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OPTI M ZED FOR DETECTING VI SIBLE LI GHT FIELD OF THE | NVENTION 5 The
invention is related to sem conductor radiation detectors and particularly
to a sem conswcioeroradi ati on detector having a nodifi edpenFrimaboogat e.
BACKGROUND OF THE | NVENTI ON Radi ation is converted to electron hole pairs
in sem conductor material. In sem conductor radiation detectors the

el ectron hole pairs are separated by an elektric 10 field. The charge type
of the electron hole pair that is neasured is referred to as signal charge
and the opposi t SESHEONDUIOR RATHAGIORNIEDEETOReOPTHIIYED OB SETRIENG
appl i cations PC{/Igﬂﬁgé)ﬂf 9492 and PCT/ FI 2005/ 000359, which are

i ncorporated herein by reference, disclose a sem conductor radiation
detector having a nodified internal gate (M Q. This detector is herein
after referred to as 15 the MG detector. The MG detector is

back-illum nateEE‘gﬁg it has a thick fully depleted substrate and a thin
conductive | aye*I ORETHEIRYFIETION t he device. This conductive backside
| ayer has three functions: when it is properly biased it enables full
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honbgeneous radiation entry 20 wi ndow. The M G detector has many benefits.

The surface gengpeateshobtanses tan INvENsaPAr at ed fromthe signal charges,
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full depletion of the thick substrate, it transports the secondary charges outside the
active area of the device and it functions as a thin homogeneous radiation entry
20 window. The MIG detector has many benefits. The surface generated charges can
be separated from the signal charges, which provides a small dark current noise.
The signal charge can be read non-destructively enabling the signal charge to be
read multiple times which reduces the read noise. Back-illumination and the thin
homogeneous radiation entry window enable the detection of shallow penetrating
25  radiation like low energy X-rays and particles with a good energy resclution. The
thick fully depleted substrate enables the detection of deeply penetrating radiation, '

The substrate material of the MIG detector is preferably high resistive, i.e. almost
intrinsic silicon and the thickness of the substrate is a few hundred micrometers.
Such a MIG detector can be used for detecting particles, X-rays from low to
30  medium energies (~100 eV - ~10 keV) and photons from uliraviolet and blue lght
to near infrared radiation. Near infrared radiation is here referred to as radiation that
can not be seen by the human eye and that has a wavelength below 1.1 pm which is
the detection limit of silicon. Near infrared radiation which wavelength is close but



2 belowthis Iimt has a very big attenuation depth in silicon, up to
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the detector is, however, not usually possible. The sharpness of the images is also

25  somewhat degraded since visible light is absorbed on the back side of the detector

and the signal charges have to drift a long way before they reach the front surface.

Por this reason also the use of colour filters on the back side of the device is

problematic.

The attenuation depth of red light in silicon is not more than ten micrometers. For
30  blue and green light the attenuation depth is even less. It is thus not necessary {o
have a thick substrate for visible light detection. Instead of the thick substrate one
could use a thin (typically around 10 pm and less than 50 pm) substrate in a back
thinned MIG detector. A thin device brakes, however, very easily and it is thus
necessary to perform the back side processing at the end of the manufacturing
35  process. There exist two possible methods to do this. In the first one the front side
of the substrate is attached to a support substrate after which the back side of the



35 process. There exist two possible nethods to do this. In the first one
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result in, however, a large resistive voltage drop in the conductive back side layer.

25  This resistive voltage drop degrades the image quality and may lead to malfunction
of the detector, especially if the detector is very thin.

Another problem in the MIG detector is that a relatively high voltage is required to
clear the signal charge in the MIG especially if a high dynamic range is desired, i.e.
if a large signal charge capacity of the MIG is desired. Yet another problem is that

30 in some cases the isolation of the surface generated and signal charges should be
improved in MIG detectors.

BRIEF DESCRIPTION OF THE INVENTION

An objective of the present invention is to provide a semiconductor radiation
detector comprising the modified internal gate, in which the problems created by the
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internal gate, in which the problens created by the WO 2007/ 077287
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nductive backsu:le layer for transporting them outsu:le the active area. The
collecuon of the secondary charges from the bulk layer inside the active area can be
further improved by gaps in the MIG layer and by trench structares that are properly
25  filled. It is also realised that a novel MIG detector can be front illuminated. The
front illuminated novel MIG detector suffers, however, from poor blue response
because of the following fact. The barrier layer forms a barrier for the signal
charges between the MIG layer and the surface of the device. Blue light is absorbed
mainly between this barrier and the front surface of the detector and thus a large
30 portion of the signal charges generated by blue light is collected by the pixel doping
and not by the MIG. By realising that such a barrier does not exist below the
channel stops and that the channel stop area can be used as a radiation entry window
and by further realising that the channel stops can be very thin and that the channel
stop area can be very large in size, the blue response of a front illuminated device
35 can be improved significantly. The large area of the channel stops reduces,
however, the signal charge transporting potential gradient in the MIG Jayer under



and not by the MG By realising that such a barrier does not exist bel ow
the channel stops and that the channel stop area can be used as a
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be very thin wioeHE2st he channel stop area can be ver ypCEFQ@chevsi ze, the
bl ue response of a front illum nated device 35 can be inproved
significantly. The | arge area of the channel stops reduces, however, the
signal charge transporting potential gradi ent in the MG | ayer under WO .
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structure. BRI BBpmESCRI PTI ON OF THE DRAWNGS 25 Fig. 1 illustrates an
enbodi nent of the invention, Fig. 2 illustrates an alternative biasing
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mmproved for instance by a doped region of the second conductivity type situated
between the barrier layer and the front surface of the detector or by a gated
structure.

BRIEF DESCRIPTION OF THE DRAWINGS
25 Fig. 1 lustrates an embodiment of the invention,

Fig. 2 illustrates an alternative biasing scheme of the semiconductor radiation
detector presented in Fig. 1,

Fig. 3 illustrates another embodiment of the invention,

Fig. 4 illustrates electron potentials of the detector presented in Fig. 1, which
30 uses holes as the signal charges,

Fig. 5 illustrates electron potentials of the detector presented in Fig. 2, which

uses holes as the signal charges,



Fig. 3 illustrates another enbodi nent of the invention, Fig. 4 illustrates
el ectron potentials of the detector presented in Fig. 1, which 30 uses
hol es as the signal charges, Fig. 5 illustrates electron potentials of the
detect or presevead7imsFi g. 2, which uses hol es as the sirgnalo@harnges, WO
2007/ 077287 PCT/ F12006/ 000058 6 Fig. 6 illustrates electron potentials of
the detector presented in Fig. 3, which uses holes as the signal charges,
Fig. 7 illustrates yet another embodinent of the invention, Fig. 8
illustrates the sem conductor radiation detector of Fig. 7 using guard 5
structures, FigUFig 4l usilinstes dteahrmemalsesftithalseabr plgertat @Cri@r 3, which
presented in Fig. 7, whigh uses t#’i@gﬁﬁaigﬁia%@? signal charges, Fig. 10

t fre det ec

illustrates electron potentials o t’or presented in Fig. 8, which

uses hol es as the sjgnal, I 10, Fig., 11 illustrates four pixels of an
embodi ment of thrlbgg'isfnventliﬂggr@n%ﬁétaﬁcgllﬁlleﬁ@gépgﬂgy%d?ve&%ﬁ%ls of anot her
enmbodi nent of t?LE ihvent.ion, Fi1 g 13 illustrates a cross-sectjon of the
det ector present& 8 n FiIBPS“fi%S thejsgmicppdyqtipr adiatiop defpctqr g Hige é tUss Hard he
detector preéented in Fisgucti®ss, Fig. 15 illustrates four pixels of yet

anot her enbodi nent of the invention, 15 Fig. 16A illustrates a
cross-section offig.l9e detifgdi@respl@a©n trRtntiAlsdf Ghe d&ect&ilzgtesell@eﬁ ih'Fi%l.S’l,r\ﬂii% a

cross-section of the detgglpy .0 Eig. 15, ig. 16Cillustrates a
cross-section of the detect Ore%%s&@%ﬁ{g@%c?%g%,g_ 15, Fig. 16D illustrates a

cross-section of,. t det.ector presented i.n Fi.g. . Fig. 17A illustrates
an embodi nent o%lgfﬁg i n&@?ﬁﬁag?ﬁ,eief Oﬁipagenfglé o %F%i‘%?%?léélg%ﬁ’?teéﬁﬂdidg'ﬁiﬁ”fmﬁt?
the invention, Fig. 17@s¢dhalesasdhesigeal chbagedi ment of the invention, Fig.
17D illustrates an enbodi nent of the invention, Fig. 17E illustrates an
enbodi ment @9 t K. ilhventilatrates Bouy.pidelfol 4 astodahes dmheinbadionent of t he

i nvention, WO 2007/077287 PCT/ F12006/ 000058 7 Fig. 17Gillustrates an

embodi ment of t By, 1BVenti@atebiehr plvdtt bff drdsHer 8BSditcht O5He fRehiQnN of the
detector presented in Fig. 17G

Fig. 13 illustrates a cross-section of the detector presented in Fig. 11,
Fig. 14 illustrates a cross-section of the detector presented in Fig. 12,
Iig. 15 illustrates four pixels of yet another embodiment of the invention,

15 Fig. 16A  illustrates a cross-section of the detector presented in Fig. 15,
Fig. 16B  illustrates a cross-section of the detector presented in Fig. 15,
Fig. 16C  illustrates a cross-section of the detector presented in Fig. 15,
Fig. 16D  illustrates a cross-section of the detector presented in Fig. 15,
Fig. 17A  illustrates an embodiment of the invention,

