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         Damage Effects of Silicon Surface Barrier Detectors with 

 Protons, Alphas and Nitrogen Ions 

Shunsuke NAKAMOTO*, Takashi AOKI*, and Keishi KAWABATA** 

                               (Received August 21, 1973) 

                   Silicon surface barrier detectors have been irradiated with protons 

(0.5-2 MeV), alphas (1-6 MeV) and nitrogen ions (1-4 MeV). The 
               radiation damage effects in electrical properties of the detectors have 

               a correlation with the defect properties and distribution. A model has 

               been proposed, by which some of the damage effects are explained 

               consistently and the damage rate is estimated. The irradiated 

detectors have been annealed up to 400°C and the defect recovery has 

                been investigated. 

 1. Introduction 

  Surface barrier silicon detectors have been generally used for detecting heavy 

charged particles such as protons and alphas. In spite of its usefulness, the effects 

 of radiation damage have restricted the applicable lifetime of the detectors. These 

 effects have been known through the investigations of the radiation effects in bulk 

 silicon and germanium. Since the development of the artificial satellites orbiting 

 around the earth, silicon detectors of diffusion or surface barrier type were operated 

 for the detections of cosmic rays and also silicon solar cells were used for power 

 supplies. At the same time, silicon detectors were found superior to the former 

 detectors such as ionization, proportional, or scintillation counters to detect heavy ions 

in nuclear physics experiments. Then the effects of radiation damage in silicon 

 detectors have become necessary to be more and more investigated. The studies 

 began about ten years ago, but the obtained results are a few. The damage effects 

by protonsl-5' and alphas6,7' appear in the changes of energy spectrum resolution, 

 depletion layer capacitance and leakage current. Some of the defects created by the 

 incident heavy ions are stable at room temperature and trap and/or recombine excess 

carriers. These defects have been concluded as acceptor type by Dearnaley6' , acceptor 

and donor type by Coleman3,4' , and donor type by Scott1,2' and Aukerman5' . 

  We have irradiated two hundred surface barrier detectors with protons (0.5-2 MeV), 

alphas (1-6 MeV) and nitrogen ions (1-4 MeV). Then we have investigated the dam-

 age effects by measuring various electrical properties which are important for the 

detector performance. Some of the irradiated detectors were annealed up to 400°C and 

the annealing effects of electrical properties have been investigated. 

* Department of Engineering Physics 
** Department of Electronics Engineering, Hiroshima Institute of Technology 

( 1 )



87

Damage Effects of Si1icon Surface Barrier Detectors with

            Protons，A1phas and Nitrogen工。ns

Shunsuke NAKAM0T0＊，Takashi A0KI＊，and Keishi KAwABATA＊＊

（Received August2ユ，1973）

   Si1icon surface barrier detectors have been irradiated with protons

（O．5－2MeV），a1phas（1－6MeV）and nitrogen ions（1－4MeV）．The

radiation damage effects in electrical properties of the detectors have

a correlation with the defect properties and distribution．A mode1has

been proposed，by which some of the damage effects are exp1ained

consistently and the damage rate is estimated．The irradiated

d・etεctors have been annea1ed up to40ぴC and the defect recovery has

been investigated．

1．Introduction

  Surface barrier si1icon detectors have been genera11y used－ for detecting heavy

charged particユes such as protons and a1phas． In spite of its usefu1ness，the effects

of radiation damage have restricted－the aPP1icab1e1ifetime of the detectors．These

effects have been known through the investigations of the radiation effects in bu1k

si1icon and－9ermanium．Since the deve1oPment of the artificia1sate1王ites orbiting

around the earth，si1icon detectors of diffusion or surface barrier type were Operated

for the detections of cosmic rays and a1so si1icor1so工ar ce王1s were used for Power

supP1ies．At the same time，si1icon detectors were found－superior to the former

detectors such as ionization，ProPortiona1，or scintiuation counters to detect heavy ions

in nuc1ear physics experiments．Then the effects of radiation damage in si1icon

detectors have become necessary to be more and－more investigated．The studies

began about ten years ago，but the obtained resu1ts are a few．The damage effects

by protons■一5）and a王phas6・7）aPPear in the changes of energy spectrum－ reso1ution，

