current curve 812, the doping dosage of the active region 406 of the LR-

SiPM device 450 is decreased to approximately 1 x 10"/cm?.
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breakdown is roughly identical to that of the SiPM 400 with a 2000 0
serial resistor. In 10 various applications of SiPM devices, however,
quenching resistors with higher resistances, in the order of 1050 or
even higher, may be required. This high resistance may be achi eved in
the LR-Si PM 450 by increasing the wwdth of the gap or separation
region 412, between the contact region 480 and the active regi on 406,
or by adgpizlmoiagbscednt theuids clrtst dtirve §0H) @ $he BR-SIPIAWMT0I iR amhdst tH.
In addition, the res ance may al so be 15 tuned by tunlng t he dopi ng
profile cEMEHAS thay. fm\/ﬁa’é@.d&\éwégo Hayierst, aHprger tesppnsade Rlugdisht mayge
LR- Si PM gl 8P % ﬂ?ecm@lpmz;w Aacre'ta%é BRHAMIHBDL Shat m@ r&d%s J@%ncme
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a QQ Si PI\[DHZ&]le@ 9 b]ﬁtﬂs@?&] quﬁmchieg ¢,R|-$1§M @dblcﬁm aca:osdmg wovarious embodiments.
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Fur t i o Bon e SHELERE A W fopioh 388 o Y oF RpBti il 412
anode cordeﬁomgradgzlloquemhmg ceant@n Foatl argm pufpod@pfantlhlsiratutghhe dxsconmauous

cuant um QPP RS QPO e are At o8 AP Ry e LRERRNE Gy 002

ul travi ol®dvid Qi%&ontfﬁh@uspaﬁftwt regiees 90 hiae p'ibﬂ% demgr@&e@étancar bPHSleast
enbodi nent's, as determ ned by nuperical sinulation, shows

i mpr ovemehghes fhan 6 ToR AT ID Vids Ry SRS FeRiinyAIcE dS Igesicpubsentiglivn
convent i f V% (A

Do e S g AR 3F U el e Blon A Py
15f | exi bld igéspendent] belkeyi ram:tom fAgfinsd bfyatbr: irespeéton gapm@é%.s’ﬁs:refbﬁlzﬁlhel t
shoul d be ap eC|ated t hat hot onmul tj pli er..dev v |ous
erbod ol eon e Fhab Ruicht 68 THhoPEePt st hEdey reslifinrd §

phot onul tgmnbﬂum €V be eengifloyedr ir0 BPMMylic B Sash dfhb eRktaies aor Qﬁéctlv&
terms of a s cond ctor, photonul ti Iler device, 1t should be

appr eci at%‘ﬂn‘% may B ayir ‘étSéPMH‘BP GRPES-pl i er (SSPM) may be
provi ged, (o8 i AY the? Bulkl gl telistoR, &éﬁ%ef%}e HeC Al pcBFe ag%gg@sﬁr !npd?’dat' Realth®

cont ext of t he sem conduct or photo t|p I er device var
enbodi nersubstantially surround the active region 906, and thus may have a rmg-hke structure or
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[0129] While the invention has been particularly shown and descri bed
with reference to specific enbodinents, it should be understood by
those skilled in the art that various changes in formand detail nmay
be made therein without departing fromthe spirit and 25 scope of
the invention as defined by the appended clains. The scope of the
Invention is thus indicated by the appended clains and all changes
whi ch corpattednf tenLRASEPNER1I900 radidhs fnged f “Qaenckialk Susy STHMIBRE” 6f aQRB
are therefore intended to be e $braced CLAIM5 1. A sem conductor
phot omul t$1pM & k 80 ey fegnpat &f HgR-IPMARiGeat e having a front side

and a_bacly 2] de; &8RRIl o Sdoh Bl (SN URIME LM § High¥RBron

adj acent to the back si de; onprising an active Tegion
of a seccdvtbcn@ndifmqnvy mgayt';qoproaldp@dﬁmthtt etmqﬁlerequcshﬂ SéMelewaﬁ@f various g