20 Fig.17B  illustrates an embodiment of the invention,
Fig. 17C  illustrates an embodiment of the invention,
Fig. 17D illustrates an embodiment of the invention,
Fig. 17E  illustrates an embodiment of the invention,

Fig. 17F  illustrates an embodiment of the invention,



Fig. 171 illustrates a cross-section of the detector presented in Fig. 17G

Fig. 18A illustrates an enbodi nent of the invention, 5 Fig. 18B illustrates
an enbodi rent of the invention, Fig. 18Cillustrates an enbodi ment of the
i nvention, Fiwp2dBeiskustrates an enbodi ment of the i nveotinmenoedoy. 20
illustrates an enbodi nent of the invention, Fig. 21 illustrates an

enbodi nent of the invention, 10 Fig. 22 illustrates an enbodi nent of the
invention. Fig. 23 illustrates an enbodi nedt of the invention, Fig. 24
illustrates an enbodi nent of the invention, Fig. 25 illustrates a gate

si gnal nodi fi ed Hgtl@Gnal illgsitaesd@tegtiodimernftiof thedBvdriibst r at es anot her
enbodi nent of the gate signal nodified internal gate 15 detector, Fig. 27A

illustrates a c geectili@raeds Ad : £S5 L1y -F and 26,
Fig. 27B iIIust?gfes a cross-sect?%ﬁﬁg%ﬁ%ﬁgﬁ%g@%%ﬁgﬁggwgggﬁte lﬁﬁaFig. 26,
Fig. 28 illustra{g g L ~Jodifiled i rnal gate detector, Fig. 29
illustrates ano?ﬁ§?7€nbggﬁ%%%%qb m%ﬁg&%%‘gwéggﬁgﬁ%ﬁ%gﬁ?ﬁéd“'Hié?ﬁa| gate
20 detector, Fig, v ll.ystrates a e sigpal, nodified internal gate
detector, Fig. g%’ﬁgpusfﬁﬁ%@%sﬁﬁ&?ﬁ§&%EWEngﬁ€NFn8@Lthe gate signa

nodi fied int rnﬁl g e .detector, WO 2007/077287 PCP/ F12006/ 000058 8 Fig.
32A illustrates 6n g%rod‘§§a§F@B66¢0@ﬁ€ﬂbﬁg@ﬁwm@nﬁ@tector manuf act uri ng
process, Fig. 32B illustrates one process step of one possible detector
manuf act uri ng Peotdss, ilpshpiss apembpdimest ebthe snvwengomr ocess step of one
possi bl e detector manufacturing process, Fig. 32D illustrates one process
step of one posEighl® detlbstretes mmambaditneni oiyhe piveaess, Fig. 33A illustrates
one process step of one possible detector manufacturing 10 process, Fig.
33B i |l ustrat esFigne) pr ogestast ePedbodifRnPOSEE RIven@gt ect or manuf act uring
process,

Fig. 21 illustrates an embodiment of the invention,
10 Fig. 22 illustrates an embodiment of the invention.

Tlig, 23 illustrates an embodiment of the invertion,

Fig. 24 illustrates an embodiment of the invention,

Fig. 25 illustrates a gate signal modified internal gate detector,

Fig. 26 illustrates another embodintent of the gate signal modified internal gate
15 detector,

Fig. 27A  illustrates a cross-section of the detectors presented in Figs 25 and 26,

Fig. 27B  illustrates a cross-section of the detector presented in Fig. 26,

Fig. 28 illustrates a gate signal modified internal gate detector,

Hg. 29 illustrates another embodiment of the gate signal modified internal gate
20 detector,

Fig. 30 illustrates a gate signal modified internal gate detector,

Fig. 31 illustrates another embodiment of the gate signal modified internal gate

detector,



Fig. 33Cillustrates one process step of one possible detector

manuf acturing process, 15 Fig. 34A illustrates one process step of one
possi bl e detector manufacturing process, Fig. 34B illustrates one process
step of one pegsiblie@rdet ect or manufacturing process, Fi gecr/Be@siobgsst rat es
one process step of one possible detector manufacturing 20 process, Fig.

34D il lustrates one process step of one possible detector manufacturing
process, Fig. 35A illustrates a prior art sBrip detector, Fig. 35B
illustrates a prior art strip detector, 25 Fig. 36 ill ustrates si mul at ed

results, Fig. 3Figldwust rifibamisi owd @t@dssr eyl dfSone Pbgibld&didctdistnaaifasturing
sinmul ated resul §oce 2007/ 077287 PCT/ F12006/ 000058 9 Fig. 39 illustrates

si mul ated resul 'g. 40 illustrates sinulated results, Fig. 41
illustrates si 42 i | rates

Fig. 43 11Tustr %%gﬁg b, o Boct ekl 500 PR R Fsihised,
of the inventiofffocefS.g. 44B illustrates an enbodi nent of the i nvent| on,

Fig. 44C illustrates an enbodi ment of the invention. DETAILED DESCRI PTI ON
OF THE | NVENF| ORiglG2€i g.illdstragesaoisc pewadsi steprafsenes podsitia dafeceor radighdtoning

detector, whichpjszegyeferably thin and back illum nated. The detector has
a front surface 101 which is upvvards in the drawi ng. The back surface 102

of the detector F&@?ﬁuwll Maf) fo (]T; gﬁ)th nstglgraoefr 1ie Egssﬂ)qg E&gecg -+ mhaiHs Wyar ds

in the draw ng. sur ere
antireflection B ntillator coating. The buI k | ayer 103 of the detector
is 15 made of sem conductor material of a first conductivity type. The
first and secondig-8dfhdudtisiiatey engpprocess step efvencs posséflerdelvetoe manysgitiayel y
and negativeby geped, sem conductors, with an excess of positive and
negati ve charges respectively. On the front side of the detector fromthe

back surface topgl gspt heyf ARk G hRG&s! {65 &l She possible detector manufacturing

process,

Fig. 33C  illustrates one process step of one possible detector manufacturing
process,

15 Fig. 34A  illustrates one process step of one possible detector manufacturing
process,

Fig. 34B  illustrates one process step of one possible detector manufacturing
process,

Fig.34C  illustrates one process step of one possible detector manufacturing
20 process,

Fig. 34D  illustrates one process step of one possible detector manufacturing
process,

Fig. 35A  illustrates a prior art strip detector,

Fig. 35B  illustrates a prior art strip detector,
25  Fig. 36 illustrates simulated results,

Fig. 37 illustrates simulated results,

Fig, 38 illustrates simulated results,



first a layer 104 of the second conductivity type, which is in the
followng referred 20 to as the nodified internal gate (MG layer. In the
device of Fig. 1 there are gaps in the MG layer. In front of the MG

| ayer 104 them® tog7iggairn a | ayer 105 of the first conduetrwizbosodopsre,
designated here as the barrier layer. On top of the layer 105 can be
protecting insulation |ayers and conductor |ayers formng wrings, gates,
capacitors and etc. 25 Patterned, preferabl§ pixel-like inplantations 111,
112, 113, 114, 115 having the second conductivity type, are nmade in the
barrier |ayer 1039 thelifistonds suihadeeRifits, t he detector and are |ater
referred to as pixel dopings. Biased channel stop dopings 121, 122, 123,

124, 125 of fir g aanduciiidios siyiRGteai&upkaced between or next to the
pi xel s. The dashed line 150 represents the border of the depletion region

when a 30 bias t,age VR, l n d_between the pixel dopings and the
channel stop dg?'#gs. Ilﬁugttﬁaée%gﬁglg%eﬁé%stu‘ﬁ f Fig. 1 the depletion regions of

i ndi vi dual pi xe:Fs ?{%e V\DHZ 07/ 077287 PCTi F12006/ 000058 10 not united and
the bulk |ayer & ffus i'HIYRESSHAUASEEENTal than the channel stop

dopi ngs. The bi ased chanpel stop dopings collect all the secondary charges
gener at ed i ndi dE1& AR sedilewintnsctplagdeaseltyr i ncl udi ng the secondary charges
generated inside the bulk layer, i.e. secondary charges are collected

i nsi de the acti ¥Vig. 444Ar eallvdtiatds ao ontbailinsent hethpiixentomnd it is not necessary
to transport the secondary charges outside the active area. For this
reason a conducFigvéd4BackBistatds ay emboginidt of the@ucheer, The cut line 160 is
perpendi cular to the front and back surface and it penetrates the pixel

dopi ng. The cut Fgi 1eC 17Qmissraftk 30 «RBHERMGHE 6t ndeRubfe front and back
surface 10 and it penetrates the channel stop doping. The el ectron

potenti al curveﬁﬁmétﬁgﬁ}g%gk%m@l@@ rﬁwil%ggla\ﬁgb&espondi ng to the case

where the first conductivi ype 1S second conductivity type
4. The el ec otenti urve t he

is ptype a sented in Fig. St r.an tial .c . 403 on
cut 11 nec 1785 SRS Tl Ededdndtls oS ol 1 & Telituditiny e bt Bt o
axis. The straigWtbaskillvsineted. Bhe defeetbr hiven fontenriaat 1@hehiph is mpwasisib the
cor 1 espo Ed t °, néxdtrir T Qﬁ&liglﬁl(ﬂadehﬂ)zséigigb 13i0R A SR VARER @ghiatgmfi_@i@ér@t{lgég
ar eas. e ele . ACUI e .corresponds, to the cu LN
and represents t %)?%égg_é%%en C%Sh}e{\1 _\;;hc?t glr"f‘t“fn%ﬁ‘, gflf‘f%‘érqjeaﬁ%esubitg??\éé SRR g)ﬁa?f‘nel
st op dopi ng andPRiIREalAntEsflesEpR 9 scingliajor pontinedEhe helkNrisrl H3eof thpdeiscios is
formed a three mhdeeoSscomadndudiy maealtdfal firseBendystivNiypenTAd Zirfiomdhetes]
o are L LIesRatanmy! iBeS oINAle GALARRy (S SORIRUR! A AGhERY Robdd ©
3D potenti al energy mninum.can pe et?Ct ed as da é)ec,r ease )
scmrconductors, with an excess of positive and negative charges respectively. On
the front side of the detector from the back surface towards the front surface there is
first a layer 104 of the second conductivity type, which is in the following referred
20 to as the modified internal gate (MIG) layer. In the device of Fig. 1 there are gaps in
the MIG layer. In front of the MIG layer 104 there is again a layer 105 of the first
conductivity type, designated here as the barrier layer. On top of the layer 105 can
be protecting insulation layers and conductor layers forming wirings, gates,
capacitors and etc.

