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hbétfact -
In undoped 11qu1d encapsulated Czochralsk1 growni
-semr-1nsu1at1ng gall1um arsenlde (LEC SI GaAs) carbon forms
- an acceptor. level CM; whlch is: respon51ble for the -
~~1 49 eV donor- acceptor (D- A) pa1r r?dzat1ve recombxnatxon
“at low temperatures We have measured ‘the decay and the
11ne shape of the photolumznescence 51gnals at. and near the‘
D A emlssxon ﬁbak for temperatures ranging from 4. 1 to 34 K
for several samples of LEC SI GaAs with different carbon *
'concentrat1ons,lto study the effects ‘of the dxfferent carbon
concentratxons on the photolum1nescence s1gnal - - ' ve
Detaxled analys1s shows that a competltlve process |
enxsts between the band- to acceptor (B- A) and D-A emlsszons.
The. results also sgpw that the D A emission due to carbon
can be explaxned by a hydnfgenlc modeL*1nvolv1ng Coulomb
1nteract10n between D-A paprs of separat1on R with the most-*
probable D- A trans1t1on occurrxng for 200 < R < 1300 A, '
" The photolum1nescence decay has been found to follow a
double exponent1a1 law at ‘the early stage of the decay but
‘follows a poser 1aw of the form L{t) = tP at a later stage.‘,.
Analyszs of the. temperature dependence of the exponentlal

1

com one ts g1ves two act1vat1on energ1es of =5 7 and
Q : d

=15 meV. We propose that these two act1vatxon energ1es are:“

@

'»assoc1ated w1th two d1fferent donor levels at =5 7 and

' uzf@mev from the conductzon band., sféf§7;f:j'.lfs“f. g “i‘

. ) \ B . e - : . . . . . .
For a photolum1nescence decay curve whose tzme constant

-:follows the Arrhen1us relat1on,‘we have shown that a new




: . - - ) .VQH e
method of analys1s that 1nvolves measuring’ the dxfferential
1um1nescence 'signal as a functxon of temperature ;;Tsimpler
" than us1ng a non- 11near least squares method.:“ |

The ‘exponent, p, of the power-law decay 1s found to be
both temperature (T) and concentraﬁﬁon dependent of the form
',p = -1 + BT, ~shere B is proportxonal to the concentrat1on of
the.acceptors, CM; in the temperature range 18 < T < 30 K.
. Several mechan1sms were conszdered to account for: both
the exponent1a1 and the power- law behavxors. ‘We propose that.
the most likely mechan1sm is a.thermal detrapp1ng process
followed by thermallzat1on 1nto lower energy states through

\ ]
. f

¢
a hopping mechan1sm.




o Acknowledgements

The author would lxke to thank the following who have

made contrzbut:ons, in one way or another, to the process

'that cu1m1nates in the wr1t1ng of th1s the51s~

Dr. F L Welchman,.my thes1s s perv1sor, for hxs
‘vgu1dance, understandxng and“patxeggz>\ SRR
A \ ' ‘
Dr. :J.E. Bertie of the Chemxstry bepantment for

allowxng the use of the FTIR equzpment,(

Tin Ch1n Che, my husbaﬂg for hxs éncouragement and’
it

‘moral support, ',“'dvlﬁ'\\i - '/l“

‘ ,my mother, brothers and sxsters,.for the1r
‘ 4"”’ A

encouragement and support dur1ng my t1m¥ of need

!

Dr.ﬁRoelof Bult of Cominco Ltd., Eiectron1c Materlals

'D1v1s10n, Tra11 Brxtlsh Columbla, for prok\d1ng the

A S

samples,
Department of Physxcs and Comxnco Ltd. for'financiai

support 1n -the form of a graduate teachzng asszs!.htshxp and

. a graduate research ass1stantsh1p,

Natural Scxences and Eng1neer1ng Research Councxl of

¢

"Canada for support1ng the research work
gﬂff ' George Chrlstle, Ken Marsh and the techn1c1ans in the j
| ‘Electronxcs Shop, espec1a11y Lars Holm and B111 Burrls, for,h‘

) technicel asszstance and fru+tfu1 d:scu851ons. B

a . L . N ' . . L
. . . U . o o Ve (R
P




o ~ “ R 2 y)// - r S

‘Table of Contenta

Chapter SR R \y// T e ‘Pa§e¥<
1 . I NTRODUCTI ON L3 . e o 0 0 s 0 ‘. ® & s 0 0 ‘ e o ./ e ® & 5 60 8 0 8D ; . e e o0 & e s a0 1 L N

Rt L1qU1d Encapsuf;ted -Czoc! 4alsk1 Sem1 Insulat1ng .
- Gallium Arsen1de (LEC SI GaAs)_..................;1.

1. 1 Impurltxes in LEC SI GaAs .u................a

1.2 Photoluminescence Spe troscopy,,......:..k....;r;.B

) 1.2, 1. Photolumlnescénce Emission Spectroscopy....14‘
“1.2.2 Trans1egt messron Spectroscopy‘..........;15
f.3:fourier:Transfor Infra Red (FTIR) Spectroscopy .16

)

,‘ ‘ R I 3.1 Infra- Réd Absorptxon' Electromc g
Transxtrons :..............................18“

.1 3 2 Infra- ed Absorptlon- P01nt Defects in a
. Lattle -.....0..&....l..‘...l..‘..l'.‘...ll’g

Bxbllography......;...,,.....;t...;..;....,,...........,;.?2
2. PHOTOLUMINESCENCE SPECTROSCOPY .iu..ecuvsesevsssive 28

- .2.1 Theory Donor Acceptor Pazrs and o ) .
' Band o= Acceptor TranSItlonS 'opo.--o;oooo\\oo0000002‘_8

,;* 2.1./1 Radiative. Recombznatzon of Donor—Acceptor

/ palrs oo’b?b.c.'t.l.'q.oo.ooe‘oto-o.uooC.ooco

2.1.1. 1 Energy D1str1but1on ...............26

2.1, 1 2 Radlat1ve Decay Rate ..............31

2.1, 2 Conduct1on Band to-Acceptor Recombxnation .33

L 2.2 Data Acqu151t1on and Analyt1ca1 Methods .........34‘\

&

22 1pata Acqulsltlon‘o..l...o.....'.l..‘0000n¢'34' “‘”

2. 2 1. 1 Photolum1nescence Em1331on R
(B . spectra -;.;..o-......o.........o-.34_|

2 2 1 2 Trans1ent Em1sszon Spectra ......t.3é_‘

ﬂ',,/-z 2 2 Data Ha dlzng and Analys1s. Transzent s
. M spectr ...\.l0.0...0..IlOQI....O.........O.40:.‘

2 2 2 1 Treatment of Data .................AOT.if

e



R ' 2.2.2.2 Least Squares Curve Fitting (LSF) ’

| Blbl1°graphy,~—‘......‘.......‘..........f..-‘......‘......I4’5 “

| | e

“3.‘. A NEW METHOD OF ANALYSIS OF: PHOTOLUMINESCENCE DECAY
tURvES ‘..‘................‘..."................'.I...47

.o

3.1 Introductxon 'ﬁ“ |
' . I ¢ .

o 3.2 Theory and analysis'.....;...‘.....;5.;...{.;.:..48
‘3 3 Experlmental procedure and’ dxscussxon'..;.....;,.sf
3.4 Conclus1on .f.....:L.;...,.;.....T}..a.,......,;;62

Bxbl1ograghy .......;.,.;:.......;.......:...;.,...1......64
4.M PHOTOLUMINESCENCE EMISSION SPECTROSCOPY OF LEC SI

GaAS ...0.......‘.‘.......‘.........l.l.....‘l......‘.-65
4.1 Introduct1gﬁv.l..{....;;......zy.;.;....;.,;....f65

4.2 Experlmental Procedure e eeeniranaee. ........;;65\

i \

43Results".....‘.‘.l..;‘.....v“....‘..‘.......‘.........O68

,4".4 DISCUSSIOD ......'....;....s.';,..,,..‘......;.-_’......78

"

4.5 Conclusion ..;...;...;.i;.....;....‘...f..}...L7.86.
Blbllography '........'.....“......'.‘.‘........‘.....‘.......8‘8ll

5. TRANSIENT EMISSION SPECTROSCOPY OF CARBON IMPURITY
" N IN LECSIGaAS ..........'......'..l.............l..’go .

4
\

5 1 IﬂtrOdUCtlon ..I'..I....Yl.‘IQ.'.Q“......‘...‘..)Q..;....‘90__
SZ'Experlmental procedure'...QO..OQ.Q..O.-Qo.o.ooo0091

‘.‘53Results ..‘:.O......I....OVOOOQOO‘..."O‘..;’Q...‘.‘QO..93

“_“5 4 DISCQSSIODS ‘.ooooo-’.ooooooo-o.oou‘oo.‘oo.-0o000000104
5 4. 1 Inltzal double exponent1al decay .........108r
54 2P°wer-1a' decay ...l.‘.........‘.......000113““.“

5 4 241 Exlstence of - 1ntermed1ate ‘ SRS
L \trapplng States 'oooooccoooo.--ooo-1133

",4'. :
P

5 4 2 2 Exlstence ‘of a random j‘f' C S
dzstrxbut1on 6f~D—A pazrs """"115'fu'

. e W e
’,4“"."

‘fe“_- [} n-“--o 'f..‘.',. o‘ol'o e ._. .‘ 12 1\"




L W T
B T S )

B]-bllogtaphy .‘.l..‘ll.!..O...‘.;..00.!0.Q.“l.’ll...'....’.1‘23.

6.  FOURIER TRANSFORM INFRA- RED (FTIR) SPECTROSCOPY OF
' UNDOPED LEC SI GaAS s e 680000 . L D LN ] O ® 5 &6 005 0 8 0% 0 0 125
' '6 1 Introductlon ‘s o @ l‘- LN C . .» ; ' . .\l e & 's! 0“ ® 2.0 s & .r. . l’l ‘. ® ; . 1"25 |

v

6.2 Theory.,Fourlef Transform Spectroscopy .........125
6.3 Data Analy51s .'.....l.‘..:',,.f..'.:.,..L..‘.'...."‘..‘...127
6.3.1 Concentratioﬁ Deﬁefmihatidn .;.,,;;;:...11¢27
6.3.2 Computat1on of Optzcal Constants' ... ..%.}f29‘
'6:4'Exper1mental P:ocedure .2.7‘ ..... ;.f..;g ...... ‘.;.131*f
6.5 Results and lecuss1qn .;.L.,.F.;;....;.m..;;,:.133
6.6 Concldsxon’f;...::;..;,.;;;...-.;;.i., ..... Cera137
;‘B1blxography‘..,......... ....... :;;.L.;...,;;§.....T,;..,1¢0"
7.  DISCUSSION AND. CONCLUSION ........i...... e it 142
B1b11ography .............:..;.;.;...;........;.Q,;....;;146
 'APPENDIX A ....;..,.(i;;;.;,.;....;.;..ﬁ...fl.i..;.;;,..t147
| AppEunxx B ..Q;&;{........,;f..i.i,,t..;.;;....;..i..;}.;158
VITA tveesteneennsnsestonsiieassinaanasbonneenesnnnsanss1T3

[0

. " : . .
. . \ "
' . ! 14
. . . ‘} { X .
. - / .
. » " [
o ook ' !
TN ,‘\ ; ~
) . . 1 -
R | o
- . Yo
. . ay .
)
) 3
' ‘.3‘




List 6£ Tables

Table o . L / Page

|
3.1 Results obtained using two different .
, methods of analysis ...u........ ...... T 59
4.1 Concentration dependence‘of“emxssion 7 .
energy and D-A pair distante ......... ...l ..74
"5.1 Activation eneréieS“forvsamples with | :
different carbon concentratlons ............ecuan ...97
5.2 Decag time constants of a sample with .
Yo - N=1.08x10'*cm~’. .......... Ceeeananresaas Feiaaaaeaaal01
5.3 Activation energies, BEg . i ueinannnnn e c....102

‘5.4 Values of ao-and B in p=a°+ﬂT for
185'1‘5301(...\............;.......... ...... S 105

6.1 Carbon concentrations measured at LVM
: absorpcxon ..........,..a,,...................:....136

6°2. Egperxmental and calculated a values ......;.......138

“w




Figure

1.1

2.1
2.2

4.5

4.6

4.8

List of Figures

Page

Rhotoluminescence process in a direct-gap
SeMICONAUCEOL & ittt ietienanennoneacnucanoasansanansaan 10
Donor-acceptor pair transition ...... e steiaeeaeean 30
Enission energies as a function of pair
*distance R iiiieeendacnannaonns e e eiccicacacannenanna 30
Block diagram for the data acquxsxtxon

system e e T T et Ceaaeaa Ceteaaanean P
Theoretlcal curves of PTS for different

activation energles .............. Gt e saaci e acaaeee 52
Theoretical curves of PTS for different

delay times with close activation

energies .......c00n.. et etatecetasiencaaaaaanaan ...53
Theoretical curves of PTS for different

relative amplitudes ....... heeestetenertsancanacnnas .54
Theoretical curves of PTS for different

delay times with large relatxve

amplitudes ......cocecineann e eicscecseactacanaanen .55

Y
Experimental curves of PTS for Cuz0O .......c0vuenn.. 60

" Graph of l1n 7 vs 10°/T.for 2 types of

Cuz0 Crystals ...veiieeeesceccsencasesnssnscansasnssaabl
Photoluminescence system ...... Cecesteiceanscaseanns 66

A typical emission spectrum of undoped
LEC SI GaAS .l............‘.......l.‘...‘...........69

Luminescence intensity as a function of
carbon concentration ....c.cecccccccscocscscscssscsssll

Variation of emission energies as a A
function of carbon concentration ......cecocecemecassll

Comparison between experimental and

~m°retlcal Values ..0-;.0...0...0..0...0.00.-000-0072"

Tempeﬁ%ture dependence of luminescence
emlsslons ......'..................'I.....‘......"..75

Temperature dependence of luminescence at
a higher resolution ................................76

‘Effect of annealxng on the 1um1nescence

of D-A palrs ..Q..........'...'O........’.......'50077

xii



A.&

A.5
A' 801

ﬁigure Page
4.9 Theoretical fit of the B-A band .........c..c.. ee...85
5.1 Photoluminescence transient experiment ............. 92
5.2 A typical decay curve at the ~1.49 eV
emission at 4.1 K .......... ceeaseccsaceasaansaaas ..94
5.3 Decay curves shown for three'different
LEeMPELALtULES, « o vevteensacscsscssacsassanssssasnssscsse 95
5.4 Temperature dependence of the exponential |
QEeCABY Tp +eeeeeioctussonannaasasssssceansoannanns ....98
5.5 Temperature dependence of the exponent p
for different carbon concentration, N ..............99
5.6 Temperature dependence of decay time
constant T, ....iiciieiinscccatctatsanann caasae e 103
5.7 Linear temperature dependence of exponent
p in 1BSTS3OK\ cievecssntrnssatsasaescacsces s s ... 106
5.8 Concentration dependence of B iiiiiiiiiieniaiaannaa107
"5.9 Energy band diagram for photoluminescence ..... el 111
5.10 Schematic energy diagram with a set of traps ......111
5.11 Decrease in recombination rate due to
interaction between neighbouring states
of similar kind .....civciiiieiiiiiiiiiiiiieinee. 118
5.12 Non-radiative recombinations between
neighbouring states .......c.cccveieesecicceciaanss.120
6.1 FTIR SPECtIOMELEL ...veeeeceeseocscccocanncssasssasl32
6.2 A typical transmission spectrum of LEC SI T
GaAs ..O.....'........ICO.Q...............;.."......134
A.1 . TS1000 1/0 interface and A-D CONVerter ............151
A.zt.‘ peak'dEtecto‘r ......."...'D.‘Q............l..;....‘.152
A.3- Monochromator drlver ......0..........'...0....0...153f

RS232 Serial 1nterface ............................154
] ,

Data acquzs1txon program ..........................155

Non-linear least-squares program ;,............Q;..1594

s -—



- 1. INTRODUCTION L

1.1 Liquid-Eneapsulated Czochralski Semi-Insulating Gallium
Arsenide (LEC SI GaAs) , .
Gallium arsenide (GaAs) is a direct bana-gap fII-V
compouﬁd semiconductor. The potential uses of GaAs ere in’

. the making of high—speed‘devices which‘are especially useful
in high-speed computers and eommunicetions. There are two
main advantages of GaAs over silicon as materéal for high
frequency~devices.‘GaAs_has a high mebility (electron
mobility of GaAs at 300 K can attain a value of 8500
cm?vls™! eompared to 1500 cm®v™'s™' for Si (Sze and Irvin; ]
1968)) and high drift velocity, ~10" cm s™' at 300 K. which ;
1s at least twice the value for Si under the same fxeld
hence devxces made from GaAs can eas1ly operate,ln the
mxcrowave frequency range where Si dgvrces»fall The other

ntage is that GaAs can be grown to be semi-insulating

*’nth resistivity p >10® @ cm, compared to Si (1n the
purest form) with » ~10° @ cm. The semi-insulating property
&llows SI GaAs to be used as a substrate for GaAs devices
where device isolation and low parasxtlc capacztance are
1mportant for full 1ntegrat1on on a single ch1p Bes1des the
two pr1nc1pal advantages of GaAs .over 51, GaAs devxces can

f\also w1thstand hxgher 1on1z1ng rad1atxon 1ntensxty.

' Therefore GaAs is more su1tab1e for space and milltary

appl1catxons. S1nce GaAs 1s a dxrect gap semzconductor, it

T is also su1tab1e for mak1ng opt1¢a1 devxcee such as lasers .



>

and light emitting diodes (LED's) (Kressel and Butler,
1977). GaAs can also be used in the making of solar cells.

The potent1a1 uses of GaAs devices have created a

7demand for better quality sem1 1nsulat1ng GaAs materxal on

whxch dev;ces‘can be fabr;cated.‘The-qual1ty of the

substrate material has a direct bearing on.the reliability

. A

: ' . ‘ . I
and performance of GaAs devices. A better understanding of

the properties of such material is thus of importance to the
product1on of SI GaAs with the requ1red characterxst1cs,.
Buch as hxgh thermal stab111ty and reproducxble electrzcal
propertxes. v

Large crystals of semi-insulating GaAs can be

manufactured by two principal methods (Kirkpatrick-et al.,

1985; Mullin, 1975; Kaldis 1985): ]/quid-encapsulated

Czochralskl (LEC) and Hbrtzontal'Brfdgman'(HB). In the =

~ former method, the”crystal is grown vertically by pulling it

from a melt through a molten boric oxide (B20,) encapsuiant
under high pressure; while-invthe'latter method; the‘crystal
is grown‘horisontally from the melt inside a sealed
horzzontal boat equ1pped with heaters that generate a

temperature profile along the boat or byopullxng the boat

Lthrough a gradual chang1ng temperature gradzent The HB

]“method imposes a s1ze restr1ct10n on ‘the wafer slxces, hence <:

- the LEC method is. preferred in. the manufacturlng of large

_circular vafers. Large cxrcular wafers are. preferred because

"_fabrication of GaAs devices .on snch vafers can take full

advantage of the exxstxng processing technology vh1ch has
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t

been developed for the silicon,device industry."j

-~

1.1.1 Impurities in LEC SI GaAs o
"N . ’ N 4 ‘ E
In the production of SI GaAs; impurities are“often

' ~
'1ncorporated unxntentlonally. For example, carbon, whxch can

»

orxg1nate from the graphxte furnace trang%orted 1n‘the form
of a gaseous compound such as CO, as well as be1ng present
~in the startxng mater1al (arsenlc) isga common‘impur;;y in
GaAs. Silicon ‘and copper are impurities thatﬁeen“origlnate‘
from the quartz crucxbles. Boron contamlnatlon comes: from
the B,o, encapsulant or boron n1tr1de (BN) cruc1bles. Other
‘1mpur1t1es such as O Al, Mg, Fe and Ca are also preeent in
m1nute‘quant1t1es exther in the startlng materlals or, from
the. growth envxronment or both (Redden and Lent, 1986; !
K1rkpatr1ck et al., 1984; Thomas et al. ,,1984) |
' The presence of unde51rable 1mpur1t1es reduces the
res1st1v1ty of the mater1al. Such un1ntent1onal dopxng is
'often compensated by 1ntentlonal 1ntroduct1on of chromlum A
1nto the materlal to produce the semi-~ Jnsulatzng behamror.’"f:
SI GaAs can be grown w1thout any 1ntent10na1 doping and thxs
ctype of materlal 1s most widely used. The res1stiv1ty of the ‘
GaAs mater1al has been found to depend on the melt |
sto1ch1ometry, w1th arsen1c r1ch melt favour1ng h1gh
‘res1st1v1t1es (Holmes et al., 1982a) The compensatxng level
_;1n the undopedlmaterxal is a deep electron trap, desxgnated
as EL2 thh an energy level located at E‘-O 75 eV (Martin
‘et a7., 1977- Martzn,,1980 ¥981' Holmes et al., 1982) The

o .
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fELz deep donor level has been reported to be related to the

antisxte defect Asc_ (Wagner et al. 1980 Ell1ott et al.

" ‘1982 Lagowskx et al. 1982 Weber. et al., 1982). The exact ' |

nature of EL2 is stxll a controversral subject ThisﬂnatiVe

defect has been w1dely studied by photolum1nescence, where

em1351on peaks at 0. 68 ev (Yu et al. 1982 gu, 1984), 0.65,.

ev (Taj1ma, 1982), and 0. 645 eV (ercea~Roussel and:

‘Makram Ebezd 1981) have been reported, as well as by other'

'

P

- optical and electrzcal methods (Brozel et al. 1983;
: Shanabrook et al., 19&3' Mart1n and Makram Ebe1d 1984).
Unfortunately, due to the wavelength l1m1tat10n of our

‘ preSent detector, this sub)ect could not- be 1nvestzgated

\

here..