dep1etion王ayer capacitance and1eakage current． Some of the defects created by the

incident heavy ions are stab王e at room temperature and traP and／or recombine excess

carriers．These defects have been conc1uded as acceptor type by Dearna1ey6），acceptor

and donor type by Co1eman3．4），and donor type by Scott1．2）and Aukerman5）．

  We have irradiated two hundred surface barrier detectors with protons（0．5－2MeV），

a1phas（1－6MeV）and nitrogen ions（1－4MeV）．Then we have investigated the dam－

age effects by measuring various e1ectrica1properties which are important for the

detector performance．Some of the irradiated detectors were annea1ed up t0400℃and

the annea1ing effects of e1ectrica1ProPerties have been investigated．
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2．Experimenta．1Procedure

  The detectors of0．3－0．9mm in thickness were fabricated from phosphorous－doped

f1oat－zone si1icon having the resistivity of200－500Ωcm，and the sensitive area was made

by evaPoratin9901d onto the surface by5mm in diameter （20mm2）．The surface

barrier detectors were found quite re1iab1e in e1ectrica1properties．

  The irradiation was done at room temperature in a vacuum chamber，at the bottom

of which the detector was p1aced．with circuit open．The broad－ion beam was refined－

by an entrance s1it of10mm in diameter and so the detector was exposed to an

uniform－ion beam．The beams of0．5－2MeV Protons，1－2MeV a1phas and1－4MeV

nitrogen ions were produced by using a4MV Van de Graaff acce1erator（VI－40） in

Kyoto University．The dose rate was1×1010－1x101工／cm2・s and the tota1f1uence was

5×1010－3×10■3／cnユ2．

  The beam current entering into the chamber was n1easure by an e1ectrometer and

the tota1charge by a pen－recorder．However，since the beam intensity was too sma11

and unstab1e，it was difficu工t to read the tota1f1uence by the recorder output．Therefore

we have devised new1y a pA current－integrator combined with the e1ectrometer．The

mV output of it is amp1ified－and1ed to an integrator，and when the integrator output

reaches a given1eve1，a comParator works to reset the integrator to zero 1eve1 and

again the integrator starts，The reset number is thus proportiona1to the tota1刑uence．

The circuit b1ock diagram as we1工as the irradiation arrangements are shown in Fig．1．

  F1。。me M。。s皿。㎝㎝t syst㎝               The6MeV a1pha partic1es from a

                       p。。Re．o．d。。        252Cf一αsource were a1so used，but

撚ntlv…umchambe「    、 。。eir，a．ia．i。。was。。nei。、i，b、．
凱司D、、、c、。llect「omete「・㌔、、、r、、。、・。。1。。・・…i・・・・・…1・…i肌…

   10例例φ 5m例φ、、re．                   dose rate was2x103／cm2s and the

     pA C㎜rrent Integmto「
                                            f1uence was1x108－8x10■o／cm2．

      ％腕9εA岬”昭mt” c・岬α州。γ scαエeγ       The e1ectrica1Properties of the

   INPUT                 0UTpUT detector measured were the241Am一

糺／／㍍1／100㌦・二幾11111二融（よ億
         γ」此オ・」皿1， 1片・：ぶll二㍗、幾u点

Fig．1 Block diagram to measure ion f1uence and circuit surement was done by1μs shaping

       diagram of pA current integrator．       time of a linear amP1ifier，and the

capacitance by800kHz frequency of a Q－meter．These measurements were done at

room temperature（23±1℃）and two hours after the irradiation in order to make the

e1ectrica1properties stab旦e enough．

  The isochrona1annea1ing（10min）of the irradiated detectors was done in air up t0

200℃with a temperature contro11ed oven（±0．5℃），and in N2gas up t0400℃with an

oven（±2℃）．The device of contro11ing temperature is shown in Fig．2．The measure－

ments were done ha1f a day after the amea1ing．

                                    （2）            Memoirs of Chubu
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Fig．2 Temperature contro1Ied oven and its circuit．

