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        Radiation Damages in Silicon Surface Barrier Detectors With

        O.5-1.5MeV Electrons

                                Shunsuke NAKAMOTO*

                               (Received August 23,1972)

                The radiation damages in surface barrier detectors With O.5-1.5 MeV

            electrons Were investigated. The detectors Were fabricated from

            phosphorus-doped silicon crystals With a resistivity between 200 and

            5000Ωcm. The changes in the fordward and reverse currentS, the junction

            capacitance, the 241Anl alpha spectrum, and their annealing behaviors

            Were measured.

                The junction capacitance decreases monotonically with fluence

            and at high fluence iS independent of reverse bias. The spectra

             of 241Am alpha are degraded by the increase of the fluence.

            The shift of the peak channel to the Iower energy side is observed.

            The detector with the low resistivity subs亡rate is more stable against the

            irradiation. At high fluence, the particles incident on the rear ohmic

            contact become to be detected at loW reverse bias. The degradation of

            the detectors begins to cccur, when they are subjected to the irradiation

            of O.5-1.5 MeV electrons in the range of 1×10■4 to 1×1015/cm2.

                The damage center has an acceptor-type property and acts as a

            trapping center for the carriers created by incident particles. The

            formation rate of this acceptor-type center is in the range of O.3×10-3 to

             1.5×10『3/cm. Annealing behavior of this center is not observed

            clearly up to 220QC and the center should be considered as the

            divacancy. By removing the irradiated surface region of the detectors,

            the detectors were fabricated again and the damage distribution in

             depth waS observed.

                                   1.Introduction

   The radiation damages in silicon Surface barrier detectors caused by energetic

electrons Were investigated to determille the life of the detectors under the ellergetic

electron environment, to identify the defectS, and to survey the possibility to apply

the effect of radiation damages to electronic devices.

   The detectors were made from floating-zoned silicon crystals doped with

phosphorus having resistivities in the range of 200-5000Ωcm. The thickneSs of the sample

was 350-950μm. The Au evaporated sensitive area of 5mm in diameter was

uniformly irradiated at room temperature in a vacuum with the O.5-1.5 MeV electron

beam with the incident area of 25mrn in diameter. The radiation damages in the
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detectors changed the characteristics of the forward and reverse currents，junction

capacitance，and241Am a1pha spectrum．

   From these measurements，the effect of the radiation damages in the detectors

were observed，which is dependent on the incident e1ectron energy and f1uence，and on

the resistivity of the samp1e．The damage rate，or the formation rate of the acceptor－

type damage center was ca工。u1ated from the decrease of the junction capacitance which

is dependent on the e1ectron f1uence．To investigate the possibi1ity to recover the damaged

detectors，the detectors were annea1ed in air in a temperature range of l00to 220℃．

Some of the damaged detectors were fabricated again by etchi｛g out the damaged

surface and the damage d－istribution in d－epth was observed．

                           2．Experimenta1M1ethod－s

   The detectors were irradiated at room temerature（23℃）with energetic e1ectrons

from the Van de Graaff acce1erator（VE－20）in Kyoto University．In order to obtain the

uniformirradiation onthe detector，the beam fromthe a㏄e1erator was scattered by a thin

A1foi11ocated．overthe detectorabout30cm．The scattered beam，Passing througha circu1ar

s1it of10mm in d－iameter，was incident on the Au1ayer of the d－etector with the area

of25mm－in diameter．The irradiation rate was1x1012－4×1012／cm2．s and－the tota1

f1uence on the detector 7x1013－4×10エ6／cm2．

   After the irrad－iation，the detector was taken away from the chamber and

annea1ed at room temperature for about two hours．The forward current－vo1tage（I卜V），

reverse current－vo1tage（IrV），capacitance－vo1tage（C－V）characteristics，and．24ユAm a1pha

spectrum were measured with the same method as mentioned in a previous work1）．

Isochrona1annea1ing effects（10min）of C－V characteristics and a1pha spectra were

measured－in the temperature range of100to 2200C in air． Some of the degraded

d－etectors cou1d be survived by etching away the front Au1ayer（7t0380μm in depth）

