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                  Silicon Surface Barrier Detectors Irradiated

                           by 500keV-1MeV Electrons
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                             (Received September 1,1971)

               The radiatioll effects on silicon surface barrier detectors by 500keV,

            750keV, and 1MeV electrons have been investigated using fifty in-house

            fabricated detectorS of 200-1000Ωcm resistivities. The change of reverSe

            current, forWard current, depletioll layer capacitance, and 210Po alpha

            spectrum are measured.

               The reverse current changeS ill complicated forms With electron

            且uence. The forward current and the capacitance begin to change at

            1×10■5cM-2 and the capacitance tendS to saturate at 5×1016 cm-2.

            The alpha spectrum begins to degrade at 1×1014 cm-2 and the double

            peaks are observed at higher fluences.

               The detector characteriSticS are dependent on the total electron

            dosage, incident electroll energy, and detector thickness. These effects

            mean the formation of trap centerS is quite significant in the irrad-

            iated、 silicon.

                                 1. Introduct量on

   In space radiation researchs and in nuclear physics, surface barrier detectors have

been Widely used for the detection of various radiations. In spite of their many

advantages, the damaging effects by radiations on detector properties are observed and

they Iimit the effective life time of detectors. The damaging effects change mainly the

electrical properties such as the reverse current, depletion layer capacitance, and energy

resolution.

   The mechanism of these effects has been known that the radiation interaction With

detector lattice atoms produces vacancy-interStitial pairs called Frenkel defects, and

the defects as Well as the impurity atoms are assumed to form complex centers.1)

TheSe centers are partly annealed during the irradiation, but moSt of them are Sinked

in the detector and act as traps for electrons and holes and also as recombination

centers.

   The radiation damages are observed for most of the radiations, i.e., neutrons,2)

heavy charged particles,3-6)electrons,2・7)and gamma rays.8)Since each radiation pro-

duces different number and distribution of defects because of its respective interaction

cross section, mass, and energy distribution of recoil silicon atoms, the damaging effect

is different in each case.

   We have investigated the damaging effects of surface barrier detectors by 500keV,

750keV, and IMeV electrons for fluences over the range from 1014 to 1018 cm-2 at
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room temperature of23土ユ℃．The experimenta1resu1ts are presented for the

properties of reverse current，forward current，dep1etion1ayer capacitance，and a1so

energy spectra of210po a1pha partic1es．From these resu1ts，we discuss about the

defect properies produced．A comment is done about the1ife time of surface barrier

detectors under the energetic e1ectron irradiations．

                                2．Experimemts

   In－house fabricated si1icon surface barrier detectors with the active area of7×7

mm2were used in the experiments．These detectors were fabricated from the phospho－

rus doped n－type si1icon sing1e crysta1s with the resistivities of200，500，and1OOOΩcm，

and with the thicknesses of400，900，and400μm，respective1y．Each front surface of

the detectors was covered by a200A evaporated go1d to form an active1ayer，and the

rear ohmic contact was made by a thick e1ectro1ess p1ated nicke1．Using a Dotite paint，

it was backed by a2mm thick copper p1ate for the sake of setting the detector in an

irradiation chamber and preventing it from e1ectron beam heating．The pro丘1e of the

                                       detector assemb1y is shown in Fig．1．

                                          The detectors were irradiated by500keV，

⑥

⑩
⑪
⑫

  Fig．1 Target assemb1y for e1ectron ir－

        radiatiOn．

     ①4mms1it，②e1ectronbeam，
     ③insu1ator，④irradiationchamber，

     ⑥evaporatedgo1d，⑥copPer1ead，
     ⑦si1iconsubstrate，⑧nicke1p1ate，

     ⑨Dotitepaint，⑯epoxyresin，

     ⑪copPerp1ate，⑫copPerho1der．

and a Q－meter．210po a1pha energy spectra was a1so measured by the co11imated a1pha

beam incident on the damaged go1d surface．

   In this procedure，丘fty detectors were irradiated by e1ectrons and investigated the
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750keV，andユMeV e1ectrons from the2MeV

Van de Graa任 acce1erator （VE－20） at the

Research Laboratory of Heavy Ions in Kyoto

University．A11irradiations were carried

out at room temperature，in vacuum，and at

open circuit．The e1ectron beam was co1－

1imated so that the4mm diameter area at

the center of the front go1d1ayer cou1d be

irradiated uniform1y．The dose rate of
e1ectrons was estimated by the beam current

using a high impedance e1ectrometer，and

the dose rate was adjusted over the range

from2×1012to1X1O■4cm－2s■1，and the

irradiation time was60toユ600s，and so

the tota1dosage was chosen from1X1014

to 1X1018cm－2．

   After each irradiation，the detectors

were took out from an irradiation chamber

and amea1ed in room environment for

two hours．The reverse current，forward

current，and capacitance were measured by

using a digita1vo1tmeter，a micro－ammeter，
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damaging effects．Some of the irradiated detectors were re・fabricated as new surface

barrier detectors for investigating the damaged areas，depths，and the damage properties．

