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Abstract

u et

A m1crocomputer—gentrolled photo induced transxent
spectroscopy (PITS) system was constructed to provide an
effective analytical system to s&udy ‘the deep,defect levels
.‘in liquid-encapsulated Czochralski-grownﬁsemi—insulating

"galldum arsen1de (SIMGaAs)

\
Varlous aspects of PITS are dlscussed to show how such -
\ : ‘ ‘
a system can be\used to characterlze hlghsresxstlvxty
. A .
semxcondeftors where the conventxonal deep level trans1ent

spectroscopy (DLTS) technxque faxls.
ﬁ Spec1f1cally, the PITS .system. was then used to study
how deep levels in SI GaAs are affected by the presence of

carbon and dlfferent growth cond1t1ons and to determlne the

varxous levels created ‘by copper 1mpur1ty The overall

.objectxvé“was to determlne the nature of .the prevzous Yy

)

"unassxgned deep levels ﬂn SI GaAs. a

| . .
From the PITS measurements on a serles of sa es w1th'

t PR

'd&fferent carbon concentratxons, we' found that the 1nten51ty v '
lof the ELZ famzly of . levels 1ncreases w1th the mo1sture \ﬂ
'content of the bor1c ox1de encapsulant that was used durlng
vthe growth process.‘We have . also found that the intensity of“
the 51gnal due to ELS5 is 1nversely‘aependent on the carbon‘
’content of the samples. From this observatxon, we propose
;zthat the or1g1n of ELS is® related to free arsen1c vacancxes,
.Y“; whxch 1nd1rectly 1nd1cates that the defects EL6 and EL3

afe also related to arsenzc vacanc1es.“ |

K
\, ) oo . - . N } U . .
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A series of PITS and photoluminescence exper1ments was
:"

carrxed out to study the presence of copper'xn SI GaAs 1n an»

'

.Teffort to redoncxle many confl1ct1ng publxshed results. We

observed three d1fferent copper related levels at about. 0. 5

0.4 and 0.19 eV from the valence band We found that the

concentration of the defect, w1fp a level at about E, +0 5 ev

and a hole capture Cross- sectxon of about 10"-’7 cm?, B
e ’ : o
correlates with the concentrat1on'prof11e‘of V,s. We

postulate that this leVel is a cOpper—related complex, most

probably of the form th As The studxes of the |

copper related levels have provxded a model wplch explaxns
] A N -

many,of the conflxctlng results reported'ln the literature.

»



" .guid ance, pat1ence and tolerance, I |

‘ graduate program,f‘

ﬁ‘;my stay 1n Canada more pleasant. TR

‘,dxscussions, and

. ! . o \
’ ‘ 'Acknowledéements‘
!The author wxshes to express hls apprec1at10n to the

3 L
Cy .

‘following. e ‘ x . —

‘Dr. F.L. Wexchman, my the51s supervxsor for his

N ¢

Teh Ch1n Khuan, ‘my wxfe, for her help in some of the v

"yexperlments, her encouragement and her’ patxenoe and

tol rance w1th my temperament dur1ng Qhe ups .and downs of my

”graduate study,l

my. brothers and sxsters for their encouragement moral

and f1nanc1al support that enabled me - to begln my graduate

,study and who provide an inspiration for me to finish my

Dr. Roelof Bult of Cominco“Ltd., Electron1c Mater1als

DiyiSionp‘Traxl Brltlsh Columb;a, for prov1d1ng the gallxum

N

arsenide samples, ‘

‘"Department of Physics}'University of”Alberta, for
fxnancxal support in the form of a graduate(jpachlng

assxstantshxp,

Natural Sciences and Engxneer1ng Research Counc1l of

Canada for support1ng the research work

George Chr1st1e and Ken Marshwfor—some~techn1cal

ass1stance, | ‘-q. . o 7f. ‘ o

h{‘ the- techn1c1ans 1n the Electronxcs Shop for helpful

N

all those whom I have met and befrzendéd and who made

—



—r ”

. -.’ ‘ . . o ‘ N
! rébie of Contents
~ . o JARREES B .
Chapter - B i v ',// wa w - Page
1. Introductxon ...a.r;“ﬁl.;.,ﬁ.....:.;..,;....;;.....{.i
o , . . AR e 3 .
1.1 Impontance'of GaAs devices ........... ceeeeeneaaanl
1.2 LEC sem1 1nsulat1ngg?aAs;......,.....;;,.;,....:.2
1;3‘Concept of defects a‘deep-lqvels and their‘ ,
‘ s1gn1f1cances P
1L4-Exper1mental Methods ...t.,........,-y......,,:;‘.8‘
1.4.1 Photolumxd%scence :;....;....:.;..;t....;.;.9t'
1.4.2 Deép.Level Transxent Spectroscopy (DLTS) ..10
‘.

‘ - .4.3 Photo-}nduced Transient Spectroscopy o
o o (PIT%} et R §
*’ 1. SDeep Levelzs in GaAs .-.r.‘...,‘ ....... [P )

Blbl1ography ..../:.......;;....;.;.a..i.;...L.Qw;....;..~18 )
Y/ . : )

2. Photo—Indﬁced Transxent Spectroscopy (PITS) .,.L:...:i]
2.1 Introduct1on1.45,7{;.,....;.. ...... -.;....}QL.;...é1f‘
2.2 Thegry of PITS et et a22
27 o1 mess1onlrate, v ,.:,...l:.;:,ﬁ.;.;...)...;22
'/2:5.2Transﬁenticurpent'f..;....(...... ..... cve. 257
?fPITS,Siguelw.);;...,:{;.:,.{ ..... 5:;.,..5..,..;..26
3&4 p;fﬁerent RelaXation:Times 5;1;.....;.;...;.L,.;.?2
/%.S:Pfesencegof Nou:éiponentiéi’Traneientsluffl;}....36
2 2;6.Contact ConfiguratiOnér.;:..........t..t@........ﬁ?
/// 2.7 PITS system ....;.............;....§;..;f..{.....38
o *‘2 7«% Input output board;........................41
2 7 2 Temperatuce-controller ....................41

2. 7 3 Programmable power supply .....;...........42

2. 734'Analogue-to=d1glta1 converter_.....‘......,43

'
ey eme

A cviiioo

d

s

‘iﬁ;.S Electro-mechanxcal shutter system -.....:7144t';fj



L % 6. ,_ General Discusszon and ConcTusxons edeese .'r. Ceaseee 103

oy EEE “ ‘ ! C U\
‘r' - Y o Y . ) R ' \ C ) ., ‘ ..
2 7.6 Amp11f1er,.......,...:..........;...;......44‘

¢

2,707 Software‘.;...............;........}:‘..;.ﬁ44 :

/Blbllography .‘..QO...D.‘.II... ----- 0"..0‘..‘.0.-‘..-o‘o‘l.‘l-‘.;4‘6""

.3, . PITS stud1es of deep 'levels in LEC SI GaAs with’
o adlfferent carbon concentrat1ons ...............,.....47

.

3.1 Introduct1on...:.;:.;.lu...... ........ L.Z;....,.},47'

4, PITS and Photalum1nescence Studles of :
Copper-contam1nated LEC SI GaAs R T R -

‘4.1 Introduction .....,,...,...,.‘ ..... P O ST Y
'_{.Z~EXpe;imen;al details ..,.....;u...;.,.,;.....{,..67,

“4.‘3 RGSUItS vo..o;.}-oo‘cbo‘a;‘..‘-ool’o.ol‘ootooo‘oho‘-'oc..‘oo‘..o71"

4 4'DiSCUSSion‘l’...A‘...'.‘-q‘o..’-]...-.;.\‘.....‘.....---......79 )

4.5 Concluslon .;f«...TZ..;.;;;.}{..;................87

— . 1

r

Blbllography ..Q.o..'.."n.....Io.o....\...ll.-o..o-..nl.'ﬂ’eg

5. PITS and Photolumlnescence Studies of : ‘
| Copper—d1ffused LEC SI GaAS' - Annealing at 550ﬁé V.91

5.1 Introductxon ........,.;........,.....,..JJ..,...91

JS.ZWExperlmental‘detaiis’..........{:,W.....,.}....,;QZ
' . ‘ ¢ ) : - o , _’ . ‘ ‘ P i ‘ ‘ )
5 3 Results * 0 .‘l . . “.‘l... .. .‘. * e @ .IO s o 9 0.0 LA 0‘0‘. .'\. 0. » .‘0’. e o o o l93

n o .‘ ' : - ~

’54D15CU551°n .nn-oooo'coo-oooo-‘ua-..o.ooaoo.000010.98‘. ""I

ssconcluslon Q.............‘..'..l‘..'...............101 *

.,-._\ Blbllography ...I.....l......l..................l........102“

VoA
P Y

6 1 General 015cusszon :..fft;..............‘.......103

SR R o

RN .8

. LA T N .o Wt . “ N B . N
DN e T T



. . ‘ o . . ‘ Lo = I L R .
-~ ' \ T o A O‘r“ C Y o ) o ! :
' , . - - . ' \ ot S o . ' ¢ !
- N . . A . v L . ' s ' '
. (N6.2 Conclusions ... .i.ieiieiiecinaanen
. . . : R
L . . ) .. ) : : )
N N . f
Blbllography.'......‘..-...'...*......-.w..,......,..‘.-..‘. -‘0.51.111
' ! . e ' A ' 4 ' . . [ !
Appendle "-oq‘l.o..-.oqoQu-l‘.‘.'-o\o‘..th.o-u..c.nc-.‘.n.‘- 113
: ‘ SRR . ‘ : e T ‘
. . . . . . . . , o : o
. Append 1x B R R R R N S e S S A A N N B NI IR SURP A 1 17 A
' \ ‘ | ‘ ! ' v ' ‘
. . , [ : : : . . '
VITA '.‘.....A‘.......‘;."..‘...........’....‘..,-‘.‘...,............130
) . ! : R ) )
- ) . . ,
. N . . ’ ' ' R
. ' " o vy )
' ' » ' !
L . A - \ )
, . ct L "
‘ [ ' v ' ' '. " - \ !
. O] o . . U "
' I
. . ) )
. ! ) ' . -
' i ) " L, . S
' “ N ] I 4 . .
), \ o
! ! ' \ . ' a0 '
1 h , N " \ " \
' ' ' ' 1] - | r— .
. . , ) . . . . \
' N . . " N
) L] + \ ! + ‘; ) ' . " '
. . . : ) . . .
. ' . h .
' ' ! i " i '
'
' r‘. . . ‘-‘
- [ . ' o 1 " R ., ,
. ' I v - s .
ot ' ' s | f \
" ) ! . ‘" '
* . N “ ) ) ) 1, -
+ " ! !
' v ) 4 . L " i . ]
\ . . ! K . )
. L ' U . s
' . ' ' . ' ‘ . i ' N
' Lo | ' . . k . ! B
. -
' ' ' " ! n ' . L o
' , N . N ' , B " " .
. ! v N f < ] n
. .
o L Ll W
. . . A N " N
s ' o . \ N " o
| a o 4 ‘ B ' . _— i
N - ' ' ~ ' '
' . 1 5 \ "
o s 4 \ ' ' ' R
: ! ¢ , N
o 4 i ' a .
B . \‘\,_‘_q] r
”~ ct i) e H '
@ R , ‘ . o -
1 ' . 0 ! . ., \
. . , o PR . RN
. . - oA ' » P
. e . 1 !
- ' v [ W T -
s ‘ ‘ L : | ‘ i
N 0 . B ' “ 1 . t
. . . Yo, 4 . “w o . "_‘ ' , N } K
< ) " N : " ‘ ~ ‘ : * '
. . ' ! ' % ’ ¢ . .
. L P . L . " Ve ) ) . .
’ - ! ' ! v ~ . . 4 w_'/ ._ N . ' '
' - ' ' . ! f . ! ‘ v
4 . . ' < . D “ o= ! R A ' , >
. AT . [ q R . [ . H
. \ » . - I »oa " - . t ' ‘. . i :
. s . . RREEAY ' ' h RS ' l’ o ' \ | e e
' o D ! vl : , o . :
oL ) - s . K ; R .
: . S : . . N , : N : . !
" hd . h . -~ . .
3 B . e T N o . e e
. . f 1 . ; . A . :




List

Table,

2.1 Emission rate .....c.iueeeeasencasnnnn

3.1 Samples used in PITS measurements. ...

4.1 Trapping parameters"froh PITS curves,

N

| L4
f
a
"
L4
il
“
a
+
n
'
. ‘
”
“
1
—
-~
.
[ ‘
o
Y
L] . " Yy
—
'
' o
a ¢
.5:4 ;
Yy
- _'i'\
4
'
. 3 . ot s
» N N

of Tables

3.2 Trapping parameters for the peaks in
figures 3.1 and 3.2, ....ciiiianinnannn

-

Page
<029
...52
...53
...76

Sy



Figure ' -‘, ‘ | Page
2.1 A single trap model: . ... .iiiiiiia i ittt 23
2.2 Sampling of the photocurrent signal .............. .ea27
2.3 .Analysis of PITS curve ..... Cerneerecaisaasaanaaaanaa 31
2.4 Equivalent RC NEtWOrK «u.wwasw. e X
2.5 PITS system ........ccecncannn PO e h i et eaeaaaaan 39
3.1 PITS curves for samples with different ‘

grades of B,0,, but same mass of charge. ............54
3.2 PITé curves for samples with the same grade

of B,0,, but different mass of charge. .............. 55
4.1 PITS curves for both unannealed and control

samples .......... 000 PP ceeeanaaanaana caieaaana 72
4.2  PITS curves for copper-contaminated sample ........ ..73

. .

4.3 Photoluminescence spectra.at 4.2 K for both

unannealed and control samples ............... aaaaas 77
4.4 Photoluminescence spectra at 4.2 K for

copper—~contaminated sample ....... REEERE PP 78
4.5 Intensities of A and B peaks from PITS

CULVES tteenccocnnonns M e eesstamcaassesaasaats e aanans 82
5.1 PITS curves for both original and :

copper—diffused samples .............. e cenees.94
5.2 Sample for PITS MEASULEMENES. «veuteasentonionennnnns 95
5.3 Photoluminescence spectra at different

depths from the surface .......... ... it 96
5.4 Sample for pﬁotolud@nescence measpreménts. .......... 97

'List of Figures

\

xii



B1
. B2
B3
B4
: 85
" B6

- B7

1/0 DOALA o e e eaeaes e aae i, feeae s 124
Shutter driver e, foesasnasaana e eeaiaaana 124 -
Programmable power supply creenaaen PR e 125
12 bit A to D converter ............ Ceeieaaaaan PR 126
Temperature controller s .........;.; ...... 125
Amplifier R S S 128
Mechanical part of PITS system .......... e aaaaaan 129
hN
Ty

— xiii . S



1.‘Introduction

1.1 Importance of GaAs devices
Gallium arsenide (GaAs) devicee have higher electron

mobility and saturated drift Qelocity than‘silicon devices
which allows GaAs devices to operate in the high~frequency
regimes where silicon devices would fail. The higher |
resistance of GaAs devices to radiation damage has permitted
the use of such deyices'in space. |
- The increasing use of GaAs deyieeS'in sych varied
‘applicetions as satellite communications, high-speed
computers, radar, solar cells, optical telecommunication,
etc., has created a demand for GaAs devices. The high market
(éotentialof GaAs devices has spurred increasing research
en development efforts to prOGUCe new devices ‘and to
igprove industridl precesses that veuld net only make GaAs
devices moreaeCOnomicai to use but also of higher
“ ‘ 'rellab111ty and better- perform7nce. | - ,

‘ An advantage of using GaAs is the fact that it is .

possxble to produce high resistive semi-insulating GaAs

, which can be used as substrates on which devxces can be
fabricated. The increasing demand for high qua11ty dey1cee
: has therefore created a demand for hlgh quality
semi- 1nsu1at1ng GaAs mater1a1 | ‘
b | . : Currently, Seml-znsulatxng GaAs méferial is mainly

™ produced using the liquid-encapsulated Czochralski growth

'teehnique and research efforts are still being djrected,into

A

-



the characterizations of this material in an effort to

improve the quality.

1.2 LEC‘semi—inéulating GaAs
Liquid-encapsulated Czochralski (LEC) growth technique .
Le ! ! ‘ \

was first adopted for- the growth of.semi*insﬁlating (S1)

GaAs'by Mullin et al.(1968). The use of hfgh'pressure LEC
o a ' ' |

}

techniqﬁe (AuCoin et al.,-1979) is now the most widely
1mplemented gr0wth technxque in many laboratorxes and 1n
1ndustry. In thls technxque for produc1ng seml—xnsulatxng
GaAs,' the melt is contained in a hxghfpurltyvpyrolytlc boron
nitride crudible}lThe melt is encapsulafed by an inert ]
ligquid such as boric oxide (8203)'to reduce>the losé of the
e volatile element, As. To further réduge the ioss o% As,
"::2% aréon overpressureé are applded. Compouhding of
high-éurify Ga and As occurs exothermically at abodt goo°cC.
After compounding, the temperature:of the mélt is raised to.
1238°C. Growth of the crystal begxns when a low dlslocatlon
density seed is 1nserted through the liquid" B,0,
> encapsulant, into the melt and gradUally wthdrawq at a rat?
({ of a few millimeters per hour. Further defails of_this
§> process have been desqriﬁed by Kirkpétri%k_et al. (1984,\

Wl —msr--’rﬁaﬁas et al. (1984) and Mullin (1975, 1985).

'»;‘_ e,
[iadie®

o CT , Other methods of grow1ng semi- 1nsu1at1ng GaAs are the

horizontal Br dgman and the grad1ent freeze techn:ques

(Mullzn, 1975, 19 5). In the horizontal Bridgman techn1que,

: the boat ciijjiz;pg thé melt 1s moved relatxve to the



1nterface.1s}moved avay from the seed by changxng'the}

. ) Lo
cylindrical ingot from which circular waters.can be

\

furnace so that the freezing front moves along the length of

rthe boat. In the grad1ent freeze technrque, the Yreezxng

)

temperature.proffle of the boat. The disadvantage of these
techniques is that the crystal ingot has.the D shape of the

boat and significant material has to be removed to,p;oduce a

'
.

.obtalned

The large-size cxrcular wafers oﬁmGaAs that can. be ‘

S

sl1ced from cylxndrlcal 1ngots obta1ned u51ng the LEC

technlque are. preferred maxnly because processing of

. large- 51ze wafers can utxllze the ‘existing technology that

is being used in the fabrlcatlon of sxllcon devxces. The

o

ab111ty to capitalize on the technologlcal sgln -—of - from
the silicon IC manufacturing industry y1thout‘the need;for\»

expensive process development costsris very‘important for

hl

the budd1ng GaAs 1C industry because only by do1ng so can

the GaAs devices be manufactured at a reasonable cost whxch

[

would then lead to w1despread acceptance by potent1al users.

The use of /LEC SI GaAs as substrates for IC fabrxcatxon.
- has sxgnlflcantly 1ncreased the ‘quality and relzab111ty of

‘GaAs dev1ces. Prior tb the development of the LEC

technlques, SI GaAs grown from.the Br1dgman or Fp“' '

grad1ent freeze techn1ques prov1ded poor quality substrates

o wh1ch posed great d1ff1cult1es in the development of new

dev1cesw

ty
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| The sem1 1nsulat1ng property of GaAs substrates is
important’ for dev1ce 1solat1on and reductxon of paras1t1c‘
capacitance whxch would then allow full 1ntegrat10n of
devxces on a chip. The act1ve reglons for dev1ces such as
fxeld effect transistors (FETs) d1odes and res1stors aref
produce\ by e1ther epxtax1a1 growth or 1on xmplantatzon ‘or

both. It is most economlcal to ao the 1mplantat10n process

dzrectly onto the sem1 1nsu1at1ng substrates w1thout the

.need for an’ ep1tax1a1 buffer layer. Thls puts a very

strxngent requxrement on the: quallty of the substrate

‘material because the character1st1cs of the dev1ces will

8

' then be. sen51t1ve tg the propert1es of the substrate.'

Essent1al features of. GaAs substrates for devxce fabr1cat10n‘
are high purity, thermal stablllty,‘electrxcal un1form1ty

-and reproduqibility“of the material characteristics. Hence,

‘there is a great need to understand the roles and natures of

o . : T - .
=”vafxousvdefects'in seml—insulat1ng GaAs and to examine the

'cause and- effect relatlonshlps between the growth process, o

occurrence of defects and the electrlcal characterlstlcs of .
the mater1a1 The solutlons to these problems result in the.

1mprovement of devxce performance.

