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ABSTRACT =~ ‘ ; . .

- R LA

. ' ) -

The influence of two impurity levels - an acceptor and a
donor - on the recombina;ion’processes of electrons excited from

the acceptor to the conduction band in ZnIn,S; has been studied.
The work can be divided into two sections:r (i) 'gample

charac;gfization and (11) laser excited photoconductivity %&d
. F . . "

-

photoluminescence. i : _

. Four techniques were used to chafacte;ize ::: samples: . (1)
the ﬁ?aaurement of the Pélapectra; (b)Y the low inte;sityl
(approximately 1 w/m?) lux-amp;re character;st{c (she i?tengity
dehe?dgnce of ;C); {c) Fermi Leﬁe{ Analysis; and (d) the

measurement of the-absorpton coefficient in the extrinsic region.

The presence of an‘:l{rinsic peak in the PC spectra allowed the

=

binding energ& of the acceptor to be estimated at approximat%ﬁy
0.2 eV. The Ferm{ Level Analysis allowed the donor density to beﬁ#‘

mapped from 0.1 to 0.6 eV below the CB. Two éignificqnt featufea

appear in the donor density of states distribution: (1) the

density of donorse decreases expormentially by a factor of 10 per

.1l eV on the range 0.1 to 0,3 eV helow the CB - a feature which

has been oheerved.by other workers{ (11) the density of donors

incresses at around 0.5 eV below the CB. It was assumed that
b ' ' .

this increase Indicates the presence of localized donor 0.6 eV

below the CB. The total donor density was determined to be of

the order 6f 1018 to 1019 cm'j." :

After the samples were characterized, photoconductiﬁ?ty and

donor-acceptor photoluminescenre were studied as a function of

excitation 1ntensity'up to 500 MW/m?2 for photon energies (hv =



2150_ev) prpducinm electron tranpitionq from the acceptor
';nvolved in the donﬁr-acceptor Iﬁﬁiheecence'to the the conduction
band, A significant cﬁange iq the iﬁtgnsit§ depend;ncenof both
photoconductivity and photoluminescence occurs for
‘photoexcitatioﬁ deneités of the order 1016 - 1017 cm-3.”“This can

be explained by the onset of saturation of the donor-acceptor

recombination mechanism.

¢
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CHAPTER 1 - INTRODUCTION

JG Ori 1 of the Project )

r

ZnIn,Sy, 18 sti’ll a rm&jtivelv unknown compoﬁnd " This

-~

hecomesn ohvious when one comparea the numher of papers published

on 7nTn2 4 Bince it was first synthesizij/ﬂn 19501 - about forty

- to the thousands published on GaAs ih the same time period.

The Universitw of Ottawa is one the few places In the world where

it has been studied; therte 18 an active gfoup in Greece, one 1in

thq U.S.8.R. 'and a couple Iin Ttaly but that is about all.
R~ : ‘ :

The reason fér‘the perhaps small but cpn:inuing interest in

Znln, S, 18 the unique electrical and optical properties which it

exhibits and uhich could possibly be utilized in new electronic

devicee. For example ‘ZnInsS,; exhibits ph‘o-f\oconductivity2 6:

—————

switcping-behav;our7715 and a bright red luminespen;e
hand3v]é"18. |

These interesting optéélectrdnicVproperties have all been
Tinked to {mpurity levels gur a 1ot of work remains to be done in
elucidating the mechanisms involved. . What has been eatahlished
is that.certain types of localized levele appear to be a family
charactqr{ptic of the AB,X, (A = Zn,Cd; B = In,Ga; X = 5,5e,Te)
semiconducting compounds. Whereas one ié BCCustoméd te the fact
that éubstances withsimilar lattice structures have similar
intrinsic properties, the An2x; compounds have different Iattice
structures but similar extrinsic properties! The localized
levels mentioned above are not due to substituéiohal defects, but

rather to "intrinsic disorder"}?.

.

In a recently publiﬁhed'feview



paperzn, it was sbown that many ABiX4 ternary compounds contain

an exponential distribution of donors (that is, the density of

3 .
donors decreases exponentially from a maximum at the conduction
- . Fi )
band edge down to hundreds of meV below) and a shallow acceptor.