The‘eleCtrical'performance of devices depends—on the

N

LA

qual1t% and stab111ty of the semi- 1nsulat1ng GaAs substrate,

whxch in turn: depends strongly on the contamlnatxon and

'purzty of the,materlal The presence of any 1mpur1ty or

¢

wdefect 1n large amounts in the substrate mater1a1 degrades

dev1ce performances because the electron mob111ty 1s reduced -

'by 1on1zed 1mpur1t1es. Impur1t1es have the tendency to

cluster around d1slocat1ons and the propagatxon of decorated

_dxslocat1ons from the substrate 1nto the dev1ce materzal 1s‘

'1known to be the most common cause of devxce fa11ure (Davey o

;and Chr;stou, 1981- Newman and R1tchie,-1981) Durxng dev1ce pi

trprocesslng (after ion implantatxon), the substrate must
g,undergo an’ annea11ng cycle (800-900°C) to actxvate the
.h;implant and heal the lattice damage (Morgan and Exsen, g‘ﬂ\;

O SR R — hS . i -
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1985). It has‘heen shown‘that high tenperatare‘annealing of ”?
~GaAs Causes'the‘formatjon of a . p-type conducting iayer'on\\
the surface (Ta ét‘al;,'i982) The cause of th1s has been
‘w1dely studied and some reports have attrxbuted thls to the‘t'
'red1str1but1on of 1mpur1t1es (Huber et\al 1979 Osh1ma et‘
al. 1984) and creat1on of vacanc1es (Ch1ang and Pearson,l
‘1975) Excessxve and varzable concentrat1on of 1mpur1t1es
especially 81 "Cr, O and C in Cr doped SI GaAs substrates,
wxll cause non unxformlty in 1mp1ant prof11es.
The pr1nc1pal impurities in LEC GaAs are C B and si.
»The 1ncorporat1on of carbon and boron 1mpur1t1es in undoped
LEC SI GaAs seems to be dependent on the growth condxtlons,.
espec1ally on the water content of the BzO; encapsulant |
‘(Rumsby and Ware; 1981). Both the C (Hunter et al 1984)
‘and B (Ollver et al.. 1981) 1mpur1t1es have been shown to
_‘deorease in concentrat1on ;1th 1ncreas1ng water - content in.
the B30, encapsulant. However, ve have seen that some.'
crystals grown w1th hlgh water content B O, have hzgh C
.concentrat1on and that ‘the C concentratlén increases w1th
'fthe sxze of the charge used 1n the growthn The dependence X
“'hof the C concentratlon on the s1ze of the charge 1nd1cates
: thﬂ poss1b111ty that the C concentratxongalso depends on the h

'famount present in- the orzg1na1 starting mater1al We have“jﬂﬂf

“~also observed that ‘high c content samples always contain fffg.

‘\‘ R
} ‘;"- L

h1gh ‘B concentrat1on._”"7'

.h“ BT@h -Ce K., Tin, c.C. and weichman, F. L., to be published 1n the.f’
Mayf 1987 1ssue of the Canadxan Journal of Physics.3~s;j‘w,‘& -
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Boron 1s an 1soelectron1c 1mpur1ty in GaAs,"whlch glves
rxse ‘to the LVM absorptlons at 517 (”Ba) and 540 cm‘ ('°Bg, )

‘j(Thompson and Newman, 1972) for two dxfferent 1sotopes of B

f"‘th natural abundance of 81% ”B and 19% loB T

'rf Due to the amphoter1c¢behav1or of s111con, it can be a
B substltutlonal 1mpur1ty at e1ther the Ga or As s1tes glv1ng
W‘r1se to exther a shallow donor Or acceptor respectxvely. The‘
’LVM absorptzons are at 384 (”Slmﬁ and 398 em™ (“81“). o
‘(Thompson and Newman,‘1972), and 1onlzat10n energzes of 5.85
-and 35 2 meV (Watts,'1977) have been documented for the_

donor and acceptor levels respect1vely. o !
Carbon A dn;.t _~if - ﬂ‘ ;'5 o,
The domlnant shallow acceptor in undoped - ‘
‘sem1 1nsulat1ng GaAs grown by the l1qu1d encapsulated
'Czochralsk1 techn1que (LEC SI GaAs) from ‘pyrolytic BN
"cruc1bles has been 1dent1f1ed as carbon (Holmes . et al.
”;__qsez 1982a; Ta et al 1982 erkpatrsck et al , 1984). The ~
~“LVM absorptzon of C“ 1s at 582 cm (Brozellet al,, 19;5; '
"v',:'I‘he1s et ax.,* 1982). e T
‘; | Carﬂon in epltaxlal GaAs has been studzed extens1ve1y
' using photolumlnescence spectroscopy and 1t has been ‘

“,accepted as a shallow acceptor level CM, w1th an

<,

fflxonizatzon energy of =26 meV (Ashen et al., 1975 Sze and

s Irv:n, 1968). The lumlnescence lznes of carbon are well

known to be atp17493 and 1 490 eV wh;ch have been "f,‘ﬁ ‘;nfg
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I |
transxt1on), and the donor to acceptor (D~A) tran51t1on
respectlvely (Ozek1 et al 1974 Ashen et al." 1975 Jeong'

i

et al., 1981' Strlngfellow et al,, 1981)
' The concentratlon of C 1mpur1ty in undoped LEC SI GaAs‘

' plays an 1mportant role 1n the EleCGY{cal propert1es of the

, materxal - The semi- 1nsulat1ng behavzor 1n the undoped GaAs-,.
is’ due to. the compensatlon mechanlsm of EL2 deep dOnors by

carbon shallow acceptors (Holmes et al., 1982a) However,'
the presence of a hlgh concentratlon of C is undesxrable.
' Obokata et a]‘ (1986) have found that a hxgh carbon content -
(> 1.5 x 10'¢ cm“) in the substrate degrades the thermal ':
~d‘stab111ty of the res1st1v1ty. The var1at1on of the carbon
concentrat1on in the substrate mater1al 15 also known to ‘
affect the threshold voltage for the 1on 1mp1anted layers‘
| ‘used in FET‘s (f1eld effect trans:stors) High carbon . o
| concentratlon was found to produce low threshold voltage |
(Chen et al.; 1984 erkpatrlck et al., 1985) Hence, the !
- un1form1ty of the C concentrat1on across a wafer and across _ﬁ
a boule is cruc1al to the product1on of FEl's. In view of
the role(bf carbon in the compensat1on nechan1sm forf”
provxdzng the sem1 1nsulat1ng property, a complete removal.plT
‘ of carbon 1s not recommended. Bes1des }t 18 almost-]'
1mp0851ble for the mater1a1 to be: completely free from
carbon.fgri,h*"ffff"gr %vtx‘f‘f:d“fﬁfhighﬁ
Thenefore, the character:zat1on of defects and
1mpur1t1es, and concentrat1on determ1natxon, espec;aaly that"
of Carbon, are 1mportant for the product1on of high quality

,L.



,substrate mater1al | . |
Photolum1nescence (PL) and Four1er Transform Infra Red
:(FTIR) spectroscopies have been used for the study of
tundoped LEC SI GaAs. Although FTIR alone can character1se v
the 1mpur1ties (from the}local1zed v1brat1onal modes (LVM)

e ¥
Y

absorpt1on frequenc1es) and the 1mpur1ty concentrat1ons
A % ‘

(from/the absorptzon strengths) photolumxnescence is st111
‘needed to study the recomb1nat1on,processesr From the
:panalys1s of the photolumxnescence decay, deta11ed ‘
:;recombxnat1on mechanlsms can be postulated In add1t1on,5the

types of centers that an 1mpur1ty can form can be determlned

\

.

from the ‘line- shape of the emission spectrum
Int th1s thesis we wlll concentrate on the carbon.‘

f1mpur1ty in undoped LEC SI GaAs,rstudled by a comb1natxon of f

' photolumlnescence emxss1on, photolum1nescence trans1ent and

f_FTIR spectroscop1es.

“1 2 Photolumxnescence Spectroscopy |

' When a semxconductor or 1nsu1ator 1s'1rrad1ated w1th »
e‘light of energy greater than 1ts band-gap, electrons are B
T;exczted from the valence band to the conduct1on band Hence -
'j;eiectron-hole pairs are created wzthzn the penetrat1on depth
dhof the exc1t1ng 11ght The recomb1natlon of\these ‘
1Ephoto-exc1ted carrxers can occur v:a exclton recombxnatzons

%fand v1e free carr1er recomb1natzons in. two d1fferent ways. R

fh4Thatﬁis, exther by dxrect band- o-band tran31txon or’f*?}”r""“”

L@transitxon v:a some 1ntermedlary states 1n the forbzdden -




band wh1ch are produCed by varlous 1mpur1t1es or S ;,
1mperfectlons. In some cases, these can- result in. the>

e
emlss1on of opt1ca1 radxatxon. ThlS phenomenon of optxcal;“

radxat1on (1n excess of thermal rad1atlon) is- known as‘v':
photolumfnescence The emltted radxatlon, whxch 1s often ;
referred to as. lum1nescence, is. character1st1c of the |
lum1nes¢ent mater1al The term Rumlnescence 1s also
generally used for the process of lzght emlss1on. ! t
Photolum1nescence spectroscopy has been developed 1nto

a.very useful non- destructlve contactless technxque of -
defect character12atlon 1n sem1conductors (W1d11ams and

.. Bebb, 1972) Due to the presence of 1mpur1t1es or defects in -
~a semiConductor, locallzed electron1c states are, formed
‘;thln the band gap e1ther as donors or acceptors accord1ngl
to the nature of the 1mpur1t1es or. defects. The photo—

| lumlnescence process 1n a semlconductor such as GaAs, can behs
expla1ned accord1ng to flgure Tol. The creht1on of

-

L electron hole pa1rs (fxgure 1.1 a) in the rrrad1ated regaon,'

N

1eads 'to an 1nhomogeneous d1str1but1on of excess carr1ers in
.a non equ111br1um system. Due to the mutual attractxon | |
between the electrons and the holes, these excess 5

| photo—excited carr1egs ‘can . ex1st as pa:rs or exc1tons. The f‘

:”H.electron-hole pa1rs w111 dlffuse away from the 111um1nated

‘ surface unt11 they are trapped at 1mpur1ty or defect ‘ |
centers. In order to restore 1ts homogeneous, equ111br1um o

ground state, recomb1nat1on takes place e1ther through

~t

e

rad1at1ve or non-radxat1ve processes.‘; diat1ve
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e T
redombxnat1on processes can result from transxtlons bétyeen
(l‘ Lo

\the followzng dlfferent states with1n the. band gap' | w”'

'.a) band-to~band (B“B) recombxnatlon (fxgure 1. 1 b),‘

b) free exc1ton (X) recombxnat1on (fxgure 1.1 c) \
c; ﬁg*d to acceptor (B A) recomb1nat1on (fxgure 1&1 d), :

d) bound exc;ton recomblnatxon (can be bound to donor or
acceptor, i.e., D°, X or A°,x) (f1gure i1 e), )

e) donor~to- band (D -B) recomb:natlon (flgure 1.1 f) and

}

f) donor-to- acceptor (D- A) recomblnatlon (f1gure 1 g)x“ f}
The emxtted energy,"wh1ch 1s the energy dxfference bef’eenn
; the two states, 1s characterlst1c of the band~- gap and of then
nature of the 1mpur1t1es 1n the semlconductor.‘The“”,
recomb1nat10n radlatlon must surv;ve the probab111ty of
self—absorptlon and 1nternal reflect1on at the surface 1n d”,?
orger to be detected as lumznescence.,Thus, the photo- "
lumlnescence technxque can prov1de 1nformatxon on they : =
1ntr1n§1c and extr1n51c semxconductor propertxes. This
method 1slpart1cularly su1table for shallow states whxch
usually control the, electr1cal propert1es. Certa1n deep

',U states can also—be-studxed provxded that they form‘radiat1ve

centers. In all cases, photolum1nescence measurements are

i

X usually carrled out at low (crgogenlc) temperaturet whete ‘j
deta1led spectroscopzc 1nformat1on about electron e

','."ﬁl; ' o RARO
o v

ptocesses can be extracted. | , |
Photolum1nescence can be detected 1n two p:inczpal

ways. One method 1s the most'commonly uaed front surface

photolumxnescence where emxssxon':gjcollected from the”same
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s the 1llum1nated surface. The other method is by

as;ée1f—absorpt1on can be avoxded Because most ‘recombina-
/

f‘\ ~.
tio rpcesses occur thhxn the attenuatxon length of ;the

-

trrdd;ated surface, the lumxnescence is mainly from the
ifront surface, makxng the collectxon of luminescence easier.
- ;“ The emxssxon of lumxnescence can be studied by several
technxques. The photon yxelds of an emission band can be
measured as a functxon of excitation wavelength (or energy),‘
.hence termed photolumlnescence excftatfon spectroscopy .
\Photplumlnescence emlss!on spectroscopy, on the other hang,
'1s‘a study of thewlum1nescence 1ntensxty(as a function of
émISSVon wavelength when'the lumznescent mater1a1 is
1rradxated by a monochromatxc source of constant 1ntensity.
"From these photo umxnescence spectra, information on the
radxat1ve efflcxency and the posxtxon of thetenergy level

“for thé defect can be obtained, together with th dentlty

of the defect, such as simple po1nt defect or codplex

.

5

defect.%Eor example, the type of center can be determ1ned
from the study of the line- shape of the emission peak
| Sxmple centers can be fitted with a hydrogenic model. Peaks
. that deviate from’ the hydrogenic model could be complexes if
they ate'brdad'andfbf'low ehefgy. Detailed analysis of the
syumetry ot the,peakwcan also-reveal‘the cverlapping o; more
thah one euiégiehhlihe‘due:tc the proximity of the emitted
energies, f}ﬁ; N o

ool Y
* ,5{:‘\5 w
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Anether aspect of photolumieescence emission etudies is
the measurement oé the time dependence of the photolumines;
cence emission following a pulsed excitation. Qverlappiné
.emissioqs with'different decay timee‘qan be resolved by
either ifme—re$olved spectroscopy or photolumlnescencex:
transient spectroécopy (PTS) (Teh et .al., 1986). The former
measures the emission spectra at e delayed time (variable)
after the excitatien pulse. There are various methods of
data acquisition for time- resolved measurements wh1ch arei
used qccording»to the time regime of interest (Hamilton et
al., 1978), and the most commonly used method is
time-coyrelated single photeﬁ ceuntiné (O'Connor and
Phillips, 1984); In the PTS method, which was based on' the
technique of deeb level transient spectroscopy (DLTS) and
photo—induced transient*spectroscopy‘(P;TS), the .
differential luminescence intensity is measured as a
function'of temperature at various instants of time‘
following the extinction of the excitation pulse. The
differential luminescénce.intensity can be obtaihed_by,
direct subtraction done instrumentally with respect to the
corresponding-time—chanﬁe;e. This technigue is applicable
only }f the decay ;iﬁes; r,,folfew the Arrhenius relation:
T « exp(E/kT) whefe~E is the act{vation energy, k is the
Bolthann constant, and T is the temperature. The latter.
' technique does not require a monochromator in the analysis

of the signal once an initial ca11brat1on has been made. -

Deta1ls\of the method are dlscussed 1n Chapter 3. The
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identification of the defecté or impuritjes is obtained from
. the’ 9~ 'of the differential luminescence versus
temperd ure plot together with the values of' the activation

energies. ,

“)\;.

. 4 -
N
‘o

1.2.1 Photoluminescence Emission Spectroscopy u

The presence of C and Si in GaAs gives‘risg.ﬁo shallow
acéeptor and donor‘stateg. At. the lowest temperature, excesq
photo excited carriers are often captured by these shallow
states befgre recombination.occurs. It is therefore common
for radiative recombinétions to occur predominanflj"as
donor-acceptor (D-A) pair fecombinations;‘Evidence for D-A
pair radiative'rgcombination in.GaP has been widely
presented (Hdpfield etfal., 1963; Thomas et al., 1964;
Gershenzon, 1966; beah et al., 1968, 1970). In GaAs,\beéause
of the small donor and acceptor binding energies, emis§ibn§
due to ear D-A pairs will lie above the band- gap
(Gershenzon, 1966a), thus only radzat1ve recombxnat1ons due
to distant D-A pairs separated by great distances have beeﬂ
observed (Dingle, 1969; Kamiya and Wagner:, 1976).

The carriers iﬁ the'shalloxg§pates often suffer tﬁermal_
emission back. into the band stagég.whqn the temperature is
rafsed,fiheteby inéte#sing the broﬁability of direct |
 ,Sand-to-band recombination. In the case whefe‘the donor
binding energies are very small (~6 meV in GaAs) compared to
“the acceptor b1ndlng energxes, free-to-bound. (F- B)

r\
transztxons (from conductxon band to dtceptors) are easily

A
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seen when D-A pair spectra are thermally quenched (Ashen, et
al., 1915 Bindermann et al ‘1978 Quisser, 1976). For”
example, in ep1tax1a1 layers of GaAs doped with Ge (Scha1rer'
' and Graman, 1969) Mn (Scha1rer and Schmidt, 1974) Zn, Si,
and C (Ashen et al., 1975, Roth et al. 1983) the F- B
transxtxons have been observed to become promxnent as
temperatore increases. .
Since carbon in GaAs is‘known to give D-A emissions .

(Ozeki ef al 19745 at low tenperatures, ve decided to
study these D-A radxatxve recombinations in the photo—

lumlnescence emzssxon spectroscopy of LEC SI Gahs.

1.2.2 Transient Emiseion Spectroscopy

. The stody of recombination procesées in semicondnctore

; important because they determlne the llfetxmes of
non equ111br1um charge carriers and thus control the
parameters of sem1conductor devxces. A reductlon in - ‘the
lifetime of the charge carriers can improve the performance'
- of hxgh speed devices such as taet photodetectors (Lee,.
“1977), which are ueed innopticai co@monioations,.and fast
lloptoelectronic switches (Mourou'and~knox; 1979) ‘Leonberger
and Moulton (1979) have shown that the leetlme‘of the
photoexc1ted carr1ers can be reduced by 1ntroduc1ng deep
centers into the semzconductor mater1als. ] L "'f““ﬂﬂ

The free carr1er radxatlve recombxnatzon 11fet1mes for‘

the band-to-band transition 1n both heavrly doped and R

oo
'undoped crystall;ne GaAs have been studled extensbvely and

N
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q11fet1mes rang1ng from picoseconds to.mxcroseconds have been
observed (Nelson and Sobers, 1978 Wexner and Yu, 1984).
Rad1at1ve recomb1nat1on processes 1nvolv1ng Si in
heavxly doped exp1tax1al GaAs (Gobel and Graudszus, 1982)
and 1mpur1ty complexes in low re51st1v1ty éaAs have also
been 1nvest1gated (Glxnchuk et al., 1981) Donor acceptor
pair radlatxve llfetxmes in both ep1tax1a1 and bulk GaAs
‘xnvolv1ng C, Si, Zn, and Ge. have also been studied (Kamlya
‘and Wagner, 1976 Dxngle and Rodgers, 1969; Dingle, 1969).
However, most of the attent1on has bgen focused on the
1n1tia1 stage of the decay and: most studles of decay t1me"
vere conducted at temperatures s 15 K. '
To the bestlof'our knowledge,‘no.wgrk has been'regorted
on the temperature dependence»of.radiatﬁme‘recombination
processes fnyolving the carbon occeotdr'level,,CA,,‘in‘LEC
' SI GaAs. Since photoluminescence decay iS;determined by the}
kineticsfof-the‘reiaxation"process, it is possible to der;ve
1mportant infgrmat1on, such as the nathre of the center, as i‘
‘'well as factors that govern the quench1ng of the |

3

photolumnnescence 81gna1 by studying the temperature

[y

dependeﬁbe of the recomb1natzon processes.ﬂﬂ

v;1 3 rourxer Transtorm lnfra-Red (FTIR) Spectroscopy

&

Optxcal absorpt;on and photolum1nescence are

complementary technzques and thexr mer;ts are comparable.jlnvh’;

=Lsome cases, the 1mpur1ty 1n a materzal gzves very strong

*.iebsorption and shows a weak lumznescence sxgnal or vzce



versa.

"7

Infra-red (IR) absorptxon spectra can be atqu1red usxng,

a conventlonal IR spectrometer which consxsts of a continuum‘

‘source, a scannlng monochromator and a detector. There are

: certaxn drawbacks w1th the conventxonal IR spectrometer, and

‘most of the disadvantages are inherent in the monochromator.

Because'of the use‘of a dispersive element suchﬁﬁs'ayprlsm
or grat1ng,‘the wavelength range is often limited. The.
measurements are usually very slow, as spectral 1n£ormatzon'
. at dlfferent wavelengths is. recorded 1nd1v1dually, while the

monochromator is scanned slowly through a wavelength reg1on

I

-

of 1nterest. In add1t10n,‘another-dlsadvantage41s 1n.the
restrlctlons in the size of the entrance and exit slits of
the monochromator for h1gh resolut1on spectra, which -.?
attenuate the-radiation- greatly before reachzng the |
detector. Therefore, 1f a spectrum over a wide wavelength

range with reasonable resolutlon is regu1red it is obv1ous

I

that the scannlng monochromator is eg 1neff1c1ent devxce.
A d1fferent w1dely used technlque is based on: the ‘
'"pr1nc1ple of the M1chelson Interferometer, which 1nvolves
‘the 1nterference of tuo lzght beams wzth vary1ng peth
dlfference. The spectrum rs obta1ned by Fourzer
transformat;on (Fellgett, 1970) of the 1nterferogram -

'measured. Hence, the 1nstrument is called the Four1er';7gui

':Qian 1nterferometer. The use of the FTIR Spectrometer has

;7chree bas1c advantages, knovn as i) Fellgett s advantage,.-~ i

- . . * .

| Transform Infra-Red (FTIR) Spectrometer,vsometimes known as ”

T e
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11)‘Jacqu1not 8 advantage and 111) Connes advantage
(Gr1ffiths, 1975) The first basxc advantage 1s that
spectral 1nformat10n at all frequenc1es of a broad reg1on of
1nfra red energy 1s collected sxmultaneously dur1ng the

\

complete measurement, wh1ch accounts for the reductxon 1n
measurement time. Jacqulnot 5 advantage 15 the.

h accompl1shment of a greater opt1cal throughput compared to
that obtaxned by a monochromator, whlch is limited by 1ts

_ slxt s1ze for achxevxng spectra of the same r!solutxon, i

‘ hence g1v1ng an 1mprovement to the s1gnal to-noxse rat1o..By

Q.

us1ng the He—Ne laser 1nterferometer to reference the
0 W . »
pos1t10n of the mov1ng m1rror, the frequency can be

accurately determlned wh1ch accounts for the third basic
( SR : g

advantage. 3 ‘f\.
h | The use of m1n1computers 1n data proce551ng and

controll1ng the FTIR spectrometers also adds very 1mportant
aavantages be81des the opt1cal advantages ment1oned above.
Spectra stored in d1g1tal form can be manipulated (e g'
) addzng or subtractlng to remove 1nterferences due to "
overlapp1ng bands) and dlsplayed w1th ease. Hence, maxxmum R

spectral 1nformat1on can_ be extracted from the measured

spectra. p;f<“1~ I _; ‘;f','_j : : . "i'uwu

E 1 3 1 Infra-ned Absorptxon‘ Electron:c Transxtxons .