25  Patterned, preferably pixel-like implantations 111, 112, 113, 114, 115 having the
second conductivity type, are made in the barrier layer 105 on the front surface of
the detector and are later referred to as pixel dopings. Biased channel stop dopings
121, 122, 123, 124, 125 of first conductivity type are placed between or next to the
pixels. The dashed line 150 represents the border of the depletion region when a

30 bias voltage Vp is connected between the pixel dopings and the channel stop
dopings. In the embodiment of Fig. 1 the depletion regions of individual pixels are



in the effective channel width of a field effect transistor (FET) or as a
decrease in the effective base width in a bipolar junction transistor
(BJT). In Fig. 4 this corresponds to the decreasing of the width 415. The
| ocation 416 iwsrdeotise barrier layer is a 3D saddl e poirat/Fi2o6/0bosh

el ectrons and holes. The electron potential curve 25 401 on the cut line
160 corresponds to the case when a clear voltage Vc is connected between

t he channel stop dopings and the pixel dopilfys. In this case the 3D
potential energy mninmm412 for hol es vani shes and the signal charge hol es

are col |l ected byot beitqgi xel tdapilkdsyer i thusdnitbe 8arB€ POWALIAICThEH USS claRBEl Qbp Of
a preferably t h'depﬂ%lgzk‘ff d |M5@eﬁaﬁlﬁgmel3gw € ﬁﬂ%&d%gpg&élﬁqhgtéeﬁgn@ c%g%es

havi ng gaps in the ayer e.ln
however, the bi 58‘1%?&1’&@1 Be‘th\%e%‘%ﬁm{v‘ UERE nFra¢eiR éﬁ?l%%s % hendarhehaiege|

dopi ngs i s so higgherathdinstdeghebilks Iayer yi.comeosdarglcbarged dre doidepddeinkida theegtion
250. The pi sel adapiioh 2birk o G aid Gs T HoUALE 0G0 1S eﬁcﬁf]meeseesmly The
el ectron potentch%alt &ﬁ%’ﬁston pe L éJ}NQB ' (%J@t 9
5. Wen the 35 potentia l?ef%rté/ﬁé‘éab Pheth ‘?aﬁ%nﬁﬁ% IW%th?)kS 2N 1aREt t he
pi xel dopi ng i se#Bitthe el ectron potential curve 502 corresponds to the cut

line 260 and the el ectron WO 2007/ 077287 PCT/F12006/ 000058 11 potenti al
curve 503 corre$hondslitteol Glhe pependicwier @7Be fidhemd bekpotfeat amal it geiduaresnice

bet ween the chapiel dsjigp 'ﬂ%ﬂ@%n@@(ﬁ@%&%‘ en@%[a‘i’% 'tl§e MB !ﬂ'fq S’Acﬁcstuﬁg&z
potenti al GHTVE ectr

rres
potential cufve rggg]peggt}e},teésstglgﬁggnqe SttoﬂéjOBiPtg | 1?181629’@“ péﬁ?@ﬁ Y| © '%@&u513
in the curves 5B3sal{d BY4LH easrespapsiingld the catrewbirarthe Firsttoopductivite tymuismal
area on the ri giypenadtsetand dadbadktysiyge is phy meqﬂygeﬁ@dl ia F1§e4et§&telva&£bn

otential ener Q
\R/m ch : s floa tg%Ot&%{xxgérV‘?Q@B Onﬁge %‘ﬁq{m?’%@ f gr E%%:ghtb%qr{/@ Pklﬂ%corﬁ‘?gﬂ?’é?g g‘} op
dopi ngs and the g %étf‘m?foﬁpﬁg PsSt’\?tht hagizopfa} iPAS tohethe | pptentiat iegerpy curves
i nt egr at i onlperdaspdiigoaestralsirsasi amdithe sloping el Tofefohe s dapleRHREQY. The

barrier 514 f Orelé&rdn%téﬁﬁpﬁﬂ@é MOQ G&Vr&gﬁig&ﬁg th€ B ﬁr[%afmazhﬁ 18;211&5}% &d &'de the

bul k layer. Whep tht Bg;t %gltél& op1 ngs
and the pixel d‘glﬁ(?nhggp 1 W@P‘ée E@E}”g?“st ﬁ‘Hleéf’FPPé{PP’é‘Eé‘Pé)Vh%ﬁ‘F(ﬂ &pingn
the curve 504 d@pdVi He sidecteddll§ leyrarthew 1stihanechaethmeldlmhsamaIrBDbl@otﬁuhkl
layer during tr@eﬁgygﬂﬂ:hmham@ ﬁ)ﬂtlf%%rsa:&rhfaﬁ RETh AflisCaRe tﬁé% rlaf %ﬁéﬁgest Orglhe
oreferably Thi A eE £ el i ap BoBpfa sty i hddeat poeleeder dehsatng a
conti nuous M G P&yt %We chyenel 8@d T 4 field edfsot frapsistr (FEQD ot v deegiemin
border. The bulthe |effeetivd dafd oadthn@g brbipbls jetetiont @dnsistor (BIT). In Fig. 4 this

corresponds to the decreasing of the width 415. The location 416 inside the barrier
layer is a 3D saddle point for both clectrons and holes. The electron potential curve

25 401 on the cut line 160 corresponds to the case when a clear voltage Ve is
connected between the channel stop dopings and the pixel dopings. In this case the
3D potential energy minimum 412 for holes vanishes and the signal charge holes
are collected by the pixel dopings.

Fig. 2 is a schematic cross section of a preferably thin back-illuminated
30 semiconductor radiation detector having gaps in the MIG layer like in the device of
Fig. 1. In this case, however, the bias voltage between the channel stop dopings and
the pixel dopings is so high that there is only one single united depletion region 250.
The pixel doping 215 is a guard ring surrounding the active area. The electron
potential curves on the cut lines 260 and 270 are shown in Fig. 5. When the
35  potential difference between the channel stop doping and the pixel doping is Vp the
clectron potential curve 502 corresponds to the cut line 260 and the electron



arrangenent just like in the detector of Fig. 2. The operation principle of
the detector of Fig. 3 is presented in Fig. 6 and it corresponds to the
operation principle 20 of the detector of Fig. 2. The devices in Figs 1 -
3 are preferaoyz0bhizmsback illum nated detectors. In thipergetieobss the
near infrared |ight should be filtered away in order to renove the
fringi ng phenonenon. The detectors of Figs 1 - 3 can also be front
illumnated. In this case the bulk |ayer i¥ preferably several hundreds of
m cronmeters thick, but the 25 depletion region on the front side of the

detector is onl yofe@Wald@vON®I 86:5eshBhdiko thd8ut KR 2708 Wil L HddaihPY@ferdnke | S
not necessary t%efl | t Jare etectors I n

t.ne near i.nf radiatiron. T _ ] , Figs

1 - 3 can al so ha%aeléglr&‘? ?l?agﬂgli S%?%%I?igg 4% g Plﬂfglt {rane fsihﬁé the,elpeoy Ii’%tfé‘}t’ragn
coatings, col oucWve| Yy eorraspends toetsemtf linei Hi0 ancathsr eleeiyar poteniial @mee 504
tsEong 8 Botﬁ _tgatag?-apbim iolr @Btout ling M70ATRE ne@sA f@@fi@h@ﬁ[@a@&w&sﬁm aese4 O

e acksizde .qf. sent | to .the appljication.an
that in the 8aclg 1?8&) ﬁ%lsbtruieg eg?%gélegfgsgﬁ%flgﬁlﬁg? eFi gltﬁ‘?g%gtr%exgﬁo ']ihﬁ d?l? %lﬁ?
side of the devPE&e4¥iGdn theskeken Boleniil cRereyvFes allond04 pomeseorslsttledbor s
of Figs 1 - 3 theutsédwdiddaygr ottaclgés flaattng. (Whéme chiee dotienid] diiffefeacadbiveen ahea
by the channel stRR:00B} ol - ' ack:- sy | i ed.
The difficulti es v?a\gsstoci g%mﬁ;g @ﬁeﬁ%%ﬁﬁgr%gﬁié %%’ qt% ﬁ?ugggttﬁﬁyﬁ[gggfﬁféagg?ve
back-si de | ayer "Sr t1a: BAMKD Uioye SFpts 4n dhy furga ode fopOlship! eaeeldags e atiPbn
of such a débPecthsrseaprdarh wharpeotldethns Wiki2 6@ 7¢@RERE 7bP0T BLROGHEOOFOES thd 2
Fi 9i 7f| |t |h ust rapﬁsr(ljtaal fdifdrtndel tbdﬂﬁbé!ﬁﬂl'@ﬁ:hmt d@teg%%t if¥s ahB8hd BM{?PHblgﬂgsme\V@ g
part o e segapdar r is collecte e c£han st op,dopings an
Part is coll eot apards i0BoRal ofll baibetn O chiig SO 3he FRBoTE R s
the contact to PRb25AoKestad & thethplk layen durieg theogenad charge Hetegragan petiod cat
the detector butlowtireehubdhatimontistgnddphegsback 5 surface of the detector or
on the detector chip edge 700. If the doping 715 forms a pixel, the