™
The density of these two classes of levels is ahout the same and

b

hence non-intentionally doped AB,yX, compounda'are{well

compensated. It was also shown that radiative tranaitions take

place between the ;5ngential distribution of donors - or traps,

referred to as 'T’ levelﬁ ~  and the ghallow acigptore - referred

to as . 'A' lﬁvels. Figure I.presengs a 'band' Jiagram‘- or rather
©

a schematic summary of the defect leveln and transitions which

are common to the AByX,; compounds. ‘ - .

r

This work concerns one of these ternary.- materials (ZnlInyS,)

and the 'three level' bBystem compoeed of the conduction band (

(T) g (A).

and the "{intrinsic disorder" related defects,
Several different types of measurements-were‘emproyed to study

the 'three level' system. To the author's knowledge, laser

excited rhotocondugtivity hés heen.perforﬂed fo{ the first time
on ZnIn,S, single ¢rystals and laser excited photoluminescence
measurements have ‘been done';t higher intensity levels fhpn
E:gviously published. Electfous were excited fromlthe 'A' levels

to the CB and the photoconductivity and photoluminescence

(radiafive electron transitions hetween the 'T' levels and the

) e .
'A' levels) were observed as a function of Incident intensity.

Before progressing let us {Introduce some fundamental

concepts concerning photoconductivity and donor~acceptor

photoluminescence,

o

L]
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-

--Ta2-Fundamental_Canepts

1.2(a) Photoconductivity . ) .

»

When_ - light is shone on a sample and there are photons in the
beam whose energy coincides with an energy difference between

either the valence band and the conduction band {(intrinsic PC) or

a localized impurity level in the crystalland the condqption‘band

(extrinaic PC), free carriers will be created. 7Tn general, in
/ ) .

intrinsic PC both carrier types are created’vhile In extrinsic PC

free carriers of only one type are created. One can describe

intrinsic PC with the following equation, where 'c' répresents
conductivity, 'u' the mobility, 'n' the ﬁens{tv of free

electrons and 'p' the density of free holes :

Ao = Ahe U# + ne Aun + Ape up + pe Aup (1)

i

Holes will he {ignored, since all previous research on

5,7,17 °

ZnIn, 8, indicates n-type photoconductivity for non-

{intentionally doped samples. Tt will also be assumed that the
mobility is not affected by Ehanges in the population of the
Jyocalized levels. This 1s equivalent to séying that charged

impurity scattering is not the dominant sgattering mechanism
- ) e
which is & :easonable enough hypothesis in the temperature range

(R2K - 350K). All the measurements to he reported below were

v

performed on this temperature range.

A 12



. Ve
Hence the above equation can be simplified to:

AG = Ane v ' . (2)

The photoexcdited electrons will not ;Qmain in the CB
forev;r; they will t;} to relax back to the lowest energy state
via radiative ér non-radiative recombinétion.. Thé ;;udy of the
processes (band to band recémbination, recombination through
charged 1mpurfties, Auéer~feco;bination-etc.) and the rate at
which electxons recombine.is.called PC kinetics. Each
recombination process is characterized'by a lifetime which 1is the
1nve}he of the prohbability of recoﬁbination via thfs process. Tf
ehe free‘elgctrons have 2 number of recombination channelé, the
free electron lifetiﬁ; will be an averége of the 1ffetimes

characterizing each recombination process. Since the various

* recombination processes are ﬁarailel channels, the effective

free electron lifetime (T,pe) 18 -given by:

= It (3)
1

‘ ¥
. —

In general, the steady state density of photdcreated

electrons (n), 18 equal.to the product of the excitation rate per

unit -volume (f) and the effective free szlectron lifetime.

r

That 1is, T ) ’ W

eff o O (8)



LLEN

"

One final kinetic phenomenon should be discussed: the
effect of trapping. In general, one can divide defect levels
intgp two classes, recombination centres and traps. A defect.will

be a recombination centre for electrouns-1f there 158 a greater

A

p;obabiLity for the electron to m&ke a transition from the 1evef

to the valence band than to be thermally excited to the
conduction band. Tt %ill be a trap {f the probability for

thermal excitation to the conduction band is greatérzl- The most

\ R

important trapping effect 'is the production of a difference

. between the response time and the free carrier lifetime. The‘

. . \ ) - ’ . 1 % -
response time is tPe time trequired-for the photocurrént to decay