The characterxstzcs of 1mpur1t1e§ 1n crystals can be 35-“

detected from the absorpt1on spectra. It 1s well known that.~j'

in the near infra-red reg:on, 1nterband absorpt1ons



resulting-from electronic“transltions'involvfng~deep4level
defects can prov1de 1nformat10n on the content. of the
1mpur1t1es. In add1tlon, the band gap of the materxal can .’
' also be obtaxned In hlgh resxstrv1ty GaAs, the absorptxon,
d spectra near the’ fundamental edge and the m1d~gap reg1on
have been reported by Sturge (1962) The 1mpur1ty Whlqh has g:
‘attracted w1despread 1nterest and whlch forms deep-level
states‘1n‘sem%-ansulat;ng qusi;s chrom;um,(Mart1n et af'.
1979"Martinez'et él 1981- Hennel et al., 1981) Oxygen,

»” which forms deep donor traps 1n GaAs, has also been ° ,

h 1nvest1gated (Akkerman et al. - 1976). When both valence g
band- to- defect and defect to conductlon band tran51txons
occur,wlnterpretatxon of the spectra 1s d1ff1cult because of'
the 1nab111ty to d1st1ngu1sh these: two processes. These ;
absorpt1on bands are often broad and featureless. They can
be due to the overlap of several transzt1ons from dlfferent'
defect levels but w1th s1m11ar tran51tlon energ1es.vlnt
'faddltlon; absorpt1on resultlng from trans1t1ons 1nvolv1ng
Vshallow levels elther merges w1th the fundamental absorptidn
;‘edge or has absorpt1on energ1es whzch are too small to be>‘

S

'L]‘detected eff1e1ently. L

f;s11 3 2 Infra-Red Absorptzon-3Po1nt Defects 1n ‘a Lattzce

It 1s known that the-presence of point defects or

»

M'“'subst1tut1onal 1mpur1t1es 1n a crystal wxll destroy the

fp;translatLOnal symmetry of the lattice. This dxsruptlon of

ff‘the lattzce symmetry ulll affect the normal modes of 1attice7i5’

".
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v1b?at;on. Dependxng on the mass of the substltuent and ehe

o

<t

coupllng between the subst1tuted atom and 1ts nearest

ne1§hbor, the mod1f1ed modes can occur e1ther at a h1gher or-

st

lower frequency than thefmax1mum frequency of the perfect'

b e

lattlce vzbratxon.

In a compound sem1conductor such as GaAs, subst1tut1on

1

of one of the host atoms by an 1mpur1ty atom of a lxghter
)

atomlc mass (such as carbon,tszl1con or boron) w111 cause

the resonance modes of v1brat1on (Whlch are due to the

localxzed v1brat10ns of the 1mpur1ty) to occur at

Q

n frequenc1es hlgher than the maxxmum frequency of the lattxce

v1brat1ons. Thls 1s true prov1ded that the couplzng force |

constants between the 1mpur1ty atom and the host lattlce are

comparable in strength to the force constants between the

pa1rs 3f host atoms (Newman, 1973 Barker and S1evers,

1975) ‘"rf,» ; e f;;;‘ ) f'fl“V'(.?,f L
In certazn materxals (e g. GaP) there eadsts a gap

between the optac and acoustzc bands 1n the 1att1ce |

v1brat1onal spectrum. The locallzed modes of the 1mpur1t1es

i
that fall thhxn the gap are known as gap modes. However, 1n

\

the dxspers1on curves of GaAs, there 1s no such gap between |

the Optzc and acoustxc bands because of the Very s1m11ar

masses of gallxum and arsenxc. Thus, no gap modes can ex1st

O

| 1" GaAs (Newman, 1973) ?ﬁei:iﬁ%:?ﬂﬁf&gin~‘”“

For heavzer subst;tutlonal atoms or lzght atoms wzth

\ : €.

weak coup11ng force constants, the resonance modes of

v;bratzons usually fall wzthxn the optxcal band, and are

tie ';'t.k.:r.
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tknown as band modes. Impurxtzes of heavxer masses than the
‘7‘host atoms 1n GaAs have been less studxed A study of the |
resonant mode due to boron 1n GaAs has been reported by
Angress et al (1980) | |
The infra-red active localxzed v1brat10nal modes (LVM)

absorptxons of 1mpur1t1es w1th l1ghter atomxc-masses such as
C,‘Sl; B, P,.Al, Li, Mn Mg, Cd and Zn 1n GaAs have been
7»-studied7extenslvely (Hayes; 1965 Lorlmor and Spltzer, 1967}
‘Thompson‘and;Newman, 1972 Newman et al 1972- Leung et -
al}; 1972’ 19744 Morr1son et al. "1974 Brozel and Newman,‘
1978; Br03e1 et al., 1978 Theis et al 1982, 1983° ’
K1e1nert 1983) w1th the f1rst three elements attract1ng
'the most lnterest. The stud1es of IR LVM absorpt1ons in
'1on-1mplant spec1es such ‘as . Al P S1, and C in GaAs
:(Skolnlk et al., 1970 ‘1971,~1972,fKre1tman et al.,~1979)
| ‘have also been reported | o Y -
Ibsdbf S1nce1the IR LVM absorpt1on always results in sharp L
:‘;absorpt1ons, the 1dent1£1cat1on of such absorpt1on 11nes
serves as a very useful means of 1dent1fy1ng 1mpur1t1es ,Lt
P“i1s also p0551b1e tp obtazn 1n£ormat1on on the substxtutronal‘f'
i;‘sztes. Furthermore the concentrat1on of 1mpur1t1es can be
_!ifdeterm1ned from the strength of the absorptxon lxne.~,

Lfﬂ In addltlon to the qua11tat1ve and quant1tat1ve

yﬁfanalyses, optxcal constants, n and k can also be extracted f:,f

.‘ ‘- frOm the lnfra-red BPECtta,

R U

V) w
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2. PHOTOLUMINESCENCE SPECTROSCOPY

c2.1 Theory: Donor-Acceptor Peirs.and Band:%o—hccepfoé
Transitions |
2.1.1 Radiative Recombination of Donor—Acceptof Pairs'ﬁ
During the growth of crystals, unxntentxonally
'1ncorporated 1mpur1t1es will be ionized at the elevated
temperature and can diffuse freely in the melt._If the
Coulomb attraction energy between thekoppOSitely charged
impurities (donor and acceptor ions) is greater‘than‘the
thermalemotion, associated donoc—acceocor (D-A? pairs are
usually formed. This associated peir fofmation is usually
enhanced by slow cooling of the crystal. However, if the
. cooling from high‘;empe;aegye is rapid, impurities will be
. "frozen" at random @ites. Even for a random distribution of
.impurities; there w111 be a f1n1te number of donors and
acceptors which are close enough to form d1stant D A pairs.
. The number of dzstane,D—A pairs will be dependent on the
concentrations of the iﬁpu;ities.. | B
2.1.1 1 Enetgy Distr1but1ont
Con81der a semiconductor conta1n1ng bS£h donofs and
v acceptors separated by A"donor-acceptor (D-A) palrﬂ
distance R as shown 1u figure 2.1, \Due to Goulomb
1nterect10n, the donor and acceptor bxndlng energ1es

i; + EA are reduced by the Coulomb 1nteractxon term, ;"

s %ﬁ. Hence ‘the emxtted recombznatzon radxat1on is-

a : c 28
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mod1£1ed and for distant D-A pairs, the emxtted energy

" is approx1matelyrngen by (Hopfxeld et al., 1963; Dean,

1969)x e . '

\ I . ) .,‘ H 'lrv' .

hv\(R) = E, - (E, + E, - =), .u .o (201)

\ - . .
where Eg\xs the band-gap energy, e is the electronic

\

- charge, and x = 4meeo (where ¢ is the static dielectric

constant)

-

The Coulomb interaction term increases for -

decreasing pair distance;'rhus increasing the energy of

the emission| as shown in figure 2.2, and the lowest
possible .energy is obtained for pairs at infinite

distance apart vhere the‘interaction term approaches

1

\ ‘ .

Vo o S

hv(=) = E, & (E, + E,) . - | L (2.2)
. " . -

Since the 1mpur1t1es usually occupy subst1tutlonal

zero, i.e.,

sites, the R’ value§ are discrete. Hence, a spectrum of
dxscrete 11nes is expected for d1stant D A pazrs‘

separated by small distance. These‘dxscreteeemxssionf

N .
=%

~lines have been obse ved in GaP (Hopfield et él.; 1963;

Thomas etvalég 1964).

When the distant D-A pai

he line. separation dec Jases'ahd

Y

;3the 11nes usually merge ‘together to form a broad bands

separat1on 1ncreases,

At the same txme the rec mbxnat1on 11£et1mes 1ncrease

'wlth,separatlon.‘ S
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The 1ntens1ty of the emxssron 1s expected to. benpr
proportlonal to the number of 1solated ‘D-A paxre, N(R)
Therefore the em1ss1on 1ntenszty should 1ncrease thh

‘>decreas1ng R dlstances. However, the number of palrxngs
is usually reduced when;ﬁ\decreases (Pankove, 1971).
' Eee

Hence, the emission 1ntensxty wxll go through a max1mum
L3 .

as' R changes.

"In GaAs, due to the small binding energxes E; EA,

' 'and as a result of the Coulomb 1nteract1on, the dxscrete"

4 llnes for close ‘D= A palrs would fall above the band gap

t Thus D A pa1rs that are separated by large dlstances

%
wrll contrlbute to the emission spectrum.

'é.l 1.2 Radiatlve'Decay Rate Lo ?f/f{

| Thi‘decay rate’ of an 1solated D A palr can be

expressed as a funct1on of its separatlon distance R.
For‘a weakly bound electron at the donor, 1tucan be

shown that the’recomblnationfrate‘vill haveﬁ&he form

(Thomas. et al, 1965):

&R) = f._,,,fe‘xp(*%%)’ Fo (2.3)

" . where R“, is a’ constant
'vand ' ao 1s the Bohr radxus of the donor.;
| '\ If Nn and N are the concentratxons of donorsiand
; acceptors respect1vely in a. sample where a random -
N

d15tr1but1on of donors and acceptors ex1sts, theﬁ‘the

‘ D-A em1ss1on is’ governed by the lesser of these two :

quantxtzes. For 1nstance, 1f exther one of the donor or'ﬁ,;

. . Y

ﬁl
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acceptor ig in excess, e.g. N > NA, and no .

' fredxstr1butxon of holes or electrons takes place,‘then .i
‘the’BaA em1ss1on 1s deférm1ned by the rate of change .of
,the concentrat1on of neutral acceptor. Thomas et al |
-(1965) have shown quant1tat1vely that the h1gher the
concentrat1on of the carrxer, the shorter wzll be the
‘tdecay time. At high dop1ng levels, the compensatlon ,\QK:}
-process has the effect of reduc1ng the decay rate. At \

| low concentratrons, i e. "Ny, N, ~10'% ‘em3, the decay time

» is only weakly affected by compensatlon. |
9_‘u For a f1xed concentratzon of carrlers, 1rrespect1ve_

‘of whether the sample 1s exactly compensated or |

'h~part1ally compensated the dev1at1on between the decay
Jt1mes 1s negl1g1b1e at - the early stage of the decay |
"process. However, at a later- stage of the decay,‘_he

. dev1atlon 1s more sxgnlflcant, and in the case w1th

“»‘ exact compensatzon,‘the decay rate becomes more complex..
= | For mater1al whlch is exactly or almost exactly “

‘1compensated (ND , Az, the calculatlon of the ea?f‘f\\"'
“txmes is comphcated by the fact that each dof:, to o

i acceptor transzt1on 1s dependent on the number of vacant
lji”hole states, whzch decreases w1th t1me.-Thomas et al

d-(1965) have shown quant:tatzvefy that at sufffczently

long times, the 1ntenszty varzes as t*, for heav11y

Y -
A

itaaffdoped samples, and follows t“ for llghtly doped samples
'77f(~10“ cmq) They have also found that the decay rate is

‘5}temperature 1ndependent at low”temperatures (< 20 K)..r3df
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12 1. 2 Conductxon Band to—Acceptor Recombxnatxon s N

If the acceptor center 1s hydrogenlc, and the

-sem1conductor has a 51mp1e valence band Eagles (1960) has

jshown that for a. d1rect transxtlon of electrons from the

LA

‘and n é refracttye 1ndex of the mater1a1

j71evels 1s related to the absorpt1an spectrum accordxng to-

acceptors (with dens1ty N,) to the conduct1on band the L

absorptlon coeff1c1ent is glven by N ‘W: - S
o _ 128ﬂe’h’ m; , ,‘2’ Yz y" S . ." |
alw) "'Nﬁnc%;wE. mo ¥°| 1+z)* ! ‘ - (2'4)-g‘
. . . i ' .“‘ ‘ " . R ", . ‘-‘ P ' ! . '
. where e B
| _n_l_,_ﬁwE'rE S o
z - Ea . , o o (2.5)
m; : effect1ve mass of electron 1n the conduction, band

o

Mo effectlve mass of holes in the valence band

b1nd1ng_energy of acceptor,_‘“

E
~ Eg : band gap energy,
@ free-electron”mass,‘ .

Tt
'

BENITK & 2

By neglect1ng any sh1ft 1n the energy levels due to

~'1nteractzon of the electrons at the 1mpurity levels w1th the ,

lattlce, the emlss1on spectrum due to spontaneous rad1at1ve L

T‘recombznatlon between conduct1on band and the acceptor

',.9
N

pfwhere A 1s frequency 1ndependent, and fo 1s the probab111ty

f.of the upper states 1n the conductxon band w1th energy

"(ﬁw E +E ) bexng occupxed by electrons. Thla probab1lity is

::normally ~exp(-y), where y = (ﬁw-E<+EA)/(kT) (where k




"Boltzmann s oonstant and T 1s the temperature) |
Eagles found "that by evaluat1ng equatlon (2. 6),‘p
‘.lxne shape of the spectrum due to free to bound transxtlon S
”wxs approxrmately proporr1onal to the funct1on
oAt

| ‘rfé(y)fs Vy3exp(ri)‘,”\ I v“"".‘ N (2.7)

w1th y -as expressed abovee The maxzmum 1nten51ty occurs at

\J

N i,
N ‘}:,x

the energy

hw™* = Eg - E, + kT . R ,‘ C (2.8)"

S 2.2 Dataxhcquisitionsandnkhalytiéal'Methods_

ﬁ(Z.IabsfsjAcqhisiti
0 ' i . ' i ' l . , .ﬁ . . i ‘
‘ 2 2 1.1 Photolum1nescence, ission Spectra

Three of the most commonly used s1gna1 recovery

-
~>

technlques are-’lock-1n amp11f1catxon, 51gnal averag1ng
‘ﬁrﬂand ﬁﬁoton count1ng (Ham11ton, 1977) |
L Among these techn1ques the photon count1ng o

ip‘technlque g;ves the hzghest s1gna1 to—no1se rat1o (SNR)

“ﬁiﬁ(aones et al., 1971- Poultney, 19727 HoWever, th1s

. ”,technlque 1s eff;cxent only for contxnuous 51gq/ls or ﬁ,{;,

15 5.4_:

f*e?pulses‘”th h1gh repet1t1on rate. Photon COunt1ng 1s




N -

‘antervals w1th standard photon count1ng cxrcuits. Due to S
the short exc1tat1on pulse (~ 800 ps)‘the number of R
photons captured for each pulse 1s very 1ow, thus 2000

h or more tr1gger pulses are needed for each poznt in
order to recover the sxgnal from‘the noxse. rr-‘l d“eff'lw
| The lock 1n amp11f1catlon method 1s used when .

- contxnuous 51gnals can 'be modulated by a mechanlcal
chopper. When the rat1o of the‘ off/on peraods 1s‘ t‘ ' ;?
large, the lock in- method becomes 1neff1c1ent , |

"‘(Abernethy, 1973)' It xs least appl1cable when the
exc1tat1on pulses are narrow and of low repet1txon rate. |

: The s1gna1 averag1ng method is capable of

recovermg both choppedtv 51gnals as well as pulsed
s1gnals from no1se._If one chooses to d191t1ze the |

"1-‘51gnal 1n order to obta1n the magnztude as well as the

| shape of the pulse, then the m1n1mum samplxng frequencx{f‘ﬁ
K must be at-least tw1ce the frequency of the waveform ‘lﬁ'

" IRRYAR
accordxng to the Nyqu1st samp11ng theorem (Fogarty et -fi

M,I 1982) Thus, for narrow pulses w1th pulse durat1on
f ~10 ns Jea h1gh sampllng frequency of ~200 MHz 1s
f-requ1red and the cost of the electronxcs 1s usually

, very h1gh

ava1lab111ty of a»pulsed eu”;tatzon source of low

repet1t1on rate (< 10 Hz) with narrow pulses (~800 ps)u‘

the above-mentxoned ngnal recovery methods are :3ﬁj‘”




{a'data acQufsltion'system that'c%n function‘efficlently
l has been developed Wxth it both fast and slow | .</
ff components "of the em1851on can be d1g1t1zed and ) |
u:.transferred to a storage dev1ce b;*“ p,“’\ . R
o The data acqu151tzon system basacally cons1sts of a:
Hpeak detector,van 8- b1t analogue to‘&1gxtal converter
‘rf(ADC), a monochromatoﬁ'dr1ve un1t a parallel to ser1al :
| 1nterface (R8232), and an 1nput/output (I/O) 1nterface,v
' all~controlleﬂ by a T1mex/81ncla1r 1000 (TS1000)

~ g ' \ .
'imxcrocomputer,.and operat1ng, in thls case,‘1n
by .

conjunct s gﬁ*!n Osborne T m1crocomputer..The block

dlagram 15~-“_“ﬂm1n flgure 2.3. Detazled descriptlon of'
‘f;both the hardware and software of the data acquxs:t1on‘n.
ystem 1s dzscussed 1n Append1x A, |
fﬁ‘ e Brlefly, the data‘acqu151t1on sequence 1nvolves
hhampleyzng the output current from the photomult1pl1er,
followed by holdxng the maxxmum sxgnal level for a
‘ -fconSAderable length of t1me to allow for .-Q.‘ .
"-analogue~to-dzgxtal convers1on by the ADé.,Eypzcal 8- b1t"
‘«converslon t1me 1s less than 20 us. At the end of the |
Efjconverslon, the datum 1s read by the Ts1000 |

‘;ffmlcrocomputer. Data can be accumulated for a preset

Tl;“number of“laser tr1ggers for a partzcu”ar'wavelength
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15 repeated\ct a“neﬂ wavelength sett1ng selected by the o

\
N\

TS1000 m1crocomputen,‘unt11 the f;nal wavelength (preset
- by the operator) is reached The 1nterval between f~‘f
3 N

‘adjacent wavelength settxngs 1s presetable to values

\
‘which are multxples of 72 nm, Thzs system enables the

»

“'whole em1551on spectrum to be collected automatlcally

S
2 2. 1 2 Translent Em1ssxon Spectra‘
L In the measurements of photolum1nescence decay,
-.‘15 w1thout doubt that the moét sensxtlve techn1que 1s
‘vphoton counting. Tlme-oor'r-elatéd single photon oountlng ‘

\

.alemploy1ng the t1me -to- amplztude nver51on technlgue is
,Ha common practxce 1n acqu1r1ng lumxnescence decay'cugves ‘

(0 Connor and Ph1111ps, 1984). In th tlme.to amp11tude id.
xhconverszon techn1gue part of the exc1 at1on aser pulse,;.
o is used to—start the clock, wh1ch is th‘n\stopped by ‘the
::harrxval of the fzrst s1ngle photon pulse. he tlme is “Bi‘
_ " .then converted to an amplltude and stored 1h the chennelﬂﬁp
‘L_ ‘number correspondzng to the amp11tude. Thls technxque is
, ;‘fbased on the prznczple that the pnobabllfty dlstrlb&tlon
—“‘—_for—single photon emlsston after' an excltat lon pulse Is

- h}slmllar' to the pr'obabllfty of the emlsslon of-' photons as
. a funct Ion of tlme after the excltatlon pulse has ce sed

\Th(Hart1g et al., 1976) Th;s method is ef£1c1ent onlyi1f ‘Q}”

l“jg;the exc:tat1on pulse rate 1% hzgh (e g 1n the MHz

w”?;range), because for e”ery laser pulse, only the f:rst ”vfff;

‘ﬁfﬂ¢=single photon em1tted ;s‘reg1stered ““ffpgg\‘vy

ey K
LA .

o R
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‘ :If an exc1tat1on laser thh a repet1t1on rate of

- less than. 10 Hz 1s used ‘as 1n our case, the measurement

"tlme 1nvolved 1n acqu1r1ng a transxent spectrum would be.r
1mpract1cally long. Thus, a fast photon counter (Lawton_7
:*et al ’ 1976) is. employed to capture as many photons asb‘y‘
‘1p0551ble, as a functlon of t1me after the extznctxon of
l‘the exc1tatlon pulse. f‘-} o :i‘,'yx ;"_~,I ;
When a laser trlgger (part of the ex%jtatxon pulse-:h‘
reflected by a beam splltter) 1s rece1ved “the tlme |
‘channels 1n the counter wlll open sequentlally and any
pulse (dlscrimxnated from no1se) resultlng from e1ther‘

-a s1ngle or multlple photons, arr1v1ng withxn the t

g channel w111 be reglstered as one’ “event in the spec1f1ed

‘{51976)

-

| t1me channel The photolumlneggence decay curve 1s then
accumulated foi a preset number of tr1gger pulses. The
number of trzggers selected or the number of maxzmum
3,counts requ1réd will be dependent on the number of
:components expected e1ther of s1ngle or mu1t1ple
(‘components, and the1r correspondzng rat1os, so that the‘
later componenbs can. be uncovered from the background |
" noise’ (Kalantar: 1983f Max1mum counts of 106 to > 107
| [have been used in the measuremé“t of decay 11fet1mes
‘Q(Cooper et al.,‘1965, Isenberg et aI., 1973 Grznvald
The decay curves are then‘analyzed uslng the'yl{

".?follow1ng methods.,, ff_wfpgf{ﬁfﬁfftz
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'2.222‘Data-ﬂandlin§ and X%alys?s:'Tﬁpnsient Spectra .
‘~2.2.2.1{Treatment of Data | , \
~In the time qependence of the emission .of photons
resulting from enje*citation pelse,‘if a true average
number of photons, n7,. 1s detected dhring a time interval
‘;: At then the probabxlxty that n photons are emltted in
that time interval is ngen by the Poxsson dlstrxbutxon

(Mandel and Wolf, "1965): ‘

(2.9)

.

p(n) . M.nn

‘nl

lin.the phbton'counting experiment one or more

'~photons arr1v1ng it a g1ven time channel are counted as
one. Slnce the Wldth of the time channel is not
'infin;te51mally small distortion in the measured'decay
,curve will result at hxgh count rate due to the limited
capac1ty. Therefore, a correction must be applied to the
measured cutves. |

The probab111ty, b, is modified for-zefo and one

photon as follows (Lawton et al., 1976):

s ) ‘> p

S

P(0) = exp(-7n), ) —_— (2.10ia
P(1) = 1 - exp(-2) . . . . (2.11)
| | L e A

The qbservedgtdtel number of counts, N,, in channel i, ,
duting the tiﬁe interval At after a‘repeated.M number of
excitation pulses is then given by: |
o SR —_— Ty, L
N, = M[1 - exp(-n)] . - (2.12)
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\
Hence, the true numbar of counts, C‘, atlthe end of M
number of laser pulses‘cen be calculated from the"v
observed number of counts, by inverting eouatlon'(2;12),

and leads to the following—relation:

)
W

C, = - M-ln(l.f %f) N | Co(2.