gggnn$L st ops d?piigng’ﬁ ire m}@fr@]giabbﬁéﬁ@tse%ﬂit% MR betf&%ﬁza|ﬂéihh€£bkt-ifl‘lﬁnﬁ19ﬂér ct
: e opera rid NCi. 0 ch detector is pre [ ig. 9. e
depl etion regi %ﬁﬁ%%ﬁi Héc}lalr E‘Jicg@f?nl @e%%ﬁt%fgha&é‘ba 2 eay! Lﬁ“ﬁ@ﬁ ga.yeszE]J.‘:‘ 18“’ Jishe

i |l ustrates thelitg 33fhisi ba daplstion megien berder SHwulnlk intey 18 Foetings imthis getectod

tg he 10 seconﬂ a:mnfemélitvjutwlikyﬂﬁ_thé RidcyReor Fie Eh@h@@p&@ﬂo@@?n%@\%h of rt]k'fé g.

represent t . ¢ . ies. G Jdne 7 icl

penctates ghe T %Sélg%‘- BRI FUE 8T8 Credfilao b Fnlion by,
when the pikel ! (5%‘?%‘3"1 1olild8connected to the potential Vp and the curve
902 corresponds _to the situation when the pixel doping 111 is connected to
the clear vol t ag® dayicevtn Has Ve~ §08e megfembbntisn bhek illuminated detectors. In thin

detectors the near infrared light should be filtered away in order to remove the
fringing phenomenon. The detectors of Figs 1 — 3 can also be front illuminated. In
this case the bulk layer is preferably several hundreds of micrometers thick, but the

25  depletion region on the front side of the detector is only few micrometers thick. Due
to the thick bulk layer it is not necessary to filter the near infrared radiation. The
detectors in Figs 1 — 3 can also have additional layers and structures like
antireflection coatings, colour filters, micro lenses, scintillator layers etc. One
should note that in the front illuminated case possible material layers on the

30  backside of the bulk layer are not essential to the application and that in the back
illuminated case possible material layers on the front side of the device are not
essential to the application, In the deteciors of Figs 1 — 3 the secondary charges are
collected inside the active area by the channel stop dopings, i.e. no conducting
back-side layer is needed. The difficulties associated to the manufacturing of the

35 thin conductive back-side layer on the back side of a thin detector and to the
operation of such a detector are thus avoided.



15 el ectron potential energy on the cut line 770. The 3D saddl e point 914
for both electrons and holes forns a barrier for the secondary charge

el ectrons. Part of the secondary charges is thus collected by the contact
725. 1If the deg ngnpilzforns a guard ring surroundi ng trer@nbicwasyr ea, the
channel stop dopings and the bulk |ayer contact 725 can be at a different
potential. This situation is presented by Fig. 10. 20 The curve 1003 in
Fig. 10 represents the el ectron potenti al e]ﬁ’ergy on the cut line 770. The
neutral bul k | ayer and the channel stops are in this case at different
potentials, i.elFig Nellnguttesd fibnl iKutdyesd drsbadimesy o tholivehic] waed galteof the

channel st gpz ng@%o%gﬁ tRS:gP fs%@ﬂ!\e/éeiéﬁd ¥ e chrﬂtéL?tog dé@ﬂé?:?n‘%ﬁ%tﬁ@%@ﬁ g on
guard rings. 816? %f‘?ng%g"’éli Pﬁlgni@%nfﬁé CHONRS 3908¢ copiagido thepplk dapsr. Tas
trench struct ur eentagte’ Qﬁelédﬁdiherfmm&@ glitheddatéongsbud ie cowldtdi@ B¢ braheibesk M G

| ayer. The | ayerunfR8 df$headibt@cﬂtt)ﬂ SUGH th%QIéIe‘éEb'i‘@Hﬁatéi‘fge |7@Mefﬁ d g 15 ‘712 ff%xtn}sva} ty

duct ty t
Chan the bul k | sk T Sheb®Slon BRil s bELRRY el 0 s¥i8 PoiFlph et copine .
The | ayer 808 aﬁ@cppﬁ@nﬁnd’é@ﬁllﬂﬁpf sigd defecighiie hregered it FigoQl 'dIhcbéepletlon

structured. Theregapl ®uhdary76Qioalsdasdaed 859gi 5 al so depicted in Fig. 8. If
the optional layer 808 is not used the operation principle of the detector

of Fig. 8 correBpondsuaxast iné difafihg whéﬁ’mhé figst doRgudive 1819@ 1&8%@2& {f‘% the

potenti al - etgr of ond BhREGPLEE 08 Mac T Bfiebol anf 9iE08 T oispiiet ihe
optional |ayer BeHInsPeieil epegission B8 cut life 760 oehitho paiegate Ghé pixehdopinhe
potential curveth@atye I0Rcanspdioties Sivagbe whes k@i'd x%t 111hg dopb&tdgace

PCTI F120081 Bogg‘%ﬁéﬁ]&’%ﬂ! Ohaf e bea ‘331‘158?’5@% oy ot p A e

conducti vit ﬁfc &haorested ﬁ?afthé rGlear WE‘P Ve diedeuare §0p aeprgermtofhe
second condlict i al¢atypntposetsbehagpdmcthercut tat €70aThe B sadtiwl heint DOWGYL both

necessitate a PIQHOES MG r i onal
| ayer in order S% VOl %8{6581@;%% %B?Fgﬁeﬁf %gﬁﬂgﬁﬁ%hﬁ% a?(ﬂg@gi Egtgg £l o
chip edge. One &5 1R 459 GoaleeiRd B §?’Hf3‘§ {h@ed@PéEtUrsoémS I""l gs
7 and 8 could tﬁé’aldfllﬂémﬂl?@ﬂdmdhﬂgcuwea,m dmneickwwdcapmgsemd the bl &y
from the channebnatoPX eaebe at al@l‘iﬁ&@ﬁﬂ @texﬁﬁ[ MRS sh@hiIRds b sEﬁl@de %?Y@r to

the bul k | ayer I b col |
In case t h?och%\% ?Vsegt%) Osgoarlgl"f Q&8 pxe(sgn ttﬁ% e%"@%ﬁf’@%é y %f@r?“{il ingg
silicon, silic B‘i‘(l“&éuiﬂs %eiamsan Bleatiinnplastepd afte anthis lvese hi different
conductivity t )pp@nhsls n.¢ yipeneunal BiRMDRE isS4QBrolfNEMES afd el @Ektd] 8Bps are at
(hereinafter the potential V.

Figure 8 represents another front illuminated embodiment of the invention. In this
25  detector additional guard rings 816, 817 and 818 surround the innermost guard ring
215. No trench structures are needed in these guard rings due to the structured MIG
layer. The layer 808 is an optional semiconductor layer of first conductivity type.
The layer 808 has preferably a much higher resistivity than the bulk layer and it is
preferably manufactured by epitaxial growth. The layer 808 may also be a deep well
30 in which case it could be structured. The depletion region border 850 is also
depicted in Fig. 8. If the optional layer 808 is not used the operation principle of the
detector of Fig. 8 corresponds exactly to Fig. 10, i.e. the electron potential energy
curves 901 and 902 correspond to the cut line 860 and the electron potential energy
curve 1003 corresponds to the cut line 870. If the optional layer 808 is used the only
35  difference to Fig. 10 is that the potential curves 901, 902 and 1003 terminate
essentially at the interface of the layer 808 and the low resistive substrate. The



silicon dioxide is referred to as oxide). In this case the positive oxide
charge results in an accunulation |ayer of electrons at the silicon-oxide
interface. This two dinensional (2D) electron gas |ayer functions as a
channel stop. wo 2Rmebksctron or 15 hol e gas | ayer can be hormethcabmss
artificially at the sem conductor isolator interface by the use of a
suitably biased MOS structure. In this case the 2D charge gas | ayer and
the MOS structure formthe channel stop. Th® channel stop area can thus be
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this case the channel stops are either floating or at the same potential than the bulk
25  layer.

It is important to note that Fig, 7 - 10 are not to scale since the bulk layer is in
reality much thicker than presented in the picture, i.e. the bulk layer is preferably
many hundreds of micrometers thick. The bulk layer has preferably a low
resistivity, i.e. a much higher resistance than the almost intrinsic substrate presented

30 in the documents PCT/FI2004/000492 and PCT/EI2005/000359. In the detectors of
Figs 7 — 8 part of the secondary charges is collected inside the active area by the
channel stop dopings and part of the secondary charges are transported through the
bulk layer to a substrate contact 725. Due to the front illumination and due to the
low resistive substrate no conducting back-side layer is needed. The difficulties

35 associated to the manufacturing of the thin conductive back-side layer on the back
side of a thin detector and to the operation of such a detector are thus avoided.
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mask. 10 The gap 1191 in the MG layer aids the collection of the signal
charges by inproving the signal charge transporting potential gradient in
the M G | ayer wdkwervwelsannel stop doping 1121 col |l ects thecserondeamnys
charges. There are four pixels in the Fig. 11 of which the out line 1180
cuts partially two pixels. The cut line 1180 corresponds to the cross
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section presentlegerbioping under the gate of a FET or under the emitter of a BJT improve the
dynamic range of the detector. The signal charges can be moved inside the pixel
between the local enhancements 1392 of MIG layer dopings by biasing the source
25 and drain dopings and the gates properly. This enables multiple reading of the
signal charge, which reduces the read noise.