3．Resu1ts
3．ユPγoナ。m∫γγα6づαれ。m∫

  The a1pha spectru血 at a cOnstant reve「se

vo1tage of the irt亀diated detector degraded as

to decrease the pu1se height． The degree of

decrease was more remarkab1e at1ower bias

vo1tage．But the rise time of a1pha pu1ses was

not inf1uenced heavi工y，and it differed from the

e1ectron－irradiated－d－etectors in which the pu1se

rise time was1engthened－8・9）．By the isochrona1

annea1ing，the spectrum recovered graduauy up

to40ぴC but a comP1ete recovery cou1d not be

obtained．An exa血p1e of the proton irrad－iation

and annea1ing effects is shown in the spectra in

Fig．3．The decrease of the peak channe1s was

serious whereas the broadening of the peak was

鷺、練鶯億eff。こ㌃epllln、篇yt㌫

the damaged area．As seen in the figure，the

spectra at1ower bias show a faster degradation

and a1so a faster recovery，but the comP1ete

recovery cou1d not be obtained by annea1ing．

Higher bias vo1tage was not app1icab1e to the

annea1ed detector，because the1eakage current

increased heavi1y．
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50 ユ00c止

  Amα Spectra

                         11X1Olj／c腕2

          一■十∵n

                    ユ00c止

Fig 3 241Am一αspectra against f1uence

  The shift of the Peak channe1s caused by irra－        and isochrona1annea1ing tern－
                                                        perature，The first spectrum in
diation are shown in Fig．4．It is seen that the
                                                        amealing is measured after6

peaks at10V bias do not change up to5x10■■／       months storing at room tempera－

cm2for0．5－2MeV protons．An interesting resu1t      tu「e・

is that2MeV Protons degraded the Peak chame1s at l V bias most heavi1y and the

channθ1s at1O V bias most s1ight1y among0．5－2MeV Protons．The difference of the

detector resistivities has1itt1e inf亘uence upon the sPectrum degradation which was seen

                                      （3）
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 spectrum at1V bias．

c1ear1y in the e1ectron irradiations．8一ユ。）

  The annea1ing behaviors of the

sPectrumatlVbiasareshowninFi9．
5．An incomp1ete recovery is seen

even at400℃At310－344℃，a simu1－

taneous occurence of recovery and

reverse annea1ing is observed－Some

examp1es of the peak channe1shifts

against annea1ing temPerature are

shown in Fi9．6．The comP1icated－

annea1ing behaviors are observed

and，especiaリy at about 34ぴC even

the broadening of the Peak exists．

At about40Q℃，the sPectra begin

to recover remarkab1y．

  The behaviors of the C一γre1ations

by irradiations have a tendency to

keeP the caPacitance va1ue constant

uP to a certain bias vo1tage deter－

mined by the f1uence．The C一γ

re1ations of the sam－e detector in

Fig．3are shown in Fig．7．The C一γ

re1ations，which have the re1ation

of C㏄γ】，4before irradiation，have

the  near1y constant caPacitance

va1ue of100pF byユ MeV proton

irradiations．The constant region

extend－s to higher bias vo1tages

according to the higher f1uences．

At a certainvo1tage，the caPacitances

decrease gradua11y and coincide with

the non－irradiated C一γcurve． The

constant va1ues of the caPacitance

is corre1ated with the proton energy

as shown in Fig．8．The higher is

the incident energy，the ユ。wer be一

。omes the constant caPacitance va1ue，which means the proton ranges inf1uence on the

C－17re1ations．

 Theτ一γre1ations are a1so shown in Figs．7 and8．The 1eakage current increased

monotonica11y against f1uence and the dominant difference from theエーγre1ations in

                                   （4）            Memoirs of Chubu

                                                          Institute of Technology



Si1icon Detec亡。r工rradiated with亘eavy工。ns 91

Ch
1OO

O

｝
 50

Peak Cllalmel Number Isochm皿61A皿ne田1ing一

   （λm一α，ユγムiα5）

ク＼

箏1111111111祭

i F

1OO

10

I

μA

C－V

／l

I000Ωcm
IMoV Proto皿

、lO 100       10

  0
          ユ00        200        300       ．40ぴC
     b・f・「eannealin・  A、、、1i㎎T。。。。。。・。・・（1O・i・）