The recorded number of counts in each channel for a -~
decay curve measured is tlren corrected using equation

(2.13).

o~

If the signal at the peak of the luminescence is
kept low, (either by lowering the excitetion intenslty
using neutral density filters in the beam path‘or by
reducing the slit-size. of the monochromator)'suchﬁthat‘

vthe total numbep of countsrobserved at the maximum is
less than 1% of the ﬁumo;r of trlgger pulses, then no
correctlon ‘is necessary;\HoLever, if a low repetxtlon
rate exc1tat10n laser (~10 Hsj is used 1t would requ1re
more than 27 ‘hrs (assumlng that every laser pulse 18
accepted) to obtain 10 counts at ‘the maxxmum ‘of the
decay curve. It is thuS‘obv1ous that 11m1t1ng the rate
‘to < 1% is not a practzcal solution. Hence ‘correct10n
must be 1ntroduced and care must be taken tg_ayg1d n
saturation at the peak intensity. Due to the low -~
repet1t1on rate of thevexcxtatxon sourCe, forvpracticel’
reasons; a correction factor of ~é0%‘vas tolerated hy

allowing the observed counts at the maximum to be ~40%
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of the total number of tr1gger pulses.
Since the duration of the laser pulse is short

(~800 ps) compared to the smallest txme channel (10 ns)

"~ﬁava11able and the decay times measured are falrly long

(usually several hundreds of nanoseconds) deconvolutxon

of the data to remove the excxtatxon pulse prof1le is. |
not necessary The corrected (for d1stort1on) decay A
‘curve 1s represented in a- hlstogram (not a contxnuous
dxstrxbut1on) where the number of counts in each”channel
'is an 1ntegrated decay oveg a time w1dth At, 1nstead of

the "decay 51gna1 at an 1nstantaneous time, t,. O'Connor

and Ph1111ps (198¢Y-have proven that the 1ntegrated

1ntens1ty is proportlonal ‘to the decay funct1on and. that

"
A

it is reasonable to use the observed histégram in tle

digonxg&::1on procedure to determlne the decay law of‘

the sample: ., T o )

1
W

2.2. 2. 2*Least;5quares Curve Fitting (LSF)

The most popular method employed 1n analyz1ng a.

decay curve is by r'efter'atlve Ieast-squanes cur-ve

9

flttlng technfque (Irv1n and L1v1ngston, 1974)
In the least sqqares techn1que, the mazn axm(us to

mxnzmzze the value of x ’ whlch is the we1ghted sum’of

Q N

the squares of the dlfference between the measured data, ;
y(t o and the f:ttxng ﬁunctxow, f(t ) The equatzon for
x as gwen by (Q'Connor and PJullrps, 1984)

> . o .
o © ' R an
o -

x2 -12_:‘ w;[y(t,) - _f'.(t,)h]’l' . . AU (2.14) -

.9
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I3

where m i's the total number of data points measured, and

‘W, is the weighting factor for the it" point, which .is

: '~ba¢kgroun&. Assumxng that the background = 0, then

“the reciprocal of thé‘expected value. Irvin and

L1v1ngstqn (1974) have equated thxs value to the

recxprocal of the sum of the f1tt1ng functxon and the

"

1
’

el ® LyCeg) - £(e3)1E s s
x* ‘2_:;{ TN ) }o. , (2._15)
" The fitting furctions are liheariZed by assuﬁing a

Taylor serles expansxon (Bevxngton, 1969), to first order7

'51n the fxtt1ng parametefs a, (j=t,p). yxth parameter

increments ay: (for 51mp11c1tx, f£(t,) "is wrxtten as f,)

- -

f (a+a) e f (a) +A.j)§r aaj ay . \ | “(2.16)
_ ' ¥
The condition for a minimum is: . '
%o, (2.17)
. aj , A s ‘
“which leads to equ&fions qf~thew£ord; :
) £ aj Bjk = Ak k:i,p‘ IR . L (2.18)
. 3-1 ¢ . ’ : ’ ' s
N af, 13 A R R P YOt
BT v v TR S
. and - - I N - R . —
o o om " - F. n . T a
A =z Ui fiy - \ (2.20)
a1 081y . f? . CooTu e T »

‘}Equatign42;18 can also'bé'wriﬁpen'ih‘thg.ﬁattix form

o
. . . .
W - e : LN
.o . e .
[N & ’
%

@B=A, 0 S 2
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and the parameter increment, a, is calculated by

" inverting the matrix B, i.e.,

@ = A-B" A - (2.22)

For computation,‘initial‘estimated values for all
- the parameters, a,, are supplzed The f1tt1ng funct1on
£,, is calculated and followed by calculatlon of the -
value of x2 The partxal derlvatlves are determ1ned and
the matrzx B 15 set up and 1nverted The 1ncrements of
fparameters, a, are calculated from the 1nverted matrix
- B, and a new fitting function;rf;,vis‘then‘calculated

using new parameters:

followed‘by the determination of nev Value for X2,
The procedure of calculat1ng the value « 1s

repeated unt11 the value calculated for x converges to‘

K -

-a. m1n1mum.
A computer programme wrltten 1n Fortran and

) modxf1ed from that of Irv1n and L1v1ngston (1974) is

°

-listed in Appendlx B. "‘,.' . v\" '?f” “" B

k4

An alternatlve method for solv1ng s:ngle or .
.multzple component exponentzal decay curves has recently:;
;been proposed (Teh et al.,.1986) to szmpl:fy the ‘data.

zanalyszs process. Details of thxs method are dzscussed

in the next chapter..f§>‘ | ﬂl:uf“f,{ T ;;
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3. A m um'rnon oF' ANALYSIS OF puo'ror.uumnscxncs nncn o
" _curves . . - ",_ 3 R

3.1 Introductxon’ :fd' o!\, {‘ ", o e“.“f - )
. The analy51s of the temperature dependence of the decay

't1me constant ‘of a lumlnescent sagnal can be employed to

l3study the lumlnescent actlvatlon energxes of defect levels

. and also the b1nd1ng energ1es of exc1tons in sem1conductors.

g The common method. used 1n extract1ng\the decay t1me constant

2L
&

from the lumznescent s1gnal decay data 1s e1ther a l1near
.. least- squares method for a s;ngle~component decay curve or
an. 1terat1ve non l1near least squares method for ’lt
‘ymult1ple component deCay curve. The 1terat1ve non linear'
‘fleast squares‘method requ1res more computer t1me and 1s also"]
331neff1c1ent in resolv1ng t1me constants of" nearly equal -
h’magnltude. - | o | ':m |
| ‘ For a lumanescence decay that follows the Arrhen1us"‘
,5re1at1on. T « exp(E/kT), where r 1s the decay t1me constant,
B 1s the act1vat1on energy, k 1s the Boltzmann constant and -
» T 1s the temperature, we present here an alternatxve method
: Nof extract1ng the parameter assoc1ated w1th the lumlnescencetf
jidecay 51gna1 ::e., the act1vat1on energy of the defect ]
”hhlevels.‘Th1s method wh1ch we shall call Photolum1nescence.,f
i]:Tran51ént Spectroscopy (PTS), 1nvolves the study of the

-fetemperature dependence of the different1al lumlnescent

jffintens1ty and 1t enables the extractxon of the decay tzme

ﬁj;This chapter has been published. Teh, C K., Tin”
_,MF L. (1986). Journal of Lumineseence 35, 17-23.}

““C c and Wbichmant"




£ ; TR R b
) . £ I, [ R, ) . T e T “ I 48
e, L ) . e . o e ) L LM . Do

‘lconstant to be done 1nstrumentally..The method is. bas1ca11y e

'the same as that employed 1n DLTS (deep-level trans1ent
'spectroscopy)(Lang, 1974) and PITS (photo-1nduced trans1ent

‘Vspectroscopy)(Hurtes et al ; 1978 Yosh1e and Kam1hara,r-‘

7'1983a S AL Lo

~‘.'m.. i
The advantage of th1s method 1s that the plot of the

-

1d1fferent1al lum1nescent 1ntens1ty as a. functzon of Lo

t:Bperature can be used as a sxgnature for defects and

l.

h1mpur1t1es 1n a sample, enhanc1ng further the usefulness of‘

Ay
,L'

‘.photoluminescence spectroscopy lj'lnn.l““

' The method has been tested uszng lumxnescence decay

'data for Cug)crystals and was found to b both effect1ve'
oand eff1c1ent w1thout any major alterat1g;Q§§/our "

‘ TN SO
gexperimental‘equ1pment, o .\‘] ' (?frﬂ”f

'\». AR

‘3 2 Theory and analysls

A lumlnescence decay sxgnal can orxg1nate from e1ther a
cszngle—‘or multrple-component process. In the follow1ng
fana1y51s, we w1L1 d1scuss the case where the lumznescence f"";

‘decay sxgnal 13 a superp031t1on of two exponent1al

,fcomponents w1th decay t1me constants T, and 70. 1f L(t ) 1s;¢1h

ﬂthe 1ntens ‘yﬁof the trans1ent lumlnescenc”fmeasured after a -

;tzme delay t, from5the moment of max1mum 1ntens1ty and L(tz).

jzs the‘_ntenszty after a tzme delay tz from the moment of

gmax;mum zntensity . the,_ihe”dszerence 1n the 1ntenszt1es




AL(T) = L(t ) - L(tz)

' M {exp( t /r ) - exp( t /r )} | R
LN {exp( t/r) - exp( tz/‘r )} Lo Ea

r“twhere M and N are the max1mum values of the two components

at t=0 | | | | . |

The t1me constant r‘ (where 1—m n) is related to the

trapplng parameters accord1ng to the equat1on"'

vl,,‘f‘i(r') = 74, "exp‘.(E‘;/kT)f,‘. T rda
v"where r;vls the t1me‘constant at 1nf1n1te‘temperature.
It follows from equatlons (3 1) and (3.2) that plottxng “
iquL(T) aga1nst temperature should g1ve a,peak whenever tpe
‘m:decay t;me constant T, matches the t1me .gate. (t2 .t,); The
“fdecay t1me‘constant can be obta1ned gxom the p051t10n of the%jf”
‘wfpeak as shown bEIQw; At the pOSlthﬂ of the peak

L gag/_a-;g=.-(yaA;,/ar;)!(‘an/ar)ﬁ:j,;=‘ o o 3y

- D1£ferent1at1ng equatlon (3 1) w1th respect to thelr

'.\,
2 ! Y

-“fcorresponding°f, parameters and equat1ng to zero,-we obtazn .

Et
b
T

‘qfwhere £ tz/t, -ﬂff?f?f?

Therefore, at the temperature T (1 1s omztted for

35s1mp11c1tY{'correspondxng to a peak: the decay t%me °°“3t8“tfiei

s g:ven by'equatzon (3 4)

o




The act1vat1on energy of the defect level can ea511y be

1;obta1ned by runn1ng spectra w1th d1fferent values of . t, and e

.‘tz to obta1n different values of T and T The trapplng

4

‘act1vat10n energy can then be obta1ned from thewgraph of ln“

T aga1nst 1/T,. (see equat1on(3 2)) ‘It is adv1sab1e to keep o

.

rthe ratio r = tz/t, a constant. A smallﬁvalue of T g1ves ‘a-

more accurate result but the spectra tend to have a. poor ‘

:7szgnal to n01se ratzo A large value of r wxll g1ve a better.

v81gnal to n01se ratxo but too large a value w1ll produce an ..

verroneous result (Yoshle and Kam1hara, 1983b)

If a szngle t1me gate method is. employed several

ﬁemperature scans, each w1th a d1fferent t1me gate, must be

'Wcarrxed out in. order to obtaxn several Spectra to evaluate

ﬂthe act1vatlon energy accord1ng to equat1on (3 2) However,;‘I\

T

,1£ the measurement 1s carrxed out 1n a: multlchannel mode,
I‘then only a. 51ngle temperature scan 1s necessaryq A .

, multlchanne? mode can be real1zed 1n many ways. The photon

',countxng method 1s su:table, part1cu1arly for low effzczency

KK

ulum1nescence, because 1t determlnes the 1nten51t1es at

tvarxous 1nstants of t1me follow:ng the extznct1on or the

P s

:-”ig

'fexcxtatxon pulse. Other data acqu151t1on systems such as the f“

fmpltlchannel analyzer, d191ta1 samp11ng osc:lloscopes orvrm,

‘isxgnal averager can also render the results su;table for

ﬁanalysls by usxng‘the present method.qwu | i _
‘ "n a mu1t1channel mode, the sxgnal 1s‘d191tzzed and

;’The‘dxfferentlal

éluminescent;xntens;txes are:then"calculated for d1f£erent
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'(),.values of t1 usxng the computer. By varylng the parameters -
. t, and the ratlo r 1n the computer program, a ser1es of

curves can be obta1ned The opt1mum range of t, values wh1ch

-1g1ve the best peak resolutlon and the ratlo r whxch nges .

‘the best 51gnab—to noxse ratio are then selected for'

-
€

_ evaluatlng E.
| We have done a serles of calculat1ons usxng "p- o ‘,\

‘vart1f1c1ally generated data to determzne the resolut1on o

‘ obta1nable w1th the method descrabed In all the‘followxng

'calculatlons an arb1trary value" of r=2 was used In-the case

‘Iwhere the two ampl1tudes M and.N are equal the peaks cannot ~

i

be resolved when the dlfference in the two act1vat1on |
a,‘f energles AE < 0 03 eV for E 0 20 eV and E;, = 0. 23 eV as
.\,w‘shown in f1gure 3 1. For 51mpl1c1ty, only the curves
:correspond1ng to t1 =5 us are shown in flgure 3 1 The r”
peaks .can be resolved by tak1ng a longer delay t1me t,.gh
tFlgure 3 2 shows that when\t1 1s longer than 20 us, the two
M"peaks beg1n to separate out. The resolutzon of the peaks ‘is f
also affected by the M N ratlo.,If the two actxvatzon‘ d‘
v‘f_energ1es are faxrly close, e. g., E = 0 20 eV and E, = 0. 25 -
e f1gure 3 3 shows that when t,‘; 2 us and M N = 10 1 Athe~*

i o
‘-Qpeak a%soc1ated w1th M domlnates and the peak assoc1ated

N

.%eg1ns to flatten out However, the peaks are stxll
‘;Wfresolvable when the delay t1me t, 18 longer than 4 us ,fﬁ;”"

?T(fzgure 3 4)
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Flgure 3, 2 Theoretical curves of PTS for dxfferent delay :jﬁ‘"

tlmes wzth close act1vat10n energ1es.1ﬁ

M/N=1 2/t,=2 \ 70",81'0,,810 ".s,f‘ Einn0. 20 ev, E..-o 213 ev
(1)t1=10 us‘g 20t fzzq us, (3)t1=30 ns, (4)t,=40 us,;.n
”g5)¢1=50 us : B AT e
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vFlgure 3.3 Theoretmal curves of P’I‘S for d1£ferent relatwe

~l:amp1itudes. -

. t1 -2 us '
u)u/nn

’(

N

/t =2, Em=0.20 eV, 'En=0.25 eV, fo,,,=r°,,=1o"
2FM/N- ' (3)ML/,N=5 (4)M/N-10

f
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[

curve fitting of the lineshape using equation (3.1).

3.3 ﬁxperihental procedure and discusston SRR
‘Cuprous oxide is suitable for testlng this method-of
-analysis beoauee.it has three known, well-defiped
IUmineecence peaks (Teh and ﬁélchman, 1983)"which have
different deoay time constants, and is also readily

\

availablef

“The sample is mounted at the heat s1nk of a CPyotPan
continuousflow opt1cal cryostat (model CT 310) whxch can be
. cooled by elther liquid helium or nxtrogen. The temperature
is monitored through a silicon diode sensor (aocuraey $0.5°
K) by a digital temperature controller (model DhC—BOC
Digital Cryogenic Thermometer/Controller manufactured by

Lake Shore Cryotronlcs Inc.) with temperature stab111ty of

10 1 K | |
The exeitation source used is a tunable'dye:laser (PRA _
’ LNfOZ) pumped by a nitrOgen laser (PRA LN1OQO) with pulse
duration of 800 ps (operat1ng at 10 Hz). An excitation
wavelength of 510 nm. is obtalned by using Coumar1n 500 dye.;
The excxtatxon 1nten51ty is attenuated by a neutral dens1ty
filter and maxnta;ned at a fixed level of o 10" L
-photons/pulse. A pazr‘"f“af§6r1m1nators is used to mon1tor

the laser 1nten81ty. A trxgger pulse to the photon counter~

\18 only generated when the. laser 1ntensxty is thhrn a

,;preset windov. (The laser lxght 15 focused to a spot of a2

| mm. dxameter on the sample )



The luminescent signal‘isufocussed directly’lnto a Sf)
response photomultiplieru(Rch“7102) without the use of a n
monochromator. Fllter and iris are‘employed to prevent
detect1on of the excatlng llght and saturatxon of the |
photomultxplxer respectxvely The sxgnal 1s collected by a
“ffast photon counter capable ‘of 10 103 ns resolut:on (which
is controlled by an 1nternal 100 MHz crystal oscxllator) and
: the data are processed by a mlcrocomputer (Osborne 1). The
photon-counter has . 256 channels whlch 1s provided by 2
“’1nter1eav1ng ECL MC10147 (1x128) memory chips.
Data was collected for a temperature range of 4- 260 K

at 5 degree intervals. For 80 260 K, two trans1ent spectra
. were collected ‘at each temperature w1th channel time- w1n60w”‘
set at 10 ns and 1 s, so that all the 1um1nesceny s:gnals
could be resolved It was-necessary to run the experzment'
‘WIth 2 d1fferent time- w1ndows of two orders of magnitude
dlfference because two of the 1um1nescent l1nes of Cu,0 have
decay constants d1ffer1ng by more than 2 orders of
magn1tude. (The th1rd line-at 720 nm was found to have decay

time constant less than the smalleSt-tlme-w1ndow avallable

with our system in the temperature range studled hence it

-

could not be resolved).»For 4- 80 K, only the minimum _
L} . .

time- wzndow of 10 ns_was used.
Each- 1um1nescence decay spectrum vas analyzed by
sett1ng the ratzo t,/t, = 5. When the d1£ferent1al '_5 |

1um1nescent 1nten51ty AL(T) = L(t,). - L(tz) was plotted

7aga1nst temperature for d1f£erent values of t,, a serxes of p:

a
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curves uas obta1ned The peaks can be seen sh1ft1ng towards
‘ lower temperatures as t, 1ncreases (f1gure 3. 5) It was
found that the decay time constant ‘for the 930 nm.l |
lumlnescent ‘line dxd not follow the simple exponential .
“decay. Only one peak corresponding to the 820 nm lum1nescentl
11ne was obtaxned : | Q
Not1ng the temperature T correspondlng to each peak
. for d1f£erent delay t1me t,'and evaluat1ng the value of T
| accord1ng to equatlon (3. 4), a plot of ln 7 vs 1/T was then
_obta;ned as shown in figure 3.6. The" actlvat1on energy, E,
_and r values were then evaluated from the slope and
| y 1ntercept of the l1near graph respectlvely.
| The value of E compares favourably w1th that obta1ned
us1ng the ‘least- sguares method (table 3.1),. The" exper1ment.
”was repeated u81ng a dlfferently prepared Cuﬁ) crystal
conta1n1ng the same centre, and the results are. shown 1n
table 3 1 (see also fzgure 3.6). | | .
| From the results,\xt ‘can be seen that the same k1nd of
-centre in dxfferent types of Cug) crystal gfves the same
“actxvation energy as expected (w1th1n experimental errors)
This' shows that the curves of AL(T) as a functxonaof f"
temperature, for a f1xed t1me gate, can he used to Tf"r
‘characterize defect levels 1f a cal1bratxon of the

Iy
‘act1vat1on energles together wzth the posxt1on of the peaks

;on the AL(T) VS T plot, 1s fzrst obta1ned us1ng a h ',;[“.:\‘

;monochromator. The plot of AL(T) vs T’wlth a fxxed t1me Qateggfﬂ

Vcan also be used to compare d1fferent samples because a _Jflggf'

¥ .
’ oL
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“fTable 3.1 Results obta;ned u51ng twp dxfferent- .