There is on the front side of the device a pixel doping 1334 of the second
conductivity type functioning as a clear contact. Between the MIG layer and the
clear contact 1334 there is a doped region 1393 of the second conductivity type
30 which can be produced by a medium energy implant. Alternatively the areas 1334
and 1393 represent a rench that is filled with semiconductor material of the second
conductivity type. The flow of the signal charges from the MIG layer through the
area 1393 is controlled by a gate 1343. This arrangement enables clearing of the
signal charge with a low voltage and it can also be used as an anti blooming
35 structure. The layer 1307 is a protective isolator layer which is preferably silicon
dioxide but can also be any other isolator material. It is important to note that the



the Fig. 14. The MOS gate 1343 of Fig. 11 is replaced by a doping 1443 of
the first conductivity type which acts as a junction gate. controlling the
fl ow of signal charges fromthe MG layer to the front surface of the

det ector. The viomimg7443 is surrounded by a circul ar pirgefFizdeping 1433 of
the second conductivity type acting 10 as the source/drain doping of four
doubl e MOSFETs. The second conductivity type doping 1434 acting as the
signal charge clear contact is connected tolthe MG | ayer using isolator
material 1494 which is deposited on the walls of a trench. The isolator
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this case ald t rralicomadineide snd pilemod. Hsthe firstdicatinaivitgnypy isn n@avanthibe hecais be
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thin radiation entry wi ndow enabl es good quantum 35 efficiency for blue
l'i ght. WO 2007/10®7x28mnabChpFdGsh 400068 /erl birgd ke I dlﬂahn@tst@t cﬁﬁaﬁgommpinxel S
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stop doping acts as the radiation entry window. The MIG layer is also preferably
structured below the large area channel stop doping 1221. If the isolator layer 1307
is positively charged and if the first type doping is n type and the second type
25 doping is p type, the channel stop doping can be very small like the channel stop
doping 1121 in Fig. 11. In this case there exists a 2D electron gas layer at the
interface between the isolator layer 1307 and the semiconductor imaterial every
where else except at the close proximity of the pixel dopings 1331 — 1337 and the
gates 1341 — 1345, The 2D eleciron gas layer and the isolator layer 1307 function in
30  this case as the channel stop and as a radiation entry window which can be very
thin. In addition to this the 2D electron gas layer transports the secondary charges to
the channel stop doping 1121. Also the large area channel stop doping 1221 can be
made very thin due to the fact that the secondary charge transport distances in this

layer are very short, The thin radiation entry window enables good quantum
35 efficiency for blue light.



positively charged isolator material forns a 2D el ectron gas |layer at the
isolator 5 sem conductor interface which acts as a radiation entry w ndow
and as channel stop. The area 1591 |acks the M G layer. The cut |ines
1580, 1581, 158Qand/785383 correspond to the cross secti oag/Fpregensed by
Figs 16A, 16B, 16C and 16D. The pixel doping 1632 form ng a source/drain
and the gate 1646 belong to one pixel. The pixel dopings 1635, 1636 and
1637 form ng sources and drains and the gat 10 1644, 1645 and 1647 bel ong
to anot her pixel. The signal charge clear doping 1634 is connected to the
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enable a good quantum efficiency for blue light. The ratio of the channel stop area
belonging to one pixel to the total pixel arca should be at least 0.3. Beneficially this

25  ratio should be more than the ratios 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, where the 0.9

corresponds to the most beneficial ratio and 0.4 corresponds to the least beneficial
ratio.

It is also worth to note that the gap in the MIG layer is not the only way to improve
the signal charge transporting potential gradient in the MIG layer. One can also alter
30  the doping concentration in the barrier layer, in the MIG layer or in the bulk layer
next to the MIG layer. 1t is possible to reduce or enhance the MIG layer doping for
instance by suitable implants and mask structures. Increasing locally the barrier
layer doping, reducing locally the MIG layer doping and increasing locally the bulk
layer doping next to the MIG layer doping create local potential minima for the
35 signal charges inside the MIG layer. On the other hand by reducing locally the
barrier layer doping, by increasing locally the MIG layer doping and by reducing



| ocal ly the bul k | ayer doping next to the MG |ayer one can create | ocal
potential maxima for the signal charges in the MG layer. By structuring

t he enhancenents or reductions in the MG |ayer properly one can inprove

t he signal char@motvizassporti ng potential gradient in thectMBGdsayess in a
simlar manner than the gap in the MG 5 |ayer doping. The signal charge
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than through the doping 1393 of the first conductivity type. The doping 1393 is thus

more beneficial than the local reduction of the barrier layer doping.

The embodiments of figures 17A, 17B and 17C illustrate ways to improve the
separation of the signal and surface generated charges and ways to improve the

30 collection of the secondary charges from the bulk layer. The figures 17D, 17E, 17F,
17 G, 17H and 171 illustrate additional ways to improve the separation of the signal
and surface generated charges. The pixel dopings 1731, 1732 and 1733 form the
source and the drain and the conductors 1741 and 1742 form the gates of the double
MOSFET. The channel stop doping 1721 collects the secondary charges.

35  The collection of the secondary charges from the bulk layer can be improved by
filled trenches. The trench in Fig. 17A is filled with semiconductor material 1726 of



filled trenches. The trench in Fig. 17Ais filled with sem conduct or
material 1726 of WO 2007/077287 PCT/ F12006/ 000058 18 first conductivity
type; the trench in Fig. 17Bis filled with isolator material 1727 and the
trench in FigwdZ@riszilled with isolator material 1727 Pamd20@wowsst or
material 1728. One can renove the isolator material fromthe device of Fig.
17C if the conductor material is chosen prﬁgerl y. The sem conduct or
material 1726 of first 5 conductivity type uld be also replaced by a
plurality of first conductivity type deep inplants having different
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dopi ngs 1731 and 1 con con |V|ty
in Fig. 17D sur?%ﬁa@mﬂ"—rﬁ ag H’é %?SBB”‘%B%F gl 21. The doping 1774 is
separated fromthe pixel doping but could equally well reach to the pixel
dopi ng just Iik&he qa\@nwpﬂﬁé 177721andnl 774 of themacontheondoplivity (1P 4hd dophs 677
E: (r)un tsr gﬁsgd pr ef@"‘rajal 1§i1sdephcﬁicﬁd1ty T{q& %@%@Ea&@&ﬂ?&h@tE]@Gsﬁrlﬁ@@eﬂgaﬂ i;ﬁ?Fl
17F can be as L% 31 %&afa@gggﬁ tﬁajs?éugl ]affd su%ace %el?ha;:[%c? clgar ﬁm qgér}% eg
of the second tY éq ¢ ?W%@G%&%Wiﬂha’pega?@ .1%rrémﬁgab1ryede§@m1r1&m1m Bt
the signal and sondnackfayeheratad ghamgeschaides of dbpiagsd Lédductiniy Lyeb Tahd er
the potential piahhdiCodiflest B 98YALCHdnRREAharkS WFRHOEcond conductivity type
towards the pixel dopings 1731 and 1733. The doping 1774 of the second
25 conductivity type in Fig. 17D surrounds the channel stop doping 1721. The doping
1774 is separated from the pixel doping but could equally well reach to the pixel
doping just like the doping 1771 in Fig. 17A. The doping 1774 is also in this case
preferably depleted, The area of the depleted surface can be controlled by the bias
of the gate 1773 in Fig. 17C. The gate 1776 in Fig. 17F can be biased such that a
30 channel for the surface generated charges of the second type is formed below the
gate improving the separation of the signal and surface generated charges. The
dopings 1772 and 1775 alter the potential profile in the device in order to improve
the separation of signal and surface generated charges. Instead of the second
conductivity type doping 1771 one can also use a first conductivity type doping
35  which is preferably partially depleted.



the separation of signal and surface generated charges. Instead of the
second conductivity type doping 1771 one can also use a first conductivity
type doping 35 which is preferably partially depleted. WO 2007/ 077287

PCT/ F12006/ 00®056807/r®s8t n order to prevent the dopi ng 177kCoFizedagoissscond
conductivity type fromformng a conductive path between the pixel dopings
1731, 1732 and 1733, the doping 1771 is preferably structured. An

enbodi nent of such structuring is presented® n Fig. 17G  where the doping
1777 corresponds to the doping 1771. The cut lines 1780 and 5 1781
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The MOSFET is not the only possible transistor to be used in conjunction with the
25  MIG. In Fig. 19 MOSFETs are replaced by BJTs. The pixel dopings 1931 and 1932
of the second conductivity type are the base dopings and the dopings 1951 and 1952
of the first conductivity type are the emitter dopings of the BJTs. The channel stop
doping 1921 of the first conductivity type acts as the collector of the BJTs
collecting the charges of the first conductivity type emitted by the emitters. In
30  addition to the three conventional nodes of the BIT there is a fourth node, i.e. the
MIG. The signal charges in the MIG reduce the effective base width. The signal
charges in the MIG increase thus the emitter current. This effect can be measured
and the amount of signal charges can be deduced from this measurement. The pixel
doping 1931 contains an additional buckling 1974. There is also a local
35  enhancement 1929 of the barrier layer doping under the channel stop doping 1321
which increases the electric field component in the MIG layer that transports the



