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1. Introduction

Although the result of electron and y-ray bombardment on many
properties (Hall effect, electrical conductivity, magnetoresistance) of
InSb has been investigated in comsiderable detail [1,2, 3, 4,5, 6], the
data on the Photomagnetoelectric (PME) effect are very limited [7, 8].

In the present study we investigated the influence of electron
irradiation (1 MeV avarage energy) on the surface recombination veloc-
ity determined from PME measurements on p-type InSb.

Surface recombination velocity is defined by S = J/An where ] is
the recombination current (i.e. number of recombining hole-electron
pairs per unit area of surface per unit time) and An is the excess minor-
ity carrier density at the surface. We determined S using the expres-
sion [9]:
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where I is the carrier generation density (i.e. the number of hole-electron

pairs produced per unit time and per unit area), k the Boltzmann con-
stant, I' the absolute temperature, B the magnetic induction, p. the

electron mobility and ipyr the short circuit PME current per unit sample
width. The above expression is valid when S is large enough [9]. This
condition is fulfilled in our experiment.

The mobility pe is determined as follows: The above equation
written in the form B/ipur = f (B’) presents a straight line. T'he mobil-
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ity pe then is found from the ratio of the slope to the intercept [9]. The
B and ipug are measured experimentally.

The present work was further extended to the recovery of the
surface recombination velocity after isochronous annealing.

2. Experimental Part

Measurements were made on specimens of p-type InSb cut from
single crystal slices of two different qualities (crystal No 1 and crystals
No 2 to 6). The carrier concentration p and the resistivity o at 78°K
were: p=4.8"10% cm—° and 0 =0.49Q ' cm for the crystal No 1 and
p=210" cm—® and ¢ = 3.1Q ' cm for all the others. The samples were
polished to the required size with Carborundum 220 powder and etched
in dilute CP-4. They were 12 mm long (about 9 mm between the contact
arms measuring the PME voltage and the DC voltage) 4 to b mm wide
and 1.2 to 1.0 mm thick and were mounted on the end of an orthogonal
copper rod of rectangular cross section in the vacuum of the cryostat.
The window of the cryostat, lying at a distance of 2 cm from the spec-
imen, was closed by a thin Mylar sheet of 25 u thickness [4]. Irradiations
and all measurements were performed at liquid nitrogen temperature.
A Fe-Constantan thermocouple measured the sample temperature.

PME measurements: To measure the surface recombina-
tion velocity, we used the steady state photomagnetoelectric (PME)
method. An incadescent 500 W lamp with a tungsten filament was used
as the source of light. During the measurements on the crystals No 1
and No 3 the light was modulated at 80c/sec, while during the measure-
ments on the other crystals the light was modulated at 21c/sec. A system
of glass lenses ensured a uniform illumination of the sample surface. The
light intensity was measured with a Model 201 Broad-Band Power Meter
(Coherent Radiation Laboratories). The average wavelength of the irra-
diation is taken as 1.5 u, giving a photon flux of 1.37 10" photons/cm?®"
sec. The quantum efficiency in this spectral region is 1.1 [7]. In this
way we evaluated the carrier generation density I. Measurements were
made at magnetic field induction B = 0.1 Weber/m® for crystal No 1
and B = 0.045 Weber/m® for the other crystals. The PME voltage signal

equipment is composed of 1) a matching transformer, 2) a model 200
IT4A 1970 11
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preamplifier, 3) a model 130 Synchronous Amplifier (all Brower Lab.)
and 4) an Oscilloscope for the control of the coincidence of the measured
signal phase to the phase of the reference signal produced in a photocell
of the light chopper system.