cont act sSeco u ty adj a t0 he .f
S de. 3t nermsaRudts MECRRRERIF rRRRAE M e PR REE bbb P By,
a separ at(egn Sr)elgﬂb,mndlﬂay Be chhfecseinvithniibidiode ipke@drdlyU Thay) lHoemhedE winee

of claiml1, wherein the tact region, at st substantially

sur roundsw%ﬂal&m%b%ﬁﬁﬁﬂ th ACtYraregion; e%ﬁm?ﬁefﬁ glﬂ@#uﬁla?tpbmaérbe
devi ce OfachicRdd FirthWARE)] Ebc&ﬁ‘s% STOMRE aGparhRel Qﬂthle5zic'§iv€“ s\%&mahﬁ“{ﬁ’é@node
The seni conduct or photorul tiplier device of claimli, erein the

separ at i nieelgicgion; the isenceataticatefidopants i therackvriregivounaybgrednced, which
10 results in a greatly improved quantum efficiency at short wavelengths, especially for blue
and ultraviolet light. The performance of the SiPM device of various embodiments, as
determined by numerical simulation, shows an improvement over conventional SiPM
devices. Compared with SiPMs with conventional configurations, the SiPM device
structure of various embodiments has the advantages of higher detection efficiency, more
15  flexible device design and simpler fabrication processes.
[0128] It should be appreciated that the photomultiplier device of various embodiments
may be a solid-state photomultiplier (SSPM). While the photomultiplier device of various
embodiments has been described in terms of a semiconductor photomultiplier device, it
should be appreciated that a solid-state photomultiplier (SSPM) may be provided, having
20  similar or the same features as described in the context of the semiconductor
photomultiplier device of various embodiments.
[0129] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and
25  scope of the invention as defined by the appended claims. The scope of the invention is
thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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20 5. The sem conductor photonultiplier device of claim1, wherein the
separation region has a resistance that is higher than respective
resi stances of the active region and the contact region. 6. The

sem conductor photonultiplier device of claim1, wherein the active
region is 25 formed in a first portion of the substrate, and wherein
the contact region is formed in a second portion of the substrate,
the firstCpamson bei ng spaced apart fromthe second portion by the
separation region. 7. The sem conductor photonultiplier device of
claim1, further conprising an 30electrical interconnection

el ectrically cosgmisendugior peotenitipbier degige 6pmprisi®s: The seni conduct or

phot ormul ti pli ectrsugsqfﬁité:}?avﬂ'{gnacfrﬁ{ Qéixl:’ané‘l‘@%&é i he area of the front side

. .t | .
to which the active regi is adjacent is free of electrical
i nt er donnect i ansmma cldheds efa fohcududivifyhpteomjdcentpd ilerbadesidee of

claim1, wherein,the contact r.egi on 5c ri ses dopants. of the secqnd
Conducti vity Byl SPESmE Oy QESERT Th GREPTS RACHORETEe AaEHE o e
second carfsitiently type in the active region. 10. The

sem conduct or photorul tipljer device of claiml1, wherein the cel
further conpridsestaghrerephiygi ssend eupdeiivily typreadipgest toc g dirnt isidet (he
type bet ween i8Rty SpdcEd! ﬁ&nm 08 RATEI: bAGRGOE: 11. The
seniconducto? p gtoﬁug%?gl?egﬂteV|ce SP CF%IW] 0, eréﬁ%g?ﬁé
interifedi ate region at |east substantially contacts the active
regron. o The semiconductor photomultiplier device of claim 1, wherein the contact region

at least substantially surrounds the active region.

3. The semiconductor photomultiplier device of claim 2, wherein the contact region

15 is discontinuous.

4, The semiconductor photomultiplier device of claim 1, wherein the separation

region is between about 0.1 pm and about 2 um.

20 5. The semiconductor photomultiplier device of claim 1, wherein the separation
region has a resistance that is higher than respective resistances of the active region and

the contact region.