and－evaporating Au again to prepare a new surface barrier．

                          3．Resu1ts and－Discussions

   The IF－V characteristics changed by the irradiation as to increase the bu1k resistivity

of the detector．This is exp1ained from the fact that induced defects introduce e1ectron

and／or ho1e trap－1eve1s in the forbidden gaP of si1icon2）and．serve to convert the m－type

proPerty to the intrinsic－1ike one3〕．

   The change of IrV characteristics was very comp1icated－as mentioned in the

previous work■）．The IrV change due to the e1ectron irradiation d－iffers from the one

induced by the heavy ion irradiation in which IR at a constant reverse bias increases

montonica11y with f1uence4）．This difference may be ascribed to the damage density

and its distribution in depth in the detector1〕．

   The change of C－V characteristics was more drastic than that in the previous work．

By use of the uniform irradiation on the sensitive area，the damaged area distribution

in the paraI1e1direction to the sensitive surface was a1most uniform．So the capacitance

va1ue wi11give the informations fromthe uniform1y dep1eted depth．The C－V characteristics

                                     （2）            Memoirs of Chubu
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    Fig，1Capacitance－vo1tage characteristics

          of a 400Ωcm detector irradiated

          with l MeV electrons with various

          f1uenCeS．

800kHz，the capacitance value has a1most no d－ependence on the

quency dependence of the junction capacitance is concemed with

of the traps in（1uced by the irradiation6・7）．

fo11ow the frequency and the capacitance behaves as if the density of the traps was1ow．

At high frequency，the trapped charge cannot move and a1most a11 the traps wi11

contribute to the capacitance va1ue．We chose the frequency of800kHz．

    The change of the capacitance is cIose1y re1ated to the initia1 resistivity of

the detector as seen in Fig．2．If the initia1 resistivity is higher，the change of the

capacitance occurs at1ower f1uence．For example，at the l MeV irradiation，the

capacitance va1ue begins to decrease be1ow

of a detector with1MeV e1ecrons are shown

in Fig．1．At1ow f1uence，the capacitance

curve decreases para11e1to the unirradiated

curve，At high f1uence，the capacitance

decreases drastica11y at1ow reverse bias．At

higher f1uence as6．6×1015／cm2，the capaci－

tance is a1most ind－ependent of the reverse

bias．The same tendency was observed in a11

the irradiated detectors and as a1so shown

in the work of George and Gunnersen5）．

The frequency dependence of the capacitance

was observed by use of a Q－meter．At a

freguency of50kHz，the capacitance value

is1arger than that measured－at800kHz．Above

                       frequency． This fre－

                      the re1axation time

At1ow frequency，the trapped charge can

1×10■4／cm2for5000Ωcm detectors and above

ユx10■5／cm2for200Ωcm detectors．

   The change of the capacitance is a1so

re1ated to the inddent e1ectron energy．As

seen in Fig．3，the change of the capacitance

begins at1ower f1uence，when the incident

energy is higher．The decrease of the capa－

citance with1．5MeV e1ectrons occurs at a
decade lower f1uence compared with the one

by0．5MeV e1ectrons＊．From Fig．1to Fig．3，

the capacitance vaIue tends to decrease

monotonicany with f1uence，so the ind－uced da－

mages introduce acceptor・type defects which

compensate the initia1phosphorus donor ions．
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Fig．＝’2Norma1ized capacitance of200－5000

      Ωcm detectors irradiated with l MeV

      e1ectrons against f1uence．Norma1ized

      capacitance is defined as the ratiO

      oftheirradiatedcapacitanceat5V

     biastotheunirradiatedoneat5V
     bias．

非In the previous workユ），the simi1ar behavior of the capacitance was observed，but the change o㏄urred at higher

f1uence region．The difference is attributed to工。c〃〃m〃α吻m in the previous work and the mmげ。γm 〃m〃αfづ。m at

present．The s1ight change of the capacitance in the1ocaI1y irradiated region cou1d not contribute to separate the

capacitance curve from the curve of the unirradiated det㏄tor as in Fig，5of Ref．1，and so the change of the

norma1ized capacitance did mt occur mti1the irradiation of higher f1uence．

                                        （3）
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  Fig．3NormaIized capacitance of400Ωcm
       detectors irradiated with 0．5－1．5