The PME signal voltage was measured across the crystal contact
arms. The DC voltage across the crystal was measured with standard
potentiometer techniques using a Cambridge slide wire potentiometer.
From the values of this voltage we calculated the resistivity of the crys-
tal during illumination and application of the magnetic field. The InSb
samples were irradiated by beta-particles from a Sr°°— Y ** source having
a nominal activity of 183 mC. The average energy of the emitted par-
ticles is about 1.0MeV and the maximum energy is 2.2MeV. The energy
loss of the electrons entering the Mylar sheet window of the cryostat is
negligible. The intensity of the bombarding electron beam was 5.5 107
electrons/cm® * sec. The beta source was placed under the cryostat. The
annealing time chosen for each isochronal step was half an hour.

3. Effects of Irradiation

The effect of electron irradiation on the minority carrier mobility
ue and the surface recombination velocity S is indicated in table I.

a) Minority carrier mobility. The values of p. are
in agreement with the values of Kurnick and Zitter [9] for p-type InSb.
Upon irradiation we find in most crystals changes that barely exceed
the margin of error. However in crystals No 4 and No 5 we find a
definite increase of pe . T'o our knowledge this is the first measurement
of the effect of electron irradiation on minority carrier mobility. Note
that all existing data [1, 8, 4, 5] on the effect of irradiation on p. refer
to majority carrier mobilities in the form of Hall mobilities on n-type
material.

The increase of e observed in our experiments may be explained
as follows: The important scattering mechanisms for electrons in InSb
[10, 11] are polar scattering, electron-hole scattering and scattering on
ionized centers. According to the existing data [1, 2, 3, 4, 5, 6] on p-type
InSb, irradiation with electrons or y-rays increases the hole concentra-
tion. We do not know if the polar scattering of electrons is influenced
and in what way by the increasing of hole concentration. The electron-



SYNEAPIA THZ 11 IOYNIOY 1970 163

TABLE I

p-type ‘ Irrad. | ’

InSb crystal Sample| (. ‘ pe (m2/V- sec)| S (m/sec) * 10+
p=4.8 1015 cm—3 ; Before irradiation | 4.95+0.23 0.51 + 0.04
0 =0.49Q" cm No 1  16.0h ‘ ‘
at T=780K ‘ ‘ After irradiation | 4.60 +0.23 ‘ 0.47 +0.04

|
Before irradiation 785+ 0.28 2.41+0.18
No 2 ‘ 22.5h
l ‘ After irradiation 6.90+0.09 | 2.92+0.17
5 |
é} \ Before irradiation 9.50 +0.13 8.05 + 1.54
= No g 2noht =—————
. | After irradiation 10.00+0.51 | 7.61+1.14
I | | |
i | Before irradiation | 9.45+0.14 | 2.84+0.16
Il | No 4 20.5h
e After irradiation 10.50 + 0.12 4.43 +0.24
R e
?‘3 ‘ Before irradiation 8.20 + 0.30 2.33 +0.18
; No 5 | 27.0h |— =
After irradiation 9.50 +0.16 3.86 + 0.37
Il
= Before irradiation 8.70 +0.18 4.82 +0.25
No 6 27.0h
‘ After irradiation 8.85+0.14 4.65 +0.27

hole scattering is probably increased. According to the James and Lark-
Horovitz model, electron bombardment generates Frenkel pairs acting
as ionized donors and acceptors. The scattering mechanism on such ioni-
zed centers is affected both by the number of ionized centers and by the
p-concentration. Increasing of the number of ionized centers gives a
decrease of pe. [10]. P-concentration can either increase or decrease
e depending on the range of net acceptor concentration Na — Np if we
interpret p as been proportional to Ny — Np in the measurements of
Zitter et al. [12]. It is not possible to determine the relative importance
of each effect. The observed increase of pe in crystals No 4 and No 5
are, hence, an indication that the factors increasing p. dominate. In the
rest of the samples examined, the various factors cancel out, resulting
in an appreciable change of pe.
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b) Surface recombination velocity. The values
of S are in agreement with the values of Hilsum et al. [13]. Upon irra-
diation we find for crystals No 1, No 3 and No 6 changes that barely
exceed the margin of error. For the rest of the crystals we find a defi-
nite increase.