 酌g．6 Peak chame1mmber of241Am一αagainst
        isochronal anneaIing temperature at1V bias

        in proton－irradiated detectors．The bars at

        about350℃showthe width of peak channe1s．

the e且ectron irradiations is that the ユeakage

current be1ow about l V bias increases very fast

againstthebiasvoユtageandabovelVbiasit
increases gradua11y，which was a1so seen by

Co1eman．3・4）

 The annea1ing effects of the C一γ and ∫一γ

re1ations are shown in Fig．9which fo11ows Fig．
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7．As1ightrecoveryoftheC一γand
∫一γre1ations as we11as in the sPec－   v
                                   300                                    200Ωα睨・2MeV
tra is observed in the detector                              1．o×10・ヲ。〆，30．F

stored at room temPerature durin9

6months after the irradiation．The   1oo

痛練0帆鷺。着1；1「、1工111・・ト〉  Vγ》、、、v
                                      x＼』ト            O．F
improved by annea1ing up tO a cer一
                                  塵

tain temperature，but become bad
                                    1

above its temperature．Therefore                      5000Ω㎝，2M、∀
                                    5                                g・0×1gΨ㎝2・20pF
we observe that the fu11recoveries
                                           1O0         200          300         400’C
of these re1ations cannot be obtained        も・｛o… ㎜・・1i㎎        A㎜。。1i㎎T．mp。。。tur。（10min）

by annea1in9．               Fig 10Voltage required to make the capacitance value

  The necessarybiasvo1tage tomake      constant against isochrona1amea1ing temper－

the capacitance constant against       ature．The Iine comected with triangles comes

annea1ing temPerature are shown       from the necessary vo1tages for80pF inFig．9．

in Fi9．ユ0．The constant caPacitance

va1ues are se1ected at the decreasing regions of the caPacitance curves Proceeded by

the constant caPacitance regions．These vo1tage curves are qua1itative1y simi1ar to

a1most a11the annea1ed detectors．
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 The degradation of the spectrum occurred as
                                            Fig．120－7and∫＿7re1ations against ユー6
in the proton irradiation．The shifts of the24■Am
                                                   MeV a1pha irradiation．

一αpeak against l and6MeV a1phas are shown

in Fig・11・With the bias vo1tage of10V，the peak channe1remains at the origina1Position

up to1x10ユ2／cm2with l MeV a1phas and at1east up to3x1010／cm2with6MeV
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a1phas．However the reso1ution becomes worse at those fユuences because of a 1arge

1eakage current．The C一γand∫一γre1ations were a1so simi1ar to those with the Pro－

ton irradiations．As shown in Fig．12，the regions of constant capacitance va1ues ap－

Pear according to the irradiations and－the constant va1ues have a re1ation with the

incident a1pha energies．But these regions do not extend remarkab1y as compared with

the regions induced by0．5－2MeV protons，which means that the constant caPacitance

va1ues probab1y are re1ated with the a1pha ranges in si1icon，but the properties of the

defects are not equa1with those by proton irradiations．The annea1ing effects of the

irradiated detectors were simi1ar to Figs．5，6and9，and the resu工ts are shown in Figs．

13and ユ4．
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Fig

      1         10      50V

14Isochrona1anneaIing effects of

  0一グ  and∫一’7 re1ations after

  aIpha irradiation．

3．3jV〃γogem五〇m Zγγαδダακom∫

  The spectrum degradation was

simi1ar to the above mentioned

resu1ts and the peak shifts of l

MeV irradiations are shown in Fig．

1ユ．The C’γand∫一γ「e1ations as

shown in Fig．ユ5are a1so simi1ar

to the above resu1ts．The shift of

thepeakat10Vbiasoccursb1ow
1×1011／cm2and the1eakage cur－

rent is very1arge．Moreover the

caPacitance va1ues at 1ow bias
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vo1tage are1arge and inaccurate．These facts mean the nitrogen ions have sma11