       MeV electrons against f1uence．

       Norma1ized capacitance is defined

       as in Fig．2．

tab1e，the damage rate is alm－ost independent of the

introduced by e1ectrons are known as the

（vacancy・oxygen），and divacancy2）．If the E center is dominant，the damage rate must

have a1inear re1ation with the donor density or must be reciproca11y proportiona1to

               Ta・b．1Damage rates calcu1ated from C－V curves as in Fig．1

                      for the detctor resistivities of200－1000Ωcm and for

                      the irradiated electron energies of0．5－1MeV．

    From the para11e1region at high bias of

the C－V curves in Fig．1，we ca1culated．the

pro（iuced acceptor density as a  function of

f1uence．The formation rate of a㏄eptor

type defects per an incid－ent e1ectron was

deduced．The va1ues ca1cu1ated are shown in

Tab．1for200－1000Ωcm detectors and for

0．5－1MeV irradiations．The defect formation

rate，or the dan1age rate，is in the range of

0．3x10－3／cm－to 1．5x1O－3／cm and 1M1eV

e1ectrons have1arger damage rate than0．5

and0．75MeV e1ectrons．A㏄ording to the

          resistivity．The damage centers

Ecenter（vacancy－phosphorus），Acenter

Energy

（MeV）

1．O

O．75

O．50

Resistivity
 （ΩCm）

200

400

1000

200

400

1000

200

400

1000

F1uence
（Cm－2）

2．49×1015

4．42×1015

8．83×1015

1．66x1015

2．21×1Oユ5

3．31×1015

1，11×1015

1．66x工015

2．21×ユ015

3．32×1015

6．64×1015

1．32×1010

1．66x1015

3．35×1015

6．64×ユ015

1．11×1015

1．38×1Oユ5

1．66×1015

8．84×1Oユ5

1．77×1O■0

3．54×1010

1．11×1015

2．21×10ユ5

4．42×101E

1．11×10ユ5

2．21x1015

4．42×1015

Acceptor Type
Damage Rate
   （Cm■■）

1．45×10－8

1，40

0．93

O．76

0，68

0．74

1，15

0，96

1．10

1，53

0，98

0．81

O．43

0，82

0．59

O．54

1，35

1．35

O．68

0，51

0．34

O．38

0，58

0．37

1，17

0，76

0，54

（4） Memoirs of Chubu
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the resistivity8）．For examp1e，the damage rate of200Ωcm d－etectors must be mu1tip1ied．

by the factor of five to the damage rate of1000Ωcm detectors．This tendency camot

be seen in the tab1e，so the E center is not dominant．As described 1ater，at the

annea1ingstageof138．C，consideredtobere1ated．totheEcenter，therecoveryofthe
capacitance curve and－a1Pha spectra is sman and even at220℃，the amea1ing effect is

not obvious．So the d－amage center produced by the irradiation is a1most the A center

or the divacancy．
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                                                 Fig，5A1pha peak channe1shift against

                                                       e1ectron f1uence． UpPer curves

                                                       show the peak channe1shifts of

                                                       400Ωcm detectors at lOV bias
                 50
                                                       irradiated with0．5－1．5MeV e1ec－
              Channel Number