1.3 Concept of defects and deep levels and thexr.p

s:gnxfzcances

In a real crystal thewperxod1c symmetry of the lattxcep
N

?can be broken by defects. Lattice defects produee localxzed s

energy states wh1ch may have energy levels occurrzng w1th1n :]f
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L the band gap. A carrler (electron or hole) bound to such a.

defect in a lattxce has ‘a decay1ng wavefunct1on as opposed
.d to a carrler in the allowed energy bands (conduct1on or .
valence bands): wh1ch 1s free to move. |
T L Crystal 1mperfect;ons known as poxnt defects can be
vacancies or 1mpur1t1es which are: 1ntroduced delxberately or
Uas a result: of the growth procegs. Some defects are

’ » .

unav01dable and they play a key role in determ1n1ng ther

- L N

propertles of a sem1conductor Chem1cal 1mpur1t1es that fom{Nw.

%
1nterst1t1al atom may be of the same spec1es as the atoms 1nt

A \

“the 1att1ce (1ntr1n51c defects) or of a dlfferent specxes

s

(extr1nsxc defects)

' 4 .
e . m

Besxdes poxnt defects, there are also one d1mensxonal

-
By

defects such as d1slocat10ns, two d1mens1onal defects such
.as surfaces and graln boundarles, and three- d1mensxonal |
defects such as cav1t1es. S // ' | | 3‘{;,? o
o Defects occur 1n‘accordance wfth the laws of - o

thermodynam1cs and the’ laws of mass actxon. Hence, the -

removal or- suppress1on of one type of defect wlll enhance

ﬁ* the effects of another type. For 1nstance, the removal of

f’"

N~

degects such as grazn boundar1es and dxslocatlons 1ncreases

the s1gn1f1cance of po1nt def.ec:ts..‘“‘_',-r‘,v.‘nk.‘.j - |
~The presence of defects in sem1conductors can be e;ther
L [ l

'/‘ benef1c1a1 or detr1menta1 depend1ng on the nature of the

‘;*~' defects and the actualluse of the mater1al in’ devzces.efj,fgv



ir.Gold'impurity‘inesilicon junctions'is used~to prouide
fast recomb1nat1?n~result1ng in faster sthchlng txme.
"Impur1t1es such as gold, zznc, mercury, etc., 1n~3111con and
‘germanxum produce hxgh quantum ef£1c1ency photodetectors.
‘The em1381on wavelength of llght em1tt1ng drodes (LEDs) is
ﬁ-determxned by the presence of - deep levels. In undoped

‘semx—xnsulatlng 'GaAs, a deep donor level commonly knoun as:

‘ELZ, together thh a carbon 1mpur1ty are ma1nly respons1ble

- for the. semi- 1nsulat1ng property. Chromlum is’ also. used to

“dope GaAs to. produce sem1 1Asu1at1ng GaAs Cr although th1s

is.no longer 1n wxdespread use.'

v On the other hand dev1ce performance and rel1ab111ty
-are’ greatly affected by the presence of'defects..The success |
a of the new generat1on of telecommun1cat1on systems employ1ng‘
~‘opt1cal f1bres depend cr1t1cally on the l1fet1me of the
llaser dzodes and LEDs. The degradat1on of laser dxodes and
.LEDs has been wldely attr1butedlto format1on of local
‘reglons vhere non-radiative recomblnatlons occur. There is -
general agreement that these reglons are due to the motxon
- of dlslocatlons that 1nteract with defect centers to promote-

fnon rad1at1ve recomb1nat1ons.flt has been proposed that the “,‘~

” fﬁ energy released from non- rad1at1ve recomb1natlon processes, L

'l”may be respon51ble for d1ffu51on of defects and dlslocat1onv*;F
.‘c11mbs (o Hara et al., 1977 Lang and K1mmerring, 1974) The
j:exact mechanzsm for non-radzat1ve recombznat1on enhanped
idszuszon of defects 1s st111 unknown and there 1s a need to |

" understand thas process 1n 11ght of the technolog1ca1

» N
. s



1on 1mplantatlon, annealxng, comgact formatlon, mechanxcal

'of d1slocat10ns also generates poxnt defects such. as"

. a few mzlllelectron-volts to a few tenths of. an,j‘

1

e .‘ . . . oA

- ”

' 1mportance of lasers and LEDs. A dlslocatlon array can also

.\

propagate from a substrate 1nto the actxve layers resultlng

in- dev1ce fa1lure. ThlS 1s a. reason why semi- 1nsuIat1ng GaAs
oo e
of low d1slocat10n dehsxty is requlred. o o
. " . '
Devxce fabrlcatlon processes usually 1nvolve

\

scr1b1ng and cleav1ng, all of whmch 1ntroduce dxslocatxons,'
1n one way or another. D1slocat10ns in dev1ces may be of

lxttle sagnlflcance by themselves. The problems only arlseu

when these d1slocat10ns 1nduce the formatlon of metal

prec;pltates g1v1ng rise to "decorated" dxslocatlons

‘Impurities tend to gather around dlslocat1ons ‘and d1ffusxon
of 1mpur1t1es 1s also enhanced at d1slocat10ns. It 1s.

‘dlfflcult to d1fferent1ate between the effects of po1nt

defects and dlslocatlons, owxng to the fact that productxon

'1nterst1t1a1 atoms and vacanc1es. - , o

The top1c of rel1ab111ty and degradatlon of dev1ces 1s~

wide- rang1ng and the above examples only serve to show the

sxgn1f1cance of the s{udles of defects 1n dev1ces.‘

’

Comprehen51ve d1scuss1ons of such top1cs have”been publxshed

: by Howes and . Morgan (1981)’and Mahajan and Corbett (1983)

The localxsed states w1th1n the bahd gap cén range from .'

4.

‘“,electron-volt from elther the conduction or valence bands.

;prhe determxnat1on of whether a, level can be considered deep

) i

lﬂg~jor shallow 1s rather arbxtrary. A depth 20 1 eV 18 usually

- e
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. emiss1on of carriers from the trapp1ng levels e1ther\i

1determ1nat10n of any level, below 0.1 eV is always RS

-

ﬂ

termed deep level. It must also be noted that 1n any

experiment wh1ch 1nvolves the measurement of the thermal

‘electr1cally or photoelectronlcally, the accuracy in the"

quest1onable. : ,“b d,e

A defect center can exther be a recomblnatlon or a

: , P ‘
trapplng center dependlng on the probabllltles 1n wh1ch ‘each

A

-of the two procésses w111 occur. If a carrler bound to a

defect center recombznes ‘with another carrier of opposxte
polarxty, before it can be fhermally released to the nearest

band then that center 1s a recomblnatmpn center. However,

.

if the carr1er can escape to the nearest band by thermal

energy, before recomb1nat1on can’ occur, then that center is

a trapplng center. The probabxllty of escape is therefore

~higher rf aulevel is nearer to e1ther band whxch means that

'ajdonor or acceptor- level near a band is,more likely to be a

. trapping center. . . . R

(
L
," R '
. 3 '
bl

1.4 Exper:mental Methods

r,

There 1s an extenszve range of methods that can be

employed to study deep levels 1n semlconductors.‘The
ysectxons below deal only w1th those methods relevant to the

;fstudles to‘be disc053ed 1n the followzng chapters.,.

-
Lol
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| ‘~ '1.4.1 Photoluminescence ' ‘
' . . . ‘ : | e ' ) o
PhotoluminescenCe‘spectroscopy is a method. in hich
' . electrons are opt1cally excxted 1nto the conductxonjL

and or .

S
to’ a defect level w1th1n the bandgap. These electrons

'

subsequently recombxne at a recombxnatxon center and "in the
process“of doing’ so, em1t photons of a frequency

correspondlng to. the energy dlfference between the excxted

' Y 1 Ma- S

state and the recomblnataon le@el The em1551on wavelengths.
are characterlstxc of the types of defects in the materxal

Thxs method can be used to study both shallow and deep f

N

levels and it provxdes a non- amb1guous and szmultaneous

determlnatlon of defect spec1es w1thout destruct1on of the-

\

,.samples. It is, however only appi1cable when there is
rad1at1ve recomb1nat10n,‘wh1ch essent1ally l1m1ts thxs

. method to low temperatures. Low temperature 1s also

\

necessary for better resolutlon and a decrease 1n line

/w1dths. At 1ncreas1ng temperatures,,a competing

0 .. o

- non—radiative*process becomes .more prebable resulting in a

reduced photolum1nescent output. Besides that certaln deep

’ [

levels are non~rad1ative centers wh1ch requlre other means'

’

.to probe the1r characterlstlcs. However, the presence of .

shallow non rad1at1ve centers can be stud1ed by the effects

of phonon‘coup11ng on the photolumlnescence 51gnabs..‘ o

A

Photolum1nescence 1s not l;m1ted only to the emlss1on.<

wavelength parameter to study recomb1nat1on processes. It

Q can also, utllzze other parameters such as temperature and

pressure var1at1ons wh1ch would allow quenchzng and

R
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"enhancement processes to be studxed The strengths of
LN
“photolumxnescence spectroscopy re51de in the speed "

efflcxency and the spectroscopkf nature of the techn1quey
‘In sp1te ‘of the problem w1th non- radzatlve o

.recombinatzon processes 1nvolv1ng deep levels,

photolumxnescence spectroscopy w1ll remain as. one of the .

most ' eff1c1ent and powerful methods 1n the study of

—

sem1conductors.

1.4.2 naep-Level Transxent Spectroscopy (DLTS) B
; DLTS was fxrst 1ntroduced by Lang (1974) based on the
ltheoretlcal groundwork of Sah et al. (1970) and M1lnes ‘”f
‘}(1973) The basis of th1s method 1s the dependence of the

capac1tance of a. space\charge reg1on on ‘the occupancy of the

\ — s

traps. Lo "f

A p-n Junctlon or a SchottEy barrler 1s‘f1rst formed on
l'the sample. ThlS Junctlon is’ 1n1t1ally reverse bxased to
gempty the traps. When the bias is redhced part of the
-space charge reglon w1ll be neutralxsed caus1ng the, traps tok
be . occup1ed by major1ty carr1ers. When the b1as is - restored |
the space-charge reglon wlll be restored as’ before, wath the__

j%only d1fference that there are trapped carrlers now res1d1ng

'h_1n the space—charge reglon. These carr1ers w111 then be

‘e

hl;thermally re-emltted to the relevant energy band The change

‘xfof the occupancy of these trappzng centers xs reflected 1n f

-

‘”[;the capacitance of the Junctzon producxng a capacxtance




. cid&iﬁsectxon can be determlned from the temperature'"

9a time’ wzndow As . the temperature changes, the em1551on rate T

1"

. . " . . .
| v ' Lo . [N ' . : o . [ RN LS
. . . . . ! .
I

the Junct1on is forward bxased durlng the pulse. In essence,

both majorzty andcminorlty carr1ers are 1nvolved whxch makes -
0 L
thls.method all the more effectxve because emlssxon of. each

‘

type of carrier can be detected by monxtorxng the o i‘ I
) " ' : Lo

‘ capacxtance transxents. The trap depth and the capture

dependence of the emlssxon rate. The trap concentranlon can

be determxned from the 1ntensaty of the capacxtance peak and
the polarity of the carrlers can be found from the\sxgn of;
"the capacxtance change. B i‘.ﬁ o -

e The effxcxency of DLTS 11es in’ the way in whxch the

trapp1ng parameters are obta;ned experlmentally

experlment the capac1tance tran51ents are sampled at two

dxfferent 1nstants of t1me L ‘and t2 from the end of the

-

b;as pulse; The t1me 1nterval (t2 = t,) can be cons1dered as s fi

[T . )
' ! ‘ n L KA

.

of the carriers varies. to a temperature at whzch the

em1ss1on'rate matches thevrate‘w1ndow _set by tbyand t;.fﬁtﬁ“

thxs temperature a peak w111 be produced 1n the oapac1tance 5. s

versus temperature curve. The em1551on rate is related to

e DU e
) S1nce*the f1rst ;ntroduct1on of DLTS many var;at1ons '

the time window by"e ln(tz/t )/(t2 t, ).x'r B tgl"‘}b' h_\}

of the exper1ments have been~1ntroduced Examples of such

2 |

var1at1ons are electron beam scann1ng DLTS (Petroff et al.,
'1977) photo exc1ted DLTS (M1tonneau et al., 1977a, Brunyinp
et al.; 1980 Tak1kawa et ala, 1980) and current or”d"a*,n S

conductance DLTS (Wessels, 1976- Borsukret al., 1980). vtyﬁwf§7‘!Lff

4 4

)
AR




' “nctxons on‘such materxals. Thls leads to the 1ntroduct1on

1.4.3 Photo-lndueed Transient Spectroscopy.(PlTS)

PITS also known as optxcal transient current

'spectroscopy (OTCS)” is sxmxlar in concept to DLTS. The
-applicatxon of PITS was first introduced by Hurtes et al.

'(1978? ‘Varxatxohs of this were subsequently 1ntro&hced by

Falrman gt al. (1979) and Yoshxe and Kamihara (1983a,b).

y must be nOted howeveng that the study of photocurrent decay

Ul

in semxconductors has been goxng on since the early 1950's.

' \

'The aspect that sets PITS asxde from the classxcal

photocurrent stud1es is the measurement and analytical

0. !

techniqbes whi h are similar to DLTS in certain respects.

In PITS measurements,.only ohmic contacts are required

‘ : \r“‘ " .
whlc?m nge both advantages and dxsadvantagew of the
"f‘ -

&
:advantages 1s that the sample is essentially Qﬁhtral and 1f

N
¥,

£
the contact cpnflgur%tlon is planar, then the’ effects due to

high electric field such as field-assisted detrapp1ng can be

neglected. The dlsadvantage is that electron and hole

L
conductgon cannot‘be distinguished s1nce the contacts are

phmicf Fuftherno?e, the concentrations of the trapping
centers gannqt:befdétermined directly, although attempts

have been‘hade.(Bbbylev'and Kravchenko, 1983; Omel'yanovskii

r 0
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: P
et al., 1986) but only after making several questionable

assumptions.

The basic tecﬁnique of PITS involves measuring the
photocurrent at times t, and t, after the extinction of the
excitation pulse, in contrast to the measu;emené of
capacitances in the case of DLTS. The plot of the difference
in photocurrent Al = I(t,) - I(tz)’against temperétufe will
dgive a peak whenever the emission rate of the carriers
matches the rate window set by t, and t,. The emission rate
is relatea to t, ancli‘t2 but is not the samé as the
rel;tionship used for DLTS. However, many researchers assume
thesé relationships to be similar for the saké of simplicity

which .may affect the results to a certain extent. From the

temperature dependence of e;, both the trap depth and the

‘capture cross-section can be obtained.

Details of this method will be given in the next
chapter and it suffices to say at this point that this

method has been found to be efficient and useful in spite of

"
!

several shortcomings.
1.5 Deep Levels in GaAs #
Deep levels in. GaAs have been studled extensively for

the past two decades. 'Although much progress has been

ﬂachzeved there is st1ll a lack of firm evidence that would

lead to the 1dent1t1es of the many levels that have been.
observed both electrically (DLTS, Hall-effects, étc.) and
photoelectronically (thermally—stimulétéd conductivity,

iaY
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PITS, etc.). Cbnfiicting conciusions in published papers
have further contributed to'the-controversy.surfounding the
smarch fér the identities of many deep levels.‘
\zf The eneréyvieQels due to the various defects have bgén
compiled by Milnes (1973), Martin et al. (1977), Mitonneau
et al. (1977), Neumark and Kosai;(1983) and L&ok (1985). The
designations given by Martin et al. (1977) and Mitonneau et
al. (1977),to the defect levels have been quoted moét
frequently and we will -adopt the samé aesignafions,in all
“the foliowiﬂgvdiscuss}ons.

The most often seen deep levels in LEC semi-insulatihg.
GaAs are electron trapping levels EL2, EL3, ELS and EL6.
These traps correspbnds to energy levels around 0.82, 0.58,
0.42 and 0.35 eV respectively from the conduction band.
Except for the EL2 level, the origins of the other levels
are still dubious. There have been many conflicting
assighments;

?heoretical calculations can play an jmportant role ia
unravelling the mess surrounding the identificatioh of the
above—mentioned\levelsu Unfo;tunately, there are also
conflicting results from theoretical calculations (Blakemore
and Rahimi, 1984) which make it all the more difficult if

one tries to correlate experimental and theoretical results.

«— -The-deep ‘electron trap; ELZ,\has_been widely studied .
and to date there are several dozen papers discussingg:;?g_\\>
level in view of the significant role that it plays in the

semi-insulating property of SI GaAs. A discussion on the
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electrical properties of GaAs would‘not be complete without

the mention of EL2. Hence, we will review some of the‘

.,

properties of this. level which have attracted so‘much “h
attention. | ‘(

The origin of EL2 was formerly thought to be due to an
oXygen~related defect 6» (Milnes, 1973). It wae‘later
fOund that there is no correlation between the concentration

"of this defect and the oxygen content in the‘crystal (Huber
et al., 1979; Martin et al., 1982). The donor nature of EL2
was confirmed by Mircea ‘et al.,‘(1976)t A peculiar property
of Ebz is‘the,quenching of the‘transientfphotocapacitance
.response by 1nfrared llght of 0.9 - “5 eV {Bois and
Vincent, 1977) at 77 K. This has been attrlbuted to the
existence of a metastable .state which is different from the
normal state’ and havxng an Auger like transition 'between the
two states (Bois and V1ncent 1977) Lev1nson (1983)
proposed that the transxt1on to the metastable state is due
to strong Coulombic repulsxon and the return to equ111br1um

‘1s due»to Coulomblc attract}on»between two charged states of

o
4 .

EL2. S ‘fw‘" D

In’ photolumlnescence studxes, EL2 has been proposed to
‘be responsxble for the emissxon band at 0 64 eV (Shanabrook‘
et al.,. 1981) Others have also attr1buted the emission band
at 0.68 ev. to EL2 (Yu, 1984) and Mart1n et al.'(1984)
Teported that both bands axe due to ELZ.,' R

The concentratlon of EL2- has been observed to. depend onpf

the As/Ga ratio in the melt dur1ng the growth process, w1th
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’

increasing As.-content favouring higher goncentration Qg EL2
(Holmes et al., 1982). Lagowskl et al. k1982) found that
' there is also a dependence of " the concentratlon of~EL2 on
the‘arSenic partial pressure during_the growth of GaAs by
the Bridgman process.‘ _ ! | '

The identification of the naturelofWELZ with an -Asg,
antisite defect was proposed hy'Holmes'et al. (1982) and
Lagowski et aI' (1982) after'the observation of Asg, EPR‘
stgnal by Wagner et al (1980) . Since then. EL2 has‘been
widely accepted as bexng related to Asg,. However,.there are .
still d1fferences in op1n1ons as to the exact nature of ELZ
ILagowskivet~al. (1983) believe that EL2 is a defect complex
_involving arsenic vacancy; Asm,hd. Eleelsk1 et al. (1985)
proposed that'rt is (AsG;h but von Bardeleben et al. (1985)
suggested‘that‘it is Asg,As;. Zou et al. (1982) proposed that
it could be either.Aséa or AsgVe,Va,- ' |

There haye-been recent reports that‘there‘is another
mid-gap ;egei close,to,‘but shallower than, the position of
- EL2 (Taniguchi and Ikoma, 1982, 1983;‘Lagowski et ai;,;' |
1984). This level.has'been'attributed to oxygen (Taniéuchi
and Ihoma} 1982; Lagowski et al., 1984) |

It can be seen from the brlef ‘review. of the propert1es‘
of EL2 that there Ais st1ll a lot to be. done before one can
“conclus1ve1y determine the exact nature of EL2 The

dependence of . th:s defect on the other growth parameters 18,.

‘;also another 1mportant subject but th1s will be dealt w1th

‘in later chapters.



Besides the electron trapping levels mentioned above,

there are also hole trapping levels which are equally

iﬁportant.in determining the properties of LEC SI GaAs. T
xmpurxty in GaAs that, has also been wxdely studxed is
copper, whlch is a very common but pern1c1ous 1mpur1ty.
Copper has a detrlmental effect on-oev1ces but the complete
|understand1ng of copper in GaAs lerqlso lacking and there.
are conflicting data on the roles of copper in'GeAe.
Attempts will be made in. this thesie to contribute'to a
better understending'of the rolesiof copper in GeAs and to‘
provide'afconsistent‘picture in which oﬁe‘can‘correlate,all
”thepavailablelexperimental data from DETS, thermally‘

stimulated conductivity and other capacitanceestudies.
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hpz.;éhotosinduced TranSient Spectroscopy (PITS)
2.1 lntroductxon ‘

Varxous methods have been applled to study the thermaL
emission of trappedncarr1ers 1n semxconductors the most .
'”notable of wh1ch 1s deepﬂlevel trans1ent spectroscopy (DLTS)

h(Lang, 1974).,Th15 method uSes a tfme wtndow or Pate ~window
~-‘technxque to study the temperature dependence of the -
-em1ssxon rate .of trapped carr1ers in a space charge reg1on.
.The parameter of 1nterest 1s the capaoltance‘across a p-n
Junctxon or a Schottky barrler.. |

The shortcomxng of DLTS is the need to create a
su1tab1e Junct1on or Schottky barrxer. Thfs )unct1on can be‘['
ea51ly created in low resxst1v1ty semlconductors but 1s
‘dlfflcult to achleve for hlgh re51st1V1ty sem1conductors.