However this work is in progress，so the precise know1edge is not attained at present．

                          3． ReslI1ts amd Disc皿ssio皿s

   Genera11y，the radiation damage by e1ectrons degrade the properties of surface

barrierdetectors，i．e．，theincreasesof1eakagecurrentandnoise1eve1takep1ace．A
degradation of energy reso1ution is a1so seen in the spectrum for monoenergic a1pha

partic1es．It has been said that e1ectrons be1ow about250keV in energy cannot produce

e1ectrica11y active defects in si1icon9）and that，in some1ower舳ence，the detector

properties can be improved．Therefore in the present study，we have se1㏄ted the

minimum e1ectron energy as500keV and determined the initia1iuence as high as the

damaging effects may appear．

   When the reverse current was measured immediate1y after the irradiations，the

vo1tage－current characteristics were very unstab1e，and especia11y for higher且uences

remarkab1e hysteresis behavior and breakdown at1ow bias vo1tages were observed．

Under such conditions，the a1pha spectrum cou1d not be reso1ved since the mise1eve1

was high enough．These wou1d be attributed to the appreciab1e agitation of produced

defects by app1ying the e1ectric丘e1d．

   However，the d－etectors annea1ed by s1ow degrees，and then the reverse current

reached an equiribrium state，and the phenomenon1ike breakdown disappeared．

The a1pha spectmm a1so became detectab1e．Therefore we measured the properties

of each irradiated detector after two hours’annea1ing．The measured detector was

carefu11y resetted in the irradiation chamber without discrepancy of the irradiated

region，and summed up the dosage repeated1y．

3．1．Reverse C11rrent

   Reverse current is composed of saturation current，surface1eakage current，and

therma1 generation current in a dep1etion1ayer．Since the surface current is strong1y

dependent on the fabrication technique and

environment of the detector，the samp1es

having equa1characteristics are hard1y pre－

parab1e．However，this feature has been

found to have no appreciab1e cor＝re1ation

with e1ectron刮uence．

   The genera1behavior of reverse current

I亙against bias vo1tage V児with e1ectron and

proton且uences hasbeen observedby Co1eman

and others5■7）．We have obtained the simi1ar           。、。彗。。1、。、。（。〕 o

characteristics，but as shown in Fig．2，the
                                           Fig．2  Reverse  vo1tage－current character－
VザIR reIation does not change monotonica1－                                                 istics of a si1icon surface barrier

1y according to the dosage． Such behaviors        detector for various e1ectron f1uences．
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are aIso seen in many comp1icated data of various detectors under the iuences of

different e1ectron energies．Qua1itative1y we丘nd the VR－I亙re1ations at500keV irradia－

tion have a saturating property above1X1016cm■2，but these at1MeV rise steep1y as

the且uences increase．

   To exp1ain these comp1icated aspects，the fo11owing Possibi1ities wou1d be considered：

   a） Surface1eakage current changes under且uence．For examp1e the surface con－

       taminations are sputtered by the co11iding e1ectrons．

   b） Dep1etion1ayer thickness becomes wider at the constant bias vo1tage by iuence，

       and so the generation current increases at1ow bias vo1tage．

   c） E1ectron range in si1icon depends on e1ectron energy，so the defect densities

       produced are not miform in a detector．At high energy irradiation，some

       e1ectrons can pass through the detector without producing defects comp1ete1y，

       and some wi11be backscattered by the copper p1ate and produce additiona1

       defects in the who1e detector vo1ume．For examp1e，the e1ectron ranges in

       si1icon are about700μm andユ800μm for500keV and lMeV e1ectrons，respective1y．

   d） E1ectrons scattered by the s1it edge or by the target assemb1y are different for

       each irradiation，and so the effective1y exposed area is not4mm diameter or

       disp1aced to some extent．

   e） Annea1ing effects may be in progress at the measurement time．

   To understand the comp1icated VrIR re1ations more c1ear1y，we rearranged the

data by ca1cu1ating the factor

             〔（IR）Xノ（I児）。．5〕φノ〔（I。）X／（IR）o．。〕。，

where the denominator and numerator are the ratio of the reverse current at the bias

vo1tage X vo1t to that at0．5vo1t before and after the irradiationφcm－2，respective1y．

This factor versus bias vo1tage re1ations are shown in Fig．3．These curves express

the reverse current changing rate against bias vo1tage under the constant Huences．At