-
-

to 1/e of its steady state value following removal of continuous
' ) y
wave excitation. Tf there are no traps then the response time

equals the free carrier lifetime; howéver, if there are traps

s

then the response time is longer than the free carrier lifetime.
r

These. ideas will be developed further in section 1.2(b) below

and in chapter 2 of the thesis.

s

1.2(b) Demarcation and Quasi-Fermi Levels

*

One could summarize the final two paragraphs of section

0 ¢

Phofoﬁonductivity and Allied Problems (p.13):

-

‘(effective) l1ifetimes are controlled by
recombination centers and response times by
the combined effects of recombination centers
and traps; that the distinction between traps
and recombination centers depends Iin large
part on the statistics of recombination and
may shift with the temperature and level of ‘
excitation ' .
~

14
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'i' type states that are occupied by holes. The notation |E1,E

. \ N !

rl

‘Section 1.2(b) 18 included to explain RoOge's quantitative

criterion for determining whether an impurity 1is astrap or a

geéombination center ~-tbe demarcation level - and to discuss how

states are occupiif in the forbidden gap under gteady state

excitation. -

Actually there is not a single demarcation level. If one

———

has two different types of impurity centers (for example centers

which have different free electron capture cross sgctibnh) then
each center will have its own demarcation leyglzl. The

electron demarcationllevel (Dn) for the.ith center is defined as

follows:

©

*

-1
v oexp [— 5= 1= | (5)

- -

Equation 5 expresses eduality between the probability of thermal

. . * .
excitation and the probability of rec;g%iﬁagion . VvV, 1is the

product of the highest lattice frequency and a chfor less than

or equal to one which expresses the probahility that an electron

-

thermally excited to the conduction band will éctually stay
there. After some argument Rose phowed that the above equation

can be written as follows:

o . E_| = [F:fn, Eg] + kT &n _(“ri"’ri) ' (6)

~d

+

In equg;ion G'Efn'is the quagi-fermi level for electrona,'Eci

1s the conduction band energy, 'n. ;' is the number of 'i' type

states which are occupied by e}edtrona and 'pri' is the number of

2
means the absolute value of the difference between the values El and EZ‘ )

) - ‘15 -

.



The quasi-fermi level is a concept‘ﬁhich is an aid

ﬁisﬁalizing the relative popula;ion‘of various states, With no
photoéxcitétion, the occupation probability of the states is
given by Ehe fermi function'centered on the thq;hal equilibrium
fermi{ level (Eg) which is a chemical potential, H;yever,

photoexcitation disturbs the thermal equilibrium population of

the states. A new steady state free electron density is

established where the occupation probability is given by the
¥
fermi function centered on the "quasi-fermi level", Efn. The

+

quasi- fermi level-for electrons is defined as follows (where N

is the effeétive density of states in the cB).

4

Efn = kT in (Nc/n) i {(71)

-~

Note that there is a single qgfsi-fermi level fo} all states Iin
comparison to the fact that éach type of state has {tas own
demafcation level, Démarcéiiqn levels and quasi fermi levels
f8r holes (Dp and Efp respectivelz) can ﬁe defigsd énalogousiy by
substituting 'E,' for 'E.' »Ny for N, énﬁ 'p' for 'n'. These
ideas are summarized in figure 2 bhelow. -

Now oné can address the questioh‘- how are the BsBtates

3 -

occupied? Stﬁteé above the electron demarcation levelj- D, - are

in.thermal equilibrium with the conduction band and the

probability of occupation by electrﬁns is ‘given by the ferml

funetion centered on Ecp- The occupancy of states between b, and

1 — r

Dp is independent of EESIEI‘ the occupat}on probability 1{a

determined by the cross section for capture: ‘states which have a

Y

16
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large probability for free electron capture will tend to be
occupied by electrons and states which have a large free hole
"capture cross section will tend to be occupied by holes. yThe

probability of occupation by holes of states between D and E_ is

P

given by the fermi function centred on the quasi-fermi level for

holes (Efp).