‘ ‘methods of analysxs.uff"

—Sample ’ Actzvat1on energy, E (eV) 1 - e T, (e)‘ o
| | p'rs*r ' LSF$ - ."p-*rs- LSF. _
Ccuo 0.270.01  0.2980.03  4x107 " 1x107" -
eypem
‘cu©0 . 0.28#0.02 . 2x107"
(type C) . ,_‘ B

T Photolumxnescence Trans1ent Spectroscopy

& ggast squanes method

59
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'{f'defect centre with a part1cular act1vat1on energy u;ll
always produce a peak at. the same’ temperature for a f*
part1cular value of the t1me gate.

S The same method has also been app11ed successfully 1n =

“the study'of lumlnescence 1n sem1 insulat1ng GaAs, the‘
results of wh;ch w111 be d1scussed in chapter 5. |

e Thxs method of analys1s has several advantages.lff

"

(1) easy to use (no need to wrlte comp11cated

programs)

«

(11) all the defects or 1mpur1t1es can be detected 1n"

\

Just one thermal scan 1f all the tlme constants are 1n the f

D ‘ . o
. r1ght range,,g‘ > L IR

(111) 1ndependent of the backgroundjaount

(1v) relat:ve defect concentratzon can be noted ftom

"the hexght of the peaks, and '

(v) sznce the use of the monochromator can be excluded

|

"h very small lum1nescent 1ntensxty can be detected enabl1ng~yf

‘.very low concentration of 1mpur1t1es or defects to be

f‘detected

ln our experlments, data collectzon speed was 11m1ted

'w%;by the lov pulse repetxt:on rate of the n1trogen laser. Th1s “lf

T"-'j‘;;'-'J.nm.t:at:mn as f1nanc1a1 rather than fundamental _ {gf 7L1f“fk




"i,“obtatned agree thh those obta1ned usxng non lxnear

a.

' 'least squares method. Good agreement between results from

4

‘9d1fferent samples of cnho shows that the proposed method can
serve as a useful alternat1ve method 1n characterlzxng .
1mpur1t1es b&>photolum1nescence thereby enhanc1ng the

. capab111t1es of photolumlnescence spectroscopy.

"
EYY
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. 4. PHOTOLUMINESCENCE EMISSION SPECTROSCOPY OF tn> S1 GaAs.

‘ ‘ - SRR \“;f‘b: F;f;f:"“\‘h;y/‘
4.1 Introductxon L khﬁ\'}! REES TR e
| The photolumlnescence enfesion~speCtra related ‘to the o
donor acceptor (D A) pa1rs radlatxve\fecomblnatlons for _ﬂ} ‘
."tsamples of’ LEC SI GaAs w1th dxfferent concentratzons have

W \

been studled The range of the average D*A pa1r dlstances R
‘“‘.has been 1nVest1gated and R is found to. be proportlonal to
the cube root -of the recxprocal of the cacbon concentratzon

(shallow acceptor) \Ht has been found that the most probable .

rad1at1ve recomb1nat10n occurs for 200 < R < 1300 A

Th*-deta1led l1ne-shape of the emlssxon, whxch cons1sts

of both the D A and the B—A (band to-acceptor) emxss1ons has

f been studzed as a funt1on of temperature. A compet1ng

-

process between the D A and B A trans1t10ns 1s observed when

!“u

" ’the temperature changes.

The effect of annea11ng on the D A emfss1on has also

' . I - ‘.,

o been dlscussed . 'ﬂ:q»". f‘lf‘-f* T F“i 3 J‘dfjlf
TR e
4 2 Experzmentallszocedure *vs_=‘\tf”f-*{[ffflfff“ﬂfﬁ_ Jd

The experxmental set -up. - used for obta1n1ng a photoJ;-;vv.

1um1nescence spectrum 1s shown 1n fzgure 4 1 Only fronﬁ
surface lumlnescence was studxed. The equzpment used for the

exc1tat10n and the sample holder were the same as those ﬁajffi

"escrxbed 1n S3 3 An excxtation wavelength of.510 nm was

u _'
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),

' rec1procal lxnear dlsper51on of 3 5 nm mm , (Pac1f1c "‘n

i

“' i

dye RhOdamlne 6G. h_ 7‘\”_” o R

The em1ssxon wavelength was resolved by a 0 45 m

q' y
P

Czerny Turner gratlng (590 lxnes mm” 3 monochromator wlth
Preczsxon Instruments model MP- 1018B) Wthh was equxpped - L
w1th a remote control The wxdth of the sl1ts was set such
that the spectral resolutxon wvas~ 0 8 meV at 5 ev A
resolut1on of O 4 meV was used 1n the study of the

l1ne shape as a functzon of temperature. A cylzndracal

- mlrror (m, in f1gure 4 1) was used to - focus the em1ssxon

onto the en}rance sl1t of the monochromaumr through two

. bl

‘plane mzrrors mz and m,. The lumlnescence sxgnal was
detected by an S 1 response photomult1p11er placeﬁ_at the‘b-'
ex1t s11t of the monochromator. The 51gna1 was then
processed by the data acqu1s1t10n system.descrlbed in
Sample preparation Ry | ,4\“ ‘S?~ 1‘wi‘ ",, SR
' For all the anﬁgaled samples,‘the damaged surfaces were
(1) ground off on a. 600 gr1t s 11con carblde paper,ff,d‘gr
(11) iollowed by phemo-mechaﬁﬁcal pol1sh1ng on'a. lxntrfree
t1ssue (LABx 170) u51ng frdéhlﬂ pqepared 2% Qrz in methanol “f
(electronxc grade) and then r1nsed 1n methanol and ,QrW v

(111) £1na11y etched 1n a freshly prepared solutxon of

5 HzSO.:l H,Ozzl H,o then r1nsed 1n dexonzzed water *;, ,hﬁrf

followed by methanol Subseguent depth profxlzng was done_:

o

usxng the same etchant as 1n step (111), on one s1de of the

: crystal wh;le the 0pp°kite sxde was protected by 2 coetzngf 3
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7*6: lacquer. '
. ' q L ‘aa _ o
'Por the- unannealed samples, steps (ii) and (iii) were .

followed prior to measurements.. -

4.3 Results
3 4\\‘ o
?’"1

'Eoncentrat1onsf have beén nvestigated'using the photo-,

a\

‘ lhmlneécence emission spegtrometer in the energy range ‘of

N

Several samplee of L SI GaAs with different carbon \

1 24~ 1 53 eV, at a“ temée&ature range of 4.1—28 K. Flgure 4.2
,shows a typxc}l em1ssxon spectrum (normal1zed) of undoped

LEC SI .GaAs at. 4 1 K. Four main peaks can be.resolved . TL

clearly at 1. 512&;0 000é ev, 1. 4916 ' and 1.8192- ey,
with decreaszng 1ntens1ty f ~1. 49 eV tow rds lower
energles. o ;1 ~ |

AN
- \

The intensity of the \. 49 eV emission peak is plotted

A
~as a funct1on of carbon concé\tra ion astghown 1n fxgure

Al

4 ‘3. Flgﬁts/4 .4 shows,the concentratxon dependence of the
peak energles for d1fferent darbon concentratlons (for
cla';ty only 6 curve re shown). F1gure 4.5 15 obtamed |
from the peak energ1es of flgure 4, 4 and compared w1th the
expected dnerg1es calculated from, the concentratlon of » }1 ~"\e
carbon. The peak sh;fts towards 1ower energles as the Lo n
concentrat:on of carbon dé%reases. However, when the |
concentratxon ig too" Tow' (<10“‘cm“), another peak at’ *
1. 493:0 001 ev/;ecomes promznent (curve 1 in f1gure 4. 4)

The values of R Qdonor-acceptor pa1r d:stance) can be.

£
-----------—-——-——

A he concentrations vene determined £rom the IR LVM absorption at
58 5 cn} vhich is diacuaeed in éhapter 6. : ,

e, . ! k
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\calculated from the peak energ1es accord1ng to equatlonfl
(2. 1), u51ng the relatxve stat1c d1e1ectr1c constant e-12 5
(Hambleton et al., 1961) The resJIts are shown for | '
dlfferent carbon concentratlons 1n table 4. 1 together w1th
the theoret1ca1 vaiues. |
The temperature dependence of the‘~1 49 eV emission
: peak is shown in f1gure 4, 6 The - 1nten51ty dropped
cons1derably for temperatures above 20 K (from 18*26 K, the”
‘1ntensxty is reduced by’ 75%), and became almost undetectable
fabove 30 K w1th the present'system. The p031t10n of the,psak
sh1fts towards hlgher energxes when theatemperature dB
raised. The emission peak is at 1.4930 eV when the . "mﬂ-
| temperature is at 26 K (fxgure 4. 6) Deta11ed analysls of ;i
'the 11ne shape shows - that the em1ssion band con51sts of two
'overlapp1ng peaks Figure 4; 7 shows the spectra at dxfferent j
'temperatures at a hxgher resolut1on. As the temperature 18“‘:‘:.‘v
1ncreased from 4 1 to- 11 K, the peak begxns to spl1t 1nto ‘:k}
“two peaks at 1 4930 and 1 4916 ev y1th the domlnating peak
“at the lower energy. When the temperature is 1ncreased to 18 i
‘?{K, the hlgher energy peak 1s 1ncreased wh11e theolower”"
fi'energy peak 1s decreased From 18—28 X, the 1nten51ty of.t
tiiboth peaks is greatly reduced w;th the hlgher energy peak
ﬁi becom1ng domlnantr “d" »}E;gf5f7»7rffgﬂ.'gf?yiﬁjlti”‘;f-
B Flgure 4 8 shous the em1551on spectra “for sampﬁes ,;l,ﬂf7

lf'annealed at 450 550 and 850°C. The anndaizng t1mes for"450

fﬁ?the orlgznal undnnealed s\mpa



Table 4. 1 Concentratlon dependence of emlssmn p

vt

k energy and D A pa;r dxstance f,
§ Cafbén - 'Theofétﬁ‘ital"\lalug' .E:vxpgfimémv:a‘a‘lj\‘(alue
CCone.. " R, (A)" " hv ‘('-éV)v L (ev) 7R~.(A')“
(x10% o wyc ,Tj]pf" io 0008 -
  *.29 70 irs T .30 U 4920 207 |
19.86 " 200 192y - 1. 4916 224
'ﬂv.bsjl-\-,'szo". 7 >1;4966‘ 14915 . 238
6,45 . 291  "]"jg49o4 _» _1.491§*  233 .
455 . 0327 . 1.4900 fi.dgjo"&' }2S3 -
~4.15,fﬁf‘\ 3_33?2"'5171}4899 " "'i 49°°,L‘-,'324‘
['1;34f‘ ’ a9z '-fzﬁﬁéaﬁe"\, 1. 4899:‘_;fﬂ45r;‘
.08t B8 1.4886  -1.0885 ' S61..
C0.38 a2 1880 ¢ 1.4875 0 10930
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Curves 2 3 and 4 show the spectra measured near the surface Fﬂ

7y.o£ the samples wh1ch were annealed at 450 550 and 850 (o

| respectzvely. The p081t1on of the em1ss1on peak sh1fts from
+1.489 to 1, 493 eV as shown by curves 2 and 3, Curve 4 shows

‘ffthat the ~1 49 eV peak 1s reduced Curves 5. and 6 show the

‘emlss1ons near . the center of two dxfferent samples taken \“

N Sl
~ TR

.erom the same wafer and annealed at 850 C for 24 hrs.;,

s 4 stcusslon “f: d‘ X o

The posztlon of the 1. 512 eV, peak agrees w1th that

I;:observed by Lelte and DlGlovannl (1967), which they proposed

‘d‘to be 1nvolved w1th a bound exc1ton. Othér 1nvestlgators ;

| "(Bogardus and Bebb, 1968; Shah et at, . 1963; Hill, 1970;

'ZHQthte et at 1972- Helm and H1esxnger, 1974 Str1ngfellow et
vt_l ‘1981° Roth et al.,,1983a,.He1blum et al., 1983) have -

”:;also reported that such em1551on 1s due to an exc1ton bound

N

Jh'to a neutral acceptor (A° x), e1ther z1nc or carbon.;}‘[”‘
‘}Although %he full W1dth at half maxlmum (FWHM) of the peak

"hafxs too broad (~10 meV) for a bound exc1ton 11ne, th1s could

‘jbe due tokthe fact that 1t conszsts of a. f1ne structure of




The 1um1nescence peak at ~1 49 eV has beenvattr1buted

to recomblnat1on between dlstant donor—acceptor (D A) pa;rs
related to the carbon acceptor level C“ (Ozek1 et al.,”

1974 Str1ngfellow et al., 1981) The two low energy peaks,(

<‘,q¢ W o !

ot
Y

=~£L lwh1ch are separated by 36. 2 and 72, 4 mev from the carbon

-

'lﬁxe are ‘to the LO phonon /repl1ca~and 2L0 phonon replica_ ‘

of the zero phonon carbon peak (Nathan and Burns, 1963) Thejf

LO phonon energys(Em,mmmm LO) of 36. ; meV .s 1n excellent .

| agreement wlth documented data (Watts, 1977) '
‘ ' 4
The 1ntens1ty of the D A pa1r recombxnat1on peak '

_;;usugﬁly 1ncreases w1th 1ncreas1ng carbon concentratlon as
H‘showguln the AB reg1on of flgure 4 3 However, thxs is nob |
Falways true, espec1ally when- the carbon. concentratlon is -f&
very‘hlgh In the case where the carbon content 1s

L> 6. x 10” ?, the. 1um1nescence beglns to quench as shown‘
<by the BC reg1bn of f1gure 4 3 Thls shows that the {WVY'?

*l1ntens1ty of the D A pa1r recbmb1nat1on does not depend on o

,‘the‘concentrat1on alone but also on ot‘er factors such as “‘,

; D—A pa1r dlstances, d the presence of surface states that~ﬂ

(.‘,L'_"' . ~, ) ,\

"quusually act as non~rad1at've cent rs. Th1s 18 shown by the
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-Qy emxtted energy 18 dependent on % as predxcted by equat1on

(2‘1) The varxatlon of the peak energles for d1fferent
: carbon concentratlons 1nd1cates that the average dlstance R
‘is d1f£erent for d1fferent carbon concentrat1ons,.When the B

1 carbon concentration is 1ncreased the decrease in. R

\

dlstance contrzbutes to a’ hlgher emlsslon energy as. a result>

——

3 e
of an 1ncrease in the Coulomb 1nteract1on energy Thls 1s
n.

shown by the 1ncreas1ng emlssxon energy wlth concéntratxo
: /

The energy E + ED 1s usualiy very small in GaAs._When‘[.‘y

1

| ~.
the R value decreases below a certa1n llmxt, ‘the Coulomb
l

1nteract1on term would cause the donor and aobeptor 1evels.

. to be located out51de the energy gap (flgure 2 2) There

‘. womld be a. competlng process between tran51tlons due to d,

‘f those ﬁkh\states (wh1ch are loca11sed in the intr1ns1c -
bands) and”the band states. Slnce the 1ntr1ns1c ‘bands have a’
hﬁgher densxty of states,\hi probab111ty of recomb1nat10n
1s h1gher for the band-to-bahd (B B) tran51t10n, thus

resultxng 1n the predomlnance of B~B transxtxons.‘Hencé

' ———

d1stant D-A pa1rs separated by small R values are not

= o“ser edv(Gershenzon,l1966"Pankove, 1971- Watts, 1977) and ‘:[»




A
'

flgure 4. 4 L o8 \":‘ 5;

For very low carbon conCentratxon £< 10“ cm ),‘the”D A

paxrs are too far apart result1ng in a reduced g;opabzllty

.

of recomb1natxon. Hence only a few not so" d1stant pa1rs

contrlbute to the D- A transxtlon, 1nd1cated by a weak hump

T4, 1 ‘are . calculated uszng the equat1on R, 3/(2ﬂN) obtalned

. at"ig.487 eV and ‘the, conductx‘n band to- acceptbr (B- A)

’r‘

transition at 1 49310 001 eV 1s seen (curve 1, fxgure 4. 4) DRI
The theoretlcal R values denoted by Rﬁ shown 1n table

0\

by W1111ams (1968) from the maxzmum of the d15tr1but1on

'

) .
‘ funct1on for 1on paxrs Whlch 1nteract coulomb1cally The

.
CA

‘expected emlss1on energ1es are then,calculated uging ;‘g f;jwﬁﬁ

’ equatzon (2 1) It can be~seenothat ‘the f1rst two values of,

earlzer..‘ .";iﬂ Qf5’l7f"”‘f7; SR ‘ggﬁ'

i v

the expected R dlstances for concentratxons 2 2 X 10“ cm "3 .f

-

: are smaller than the exper1mental values. S1nce only dlstant:

D A pa1rs w1th‘1arge R d1stances wxll contrxbute to the..

emlss1on spectrum. thlS could explaln why the 1ntens1ty of

the D A em1551on 1s reduced, Th1s supports the argument mad

w'~:‘<"",',E~*‘oy.' the em1851on energles between 1. 4910 and d;4915 evr o

the sl1ghtly h1gher energles measured could be due to the
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' , i ) \
This result shows that the mos\‘probable D-A transxtxon
'occurs only at R values w;th1n a certain range that is found

\

to be from ~210 to ~1300 A (table 4.1). =
) v

R
A

For the samples annealed at 850°C, there is a reduction
in the intensity of the carbon peak near the surface (curve
\ 4ﬁ fxgure 4.8). This could be due to the creation of arsenic.
{\vacancy, V,,» on the surface (Chi@ng and Pearson, 1975), )
‘ ‘nhich leads to the formation of éomplexes between C,, and
Ve - " . _ ‘
For samples annealed at 450 and 550°C (curves 2 and 3
A respectxvely in figure 4.8) the carbon peak is still
vxs%ble. This could probably be due taq the-fact that the
anneallng time and temperature have not reached the
equxlxbrxum condxtxon for vacancy creation. The ‘'shift of the
emission peak energy from the D-A (1.48920.001 eV) to the
B-A {1.493 eV) emissions, shows that anneéling destroysithe
shallow donors. This seems logical as annealing causes
p-type conversion that is due to the presence of excess !
uncompensated acceptors.

The two samples (curves 5 and 6 in figure 4.8) that
were anneaied‘under the same conditions give different
results upon etching into the middle of the crystals. The
dxscrepancy could be dhe to the non- unlformxty of the vafer,
and the two samples could be of different quality. It can be

' seen that the relative luminescence intensify of curves 5
an§'6 is hiéiér for number 5. This shows that it'has a

highér efficiency and that the sampl& could be of better
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quality and also.tﬁeyma}lf'stéble as shown by the
reappearance of théfﬁ-A.emissions upon etchihg.

The initial observation ;}‘the\shift of ﬁhe QSA peak
towards higher energies at increasiBg teﬁperature is in
agreement with Leite and DiGiovanni (1967). This is
éonsistentAhith the behavior of the D-A pair recombination
process. Leite and DiGiovanni have discussed that the peak
shifts towards higher energies beCausg_of an increase in the.
Coulomb energy (see equation (2.1)), which in tu;h is caused
‘by recombination ét a closer distance R’'at higher
temperatures. However, careful examination of the line-shape
of the carbon emission peak proves the co-existence sf B-A
and D-A transitions with the B-A transition aomiﬁatihg at
higher te@peratures. . | -

: The mechanism involved can be explained as follows:
consider:the existence éf a set of closely épacea éxcited'
levels, I, related to a donor center witﬁ'dround level, E;,
lying close to the band edge within an energy region kT,
vhere T, is the Debye temperature. A photo-excited free
cafrier,in'the conduction band can be trapped by the donor
level by making a series of successive one-phonon‘
transitions via these excited levels. The one-phonon
‘transition is of a higher prdbébility compéred to the
,cascadin§<of many-phonons in a single step (Bonch-Bruevich
and_Landsbetg, 1968). At low temperétures, whére kT < 1 <
kTp, these levels will play a dominating role in the

’electqon capturing process} thus cbntributing to. the
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predominan®e of the D-A transition. At elevated ‘
RN ‘
temperdtures, some of the excited levels may have,I < kT. In
ot ) : : Y L
all probability, the electrons will suffer thermal emission
. ! ‘1 . R

back into the band statés, théreby increasing the

on

probability of the B-A transiiion. There is also a slight
increése‘in the <;°,X) line, shown by a small increase .in
intensity of the 1.512 eV band from 4.1-18 K (f&guré 4.6),
while*ghe D-A emission. is quenched. For some‘le:é‘s yitﬂvl >
kT, éapture 6f an eleétroq is'still p?séible. Whén the
teﬁperature is increased further, the radiative éhiésions"',
are quepched b; otﬂer non—r%diative‘processes. This |
observation of the D-A trén§itidn at low temperatureéﬁahd
B-A transition dominating at high temperatures is in
agreement with observatioﬁs{fepdrtgd by others for epitaxial
layers of GaAs doped with ?; Si, Ge,izn, Mn, and Mg (Skromme
ahd Stillman, 1984; Roth ét al., i983; Ashen et al., 1975;
Schairer and Schmidt, 1974 ‘Schairér and Graman, 1969).
" Theoretical calculation of the band shape of the B-A“
band using Eagles' (1960) équation (equation (2.7)) shows a
good fit between theory and experiment (fiQure 4.9). Using a
least-squares curve fitting ﬁethod, a value for the acceptor
ionization energy of 27 meV 'is obtained, thch is in close
- agreement with reported value of 26.7 meV for C;'ievei
(Watts, 1977). | | |

We have also observed a peak at ~1.496 gv_whiéh becomes
'promihe;t at 24 K (figure-4.7).'Alsimilar emisq}on line hhs‘

also been observed by Rao et al. (1985) and at ~1,495 eV by



b /’/. ~ &
-
‘ .
—— o
Y
o
L] T T 13 1 ¥ . ) | L ' * y
50_ O Experiment .
— Theory . " 00
[ , .
pall 40 - , SN J
- _
)
o ! ,
- . N o
© .
- a30" o .
w
2
o]
. )
w 20- O -y
w -
Z o
= ’ ]
5 : o . :
- 104 . ‘ . -
0

<

: ——— T ‘ - —
1.485 1.487 1.489 1.491 1.499 1.495 1.497 1.499
| ‘ PHOTON ENERGY (V)

» -

Figure 4.9 Theo;gt;éa1 fit of the’B-A;b&hd  Q-

+ .