According to Rzhanov [14] S is proportional to the concentration

Nt of surface recombination centers. These evidently are increasing
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Fig. 1: Isochronal annealing of p-type InSb crystal No 4.
The curve intends to show the general trend.

upon irradiation. In the theory of Rzhanov S depends also on other
parameters. It is not clear in which way these are changed upon irra-
diation. Such changes might influence S in a vital manner.

As mentioned above we found indeed in the present experiments
a definite increase of S for 3 crystals. The fact that for the rest of the
crystals the changes barely exceed the margin of error may be attributed
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to the contribution of the other parameters or to the recovery of the
damage already at the irradiation temperature (see below).

4. Annealing

a) Minority carrier mobility. In crystals No 4 and
No 5 we observe a complete recovery upon annealing already a few
degrees above the irradiation temperature of 78°K (Fig. 1). The above
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Fig. 2: Isochronal annealing of p-type InSb crystal No 4.
The curve intends to show the general trend.

mentioned recovery stage coincides with the measurements on hole con-
centration p [2, 5, 6] for p-type InSb.

b) Surface recombination velocity. In crystal
No 4 and No 5 we observe a recovery (about 80°/,) upon annealing
already a few degrees above 78’ K. At higher temperatures the behavior
of these two crystals differ: Crystal No 4 shows no change of S upon
further annealing (Fig. 2). Crystal No 5 shows a remarkable reverse
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annealing at about 150° K which brings S back to the value it had after
irradiation. In crystal No 2 no recovery was noticed at low temperature,
but above 150'K a reverse annealing seems to set in. Unfortunately the
measurements are very irregular so that we cannot be sure about this
statement. The fact that the annealing stage is very near the irradiation
temperature suggests that a great fraction of defects was annealed during
irradiation and perhaps is the reason for which we did not observe any

change of pe or S in such crystals.
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IHIEPIAHVYIZ

To poropayvnronkextondy pawvéuevoy, sagurnondév &l povoxouotdihov
p-timov *Avtioviovyov Ivdiov, Emérgepe tov Hmoloyioudv tiig edxivnolag TdV
POoQEmV UELOVOTNTOS (e ) TOD ®QUoTdAAOy %0l meQuitéow TG TayvtnTog Emipa-
vewondls Emavaouvdéoeng (S). "Evratda peletdarar 7 petaforny tdv dve peyeddv
%ate TV GxtvoBoinov xal év ouveyele xata dvomtijoeic. Of xolotalior trePdA-
hovto elg axtivofoinowy due copatiov B uéong dveoyelag 1 MeV xal meomtéom
el io6y0ovov avémtnotv. “Amacar al perpvioeig Mg %al 7 dxtvoBéinotg dyévovro
vno deopoxoaciav vyood dldtov (78° K).

Eig 8¥o nguotdihovs nagetnonidn cagilg avtnog tig evmvnotag pe (119,
xal 16 °/y) nera tv dxtwvoBéinoy. Eig tovg trokoimovs téooaous ai petafohal
TilS Ue MOV €viog T@V 60lwv tdV opaludtov. Eig toeig xovotdilove 7 tayimmg
Empavelarils Enavacuvdéoeng magovaiacey atEnoy et tiig dxtivoforiog eig 88
Tovg Umohoimovg toels ab uetafohal foav dxtong &vidg TdY Golmv TV cpaiudray.

Kota v lodygovov dvémtmewy magetnonidn ahiong Evylavolg tiig ednivn-
otag Mhextoovimv eig dVo xguotdilovg eig Veouongaciov xatd driyovs Paduolg
ueyahvréoav v 78° K. *Efvylavoig (xata 80°/, meglmov) tijg Tayimrog dmea-
velaxiis Enavaovvdéoemg magetnoidn Enfong elg dhiyov dymhotéoav td@v T8°K
Jeouoxgaoctav eig fva @V xovotdilwy.