"The pr1nc1pa1 reason 1s ‘that once a barrler or Junctlon is:

“g'formed 1n a low carrier. concentratlon material, the whole

°~sample becomes a space charge reg1on (Bo1s, 1980) .making ther

electrlcal generatlon of carr1ers 1neffect1ve.

In the past the technlque of" thermally st1mulated

v

fﬂconduct1v1ty has been the only photoelectron1c method

.su1table for deep—level s*ud1es in h1gh—res1st1v1ty or .
nsem1 1nsu1at1ng mater1als. However, th1s method igﬁgers fromr"
".the fact that the dark current tends to obscure the results |
“bdespec1ally at temperatures above 300 R.f :*Jg{a ‘

A ‘more eff;cxent method 18 therefore needed for

‘tfdeep-level stud1es 1n hzgh-reszst1v1ty materzal such as LEC

Lt e o
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SI GaAs.“To solve th1s problem, a. method known: elther as
'optzcal trans1ent current spectrosdopy (OTCS) or
photo 1nduced transzent spectroscopy (PITS) has been

1ntroduced (Hurtes et al., 1978 Fa1rman et al., 1979

‘Martin and Boxs, 1978 Yoshxe and Kamlhara, 1983a b) ThiS"

Al 1
o

' “‘. method is s1m1lar in concept to that of DLTS w1th the main
",dlfference be1ng that PITS uses optlcal exc1tat10n and
'1nvolves the measurement of current whereas DLfs uses
electrical exc1tatxon and measures the capa¢1tance‘. o L7
"transxent ‘-;: o “; - o ‘ .'”A‘j |
| In thls chapter,]we wzll dzscuss ‘the theoret1cal basxs

- of PITS and the des1gn of a m1crocomputer controlled PITS

'\‘”f'usystem. | 4l‘
2.2 Theory of PITS

',2 2 1 messzon rate,,uh S -
- - o For s1mp11c1ty, we will cons1der‘a s1mple model where
there 1s only one. electron trapplng level 1n the band gap ‘as
shown in f1gure 2.1. | | _
dff The processes showny1n flgure 2 1 ‘are, the emlss1on oé—\<1_
.ffan electron from.the trap w1th emlss1on rate, v, and theﬁf‘l
'"hhcapture of an electron hav1ng a thermal veloc1ty,:v, from
fthe conduct;on band by an unoccupled center whzch has a .
d”i;capture cross-section, a. | L SR |
| It can be shown that at thermal eqq111br1um, the'

‘ “them1581on rate, v, 1s gzven by.‘ \\'byJ“
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-‘where h

1 apparent value slnce the capture cross—sectlony o, can be

.24

\ Noov .~ AE, ” S R
= NoOV _|: L (2.
- 9’9(‘kT L S (2.1)
where'No = densxty of states in the conduct;on band

2 Y R . ‘e

k“=.Boltzmann constant

Aé"¥ actlvatlon energy
T = temperature ; RS
<:§"§‘degeneracy factor

v ='thermal,velocity'

- (kr/mny BRI

'm* = effective mass
... _ 16mmsk?gT* __ _ AE, R o
',-o P - N ‘ gh" xp( kT . : ‘ ‘ ! (2.2)
- \ | + ‘ " ‘ l | “ .v . |
a Planck's constant.A‘ ‘ o

From a ‘plot of 1n (Tz/v) agalnst 1/T theatrap depth

'-AE, and the capture cross sectxon a, can be determxned The

value of AE calculated from thlS equatlon is only an

¢

‘Atemperature dependent of the form o =‘c(w)'exp(-EB/kT),}‘
v'ewhere EB 1s the act1vat1on energy of the capture

.;cross sectxon (Henry and Lang, 1977). Furthermore, the -
lﬁactlvatzon energy, AE has also been found to be 11nearly

Udependent on temperature accordlng to. AE —vAEo _ RT‘, where

jfn 1s a constant GM1rcea et al., 1977) However, the trapplng
'\parameters, AE and o, calculated\accordlng to equat1on (2 2)
*:fare the Values quoted 1n the‘lxterature and are used as the

"fstywatune of a trapp1ng centet. Hence, e w111 d1spense w1th

.z . " ( ".
. . i .
’.‘.,.“. B L

i

"'ff]the correctlon tetms and proceed to use equatzon (2. 2) even .“ o



N :  ' ‘;l, n-"
'though‘thevtrapping‘parametersﬂmay not haveﬂahdirect

physical mean;ng. o o N ‘,‘\ o 2

2. 2 2 Transxent current
By modxfy1ng the equat1ons of Look (1983), the equatxon'

‘for thettransxent current can be wrltten as:

i(e) - 2 T ﬁ[?xP.‘””"F?"exp("F'/’.’]‘*

i exp(—t/r), e o P - C o (2.3) 7

-

‘where'i(t)"is the current, C- is a constant conta1n1ng ‘the "

sample dzmensxons and appl1ed voltage 'u 1s the electron

Y , -

mobility, q is the electronlc charge, v is the emxssxon rate ':,

of the trapped carrlers, N is the concentratlon of the

4

"trapp1ng centers, t. is the time from the end o: the .

" v

'exc1tat1on pulse, ris the free carrier llfetxme B 1s the

"f1111ng rate of the traps and 10 is the max1mum steady
. DR ‘
state photocurrent. A complete der1vat1on of equatlon (2 3)

is’ given in’ Appendlx A, .-j,‘f.d,“‘ ""\. 5;1 ‘ B N
i It can be seen from: equat1on (2 3) that the
‘ lphotocurrent decay consxsts of tyo components- a ‘fast

‘lcomponent dne to free carr1er recomb1nat10n and a slow

“‘component due to. detrapp1ng from the defect centers. The

‘“,volume free carrzer 11fet1me, r, 1n SI GaAs is ~10° to - 10’

. s (Look 1983 Gﬁrard et al., 1984) Therefore, a few

hm1111seconds after the end of the exc1tat10n pulse or t >>

the terms 1nvolv1ng exp( t/T) will have become negl1gxblj"

‘f]small Thus, for t >> r, and assumzng that +-' > v and B >>~,”

fat




% SRR K ‘ ‘ . ) 26

"#"x’," . - \

) .
e v, equation (2.3) cah be simplified to:
g U :
4 o " 0)
i(t) = CqﬁrNV exp(-»t) . - (2.4)
. This equation is similar to equation (9) of Yoshie and

4

‘M%Kamihara (12§3a)l This equatioﬁ“assumes énly electron
' ' conduction. A'similar.equation also applies for hole
conduction. |
'2.3 PITS signal
Thé PiTS signal is obtained by sampling the
phéﬁocurrent si§n31 at two different instants of timé, t,
“and t,, aﬁter‘the extinction of the excitation source
(figure 2.2). Since the mobility, «, and the free carrier
t lifet{me, T, ;re alsb %emperggure dependent, it is more

(

;& convenient to normalise the PITS signal to eliminate the

. ‘ : : SRS
“effects of the temperature dependence of these two terms:
,ﬁ , K The normalised PITS signal, AI(T), is then given by: '
a \ 81(T) = - [i(t,) - i(t,)] ey
b 10 . . AW &
¢ . ‘ ', ‘
- where i, = Cqul,ar
= maximum photocurrent
I, = excitation intensity &
. ' L. ’ . q/
« = absorption constant o ‘
'Y AI('f‘) L Iod [exp(f'vt,)_’ exp(—vtz)] (2.6)
. ->F
- ' .
’57; |
s S
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\

The thermal emission rate, », can be determined by

differentiating ‘€Quation . (2.6) with respect to » and

equating it to zero: Fa
Qé%%ll = (1-vt,)exp(-rt,) - (1-rt,)expl(-rt,) (2.7)
=0
~ expl-»(t,~t,)] = —:—:—ﬁ—j ‘ ,, : (2.8)
~ .

For particular values of’tl aﬁd t,, » can be célculated
from equaﬁion (2.8) using an iterativé prpcedure.Afable 2.1
lists the corresponding value of » for a given value of t,
and a fixed ratio (tz/'t,).'= 5; calculated from equation
'(2.8). Table 2.1 can be used to find the value of y -
correspbnding to a pérﬁicular value of t, witgout having to
‘}ecalculate the value of » whenever » is required.

A PITS curve is a plot of PITS signal against
Jemperature for given values ofﬁf, and t,. The ValqEF of t,
and t, actually determine tHé‘}a;e window according to

equation (2.8). At different temperatures, the emission rate

of the trapped carriers will be different and a peak will

' appear at a temperature in the PIPS curve, when the emission’

rate at that temperature is equal to the rate window setﬂﬁy

t, and t,. It is advisable to keep t,/t, a constant and vary

'ty and t, to set the different rate windows. PITS signals

for a sqjiés'of‘t; and t, (series of different Eate“windoys)

,have'toiﬁb plotted in order to obtain a series of peaks};

A Y

corresponding to emission ffbm'a"ttéppidg center. Bach of

these peaks will occur at a different teémperature, T,, ‘for a

-
3 .
.
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‘ Table 2.1: Emission rafe,‘v(s"'),

‘ . for diffegent délay, t, (s), with t./t, = 5.

DELAY, £, ) -YEMISSION RATE, v
0.0%5 . | 211.47 2
0.006 . 176.06 . I
0.007, - ~151.48 L
0.008 | 132.30

© w009 - . ninm

0.010 \ ‘ © . 105.24
0.011 \‘ ' . 95.58
0.012 . - 87.53

10.013 - 80.95
0.014 -75.74
0.015 . o . 69.82
0.016 e 66.15
0.017 | 61.67
0.018 \\ ~ 58.35

0.019 T\ '55.18
0.020 ' 52.12
0.021 50.16
0.022 47.29 .,

‘\0,023 45.49
0.024 43.77
0.025

42.09
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given rate window. From atseries of t, and t, values, a
corresponding series of » values and the corresponding
'itemperatures, Tm, can be obta1ned A plot. of 1n (T2/v)
agaxnst 1/T will allow the trapp1ng parameters to be

” obtained accordlng to equation (2. 2). The above procedure is

1llustrated 1n flgure 2. 3.

i

" In the above derlvatxon of the PITS equatlons, we have‘
'vassumed that ohmlc contacts are used There are several
reports in the l1terature (Hurtes et al., 1978; Mart1n and
Bois, 1978) wh1ch treat the cdntacts as Schottky barrxers.

The correspondxng equat1on for the photocurrent is "given hy.

‘ ' \ Y ~ ' A . ' /'>.‘”\ .
i(t) ggAuNV exp(-»t) | : | v (209)

'where W = depth of the space-charge region

A

on

contact area.
The analysis of the PITS curves using equation (2.9) is

sxmllar»to the treatment given above.i

—

In the case of DLTS, the th?SIOn rate, v, is g1ven by.f‘

1n(t,/t . ‘
.t , . (2.10)

From equation (2.10) a set of t, and t2 values will'éive v,

N v =

exactly. This is one of the sxgn1f1cant differences between
DLTS and 'PITS. However, there are reports wh1ch usegequatlon

(2 10) in’ the analys1s of PITS data for the sake of

| sxmp11c1ty. Th1s pract1ce 1s not adv1sable because the PITS

peak occurs at hxgher temperature than that of DLTS for

i

ngen values of t, and t,.

L]

N
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2.4 Dxfferent Relaxatxon T:mes

.where 0p .

32

It 1s 1mportant at thlS stage to con51der the d1fferent

txme doma1ns at whlch electron%c processes occur w1th1n a

" Decay of space charge.

" sem1COnductor 1n whxch excess carriers have been generated.

When excess carriers are. generated, whether by

 \

ewfll be created. Accordiﬂg'to Spenke (1958), the

ehange,of~this space charge is given byﬁ

2 . . &m0,
v at' ' e‘p.

L}

conductivity

dielectric constant

v

.e'

“The solution of equatien (2;11}.&5:
[ a ' ‘ -

o(t) = b, exp(-t/r;)

: e €
where 7, = a0
.0

‘eiectrical‘injection or photeexcitation, a space charge p Eﬁ*}

rate of

(2.11).

-(2.12)

(2.13)

Th1s express1on for r can also be cbnside‘ed as‘tg\\

sp

RC t1me constant of the sample and an 1dent1ca1 e

: can be obta1ned by cons1der1ng the reszstance and

T
.

capac1tance of the sample.

tf? The sample and the two contacts can be cons1

network of capacltors and res1stors as shown in f

The Rq ptoduct of the network can .be found as fol

xpress1om

dered as’ a
1gure 2 4."

lows.
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Total R = R, + R2\+7Ry”v, - o (2418)

’I‘(Stal C = c (jz +CCC(2:SJ+ CC, - o L (2.'1.5)
ro'= RC |
(Ry + R, + RIG T € R [T
1f C2 <<. C, "and C, << C,.. o o |
For ohm1c contacté, R, << R, and R, <<. Rz,.
! To - R;c2 5 : o R (2..1'7‘)‘

The re51stance of the sample can be wr1tten as: -

wRE SR i (2.18).

Q
°
wn

'wheré 1 F‘distahce‘between.the*contacts . . Ve

S cross sectlonal area of sample

"

Oo= conduct1v1ty“_

The capacitance of thg*gample‘is:"
.. €S.- f‘ "_“v ‘ - o S :
C=gxr T o (2a9)

(2.20)

o e |
S RC % fro,

ﬂﬁhiéh‘is:idehticél-with eqnafidn\(2;13)L
“For SI GaAs, e ‘-‘ 12.85; 0o = 107 @7’

5;55f3&,§.a 0 11 ms  §, ‘ ‘ - ":~;f5'i““: ‘; s

Mean f-'ree t ime

f-”The mean free t1me °f an electron, or the t1me between IR

I

a';collis1ons, can be estxmated from the equatxon-“"' el
s T Sy
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For 51 GaAs s 4000 cmz/VS at- 300 Koo L
) ‘m‘ - .0.06 m,

'.‘.‘r' SX 10'35

Free carrlen Itfetime of an electron ,;;
If a clean pollshed surface is assumed w1th negllg1ble‘
’ surface recomblnatzon, then the effectlve lafetxme, Tety' = fyf

Ce jO“,— 109s in SI GaAs (Look 1983; Glrard et al., 19h3)l

1t can be seen‘from the above d1scussxon of the } ;'
relaxat1on t1mes of dlfferent physzcal mechanlsms, that the|
' l1m1t1ng quant1ty is the d1electr1c relaxat1on t1me of the
‘ sample. t is 1mportant to real1ze that such a mechan1sm ;
ex1sts and precautlonsqpust be taken in:s the analy51s of the
PITS data. ‘The photocurrent decay in a PITS experlment xs f'
3usually sampled at a. frequency of a few kxlohertz. This. '
. means that the. determlnatlon of the cut off po1nt of the
‘exc1tat1on source has’ an error of the order of 10;r-‘103s:’u
'uHence, the determlnatlon of t, and t2 may be off by the same;
forder._The calculated em1551on rate,3v, w1ll also be . .
]affected Although thlS may not ser1ously affect_the_slope t
j'of the graph of ln(Tz/v) versup 1/Tm, 1t w1ll affect the
'y 1ntercept. Thzs means that the value of AE may not be
‘:affected much, but the value of the capture cross-sect1on,:
"'.'a, may be off by assmuch as a factor of 5 'ro avo1d such a.

flarge error, 1t 1s adv:sable, tﬁereiore, to d1g1tise or'

fffsample the photocurreh“.

“tdecay at the hxghest rate posszble.;

“fHowever,'the valuesvof‘t1 chosen for analysas should b”

. “m—
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'few m1111seconds after the ext1nct10n of the excxtat1on

source ta. take 1nto account the 1arge dlelectrlc relaxatlon

TN
‘ | — !

2 5 Presende of Non—Exponentxal Transxents

i The theoret1cal basxs of the PITS éhuations assumes

that the decay of the photocurrent folles an - exponentral \
law, 1ndxcating that only the contr1but10n from a szngle“
trapp:ng level 15 predomlnant In certaln‘cases, however,y

¢ B
the: transxent can be non—exponentlal due to contr1butzons‘

from two or 2or; trapplng levels. Thls means that there"

", .

’varie components 1n the decay curve. In most
._‘n— . ¢
-eiponentlal trans1ents occur the pecay

tcases where n-
“‘con51sts of two exponent1al components.
lv#d“‘ f§l:‘, Varxous technlques have been reported for deal1ng with
'jnon‘exponent1al trans1ents (Klrchner et(al., 1981- Thurber
',et al., 1982 Yosh1e and Kamxhara, 1983b- Zdansky and ern,'
.1984) . Bas1cally, there are two technlques for PITS and DLTS -
“curves. L ‘,. ‘o o | | |
\Ifr"d The fxfst techn1que uses numerlcal curve f1tt1ng of the_!
lb'raw data to g1ve the emlssxon rate, v, d1rectly. Su1table"
odalgorxthms ex1st for numer1ca1 curve f1tt1ng, the most
"npopular of wh1ch 1s non-l1near least squares curve f1tt1ng
jiif;(Bevzngton,;1969) When a8 numerlcal curve—frttlng technzque }
"r?jzs preferred, it 1s not necessary to use the rate w1ndow ”

57;':‘}ftechn1que. Alehough the curve-fzttlng techn1que 1s 1mmune tohf;

i

-exponent1al trans1ents, 1t 1s an
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1nconven1ent method for rapld and automatxc

characterlsat1ons of samples, bes1des requ1r1ng large

computer memory. . . ‘g

The second technxque 1nvolves choosxng approprlate

A?.values of . t and t2 whxch wxll allow the peaks to separate.

1

| ThlS has been d1scussed 1n the case onPITS by Yosh1e and

Kamlhara, (1982) A peak con51st1ng of multxple components

A

can be separated 1nto two or more separate peaks by u51ng

. small ratxo of tz/t and w;dely changlng the value of t.

2 6 Contact Confxguratxons
There are two dlfferent conflguratxons for the

contacts.“

.

The flrst is the sandwxch structure in’ whxch a‘

semi- transparant th1n fllm of metal is deposxted on the
front surface followed by a thlcker layer on the back The

electrlc f1eld appl1ed across these two contacts is

o

: longxtudlnal to the dlrectlon of the exc1tat10n source. ln‘p

' thls conf1gurat10n, the electr1c field across the sample 15“

‘

usually hlgher than for the other conflguratlon for a g1ven

V2

thlckness of the sample and the same voltage..The
P , ;o
dlsadvantages of thlS conf1gurat10n are i) photovoltazc

effect 11) f1e1d ass1sted detrappzng and 111)
‘non- unlformxty of the contacts characterzstlcs from sample E
to sample. v | ';;]”fﬁf;:ff*i T
The photovoltaxc effect may cause the decay to be

non—exponent1a1 erld-aSs1sted detrappxng phenomenon such

Lo
P e
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'
"

- increases the emission rate of

v \'
\\\\

'lthe carriers frod\the traps by lowerxng the potentlal

'

barrxers. Th1s wxll also cause a change in. the capture‘._f

:cross sectxon accord1ng to\the relat1onsh1p o = E/2

'.(Dussel and Bube, 1966) The unxformxty of the c0ntacts from
\ .

sample to sample is 1mportant lf compar1sons between the

results are to be madé Unxformlty of contacts is also .

) )

‘1mportant for dlfferent exper1ments on the .same sample ;such

|
Y . s
i '

“as: depth profxlxng and annealxng studles. \ N
The second contact conf1gur t1on 15 the coplanar

structure. In thls conflgurat1on \the tw \contacts are

\
fabr1cated on the same surface. The Q1stance between the

vcontacts must be larger than the 51ze\o£ the 1llum1nateé*

\
i

Jspot Thls enables the contacts to be shlelded\from
)1llum1nat1on thus prevent1ng photovoltalc effectsu The metal
‘ deponted as contacts can also be of any thickness and the
.fcharacter1st1cs of the contacts are h1ghly EBK orm\ffom{f
fsample to sample. Ow1ng to the fact that the distance\‘:
Lbetween the contacts is usually about 2- 3umm the applled
“,electr1c fzeld is usually less than 300*V/cm for" V =.50\”h
.,volts. Th1° 1s a low field reg1me where f1e1d-a581sted S
;’detrapplng w1ll be negllg1b1e..r;'v _ . ‘”: ;n» ‘;J‘“; L
‘r;z 7 PITS system bf:?fjf‘”{ﬁ‘ﬂﬂlﬁs ‘v: _*Vf f*t‘f;fﬁﬂily,i‘;:‘

A The schematxc d1agram gf ‘the PITS system is shown in
u‘gfigure 2 5-Eﬂ' | - ;'"ﬁ Tu;.;~;‘ B g',fi ﬁ.l N }:f;g 75”g5\ ,“

U, o ST BRRY g . . , . ; ‘ Lot e . \
: fel .. R . L e . 4. . .
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v . '
o .