86
‘ . “\.i '
Contour et al. (1983). It has been referred to'as an

un1dent1f1ed F-B peak related to a level shallower than the

carbon acceptor by about 3 meV ‘ : | . - S

We have only seen th1s emxssxon at’ h1gh resoLut1on and
' \‘

it becomes more promxnent when the temperatﬁre rlsés above

20 K. At low temperaturei only a weak hump 1s observeda The
\ ‘

\
presence of this emlgsxon has\been observéd on three other

"
t

‘samples even after. repeated measurements We are conv1nced

-

therefore ‘that thxs emission is genuane and not ak

artefact. However, at thlS ‘stage we do not have anﬁ

conclu51ve information on the origin of thxs peak ﬂ‘;v
. '! ' . ‘l '
\ .\"v

4.5 Conclusion o ' S

RS From the above results, we conclude that there exlsts a .
‘ 1”‘ )
Sl

range of D-A pa1r dxstances R w1th an average R valhe

varylng inversely with the cube root of-the carbon

concentrations. The results also show that the most probable\

D-A transition only occurs at R values within a certain

e

range which is found to be from ~210 to ~1300.A.

The quenching of.the donor-acceptor pairs radiative
recomblnatlon is caused by’ the change in the occupancy of
the donor level with temperature. "

‘ The annealing of the samples at high temperatures
destroys the shallow donors,‘wh1ch_could be a posszble cause
for the p-type converslon. Judglng from the h1gher . |

eff1c1ency of the 1um1nescence, and the unaffected 1ntetzor

R of sample 5 even_after annealxng at 850 c for 24 hours,}we



R

' '
— Laa

3

. can conclude thét the crystal is thermally stable. /

We habe.also observed thé‘presenCe‘Qf-én‘unidentified.

Ilevei at ~1.496 eV. More detailedﬁstudies"need to ?eymade to
discover the identity of this emission line at ~1.496 ev.
A . . L N

W
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5 1 Introductxon =

| It has already been ree?rted by D1ngle (1969) and v -
Kamiya and Wagner (1976) that the decay of the D-A paxr |
'photoluminescenCe s1gnal cons1sts of an exponentlal decay at
vthe‘initialrstage followed by a non~exponent1al decay |
Dingle T1969) has observed that at 4.2 K, the &
photoluminesCenCe s1gnal decays as tP (p=1 3) after a long Ve
;.delay from the 1nstant of term1nat1on of the exc1tat1on‘ o
pulse. ‘ o | ; | H |

From our studies’ of the temperature dependence of thxs

power law for samples of LEC SI GaAs w1th carbon * )
‘concentrat;on ranging from ~10“ to. ~10‘6 cm™?, we have found
that in the éemperature range of 18 < T < 32 K the exponent
p is 11near1y dependent on temperature accordzng to the
expresS1on- p(T) = -1 + ﬂT where B 1s proport1onal to the
‘concentrat1on of acceptors, CM. We berleve that there'has

been no prevrous report on such an observatlon in: GaAs.

There exxst 1n the 11terature (Jonscher and de

\

'Pol1gnac, 1984) var1ous proposals to exp&a1n the power law .
[

”behavxor of the recomblnatlon processes especzally 1n;p
'v'amorphous materlals. We w111 d1scuss~the poss1b1e mechanlsms B

‘to explaxn the power law behav1or of'our results and the

.~ The 1ndented sectlons of this chapter are' parts ot ‘a- paper which
. has been accepted for: publ1catzon. Teh, C.K.,. Tin, Cc.C. and :

'+ Weichman, P.L., to- be published in the May, 1987 issue of the
Canadian Journal of Physics.‘;'“ 3 i ; R

S




| quenchxng of’ the photolum1nescenqe decay s1gnals at
‘ increasxng temperature.‘
Y

'5 2 Experxmental Procedure . N R T

' | Photolum1nescenee\di;:ygfurves were‘measured*at low .~
temperatures us1ng the ti esolved photon countxng v ;

"techn1que. The experimental set up 19 shown 1n4fzgure 5. 1.
The setrup is s1m1lar to that shown in f1gure 4. 1 except for

Tthe data acquxslt1on system. An- exc1tat1on wavelength of 510
nm vas used in these studles. ‘T‘ . o ' |

-~

ﬁ({f The data acqu151t1on system consists of a fast pulse
amp11f1er (150 MHz) delay l1ne, and a fast photon counter
‘(FPC). Vh1ch is the same ‘as that descr1bed in §3. 3.
When a trxgger pulse (part of the excltatlon pulse) is
recezved each channel w1ll open sequentially for a tzme
: perxod selected by the front panel SWItCheS. Amy photon~‘
.detected at a part1cular t1me perzod Wlll '! stored 1n the

correspondlng channel The whole decay curve is accumulated

- for . a preset number of laser trxggers. The threshold level

‘Qat the 1nput 1s set at‘~40 mV such that only 1nput s1gnal a\.

'a sxngle photon level 1s reg1stered.‘
| The a1gnal was collected centrally at and near the -

fcarbon peak ( ~1 49 ev obta1ned from the emxss1on spectrum)

[
',T

_for dxfferent temperatures from 4 1 to 34 K at 1 degree .;{;ﬁ

Lf:ntervals. Each decay curve was accumulated for 2 x 10‘

laser tragger pulses. The decay curves were fzrst corrected o

using t%f 901sson dxstrxbutxon and then plotted us1ng a

o sy . L -;._ B
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‘llog log scale to determ1ne the reglon where the power law
"(D1ngle, 1969) 1s obeyed Th..non l1near portzon of the
‘elog log plot was. then fltted us1ng a least squares ? f“ .
curve- fittzng (LSF) method to f1nd the decay t1me constants.
"The complete computer program for LSF analy51s is ngen 1n
‘Append1x B. We have also applled our newly" developed '

‘ techn1que of analys1s (as. d1scussed in Chapteik3) to analy@\

: the 1n1t1al stage of the decay

The whole decay curve was also f;tted by LSF method

:‘91,

accordzng to/th”}equat1on' »;‘“‘ o ‘?‘ 'T' o 1\}
“ ‘ | ‘ < ,\ o " o \, L K ' ( L . I" ‘1‘““»o
y‘= A'e‘xp(-jt/r‘) + B‘ exp(ft/'rb) + C AL ©(5.1)

‘,. The exponent p was also fitted usxng 11near ESF method

‘to gxeld a temperature dependent relatxonship
-’ . ‘ N ‘v ) B R B - ‘.‘ . L ' . "‘ ' . . ."
| S R Y
5.3 Results R pf”‘ L ‘ ’ .
A typ1ca1 photolum1nescence decay curve measured

centrally at the D-A em1ss1on peak (#

.49‘eV) at 4,1 K 15

ashown in fzgure 5 2 Flgure 5 3 sho s the.lum1nescence decayﬁr

gat d1fferent temperatures. All the ‘rves were norma11sed

thh respect to. the1r m§x1mum 1nteps1t1es. n i~,’5 51'“ .

Deta1led analys1s of the/kranszent 51gna1 shows NN

f‘that the ecay,1s exponentla in the 1n1t1a1 part of

"the transxent, szmllar to that \\eh\by Dingle (1969)ﬁ R

"V&and Kamxya and Wagner (1976) For th\s 1n1t1al
* N ,

%fff4portzon§'the s1gna1 can be f:tted hy the

s

gleast squares method and ‘a double exponentzal yas ﬁ@;‘kﬁ

' N ,‘
R P
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obfained. The fast component, which vanishes within
100 ns,\has been attributed by ﬁingle (1969) to the
transition at the band-gap while the‘slerr
component is due to the donor-acceptor emission
(Dingle, 1969). The decay time éonstant was |
temperature independent below 18 K; however, it was
found that from 25 to 32 K, the decay constant
follows the Arrhenius relation 7 = r, exp (AE/KT) as
shown in figure 5.4 and gives an aCtivation energy
AE of 15 2 1 meV. The exbonentia] paPt of the data
was.also‘analyzed using PTS (Teh et al., 1986) to
confirm the'valfaity of our newly developed
techniqﬁe of analysis. The results agree with the
former analysis of fS + 1 meV. This vaiue was

=
consiéﬁfntly obtained for all the samples studied,

.
which have carbon concentrations varying from ~10'¢
to ~10'¢ cm™®. (See table 5.1).

From the log-log plot of the signal, it was

- found that following the exponential behavior, the

.decay obeyxs the power law of tP, (p = 1.4 at 4.1 K

which agrees with Dingle's res&lt (Dingle, 1969)).

It was observed that this exponent p varies as a

function of temperature and increases to =3.5 in the
temperature range between 18 and 30 K. The change in

p as a function of temperature seems to depend on

the carbon concentration, as shown in figure 5.5.

-
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Table 5.1 Activation energies for samples with

different carbon concentrations:

Carbon ~Activation Energy AE (meV)
Concentration PTS?t LSF%
(x10' cm™?)

~0.6 14.9 2 1.0 14.6 % 0.9

3.9 14.7 2 1.0 15.0 2 0.6
10.8 . ., 16.0 ¢ 1.0 | 14.5 ¢+ 0.7
13.4 14.7 £ 1.0 15.9 % 0.8
45.5 N\ 15.0 £ 2.0  15.0 £ 2.0

t Photoluminescence Transient Spectroscopy

%+ Least-squares method

97
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At the 1n1t1a1 part of the decay (t < 1'%5) the doubleag

+

'exponentlal decay can be,wrxttenyas follows: '

L,(t) = A exp(-t/r,) + B'exp(-t/r,) &« S (s.2)
with decay time constants 7, varying from ~85-20 ns and 7,
.varying'from'~700—70 ns for various‘s‘mpies ;n Ehé"' N 1“ any
temperature range 4.1 - 34 K Resuits obtained'from LSEl
analys1s are shown for a typ1cal sample 1n table 5. 2 In the'

same temperature range, the fast decay t1me constant 'r,,‘ﬂ

was also found to follow the Arrhenlus-relatxon (flguregu .{

5.6): N R S R

-

Ay

Ta = To, €XP (AE,/RT)‘ , I T (5.3) .

a
| SN e
where 1/7,0 is the maximum recomblnatlon frequency, AE 15
the act1vatlon energy, k is the Boltzmann constant and T 1s

the temperature. The activation energy AE was found to be |
5.7 £0.7 meV. Table 5.3 shows the vaiue of AE for dlfferent

;

carbon contents. At temperature around 34 K only the fast e
vcomponent A of the exponentlal decay rema1ned .4 - .
‘Due to the low resolution 1n the t1me wzndow of the .
‘FPC the number of ‘data p01nts whlch descrlbed the fast .v;; fptﬁ-ﬁé
‘component was 1nsuff1c1ent to allow for PTS analys1s.,55vf"f7:”‘jﬁi
At a later stage of the decay (t > 1 us), the exponent,gfl<}n:f

“p, was found to be 11near1y temperature dependent 1n the .Qj’f':igﬁ
"’ ) vv.“ , ‘ BRTE

__temperature range 18 S T S 30 K (where the decay txme' : “ﬁﬂ'ﬂ ;{“g
constants start to decrease (f1gure 5 4)) Th1s 1s shown by

| the l1near least sguares f1t of the data poxnts in fzgure :



-~ Table 5.2 Decay tihe.thstants for‘a-sampie,";

N

“Wivth‘ N .BT 1“'08“ B's 1015 ,cm-;«. .

\ '

Teﬁpérature_(x)«  '7; (ns)“' LTn.(ﬁS)f‘

19

.20

.21

.2‘2“' .

23 .

24

25

.26
27

2
29

LY

30

31

. 32

33 .

T S 1j8_;_K:’Y s no 519n1f1caqtchange inj Va‘%lues ' B

'
)

85.3"
81.5
75.2__

73.3

67.2 .
67??-"
64.1
59.2

. 53.1

48.5

. 43.4

39,7
37,1 -

'32;3 ;“
28.0°

677

647

. 588
. 547

470

. 446

384

333

259

211

.issf

131
112

. 106

T

101

—~—



Table 5.3 Activation-energies, AE,
N (x 10" cm?)  AE, (meV)

4.55 4.8 t 0.7

1.34 6.0 % 0.4,

1,08 6.6 ¢ 0.2
e 0039 ‘ 5.5 & 0.3
. ~0.06 5.4 ¢ 0.3

-

g
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. 5.7 according to the expression:

T e

‘

. peag+tpT, (5.

gw1th a, = -1, and B8, the temperature dependent coeff1c1ent

1 belng dependent on the carbon %%ncentrat1on as shown 1n

\

table 5 4, and flgure 5 8 However for very‘low carbon

concentratlonsv(<\105 cm™), the variation in B was .

‘negl1g1ble.

t

From the least squares curve. f1tt1ng analysxs of the

‘entlre decay curve measured at 4.1 K it was found that thep

d1fferent decay mechan1sms that were. respons1ble for the

“double exponentlal and power law behav1ors d1d not coexlst

‘ over the ent1re t1me range. In fact the power law mechan1sm

occurs only ~‘1 us after the exc1tat1on has ceased and is

. always preceded by the exponent1al decay.

51m11ar analys1s on the lumznescence curves measured on

"both 51des of_the ~1. 49 ev peak shows that the decay raﬁe is
vfaster on the higher energy 51de, w1th smaller act1vatlon

'-energy and larger P value, and the reverse 15 true on ‘the

A
lower energy S1de. '

D o,

v,l5 4 D;scusszons ‘f' s v,"w ‘."“'

4nd1scuss the d1fferent components 1n turn.; Hgv*

Bl

S1nce the results show that_the photolum1nescence decayfV"

‘obeys two dlfferent laws at d1fference stages, ve w111

S ;
, v, 0
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‘Table 5.4 Values of a, and B in p.= a, + BT -for

N (x 10% ecm™@) . ., A

Vo
Vb

e 20 T —ougr 0.1
6.45 C-1.2
4.8 . -2

R T S
1.08 .. =1.1

0.3 © -1
~0.06 o =1.2

a

t

b o

t

'i‘

° .

0.2

0.1
0.2 -
0.2 .

0.2

-
0,129
Qu144

|  0,1$9

‘6,165

0.166

0,172
0.176

165"
1857<3Q K.

+ 0.006
- 0,009

+

+.0.006

#io.oogé_
£ 0.009
+ 0,009
+0.009
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5 4 1 Inxtxal double exponent1a1 decay Lt -

i In our prelxmznary analys:s of the 1n1t1al double

‘exponentlal decay,\we have attrxbuted the fast component to
,.-band- gap recombxnatxon, in accordance w1th Dxngle 5 proposal
..:i%rngle,,1969) ‘and the slow cOmponent was attrxbuted ‘to D- A"
 pairs recombznatxon related to the CM'acceptor level , |

(Kamlya and Wagner 1976) We have observed that the decay
:time constant 1,‘due to. the bound exc1ton recomb1natxon at

1.517 ev 35 <10 ns, .which is beyond the measurzng itl:'
_capa;rflty of our FPC Wexner and Yu (1984) have reported

that the free carrler l1fet1me for band to band tran51t1on ;'

v‘ is. 1.2 ns. for undOped ST GaAs. Slnce the decay tlme
constant ,_‘s ~80 ns, it s not poss1ble, therefore, :bé“‘

“the ﬁast componentlto'be related to the band gap or bound
exc1ton recomblnatxon. The decay t1me constant for

‘.‘band to acceptor transxtlon has been reported by plbrich

t(1974) for epxtaxral GaAs to be 80 ns‘ In Chapter 4 we have

i
iy

.ment1oned that there‘1s an overlap of two radlatzve @j;;; 5 }

[

h‘r\.
‘processes 1nvolv1ng the D-A paxrs recomb1nat1on and B A A

trans1tlons. The values of T that we observed are*close to

A Y 1

that reported by Ulbrlch (1974) for B A tran51t1on. We, Qj

therefore, propose/thateihe fast component hs1s aue to the'"~

o .

In add1t1on, the em1ss1on spectra 1n IR

!

gl A recomb;natlof,L
‘Chapter‘u show that the B-A trans1t1on becomes prom1nent as'

lrtemperature 1ncreases;.The decay measurements also show that

ﬂ%ﬁthe A B rat1o 1ncreases w1th temperature unt11 ~34 K uhén

‘ ‘fonly the A component rema1ns. For annealed gamples, vhere n0'
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w; gkscernible D- A tganszt1on was recorded neither the B

Eomponent nor the power law decay was detected. For the
mple‘thh\the hlghest carbon content ( ~3 x 10'® cm™®), only

E

> a fast decay was 'observed. D1ngle (1969) has also shown that

f,
[

%*hxghly~doped crystals have very fast decay times (7 < 15
\‘ ‘ ’. ".
“ﬁ,wh1ch convznced h1m that when the dOpxng level is

Y.
-

iﬁcreased to a poxnt where the donor levels become

degenerate w1th the conduction band, recombination will then
. be maxnly of the free to- bound type of transition.
From the aboye'observatxons, we propose that the A
coﬁponent is dﬁgito'the B-A transition instead of the
g bend gap trans;taon as reported by Dingle (1969)
| The two decay txme constants, 7, and rb, follow the
. Arrhenxus relationsh1p in the same temperature range (25-32

)G
. K) as shown in figures 5.4 and 5 6 They should therefore be

related to the same center, Cre+ +

.A'relax;txon process involving discrete centers usually

results in an exponentlal decay. Th1s recombznatxon process
}I‘ 4 - A

isﬂmore probable for electrons escapxng f drogenxc
"6‘

shallow ‘levels than from deep levels. The B gomponent of the
‘éOUble exponentzal“decay could be due to transxtxons between
distant D-A pairs with small R values because the
.probabilitybof small R (D-A spatial distance) recombination
is h:gher Dur1ng the early stage of the decay,.close D-A

' pa;rs will recomb1ne as simple discrete pairs (D1ngle, -
” ..

1969). For. temperatures < 18 K, the recomb1nat1on process

' wzll 1nvolve only a 51mple transxtxon between the D-A

1 B .
¥ o -
» .
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levels, giving rise to“the temperature-independent

exponential decay.

" AE

=

We will now explain the origin of the activation energy.
15 meV.
The activation energy obtained from our results

is significantly different from that of the binding

'energy of the carbon acceptor level of 26 mev

A

obtained Sy others (Ozeki et al., 1974; Ashen et
al., 1975; Kamiya and Wagner, 1976). The mechanism
@nvolvéd in our‘photoluminescence study could be due
to trépping levels in the intermediate transition:
stage as shown in the schematic energy~5and diagram
in fiqure 5.9. The broken line denotes the trapping
level 7, the donor an 5cceptor levels are'labeledv
as D and A respectively. The double arrows sho?
prompt radiative trahsition and the broken arrows
show traps emptying into their neighboring states.
If the transition from levels T to A is not
completely forbidden (single arrow in‘figure 5.9 a),
then this transition will be a temperature
independent exponentidl decay. However, the
transition ffom T to_A via D will follow a

<

temperature depéndént exponential decay with an

- a-~tivation energy of AE. This activation energy AE

is required to raise the electron out of the trap T
to the radiative stage D (Leveréhz, 1950). ‘The value

of 15 meV, which we.found from our analysis, is the



T..-ct"

Figure 5.9 Energy band diagram for‘photoluminescence.

dt’ 1l @ a 2T

Figure 5.10 Schematic energy diagram with a set of

?r;«g‘}:% -
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‘activation energy AE.

Using thefsamelargument as above, the B-A transition
(figure 5.9 bS for temperatures > 18 K can also inVolve'some
intermediate states D" where an actxvatxon energy of AE, =
5.7 meV is requxred tolra1se ‘the electron out of the trap.

Decay curves measured at two dxfferent emission
energxes on both sxdes of the D-A em1551on peak give
sl;ghtly different act1vatxon energles. At the hxgher ‘energy
side of the emxssxon peak where the decay rate is faster,
the actrvation energxes AE, < 5.7 meV and AE, < 15 meV. At
-the lowerrenergy side of the em1ssxon.peak, the decay rate
is slower andvaE'a > 5.7 meV and AE, > 15 mev. o

It 1s known that most impurities‘like Se; S, Si
substituted at galllum sites have energies ~6 meV (Watts,
1977) Fourier transform 1n£rared measurementst show the °
presence of a weak local vxbrat1onal mode absorpt1on at 384
‘em™t, attr1buted to Sig,, 1n all the samples studied. This
veak absorptlon shows‘that silicon impurity 1s‘present in" a.
low concentration of ;10‘5 '9, ﬁnich‘could aceount for the"
presence of donors 1nvolved in the D A recomb1natlon. Even
though carbon has an amphoterlc nature whxch when'
"substltuted at the ga111um s1te would prov1de a donor level, '
. we do got have conclus1ve ev1dence of the presence of Cm.
| The presence ‘of a trappzng level at ~5 7 mev from the
conduction band could be related to the Sy“ donor levels.,ﬁ

The level with’ an actxvat1on energy of ~15 meV below the

- - an o - - e - L . PR -

“tThis'is'discussedain_Chapter 6.
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donor level could be‘related t0‘thehEL2 level .as will be
discussed%below. , / |

5.4.2 P;wer-law‘decay' - S n_ i

| “The broad. band observed 1n the D- A1em1551on peak-
(f1gure 4.4) is due to a dlstr1butxon of dxstant D-A pairs
w1th different R values. The presence of such a dlstrxbut10n¢
could affect the k1net1cs o£ the recombxnatlon processes and
may be respons1ble for the power—law behavior. Several- |
possible mechanisms exist to explain this power—iau behavror

and we will discuss each.of these mechanisms. in turn.

‘5.4;2.1 ExiStence of intermediate trapping‘states
| 1f a contxnuum of trapplng levels eﬁ1sts at
T (figure 5 9) then each of these traps w1ll
. contrlbute to the’ radxat1ve trans1t10n from |
levels D to A. The power-law response will occur
if the trap concentration varies exponentxally

." Qw1th depth (Leverenz, 1950) Th1s accounts for' )
| the. powen law decay that occurs after the‘ N
;‘1nit1al exponent1a1 decay. The rate of
J detrappxng from the traps seems to ‘be ”:‘

temperature dependent between 18 and 30 K (as o

‘ “‘fireflected on the temperature var1at1on of theJ :
téexponent. p) ‘For temperatures above 32 K theﬁry'ﬁ
- s;gnal is too small to be detectable w1th ourrb.'“
‘\‘i[ present equrpment The traps seem to em%f!x’

:;j_faster when the concentratxon of carbon 1s low

\
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“‘aﬁd'yice vefsé. Thisvcould:be‘due :Afa*'
retrappxng process that depends on the X
‘concentratlon of the traps, whxch we assume to

. be proportxonal to the carbon content. |
| A var1at10n of the above mechanxsm has been

proposed by Jonscher and de Pol1gnac (1984) According'_
to their proposal the power law decay 1s due to the

presence of elther one or two sets of deep traps.