We now turn to the other important phenomena to be discussed

.
P

M ' < A
in the thesis: donor- acceptor luminescence,.

1.2(c) Donar-Acceptor Luminescence : ' \

Donor-acceptar luminescence is a process whereby excess
injected e]ectrdn-hole pa1rs can be annihi{lated. 1f there is
band to band excitation‘the holes snd electrons must first be
captured by the.acceptorAand donor states, re;pectively (thereby
neutralizing them). The second s}ep is the elecrro; tra;aitidn
from the donor to the acceptor accompanied by the emission of a
photon. Tn the'measuremént; to be reported hélowi electrons are
excited directly from ‘the acceptor (the }A' level) to the CB and
50 onla the electron needs to be captuféd. The transition photon

energy 1is given by the following eqhationzzt

2 ) .
= - E - + (8)
hv Eg a E e JEL

d
In the above equation 'E' is the static dielectric constant, 'r’

the spatial separation of the dopor and acceptor and Eg, Ey, Eyg

sare thé band gap, acceptor binding energy and donor binding

enargy respectivelwy,

18



There are a number of experimental tags which indicate the
' -4

pPresence Qf donor-acceptor (d-a) rgpombinatiou such as the shift

of the peﬁk of the luminescence emission spectrum with excitation

PR

density, and the shift of the spectrum in time after tessation of

excitation. Both thebe features have been observed in ZnInzshls-

. . : >
Tn €CdIn,Sy; a shift of the emission spectrum has heen observed in

time resolved photoluminéscence work?Z3. The cause of ‘the

v

spectral ahifté'haa to do with the fact that the transitfon

24

probability 1ie a function of pair separation Pairs which are

farther apart and which yield lower energy photons are less
likely to recombine. As the intensity of excitation increases
the more distant pairs are morg‘eaaily saturated and hence

spectrum peak shifte to higher energy.

Another hallmark of donor-acceptor luminescence is that a
. i ad

spectrum.of discrete lines is formed. This is easily predicted

by the above equation - 1if the defects are substitutional then
'r' can-only take on the discrete values perﬁitted by the
lattice. Such line spectra have indeed been seen, but more often
‘in indirect band gap compou#ds such as GaP2% than direct gap

compounds. ‘A discrete line spectrum has not been seen in Znlng Sy

which i8 a direct gap compound as will be discussed Iin section

1.3(8).

.- Now that we have more of an idea of the physical processes
involved in the experimental techniques which will.bé‘us:E“tg
study ZnInyS,; let us become more familiar with the physiéﬁl

properties of the compound itself.

R
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1.3 Review of the Liéerature

1.3{(a) Intrinsiec Properties

ZInIng,S, is a‘ye}16w;o:ange coloured layered crystal which

-

cleaves easdily. Tt.can form numerous polytypes of which this
thesis concerns only thel:so-called type (TII) pblytypelz. ‘Each ™

layer 18 <composed of seven sheets of atoms tn the Bequence

f

S-In-S5-In-§-Zn-S5 with weak suplhur-sulphur bonds betwéen the

»
layerBZG--

ZnInyS; is & direct gap material and different workers have

.

employed many techniques to measure the hand gap. The following

. .

table 1 summarizes these measurements. In the table ‘ol

represents the a&sorption coffficgnt. Tf 'I, " 18 the intensity
v ! 3

: )
incident on the face ofa crystal of thickness 't' and surface

reflectivity 'R' and {f R2exp(-2¢t) << 1 then the transmitted

£

Intensity will be27:

-

2 ' .'
I=TI (1 -R exp (-at) | (9)
) h ' ~
UPS I8 an acronym for ultraviolet photemission spectroscopy.

. .