The heart of the system Is a 64 K microcomputer (Multitech
R ‘ ' 1“‘\‘\‘- o

MP%III) which controls a 12-bit, 8<hannel
analogué*tp-digitél (A—D)‘conVertér, a temperature-
controller, a programmablé power supply and’tﬂe driver for
an'glectro—mechanicai‘shuttér. ?

Basically,'the miqﬁocomputer samples the temperature of

\

the sample and activates the shutter driver when the

‘temperature is within a given'range of the temperature

13

‘néet-point. The shutter ‘driver will, then open the
electro-mechanical shutter for 200 ms. The excitation source

is a 1 mW He~Ne‘1aseru The voltage created across a suitable

" load resistor by the photocurrent is first amplified by a

Ty

fast amplifier béforégbeing fed into the 12-bit A-D
converter. This signal is monitored using a Tektronix 7623A

storage oscilloscope. A few milliseconds before the closure

P

of the sﬁhtter, the microcomputer begins to digitize the
‘amplified photovoltage signal using the 12-bit A-D

converter. The subroutine to control the A-D converter is

-

.written in 6502 microprocessor machine language so that data

transfer between the A-D converter and the microcomputer is
. . . N
done more..rapidly. The PJTS signal is then calculated

immedi&tely and the results stored in an array. A new
, o »

\ A
- temperature-controller and the sequence of events will

N ‘
temperature set-point is then sent to the
hY . . .

repeat again until a final temperature is reached. The
interval betwveen temperature set-points can be varied

‘through the sogfwgre. At the end of the experiment, the PITS
: i ' : , ‘
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data are automatlcally transferred to a floppy dxskette. The
"data from this diskette wlll then be transferred, at a later
time, ‘to the Unxversxty of Alberta's Amdahl 5870 computer
for compxlxng and storage on 9-track magnet1c tape.
We will discuss brief}y the function of each component
in the system. Detailed circuit diagrams are given inl

Appendix B.

2.7.1 Input-output board :

. The function of the'input~output (1/0) board is to act
as an ingermediary between the mierocomputer ano the |
external devices such as the temperature-eontroller,
programmable power supply and the\electro—mechanicai shutter
driver. The 1/0 boerd has 16 control lines whieh'meens,
theoretically, that‘it‘can‘control 16 dirfereot devices.
However, in practice, cerfain oevices require more tﬁan 1
control liner , |

. ’ : 'n“ A
2.7.2 Temperature-conttoller | f o

The temperature set-point for the temperaturef'
controller is provided by the microcomputer.‘The funotion-of‘
this controller is to provide reguiatiop ofyfoe temperatore
‘of’the sample while the microcomputer is busy,performin§
other tasks such as analys1ng the PITS data. Another 4
function of this controller is to prov1de a gradual 1ncreasek
in temperature of the sample to ensure rhermel equ111br1um-

and avoid thermal backlash. The temperature“sensor is a
0 '6 . " N : s L

FS

F
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- coppereconstantan thermocouple and the range'of'temperature :
regulation is from 80 to‘395 K.

Usually, this controller is notvcritically needed if
the power to the h§ater is kept low such that the 1ncrease
in temperature is about 1 /mxnute. \

For experlmental measurements below room temperature,
the 1mportant factor for good temperature regulatron is the
ability to control and maintain the flow rate of liquid |

"nitrogen to cool the sample.

2.7. 3 Programmable power supply
A programmable power supply is needed’ 1n cases where a’
constant bias may lead to Joule heatlng of'the sample. This

can occurQ}n low resxst1v1ty materlals. When a contxnuous '

[

bias is not requxred the mxcrocomputer will sw1tch ‘on the ’

“

when measurements are about to be made. However,

when ‘the re istance'ofwthe sample,is low, an on-of f bias' |
will give a: voltage spzke.

A load re51stor is connected in serxes with the samplev
so that the voltage drop due to the photocurrent .can be

,{“obtarned The b1as voltage appear1ng across, the load .

I

. resxstor depends on the" ratlo of Rm“,/(R,,,mple Rload) If. the_gz

LI

_res1s@ance of the sample 1s much larger than that Qf the
Toad, or leple “>> R,,,a, then the bias appeamng across the
load Vlll be’ (Rlo,dvb“,/R,m,l,) and w1ll be small At h1gh . "“
.temperatures, the res1stance of . the sample wxll decreage and

' e

: Rmp,, w111 no longer be very much larger than Rma: Qhence a

Ny
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‘load resxstor To avoidfthis problem, a'large‘capacitor,

: keep f‘aék‘*f the temperature and to dlg1t1ze the sxgna1¢

large proportion of the bias will be detected across the

(»

C,oear As connected at the output to. fllter out the DC

vvoltage. An on-of f blas in this mode W1ll produce a voltage

apike‘of‘the"magnitude: v = GQ/CIMG; where 8Q is the change

‘ f the charge across the capacxtor ThlS voltage spxke can

R

be very large dependlng on the voltage ‘being sthched on orl
off. and the- SWItChlng txme. 1if- thls problem is not remedled

when 1t occurs, ‘the. faet ampllfler wxll deterxorate due to’

constant overloadxng, wh1ch is also detrlmental ‘to the A-D

converter, 'not mentlonxng the fact that no accurate
\ .
measurement can be made, 1f measurements can be made at ‘all.

In view of the above problem, we chose to use a

constant'bias because the resistivities of the SI GaAs

Asamples are;highfand the current that flows through the

sample is negliglble.*’

)

2.7. 4 Analogue—to dxgxtal converter ‘ ' ) -

The analogue to- dxgltal (A-DY" converter is a’ 12-bit

'converter (Analogue .Devices DAS1128) w1th a. 20 us convers1on

t1me. The 16 1nputs ‘are connected as B dlfferent1al 1nputs.

The full scale range 1s set at = 5 12V g1v1ng a resolut1on

of 2 5 mV/blt The mlcrocomputer uses thxs A D converter to

Y

Y

a

The 1nterface for this A-D converter is de51gned for the o

| Apple II+/e data bus and 80 can be used for all Apple II+/e':'

h"m1crocomputers and compatlbles, as long as it is located on.

o - a . N

'
.



slot #é‘of the micrOCOmputer.
' 2;7.5 Electro—mechan;cal"Shutler system

| The electro—mechanical shutter system (A.W. Vincent
Associetes' Inc. ) cons1sts of a dr1ver (sD10) and a shutter'
(26L)' The shutter driver is. trxggered by the microcomputer
and the’ exposure txme can be set on the front panel of‘the
‘shutter drlver, The present exposure time is set at 200 ms

\

to ensure-equxlzbr1Qm of the trappxng.k1net1cs in the
sample. ’ h |
2.7.6 Amplifier | | ”

fhe amplifiere has a‘bandwldth of bC to 0.8 MHz. The
gain of the amp11f1er can be set at-either 87.7, 152 6 or
219.3. N01se from the m1crocomputer 1s reduced by an RC
.fxlter in the. amplzf1er. Proper sh1eld1ng and grounding of
the components in the system have also contrlbuted
s1gn1f1cantly 1n reduc1ng the no1se from the mlcrocomputer.
vThe signal from the ampllfler 1s clean enough that 51gnal
averag1ng 1s not. requ1red To overcomewthe effect.of-the,
dark current from the sample, a.h;as compensation clrcuit

Lol

_ was. added at the 1nput of the amplifier.'

'*2 7. 7 Software

The complete lxstxng of the software used is g1ven in

Append1x B. The program. consxsts of a mach1ne language .“

..-......._‘_....---..-.....*..... . ‘_)
- * This fast- amplexer was des1gned and constructed by w. :
. 51ewert of the Electron1cs Shop. o
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. subroutlne to control theéA D converter and a main prggram

o

‘written 1n Applesoft Basxc.

The machlne language subroutxne can  be modxfled to

dxgxt1ze any number of points. ' The delay between data points

can also be set by changxng the length of the delay loop in

the . subroutine.
The program‘is flexible .and can be altered to suit any

change in experimental procedure.
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3. PITS studles of deep levels 1n LEC SI GaAs thh dxfferent‘

carbon concentrataons

3.1 Introductxon
The technologlcally 1mportant‘sem1 1nsulat1ng behav1our'
of semi- 1nsulat1ng (SI) GaAs grown by the
liquid- encapsulated Czochralsk1 (LEC) process has been known
to depend on the, concentratlon of the deep donor ELZ
(Martin et al., 1980a b; Thomas et al.,1981, olmes et
‘l.,l982)' The seml 1nsulat1ng character1st1c'1s actually
due to a compensatxon process between the ELZ level and a.

‘ﬂ shallow acceptor level at about E + 0. 025 eV’ wh1ch is due .
to carbon 1mpur1ty (SZe and Irv1n, 1966 "Ashen et al.p
1975) ‘In order to produce the semi- 1nsulat1ng property, the‘

?concentrat1on of EL2 must be greater or ‘equal. to the ‘

- concentratlon of carbon. The preced1ng statement 1s true
ronly for samples grown from an arsenlc r1ch melt. In samples

grown form a galllum—rlch melt there 1s another level at E
- +.0. 073 ev which also plays an 1mportant role in the"

‘,compensat1on process. ThlS deeper acceptor level at E, +
0. 073 eV has yet to be 1dent1f1ed conclus1vely. There nave

fpbeen suggestlons that th1s acceptor level at E, + 0 073 ev

h'<lcould be due to e1ther excess Ga (Ta ét al., 1982),‘Gah;

'T(E111ott et al., 1982), VN,B Ga,—B or Ga“ B.(Thomas et

'al.; 1984)

5

‘lA version of this chapter has been accepted for publxcatxon
'\1n the May, 1987 1ssue of the Canad1an Journal of Physzcs.-

',4’7' SRR
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-

The cr1t1cal As compos;t1on 1nﬁthe GaAs melt needed ‘to

. /1

o produce semx 1nsulat1ng n- type GaAs crystals 1s about 0. 475

ng atomzc fraction. Crystals grown from melts havzng an’ As
“compos1t10n below thls cr1t1cal value are p type. The p- type
f_behav1our is due to the fact that the ELZ concentrat1on is
iznsufflcxent to compensate the carbon and the acceggbr level

fat E + 0 073 eV " The effects of the st01chlometry of the.,

1-melt on the EL2 concentrat1on has been well documented

o (Holmes et al., 1982 Thomas et al., 1984)

P esently, LEC SI GaAs crystals are groun from an
As~ r1ch melt in order to achleve a h1gh res1st1v1ty n type
‘materlal Thus, ‘the amount of carbon plays a: cr1t1cal role.-
-A hxgh concentratlon of carbon 1n LEC SI GaAs crystals
rls detr1menta1 to the thermak stab111ty of the crystals
(Obokata, 1986) The presence of §'h1ghczoncentrat1on of

carbon also affects the’ op ratlng characterlstlcs of

‘v'f1eld effect tran51stors.'l”

Carbon contam1nat1on of the crystals dur1ng the growth

process 1s unav01dable and a complete removal Of carbon is SRR

Lo not only 1mposs1ble but also 1nadv1sable bear1ng in mind

a that 1t 15 1nvolved 1n a compensatlon process w1th the deep~

\

1~donor level EL2 A cr1t1ca1 balance has thus to be

“{juach1eved Efforts to control the amount of carbon by varylng

'-;ths growth cond1t1ons, such as the water content of the

"‘"3bor1c oxide encapsulant!(Hunter et al.. 1934) the use of

"3V}As r1ch melt (szuta et al., 1986) and the s:ze of the "[:h?ﬁ,jg

charge, have been made 1n 1ndustry 1n an attempt to arrzve

Poow




"GaAs‘melt and gaseous oxldes of carbon and not carbon
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c

‘at the optlmum growth condltlons to nge crystals w1th :

-hxghly reproducxble and unxform character1stics.

-Inada et al (1987) have recently reported that the;

. COntamlnatlon by carbon is due to a react1on between the

[

dpart1cles The source of carbon could be the graphlte ’

B components 1n the hot zone of the crystal puller and the use

i

y'of pyrolytlc boron n1tr1de coated graphxte components has

‘resulted in low carbon concentrat1on 1n the GaAs crystals

( )‘,\‘ '

‘(Inada, 1987)

A

\ The amount of water content in the 3203 encapsulant has‘

*rp‘been found to affect the amount. of 1mpur1ty 1ncorporat10n in

the GaAs crystals (Klrkpatr1ck et al.,&1984~'Thomas et al.,“

.1984) It has been found for .instance, that the

lconcentratlons of Si and B 1n GaAs crystals are dependent on_

oy

X the water content of the Bg% encapsulant GaAs crystals

\

grown uszng wet Bg% have lower concentrat1ons of. 51 and B

whereas dny B;% g;ves hlgher concentratlons of S1 and ‘B.

Thére 1s a cr1t1cal value of the water content in the

\

“203' above Wh}Ch the GaAS CfYStals produced wlll beji

,seml 1nsulat1ng. However, an 1ncrease 1n the amount of waterfgbj

3 —

q1n 3203 also 1ncreases the occurrences of tw1nn1ng.,

r/ ' . )
S1nce studles of the effects o£ the water content 1n

Yﬁthe th encapsulant, the mass of the charge and thef&ff

S concentrat1on of carbon on: the varzous defect levels US1ngj*f7

‘,'.’_\( oy

uf"ﬁPITS have not been reported we have undertaken to do suchfa;””

vl
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From our PITS measurements, we wiii show that ‘the

presence of the deep donor, ELZ 1s"affected by the‘water

| content of the B;% encapsulant The mass of the charge also

ﬁ"
. » ’

prevxously unassxgned peak,

spectrometerf

”UDe

affects the ELZ concentrat1on. The carbon content of the

+

sample was found to affect the' 1ntens1ty of the peak at

around 240 K (t2 - ti 20ms' t, = 5ms) which corresponds to

.an: energy level at about E 0.4 eV commonly refered to as -

ELS Thls in turn g1ves us a clue ‘as to . the. orxgln of thls

3 2 Experxmental details “"}1 1' »A' - Q co ’

A range of samples w1th dxfferent growth cond1txons,\.

|

together thh detalls of the growth condltlons, were

‘supplled to us by Comlnco Ltd.,Tra11 B c. The‘

concentrat1ons of the carbon 1mpur1ty vere determ1ned from

the measurement of the fardinfrared absorptxon at 582 5 cm™

N

. at 80 K u51ng a Four1er Transform Infra red (FTIR)

The samples were then prepared for PITS measurements by

etch1ng w1th 5H SO‘.HQOZ.1H§3 solutlon for about 2 m1nutes.vc"'

Ohm1c contacts were then made by meltmng 99 9999 % 1nd1umi§
d1rectly onto the samples,:followed by anneallng at about 3
300 350 C. for approx1mately 30 seconds 1n a HCl/Nz" o
atmosphere. "hlh'f‘f'ﬂuh ‘ ‘jfﬁff » |

Yo " .

---.-—-.---,—.’--------

tMeasurements ‘done by c K.,Teh uszng a. Bruker FTIR
‘spectrometer,:. courtesy of Dr. J E. Bertle, Chemlstry

ﬁirtment.
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, 51,
Temperature scans were made between 80 and 400 K thh

¢y 'read1ngs taken after every 2 degrees 1ncrease 1n '
‘temperatures as descrlbed in chapter 2 Analysxs of the PITS
’ 51gnals was done as dlscussed in chapter 2.
3.3 Results ‘ ‘;‘ ‘ ; IR
The PITS, curves’for the dlfferent samples grown thh

;rdxfferent 'grades of B,0; but from the same size of charge

are shown in flgure 3 1. The PITS curves were obtalned‘wlth'
t1me w;ndow (t, - E—) = 20ms and t1me tI = 5ms. F1gure 3.2,

'shows ‘the PITS curves for samples grown w1th the same grade

{Of th but dlfferent masses of Charge. The grades of Bg% -
;and thelcharges used in the growth of t amples, together ; -
w1th the carbon content from FTIR measurements ~are

'tabulated in table 3 1 The trapplng parameters for.the

i 'promlnent peaks obtalned from the ana1y51s of the PITS data S

. are given in table 3.2.

3.4 Discussion =~ - ~rzr_f“ o

- . \ TR o . i . R
' h . \

It has been reported that there are several trapplng, \j,
levels w1th act1vat1on energles in. the v1c1n1ty of the
'Twell knpwn deep donor level EL2 (Lagowsk1 et al.,\1984'

Y

"g-tiﬁlgwghl and Ikoma, 1983, Yahata et al., 1986) ThlS group
of m1d-gap levels 1nc1ud1ng EL2 has been refered to as the" o
'nEL2 famlly of levels or peaks. Th1s fam1ly of levels appear

d*fas peaks between 330 and 355 K 1n the PITS curves reported

e o
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. 8565(P2) .

‘Table 3.1: Samples used in PITS

SAMPLE . - -

.1 "9965(P2)
7 996T(P2) -

8567 (P2)
.8215(9?)

8217(P2).
849S(P1)

" 849T(P1)

o

L.
.
'
'

/1800-2200. p.p.m.
11000-1500 p.p.m.
500-800° p.p.m.

CHARGE -

measurements.

water, |

.water.

0 0B U A w oW

52

‘CARBON

CONC.

Cx10"®

”-‘XCmf’)

§2.03
60.27

17.91) |

. 55.23

17027
! Ib10‘¢31.
055

.51



Table 3. 2. Trappxng parameners for the peaks

1n f1qures 3 1 and 3 2.

i

pEARS < pY: (ev)

1.00

T o.M ®m Y 0 ow >

Ca e

K~  '»|,0.14,

0.82
0.76
0.75
0.76
L 0.59.
0.42
0.41 :
0: 16
"0, 10

0.01
0.04

 0.01
0.02

0.01

.0.02
0.02
0Q01_

0.01

0.01

0.01

sz

CROSS- SECTION,

0\ (Cm )

3.9 x
6.9lx
5.1 x
5L8 x
3.8 x
1.0 x
% 1;1~x
,iZﬁOIx

1071

10-°*°

0~ va

x 1012

10—|1

10712

, 1.0'— 1.ay
i 10! a"

‘10-,' s

10-1¢
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The presence of the EL2 famjly of levels can‘be seen in

figure 3.1. There are three domlnant peaks w1th1n the
family. A comparlson between the intensities of the EL2

-

famlly of peaks and the water content of the ‘B0,

4
encapSulant, for a fixed mass Sf charge, shows that there is
a direct correspondence between the two quantities. At first.

s '

. glance, the 1ntens1t1es of the EL2 family of peaks seems to

—

correspond directly to the carbon concentrations as well A
" careful egam1nat10n shows that ‘this is not always true,
which is not surpr1sxng in view of the origin of ‘the ELZ
defects which, ‘have' been w1dely‘accepted as being due to
defects 1nvolv1ng As“(Wagner et al., 1980; Legowski et al.,
1982a,b) . | o

\We will now discuss the possible mechenisms responsible °
for‘the observedkdependenCe‘of the‘intensitiés'of the EL2
family of peaks on the water content of the B,0,
encapsulant. ﬁumsby and Ware (1981) reported‘that galliumh
tends to be preferent1ally excluded from the melt when the
water content of the Bg% encapsulant 1s high. This
exclusion process g1ves rxse to a 51tuatlon where the
' crystal is grown from an arsen1c r1ch melt. The presence of
excess As coupled w1th the presence of v&, due to the
" removal of gallium in the exclus;on process, will then
result in the formatlon of EL2. |

Another explanat1on can be found from the relatxonsh1p
between dlslocatzons and EL2 ‘It has been found from |

. etch-pit den51ty (EPD) (wh1ch is a. measure of d1slocat1on

LS
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.densxty) studxes thatﬁthere‘isﬂetcorreletion between the
‘concentratlon oﬁ EL2 and .EPD. Martxn (1981) propoSed that
the.relatlonshxp betueen ELZ and dislocatxon densxty cou;d
behdue to thermailf—induced stresses, althouéh the exact
'mechanism‘fs‘still unknown. The ver1ous models (erkpatrlck
et al., 1985) that have been suggefted‘to acc0unt for the
correlation between ELZ{‘etress and dislocation density are
edislocetion‘ciimbl stress- enhanced creation ot‘ELZ durxng
'coolzng of the crystal after the growtn process ‘and
getter1ng of EL2 at dls}ocatxons. The correlatron between
EL2 and di;location density is not surprising in view of the
_,Eect‘that the“phenomenon of migration of point defects to.i
dislocations has been observed for a"iong time. The -
nigration of\defects“in the vicinity of’disloCations is due .
not pniy to a diffueion'process‘reeulting from @) ”

A

concentratién gradient but also to an interaction potential

\

‘between the‘tuor A review on the 'kinetics of the migration
‘ \_ - .