Assum1ng that a s1ngle set of traps ex1sts in our case,

‘as denoted by T’ ‘in flgure 5 10, then the rate of

.lumlnescence decay is determzned by the rate of the

5v'detrapp1ng process from the traps.

The detrappxng process is usually thermally

fassisted Kurxta et al.,‘(1979) 'suggested that the

lumlnescence decay t1me is’ determlned by the rate of
thermal detrapplng.‘b o IR ‘;
The probab111ty, p, of releasing electrons from

traps at energy levels denoted by E:.r is (Levsh1n et al.,l

1964; Mott, 1978):

b= po‘éxp(*ET/kTi S 4880

o

- -

*Slnde the decay t1me 1s~governed by the detrapp1ng rate,

,'a shallower set of traps w1ll glve a faster decay. For a .

“-che traps.; R ‘j[‘~'v_ e 7"‘;f;t

‘~”set of deeper traps, the decay rate Wlll be small due toj‘

the reduced probab111ty, P, of freezng electrons from

,_".
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Waluk1ew1cz et al., (1983) have reported a set of
Lt nen trappxng levels at 20- 30 meV below the conductlon
-f band. From‘thelr observatlon of‘the correlatxon between
? the concentrations of these nen levels and those of the
major traps, ‘dLZ they concluded qhat the two levels are
related They have also shown that the depths of these

‘shallon'trapp1ng statesr%ncreasethh;concentratlon. ‘
It;lsyknown that the presenCe of "rbon'in LEC SI .
GaAs iéjéampeﬁsa£éa by‘the ELz'levels ji nge the .
lsemi-insulatlné property (Holmes et.al., 1982a). S1nce\
| the samples 1n our sEudxes are sem1 1nsulat1ng, we can
assume, therefore, that the samples with 'more carbon |

r

. +.will have more ELZ,‘whlch 1n turn means that there w1ll
- be more shallow trapp1ng levels of the tYpe reported by o
Waluklew1cz et al., (1983) The 1ncrease in carbon ‘

concentrat1on w111 then lead to deepeﬁ traps.“
If these shallow traps are indeed 1nvolved in the
recomb1nat10n process as: prevxously descrlbed then
\ samples thh h1gh carbon contents w111 have slower rates
of decay because the detrapp1ng process now 1nvolves

deeper traps. Th1s could exp1a1n the smaller p values

for samples w1th h1gh carbon concentrat1ons.

5 4 2 2 Exxstence of a random dlstrlbutzon of D A pa1rs

A hopplng mechan1sm has been w1dely dlscussed 1n -

a

systems 1nvolv1ng a random d1str1but1on of defects such
as 1n amorphous mater;als..Thls mechanzsm has also been f’
proposed for crystallxne GaP (Thomas et al., 1965) and f;ﬁfh

Soee
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‘GaAs (Dingle, 1969).

Thomas et‘al},v(1965)’have shown theoretically'that

rad1at1ve recombxnatxons 1nvolv1ng a random dxstrxbutlon“'

of donors 'and acceptors tﬁroughéut a crystal w1th exact
'_or nearly exact compensatlon results in power law decay."
‘The power law decay usually occurs after a- certaxn txme |
from the termlnatxon of the exc1tatlon pulse The reason,y
.'for thés is that: after a certa1n t1me When the “
'c‘photo exclted electrons have been partlally de excxted
L 1t w1ll be ea51er for these ef%ctrons to move through
the crystal from .one 1mpur1ty J% another, unt11 they '
are at a cr1t1cal d1stance R, from a neutral acceptor
qgwhere recomblnatzon .can occur. The 11fet1me in th1s caseg
‘%wxll be dependent on.the ratepof_hopprng,-wh1ch is . |
,strongly temperature,dependentp(Thomas et ai., 1965; .
Dingle, 1969). -~ AU - ,k,
; At‘low temperatures, once the electron 1s trapped
it remaxns trapped unt11 the temperature is hxgh enough,
..t° release 1t Thus, below 38 K. the decay rate remazns;'
: unchanged until the electron can be thermally exc1ted
'ﬂout of 1ts krap, thereby 1ncrea81ng the hopplng rate.d,‘ﬁ
rdfThe 1ncreas;ng hopp1ng rate explazns the 1ncrease 1n |
_recombxnat1on rate as temperature 15 1ncreased beyond |
~yr118 K. The energy d1f£erence between hoppxng s1tes must d”
’?‘be w1th1n the value of kT for'the hoppxng mechan1sm to‘Fo5=

”,.'be p0951b1e. ’ L
g b el T
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For a sample w1th a low concentrat1on of.
1mpur1t1es, the centers w1ll be further separated in*
both energy and linear d1stance, than those in a sample

] w1th a h1gher concentrat1on.3 .

Slnce SI GaAs is a compensated- crystal we can -
assume that the number of donor traps is proportional to

.the carbon concqntratlon.-For a sample with’ a hxgh
!

Vo

vrcarbon content the close prox1m1ty of the 1mpur1ty

ftsltes encourages the electron to llnger longer among the

[N

.51tes (f1gure 5.11 a) _hence result;ng in a slower-decay f =

and a smaller exponent p. When the concentrat1on of
"lmpurities315<very low<(10“ -710 cm ), the hopplng
mechan1sm is 11m1ted caus1ng llttle change to the value
‘of B | ' |
| ’ We wxll now d1scuss the observed quenching of the.
.photolum1nescence 51gnal We w1ll also propose another
'poss:ble mechanzsm related to non radlatzve processes
that affects the exponent p for d1fférent carbon‘;ﬁ
>ﬁconcentrat1ons -at temperatures > 20 R.”. |
L Durlng the hoppzng of electrons.between 1mpur1ty
hws1tes, those electrons w1th excess\thermal energy can
',alao be recaptured by the conductxon band whlch |
,icontr1butes to the guenchxng of the D—A pa1rs radlatxon
';wzth an 1ncrease 1n“8jh tradsltxon. At h1gher ERREYES
‘}temperatures, the carrxers w:ll have enough energy to.
}ﬂszuse awgy and then be recaptured at a non rad1at1ve'

;ﬁcenter (Street 1981), wh1ch expla:ns the reductzon 1n,”'

. 4 -



. “"".' . 1
- o
.

C) I | »"C) o

(a) High carbon concentratxon
o electrons ;7 ® holes '

Recombxnatxon between electron andrhole 1s delayed

(b) Low carbon concentrat1on
Lo e electrons ; .8 holes . - ERET
‘~~,¢1Recomb1natzon rate is’ faster as more sztes are -
""" 'separated by energy difference >kT wh1ch 11mit
S the hopp1ng mechan1sm. L L N U

Fxgure 5 11 Decrease 1n recomb1nat1on rate due to C

” 1nteractzon between ne1ghbor1ng states of s:mxlar k1nd

," - v



‘luminescence 1ntenslty at 1ncreas1ng temperatures.

. The 1ncrease in the probabrlxty of non- rad1at1ve‘:
‘recomb1nat1on with. temperature wxll change the rate: of
.radxatlve recombxnatxon and thus changes the temperature
)dependence of the exponent p. |

| ‘In order to. explaln the dlfference in the change of.
p as a function: of temperature for. dlfferent carbon

'concentrations, it 1s necessary to use the hopplng rate

‘expfésszon (Thomas et al.,'1965)
E ‘,“ .. . ) 2R' . ’v “‘ . . .
v“‘f*‘.‘»-; ex:?‘.*.—; '

where ao 1s the Bohr rad1us of ‘the donor. It is obv1ous L

‘that the hoppzng rate 1ncreases for small R (D a ke
‘separat1on) dlstances. If th1s hopp1ng mechanzsm
1nvolves non rad1at1ve centers, then at elevated
temperatures, the probab1l1ty of radzatxve recomb1nat10n‘
| pls reduced for D- A pa1rs thh small R values as they are

| beang depleted by non- rad1at1ve processes. The

reo oA - AR

‘”ycontrxbutxon for radxat1ve recomb1nat1on must be from‘..

"_-D-A pa1rs,w1th large separat1ons R..As the den51ty of‘” ,

VL )
ﬁdefects 15 1ncreased as 1n h1gh carbon content samples,gM

the fract1on of palrs that recomblne radxat1vely

‘”‘:decreases (see fxgure 5 12) As the concentratzon of "

PR

' fﬁdistant D-A pa1rs wgth large R dlstances 1s h1gher 1nl.f‘

'{flow carbon samples, the decax rate 1s faster. Thxs fast'\

'iffrecombxnation rate 1s shown bY 8 hxgher value °f the‘;!

.{exponent,'p.'which leads to a greater change 1n p as a
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(a) In h;gh carbon content sample, the fractlon of dxstant
pa1rs that recomblne radxat1ve1y decreases

N

. &ff""ﬁ
‘ ’.," [ERN .

L]
. .
‘ -
. 0O
A
\-ﬂ“ . . o
v ’ . v .

(b) In low carbon content sample, the concenttatxon of R SRR
d;stant pa1rs 1s h1gher, hence the decay rate 13 fas;er.ee_.«i

‘ Fzgure 5e 12 Non rad1at1ve recomb1natxons between nezghboring

states

.J‘r"’ IR
R -
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funct1on of temperature.‘In the case of crystals w1th

‘ only a few d1stant paxrs, recombxnatxon‘wilr*occur at a

slower rate. o " ‘
L . , b P

For carbon concentratlons vary1ng from ~1016 to 10”-

cm?, the 1ni9ease in B is ~20% The change in P, and

consequently B, 1s neglxglble for carbon concentratlons
varyxng from 10'5 - ‘0“ cm Thls shows that there is a

N —

certaxn 11m1t in the nUmber of dxstant D A palrs w1th

Yoo

large R d1stances that contrlbute to the rad1at1ve
decay. s - F
| Tunnell1ng processes have also been proposed to o'
exp1a1n the power 1aw behav1or of the lumlnescence decay'
[.1n amorphous mater1als However, we bel1eve that these
'tg: processes do not apply 1n our.. case because the ‘Q,‘~'
s1ngle crystall1ne»mater1als used 1n‘our studles'have
"low den51t1es of defects. Furthermore, tunnell1ng is a

low temperature process and loses its. s1gn1f1cance at

thgh temperatures (Hongwet al., 1981).

'

5. 5 Conclusxon . H*; -f: B P

. Wé have shown from the photolumlnescence stud:es that
p’“the t1me response of the em1551on at ~1 49 eV dUe to CA,,\;
e?actually obeys a double exponent1a1 and power 1aw | J
.'“hehavzor.\The act1vatzon energ;es obta:ned from the‘}

':htemperature dependence'of the double exponential of ‘the -

"fﬁphotolumineseence transxents were about 5 7 and 15 mev. Thefig.fV‘

'Vonwer-law behav1or follows the relatxon tT where P ranges -Y

[ °



from 1 4 to =3 5. ‘[ oo N co ”JV

[ ' o . N

~

" In the temperature range 18 < T S 30 K, the exponent p

lfollows the equatlon. p(T) = -1 + BT where ﬂ 1s proportlonal

to the concentratlon of CA,.- e g ‘ L
5t R P
To explaln the power law results, have 1scussed

three d1fferent mechanxsms 1nvolv1ng the follow1 9: i).

'iex1stence of 1ntermed1ate trapp1ng states ar ‘11) exlstehce

of a random d15tt1but1on of" donor acceptor palrs. _
| Slnce at elevated temperatures there exlsts a
competztlve 'non- radlatlve process that causes the quenchlng
h of the 51gnal it 1s p0851b1e that the last mechanlsm
proposed contr1butes to the temperature dependence of the
: : ‘ v

L exponent p. ‘
‘ We can, conclude that there also exxst two sets of
-‘shallow trapplngqlevels with energ1es ~5 7 mev from the
‘conductlon-band "and ~15 meV from the donor 1evel E,. If the
' b1nd1ng energy of donor,‘ED, 1s'~6 mev whxch is commo@ifor
r nost donor states in GaAs, then th1s second trappzng level
is ~21 meV from the conductlon band The tfapplng donor .
' level at ~21 meV 1s w1th1n the range of energ1es reported

*

-;for a ﬁef“of shallow donors related to ELZ

R '4f/suspeét that the orzgln of the level at ~5 7 mev is-p

.f;relrted to s111con subst1tuted at the gall1um sztes.
o ' N M . ' '”.‘> \’ .: \‘ , o . .

..
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6. FOURIER TRANSFORM INFRA-RED (FTIR) SPECTROSCOPY OF

UNDOPED LEC SI, GaAs

6.1 Introduction .

The infra-red active localiied vib}ational modes (LVM)
absorption is useful for.identifying low atomic nomber
impurities in GaAs. Each impurity gives rise to a
characteristic frequency (Bellomonte, 1977) resulting from
the LVM absorption, anatthe integrated inteﬁsity or
absorption strength is proportional to the concentration of
the impuritfl(Brozel et al., 1978; Honter et al., 1984). We
have measured the IR LVM absorption at 582 cm”, to detect
the presence of carbon and to determine its concentretion in
samples of LEC SI GaAs. | |

The IR absorptioc spectra <an be measured with a
conventional IR spectrometer. However, due to some
limitations thet have been-discussed in Chepter 1, we c?ose
to use the FTIR techniqUe for obtaining the IR spectra.

‘in addition, the optical constants, n, and k, for
samples with.different carbon.concentrations,‘have also been
computed using the Kramers-Kronig relatidhl

. A | o
6 2 Theory. Fourier Transform Spectroscopy
~ A FTIR spectrometer or 1nteff§?oﬁeter is basically a
chhelson 1nterferometer (Gr1ff1ths, 1975) When a continuum
. [

source of light 1s 1ncxdent on an .ideal beam splxtter, it is

split 1nto two equal parts. Part of the beam 1s transm1tted

125
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and the other is reflected. Two plane mirrors situated at’
45° to the beam splitter, and at right angles to each other,"

" one wifv a fixed position while Lhe 6ther is movable, will

reflect the two parts of the beam and will recombine them at
the deteetor with varying optiéal path difference. If the

\moved by x cm the optxcal retardation §, is 2x

cm (the Brhker FTIR spectrometer used has been modified to
give 4x cmﬂ When the retardat1on is zero or an integral
number of wavelengths, nA (n=1,2,3,...), the beam will

1nterfere coﬁstructxvely, and the maximum 1ntensxty will be

detected. Whewkthe optlcal retardation equals to %%,,there

will be destructive intereference. If intensity is measured
with the mirrof‘moving'at a constant velocity, then a

" A .
‘'sinusoidal signal will be detected. That is, the intensity

\.
\

of the signal at Sny point where 8‘4 n\ is equal to the

ource J 1(#) 47, and at any value of §

0 ———

intensity of the
(Griffiths, 1975):"

\

1'(8) = J 0.5 &(u) {1+ cos(2w )} dv . (6.1a)

L o -
-Since ”‘f‘x | o \ .

1@ = [0 1@ v cosamen) @5, (E‘.m)'

which consists of a constant d. c. term and a modulated a.c.

g componen;. The part that \is 1mportant in specttoscopxc o
measurements is the a.c. ‘omponent, vhich is known as‘the
interferogram given by:



1(6)f-;J= 0.5 1(s) cos(2més) a5 .. -~ . (6.2)
‘ Cde ‘ ‘ . ‘ S
‘ For a non?ideél case, fof example vhen the beam

'-splxtter 19 not 100% eﬁfxcxent, a. correction factor H(i),

‘\mdst be 1ntroduced B L “.‘- : ,f :'j\;;9ﬁf B
. 1(5)}fﬂj' B(#) cos(2r8#) ds , T T ey
’ : Jo ! ' . ,‘ . N , R K "‘ ~. . '
where B(5).= 0.5 H(P)1(8) . | - ‘ f

If an 1nterferogram is measured as a functlon of
optxcal retardat1on 5., 1nformation about the source

1ntenslty, B(v), with’ 1nstrumental correct1on, can be

\

obta1ned by Fourler transformatxon of the 1ntemferogtam.,h
ThUS, ' . ‘ :P“.._'z,
B(5) = [ 1(8) cos(2rss). ds ,
=2 j"x(s) cos(2m36) as. . . L (6.4)
v . 0 ) “ L i ‘ L . T ‘

6.3 Data Anelysis ©

6.3.1 Cancentrat*on Determxnat1on o
It is known thet the integrated 1ntenszty of the LVM
@
absorpt:on band 1s prbgert1onal to the concentrat1on of the

: 1mpur1ty, N“Ip (Ulr1c1, \984)

. ‘3‘._\
[ato) awmama
ST ],,@ Lo L .“\h_ o - -
where afiy is the absorption coefficient at the maximum of

e S |1
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B |

the absorptlon w1th 1oca112ed v1bratlonal mode frequency Wrvn
of the impurity, A is the full wxdth at half maxlmum (FWHM)
of ‘the peak, ‘and 0 is the absorptxon cross sectlon of the
center."d‘ | | | |

If the quantlty gd is large enough where d is the
th1ckness of the sample, then the transmittance can be

approxxmated as (Bour901n and Lannoo, 1983) :
Te (1 - R)z-exp(éad) L R (6.6)

where R is the reflect1v1ty of the sample..If T, is the iﬁ'

!

non-ﬁbsorblng transmxttance and T is the transmxttance at }

PR
\“*

'the mhx1mum absorptzon then the absorpt1on coeffxcaent can

. be“calculated as follows:

[

a™x\= é-ln(%%ﬁ . ' . S _.(6.7f

' The concentration of an impurity can then be determined

if o is known from a careful calibration. Many such -

‘calibrations have‘been reported for carboh'impurity in GaAs

(Hunter et al., 1984 Homma et .al., 1985; Brozel er al.,

'1986) and the vabues of 1 lie between 812 and 11 x 10‘5 cm‘.V

"In our calculat1ons, we have used the value of 11 x 10? m

for our carbon concentrat1on determ1nat1ons.

The deteet1on ‘limit of 1mpur1ty concentratxons 1s g1ven'f'

by (Ulr1c1, 1984). . e

where %~is'the signal to‘noisefratio‘at the absorption peak. -
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For a value of % =300 and d 73 mm, carbon concentrations as
m-3

*low as ~10“ can.%edetected.-Measurements*muSt*be-made

at 77 K because the two-phonon absorpt1on in the GaAs

}
1att1ce is reduced as shown by Cochran et al (1961), and o
" the LVM absorptgon l1ne is sharpened | | |
” 6 3 2 Computatxon of Optxcal Constants - - | \QL‘#.~'
S The complex refractlve 1ndex, i, can be expressed by

;the sum of the real and 1maglnary refract1ve 1nd1ces as
'ffollows (Heavens, 1955) ‘

Aanedk. | : ~ (6.9)
“The spectrum of the imag1nary refract1ve index (also known
as the extlnctlon coeff1c1ent) k(v), can be computed by an
1terat1ve process from the apparent k spectrum, k (v), which
is obtazned from the exper1mental transmxss1on spectrum,

| T(v), us1ng the relatxon (Cameron et al. ¢\1977).

k() = 7'1155%%%Lf'

 The spectrum of the real refract1ve 1ndex, n (v) is then
‘ﬂcalculated fggm_the ext1nct1bn coe£f1c1ents via the |
'1subtract1ve Kramers Kron:g transformatxon procedure dur1ng
‘oach 1terat1on (Hawrenek et al., 1976 19763) The‘eguat;ons7o.h‘

| »cited are g1ven as follows-‘

Gl (6a11a)

' D ;'z"fi' N Y
g =g + g (51 - ) P-; =
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whxch when expanded becomes

@l ,
('.6‘.'11‘b)‘ ,

v"nx [PJ ﬁ

.where P xndlcates that the pr1nc1pal value of the 1ntegral

“n

must be taken since there is a singularlty at v o= v,.

In. thls subtractlve Kramers Kron1g method the_

‘computer program requlrgs that the real refractlve 1ndex,

os at. some wavenumber 7, must be known. It is obtazned by

'measur1ng the 1nterference frxnges of a th1n sample (~ 0 5

-

~mm) in a non-absorbing regron'1n the- wavenumber range*that

1s transformed

For all the thxck sampies (~3 mm) meesured the

1nterference effects were not recorded Hence a. sl1ght

‘adjustment was made 1n the computer program to excludeothese ,‘

effects. Thus, the equatlon for transm1ttance is replaced by

the express1on~‘ o )
~ﬁhere;d gﬂé%k,;vr;_”:_‘l L B O (e

‘rThe computer program used 1s a mod1f1ed vergg%n of the one'

‘;obta1ned by the courtesy of Dr. J E. Bertle of the Chemlstry-:f

AN
1

o Department. Lo .ii{;fdﬂgV~g>~f,h'J_f,.¢,wfjlfli.'q.h”‘ n};“

S,



6. 4 Exper;mental Procedure

' '
K

We have measured the opt1cal transmxss1on‘spectra of..
| undoped LEC SI GaAs in the wavenumber range 700—160 cmf
“(A ~14 63 um) at 80 K. These measureménts were made on a
‘Four1er transform 1nfra red spectrometer (Bruker 1IFS 113V)
WAu81ng ‘a Globar source w1¢h 10 mm aperture, a black
Lpolyethylene f1lter, a 3 um Mylar (polyethylene L
terephthalate) ‘beam- splltter and a DTGS Qdeuterated
M'trxglyc1ne sulfate) detector.‘Detazls of the opt1cs are .
5shown 1n f1gure 6.1. The sample chamber, wh1ch was fitted
wzth ces1um 1od1de w1ndows, was evacuatéd to ~102 Torr
hubefore the sample was cooled by lxquld n1trogen.‘
Two 1nterferograms, one each for the reference (empty
cell) and ﬁhe sample,.were recorded at an optlcal veloczty
f"of 0. 396 cm s"and averaglng over 512 scans thh a
resolutzon of 0. 5 cm . The measurement of the opt1ca1
‘[,retardat1on was prov1ded by a. He-Ne laser 1nterferometer and:
1’a Whltégllght 1nterferometer was used for reglster1ng the
‘,start1ng poxnt “Four: levels of zero-flll1ng and a g |

‘ﬁHapp-Genzel apodlzatlon were used 1n the computatlon. The

r";mterferograms were Fourxer transformed and the sample beam*wﬁ“ﬂ~

Tﬁ»was then d1v1ded by the reference beam to\yxeld the

h_\

‘f&transm1ttance spectrum,

:;The LVM“absorptlon due to Q“ was 1dent1f1ed- the

iffmeasured',;;,fIJV’"

bsorption coeffxc:ent at the peak and FWHM were then . ‘: ;; '
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o The real and 1maglnary refract1ve 1ndrces were comput
f_from the transmzttance spectrum uszng program XLVI of {rﬂ
;‘uCameron et al (1977) | |
. The samples used for absorptlon measurements‘werel‘

: carefully prepared such that the frontéand back surfaces
p, were parallel and the th1ckneSses were approprxate for the

‘Ylwavelength reglon of 1nterest

All the sample thlcknesses used for carbon analys1s '

yranged from ~2 5 to 4. 5 mm and the cross sectional area was‘

»‘6 5 Results and stcussxon Sh“‘

Flgure 6 2 shows a typlcal transm1ss1on spectrum of an.