1.3(b) Transport Properties

Because non-intentionally doped ZnlIn;§, ia‘aﬁch a hi@h‘
registivity compound - bétween 106 "and 104 ohm-cm parallel to
the layersl?'33'3a - the measurement of tramsport properties 1is
extremely difficult. 1In fact the only detailed mea§utementa:of
the tr;nsport properfies of ZnIngyS, rpublished so far were

‘performed on poorly compensated low resistivity samplésas-

20
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TABLE T - BAND GAP OF zn1q234

-

jReferénce §£(300K)' Egillﬁl Technique
: 6 2.50 ev - ' a? vs. v
| 28 2.86 eV 3.0 eV i J aZ vs. h
29 2.82 eV \ UPS
‘ 30 " - . 2.95 eV Kramers-Kroenig

. analysis of
reflectivity

31 2.62 eV 2.72 eV empirical fit of
Ol vg.temperature

‘32 2.90+.03 eV - ellipsometry



». L

The electron mobility parallel to the layers has been

. measured to be betweenq }0 and.ino cmzv'lsec"l 34"36;
Becausge this work is chcerned with the three state system
composed éf the conduction band, ‘the expo;bnfiai distribuion of
donors and the shallow acceptors, a review of previous wvork on

localized levels seems appropriate. The data will be presented

in four tahles with a short discussion of each.

1.3(c) Exponential Trap Distribution

The exponential trap distribution {s'characterized by two -
\

parameters: the distribution "slope" and the trap density per

unit energy at the conduction band edge (N,). The "slope" is 'a
measure of how quickly the trap density decreases with energy
below the conduction band. .ft is expressed in "m" meV/decade meaning
that in "m" meV the trap density per unit energy decreases by a

decade. This means that the trap densfty per unit energy at an
-energy "E" helow the conductjon hand - n (E) - 41s given by: N\

-]

“a(6) =N 10 F/M - (10)

or where 'B' equals Inl0/m:

= - (11)
ntQE) No exp(‘FE) . |
4
In work on the AB,X,; compounds, many authors refer to the total

.

or integrated trap density. Théy calculate this quantity by

integrating n.{E) - equation 11 - with respect to energy from the



Ky

T

) T
'.

-

CB bend edge (E=0) to infinity.  [The Lotal trap density Nt is

.given by equatica 12 where N, 18 The density per unit energy at"

r
tRe CB band edge: :

bl

N, =N /8 . . - (12)

Previous work on $he exponential trap distribution (the T lcvels

of figure 1is aumma;iied in table IT:-

The data t&ba table was ohtained using a variety of techniques

16,19

inclﬁﬂing .thermoltuninescence phosphntwaécence

. — . .
decaylﬁ'lq pulsed photoconductivity decay and thermally

stimulated current>, space charge limited current6f37, fermi
lével analysis and the lux ampere characteristicﬁ, and'pptical

36

abso?ption There is also one other evaluation of the trap

¢
distribution which 18 not included. in the tablg because an

exponential distribution of trapegwah not' found at all. To

account for their measurements of current vs. temperature and

38

space charge Iimi‘gd current, Aganostopolcus et al. required a

~

set of three discrete traps located at 69, 119 and 315 meV below .

" the conduction band. “The authors affered no explanafion for the

'

discrepancy between their work and other.published work.
' .

Returning to the table one might note that {t is not

surprising that there is8 a wide range of total trap densfties
measured: the trap distribution is associated with disorder and
the.degree of disorder isrprobably very sengitive to the actual

crystal growth conditions.
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TABLE 11 - TRAE, PARAMETERS
Reference Position Distribu- Trap . Integrated '
* below CB = tion . Density Trap Density
(meV) "slope™ at CB (N.)
(mev/ . band (em™3)
decade) edge(N_)
. (cm-3eV-1)
5 © 100-400 68+4 - -
* 7444 - -
6 0-350 85 s x rol8 2 x 1017
90 - -
110 - -
16 - 7046 - -
- B6+8 - : -
- ]
18 0-1000 - .- -
19 ~ ' 200-500 160420 - -
- 150+30
36 . - - - . 1020 -
37 0-600 111+11 8 x 1010 4 x 109
< Ny < < Wy <
t
2 x°1014 1 X 1013

24



1.3(4) A Levels ‘ -

ft can be shown that the shallow accéptor (the A level of

figure 1), the other localized level related to disorder, 1is
the ground state of the luminescence transition: the sum 6f the

energies required to thermally quench luminescence and the energy
: N
required to excite luminescence and photocoductivity is equal to

the band gap as table TIII demonstrates. Table TII presents
meaaurementq of the bindi&ﬁ energy of the shallow acceptor.
Three different methods of estimating the binding energy (E,) are-

emplo&ed.