. of defects to dislocations has been given by Bullogh and
Newman'(1970), Whether there islany dependence'of
dislocation densitYoon the moisturevcontent-of'ng-has yet
to be reported aithough it nes been known that'increasing'
thevwater content of B,0; increases the 1nc1dence of |

| tw1nn1ng‘(AuC01n et ai.; 1979; K1rkpatr1ck et al., 1985)
Cockayne et‘al., (198{3 found that in the growth of LEC InP
j‘crystals, there is a relatxonsh1p between the water content
of BJ% and the format1on of defect clusters. It 18 not |

preposterous, therefore, to suggest that the water content
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of BJ% may cbntrlbute to the formatlon of dlslocatlons by -

. 1ncreasxng the thermal gradxent across the melt/Bzo3

1nterface. Thls formatxon of dxslocat1on would then 1nduce

the clusterlng of defects such as EL2.

Referxng to f1gure 3.2, it can be ‘seen ‘that for a given

.grade of B,0;, the 1ntensxt1es of the EL2 emission peaks are

proportxonal to the size of the charge. Thxs 1s probably ~due

to the greater number of d1slocatxons that tend to occur in

large size crystals as.a result of h1gher thermally 1nducedv,

stresses. It has been shown that daslocatxon-can~be av01ded

for small- dlameter (< 15mm) GaAs crystals (Ste1nemann and

‘w21mmecl; 1963) ‘but attempts to- grow large dlslocatlon free-

\ i

—r—

GaAs have thus far been unsuccessful.

s
kY

‘:Another peak of interest in figure 3.2 is the peak at

'aboﬁt‘3§5~i_fThT§AEET§slon peak is usuaIIY'referred'to as

“ESB; It has been suggested in the 11terature (Martln and

‘Makram—Ebe1d, 1983; Frank 1986) that this level could be

\
I

related to the ant1 site defect Ash. If thls is. true, then
" the 1ntens1ty of thls peak should 1ncrease w1th the
1nten51ty of the ELZ fam1ly of peaks. In these studxes,"
however, 1t can be seen that the 1nten51ty of the EL3 peak
1s inversely related to that of the EL2 peak In certa1n

cases where there are EL3 peaks, the ELZ peaks are absent.

Th1s observat1on does not support the proposals that EL3 1s

related to- ELZ

-

The broad emxssxon peaks between 220 and/260 K as

shown in. f1gure 3.1, are be11eved to ‘be due toa

"
*



superpos1txon of ELG (at 200 K) ELS‘(at 240 K) and probably
EL3 (at about 300 - 320 K) The 1ntensxty of thls broad peak

1s 1nversely dependent on. the amount of carbon. These peaks

E also seem to depend on the water content of BJ% but this.

: dependence is not cons1stent. The act1vat1on‘energy of.the
 broad peak aronnd 240 K ts about 0.4 eV. The‘inverse
dependence of the peak at'240:K‘on the carbonﬁcontent shows
that ‘it is due to V,,. This conclus1on,as arr1ved at by
assﬁniné that'thelformatxon of V,,~C,, C omplexes depends
'dlrectly on the carbon concentratlon and wlll cause a

" decrease in the concentrat1on of free VM..Hence, a‘decrease""

in the concentratlon of carbon leads to a decrease in V- CM
| (8} :
. ) . ' {\

and an increase in. VAB and vice versa.. RN :

Thls prpposal 1s SUpported by . the theoret1cal
K calculatlon of Bachelet et al. (1981) wh1ch shows that an
"1deal VM in GaAs w111 occupy a level at E, - 0 46 ev.

In electron 1rrad1a d GaAs, a defect level known as E3

is often seen (Lang,‘197 ). This defect has the same energy

B 1eve1 as EL5. It has been found that E3 is formed by~

",dlsplacement in the As sublattlce (Lang, 1977 Loua11che et
1982) Slnce the material in whxch E3 is observed 1s '
AS- r1ch Klrkpatr1ck et al. (1985) proposed that th1s defect
1s an As 1nterst1t1a1 If ELS 1s 1ndeed the same as E3, then
: ,ELS could ‘be related to As . The 1nverse dependenée on ™
..carbon as mentxoned above could then be due to the formation
of C As‘ at the expense of . 1solated or free-As,.vHowever,.'

-‘As, 1s an acceptor whereas EL5 1s a donor level Thus, the';



‘esuggest1on of ELS be1ng due to As1 must be erroneous.

‘ The dependence of th1s broad peak on the carbon content
also 1nd1cates that the or1g1ns of EL6 and EL3 are defects
exnvolvxng V“. This' proposal is’ sllghtly dszerent from that

"of Frank (1986) who proposed that EL6 could be due to

isolated’ V“:_ : '] f 'f‘e*if . ,"‘ ,;,‘ N

The or1gxn of the emxss1on peaks at 120 K 1s ‘not known.)

The 1ntensxty of thlS peak does not seem.to be related to

‘any of ‘the growth parameters. ~‘”

3.5 COnclusion |
}' - From QITS measurements of d:fferent samples of LEC SI
' GaAs grown thh dlfferent growth parameters and conta1n1ng
'dxfferent amount of carbon, we have found that the main

;'.electron trapp1ng center,,ELz is dependent on the water S

tcontent of the B,03. encapsulant. We have proposed that 5
"thermally 1nduced stresses and the sto1chlometry of the melt
_are the two. possible mechan1sms that would expla1n the M
‘1;relat10nsh1p between the concentrat1on oL ELZ and the water

ﬂ3“content of B{%. The hlgh concenErat1on5‘i‘ ELZ and carbon

.‘;;fzn those samples grown u51ng Bg>‘ _
,hp?explaxn the reason why GaAs crystals grown u51ng wet BJ%
viiencapsulant has a hlgher res1st1v1ty than those grown w1th
) ":vdf'y B,O,. On the other hand, a wet Bzo3 encapsulant causes

jtwinning;to occur. A comprom:se, theregore, has to be found

so that the crystals can be both hxghly resxstﬁve and

monbcrystalline

60
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h

' We have also found ‘that the larger the charge used the‘
hzgher w1ll be the EL2 concentrat1on due probably to a
‘ h1gher thermally—induced stress."'

The 1nverse dependence of the 1ntensxty of the ELS peak, =
on the carbon concentratlon shows that ‘the. orlgxn of the ELS_
‘level could be isolated VAB' The results also allow us to h

conclude that both EL6 and EL3 are related to V“.,"

L
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4 1. lntroduction

4 PITS and PhotolumxneSCence Studxes of Copper-contamxnated'

| | LEC sx GaAs - .

i

quuxd encapsulated Czochralsk1 (LEC) grown

Y

B and 1nduce dlslocatlons cl1mb

1sem1 1nsulat1ng GaAs 1s presently used as' substrate mater1a1

1n the fabrzcatlon of GaAs dev1ces such as laser d1odes,
lxght emlttzng d1odes (LED) fxeld effect trans1stors (FET)_"
etc. The malntenance %pd durablllty ~of the semi- 1nsulat1ng
property of the substrates is cr1t1cal to the effzczency and'
reliab111ty of such dev1ces. The presence of copper 1n the bﬁd
device substrate can eas1ly cause & rap1d deterlorat1on of
the de;lce by form1ng -non- rad1at1ve recomb1nat10n centers
and also by compromlslng the hlgh re51st1ve nature oI the.
substrate. The' presence of copper has been shown to play a’
detr1menta1 role 1n devxces such as GaAs tunnel d1odes
(Bahraman and Oldham, 1972) and LEDs (Bergh and Dean,'1972)
The presence of non- rad1at1ve recomblnatlon centers, that .
.can be created by copper in GaAs through complex fornatlon_
w1th natlve defects, can fac111tate the dlffu51on of defectsA
, : TR

Copper 1sfan ublqultous 1mpur1ty w1th a hlgh d1ffus1pn

coeff1c1ent and h1gh solublllty (Hall and Racette,‘1964) in

GaAs. Its abzlzty to form electr1callfil“ iy

ersion.pf.th1s chapter has been subm1tted for publ1cat10n
the Journal of App11ed Phy51cs.,pﬂx_zw;ﬂ_ R A
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1984)

o Vorobkalo et al.,.1973 Gllnchuk et al., 1982 Wang et al.

\

argon atmosphere is a standard procedure after 1on

1mplantat1on 1n the devzce fabrlcatxon process (Stolte,

o

L

' The presence of copper meurltles 1n GaAs has been'

studled extens1vely using lum1nescence (eg Pabre, 1972-H“

1985) photoconductzvxty (Bube and MacDonald 1962){ Halll‘

- effect (Qu1sser and Fuller ]966 R051 et al., 1960)

thermally st1mulated conduct1v1ty (Blanc et al., 1964) and
deep—level tran51ent spectroscopy (DLTS). (M1tonneau et al.,j
1977- Lang and Logan,.1975~*Kumar and Ledebo, 1981' |
‘Kullendorff‘et‘al,,h1983) A survey of the results shows‘
-that‘copperﬂlswreSponsihle for a wide varlatzon of energy
levels rang1ng from E + 0 2 to E, + 0. 6 eV The obsérved
range of energy levels could for example, be due to any of L
the followlng. 1) the formatlon of copper complexes
(Gu1sland et al., 1978 Vorobkalo et al.,v1973 M1l v1dsk11
‘et al., 1971),‘2) the concentrat1on dependence of the
act1vat1on energy of . the trapplng centers (Harvey, 1961) and:c
3) the mult1ple charge state of copper (Hall and Racette,’ ’
1964 M1lnes, 3) Each of these proposals 1s equally ‘

plau51ble in explalnlng the w1de var1at1on of the ackzvat1onffy

energ1es of copper related defects 1n GaAs as observed by

varlous 1nvest1gators. The problem that still remaln& 13 to yr;}l

determxne whzch 1s the most lzkely mechanlsm. The ab111ty offfﬁu*

Rl [ s

COpper to form complexes W1th the nat1ve defects in GaAs hasgiﬂ»fT

been most w1de1y accepted. However,‘the varzety of complexes!‘:ff

B ‘.”3 ,
oot
A .
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that can be-formed is stupendous and to date, copper related
complexes such‘as VMCuG, As (Gu1sla1n et al. 1978) Cug,V,,
(Guxsla1n et al., 1978 Vorobkalo et al., 1973 le v1dsk1m
et al.,‘ 1971) and CuG,VMCqu (Mil' v1dsk11 et al.,' 1971) have
been proposed In sp1te of w1despread 1nterest for the past

- two decades, there zs Stlll a lack of consensus as to the‘p

, most probable mechan1sm of format1on and the nature of the

N - :

_ complexe% Furthermore, there is very l1tt1e correlat1on
between results from opt1cal and electrxcal measurements,.

W whrch contrlbutes further ‘to the controversy surroundmng the

:?f nature of copper complexes 1n GaAs.p‘;w»r qnw
. In thxs chapter, the results to be presented‘are based
~on photo 1nduced translent spectroscopy (PITS) and
I ;‘vphotolum1nescence stud1es of copper contam1nated LEC SI
GaAs. The app11cat10n of PITS /in these stud1es allows depth
prof111ng measurements to be made by. chem1cal etch1ng, . <
g1v1ng detalls of defects levels much deeper 1nto the
sample Thls 1s one advantage over DLTS be51des the fact
;'that 1t 1s unnecessary to make 3unctlons or Schottky
barr1ers,'wh1ch 1s a very dszlcult, 1f not 1mp0591b1e, “\, f“"
process for sem1 1nsulat1ng materxals. l.q o | | |
‘ The defect levels between E + 0 50 and E 0 59 ev
:3w111 be the maln subject of th1s chapter xn v1ew of the fact
that the compet1txon between the two em1551on processes as a.
';Q result of copper 1mpur1t1es has not been observed by | |
photoelﬁctronic measurements. These two trapp1ng levels are B

due to dlfferent defect centers as can be seen from the'fact




!

that the capture cross sect1ons d1ffer by about three orders
gof magnxtude . D e . :

Supportxng evidence‘fromvphotoluminescence spectra,

:‘dmeasured at dlfferent depths from the surface of the

“samples,‘w1ll also be presented to show: the presencg of

copper. . : ‘ R . o . .

.vf4 2 Experlmental detaxls o :p “.*. Tﬂ"d o ‘,; ‘
In'thls study, an’ anneallng step at 850° C was ca;ﬁied .
:.out to smmulate the anneallng process durlng dev1ce
fabrlcat1on However the length of annealxng time 1n these
| studles was much longer than, 15 m1nute§$1n order to, rncrease
- the, effect The major problem 1s to 1ntroduce a 11m1ted ‘
amount of copper 1nto the samples such that the resxstxuaty :
'of ‘each sample 1s Stlll hlgh enough for accurate PITS
measurements to.be! made.‘Dellberate 1ntroductlon of copper
by vacuum evapé;atlon of - a copper f11m or electroplatxng in
“copper sulphate solutlon, followed by anneal1ng at 850°C
f:always produce sa es w1th low reszstlvztles due to the : :,ﬁ,'dwf
‘very rapld‘dxffus1on aﬁdhxgﬂ7solub11fty of . copper 1n GaAs "'._p
| at elevated temperatures.;//;' f S o ‘_u ", : “‘ttf"
L In one exploratory e%per1ment we‘tr1ed copper khf-,ﬁnwi ‘
ndlfoSIOH by plac1ng a pzece -of 99 9999 % cOpper near to a 3E?ﬂ;]ﬁ
i“SI GaAs sample, followed by annealzng in an evacuated quartz:t;ﬁf:f
ampoule at 850°c for 24 hours w1th an arsenzc prezsure of |

bout 1 Torr, resulted 1n a low-re313t1v1ty wedged shaped

.1hGaAs sample. We believe that th1s bafflxng result is due to 'Qfl_~f
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) . ) X ! . } ‘ . ,
: * an enhanced rate of removal of Ga and\As from the sample.

)
\ N 1

o Arsenic is then depo‘%’ed on the copper forming a liquid

compound at’ 850 C, which is probably Cu,As (m.p. 830°C)

S further postulate that the partial pressure of As, wlthxn
the ampoule is consxderably reduced when the As‘ molecules

’F\{‘:react wlth the nearby copper . to form Cu As. To maxntarn the
f#;ﬁéé,uqu partxal pressure more GaAs materlal has to dissociate to '
_:‘7f"wgrve free As, untxl an equxllbr1um is reached, which |

}\resulted in a wedge-shaped sample. In the process, copper .

also. diffuses 1nto/the GaAs sample resultxng in a -
' p, low resxstxvgty materlal Annealing in the absence of copper
did not prodiuce such a wedge—shaped sample ﬁhlch supports

the above'gropo’al~ ) . | S e

|

_An indirecL method of copper 1ntroduct10n was fxnally

“"Q adopted S1nce standard qual1ty quartz tubing is known to be

i - copper contamxnated anneallng in a quartz ampoule at 850 C

for about 24 hours was used to 1ntroduce—suff1c1ent coppqr

o !
-

- , R :
1nto the Jamples. . A TN
Samples of SI GaAs were annealed in %he presence of

ex‘bss arsenlc at 850 C for 24 hours in a quartz- ampoule

\ : 'y

_ewhich was then evacuated to about 2 X ,5 Torr and then

»Sealed fhe arsenic partial pregsure 1n the ampoulé uas 5&\

| ma1nta1ned at. about B Torr by heatlng the excess’amount of
. | arsenxc 1n a low tempespture zone of the furnace.‘fhe quartz
?ﬁl,{'_ﬂ vampoule had g}rst been cleaned Vlth aqua reg1a (2Hc1 1HN03)

followed by dilute~HF=solutlon and’then fxnally.r1nsed wzth

de10n1sed water. Neutron actxvatxon analy51s has shown that

- - , R . v . .
e . ) AR Sre o et R . a
. o, BN L 3 . N . .

. - : B ot
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in spite of the cleaning process mentioned above, the amount
of copper in the quartz tuhing was about 1.4 cpm (Hulicius
et-al., 1986). This amount of ‘copper is hlgh enéuéh.to
contaminate the samples after prolonged exposure at élevated
temperatures. The amount of copper in the annealed samples
~ was such that the resistivity at 25°C was about 2.5 X 10° @
¢m. This value of the resistivity shows that the amount of
copper dn the saﬁples‘has'nct £eached the solubillty limitv
of copper in GaAa (a 5 X 107 cm™? at 650°C). A longer
anneallng t ime would allow the amount of copper in the
:samples to reach its solubxlxty limit. This would increase
the conductivity of the samples to a level where~PITS
‘measuremants.would be impractical. |

Before annealing, the samﬁleé‘weré;etched in
5H2504:HH202:1H20Lsolution for about.l minute. After
anneal1ng, the samples vere f1rst chemo mechanically
pol1shed w1th 2% bromine solution on l1nt free tissue papq’
(PABX 170), followed by etching 1n 5H2504:HQQZ:IH5) solution
for abcut 30 §econds to remove -surface damage.'Ohmic ‘ |
‘contacts for PI?S measurements were made by meltlng 99.9999%
1nd1um dzrectly onto the: sample, followed by anneal1ng at
about 300 350°C for about 30 seconds in a HCl/N2 atmosphere.
| The descrxptlon of the computerlsed PITS system ‘has
~ 'been g1ven in chapter 2 Most cf the PITS results reported,
.here were'obta1ned bétween 273 apd 400 K because the peaks

cf 1nterest for thzs study occur between 300 and. 390 K PITS o

%

g

... data were analysed in . the standard vay, by find1ng the j S

e m R et e e o o
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temperature, T, corresponding to a peak of the PITS curves
for various values of the time gate (t, - t,). The time -
ratio (t,/t,) is fixed at 5. The em1ssxon rate, », is

obtained by 1terat1vely solvzng the equatxon. :

expl-»(t,~ t,)] = =2t (4.1)

The emission rate, », is related to the temperature,

T, by: ‘ .
S \

© oy = Naogv exp(-lxl , (4.2)

where N, =>density of state in the relevant Band
o '=.capture crosslsection
v = thermal velocicy | '/
= (BkTm/nmf)Vzw
g, = oegeneracy og_che_level~
_m* = effective mass |

k += Boltzmann,constant ..

AE = activetion energy

°

.

The actxvatlon energy, AE, and the cepturez

’,

cross section,’o, cég be evaluated from a graph of 1n(1*/v)
e against I/Tm. -

Photolum1nescence spectroscopy measurements# were made
4,

to conf1rm the presence of copper impurity in the samples.‘-

The presence of copper 1mpur1ty in GaAs can be easily « . o
) ; . o

'—a-----l—-——-.—-—-——- . e ..

tPhotoluminescence measurements were done ‘with the help of

. C.K. Teh._Deta;ls of the photolum1nescence spectroscopy
- gystem--can- be-found in her Ph. D.«theses~4nn1verszty Of -y
ngfklberta, 1987) ) . . :

e
.,i » b
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detected as a 1.36 @V emiSsion line in .the photoluminescence
spectrum.

Photoluminescence'measurements were done Qith the.
samples at 4 2 K in a 'Cryotran cont;nuous flow optfcai
cryostat. A tunable dye-laser (PRA LN102) pumped by a
nitrogen laser (PRA LN1000) is used as an excltatlon souree.
The excitation wavelength used“is'620 nm. The 1Uminesoence
‘signal is digitised by a fast 8-bit analoguéoEOFGiéita;
converter. The collection of data and-the control of the
‘grating monochromator's~set;£ng are carried out-
au%om tically.by a Timex/Sinclair 1000 microcooputer. bata
are then seut serially by RS232 oabie to an Osborne 1

microcomputer for analysis, storage and ploéting.
. o , ‘ R

4.3 Results
In all the PITS curves shown here, the time t, is 5 ms
and the time window (t, - t,) is 20 'ms. ’ , ' | . o . .i

Curve 1 of figurev4 T shows‘the‘PITS curve for ‘an’.
unannealed sample of LEC .SI GaAs. Curves 2, 3, 4,5 and‘&?ofp
figure 4.1 shows hhe ‘PITS curve taken at dlfferent depths,
for a control sample. The control sample was prepared by
annealing at 850°C for 24 hours in a quartz ampoule wh1ch
'.had been soaked in aqua. regla solut;on for 21 hours followed .

by soak1ng 1n KCN solut1on for another 24 hours, then e

',f rcleaned with dilute HF solutxop for about 1 hour, and e

f1nally r1nsed 1n de1on1sed water. i o .

-
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: F1gure 4. 2 shows the. PITS curves, taken at d1fferent depths

'.‘?from the surface, for the de11berately copper contamxnated

.

o e sample. The temperature range in the depth prof111ng

b

"measurements was, from 273 to 400 K. Only a few

\

) representatxve curves are g1ven 1n fzgure 4. 2 to avoid
clutterlng Depth prof111ng curves were taken after etch1ng\‘
. ~‘:one s1de of the sample for a- spec1f1ed length of tlme in -

.psnzso..unoz.ugo solutzon.

: l

s “‘“ . From the. curves in flgure 4 1, two groups of peaks can

1

be‘seen,.one of whlch occurs(between 290 and 300 K and the.
other group occuks between 330 and 350 K At dlfferent |
depths from- the surface, the two groups of peaks are o ;
cons1stent1y present.‘ o 3' ST R .ji 7f‘ . |

In the case/of f1gure @ f three maln peaks can be.