ranges in si王icon and have the Possibi1ity to damage the surface region of the detector

barrier．

4．1）iscussions and－Conc1usiona1Remarks

 The damage effects by heavy ion irradiations apPear as the d－egradation of the

sPectrum and the1arge1eakage current． The C－17re1ations have regions of constant

capacitance at王。w bias vo1tages．The annea1ing effects in the spectrum，C一γand∫一γ

re1ations show comp1icated－behaviors．The induced d－efects have many unknown

factors，for examp王e，concerning with the defect1eve1，defect property，defect con－

centration and distribution，and defect stabi1ity．Moreover the－ 奄高垂Panted ions such as

hydrogen，herium and nitrogen have the Possibi1ities to act as the physica工and chemi－

ca1d－opants． In other words，except the known defects up to date such as the d－iva－

cancy，A center and E center，other defects coup1ed with the incident ions must a1so be

consid．ered， It is said hydrogen or nitrogen ions are e1ectrica11y 亘nactive in si1icon，

but unfortunate1y the works have been poor1y reported．

  It is meaningfu1to comPare the Present resu1ts with the resuユts obtained by the

e1ectron irradiation．12）The main difference between these resu1ts are as fo11ows：

（1）The f1uences to degrade the detector Performance is two or three order1ower com－

pared with the e1ectron irradiation．The detector of工。w resistivity is strong against

the high e1ectron f1uence，but in the ion irradiation this tendency is obscure．

（2）The degradation of the Pu1se height in the e1ectron irradiation are attributed

main1y to the s1ow Pu1se rise time，but in the ion irradiation the puユse height itse1f

degrades．

（3）The∫一γre1ations under the e1ec－
                                      Leak田ge Curremt at10V Bi田s

                                  μA姑

behaviors，i．e．，the1eakage current

after irradiation is sometimes1ower
                                   竜。o

than that before irradiation．In the   竃
                                  …

ion irradiation，the current changes  o

monotonica11y against f1uence and一 重400

the∫一γcurves have knees at1ow  ■

bias vo1tages．Moreover the current   20

deviation at a constant bias vo1－

tage stay within a certain range as

shown in Fig．16．

（4）The annea1ing effect at140℃is   Fig

observed in the e1ectron irradiation，

but not in the ion irradiation．

tron irradiation have comP1icated    ．g田i皿、t Fl、、

                      Nitrogen

                      1～4MeV

                            A1pha

                            1～2MeV

                                rOtOn

                               0．5～2MeV

                           わ

       ユpu              1O■2             10ユ3            工

                    Fl…㏄（i㎝s／㎝2）

．16Leakagecurrentat1OVbiasagainstproton，
   a1pha and nitrogen ion f1uences．

 On the other hand，there exist the simi1arities between the e1ectron and ion resu1ts．

（1）Acceptor type defects are found－in the C一γre1ations obtained with the e1ectron

rradiation．The simi1ar re1ations are seen with the proton or6MeV a1pha irradiation．
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（2）In the e1ectron and ion cases，the spectra due to annea1ing are simi1ar at3ユ0－340℃

and incomP1ete recovery at about40ぴC is seen．

  The defect concentration and distribution in the e1ectron irradiation must be a1most

incident heavy ions wi11stop within a few tens micron in si1icon and so the defects

concentrate near the surface region．If we consider the dominant defects are a㏄eptor

type and can trap and／or recombine excess carriers，the typica1C一γ curve can be ex－

p1ained as fo11ows：The capacitance in the region A－B in Fig．17（α）corresponds to a

s1ight1y damaged1ayer in Fig．17（ろ）and the energy1eve1
                                                        r”）

diagramisAinF亘g．ユ7（o）．Inthisregiontheinitia1    …
donor concentration is comPensated by the accePtor        葦

type defects and the dep1etion1ayer width at a fixed

bias vo1tage becomes wider than the initia1 width．                1，、。畠
                                                            弓1ightい1証m且拙蠣凹i㎝
When the bias vo1tage reaches B，the dep1etion width   〔5〕    h酬i1’＝1田岬d岬iu皿
                                                         jmi‘1㎝t