1ow且uences the most curves show the independence on bias vo1tage，which means the

defects are produced uniform1y．However for the200Ωcm detectors at1ow肋ences of

500keV e1ectrons，the curves are concaved upward against bias vo1tage，which means

the defect density is1oca1ized and the dep1etion1ayer having many defects wi11appear

according to the increase of bias vo1tage．At higher且uences the curves show decreasing

behaviors against bias vo1tage for a11the detectors．This means the reverse current at

1ow bias vo1tage increases remarkab1y．At very high Huences some curves increase

rapid1y against bias vo1tage，which means the breakdown begins to o㏄ur．

   The comp1exity of the V児一IR re1ations is attributed to the inequa1ity of det㏄tor

surfaces and to the distribution of defects．The distinct difference of the200Ωcm

detectors by500keV e1ectrons to others wou1d c1arify the reverse current properties

by e1ectron irradiations．

3．2．ForwaM C11nemt
   The forward current of surface barrier detectors is characterized by the diode1aw of

             I万＝IF0〔exp（一eVノ后丁）一1〕，

where IF is the forward current at the bias vo1tage VF．And e，后，T is the e1ectrOn

                                     （4）           Memoirs of Chubu
                                                            Institute of Techno1ogy



Si1icon Surface Barrier Detectors Irradiated by E1ectrons 131

  1

o O．5

＼  3

つ 1

■ O．5

1

0．5

500Ωcm
200Ωcm

■

30X1O 岨
500keV 7．4x101ヨ   ＾

500keV

ノ 25×101

    3．7×lOI   I

R．0XlOl「「
4．9Xlq■ 1 、I．5×ユOl
12XlOl

3．7×lOli   一・

1．2X101

200Ωcm 500Ωcm

750keV 750keV
18X101コ
1．5×1O帖 3．7×lO 1

3．7×1015

μ
」一 1

2．4×1011 1．5×l01≒

30×lO帖 I l I 3．8×1O
11

1
7．6×1O

11

200Ωcm 500Ωcm
3．5XlO■丁

一
1MeV ．1MeV

38×lO帖

37×10H
7．4×1o

山

1．8×lO■ヨ 4．lX101≡

1
16XlO帖

1
32X1O帖

工．6×l01

O．5 1    3 5  10   3050 100 300          ’一〇．5 1    3 5  10

  B三as VaItage （V）

、I5×ユO帖

    37×lO蜆

    12X lOH

15×lO帖

30 50 100   300

工6×1ぴ

     Fig．3 Rate of reverse current characteristics agains七bias vo1tage for200and500Ωcm

            detectors under various Huences．

charge，Bo1tzmann constant，and abso1ute temperature，respective1y．IF0is the satura一

tion current which depends on the junction

potentia1， di舐usion 1ength， and other pa－

rameters．This theoretica1formu1a genera1・

1y does not coincide with the actua1forward

current cha＝racteristics of detectors．In Fig．

4，the i11ustrative re1ation VF－IF re1ations

under various 且uences are shown． The

forward current begins to decrease at the

肋ence of about 5×1015cm■2 and this

tendency is seen for a11the detectors． But

since IF0is a resu1tant of many parameters，

one cannot ana1yze at present which pa－

rameter is signi丘。ant1y affected by e1ectron

iuenCeS．

3．3 Capacita皿。e

   The detector capacitance is measured by

a Q－meter at800kHz ca1ibrated by a standard

capacitance．For a step junction，the capaci一
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tance C is corre1ated with the dep1etion1ayer thickness a as Cばa－1．The thickness a

depends on the substrate resistivityρ，bias vo1tage VR，junction potentia1V∫，and

e1ectron mobi1ityμas a氏〔（V児十V∫）ρμ〕．For si1icon surface barrier detectors，these

re1ations can be apProximated as

             C＝1．06×104／6，

             a＝0．50・（ρV玉）1／2，

           C：〔PF・cm■2〕，6：〔μm〕，ρ：〔Ω・cm〕，V児：〔V〕．

   Before the irradiation，the detector has been found to satisfy the above re1ations，

but the capacitance decreases accoring to the且uence as seen in Fig．5．It is interesting

that the capacitance has shown the same va1ue before and after annea1ing．Fig．6shows

the norma1ized capacitance at5V bias against舳ence and the d㏄rease is seen at about

5×1015cm－2．This means that the effective donor density becomes1ow by damage
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and the dep1etion1ayer becomes thicker，breaking now c1ear1y the simp1e diode1aw of