"Observed%at about 3&0 355 and 362 K.. j k,‘ : ;;

’d

For351mp11c1ty, the group of peaks at around 300 310 ﬁ
has been’labeled as B and the group of peaks at about 362 K
Z-Ihas beenjlabeled as. A The group of peaks between 330 and s

355 K 15'actually the ELZ famlly of peaks,‘as mentloned in

R _chapter 3, and w111 henceforth be referred to as such

P e

It can be seen from f1gure 4 2 that néar the surface of

ANTEE DRI
‘o,

"the saﬁple, peak A dom1nates. Thxs peak corresponds to an

’f?jenergy 1eva1 OS\Ebout Ev;+ 0 50 v and a hole capture -g:ffkcﬁzf

.’Ji;gfﬁQ;crosSvsect1on of (4 t 1) x 10'V cm2 As. the sample was
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cont1nued traces of peak A at about 365 K can still be 2
seen, but the domxnant peak gradually shlfts towards a
p051t1on around 300 310 K. As the etchlng process exposed

the center of the sample, peak B whxch corresponds to about“

'c

‘pE 0. 59 ev’ and an electron Capture cross sect1on of about

(6 t. 2) X 10‘” ¢m2, reached ‘a max1mum. W1th further etchlng, \ i!

i

.the 1ntens1ty of ‘B decreased agaxn wlth a correspondlng

1ncrease{1n the 1nten51ty of A. This is. not surprxslng -

because d1ffus1ons occur from both s1des of ‘the" center

g1v1ng a symmetrlcal dlffu51on prof1le. The trapplng

}

| parameters for all the promlnent peaks are tabulated in

unannealed and control samples. For unannealed samples,

[ ' Al
table 4 1 o

‘A
’

F:gure 4 3 shows the photolumlnescence spectra for both

there 1s no’ peak that can be attrlbuted to copper,f @}»m.;; L ,;

‘1mpur1ties. However, the photolumznescence spectra ‘for the

control sample shows an emlsszon peak at 1 86 eV wh1ch is

)

lﬁattr1buted to a copper 1mpur1ty complex, cuGa (Quelsser and ‘. '\f

. L

"sample and ampoule were subjected to,.ralses~the poss1b111t

Fuller, 1966). ‘The appearance of th1s peak 1n the control

sample, despnte the careful clean1ng process wh1ch the-fﬂﬁf

i
that the solut1ons used could be another soufce of copper

contamlnation. The 1ntens1ty of thlS peak 1ncreases w1thﬁff,
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TabLe*4.1:ITrapping paféméters,frdm PITS‘édrves

'

PEAK . ACTIVATION ... CROSS-SECTION, o

(cm?)

(6£2) x 10-'"

(3213 x 10°
‘(4£1)!x‘TQ-'7 }j
(1.320.5) x 10712
(azsi‘x'ko-"" 3
.(156£6,5) xipj'3.
51,016{5) x:JQir:

(6£2).x 10-'+

< (683) x 10712
(624) . x 10-7

s (723) x 071
£0.02 '(748) & 107

. © (814) x J'io..".'l:‘

" PROPOSED ORIGIN

CUgy Va, (?)

EL3;Vg, Va, (2)
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Wsrmllar go that used in PITS measurements of flgure 4. 2 and

‘! 'subjected to 1dent1cal etch1ng process, are shown in f1gure‘
“ h "n',L:‘ 0
4.4, The spectra have aga1n been dlsplaced vertlcally for

‘~A

olarxty. The presence of copper can be seen at all depths as

'ff‘Vp;"*shown by the emlss1on at 1. 36 eV wh1ch has been attrlbuted
B P T

>

photqp energles‘greater than 1. 1 eV From the
‘ | photolum1nescence spectra,'lt can be seed‘that the 1ntensxty

\

“of the peak due to CuGa gradually 1ncreases w1th etchxng

-

‘ftlme, and hence w1th depth

~

e ‘ 4.4 D’ scission
o 9

‘peak ‘thh arn® act1vat1on energy of E. - 0.82 ev after
: "annealxng,v1s yet to be determlned fhe results of

peak at . the surface decreases after anneallng They
"attrlbuted the change to the outd1ffdk1on of EL2 dur1ng
-hanneallng In our case we obserVed that the EL2 famzly oP
':[}peaks usually appears to'rncrease\1n 1nten51ty after

T Y o . ) . S BERTANI
LT . . . )
3

‘anneal1ng ? , .jg'g‘; '3,

gﬂj}!fﬁﬁt‘to Cu,, ptor level Only one peak dye to, th can be seen
KSRGS cen L3 9 :
v ' becauseﬁ S] response photomult1p1‘1er used 1s llmlted to g

3 “ \

The mechanxsm responsxble for the appearance of the ELZ‘

\7:d¥*‘Makram—Ebe1d et al (1982) show that the 1nten51ty of the EL2

N
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\

Copper has been known to occupy a level at about 0. 4 eV

N

from the valence band (eg. Blanc et al., 1964 Mltonneau et

‘al;,‘1977 Kullendorff ‘et al., 1983) A search of the

11terature also reveals values of about E + 0 5 to E, + 0. 6
eV (Sze and Irvrn, 1968 Mllnes, 1973- Ch1ao et al., 1975
1978). From the results publ:shed to date no ment1on was.

made as to whether these levels are‘due to the same centers

.

From the1r studles of GaAs ‘grown” by hor1£ontal Brldgman'

and floatxng zone technlques,‘whlch haNe been annealed w1th

and w1thout copper; Blanc et al. (1964) concluded that there

are. four latt1ce defects, twd of - wh1ch are'acceptors at 0 17

.

o and 0 .48 eV from the valence band and the other two are‘

Ly v ” .t«‘

donors at 0. 2 and 0 56 eV from the conduct1on band Ow1ng to

the fact ‘that' the activation energy is- concentratlon‘

?fdependent (Harvey, 1961) the above~quoted energy levels'
have an uncertalnty of +0.03 eV. Th1s means; for 1nstance,

. ”Wthat the act1vat1on energy of the acceptor level at 0 48 ev

'can be any value between 0 51 and 0 45 ev. Bube et al.

‘(1962) found a center at E + 0 45 eV in %opper dlffused' |

h~GaAs. S1nce th1s acceptor level 1s close to the 0 48 eV

\




~lével at E, * 0 42 eV w1th a hole capture Sross- section

PN
.

¢ . !

\
v

around 107" mz. o “f' R : . e Yo

] ’ DR ' »' . -

The results of Blanc et al. (1964¢ Bube et al (1962)

, \
Chiao et al. (1978) ‘show’ that there ls a level %t‘ab0qt 0. 5

eV from the valence band that is related to copper 1mpur1ty

, We gwoposed therefore, that the orxgxn of thxs peak is a,:

Hgdﬁngr—relatedocomplex, the mogt llkely candldate of whxch " ’

i
+

is e1ther CuGa /e or’ V“ CuGa Vige o

Voropkalo et al (1973) found from' theqr

Y [

:photolumznescence studxes of n type GaAs whlch have been - 7-}

1

dxffused thh copper that there is"an 1ncrease in the '. S

: 1nten51ty of the 1. 0 eV em1551on peak and a decrease 1n the.

‘rnten51ty of the 0.93. eV emﬁ§s1on ’éak at the surface.‘“ / f:ﬁif
However, 1n the 1nterlor of the sample the p051txon of “the
' em1ss1on peak gradually shlfts fr‘J 0 eV to 0. 93 eV
: Comparlng our results wlth that of Vorobkalo et al..
.(1973) woul®~:nd1cate that the source of peak A is. 81m11ar ‘tif

'”:the 1ntens;t1es of the two relevant peaks 1

td1ffere5t depths from the sur&ace or after‘_ -tchlng .
process, " SO » t : t
“*Flgure 4 5 shows the xnten51ty of\the 31gna1 for b

TN

B .'
_V.,.ﬁ

'levels respon51ble for peaks A and B 1s

to the one g1v1ng rise to the 130 eV peak and the source of

\ ¢
peak B is 51m11ar to that respons1ble for" the 0 93 eV pea

':vident b&*comparxng

-
~_f1gure 4 2 at Co

N
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0.3

PIT S PEAK INTENSITY (arb.units)

TN
o
[y

1

0.0 — v v — ’
/ 0 10 ' 20 30
| ETCHING TIME (min) |

Figure 4.5 Intensxues of A and B peaks from PITS curves.
' -Data points were obtained from figure 4.2 and
solid curves were obtained using equatxon 4.3
(curve 1) and equation 4.4 (curve 2). o
(o) A peak' (x) B peak '
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‘can be well represented by a Gaussian distribution curve.

The empirical expression for the Gaussian curve as obtained

\
by nonlinear least-squares fittingvof the data is:

I.(

I, = I exp[—O.S(t126 55 ") (4.3)

where I, is the intensity of the normalised PITS signal, I,, )
is the meximum intensity ( 0,4199 for the curve in figure
4.5) and t is the etching time' (which can be used as a
spatial parameter). The profile of peak B is not a simple
Gaussian. An empirical expreésion for the distribition

Q
profile for peak B is:

I, = I, {1-exp[-0.5(22L 7) IR T (4.4)

where I, is the intdnsity of the normalised PITS signal, Iy
.(=0.188'for the curve in figure 4.5) is the background
1ntens1ty’of peak B and I,, is the maxxmumglnten51ty of peak
A. Thus, the dlstrxbutlon curve for peak B appears to be
related to the maximum intensity of peak A.

The” Gaussian proﬁile af the PITS signal for peak A
shows that the defect responsible is diffueing inwards. It
is most likely'to be diffusing inwards with the arsenic
vacancies. R ' ‘ ]

Vorobkalo et al. (1973) proposed from their ' |
» photoluminescence daﬁe that the 1.0 eV emission peék'is due
to CugV,, defect complex and- the 0 93 eV peak is associated

vith v,V,, double vacancies. The relat1onsh1p between these

two defects is given by:
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W L \
m}x% L
"anfdx + v Vae * CugV,, | ' o (4.5)
' )
- ' o ; ‘ ’ @

Evidence that stronglylsupports the proposal that theg
source of peak B is a comple involvingbnative defects, V,,
and Vv, , such as wth, can be seén from the PITS curves for
both ungnnealed and éontrd} samples (which are assumed.to be

copper~fre?). These curves are shown in'figure i%@. As

ment ioned begore;'these peaks increase in intensity after
annéaliﬁg which show that vacancy aséociation.may have
Aoccured-duning’aﬁnealing. fhe PITS curves of figure 4.1 also
_show a.slight "hump” (1nd1%ated by an arrow) that could be
due to copper related defects such as those responsxble for
peak A of figure 4.2, as # result of some copper
contamination as shown by photoluminescence spectra of | g
/_figure 4.3. Even though photoluminescence spectra indicate
the presénce of copper for the control samplés in figure

4.3, it is believed that the amount of copper contamination
is minimal and that the densxty of electrxcally active

copper complexes is small enough that it does not appear
clearly in the.PITS curves. This is also shown by the  fact
‘that a sihilarly treated control sample was found to be
n-type with a ;esistiéitf of 9.4 X IOTJZEU\andqa Hall
mobility of .3600 cm?V's™' at 25°C. fﬁis Hall-effect

results aléomépﬁgsts to the thermal stAbflity of the samples
uSed.‘

2 Hall- effect and resxst1v1ty measurements were done by Dr.
F.L. Weichman.
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T In routine PITS measurements' for various sa&ples\of 3
o . ' . "~

a\\325L annealed and unannealed samples of LEC SI GaAs‘that NN

oo
have been done 1n thls laboratory for the past several ‘

O

years, we have cons1stently observed that peaks sxm1lar teg
peak B above are frequently obte1nedr“The energy Xe&els of R
‘these peaks renge from E. - 0.5 to E_ : 0 6 eV uhich '
strongly indicate that they are due to natxve defects sych
as those respons1ble'for EL3 (Martan et al. (1977)
},\ origin of EL3 is st111 not known but the results reported ”&
here indicate that 1t is related to Vg V,,. :
The strong peaks at positions between 290 and §102K of
figure 4.1 strongly suggest thatjtue origin of peak B ‘gives
rise to a family of at.leest.3 different defect leuels. It
is ang;possible that peak.B of}figure 4.2 occurs at a v
higher temperétures than that of flgure 4.1 because of the
influence of the EL2 peak at about 330 K. v - |
The\photolumxnescence results show that the
concentrat19n of Cum is increasing 1nwards with a maxlmum
" at the center showing that copper has dxffused unlformly ?x.
throughout the crystal» bearing 'in mind that the 1nter1oroo£
‘ the sample whlch acts as a 51nk ‘for . copper cannot have a
hlgher concentrat1on of copper than the’ exterior which is
the source. This indicates that the copper)gt the surface
could exist in the- form of complexes such as CuG,VM or
VMCuc.v o Furthermore, the decrease of the s1gna1 seen at
the surface of the annealed sample can be partly due to'a

degradation in the _radxatwe'qu,antum effrcxency qbthe



\.
n

luminescent output at. the surface. This has also Been
observed by others (egq. van‘de Ven et al., 1986) The - -

B ! ! v ° ‘ . ' 5 ' i . '
decrease in photoluminescence signal at the surface-gould‘be

.due to.sutface damage reSuf't’\‘rng' from the escape 'pf arsenic,

',“
creating vacancy- related "k1ller centers ‘

4

There are two mechamsms to explam t{.\he results‘\of both,
\

PITS and photolumxnescence. As has beén pomted out earlier,

i

the formation of Véa ' and V. is enhanced near the surface of

the sample durxng anneal:ng It' is possible, th‘e\nefore, that

under ‘an arsenic overpressure,' more VG,~ is created ‘than V,\a

in addltxon to the nat1ve defects suqh as VGAVM. The higher
i
1nten51t1es of EL2 and peak A in the PI:I‘S curves of flgure

4.3 and the presence of the CuG, photolumxnescence emlssxon g

peak (flgure 4.4) at the surface could be due to“‘the

‘ followxng processes.. / T | |
1) annihilation of VeaVas by copper- and subsequent reactxcn
with v,, to form: e1ther CUca xe OF V,,CugV ,, O both ‘ '\-‘ 5

2) creation. of ELZ at the surface poss1b1y as a result of a |

I
2

’compleyx react1on«\ ;nvol.v_mg vacancies and ' |
3) creation of Cug, by. reaction between Cu, .and the native
defects such ‘as Vg, -and Vg,V,,. | |
Process (1) above" requxres the anmhilatzon of VG,VM-
form CuG, »s Which explams ‘the hxgher PITS 1ntensxty of peak
3 relative. to that of peak B near the surface.‘ s .-
At several um below the surface the ccncentratxon of
"V, is greatly reduced but there 'is st11'3: conszderable
dens1ty of Vg, present as reported by Ch1ang and Pearson

B : "r\
¥ Sow T
. . : ) !
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' exist compet;t1ve1y, wzth the actzvatiOn energy sh1£t1ng

s

» ' ! ' ——— . 1
.7

(1975) With prolonge(] heatxng, thxs regxon could extend

. further into the 1nter10r of the sample. The 11ke1y

[

mechanism to occur is. g1ven by.

Thxs mechanism ‘is supported by observatxon of a h1gher,
concentratxon of the natlve defect Vg,VQ,, corxrespondxng to a
hxgher 1ntensxty of peak B’ 1n the PITS curves of flgure 4 2

‘and an 1ncreasxng photolumxnescence 1ntensxty of the Cug,
emxssxon peak gf)wards the{}mterxor of the sample. For: @ |
neglxg1bly small concentratlon of copper contam1natxon, ‘as :
in the contr,(.gl sample, the concentratlon of CuGa Ao or\“
VMCuG,‘M and Cug, near the surface are probably tob low to
‘be detected: by PITE (figure 4.1) and photolumlnescence
(curve 2 of f1gure 4.3) respectlvely However, 'in the

interiof of the. control sample,"vmvu and more CuG, are

present in acc0rdance w;th equatlon (4 6). e 0
Y . ‘.
;‘ h ' ' l ' .- . e ’ ’
L o, ' “7 ",
‘. 5 Conclusion . . '.é\‘ : U ST “ﬂ

L I

PITS studles of copper contamlnated LEC SI: GaAs have —~

s"hown that there are two other maaomeaks seen between 273 a
~and 400 K, 1n add1txdﬁ, to FE EL2 peak The energy level of 8

the EL2 peak 1s at about E 0 82’ eV whereas th% other

',' peaks have act1vatlon energxes of ahout E 0 5 and E

0 59 ev. Depth prof.ilmg studzes show that these two peaks

hd °

'-towards B. - 0 59 eV at 1ncreas1ng depth from the surface.~ .
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o .
Photolumlnescence stud1es show the . presence of copper

1throughout the sample ind1cat1ng that the sh1ft in the peak .

~_ position 1s due to the format1on of a complex associated

+

w1th Cug, and V‘{,.

Based on the evxdence and arguments presented it i
I | .
proposed that a s1ngle complex - €ither of the form CugV,, or

VMCuGa Au'ls respon51b1e for.the level at about E, + 0.5 eV,

‘ whereas a complex such as VG,V’Aa is re5p0n51ble for the level

at around E, - 0. 59 ev.

Several mechanlsms hqye been proposed to expla1n the

/

’results. The propsged mechanlsms, however, are still
et stud1es such aé the dependence on

‘conjectures and
‘Varsen1c partl;- pressure and length of annea11ng txme should

:be carried our to determxne the va11d1ty of the proposed

N

mechanlsms and to understahd better ‘the behav1our of copper

vand its complexes 1n SI GaAs..‘ S o s Y
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5. PITS and Photolumxnescence Studxes of Copper-dlffused LEC s

SI GaAS —‘Annealxng at 550 c

5 1 lntroduct1on R B / |
‘ \ | )

In chapter 4 we proposed based on the studxes of _PITS

and photolumlnescence, that copper creates a complex, “-
\ .

belxeved to ‘be elther Cug,V,, or VMC%° asr With a defect '-

leveliat about E, + 0-50 eV and a hole‘capture Cross- section“'

of about 10‘”‘-m2. The results were’ obtalned by anneallng
“the samples at about 850°C for 24 hours in a qQuartz ampoule.
\
The observatxon that copper can eas1ly contam1nate the

. sampLes from ‘the quartz tubxng, even when there is no dxrect

contact between the two, is s1gn1f1cant to the sem1conductor“

e

manufactur1ng 1ndustry gecause annea11ng 1n quartz

'contazners is part of the manufacturlng process. In the wake‘

of the results obta1ned in chapter 4 the questlon ar1ses as
to whether 1t is p0551ble to obtain the s&i} results us1ng

controlled dszusxon so that samples w1th similar -

characterlstzcs can be obta1ned reproduc1bly. Slnce

‘anneal1ng at 850°C in the presence of even a small amount of‘

- excess copper resulted in. samples of hlgh conduct1v1ty due

lfftemperatures, we dec1ded to carry out the anneal1ng at a -

lower temperature. Thxs process also allows us: to find out
N

th lower temperature of 550°c.

',\

' —

‘“'“ﬁg;QT“t o

A:.Ai“:‘ .
a L .

. to. the hlgh dlffus;on constant of copper 1n GaAs at’ elevatedg,“

' whether the defects created at 850°C can also be created at



In' the results to be d1scussed 1n thxs chapter, 1t is

N

conflrmed that the leve at about E, + 0 5 eV 1s 1ndeed due‘

o/ S '
/
to a complex 1nvolv1ng copp r and arsenlc vacancy..

| - These_studles also shpwed that the defect level at

. about E, + 0. 5 eV found rh copper- d;ffused samples bift
commonly attrlbuted to/iron 1TPUF1tY! is def1n1tely due to a’
copper complex‘instead of an iron‘complex,‘ )

-

5.2 Experxmental deté&ls
.obta1ned by c 4tesy of Comlnco Ltd., was first etched 1n
BH,SO0,: 1TH,04: 1 ﬂz; solut:on for about 2 m1nutes and then "
r1nsed 1n‘g 1on1sed water. A layer ‘of 99 9999% copper was
‘then depos/ted onto one szde of the sample by vacuum 1/
evapora} on. The sample wae then 1nserted 1nto a quartz,-
x‘ampoule, together w1th a Small lump of 99. 9999% aréeﬂic. The
'quar}é ampoule had been prev1ously cleaned w1th aqua reg:a,
KCN/solut1on and HF solutlon followed by r1n51ng 1n R

de1onlsed water. The ampoule and contents were then

evacuated ‘to about 1076, Torr and sealed The ampoulehl“

onta1n1ng the sample and excess' arsenic was Ehen annealed
‘t‘at 550 C for 12 hours.t. o g ,f-"‘ - «\\: | |
At the end of the'anneal1ng process, the sl1ce of

sample was then cleaved 1nto smaller p1eces oﬁ about 10 mm x

/

A slxce of/ﬁéc S1I GaAs sample of commerc1al qualxty and.