Fig．424■Am aIpha specta of a400Ωcm             t「ons・Lowe「curvesshowtheshifts
     detector atユV andユO V bias irra－            of200－5000Ωcm detectors at10V

     diated with l MeV electrons．The            bias irradiated with 1MeV

     channe1s be1ow or above the alpha             e1ectrons．

     peaks have no apPreciable peaks・

   The degradation of24ユAm a1pha spectru血by the irradiation is shown in Fig．4．

The d－oub1e peaking Phenomena observed in the previous work and Liu and Co1emang）

d．o not aPPear in thθcase of the uniform irradiation．It was conc1uded that the doub1e

peaking effect is co血Posed of two spectra：the defect spectrum from the damaged．area

and norma1spectrum from the undamaged area．At the present experiment，the sensitive

area is uniform1y damaged，so on1y the defect spectrum is obsθrved．The peak channe1

of241Am a1pha shifted．to the1ower channe1by the irradiation as in Fig．5．The high

resistivity d－etectors are degraded more rapidIy and the degradation is faster by thθ

irradiation of higher energy e1ectrons．These tendencies are simi1ar to the phenomena

occurred in C－V characteristics．The shift of the peak channe1is contributed－by two

origins：the one is due to that the rise ti血e of the output pu1se from the preamp1ifier

becomθs1ong and．the other is because the pu1se height becomes1ow．The former means

that the fie1d－intensity near the surface is1owered．or the series resistance near the

surface becomes1arge．The1atter means that the trapping effect of the created

carriers becomes1arge．

                                       （5）
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醐g．624■Am a1pha spectra resulting from the rear
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     ated with1．MeV elec亡rons．Low and broad

     spectra of the rear entry are resu1ted from

     the thick rear ohmic contact fabricated by

     Ni－P－ating．

  The other experiment，in which

the a1pha partic1es were incident

on the rear ohmic contact of the

tota11y d．ep1eted5000Ωcm detec－

tors，showed an interestiη．9resu1t．

By the irradiation， the a1pha

partic1es incident on the rear

contact became dθtectab1e at

1ower bias as seen in Fig．6．Before

the ir】・adiation，the detector re－

quiredabout80Vbiastobe
dep1eted－tota11y．After the irra－

diation of1．4×10■4／cm2at1MeV，

thedetectoris dep1eted at50V

bias and fina11y at1．7×1015／cm2，

5Vbiasisenoughtodep1etethe
detector．At this1ast stage，the

spectrum of the front entry with1V bias has the1ower peak channe1than that of the

rear entry with1V bias．The simiIar phenomena had been observed by Liu9），i．e．，the

decrease of the charge co11ection efficiency occurred for the front entry and－ on1y a

d－ecrease of energy reso1ution for the rear entry．Liu exp1ained－these phenomna by the

preferentia1trapping of e1ectrons or the fie1d decrease of the front contact．Our resu1ts

a1so are exp1ained in the same manner．The dep1etion depth extends to the rear contact

even at1ow bias，because the m－type property is converted to the intrinsic one by the

irradiation3）．So the e1ectric fie1d．near the rear contact requires 1ow bias to detect

incid－ent partic1es．Two exp1anations are possib1e for the difference between the front

and－rear entry spectra of the1ast stage in Fig．6．The one is that if the fie1d distribu－

tion near the front contact does not change by the irradiation or the fie1d distribution

becomes constant over the who1e region of the detector，the damage centers tend to

traP e1ectrons rather than ho1es on account of the difference of the carrier transit

path．Another exp1anation is as fo11ows：if the fie1d near the front contact is工。wered－

by the irradiation and the fie1d near the rear contact becomes higher，the rear entry

partic1es are more detectab1e than than the front entry partic1es．

   Some of the irradiated detectors were isochrona11y annea1ed in air at the tθmperature

range of 100to 220℃．A typicaI examp1e is shown in Fig．7．The amea1ing effect of

thecapacitanceanda1phapeakchannelattheconstantbiasoflVisshown．The
annea1ing effect occurs at1380C annea1ing stage，i．e．，the capacitance increases and－the

channeI number of the a1pha peak increases．Be1ow and above138℃，no significant

change occurs．This annea1ing stage is probab1y the reordering stage of the E center．