6. The semiconductor photomultiplier device of claim 1, wherein the active region is
25  formed in a first portion of the substrate, and wherein the contact region is formed in a
second portion of the substrate, the first portion being spaced apart from the second

portion by the separation region.

7. The semiconductor photomultiplier device of claim 1, further comprising an

30 electrical interconnection electrically coupled to the contact region.
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1512. The sem conduct or photonultiplier device of claim 10, wherein
the internedi ate region conprises dopants of the first conductivity
type at a concentration |ower than dopants of the first conductivity
type in the common el ectrode. 13. The seni conductor photomultiplier
device of claim1, wherein the cell further 20conprises an

i nternedi ate region of the second conductivity type between the

a(r:]t ive lragi f)n Taﬁgsehﬁk&mdmmﬁ)f ?hcﬁérﬁﬁltipmvi\‘ﬁdevickébf clhien $,ewhéz©i(ijndthetaﬁéa of the
photonul tj plier deyvjce of claim13, wherein the internedi ate region
is spacecﬁ%sﬁF i which fhfercxs reglonipggisnent i free @ clectRe] sFRBIEHRN or
photonul tiplier device of claim13, wherein the internmedi ate region
conpri ses dopants of the second conductivity type at a concentration
equal to %r |Gihérsemivand@@gaﬂw@nwﬂtinli@ed@émiélaimwburdteirﬁdntﬂ;e qopfaet fegionhe
active regl e hanll B RETLEARINCHSRNOL O EduBLEtiof Btk EnO] aGh Al
1, comprising a pruraltty of celrts, each cell conprising a respective
active r efitteseodnd doadweienndype antheatiive feyiohype adj acent to the front
side. 517. The sem conductor photomultiplier device of claiml,
wherein the separation region defines a resistance between the active

region ang, t herheoRd&hdb@s {émy_tomultillﬁer dRR e SEMRILRNAUGHSin the cell further
phot ormul ti plier device of claim1, wherein the first conductivity

type i s rromppeesconigistnediate yegigipel thadrst hendiet viitype hetween thietaptiveysaions
P-tyPg 1068RAUGHINT MednoRE:

11.  The semiconductor photomultiplier device of claim 10, wherein the intermediate

region at least substantially contacts the active region.

15 12,  The semiconductor photomultiplier device of claim 10, wherein the intermediate
region comprises dopants of the first conductivity type at a concentration lower than

dopants of the first conductivity type in the common electrode.

[3.  The semiconductor photomultiplier device of claim 1, wherein the cell further
20 comprises an intermediate region of the second conductivity type between the active

region and the common electrode.

14.  The semiconductor photomultiplier device of claim 13, wherein the intermediate
region is spaced apart from the active region.

25
15.  The semiconductor photomultiplier device of claim 13, wherein the intermediate
region comprises dopants of the second conductivity type at a concentration equal to or

lower than dopants of the second conductivity type in the active region.
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19. The sem conductor photorultiplier device of claim1, wherein the
first conductivity type is p-type conductivity type and the second
conductivity type is n-type conductivity type. 15 20. The

sem conduct or photonultiplier device of claim1, wherein the surface
of the front side is free of integrated resistors.

16.  The semiconductor photomultiplier device of claim 1, comprising a plurality of
cells, each cell comprising a respective active region of the second conductivity type

adjacent to the front side.

5 17.  The semiconductor photomultiplier device of claim I, wherein the separation

region defines a resistance between the active region and the contact region.

18.  The semiconductor photomultiplier device of claim 1, wherein the first
conductivity type is n-type conductivity type and the second conductivity type is p-type
10 conductivity type.

19.  The semiconductor photomultiplier device of claim 1, wherein the first
conductivity type is p-type conductivity type and the second conductivity type is n-type
conductivity type.

15
20.  The semiconductor photomultiplier device of claim 1, wherein the surface of the

front side is free of integrated resistors.
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