-—

S mm 1n dxmejjlon. For PITS measurements, ohm1c contacts

were made by ‘me lt1ng 99 9999% 1nd1um on the sample followed

by annea11ng at about 360 350 C for'about 30 seconds 1n‘;&=”

. LT
R . -
e, .



flowing'HCl/Nz‘ga’s.' S
~ PITS and, photolumlnescenCe meqﬁurements were then made o

as outl;ned in chapter 4. &

u

5 3 Results

PITS curves for the or191nal and copper dlffused

samples~are'shown in fxgure 5.1. All the PITS curves shownf

,.

are for tame w1ndow (t2~e't ) = 20ms.and t, a‘Sms. Curve 1 of.w
.fzgure 5. 1 ‘was obtalned on ‘the orlgxnal unannealed sample. ‘e
/‘Curve 2 of f1gure 5. 1 was obtalned on the 51de of the samphp |
‘on wh1ch the cdbper f11m was deposxted, after remov1ng the
fllm 'by pollsh1ng and etchxng Curve 3 of flgure‘S 1 was

"obtalned on the same. s1de as _for curve 2 but. after etchzng

*
4

otf about 150 um from the surface. Curves 4, 5‘ %; and 7

were ‘the results of PiTS measurements made on the 51de Wthh
L) ' *N
was not covered'thh copper f11m CUrve 7 was obtalned near
8

the surface and curves 6 5 ‘and. 4 were obtained 1n that

gl R

order, aft%r remov1ng3the prevzous contacts, then pokashed

»

and etched, and followed by fabr1cat1on of new contacts._

'Bach’ pol1sh1ng and etchlng step 1s equ1valent to a removal

l”-of about 50 um of f. the surface. F1gure 5 2'shows the .

'
%

relatzve p051taons'1n thg sample from whloh the spec1f1ed

e r

Y

Fi&hre 5 3 shows the ph;£g§£p1nescence spectra taken at
U\
d1fferent depths from the surface.}Curves 1, "2 and 3 were

a;,, taken at dxfferent depths frogqghé\surface that ﬁ::éjgyé;;;\\

»Cwith copper fxlm. Curves 4 and 5 were taken at d1 rent Vg.f

S TN Tio . 3 ¢ . .. . . [
W e e e T Lol

M»PITS curves were obtalned f;NT.Q-w'f

\
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Fxgure 5. 2 Sample: for PITS measurements.

coPPER
FILM' oo

o

95

I

The. numbers cortespond to the PITS curves in

fxgute S, l

L4}



LUMINESCENCE INTENSITY (arb.units)

128¢ 132 1.36 140
PHOTON ENERGY (eV) ‘

Figure 5.3 . Photoluminescence ‘spectra at different
depths from the surface. -

96
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COPPER

Figure 5.4 Sa;ilple for photoluminescence megsurements.'
The numbers correspond. to the curves in

figure 5.3.

Q.
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depths from the surface that was not covered with copper.
The relative positions at which the spectra were taken are

"

shown in fiqure 5.4.

5.4 Discussion

With reference to the PITé curve for the eriginal,
unannealed saﬁple, the approximate.positions of the peaks
that have been observed by both deep-level transiene
spectroscopy (DLTS) and PITSwha;e been labeled according to
Megtin et al.,(1977). Except for the EL2 level whicﬁ has
been identified, the origins of the other‘peaks ere‘still
unknown.‘Referring to-the PITS curves for copper-diffused
samples, the peak at about 140 K has an éverage ene;gy level
of E, + 0.19 eV. This beak is commonly observed in
elect;ical measurements of copper-diffused GaAs. -Queisser
.and Fuller (1966) suggest that the complex respoﬁsible for
thiselevel‘is likely to be Cu,, complexed wifh a vacancy. It
‘can be seenlthet the intensity of this peak is more or less
‘constant throughout the, samples. This.can be taken to
indicate that copper has diffused uniform}y‘through0ut the |
;samples. ' ;' - | ;

Photolumlnescence results show that the em1eszon ‘peak
at 1.36 eV which is. attrxbuted to Cuc,, is more 1nteqse for
z’reg1ons deep 1nsxde the samples than for those riear the .
;surface. The compar1son batween the PITS peak at 140 K and
”the photolumlnescence em1ss1on ‘peak at 1.36° eV shows that.

 the oxxgln-oé ‘the copper related peak -at 140 K

-

-



W99

corresponding to an energy level of about E, + 0.19 eV,

cannot he due. to the same center;~ ‘ )
| _— \

The copper impurity in GaAs also 1ntroduces another

level.at about E,6 + 0 4 ev with a hole capture cross-section
-

of about 3 X 10" cm? (Kullendorff et al., 1983). This would

give a peak'in the PITS curve in the temperature range of

-

220-240 K. This same region also corresponds to the‘region
where a broad peak due to\EﬁS‘would‘occur.ASince both
‘electron and‘hole-trappind centers give positive peaks in
PITS curves, it is dlfflcult to determlne the contr1but10n
of each center unamblguously It is temptxng to say that the

o

peak at about 220 K in f1gure 5.1 could correspond to the (

\

copper—related defect. If that assumptlon is true, then it
can be seen that suoh defect centers are more eoncentrated
in the region just below the copper film but is not
uniformly distributed throughout the sample.

The peak of iﬁterest in the PITS curves of fidure 5.1
occurs at about 362 K.:The‘ehergy.1evel of this peak is‘at
about E, + 0.52 eV and the hole capture-cross-section~is in

‘the range of 10‘” cm . 'This peak is the same as that
referred to as the. "A" peak in chapter 4, '

v

- We have proposed in chapter 4 that thls peak 1s due to

: copper related complex either of the form Cug,V,, or

VasOUgVays | The variation of: the mten51ty of this peak™
" figure 5.1 as a functmn of etching time or depth support
" our proposal “that it is related to a copper complex '

."involving Cu,, and Vage
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P
The presence of a. f11m of copper on one: 51de of the
sample has a cappxng effect preventlng the escape of
rarsenic from that surface. Hence, the region: below the
& .

‘copper f11m should have a lower con&entratxon of V,, than

the opposite side. The formation of the defect Cuca,m,or‘

-
’ - *~

V“Cua(hlrs thus 1nh1b1ted because “of the loy\concentratfo&ﬁ F
Lof V. ) s B
The escape of arsenxc through the other slde of the r ‘
.'psample is unhxndered It 1s expected, therefore, that a e
concentratlon gradlent of v,, exists in the sample thh a? . j"g'
maxlmum at the free surface and a m1n1mum~1n the reglon -'.p;‘f o
“covered by the copper f1lm. The formatlon of, CuG,‘Aa or |
V,.Cug,V,, will follow the c:olncentratlon p’rohle of V,.. The . | K
concentrations of.suchvdefects should reach a max;nam at thei" )
uncappedgsurface and ajmininum at;the‘copper—covered
surface. c " | f‘ ‘
. L | - |
The variation of the 1ntensyty of the peak at 362 K in
’ figure 5 1 clearly follows the argument presented above. \;?‘
- This peak has-a maxlmum at the surface not covered w1th ,pt. s
copper film.and decreases cons1stently w1th depth from‘:he" | .'f
free—smrface, reachlng a mlnlmum at the copper covered j .
‘5urface. It can be seen, however that there 1s awtrace of o
B the ex1stence of the defects in the reg1on near the copper
£ilm: Thxs peak is completely absent in the unannealed '
. or1g1nal sample.‘The relat1onsh1p between the peak at 362 K T
_ and the one lylng fn the range between 290—and 310 K ‘is not

“as clear 1n flgure 5. 1 as 1t is in. f1gure 4.2, Genera1I§
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‘ speakxng, 1t can be seen 'that a’ hxgh 1nten51ty of the peak

h at 362 K corresponds wlth a 1ow 1nten51ty of the peak arOUnd

1 290- 310 K, and v1ce versa. o h;;;r?flm‘ﬁfWk. VT" \23_ ~ ‘;Vph;

v o o . -
. : ol -

It can also be seen from f1gure 5 1 that a. h1gh
1ntensxty of the peak at 362 K corresponds wlth a low B o
intensity of the peak at 220 K and v1ce versa. 1F, 1t is. eflihuff]f,y

assumed that the peak at 220 K of flgure 5 1 xs related to a

second ‘ionization' state of a copper related defect Cum,‘*'ﬁﬁeﬂ"UV“

{e

—

(Quelsser and Fuller, 1966) whlch has a defect level at

"about E, + 0 45 ev, then we can’ explaln the relatlonshlp "_‘fg_

t
between the twé’peaks as be1ng due to the annxhxlatlon of

" --‘;\’
’ v

Uca to glvAe.yMCuGu as OT "CUgaVps e S TR

L 5 5 Conclus:on ‘ | o '. e ‘", ’r :

It has been shown that by dellberately d1ffus1ng copper,:

. .

afrom one s1de of the sample, we have conf1rmed from PITS

»

results that the peak at 362 K w1th a defect level at E +-tv"‘t,1

v

0 52 eV is due to a complex 1nvolv1ng Cmn and VM, elther
_of the form Cuc,, /,, or VA,C\JG, ns + -'_'3 - L \ o
In add1txon, several other peaks can also be seen.‘
Correlatlng the PITS and photolum1neseeaee~data, we conclude‘

that the acceptor level at about 0 2 eV whlch 1s commonly

| seen 1n Hall effect and thermally st1mulated conduct1v1ty ; 9'-;“
(TSC) exper1ments, 1s not related at a11 to the 1. 36 eV 9 ;“ﬁ
photolumxnescence peak Furthermore the E, + 0. 19 ev. peaE% :!'
15 also not telated to VM.j 'lh D f;~,ﬂl' ','.-dﬁ - ‘l;fff
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‘6. General Discussion and Conclusions,

6. 1 General stcussxon;ﬁ ?f;f L .“” ““-f.<‘j f‘i‘

/

From the PITS measurements of. LEC SI GaAs grown w1th

dxfferent grades of B(% encapsulant and d1fferent masses: of

‘ charge, as descrlbed in chapter 3 ’we have shown that there

' LI

is a fam1ly of defect levels w1th actlvatlon energxes in. the
range of 0 75 to 0. 82 eV Th1s 1s the well known donor level
wldely referred to as E£2 The data shows that there are 3
d1fferent’levels 1n thlS famlly of EL2 trapplng centers The o
appearance of a 51m11ar peak can also be seen 1n the results@
"iof chapters‘4 ahd 51 We | then ‘concluded that thlS famlly of
levels 1s related to nat1ve defects, the ‘most wldely quoted

of wh1ch 1s the ant1slte defect AsG,. It has also been

" proposed (20u et al 1983 Lagowsk1 et al., 1983° von

K‘ Bardeleben et al., 1985) that thzs famlly of defects could

—

‘3 ‘be due to a complex-1nvolving'm”‘ Vas OF Asi. Based on the

results of the previous chapters, we wrll,attempt'to--'

..determine the most llkely complexpthat'isjresponsible for,

. . . SR . . IR . o X
'éﬁ@kﬁ-' - j. N P ‘*. ‘f-” LT
. ' Lo . : oo A ’ . o ’

I

The 1ncrease in the 1nten51ty of the EL2 fam11y of

"5lpeaks after anneal1ng is 1n contrast to the observatlon of

2

“f;Makram-Ebe1d et al (1982) Such an\1nefease-can be-seen«

"jfrom the results of chapter 4 and 5 An obvxous reason is
‘that EL2 defects are be1ng formed at the surface. There are
'u_several p0851ble mechanasms to expla1n the 1ncrease 1n EL2

oncentratlons.,m»”fval'ﬂh:f?w?



1

0 ’ i

‘,", . ' ’ ‘ . ) . n

The format1on of EL2 durlng anneallng could ‘be: duevto

——

the sl1ght overpressure of arsenlc and the creatlon of Voa |

1
oM

(Chlang and Pearson 1975) ng1ng rise to‘the antxslte

defect, Ascu.accordxng to the equat1on.

E ‘be:

f——

S Ry Ve s AsgELRD YV, T (e D
\' ' o ! . ' '

s von‘Bardeieben et al. (1985) belxeve that EL2 1s due to.

[

a complex of As1 and Aah ng1ng rise: to AsG,Asi If that 1s

3

Y

S 108

then the mechanlsm of format1on of ELZ in our case would

2hs,, * v¢,”+ v, » AsGaA'é" (EL2) AV, L (6.2)

on - the other hand Zou: et al (1983) proposed that a
A -

more llkely orngn ‘of ELZ defect is AsGJJ V&. For thls type .

N
of aefect to form at the surface,<the mechan1sm would be-

AsAs + zvé‘* Asmv Vea K PR (6 3)

Lagowskz et a1 (J983) proposed that a cmmplex such as f
; ASGQ“J can account for electron1c propertles of EL2 better’

than a 51mp1e antls1te defect Asca. Uszng thlS complex as a‘

»

model for the ELZ defect the mechanlsm of format1on of Eb2

based on our results would be-i?"”

hV ‘are, created whlch then form complexes w1th elther As, or.

AsAs + V + AsGa A;""U R - }'f . (6. 4)

The mechanlsm deScr1bed by equatlon 6.3 seems more'h

loglcal It 1s plau51ble that dur1ng annealxng, both Vm and

hY

RN
--

As” to. gzve AsG,V,,,V . L " | |
\ From the results of chapter 3 1t 1s shown that the “:
broad peak betwen 220 and 260 K 1s 1nversely dependent on’

the carbon content We have proposed that thlS peak 1s T

o



\2f“the surface.‘We have proposed that thls center 1s due to a

105

'related to free V“ The breadth of thzs peak whxch
| encompasses parts of the regzons covered by EL6 and EL3

‘H shows that the orxgxns of EL6 and EL3 are related to V-
-‘The posxt1on of th1s peak also c01nc1des w1th the posgtxon

of nhe copper reéated peak at E, + 0 4 eV glvxng rise to

the problem of 1dent1fy1ng the, peaks. This problenuxs -
:hlghllghted in- chapter 5 where it can be seen that the peak
stretches from 220 to 280 K The curves 1n chapter 5 were \
obtalned from coppe; d1ffused samples, hence the E +.0.4 eV
peak must have merged w1th the peak due to ELS The merg1ng

of .the peaks does not 51gn1fy complex. formatlon of the two
types of defects One method to separate the peaks is to use
. Schottky barrler contacts andnstudy the dependence of the
V:peak on elther the electr1c f1e1d 1ntens:ty, 6r the light
1ntensxty for both forward and reverse electr1c f1e1ds.
\'However; thlS would not’ work in the case of high res1st1v1ty
materlal such as SI GaAs due to the fact that the electrical
u:, contacts .are essent1ally ohm1c.‘~ . N | |

| One of the most s1gn1f1cant PITS results of chapters 4 ‘r

‘and 5 1s the observatlon of a hole trapp1ng center at aboup

vE t 0 5 ev. and the varxatlon of thlS peak w1th depth from

i

e

' *.v.complex elther of the form CuG, as O VMCUG,VM. The ev1dence

o'that supports thlS proposal 1s the concentrat1on profxle of,';ﬁ

'rﬁjtypzcal of an 1nward d1ffus1on of a specxes 1n a medzum.~

_thzs defect whlch follows a Gau351an d1$tr1but1on function e

P

; fFurther ev1dence 1s also provxded 19 chapter 5 where the

RS



“"‘1‘06 |
rslresults clearly show that the 1ntensxty of . thxs peak
correlates w1th the expected dlstrlbutlon'prof1 of QM

. safaroy‘et'al . (1970) and van de Ven’et al.ﬁ‘1986)"
‘found‘from“photolumlnescence studxes that“there‘are,tuo,
‘species.of copperarelated defects, one ofrwhlch‘is a fast
"dxtfu51ng complex and the other 1s a slow d1ffusing complex-'
found near the surface Wzllman (1971, 1973) also made the
a'same observatzons us1ng absorptxon measurements and
bound ercxtons studles. van de Ven-et al (1986) proposed
that the slow dlffusxng complex found near the surface

i

-‘corresponds to V,,,,,Cucllms \

The results shown 1n flgure 1 of Safarov et al., ‘
(1970) clearly show that the bound exc1ton llnes, Co (1. 5031 :

‘eV) and C, (1. 4996 eV) 1ncrease in 1ntensxty 1nward I1f we |
assume that‘the‘measurements were_taken near\the §urface‘:

| 'thathwas‘origrnally-covered‘ﬁithra copperlfilm;durindh‘ .
annealing,‘thenlthe increase in'the'lntensities of.to and o
_with'depthlcorresponds with the‘increase in the'PITS“signal‘
at E, + 0. 5. eV ‘with depth from the copper covered surface .
(f1gure 5 1) Safarov et al., (1970) suggested that a ‘

‘,complex such’ as. Cum,;a w1ll have the same symmetry as the C

“‘and C, centers. M11 v1dsk11 et al.,‘(1971), alsp reported

K that the C and Cy centers are. related to CuG,V“.

| Lyubchenko et al (1968) reported, from the1r

"fphot0conduct1v1ty exper1ments, that there are two dszerent

. !

““types of copper related centers"the s centers at E, + 0 52

L ev and the r centers at B, + 0 39 eV
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If the leyel at E -+ 0 5 eV is 1ndeed related to N ;;

copper then a more coherent pxcture begxns to emerge from
P
the vast amount of seem1ngly conflxctlng data on: the problem

of copper 1mpur1ty in GaAs.‘: A ‘ei R

/

‘v ,h“-‘: R ~’ N :-A

We, prdpose that from both electr1cal and
photoelectronlc measurements, 1t is possxble to detect three.

d1fferent copper related defect levels. The acceptor level

‘at around E +.0.6° eV seen by Ch;ao et al.,(1978) the level_w“

at E + 0.52 ev: seen*by Lyubchenko et al (1968), and the

.;unknown level at E, + 0 51 mentloned by lenes (1973) and

Sze and Irvxn (1968) are all dTe to the same center as the

lione respon51ble for the PITS peak at around 362 K whlch We

have proposed to be most llkely CuGa M“The level at. around

E, + 0. 4 ev reported by Queasser and Fuller (1966)

Mxtonneau et al. (1977)\ Kullendorff et~al (1983) and

' others, is respon51ble for the PITS peak around 220 240 K
‘From PITS curves, we have unamblguously separated two

different centers ow1ng to the fact that the peaks are far

apart. This will preclude any exper1menta1 uncertalnty that

would otherw1se have been held accountable 1f these two

-

“[fresults were obta1ned u51ng other means of measurements.

There 1s also another level at about E + 0 19 eV whlch""

c:1s clearly seen from our results on copper dlffused samples;]f

“Th1s could be the same level reported by Blanc et al.

W(1964), Que1sser and Fuller (1966) Furukawa and Thurmond

f-ih(1965) and others. Accord1ng to Allzson and’Fhller (1965)

l]the level at E + 0 2 eV found 1n Te-doped GaAsi1s due to. v;, .
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o

‘resulting‘from a~dissociation of C@M ”However, they’concede '

that a vacancy 1mpur1ty complex dould also be responsible

for the level at about E * 0:2 eV From our PITS" results,‘
- 1t is possxble to conclude that a copper related complex xs\

responszble for the observed peak at’ 140 K thh an energy of

‘ If the acceptor level at E 4 0. 5 ev- 1s related to‘
' ycopper, zt is poss;ble that some of - the DLTS results,‘whach
reveal -a level at around E, + 0 5 eV 1n copper dlffused |

samples,,buu‘whxch were attrxbuted to 1ron 1mpur1t1es, could

‘be erroneous An example of thlS attrlbutlon is he“dﬁTS B

results reported by Lang and Logan (1976) ccord1ng to “X

ot 08

the1r studzes of p- n Junctzons 1n LPE GaAs they found that|

the copper related level at E + 0. 44 eV is’ more or’ less e

constant throughout the junct;on but the defect responsxble ;

?

for the level at E * 0 52 eV purportedly due to the 1ron #

'1mpur1ty, has a h1gher conceatrat1on near the )unctxOn but

rapldly decreases away grom the junct1on. They reported that

'
'

epxlayer/substratew1nterface.hIf these two s1gnals are not

related there 1s no reason why they should always occur

n

together. Acoordxng to our results here, the level that was

A Y

o reported to be due to 1ron is actdally a copper complex.__p;uﬁ

'

.these two szgnals are,always seen in junctxons at the SRS
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3 6. 2 Conclusions

The hlgh resistivity of LEC SI GaAs requxres that a

‘Fi‘ ;- 4 <y

photoelectronlc méasurement technique be used for the
qharacterxsatxoh of defect levels. A

3!