becom－es equa1to the range of the incident ions．Be一     。．、、⇒

tween B and C，the dep1etion width cannot exceed－    1・）      I＾山I－m罰呂凹いIビ宮iu’’

deeP1y to the undamaged region according to the bias     ’A
                                                                         l一（。

increasing，because e1ectrons are accumu1ated in the
                                                                         EV

heaviユy damaged1ayer．At point C，the mmber of these     正

e1ectrons reaches maximum and above this vo1tage they
                                                          C

tend to have a high possibi1ity to be detrapped．The

region C－D－E then means the dep1etion 1ayer extends

to the inner undamaged region according to the bias       D

increasin9．The Point E means the fie1d intensity is

high enough to c1ean the traPPed e1ectrons in the       皿

defects and the C一γre1ation coincides with the origina王

。ne．In this mode1，differed from that of Aukerman5），

the defects created are acceptor type and the heavi1y

damaged1ayer is considered as an e1ectrode which can

induce e1ectrons as many as the created defects．    Fig・17Mode1to expain0－7rela－
                                                         tion．（α）Schematic0－7reIa－
  If this mode1is aPPropriate，one can estimate the                                                         tion before and after proton

defect concentration・In the s1ightユy damaged－region，    irradiation．（ろ）Damage distri－

we assume the defect density is uniform and．use the    bution in a detector．（c）
                                                         Energy 1eve1 diagram after
re1atiOnS
                                                         irradiation，in which Figs．ノー

    γ＿且．Nザ用．κ・  （1）       亙・・・・・・・・・・・・・・・・・・・・・・…
        ε    2                                conditions written in（α）．

andC＝λ／κ          （2），

where17and C are the aPP1ied bias vo1tge inc1uding the bui1d－in vo1tage and the

capacitance．Andσ，ε，κandλare the e1ectronic charge，die1ectric constant，dep1etion

1ayer width and capacitance area．ルand－N are the initia1donor and created acceptor

type defect concentration．Then N仁凧（cm－3）is expressed with C （PF）and．γ（V）

aS
                C2・γ

       Nガ皿＝34・10g  （3）

                                     （9）
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  On the other hand，the heavi1y damaged region is assumed as a thin e1ectrode and

the simp1e re1ation of C・17＝Q ho1ds，where Q is the induced－charge in the e1ectrod－e，

The maximum charge induced aPPears at Point C in Fi9．17（α），then the number of

the defects can be estim－ated．For examp1e，the damage rate in the s1ight1y damaged

region is about20defects／c血by1MeV protons．By estimating the proton range，one

proton creates0．10defects．In the heavi1y damaged region one proton creates about

0．05defects．Then tota1Iy each proton creates about O．15 defects a1ong its range．

This quantity is very sma11，comParing with136Frenke1defects Per1 Mev Proton

estimated from－Deama1ey．11）If Deama1ey’s ca1cu1ation is correct，about0．ユ％ of the

Frenke1defect Pairs can form the stab1e defects．The same resu1t is obtained in

Aukerman’s mode1by comPuting the defects in the heavi1y damaged region．However

the Point亙，where the C一γre1ation returns to the initia1one，cannot be exPユained by

his mode1，whereas it is reasonab1y exp1ained by our mode1．

  With our mode1，the strange behaviors of the

spectrum degradation is a1so exp1ained．As in    Am’α，1000Ω㎝
                                               Ch

Fig．18and in Fig．4，the higher energy protons  1oo

degrade most prompt1y the spectrum at1ow bias，

but most s1ow1y at high bias．The2MeV protons

have the range of aち。ut 47μm－in si1icon and   80

this range is1arger than about27μm of241Am－      2M・v
                                                       1．1×1O工3／㎝2

α．The range of O．5MeV Protons is7μm．Then

at1Vbias，thefie1dstrengthinthedep1etion                                               60・