'jundoped LEC SI GaAs crystal Two types of 1mpur1t1es, carbon

k ;and s1l1con, are 1dentrf1ed by the LVM absorpt1ons at
'I582 510 1 and 383 6:0 1 cm‘ 81m11ar to those d1scussed by
’~’Brozel et al (1978) Newman et aI (1972) Thompson and
; Newman ‘1972){ and Lorlmor and Sp1tzer (1966) | 3"
Thers et al (1982 1983) and Lezgh and Newman (1982)

.ujhave shown that the carbon 1mpur1ty 1s subStltuted at the '

'iwarsen1c s1te. Thels et al (1982), were able to resolve the td:'

?ffabsorpt1on peak near 582 5 cmo 1nto f1ve sub bands. They

h-

ehave attr1buted the fzne structure to contr1butzons by the"'"‘

‘ﬂﬂdifferent 1sotopes of gall1um,i“Ca (60 4%) and "Ga (39 6%);‘;T

'ﬁfactxng as nearest nezghbors to the carbon substztuent. y,,;"””'

{;ﬁulr1c1 (19&4a
N = &
‘jﬁthe distrabut;on of the phonon local densmty of states

35 shown, from theoret1cal calculat:ons, thatgjf:

. .
B RN .
e .
)
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TRANSMITTANCE (%)
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. .Figure 6.2 A typical transmission spéctrum of LEC SI Gaks -



|

in agreement with that of\the experlmental fine structure of‘~'

I

\

Fr

crystals) measured _hg;; ?;fj‘-°p ﬁ;m"}fjr

‘" sites, vhxch contrxbute to the shallow donor levels. When“*
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(wh1ch is proportxonal\to the absorptlon coefficxent) B

resultxng from the f1ve\d1fferent conf1gurat1ons of CGa., 15‘

The1s et al (1982) All the above prove unambzguously that'
carbon atomé 1n GaAs are substltuted at the arsen1c sxtes.,
Szmzlar splzttzng effects for s111con substztuted at

the arsen1c 51tes have also been observed (The1s et al

1982 1983) For s111con subs tuted at the gallxum sxtes

. no; such splzttxng was observed ewen under hlgh resolutlon at-

\

g 384 cm . This 1s because there 15\only one 1sotope of‘”As-"

as nearest nelghbors to the s1l1cog\atoms at the gall18m f

A
\ L S
, L

”‘sxtes. ““rk 31 AT “"~'rh‘. S\ “'\;

' The concentratxons of carbon have\been deﬁermined from
the absorpt1on coeff1c1ent and FWHM of t\e LVM. absorptlon
peak of Cas s1ng the relation in equat1on 5). Table 6.1
shows the concentrat1ons of carbon for those\famplés that
were chosen for the photolum:nescence stud&es.\\,ﬁ"\““ |

.. All’the samples measured show weak absorptlon at«384
cm ; wh1ch is due to the Syh. We have est1mated a value 1n
the nexghborhood of ~10§ cm3 for Syn, and no observable :;
511, peak has been 1dent1fied 1n any ‘of the samples (>k€0

v :v;ﬂl:
It 1s known that at 1ow s1l1con concentratzon, the¢ f

s111con atoms are 1ncorporated predom1nantly at the gall1um

v»-'

the concentratlon of 5111con 1s 1ncreased beyond ~1018 cm

B ,‘_“
the 81licon atoms begxn to substztute at both the arsenzc R
Y v‘\“ .‘ . ’ E e "--‘ ' : . . i o S "‘ '/‘
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Table 6.1 Ca?bé)h c#orjcentra\tiéris measﬁréd.at (I]:Vﬁ\‘ab‘sprb't'ion‘.‘
Sa‘mp'l‘e‘ - ‘Ca.rb‘o‘r‘i concentration
B PR T L S I
0 io.08

s2ss’ . 't  ~0.06 S
9147 | 039
B3eT - 108

8667 L . T 34',

603T ff-“ ' | “;T.éﬂjs
‘ge2s 0 4.s5"

N\ 8737 ; .“' - _6.45‘

‘3

\ 9778\ S 71,260
18738 . 11.60

. A\ c . ' ) . ' \ “' v ' |
/8138 N 19.86 : RERTE
813T . 29.71 ‘
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/81tes and the‘gallxum sxtes (Newman 1973). Both Sica and
51M 1ncrease with 1ncrea51ng sxllcon impurity and always
result in a net excess‘of Sh”

The remaining absorption peaks are due to two-phonon
absorptions nhich are in agreement with ‘observations of
,.Koteles and ‘Datars (1976) and Cochra; et al. (1961).

In the region below the wavenumber 340 cm™"
(A > 29, pm), absorptlon is due to the Reststrahlen bang. For
‘frequencxes below the Reststrahlen band the transmitténce
becomes too low because of the thxcknes§ of the sample used.
‘Hence no 1nformat10n could be extracted below 340 cm™'.
. .'The‘reélﬁgefractive‘index, n, of SI GaAs was found to
be 3.4,dwnich is.in excellent aér;ement with the documented
value for GaAs. F;om the computed imaginary‘refractive
index, k, at the freqnency Wiyme Ofym Was calculated according
to equdtidn (6. 12bi The calculated values of a agree very
well thh the measured values u51ng equatzon (6.7) (table
6. 2). However, if the absorptlon is too low the « values
cannot be determlned accurately. Thls shows that it is
Justifled to: use equat1on (6.6) to describe the
\transmlttance for thzcknéﬁses 22.5 mm if the JLQOtpt1on is
large enough such that. the yalue ad is large.
S jl"’ e
'6 6 Conclusxon’
| Both catbon and silicon are found in undoped LEC SI
- GaAs., Although-both impurities are amphoteric, they do not

-seem to be-subét(gykéd at the same type of site in GaAs.
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A

. a ‘
Table 6.2 Experimental and calculated « values.

Sample Experimentai“ Calculated
| + 0.01 cmg ‘ cm™!

813T * 3.10 2.8 1+ 0.3

8627 | 2.15 ” 2.0 1 0.2

873S 1.32 1.2 £ 0.2 )
8625 0.54 ‘ 0.6 2 0.1

866T | 0.15  0.26 1 0.06

914T | 0.05 © 0.20 % 0.04

8258 ~0.006 0.0



139
Carbon is preferenfially.SUbstituted at the arsenic sites
while silicon, when present in small concentrations, is
mainly substituted at the gallium sites.
°  We also conglude that the carbon concentrations can be

determined quite accurately from.the estimated transmittance -

without going through detailed calculatibhs for‘the;

-

absorption coefficients if the absorption is large enough.



- Bibliography . . 0

Bellomonte, L. (1977). J. Phys. Chem. Solids 38, 59

Bourgoxn 'J., and Lannoo, M. (1983). In Point Defects In._ |
Semlconductors II (M. Cardona, ed.), p. 113
(Sprxnger Verlag)

W

‘Brozel, M.R., Clegg, J.B., and Newman, R.C. (1978). J. Phys.
D 11, 1331 , ‘

Brozel, M."“R.A Foulkes, E.J., Series, R.W., and Hurle, D.T.J.
- (1986). Appl. Phys. Lett. 49, 337

g “

Cameron, D.G., Hawranek, J.P., Neelakantan, P., Young, R.P.,
'~ and Jones, R.N. (1977)- Cbmputen ‘Programs for Infrared
Spectroscopy National .Research Council of Canada
! Bulletxn No. 16, vol. VI, p. 93

" Cochran W., Fray, S.J:,* Johnson, F, A., Quarrington, J.E.
and Williams,”Na (1961). J Appl Phys. Supp. 32, 2102

Griffiths, "P.R. (1975). Chemical Infraned Fourier Transform”
Spectroscopy (Wiley Intersc1ence, New York)

' Hawrenek, J. P.; Neelakantan P., Young, R.P. and Jones,
"~ R.N. (1976). Spectrochim. ‘Acta 32A, B85 ‘

Hawranek, J.P., g@ﬁ Jones, R.N. (1976a). Spectrochim. Act&
' 32a, 99 % ’ ‘ .
. - -
Heavens, 0.S. (1955). Optlcal Pnopentles of .Thin Solid Films
(Butterworths, London)

ﬁpmma,‘Y., Ish11,.Y., KobayaShi,'T., éndJOsaka, J. (1985)f
J. Appl Phys 57, 2931 s Co :
Hunter, A T., R1mura H., Baukus, J. P., W1nston, H. V., and
’ Marsh, O J. (1984) Appl Phys. Lett. 44, 74

. Koteles, E. S., and Datars, W. R (1976).~Can. Je Phys. 54;
© 1676 . . |

‘Leigh“~R S., and Newman, R. C"°(1982).”5; Phys. C 15, L10€5

Lorlmor,‘o G,, and Sp1tzer, W. G.A(1966). J. Appl Phys. 37
3687, . .

Newman, R.C. (1973). Infraned Studles of Cnysfél Defects
(Taylor and Francxs Ltd., London)

Yoo . 180



i

Newman, R;C., Thompson, F., Hyliands, M., and Peart, R.F.
(1972) . Solid State Commun. 10, 505 .

Theis, W;M., Ba)é),‘K K.. Littbﬁ, C.W., and Spitzer, W.G.
(1982). Appl Phys Lett 41, 70

Theis, W.M., Bajaj, K.K., L1tton, C. w., and prtzer W.G.
(1983) Physica 117B and 118B, 116 ' .

“Thompson, F., and Newman, R.C. (1972). J. Phys. C 5, 1999

A . [ N .
Ulrici, W. (1984). Czech. J. Phys. B34, 420

141



%ﬁ?

.,‘7; DISCUSSION AND- CONCLUSION
Us1ng photolumznescence spectroscopy, wb have studxed ;
the effect of carbon 1mpur1ty in samples of LEC SI GaAs thh
dlfferent carbon concentratxons. From both the wavelength
and the temperature scanning techniques, we have found
results that have not been reported before related to the

res1dua1 carbon in LEC SI- GaAs.

From the study of the energy dxstrrbutxon of the D-A

‘palrs em1ss1ons, the value of R (separatlon between D-A

'pa1r) can be obtalned.'These values of R agree‘thh those

calculated from the concentration using the equation:yR =
(27N)"1/3 (Wllllams,'1968), only wvhen the carboﬁ

concentratlon, N, is in the range of ~10” <NSsSS xlo‘5 m3.

+ For, concentrations 25 X 1015 m™3, the em1551on energles tend

coex1stence of both D A pairs and B- A tran51txons, whxch

to be hxgher than theoretlcal values, probably due to the
could not be resolved completely. At . very low carbon’
concentrat1on N < 10" em™®, | d1stant D- A pa1rs w1th very

large R dlstances have a reduced probab111ty of

_recomb1natxon' thus the' dom1nat1ng tran51tlon is B-A

recombination. For samples w1th N 23 X 10‘6 cm” ,‘the’mainn?
em1ss1on 1s near the B-A tran51t10n energy.“;;“

The separat1ons, R, between dlstant D-A palrs are )
concentrat1on dependent and the radlatzve recdmbznatxons are
most probable for" 200 <‘R < 1300 A | -

At low temperatures, the maln contr1but1on to the o

em1551on spectrum comes from the D A palrs emzssxons. The
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B-AttranSition‘begins to domlnate-whenhthe temperature is‘\_h‘
greater than 20 K. o h; ,i. o .
From the study of the dynam1cs of the decay process, 1t
was found that one of the samples that had a. hlgh carbon
'content (N = 3 x 10“ cm”) had a very fast decay Ne1ther ;‘
‘:the power law nor the B component-of the double exponent1al
was detected The 1um1nescence eff1c1ency was also. found to
' be very low. Due to the fact that the em1ss1on peak |
corresponds ‘to the B A trans1t1on energy, ve propose that
the ~fast decay is’ 1nfluenced by the B-A tran81tlon. |
y_ Results from the stud1es of the temperature dependence
of the decay process show that the ratzo of the fast - n"
‘component (A) to the” slow component (B) of the double
exponenthal decay 1ncreases with temperature. At T ~. 34 K,
only the A component rema1ns. - | .

T )
These show that there ex1sts a compet1t1ve process

h between the D-A and B-A recomblnatlons. The B A trans1t1on

'-;1s more dom1nant at hzgh temperatures. ThlS B A tran51t1on

vls also preferred for carbon concentrat1ons that are e1ther

fvery h1gh or very low.ef_ﬂf , }‘ hy~ k. ~ |

i We have developed a new method of analys1s of photo- k
yhlumlnescence decay curves that follow the Arrhenlus "H' SRR
.3re1at10n. Th;s method enables the extractaon of the | L

' act1vat1on energy assoczated‘w1th the lum;nescence decay..
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o value of 5 85 meV (Watts, 1977) The second actlvat1on T
\ r

= energy of. ~15 meV could be due to a level at ~15 meV below a

donor level 1f the donor state has a b1nd1ng energy 09,
l~6 meV, wh1ch 1s common 1n GaAs (Watts, 1977) then this
level would be about 21 meV from the conductlon band Thas
| level at‘~21 meV could be related to the ELZ defects
(Waluklewxcz et al 1983)
| The exponent p, of the power law has a value of ~1.4
and 1s temperature 1ndependent for T < 18 K For the
temperature range 18 <.T < 30 K, we report for the f:rst»
time in GaAs, ‘that the exponent p, is llnearly temperature
dependent and follows the express1ons' p(T) =1 4 BT, where:
B is proportzonal to the concentrat1on of acceptors, ;i,,"
4' We have d1scussed several mechanzsms to explaln the
dlffenent temperature dependence of the exponent p,.f |
samples w1th d1fferent carbon contents. We belleve that the
most probqble mechanlsm 1nvolves non rad1at1ve states. Thls
‘ is supported by the observat1on that there is a great
reductzon 1n the lum1nescence 1ntens1ty at temperatures‘
> 20 K.?- o | ‘
The mechan1sm proposed 1s only speculatlve and further g
deta1led studles need to be done to conclus1vely determlne

' ? B N
the exact mechanvsm that 1s respon81ble for the power lav

behav1or of D-A em;ss1on 1nvolv1ng carbon 1mpur1ty 1n GaAs.
S1nce a h1gher exc1tat1on 1ntensxty 1s knoun to _,‘ R'f
saturate the D-A pa1rs that are separated by large R

dlstances (Maeda, 1965), further experlments uszng dszerent:f“n



‘“‘excitation“intensity to study the temperature dependence.of
g thé decay‘pro¢§$s would shed some‘light on the decay

mechanisms.
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- APPENDIX A k

'Hardware and software desxgns b )
: The data acquls1t10n system ba51cally cons1sts of a
| peak detector, an 8- b1t analogue to d1gltal converter (ADC)
ca- monochromator dr1ve un1t a par;llel to ser1al 1nterface‘
(R8232) ‘and an 1nput/output (I/O) 1nterface, all controlled
“by the TSlOOO m1crocomputer "and operat1ng in conjunetlon ”
w1th an Osborne 1 m1crocomputer._The block dlagram 1s shown
in f1gure 2 3 The use of . the Osborne 1 m1crocomputer 1sd
‘t‘opt1onal. It can be replaced by a prlnter when' necessary.
‘The reason for us1ng a m1crocomputer as a data storage
‘devzce ‘is that data can be conven1ently wrltten on floppy
‘*’dxskettes, and can be retrleved at a later time for plottlng
on'a graphzc plotter.,”. o JL‘T | hi‘""’f g‘f\ IR e
1. Input-output Interface : vf“' ”"'. ‘.‘ o \. f: T |
B The c1rcu1t dlagram for the I/O 1nterface is shown 1n

{,L
A 74LS138 decoder is. used ' 1n the 1nput output (I/O)

'fxgure A1 .w;.r ,.“”‘"‘ff f' o "y, o e

.1nterface.,The dev1ce addresses correspond to memory ' 4&“

,\n/v,

"jlocat1ons between 8192 and 8199 as tabulated below---

DEVICE

. Y2 S S
RO :¥:?§194ﬁ’;hJ
S 8 196 o

Ly

ADDREsse‘\_ | M
1:‘8192 ;;J». A :

‘;8193'ﬁu
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¥ o ‘8l98‘ l o

‘MYB“[‘ 8199

Whenever a PEEKTosAéOKE statement xs executed u51ng any
one of the above addresses a trfgger pulse. 1s sent to the
specxfred dev1ce. The 'ROM (1ead only memory) chxp is
,dlsabled whenever a PEEK or PUKE functlon is be1ng carrled

'out to prevent the computer from crashlng

X, B

2. Peak Detector o o “,uv \:“ 3 ;_‘ o E

| The 51gnal from the photodetector (photomultlpller or
':photod1ode w1th su1table preampl1f1cat10n) is fed into an
1 ampllfler with 52 dB galn. At the maxlmum of the 51gnal the B
,peak detector stretches the 51gna1 con51derably to. allow
" time for the analogue to dzg1tal {A- D) conver51on. The l

‘ | ‘
'51gnal drops by less than 0.4'% of the maxlmum after a tlme.

elapse of 100 us. That 1s, at the peak voltage of 'SV, the

drop 1n voltage after 100 us is less than 20 mv S1nce the+.
”A D conver51on t1me is < 20 us, the error is. 1ns1gn1f1cant J‘

. for an 8 b1t ADC The cxrcuzt d1agram for theupeak detectorll

1[1s shown 1n f1gure A2 L T - | s

:f3 Anabogue~to-dlgxta1 converterhgrn‘ﬂ o |

4“ ,The c1rcu1t d1agram for the analogue tocdlg1tal

| "eomﬁg%ier'lADC) is shown 1n f1gure A1 |

| The ADC ns based .on the Analog Devices AD7574 w1th

;8 b1t resolut1on. Th1s 1s connected 1n the statzc RAM :;,;

'f'jxnterface mode. The start of the A—D convers1on 18 inztzated

’“frﬁby part o@ the exc1tatfbn laser pulse.‘Only pulses w1th

”?;f1ntenszty w1th1n .a preset w1ndow are used to tr1gger the A-D

‘ AT #4‘ ‘.‘h "D‘



conver81on. The trxgger pulse 1s delayed by the 74L8123 dual
retrlggerable monostable mult1v1brator by ‘1 us (var1able) to
‘allow for the rlse t1me of the ampl1f1ers. After the start
of the'conver81on the computer w1ll check for the EOC (end
of conversxon) 81gnal through a 74L8244 buffer. At the end

’

‘of the convers1on the "busy s1gnal becomes hxgh and the

.data w111 be read by the computer, The ADC' w111 then wa1t

- for the next conver51on 51gna1 The data can be accumulated

‘}for a preset number of laser trxggers, hence an average

K]

'_szgnal for a partxcular wavelength sett1ng .can be obtaxned. §

4. Monochromator Drxve Unit

The monochromator dr1ve unxt is actually a pulse tra1n g

"generator. Thzs unxt cons1sts of three 74LS193 presettable C

4~ b1t b1nary up/down counters and a 555 txmer whzch prov1des '
the pulses (fxgure A3).>The 1nterval between adjacent“ ’
’iwavelength settxngs 1s determlned by the number of pulses

‘ preset at. the counters. A‘nnw wavelength settlng is selected
"by sendzng a trzgger pulse to the pulse tra1n generator. |
prhat 1s when the POKE 1nstruct1on 1s executed (trzgger

o pulse) the preset number 1s strcbed 1nto the counters, and

ff;a trazn of pulses, consxst1ng of a predetermzned number,wa
~“;wwzll then be sent to the monochromator stepper motbr. o
dlLS R5232 Interfac.__ ‘ "L% ““meﬁnf ff}@f_.{”iwfvf‘
L The number representxng the accumulated or averaged‘,}l'h
;ﬁxslgnal 1s sent to Osborne 1 or prlnter through the R8232 N
”lenterface (figure A4). The R3232 1nterface conszsts of anfﬂ

*}fay-a 1015D UART (Un1versal Asynchronous




EARTRS 150 .

e

- Rece1ver/Transm1tter), and a AY 5 8116 dual ‘baud rate

oy

generator, whlch 1s operatxng in conjunct1on thh a 5 ﬂ588
f"MHz crystal to provxde a baud rate of 1200.

At the end of the data transmlss1on the‘whole sequence‘
is repeated at a new wavelength sett1ng until the f1nal
wavelength setting is reached The data at Osborne 1 are
‘fxrst stored 1n ‘the buffer unt11 the whole spectrum xs
'completed then are wr1tten on to. a floppy dzskette for
storage. They can be retr;eved for analys1s plOttlng or

t‘pr;nt1ng at a later.tlme. . g o ,¥; ‘
. If a CW exc1tat10n sourcelés used a mechanlcal 1lghtp
"fchopper must be used 1n ‘the path of the exc1tat10n llght.pﬂ

‘Software‘ o
‘ e ( j

;The 1xst1ng of the program 1s shown in flgure AS",
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. APPENDIX B . . .
The complete non- l1near least squares curve f1ttrng
computer program wrxtten in Fortran 15 lxsted 1n £1gure Bi.
The lxsted program is used to flt multxple exponentlal
curves. The same program can be mod1f1ed to fit any

non- l1near functxon prov1ded the funct1on is d1fferent1able :
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