M G The signal charges in the MG reduce the effective base width. The
signal charges in the MG increase thus the emtter current. This effect
can be neasured and the anmount of signal charges can be deduced fromthis
measur enent . Phe2007/xe287 dopi ng 1931 contai ns an addi ti on®ZCTiFRGdelopGgs 1974,
There is also a | ocal 35 enhancenent 1929 of the barrier |ayer doping under
t he channel stop doping 1321 which increases the electric field conponent
in the MG layer that transports the WO 20099 077287 PCT/ F12006/ 000058 20
signal charges towards the | ocal enhancenent 1392 of the M G | ayer dopi ng.
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1393 of second é%n%%&% %ﬁ]@aﬁ’y&ﬁﬂ’?‘% %;%?g iaséearn?é éhléfgt%m %ET
is replaced by ﬁOIBiPPtCﬁ%%‘Hganélﬁé%éer‘hsﬁaf@? of the tog M@eBREs-conductivity type
and an emtter 2451 of the first conductivity type. In the device of Fig.
24 the filled t Feneh and 94 illisees seascanidectendevifasribaticom baysedws dopey unitegr on

1393 in Fi g2023as thndidtersdeté agsingf 253 0snH BNgk B4 seéhdusRdudsityaypd XeCb! s,
a drain and source and the conductor 2341 is the gate of a MOSFET. The gate 2342
controls the flow of the signal charges from the doping 2333 of the second
conductivity type through the region 1393 of second conductivity type to the MIG
layer. In Fig. 24 the MOSFET is replaced by a BJT having a base 2431 of the
25  second conductivity type and an emitter 2451 of the first conductivity type. In the
device of Fig. 24 the filled trench 1494, 1695 has the same function as the doped
region 1393 in Fig. 23. If the devices of Figs 23 and 24 are used as memory cells, a
MIG full of signal charges and a MIG empty of signal charges correspond to one
and zero or vice versa. If the devices in Figs 23 and 24 are used as transistors the
30 MIG layer may be very heavily doped, i.e. it may be neutral inside, and it forms a
fourth node in the transistors in addition to the source, drain and gate in FETs and in
addition to the emitter, base and collector in BITs.

There exists still one more way to operate the MIG detector and the novel MIG
detector that has not been previously introduced. In this case the source, drain and
35  gate potentials of a FET are such that the channel below the gate is closed, i.e. there



MG full of signal charges and a M G enpty of signal charges correspond to
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the gate 2741 B&httnﬁe gl?& %tpggitilorrf in@ogﬁatmn. l1“I$1<3 tsggt%rsgg%gl v G c%éte%?or of Fig, 26 is a

strip detector and the cut line 2680 corresponds to the cross-section presented in

25  Fig. 27A. In Fig. 27B the gate 2741 of the detector in Fig. 26 is surrounded by an
isolator layer 2707 on top of which is a metal cover 2742. The optional metal cover
2742 further reduces the noise of the detector.

The strip detectors in Figs 28 — 31 represent different embodiments of the gate
signal MIG detector, In Fig. 28 the gate 2841 is connected to a second layer metal
30 2842 which is used to connect the gates in one row or column of pixels. The pixel
doping is in this case separated in two parts 2831, 2832. The detector in Fig. 29 is
the same than in Fig. 26 except that the pixel doping 2731 is divided into a number
of parts 2931, 2932. The broken line in Fig. 29 corresponds to the pixel doping that
is located under the gate. The same practice is also applied in Figs 30 and 31. The
35  detector in Fig. 30 has only one pixel doping 3031 next to which are two gates 3041
and 3042. In Fig. 31 there is only one gate 3141 and a multitude of pixel dopings
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times higher than in the prior art detector of Fig. 35A.

25  'The signal charge may also be transferred across a number of pixels to a readout
pixel, where the amouuit of signal charge is measured. The device presented in Fig.
44A is an example of such a device which is operated in the same fashion than a
charge coupled device (CCD). When the potentials of the pixel dopings 4431, 4432
and 4433 of the first conductivity type are changed cyclically the signal charge can

30 be transported in the MIG layer 104. The pixel dopings operate also as
antiblooming structures. The signal charge in the MIG layer can be removed by
applying a clear voltage between the channel stop dopings 4421 and the pixel
dopings. If the device is front illuminated the size of the channel stop area should be
large in order to have a good quantum efficiency for blue light. The cut lines 4480

35  and 4481 correspond to the cross-sections presented by the Figs 44B and 44C.



detector. Thus the signal to noise ratio in the MG detector is estinmated
to be 2.2 times higher than in the prior art detector of Fig. 35A 25 The
signal charge nay al so be transferred across a nunber of pixels to a
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order form the MIG layer 3304 and the optional enhancement 3392 of the MIG
layer doping, One mask step and one second type implant are maid in Fig. 33C in
25  order to form the pixel doping 3331. The doping 3334 of the second conductivity
type is an optional signal charge clear contact. The region 3396 is a local reduction
of the net barrier layer doping situated under the clear contact. At this stage also
other mask and implant steps may be performed. Next an annealing step is carried
out which is followed by the formation of isolator and metal layers and of vias
30  through the isolator layers. The well 3305 forming the bartier layer could equally
well be manufactured using a medium energy implant.

The manufacturing process presented in Figs 34A — 34D resembles a BiCMOS
process. In Fig. 34A two mask steps and two implants of second conductivity type
and an optional annealing step are performed in order to form the MIG layer 3404
35 and the optional enhancement 3492 of the MIG layer doping. In Fig. 34B an
epitaxial layer 3405 of the first conductivity type is grown on top of the



conductivity type. The well 3305 acts as the barrier layer. In Fig. 33B two
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L.e. of the bulk Iayer may be covered for instance with an antireflection coating.

The first conductivity type may be n type and the second conductivity type may be
25  p type. The ecmbodiments of Figs 11 - 34D and 44A — 44C are applicable for both
front and back illuminated detectors and any combination of them can be used. It is
important to note that the embodiments and processes presented in Figs 11 ~ 34D
and 44A — 44C may also be used in the MIG detector presented by the documents
PCT/FI2004/000492 and PCT/FI2005/000359 and having the conductive back side
30  layer. The pixels may have any shape or form instead of the ones presented in Figs
11, 12 and 15. One can use instead of the double transistor pixels single transistor or
multiple transistor pixels. The reading of the signal charge a number of times is,
however, twice as fast in double transistor pixels as in single transistor pixels.
Instead of the MOSFET, JFET and the BJT one can use any unipolar or bipolar
35  transistor in the pixels. The source of a FET or the emitter of a bipolar transistor
may be floating and it may be connected to a capacitor. The pixels may be



32D, 33C and 34D on a SO wafer. The SO wafer has two sem conductor |ayers
and between them one isolator |ayer. After the other sem conductor surface
is 20 processed, the other side of the sem conductor wafer can be etched

bel ow t he act wewsrareg of the detector until the isol at opct/By¥®kndodsst €ached.
After this the isolator layer may be etched away after which the back side

of the processed sem conductor |ayer, i.e. of the bulk |layer may be
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t he change i n thrmsholdr Eshbisd MRkRAG S re@éh-éﬁqﬁ%'s”tﬁ@gasg%ltgékaﬂ%hiicﬂ' tﬁeheemitter
current starts to run. The emitter threshold is referred to as the emitter voltage at
which the emitter current starts to run. There are also other signal charge read out

25 schemes and all the read out schemes may involve for instance capacitors,
transistors, resistors etc.

It is important to note that the MIG enables very small amounts of signal charge to
be detected, This can be achieved by making a measurement when there is signal
charge in the MIG, by removing the signal charge from the MIG, by making a
30 measurement when there is no signal charge, by subtracting the first measurement
from the second measurement and doing this n times. As a result the read noise will
be the read noise of one measurement divided by square root of n. This is, however,
not the only method to detect small amounts of signal charges. One can also design
the novel MIG detector (and the MIG detector) in such a way that with suitable
35  operation voltage the signal charge transfer from the MIG and back to the MIG
results in avalanche multiplication of the signal charge. This avalanche



15 current running through the M GFET or by neasuring a the change in a

vol tage out put over a known resistor the change of the voltage out put
corresponding to the change in the current running through the M GFET. The
anount of sigmalehaige in the MG of a MGJIT can be obtarnedoloss

i nstance by neasuring the change of the emtter current or by neasuring
the change in a voltage output over a known 20 resistor the change in the
vol t age out put corresponding to the change d6n current running through the
emtter, or by measuring the change in the base or emtter threshold, The
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lenses. The uppersADSt; B HhRReSt wRlst@lont O Al 1t BSLRRRneficial to use self
aligned structures in order to reduce the misalignment of the masks. In stead of the
square FETs one could also use circular FETs. The figures are not to scale and thus

25  the area of the channel stop dopings can be much bigger than presented in the

figures. There may also be additional layers in the device if they do not affect the
operation principle of the MIG, Such additional layers can be for instance thin
layers of semiconductor material of first or second conductivity type.