1ayer irradiated with2MeV protons is weaker                3・1×1o’ツ㎝2

than that by0．5MeV protons．So the degra－  o

維篶汐鶯十、猟、二、、、まノロ
b・tth・twith0．5M・Vp・・t・・…m・i・…7μ血・ 。   占／
So in the0．5MeV irradiation，the dead工ayer  判一1フ
                                                ロ

effect beco血es dominant and the recovery of

the sPectrum against bias vo1tage is s1ow．In

Fig．ユ8，the peak channeユs of the detector irra－    o
                                                 1        5   10  2V

diated with0．5and2MeV protons are a1so re－         Bi、、v．lt，g，

presented．In this detector，the fie1d effect and

dead工ayer effect are combined and in sPite of  Fig’18Peak chamel shift against bias

its1ow f1uence the degradation is very obvious．       voltage in detectors irradiated

 The proton range in si1icon has a re1ation with       with O．5and2MeV protons．

the caPacitance at the region B－C in Fi9．17（α）The ranges estimated from the C一γ

re1ations in Fig．8and eq、（2）are expressed in Fig ユ9．The a1pha ranges ca1cu1ated

from Fig．12are a1so rePresented．The so1id curve for the Proton range is obtained

from Loferski■2）and that for a1phas from s1iding the former curve with the factor

of four to the higher energy side．The proton ranges estimated－coincide with the

                                    （10）           Memoirs of Chubu

                                                           Institute of Techno1ogy
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so1id curve，but the a1pha ranges do not excePt the6MeV range，This is probab1y

because the present mode1is not enough for the a1pha irradiation．The C一γre1ations

of the a1pha irrad－iation have a difference from those of Proton’s，i．e，，the constant－

region of the capacitance does not extend to the higher bias region．The defect prop－

erties or concentration by the a1pha irrad－iation wou1d have another factor to be

considered．The nitrogen ion irradiation a1so have unknown factors．

 The anneaユing effects of the proton and a1pha irradiations revea1some simi1arity as

we11as difference comParing with the Previous resu1ts obtained－by the e1ectron irra－

diation．The simi1arity is a reverse annea工ing at about300℃and a recovery at about

400℃．This means the defects are unstab1e above300℃in both cases and一，at the Pre－

sent sta．te of know1edge，have been attributed to the divacancies and一／or A centers．

Which defects are probab1e is stiエ1undecided，and more annea1ing experiments or other

measurements wou1d be necessary．The irradiation experiment with10and 40MeV

protons using the Ha11effect■3）has shown the defect1eve1s are the divacancies and

Acenters．                                                  μ血

  In the Present ion irradiation，a graduaユrecov－    1oo

・・・…m・・1i・・i・…皿・・1・・・…1・・…1・・
^二1線：n

ing has been known as the dissociation of the

damage c1usters in the high energy e1ectron■4），  。昌

neutron15），and－proton16）irradiations．Then the   Uつ
                                                                    ム
・m・軍1i早gb中・・i・・§、i・p・…p・・i血・早・・h・…w・ 筆ユ。   。

；維練練二練㍉／
  We have considered the defects as a㏄eptor

type，which is simi1ar to Dearnaエey6），but Scottユ）    も1     05  1     5M，v

has considered as donors． The detectors used              主ne「9y

                                              Fig．19Proton and a1pha ranges in siIicon
by Scott wereクーtype and so the donor type
                                                     ca1culated from0－7re1ations．So1id
behaviors of the defects are ascribab1e to the
                                                     1ines represent proton and－ alpha

d－onor charge state of the divacancy in ヵ一type
                                                     「anges in si1icOn vs．energy（ref．12）．

Si1iCOn．17）

  The conc1usions are as fo11ows：

（1）The damage effects in surface barrier si1icon detectors have simiユar tendencies either

with proton，a1pha，or nitrogen ion irradiation，but an obvious difference appears in

the C一γre1ations．At1east in the proton irradiation，the Proton range has a c1ose

re1ation with the caPacitance va1ue．

（2）The mode1of the defect，properties is presented and－with this mode1the proton

range and damage rate are estimated．A1so the tendency of the degraded sPectrum

can be exP1ained．

（3）From the annea1ing exPeriments，it is found the defects are annea1ed having at

1east two stages．One is the c1uster dissociation and the other the dissociations of

divacanciesand一／orAcenters．

                                    一（11）
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