) S .
-m}crocomputer~controlled photo~1nduced transient

N

“

spectroscopy (PITS) system was constructed to provide an

"effective '‘analytical system to probe the defect levels in
LEC SI GaAs in‘an'effort to understand the origins of the

‘,‘

‘ .defects levels., I

o i In the dxscusssxon on the theoretical and bxperxmental
"aspects of PITS ‘we have shown that the high resxst1v1ty ot
the materaal requ1fes certaxn precautionary measures to be

L oy
taken 1n the analysxs of the decay time constants because of
the non- negl1gxble dielectric relaxat1on t1me.
JFrom ghe PITS measurements of a series. of samples with

different)carbon content we found that the intensity of the

+y EL2 famxly of peaks correlate w1th the mdisture content of

'ﬁthe Bg% encapsulant. The p0551ble expl‘l‘ﬁgons are the

. 1ncreased thermal induced stresses resultﬂhg in higher

%bdensxty of d:slocations which, in turn,‘leads to gettering

- of the EL2 defect centers, and the preferential.exclusion of
galllum_izom_the melt. ‘The PITS results also shqw that the
,orlgxn of the broad peak ELS is related to free V,,. “This

1nd1rect1y 1ndlcates that complexes 1nvolv1ng V,, are

\d

responsible for the EL6 and EL3 levels.

fn a serles of measurements on copper contamlnated

Samples, a level at about E + 0. 5 eV with a hole capture
;“&‘e N /
e . .

o '?j.*l *

+

o . ] - ) . <

s -
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cross~sec£ion‘of about 107" cm? wa§ obServéd in-addi;ion.to
the other cémmonly seen copper-related levels at E, +0.19
and E, + 0.4 eV. The relationsh%p between the level at E, +
0.5 eV and V,, leads us to belieQe that‘the former'is‘due to
either CugV,, or V,,CugV,,. Thgiformer is the most likely
candidate. We have thus providea evid?nce that there aré
three differeni copper-related centerg\that can be detected
photoelectronically.

fhe studies of the copper-related levels have provided
a better understahding of the roles of copéer‘impurity in
GaAs and have also reconciled many of the conflicting
results reported in the literature. | ‘ \

'From the results that we have obtained, wg‘have shown
that there is still much experimental work to -be done to
determine the exact nature of the commonly seén trapping
levels in GaAs such as EL2. In the absence of a complete
‘undérstanding of the nature of EL2 and the other trapping
llevels such as EL3, EL5 and EL6, present efforts to produce
high quality @rysfals of LEC SI GaAS are essentia}ly done in
the dark. ; ¢

From ohrxresults on the diffdsion éf copper in GaAs, ve
have shown that there are several avenues for furthér work,
the most important‘of'which is‘high-resolution
photoluﬁinescence spectroscopy over a'wider‘enétgy range vo
" study thé ptesence,bf‘tﬁe copper-related defgéts, énd'theiz
different rates of diffusion. The results will either

&

"confirm or disprove our present conclusions.

o .. a
Y ) .
N -
3 .
. .



Bibljographf . . | .

Blanc, J., Bube, R.H., and Weisberg, L.R., J. Phys. Chem.
Solids 25, 225 (1964) - a

Chiang, S.Y., and.Pearson, G.L., J. Appl. Phys. 46, 2986
(1975) | T

Chiao, S.S., Mattes, B.L., and Bube, R.H., J. Appl. Phys.
© 49, 261 (1978)

Furukawa, Y., and Thurmond, T.D., J. Phys. Chem. Solids 26,

_Kullendorff, N., Jansson, L., and Ledebo, L.A., J. Appl.
Phys. 54, 3203 (1983) Cn |

Lagowski, J., Kaminska, M., Parsey, J., Gates, H.C., and
Walukiewicz, W.,  Inst. Phys. Conf. Ser. No. 65, p. 41
(1983) g

Lyubchenko A V.; Sheinkman, M.K., Brodovoi, V.A., and
Krolevets, N.M., Sov. Phys.- Semicond. 2, 406 (1968)

Makram-Ebexd, §., Gautard, D., Devillard, P., and Maftin,
G.M., Appl. Phys. Lett. 40, 161 (1982)

Milnes, A.G., Deep Impurities in Semiconductors (Wlley{ New
S York, 1973) .

’ A . .
‘ Mil'vidsk11,AM.G., Osvenski, V.B., Safarov, V.I., and
Yugova, T.G., Sov. Phys. Solid State .13, 1144 (1971)

Mitonneau, A., Martin, G.M., and Mircea, A., Electron. Lett.
13, 667 (1977) ' .

Queisser, H.J., and Fuller, C.S., J. Appl. Phys§'37, 4895
: (1966) )

,Safarov, V. 1., Sedov V.E., and Yugova, T G., Sov. Phys.
Sem1cond 4, 119 (1970)

Sze,(s M.5 and Irv1n, J.C.,; Solid State Electron. 11, 599
1968) < . . :

von Bardeleben, H.J., Stievenard, D., Bourgo1n J.c., and
Huber, A., Appl Phys. Lett.»&? 970 (1985) '

van de Ven, J., Hartmann, W.J.A.M., and Giling, L.J.; J.
Appl. Phys. 60, 3735 (1986) '

-~

— o

111



L | o2

‘Willman, F., Blatte, M., Queisser; H.J., and‘Tréuscﬁ, J.,
- So0lid State Commun.; 9, 2281 (1971) ‘

willmanfﬁﬁffﬂgTﬁbecg, D., and Blatte) M., Phys. Re{; B7,
02473 (1973) : : '

'Zou, Y.X., Zhou,+J.C., Mo, P.G., .Lu, F,.Z., Li, L.S., Shao,
J., Huang, L., Sun, H.H., Sheng, C., and Sun, Q., Inst.
Phys. Conf. Ser. No. 65, p..49 (1983) '



' Appendix A
Derivation of the transient current eQuation
Symbols: | ﬂ - oy
- - . e |
n : number of electrons in the conduction band
. ' . N o “.-

v : emission rate

v thermaI'vélocity'bf the élecgﬁons .

N : total concentrationhbf trapping centers'

n, s numbefﬁof tréppea electrons IR : o
o : captﬁrg cross-section |

AE : activafion energy of the trapr‘ v

L

‘I, s+ excitation intensity

©

r : free electron recombination life-time

v . '
1. The change of electron concentration, n, in the

conduction band is given by:

‘gg = vh; - GVn(N—nt) - | . -
At equilibrium, %% = 0
or wn, = ovn(N-n,)
* ) N |
. . _NovN
* Pe = 3+ nov )
':+-1_+.v7nov
- - N (a1
» - 1+(»/Noov)exp(-E; /kT)
[since n = Ny exp(E,/kT)] . L e




At thermal equilibrium, n, = fN.
where f = Fermi function o .
. - ‘ "N . o R T
..,. nt' a 1 + exp[(—AE“E; )/kT].. ;. ‘ ' . ‘ (Az)

‘comparing equations (A1) and' (A2) g@ves: :
/o T
' » = Noov exp(-AE/kT) . . . (A3)

Equation (A3)‘disfegards dpgehéracy. If‘degeneracy is

allowed, then : '

v = &é‘ﬂ'exp(—Aa/kT) o S (AS)

" 2. The rate of change .of the trappéd,eléétron is given by:

-

“dn g ' o
ge = Tvn ¢t n(NJ— nt)ov‘

= -vn, + Ioat(N-n/)ov

‘ e . 1 . : v s el
Ioatov . ' \\Q . :

Let B -
- v%§? = 'Kﬁ{‘*uﬁ(N —°nt3.j -,‘ | e .
< ‘,%ﬁ?'4 nt(v+?)f BN,
6 . ‘
.,;Parxlcular‘soiut1on;iA'f
| | BN/(v+B) o -
General solut1on'ﬂ g . |
. | . n_tg = D exp[ (v+ﬁ)t] . -
‘:”k£$ 'f;;‘. = D exp[ (v+p)t] + l?%;' | -
5§;¥If nt é 0 at t = o M" "u':lf |  1'"'q'~}; 5 ‘_ 52507
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SN, (t) —:;7— {1 - e§p[ (V*B)t]}
When the- light pulse is off, then: L o , 4,'

dny
at M
Solhtibn:a ‘ , L o “,  §f 

n, (t) =G exp( vt) " : | ‘ "

1

n

Bounda:y condltlon-’t_ 0 when light pulse'is of £

% nJ0) =G

~ . (t) = n(0) exp(-vt)
N L exp(-vt) " e o (AS)
1+(»/B) ; L SR
Zgblf recombination is taken 'into account, then the-chanée
of electron concentratlon, n, in the conductioh band 'is

glven by.‘

x\

Sif.l.. o _ _ﬂ '
- - at = vn, ovn(N-n ) -

If +y'>>Abvh(N—h;). e C e

Vthgn dﬁ\ vn, -

S0
- N ‘- — - -
o\ .
- ~

Solv1ng equat1on (A6) by usxng exp(t/r) as 1ntegrat1ng B i/h.f

factor and uszng equat1on (AS) g1ves. 4 f‘uf L ;"“/.;

A T e R T e e
2 '"Jo“(§4 n) exp(t/r) dt ol -11;737 If ?xp[(ff:??FJ:d%//év n



A0 n() = ,,,(”,,”/B, e""i,f’i’- exp(* L 4 n(0) expl-t/n)
"‘ Cgpreflﬁ,; I(t) = Cqun(t) ’ .' L
C : “ .;
& Tf‘,“_"p 1+(u/3> [exp( ve)- ~exp(<t/r)] + R
i, exp(~t/7) l . (A7) .
- 'i



Appendix'B P

,ﬂ‘SOftware, cxrcuxt d1agrams and mechanxcal part o} the PITS

‘_HSystem"‘ ‘TFH':: .:t1“’\

| To select.the\channel for the A D conQerter, use the
‘ﬂycommand PUKE 49345 X where X is the chanhel number from
I'Nto 7. The commands to read the data from the A- D convert r’h”‘

are PEEK(49346) and PEEK(49348) The flrstfPEEK command,le

to read the most 51gn1f1cant 8 b1ts of the 12 ~bit. ‘dat ‘edd |
'-the second PEEK command 1s to; read the remaxnlng 4 b'ts. The

‘f12 b1t word can then be reconstructed us;ng the for ula'

B PEEK(49348) + 16 X PEEK(4 346) . ﬁf~‘. R
T To: act1vate the electro mechanlcal shutter, thejccmménd"
is: POKE'49326,0. 1”,°~ SRR _Y{_,.' R
The addresses for the varrous ccntnolllihesfare:
CONTRDL LINE ADDRESS sLoT .;ﬁ,;ﬂ Ve
L» IR T 49312 2L -‘t,_..f’

[ ’ . ) X \

2 . ;?f?49313f‘
J'h_p"i49314g{‘~
'“Qu;49315_3g
e 49316 o

“AI493187"

B
S
’\‘

3
3
5
3_T§'ffﬂ;%{“493f7
S
8
9

| 'v49319fj‘5
g jl?f49320ff7 | , f
R
I R P NL I S RS




:.17‘6. 5
Tjjgdlj

,ﬁnyfzéqﬁ'
0 230 -

5
50
60
111
w112

112 -

 ‘j15 

e

117
o118
119

122 ¢
‘5125jf
S 127
130

 ”140'?

. 150,

.7160 E
‘*TAB(38)-7*"

2000 ¢
2100

Co1e - 49327 0 1

CQNORMAL 1{?5,5j gf3ﬁj'§ﬂ}:Y

13 a9328 1

. . ‘ L o
~ N "
AR oo

e 49325 1
15 i'49326  sbro. L oL

Data'AcquiSftigﬁ Ppbgram.forfPITSAsjstgmfi
‘Home | o
DIM Dx(46 105) TD(256)

“FOR I= 36864 TO 36989 READ D: 'POKE 1., D: NEXT I

‘7B$— -cs— ' 'D$ CHR$(4). . L

PRINT D$ ; "OPEN cere ‘,.Wﬂz = “?-x
PRINT D$;"DELETE cerm o ’ |
_PRINT D$;"OPEN CCTY" -
PRINT DS$; "WRITE CCT"

FOR. N=1 TO 5:PRINT 0;C$;0; s 0; cs,o cs: NEXT N

]

',PRINT D$ "CLOSE CCT".“

‘PRINT “jw E ',; 8 ) . C
PRINT . L B | | a
BRINT TAB(1);:FOR 0=1 10 38: PRINT'"*";:NEXT PRINT

" PRINT TAB(1)~":"-TAB(38)~"*"? L

PRINT TAB(1);#;"-TAB(13);"PH0T0 INDUCED"‘TAB(38)
FPRINT TAB(1) "*"‘TAB(38)'"*" . e ‘
‘PRINT TAB(1)'"*"‘TAB(8);"TRANSIENT SPECTROSCOPY""

PRINT TAB(1)'"*"°TAB(38)'"*“ ol |
PRINT TAB(1) {FOR.Q=1TO 38 PRINT "*";:NEXT pRINT ;‘

)

BRINT" ,_~.ﬁ_>;' ¢A. \';‘ ﬁ-,“‘._ i

5 INVERSE

PRINT’ TAB(38) *:

PRINT




240 ‘fPRINT f'i‘u T ft;#gﬁ*
300 - INPUT "TEMPERATURE, RANGE? 0=LOW 1HIGH ";RA
1302 IF RA=0 THEN AR$=TLOW" - e
303 'IF RA=1 THEN AR$="HIGH" . = o e
1310 INPUT "PULSE BIAS ?-0=NO J-YES ";SV
315 IF SV=0 THEN VS$—"CONTINU us" j”‘
316 . IF SV=1 THEN VS$<"PULSE" = . .
. 3200 INPUT "FIRST TEMPERATURE ?":ST . .
| 3;0"« INPUT'"FINAL‘TEMPEEATURE ? ";FT ‘
‘400fJuVTAB 13 L o
470 PRINT "TEMPERATURE RANGE IS ";ARS; SPC(14) :PRINT
420 PRINT "BIAS IS ";V$$;SPC(15):PRINT . ! |
- 430 BRINT "INITIAL TEMPERATURE IS ";ST;" C"
440 PRINT "FINAL TEMPERATURE 1s ";FT;mCt o L
764 . PRINT | R SREIRT
765 '. INVERSE - _ ' G
770 © PRINT TAB(38) . - S o
775  NORMAL S B -
776 PRINT |
777 PRINT " - [, | (
778  PRINT "PRESENT TEMPEEATURE 1S :7: PRINTV
~ 780 | GOSUB_4000 R
800 IT=2:BV=230:A1=0
810,"0T= zoo ‘ . '
850 . IF. sv-o THEN POKE 49312 BY S
1900 L=t D T o T
© 1000 U1=ST+0. 15: L1=ST 0. 15 e R
© 1030 BL=ST-0,2. . .
- 1050 | LBsL1-0.5 [‘13', BRCRUEE S
11100 GOSUB 50000 f~;;;,;},i}
1250 IF.TO > FT THEN GOSUB 7190 | . -
7'*1300f;IF 0 > PT. THEN END ‘,;,g 411“"f*, §;’7‘
113207 /1F TO < OT THEN GOSUB 4000 " . = B
Gﬂ'ﬂasojgzs sv - o THEN cowo 1390

e Loe LT " ! Lo S | UL el ) S . R S




1370

“1380
1390
1400

1500

1700

1750

1800

2000

2010
2100
.2150

2200
2210

2215

2220

2250

2260
2300 -
4000
4005
4010 MV

4015 -

4020
| ,'4030

“4040{

0 -1,4050
4060
S 8070
W 5000

1850

1900
OT = ST
ST

a

A YV.OA YV T

IF. TO

IF TO < LB THEN POKE 49312,0
IF TO > BL THEN GOSUB 6200
IF TO < L1 THEN GOTO 1100

IF TO > U1 THEN GOTO 1100
poxs 49326,0

FOR N=1 to 116 NEXT N
CALL 36864 - '

IF SV = 0 THEN GOTO 2000
POKE 49312,0

GOSUB’ 6500

ST + IT

LB = LB +IT

L= L+1 . ,
IF L=106. GOTO 2250

| GOSUB 4000

GoTO 1000 = L

GOSUB 7000
"GOSUB 4000 '

GOTO. 900 . . L
SP = ST . o
IF RA=0 THEN GOTO.4030

LB THEN POKE 49312,BV.

r

. '
gt

120

-0. 1146207E 11*SP 5+0 376307E 9*SP 4- 0 776404E 7%

SP 3+0. 4881835E 4*5? 2+0 0384059*8? 0 1399219E 4

DC 92, 1197*MV+513 5354
GOTO 4050

Mv-o 813986E 13*sp 5+0 323928E 1o*sp 4-0. 3521213 7:

- 8P° 3+0 46281ZE 4*SP 2+0 0384927#SP+0 96223BE 4 ‘

DC= 93 3161*MV+514 3767 .
'NA=INT(DC/4) :NB=DC-NA*4 f'
POKE 49315, NA:POKE 49316 B
_RETURN ;},,‘;,\“

 POKE 49345 Al

S e

e | . ey . .

,"9



o e

5010  V1=PEEK(49346) V2=PEEK(49348)
5020 V3=V2#161V1
5025 IF RA=0 THEN GOTO 5050

/5030 V5=V320.280785E-2-5.733916
5040 fGoro 6025 e .,
5050, V5=V3#0.280585E-2-5.731624 L

6000 . GOTO 6044 v ‘

' 6025 T0=-0. 0071459% (V5" 4)*0 045*(v5 3) 0. 7715*(v5 2)+

" 25.96674V5+0.01207 ~
6030 GOTO 6060 ¥ .

© 6044 ' T0=-0.004629%(v5*6)-0. 057246% (V5" 5)~0. 29747*(v5 4)

0.62242%(V573)~1.56842 (V5" 2)+25 6654xV5-0. 023969

' 6060 VTAB 22 , ‘

6065 PRINT TO 'SPC(10) : PRINT

6070 RETURN LT
6200 V9=0 .

6201 FOR'z=d'TO'10
6202 'POKE 49345,1
6210 V6=PEEK(49346) :V7= PEEK(49348) |

6220 VB=VTR164V6 . o0

| 6225 V9=v9+vE B

6227 NEXT Z . . oo bt

6230 BL=BL+0.5 . . - . | SRR

6240, RETURN. ' |
6500 'DR(1, L)= TO+273 CorT e e e

6510 . K=37118" - N
6520 FOR N=170 256. . -
65305;K=K+2 " ST

 .654of‘TD(N)=PEEK(K)+16:PEER(K+1) - e .

}gfsssqi{NExw No T e 'V;@di‘;}'V“‘iij, '$ L

: 6562 j‘.i‘.'FOR Re1 TO 11 o o

| 6554;"’lsu-su+'m(n) T

[

< I




Vo o -
6570 - SM=SM/11 o : . :
6580 v9=V9/10‘;f‘ A o ﬁ‘ , ;
6600 DE(2,L)=SM-V9
6610 IR=1 _ = " o
6620 FOR P=3 To 46 . J
‘6630‘ = 13+IK . :

) ﬁ‘6640' w S5#IK+13
" 6650 DX(P L)= INT(TD(F) TD(W))

. 6660 IK=IK+1 . 2
6670 NEXT P

6680 'RETURN ~ ** o -

7000 PRINT D$,"APPEND CCT"'K

17010 PRINT D$; "WRITE CCT"
7070 FOR J=1 ‘70 105
7080 PRINT.B$;DX(1, J) cs
7082 PRINT BS; DX(2,J); :C$
‘7085  FOR 1=3 TO’43 STEP 4 | R
7090 PRINT B$ DX(1,J); C$ DX(I+1 J) Cs$; Dx<1+2 J): cs, .

l‘\,'

. DX(1+3,J);C$. Co T e
7100 NEXT I . g, [ '
7110 NEXT J - S e

© 7120 PRINT’ D$,"CLOSE cern
730 RETURN. .

7190 *KL=L-1 . |
7195 IF KL=0 THEN RETURN , “ |
7200 PRINT D$;"APPEND cCT" ' R
7210 PRINT DS; "WRITE ccT"\ Lo | .

";jeeo 'FOR J=1 TO KL .~
/ 7230 . PRENT B$ DX(1, J) cs
| 72351:PRINT BS; DX(2,3);C$ . S

7240 FOR 1=3 to 43 STEP 4 "9/9, RETT |
\¢7250jpr1NT B$ DX(I J) C$;DX(I+1 J) cs;nx(1+2 J) cs,_
o « y ij(1+3 J) cs S -
“;7269]”NEXT 1




- 7270
7280
7290

8000

8010

8020
8030

8040
8050

8060
8070

8080
8090

v

NEXT
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! . S . ]

J

PRINT D$; "CLOSE -CCT" .

RETURN
. DATA

DATA
DATA

DATA

DATA
DATA

"DATA
DATA

DATA
DATA

A
¥ . \
v

141,253,144, 142,254,144, 140,255, 144,
8,162,0,169,52 :

141,250,144, 169,255, 133,10, 169,144,133, 11,169,0
141,251,144, 169,147, 141,252, 144,76,50, 144,
173,253,144 . L
174,254,144, 172,255, 144,40, 96,234,169, 1,
141,193,192 -
160,0,200,204,250, 144,208,250, 164, 10,200, 132,10
208, 15,164, 11,200,132,11,173,252, 144,
597,11,203,11 | ‘

76,38, 144,234,234,234,234,234, 234,234,234
173,194,192, 129,10,164, 10,200, 132,10,208,
8,164, 11,200 SR L
132,11,76,118,144,234,234, 234,234,234, =
173,196,192, 129,10,76,50, 144 Ry

=
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