To yeyovog 8w elg Tivag xouotdhhove d&v magetnondnoay cagpeic netaforal
TOV Pe %ol S anodidetor mbavdg eig v Umaotwy Baduidog avomtiicemg mold

whnolov tijg Yeouongaoiog Hmd v 6molav Eyéveto 1 dxtvoPoinoic.
*

‘O *Axadnuairog x. K. "AXeEdmovrog xatd v dvaxolvwory tig avotéom
-] 7 5 N 4 .
goyaolas etme ta naTwM :

“Eyo v nnv va wagovotdow 8vamov tiig CAxadnulag CAdInvav doya-
otav tiic 8idog IMTagaoxevijg Edduuiov x#ai tot x. Xororov Papavod txdo tov
tithov «Tayimg émpaveiaxiis dravacuvdéoeme tod Avupoviotyov Ivdiov xal

A 2 ~ 2 - ] ’ \ ) /
ueraforal adtiic Adyw dxtivofolicews xal avomtiioewey.

To dépa avagéoetar elg Ty perétyy tdv Muayoydv, xatnyoolag GAXGY
@y 6molmv 1) xatavdioolg yevixevetar amd Erovg el #rog. Qg maoddetyuo Gva-
@éem TO yeoudviov xai t0 muoltiov, ta 6mola yonoiwomoolvral eic Tag ouyyod-
voug niextovinas duatdels dvrinataotiioavta oyedov mhjowg Tae TAentoovixdg
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Myviog. Tedevralog émeterddn 1 yofioig »al elg dAkovg Muaywyovs, eic tdV
€ 2 v \ . L) ~ £l
omolwv givar xal t0 *Avripoviotyov “Ivdiov.
Ev dvudéoer woog ta uétarda, elg tovg futaywyodg 1 fhextound) aymyiud-

S ’ 5 ’ ’ ’ / L) ~ [ -~ T -~
g Ogethetal elg xivnowv qootiouévov copatiov ddo eiddv. O @ooeic obtol Tod
Nhextowopod waodyovrar elte avtoudtog Aoyw deominiic xvijoemg eite d1° dxtwvo-
Boknoews dua pwtds. Ot gogels magayduevor xata Cevyn O&v Colv &mi paxoov
arha aidnhoeovderegotvral, paivéuevov dmotehotv v émavacivdeowy. “Idiaité-
oms Tayela eivar 1 érxavacivdeolg &ml thg EEwreoiniis Empavelag.

Eig t\v magolcav goyaciav émevordn Umo thg 8idog Evduuiov, dvretak-
uévng “Yonynrolag tod Iavemotnuiov *Adnvav, »al 1ol . Pafavod, Siddxto-
00g t@v Puvowdv "Emommudv, uédodog nerofoewe tiig dmavacvvdéoewe. ‘I uédo-
dog mooénupev Gmo Yewolav mootadeioav w0 dexamévre dtdv Umd dvo Pdowv
goeuvnT@V, Tiig 6molag Suwg 6 Eheyyog ovdémote eiyev Emyelondi).

e ’ # ) \ ~ ~ ~ ~ 4 3

H pédodog otmoiletan &mi tijg teyvntilc metaforiic tiig tayxvrmrog mava-
ouvdéoews, moonAndelong &x Poufaodiouod tig Emgaveiag tol Muiaywyod duc
auonvix®v couatiov. Ileog tovto drntidn yrardotacts yauniav deonoxoaci®v

~ £ A ~ Q7 \ 3 ~ 2 ~ ) ’ k] *
®otaoxevaodeion Vo t@v Wiowv. Meoua &x Tdv Nhextody doydvmv 1yoododn-

2 - ~ S ’ -~ ~ e /’ f- ~ \ ~ 3
gav O otxovouxrilg évioyvoews tov Baotliwot Idovunatog "Eosuvdv #ai 1ol £idi-
%0V Aoyaoraopol évieyvocmg osuvay 1o Ilavemotnuiov *Adnvadv.

Ta Grorehéopara eivar mohd évdagouvtind, da dmoterécovv O& dgetnolav
O dAiha mepduara.