There may also be read and selection electronics on the detector chip. A device that

30  includes a detector according to an embodiment of the invention may also include
other semiconductor chips, some of which may have bonded connections to the
pixels of the detector. This enables building very compact structures that include
detection, amplification, reading and in some cases even storage in a very small
space, like an MCM (multi-chip module).

35  The 2D simulation results of Figs 36 — 43 demonstrate the feasibility of the MIG
detector concept. The Fig. 36 represents a MIG detector having a n type bulk layer



have a green colour filter and the left and the right pixel could have bl ue
and a red colour filter respectively. The front or back surface of the
detectors in the Figs 11, 12 and 15 can also be covered with a single
colour filterwpossily Wth mcro lenses. 15 In such casg-#hRSobb@ik 1S
preferably divided into three different conponents being for instance red,
green and blue and preferably three separate chips are used in the canera.
It should be noted that the invented detectzgr shoul d be designed such that
there exists no neutral area in the barrier |ayer between the channel of a
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introduced effects the simulations have shown that the change in threshold voltage

25  can be more than 100 pm.



the holes in the left |ocal enhancenent of the MG |ayer doping are shifted
to the 10 right | ocal enhancenent of the MG | ayer doping by applying
suitable voltage transients to the pixelygdopings and to the gates. In Fig.
39 the holes in the right enhancenent of MG |ayer doping are transferred
to the left enhancenent of the MG |ayer doping by the application of
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potential isgyghanged and the holes can nove freely fromthe MG layer to
the clear contact through the p type doping 4293. Besides the afore
introduced effects the sinulations have shown that the change in threshold
vol tage 25 -édwries et 61 4% @b sarogonduceg of Graicsductivity seneiasdnduct or radi ati on
detector device, conprising a bulk layer (103) of sem conductor nmaterial,
and on a first. . su fi;the,b I r 0 L N | 1.0w r . 5 -
a modi fied ii%”é?n&ac{p%gétgllia;/g%’ tﬂf&,@é&}&é’f 312308 of SO AG D ddShe
conduct i vi t pecdngpeanductavibatypeeradhpyerio (A @pusied semicasusionixel oltagd in
conductivyity %%pe and - pixel dopjngs (111, 112, 1331, 1332, 1333, 1334,
2206) of UseMfEBAIGERIGPUETS eHESPLMtRRP RisH 9IS tpragipesedidBtled to be
coupled to at |east one pixel voltage in 10 order to create pixels

correspondi nghd GeRtXBmPQRIsNOBrst CHOANREVRY tARisD cbRA:: said Phel %}&%ebein _
conprises a first conductivity type first contact, said pixel voltage %elng

defined as dchandesta piterdial flidfasense boetase dire pike duipke) andope figst ametacthend i r st
contact, and - the bulk layer (103) is of the first conductivity type. 2. A

sem conduct ot r ?& 1.0 ec i according to claim1l1, wherein a 15
il I 3 ’ :

nunber of p|§§?ﬁlo%%%b@0?E%iﬁﬁﬁiﬁg?%gﬁﬁﬁ“f§§ﬁPﬁl333, 1334, 2206) conprise a

pi xel -specific transistor built on the pixel doping, said transistor being

afield eff@ct W ansicehductar rddipohadetéatandedtonccadichgt toeclamm IC onlgireitox

radi ati on detect or devicg . :

15 “number of pixel dopings (111, 112, 1331, 1332, 1333, 1334, 22006) comprise a
pixel-specific transistor built on the pixel doping, said transistor being a field effect
transistor or bipolar transistor, and the semiconductor radiation detector device
comprises a signal charge reader circuit adapted to measure electric characteristics
of pixel-specific transistors related to effective channel or base dimensions of the

20 pixel-specific fransistors.

3. A semiconductor radiation detector device according to claim 2, wherein said
signal charge reader circuit is adapted to measure electric characteristics of a pixel-
specific transistor related to decreasing channel or base width caused by radiation-
induced holes or electrons accumulating in the modified internal gate layer at a

25  location coincident with a pixel containing said pixel-specific transistor.

4. A semiconductor radiation detector device according to claim 2, wherein said

signal charge reader circuit is adapted to measure electric characteristics of a pixel-



conprises a signal charge reader circuit adapted to neasure electric
characteristics of pixel-specific transistors related to effective channel
or base dinensions of the 20 pixel-specific transistors. 3. A

sem conductor radiati on detector device according to claim?2, wherein said

si gnal char ggy s@agess,Circuit is adapted to nmeasure el ectgdGushahRgkeristics
of a pixel- specific transistor related to decreasing channel or base width

caused by radiation- induced holes or electrons accunulating in the
modi fied internal gate layer at a 25 |ocajd on coincident with a pixel
containing said pixel-specific transistor. 4. A sem conductor radiation
detector device agcording to claim?2, wherein said signal charge reader
circuit is addbe® S tegmsiaite aplated) opsieasing sharnch F Sascowidsh cauisahdd| ragition-
2007/ 077287 PQIdetd006/0008 058hol29 asprmiliting i #hrs ngiddied altahedghe lapar&asi ng
channel or ba ] : : -adhi at.Len- i : AN hol es
ﬁ@ca‘ﬂoﬂtcglrg:‘f’c%biﬁg g’lllﬂya 12 (f’)tnta?ﬂng Fgﬁgg)?)‘?égisﬁg&ﬁf: u%ﬂ?ist%f.

accunul ating in the nodi I nt'ernal gate ocati on coi nci dent

with a pixel ntai ning said pixel-specific, transistor. 5. A sem conductor
radi ati on det &ct o%’ &Eém%%&%g%‘oﬁaﬁmﬁnt@?ﬁ&w e %ﬁcﬂﬁfﬁﬁg 1o gy Og C%ﬁﬁﬂi%i‘*ﬂg a
channel stép #&PBwriswigedranpebetdpsares betivesnpixedmduct or radi ati on det ect or
devi ce according to claim5, wherein said channel stop area conprises

dopi ngs (121, 6122A deb@tondid®ik,radialdn ddiéldby defick Recdridmgtto SAROSICKhatbinysldy PE,

t hus exhibiti j ) . ct Vi o r t e ixels.
10°7. A son coRiues sERROG! LnbtE BhinBl e ot a SPRE TS PR R
wherein the ERBAKEVIE LS, HBs xgibities hecwppsiietype © coadysdiey comparedftp the
contact. 8. Apkeid conductor radiation detector device according to claim?7,
wherein the secondary charges that are generated in the bulk |ayer are
col | ectedjpy the HoleH i , . ] .Or j.al:]

det ect or égvi f:] a%h%r ?ér)]ndut%}t')&g %?%@ga&%%?g?ﬁc$ﬁg@d%ﬁ%Eg:ché)#e?lﬁ 6:”3 eﬁ%ﬂﬁgg%
fromthe secoﬁgarglﬁf?t%ébg]ﬁ’@s PRivesE prebheRikseend dbgdirehrontiét.ect or device is

illumnated fromthe back surface (102). 10. A seniconductor radiation
detect or devi 8e adcwmrenfluctorangiation dhecor dienise hecolingvvecleinm 7 diefdin she

contact (725) s¢con8irvtdhard?ag f . i de
the active ar %@Péﬂ ty he fr on%iat?gf aﬁ%at%%g%gth@ﬁul%kﬁgyﬂ‘:éggﬁogéftegPyéﬁ@glﬁéﬁ%ge

(700) of the CPBESchi p. 11. A sem conductor radiation detector device
according to claim 10, wherein the secondary charges that are generated in
the bul k Faye? ard seBlitasiuewr sgdiatien flptegtor device according to claim 8, wherein the

bulk layer is thinned from the second surface and the semiconductor radiation
detector device is illuminated from the back surface (102).

10. A semiconductor radiation detector device according to any of the claims 1 —

6, wherein the first contact (725) is on the back surface (102) of the detector, or

20 outside the active area on the front surface (101) of the detector, or on the edge
.(700) of the detector chip.

11. A semiconductor radiation detector device according to claim 10, wherein the
secondary charges that are generated in the bulk layer are collected by the first
contact (725).

25 12. A semiconductor radiation detector device according to any of claims 1 ~ 8, 10
or 11 wherein the detector is illuminated from the first surface.

13. A semiconductor radiation detector device according to any of claims 1 — 12,
wherein there is in the barrier layer (105) of the first conductivity type a doped
region (1393) of the second conductivity type or a local reduction (3396) of the
30 barrier layer net doping between the modified internal gate layer (104) of second
conductivity type and a pixel doping (1334, 1434, 1634, 3334) of second



contact (725). 25 12. A sem conductor radi ation detector device according
to any of clains 1 - 8 10 or 11 wherein the detector is illumnated from
the first surface. 13. A sem conductor radiation detector device according
to any of clairrs 1 - 12, wherein there is in the barrier |layer (105) of

the first y type a doped region (1393) of t n
conducti Vlt 33‘%’2’“@2&% | ocal reduction (3396) of the 30 %ﬁﬁ?‘g’?/g(“g‘ver net

dopi ng betvveen the nodified internal gate |ayer (104) of second
conductivity type and a pixel doping (133430 1434, 1634, 3334) of second WO
2007/ 077287 PCT/ F12006/ 000058 30 conductiVvity type or wherein there is a
trench (1334, 1393, 1494, 1695) between the nodified internal gate | ayer
(104) and t he 9ongretivdiyriyae er whereie thees et teanch 143340 1383 H94d 16D betveatinghe on

det ector devi GRodicie@fisteial Fﬁe@iy%i M43 andRY bt sBrfab@bethe K3kadtor 1443, 1643,
1695) js adapted to control the flow of signal charges from 5 the nodified

Lo Chocty oot e Y S sblRbhabol RRAOK AR R8lice detbraind 3 61519“3?%3%3%3&# &f
socond  condudi¥s e3¢ VA3 1643008 iSr%iaPkS?égP cpeankr i sByenalsharsss from
barrier |ayer themmﬂminmmtemmlrgettéltawg@mmﬁ) thegrigdl dobdided(13839843414934, 3B839Y) .