The first method 18 to determine the activation energy for

thermal quenching of Ipminescencea{ One plots the logarithm of

the integrqtejﬂinténsity of the luminescence band (L) as a

function of 1/T. Below a certain 1/T value log(L) is8 a linear

fﬁncgion of llT-with'slope Eal. Equation 13 expresses the

thermal quenching relation.

L « exp .(Eal/kT) ' - (13)

To understand thermal quenching of luminescence note tbat at

low temperatures the 'A' levels have a low probability of being

occupied. As the temperature increases the thermal occupation
probability for electrons in the 'A' levels increases making

radiative transitions from the 'T' levels to the 'A' levels more

difficult.

In the second and third methods for'estimhting E, involve

measureing the difference between E the energy gap, and Eph and

gl

Ele which are the peaks in the photoconductivity and

25



TABLE TI1I
BINDING ENERGY OF THE SHALLOW ACCEPTOR

Reference Eal ' Egz Ea3
- .
3 = - 200 meV
4 R5 mpV - i -
- - Y 160 meV
5 - © 310 mev -
. . N
17 300 meV _ - ‘ -
= : - 210 meV
. -

18 ‘ ‘ 92 meV - ' -

Notes: (l)these are room temperature results
(2)E_)! is determined from equation 13
(3)Ea2 is determined from equation 114
(4)E83 fe determined from equation 15

26



photoluminesgcence excitation spectra corresponding to trahsi;ions

.

between the écceptor ie§e1 and the conduction band, respectively.

x

Equatio 14, and 15 refer to these methods of determining E_.’
q . "% . A a

E, =E -E - (14) '

=
n

™
1

[52]

One further observation about the 'A' levels is that the

peak in the PC spectrum corresponding to electron transitions
from the 'A' levels to the CB shifts towards the UV with

decreasing temperatures.

A

1.3(e) Luminescence Band

It was not until quite recently (1983) that the luminescence

band in 2nIn,;8, was identified with donor acceptor transitions.

The last entry'(n the table IV is one indication that donor-
acceptor (d-~a) transitions are the source of luminescence: one

of the hallmarks of a d-a band is the shift of the peéﬁ of the

~ band with increasing excitation denaitqzz. This was discussed

in section 1.2(c) above.

One should make note of a curioﬁ; featﬁre of the three level
system .in th; ternary compoundsg “théfe is a diqcrepdncy between
the predicted donoriqcceptor photon eneréy (Elthe°) calculated

using equation (5) and the imeasured peak of the luminescence band
s

(Elexp). The initial state bf:tﬁt moet probable donor acceptor

v

transitions must lie close to the conduction band since the trap

Al T

27



TABLE IV
LUMINESCENCE BAND PARAMETERS

Reference band band haif

peak peak width

(300K) - (77K) (300K)
3 ' 1.58 eV 1.73 eV 0.43 ev
4 - 1.50 eV 1.70 ev 0.60 eV
18 1.60 evia8)  1.74 evi(a) g g2 ev(ﬂ’

1.85 ev(b) 1.93 evib) o g5 ev(F)

Note: (a) low excitation intensity 1017 photons cn™?ge
(b) high excitation intensity 1022 photons cm™ Zse

\

TABLE 'V
THE PL ANOMALY
Compound 'Eg' E, Elexp
CdIn,Se, 1.61 0,14 1.20
ZnlngSe, - 1.93 S04 T 1,29
CdlIn,S, 2.45 0.28 1.61
Znln,s, 2.96 0.30 1,73

(1) Data refers to 77 K

+ (2) E xp sE, taken from reference R19
(3) A%l table entriea are in eV.
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(77K)
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density per unit emnergy is gre{tést there (see equation 10 er
11). This means that the effective gsum of the donor and acceptqr
bindiné ;nergiea (Eq + EL) is approximately ;qual to Ea: The
discrepgncy between the theoretical predictiona'of eQu;tion 5
(where a reasonable value for ezlgr = 0.01 ev3? is used) and
E,®¥P isnliated for various AB,X, comp;unas in table V.
Heasu;ements of‘ the actual-trap| dengity in the ZnlIn,S,

samples studied to be'reported in chapter 2 provide more

information on the anomaly.