After the220℃annea1ing，there exists a 1arge unannea1ed fraction．These annea1ing

phenomena mean that the E center formation by the e1ectron irradiation is sma11．

（6） Memoirs of Chubu
Institute of Techno1ogy
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Fig．7Annea1ing effects of the capacitance

     and241Am a1pha peak channe1at1

     V bias for a200Ωcm detector irradi－

     ated at6．6×10ユ5／cm2with 1MeV
     e1eCtrOnS．

Fig．8Recovery curves of the capacitance

     and24■Am alpb－a peak chameI for

     a400Ωcm detector irradiated at3．3×

     ユ016／cm2 with 0．5MeV electrons
     against the removed depth by etching

     the damaged surface．

Above220℃amea1ing，the oxidation of si1icon must be considered，so we must amea1

in inert gas or in a vacuum．We are p1anning to amea1the irradiated detectors in a

vacuum at high temperature in the future．

   By etching the irradiated front surface，the detector was fabricated again．The

effect of removing the damaged area is shown in Fig．8．The recovery of the capa－

citance and a1pha peak channe1was observed，according as the damaged depth was

taken away．The damaged depth in Fig．8is1arger than400μm for the0．5MeV

irradiation of3．3x10■6／cm2．This recovery㎝rve is s1ight1y different from the F1icker’s

expθriment■o）using the e王ectron vo1taic effect，in which the damage rate d．istribution

approached zero at about400μm in depth．The detector irradiated with1MeV e1ectrons

did not recover at a11after500μm remova1．

4．Conc1usiona1Remarks

   The detectors fabricated from various resistivity si1icon crystaIs were irradiated with

0．5－1．5MeV e1ectrons．The radiation damages degraded thθdetector performance．

   The a1pha spectrum d－egradation begins to o㏄ur at the f1uence of lx1014／cm2with

ユMeV e1ectrons for400Ωcm detectors，but if we can increase the bias vo工tage up t0

10V aPart from noise prob1em，the degradation is not serious unti1thθirrad－iation of a

decade higher f1uence．When the resistivity of the detector is higher，i．e．，the donor

concentration is1ower，the degradation begins at1ower f1uence． The higher energy

e1ectrons a1so degrad－e the d－etector faster．From the C－V characteristics，acceptor－type

damage centers are produced，so the high resistivity detector can be dep1eted wide1y

with1owθr f1uence．The created e1ectrons by the a1pha partic1es near the front contact

（about30μm in depth fromthe front contact）must transit a1ong path in the dep1etion

1ayer．On the other hand，in theエ。w resistivity d．etector，the d－onor concentration is not

colmpensated．easi1y by the irradiation，so the width of the d－ep1etion 1ayer does not

increase with1ower f1uence．The high energy e1ectrons produce high concentration of

                                     （7）
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damages and．1arge damaged region in the detector，so the detector is degraded－faster．

    The number of．the a㏄eptor－type damages produced by e1ectrons is ca1cu1ated from

the C－V characteristics．The damage rate is a1most ind－ependent of the resistivity of the

detector，so the E center which has an acceptor－type property is not the main damage

center．This is consistent with the isochrona1annea1ing data in Fig．7 where on1y a

sma11fraction of the damage centers is annea1ed at138℃．The formation and－annea1ing

process of the E center was studied2・11・12・13）in phosphorus－doPed si1icon． In these

studies，it is shown that the E center has the energy1eve1of Ec－0．4eV and annea1s

near150℃，where E．is the energy1eve1of the conduction band－minimum．Howevr

these studies were done in1ow resistivity si1icon with high concentration of phosphorus．