15. A sen Conqg%%e A ghifQ&e gppﬁcﬁegéct&eﬁﬁ&fghfaﬁl%ocgﬂfgg%8%1%%1%§‘%Z§? %flsecond

wherein the Irs

(1443). 16. A@@%l%hfdd&%rtﬂh%aamq logal d@@%&oar( HAyi A dhebusieriavg mf PHIgm
14, wherei n t ke thgagle thestrémehr@d3Hf1363 M3B4sidas0t ure (1343, 1643). 17. A
sem conduct or radi ati on detector device accordi ng to any of clains 1 - 16,

\(Nh1$r2$| n a regign @Zegl?%:oﬁcﬁucftéﬂ rr%glgﬁgﬁ"agﬁzio}“dfe 9@01@f Sé\atdiﬁgffeﬁ s”g@éé‘%hg &
second coﬁ@ﬁct&e@i 153 'F’ircﬁg flear'ndtt‘.ﬁl ?’?l(ftt F‘?\%&gk}gw Wé’eééfj‘ﬁ?

tion of the
secondary chaé%es fromthe bulk |ayer 103. 18. A sem conductor radiation
det ect or devi adceaicanluctorangiaton detarios dgvice agcordipgripralaiimig straseindhes

(1771 1772, Xéik3is fdrined of l/ VDS doflBure YT340), mm ovVi ng the separation of the
signal and surface generated charges. 20 19, sem conductor radiation

detector devi Cl‘? a%c&rrﬁ'c &c@oﬁﬂﬁlaﬁgn (&E%Bf@f E%Vlce Ja@cmgmetroedn& J(iflﬁiu%df figd

internal gate | ayer scon&\)
detector devi d’@“eé"d%‘rfég‘ﬁ’& ({42 I%flfﬁftlc%léﬁﬂi‘iﬂé’ tyge &7 ajteppeh serctarefil ddhalieor

( 888) hmat agl ?Ipemétl dtes sirough drcoodifiedngidotal vateylalyyipef bajongedndidigitulyfe hayer
t - X : t
and the nodi figgl,i tmlﬁg{bﬁyla t?%&(glnelﬁﬁééﬂ)% (i dehiafy GRIEEMOH O bul Y2103

det ect or deV|ce accor

18. A semiconductor radiation detector device according to any of claims 1 — 17,
comprising structures (1771, 1772, 1773, 1774, 1775, 1776, 1777) improving the
separation of the signal and surface generated charges.

20 19, A semiconductor radiation detector device according to any of claims 1 — 16,
wherein the modified internal gate layer is discontinuous.

20. A semiconductor radiation detector device according to claim 1 comprising a
layer of semiconductor (808) material of first or second conductivity type between
the bulk layer and the modified internal gate layer.

25  21. A semiconductor radiation detector device according to any of claims 1 — 20,
comprising at least one of the following: an alteration (1929) of the barrier layer
doping, a gap in the modified internal gate layer doping (1991, 1591), an
enhancement (1392) of the modified internal gate layer doping, an alteration in the
bulk layer doping next to the MIG layer in order to improve the signal charge

30  transporting potential gradient in the MIG layer.

22, A semiconductor radiation detector device accdrding to any of claims 1 - 21,
comprising a local enhancement (1392) of the modified internal gate layer doping



conprising at |east one of the following: an alteration (1929) of the
barrier layer doping, a gap in the nodified internal gate |ayer doping
(1991, 1591), an enhancenent (1392) of the nodified internal gate |ayer
doping, an alteration in the bulk |layer doping next to the MG layer in
order to i mwey@7bhesrsi gnal charge 30 transporting pot esti@boogh@edsent in
the MG layer. 22. A sem conductor radiation detector device according to
any of claims 1 - 21, <conprising a |ocal enhancenent (1392) of the
nodified internal gate | ayer doping WO 2003y 077287 PCT/ F12006/ 000058 31
under the gate of a field effect transistor or under the emtter of a

detoctor 23, one Higaty B S delbia b Rum e Rt RAgT & ﬁlﬁ@%&q%%agﬁe

nurmber of p| xéI%lS’(SmlnozL@tOlmiEOVG_ﬂlw)dmm et af theofetestareni conduct or

radi ati on detector device to a pixel voltage, and - illumnating said
sem conduct or X3adifatietddet eéataingwatitibAdionigig: characterised in that it
conprises: - collecting radiation-induced signal charges of first kind from

a bul k Iayer (%Qﬁﬁ)hng § hQmbar apgbgérs g1 ntrer 3% fah &n aaé{%fac@%‘f‘ alsERR A gggtfgg' e

| ayer of s etec ocal mninma
a %lhree di ngficﬁﬁg g%?‘étﬂ’ffka‘ilcef@r?&l?‘%nwﬁ'@ges%dd charges of fi I’S![ ki nd, sai d

| ocal mnima bejng |ocationally coincident with pixels (111) in a modi f i ed
internal gat e -idyginafing said semjconiueiar wdiationtdetastaravith tadidtiont ayer (103), and
- detecting the amount of signal charge collected to | ocal mnim that

coi nci de wi t h chatagbevisddsin(tAdtl) cor@ekisch met hod according to claim 23, wherein
detecting the amount of signal charge conprises observing the electric

char acteri sti cgonfce &%Hfaﬁ@ﬁ%édc%dtsf%?@:f %ﬁ&@é? of HRAAL tloh §AAE TdKE (Fognne!

or base di nengi ons ansi st o

according to &°4t %@%dl%lﬁﬁélﬁgﬁ“ﬁl a%thﬁ¥qlr?§' t ﬁ‘émélnl?ﬂiﬁf"r bpespfsaif semirogrustge
conpri ses 18bseadiating détectet éx lodak ndhiama 6418) iofta ﬂﬁea;ﬂmmxme}lna‘ﬁ pe@hfidicfunction
transistors &l at®ehdRedSCHiBR% sﬁlf(‘ialﬁ lmﬂﬁmg i n(?da?l%%é)gﬁm V\ﬁlet wu:h

pi xel - specific. istors accor

detecting theP Hﬁ%hﬂﬁlgplEﬂaﬂaﬁedéﬂﬁgﬁtggﬁ Y@é@ ﬁ%“ﬁ@dﬂﬁﬁtglﬁﬁﬂﬁmgi
characteri sti tayenfl03)e@d- specific transistors related to increasing
channel or base di nensions of the pixel-specific transistors. 25 27. A

met hod accor di ﬂge&tmg:éhelaﬁﬁo%ﬁt oMIRhEl dhaflRl @GfebRE 1b NScRATRHMa Bt 8 195‘1% wu:h
charge COE’P”ﬁ&%Is (12[1i1)sferr| ng pi Xel -related charge across a nunber

pi xels to
24. A method according to claim 23, wherein detecting the amount of signal
charge comprises observing the electric characteristics of pixel-specific transistors
related to effective channel or base dimensions of the pixel-specific transistors.

25. A method according to claim 24, wherein detecting the amount of signal
20 charge comprises observing the electric characteristics of pixel-specific transistors
related to decreasing channel or base dimensions of the pixel-specific transistors,

26. A method according to claim 25, wherein detecting the amount of signal
charge comprises observing the electric characteristics of pixel-specific transistors
related to increasing channel or base dimensions of the pixel-specific transistors.

25 27. A method according to claim 26, wherein detecting the amount of signal
charge comprises transferring pixel-related charge across a number of pixels to a
readout pixel, and observing the electric characteristics of said readout pixel.

28. A semiconductor radiation detector device according to claim 5, wherein the
ratio of the channel stop area of one pixel to the total pixe} area is at Jeast 0.3.



readout pixel, and observing the electric characteristics of said readout
pi xel . 28. A sem conductor radiation detector device according to claimb5,
wherein the ratio of the channel stop area of one pixel to the total pixel
area is at least 0.3. WD 2007/077257 PCT/ F12006/ 000058 32 29. A

sem conduct gf, k@dhAbi-on detector device according to anyp@frshadhdiBgl3 and
14, wherein the ratio of the net doping concentration in the first

conductivity type |local reduction of the barrier |layer doping to the net
dopi ng concentration in the first conductswity type barrier |ayer doping
wi thout the | ocal reduction of the barrier 5 layer doping is |less than
0.9. 30. A sem.conductor radi ation detector device according clajm1
wherein the  cHanreFoBIRORAS IR0 APIREIR fSVEe ECREE HY @f[afﬁél%sr 19 R
field effect tlardiestinrthé saticdefpthetred dapidgwivecaitratianpnltse fiodt conduaivityhgpges
generat ed by rgeiiatdRBoARE HRUEHENdyerlddpiOEitht RS ddphfy QakeMBhfn'if tdetifet ed
as a current pul §e..3 tthe gDate. . . , . .

conductivity type barrier layer doping without the local reduction of the barrier

5 layer doping is less than 0.9,

30. A semiconductor radiation detector device according to claim 1, wherein the
channel of a field effect transistor below the gate of the field effect transistor is
depleted and wherein a pulse of signal charges generated by radiation and entering
the modified internal gate is detected as a current pulse in the gate.