Cは（ρV亙）一1／2．The breakdown of the diode1aw can be seen more obvious1y in Fig．7．

In this igure，the sensitive go1d 1ayer of an irradiated detector is re－fabricated and－

on1y the irradiated area is 1eft for the go1d1ayer． In this case，the capacitance is

independent on bias vo1tage just1ike an intrinsic detectors，but the characteristics of

intrinsic detectors camot be obtained at a11and the a1pha spectrum from this detector

degraded very intense1y as seen1ater．

   From these features，we conc1ude that the produced defects behave as e1ectron

traps and compensate donor atoms．At high趾ences，the probabi1ity of卸1ing traps

becomes constant since the imer e1ectric丘e1d stays constant，and so the capacitance is

independent on bias vo1tage．Since the donor density is characterized by the substrate

resistivity，the capacitance shou1d vary more

easi1y for detectors of higher resistivities，   3

This is supported by the fact of Fig．8that  …

theユ000Ωcm detector changes its capacitance  ：1o

at1×10■5cm－2，whereas the200Ωcm one  …o g

at5×ユO■5cm－2．The behavior is a1so in  208

agreement with the work by George and

Gunnersen2）．
                                                                          10岨

   Liu and Co1eman7）have reported the            Elect「㎝Fluenc如空）

increase of capacitance at high 且uences，  Fig．8 Norma1ized capacitance against

which s∂ems inconsistent with our observa－     iuence for200，500，and1000Ωcm
                                                  detectors．

tion．However，their detectors have a high

resistivity of20，000to45，000Ωcm．If such a detector is used，the saturation of capacitance

who1d o㏄ur at1ow且uence because the necessary number of traps to neutra1ize the

donor atoms is sma11enough．In fact，their detector shows a saturation at about1013

cm－2．At higher且uences，the traps wou1d exceed the donors，probab1y resu1ting in an

increase of capacitance．On the contrary，our detector shows the saturation at5×1016

cm－2．Therefore the change in capacitance is exp1ained by a competing phenomenon

of traps with impurity densities．

3．4A1pha Energy SpectH1m
   The detector1ife time for detecting heavy charged partic1es is the most remarkab1e

factor in the radiation damage effects．210Po a1pha energy spectra were measured in

vacuum at room temperature with a co11imated beam through aユmm diameter s1it

after each irradiation．In Fig．9，the a1pha spectra of200Ωcm detectors at various

且uences are shown．The spectra degrade with iuence as expected，and even at the1ow

丑uences under which capacitance change sti11does not occur，the degradation appears

as a broader a1pha peak．At higher且uences，the spectra have discrete two peaks．This

peak separation becomes remarkab1e with肋ences．The counting e拍。iency of the upper

peak decreases with iuences and丘na11y this peak cannot be observed at1ow bias

VO1tage．

   These phenomena can be exp1ained by the trapping of the created e1ectron・ho1e

                                     （7）
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  pairs a1ong the a1pha partic1e path． An

  incident a1pha of5．3MeV creates about1．5×

  106pairs a1ong the range of25μm in si1icon．

  These pairs drift in the dep1etion1ayer ac－

  cording to the inner e1ectric ie1d． If the

  defects trap the drifting e1ectrons for a

  moment，the charge co11ecting time in the

  detector becomes1onger than that without

  trapping．This means the pu1se rise time

  changes by the trapPing action．So the a1pha

  spectra degrade according to the defect for－

  mation，to the inner e1ectric丘e1d intensity，

  and part1y to the amp1i丘er c1ipPing time．

  If the bias vo1tage is raised，the trapPing

  probabi1ity  decreases  according to  the

  e1ectron drift ve1ocity and the doub1e peaks

  tend to disappear as shown in Fig．10．The

  simi1ar behavior is attained by making the

  c1ipping time1onger，which wou1d be easi1y

  understood by Fig．11．
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4．Com111siom1Remarks

   The e1ectrica1properties and a1pha spectra of the irradiated surface barrier detectors

have been investigated systematica11y and the trapping action of the created defects

has been found signiicant1y．The maximum e1ectron且uence under which the detecter

can perform as an a11owab1e a1pha comter is estimated as about1×1014cm一一2．The

capacitance change begins to occur at 1×1015cm’2and saturates at5×1016cm－2，but

s1ight1y depends on irradiated e1ectron energy and initia1detector resistivity．

   The surface barrier detectors for heavy charged partic1es used in energetic e1ectron

environment must be thin detectors whose thicknesses can stop partic1es．The c1ipping

time must be se1ected as1ong as the noise and pi1e－up eせects can be neg1ected．The

detector bias vo1tage is a1so se1ected as high as possib1e，but noise1eve1and1eakage

current must be considered．

   We great1y acknow1edge Professor M．Sakisaka of Kyoto University for suggesting

this experiment and stimu1ating interest in it，and Mr．K．Norisawa for the cooperative

effort during the e1ectron a㏄e1eration．We are gratefu1to Professor H．Katsumori of

Chubu Institute of Techno1ogy for the continuous encouragement throughout this work．

This work is very dependent on the“Specia1Equipments for Heavy Ion Research”

which is sett1ed in Kyoto University．
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