Thθphosphoms concentration of the radiation detector is one or two d．ecade1ower．So

in our case，the E center formation may not be obvious．The detector fabricated from

f1oat－zoned si1icon which is considered to contain1ow oxygen impurity，so the A center

is not a1so the d－omiant center in our detector．The divacancy has two acceptor 1eve1s

at Ec－O．4eV and Ev＋0．45eV2） and does not annea1uP t0300．C11・13），where Ev is

the energy1eve1of the va1ence band maximum．The damage rate studied by Corbett14）

and－Bemski15）for1MeV e1ectron irradiation on m－type si1icon were4×10－3／cm and1×

10■3／cm．From these va1ues being in the same order with our va1ue of0．7－1．5×10－3／cm’

in Tab．1and．the existence of the1arge unannea1ed－fraction at 220．C in Fig． 7， the

d－ominant damage center in the detector may bθconsidered as the divacancy．

   The rear entry spectra of the a1Pha partic1es in Fig．6show that the dep1etion1ayer

extend．s to the rear contact according to the increase of f1uence．Then the fie1d near

the front contact is1owered，or the preferentia1traPPing of e1ectrons occurs．Which

mechanism is effective is not c1ear at present．

   The recovery of the detector performance by etching the irradiated region is

obtained as in Fig．8．For the0．5MeV irradiation，the comP1ete recovery does mt o㏄ur

up t0380μm etching．The radiation－induced deterioration is the main weak point

for radiation semiconductor detectors． The surface barrier detectors irradi．

ated by e1ectrons show the spectrum d－egradation． The 1imiting f1uence for the

detectors a11owab1e to be exposed．to energetic e1ectrons is shown in Tab．2．

This tab1e is obtained from the figures simi1ar to Fig．5 and shows the

guide of usab1e 1imit of surface barrier detectors when the irad．iated detector can

be proof against10V bias regard1ess of noise prob1em．If the surface barrier detectors

T8b．2AlIowable electron f1uences for surface barrier detectors unti1

      which the spectra degradation at1O V bias is not serious．

Energy
iMeV） 200

Detector Resistivity（Ωcm）

S00        1000 5000

O．50 8×1Oユ5／cm2 7×101冒／cm2 4×1O■5／cm2 4×ユOエ5／cm2

O．75 3×1015 3×1015 2×1015 1×10■5

1．0 2×1015 1x1015 ユ×1015 6×1014

1．5 1×10■5 6×1014 4×1O■4 2×1014

（8） Memoirs of Chubu
Institute of Techno1ogy
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are required．to be used for the heavy partic1e detection in such surroundings exposed

to energetic e1ectrons as in the sate11ite，the1ower sesistivity si1icon is desirab1e because

of its1ong practica11ife－time as c1ear1y shown in Fig．5and Tab．2．Of course the va1ue

of the resistivity is1imited by the possibi1ity of stopping the incident partic1es in the

dep1etion1ayer．

   The app1ication of the radiation d－amage to e1ectronic devices is aIready estab1ished

in the fie1d－of the ion－imp1antation16）．Germanium compensated by gamma－irrad－iation

is used－as a high resistivity germanium detectorユ7）．

   The d－etetors irradiated with e1ectrons have high trap density for e1ectrons and／or

ho1es．These traps are simi1ar to the deep trap1eve1s in si1icon and gθrmanium intro－

duced by the doped impurities such as Au or Cu． Then the doub1e injection■8・19） is

possib1e in the irradiated detectors．We cou1d observe the negative resistance in the

forward－biased characteristics of the irradiated d－etector．This negative resistance has

the possibity to be aPP1i互ied as switching devices．

   The spectrum degradation means the pu1se－height defect in the d－amaged region．If

we irradiate the detector with various f1uences at separate areas，the pu1se－height

defect has a respective degree according to the irradiated f1uence．By shie1ding some

parts of the surface region in a suitab1e manner，we can obtain three kinds of surface

areas（non－irradiated，1ight1y irradiated，heavi1y irradiated）in on1y one detector．When

the monoenergetic a1pha Partic1es are incident on this detector， the spectrum－Peak

corresponding to thθinci（丑ent position is observed．It is possib1e to dctθrmine the incident

position from the respective peaks．This can be used－as a positionsensitive d－etector20）．

   The author is ind－ebted to T．Aoki and K．Kawabata for the considerabIe assist－

ance of this work，to Dr．M．Sakisaka and Dr．F．Fukuzawa for the encouragement，and

to K．Norisawa for the operation of the acce1erator VE－20in Kyoto University．
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