(‘ Al
1.3(€) Non-Radiative Recombination

It should be mentioned that a non-radiative récombinatibn

process has been'observed.in many of theiABzxa‘compound55'17'20.

In a non-radiative process an electron I8 captured by a centre

with the emission of phonons rather than the emission of a

rhoton. The non-radiative process common to the AB,X,; ternaries

is associated with vet another centre (different from the 'A' andL

. 'T' levels) in the forbidden gap. Tn ZnIngyS, this centre has

[:en seen by other workers 1in both photoconductivity and
. ,

photoconductivity qﬁenchipg apecEraS. (A photoconductivity

- -

quenching experiment is one where the Bample isg excited with two

beams of.different wavelength - see reference 5). The structures

which wefe associated with the non-radfiative centre in the PC and

PC quenching spectra of Serp15 were not observed In the samples

studied. ' . )
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Sections 1.3(a)-(f) have been included to give some numbers
to figure 1. It has shown how the quantitative details of the
three level system vary from sample to sample, emphdsizing the

need to characterize one's own sample's in order to make an

» .
informe interpretation of the measurements. Two experimental
tqol w;ll be used to study the three level system in ZnInZS

. * (N
photoconduectivity JPC) and photoluminescence (PL), rAs we

conclude chapter 1 in the next section we will discuss what these

techgiques will allow us to.leérn about the rhe'recombinatioﬂ»f

kinetics of electrons in the a, T and CB levels.

1.4 Structure ¢f the Thesis

We can divide the measurements to be reported below into two

-

classes. Low intensity PC work will be used to characterize the

samples. Ag discussed in Bec;ion‘l.z(a), free electrons "will be

creatéd if the incident photons are of -the correct energy to

" excite transitions between a lovralized level in the forbidden gap

and the conduction hand. Thus the messurements of the‘PC spectra

are an 1deal tool to see whether the shallow acceptor is present

in the sample, ‘ ™

The fact that the presence of traps causes the PC response
time to be dlfferent‘from the free carrﬁer Iifetime - see sBection
1.2(a) 1s the basis of 'Fermi‘LeveI Analysis', the t?chniqgg

which will be employed to measure the trap distribution.
1 , .o
Measurements of PC va. Tntensity at low intensity provide

-~

another means of characterizing the trap distribution. As will be
3

seen in chapter 2, there must be at least two different types of

30
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;

levels 1in the forbidden gap ‘to account - for the superlinear
intensity dependence PC which 1s observed at—-1low intensity for
gsome temperatures.

After characterizing the samples with these tools, we will

g\\d‘have a basis with which to Interpret measurements of PC and PL as

a function of intenslty at very high excitation 1evéls. The laser
photons will be of the correct energy to 1induce electron
transitions from the A levels to the coqfuction hand. By studying
the PC transilents - the tiﬁé variatioﬁ of the PC pulse - we will
be able to moyitor the electrons in ﬁhe conduction band.
Sdpplementing' these are measurements of PL wvs. intensity, with
whlich we will be able to monitor the radiative transition.

The thesis will be composed of three more chépters. Chapter
two, entitled 'Sample Characterization', will present the theory,
experimental techniques apd a discussion of the results of the low
int;nsity work. Chabter‘ three, entitled 'Laser Fxclted
Photoconductivity and Photoluminescence' will present the theory,
experimental techniques and a discussion of the results of the
high Intensity laser work. The fourth and final. chhpter will
conslst of the conclusions drawn from the measurements and
suggestions for future work on ZnInZS&. - )

»

i1



: -
CEAPTER 2 - SAMPLE CHARACTERIZATION

2.1 Introductory Remarks

In this wérk, four samples were studied. .Tn sectiom 1.1.of
the last chapter was mentioned the goal of the thesis: to study
~theee¥trin§1c. pfdpqrtieé, pa?ticularly the_e%fect of the 'A' and
'T"levels on recombination kinetics b§ subjecting ZnIn,S, to
very high excitation intensity. Singe it 18 obvious thﬁt the
defect density should vary ffom sampie to sample, it would be
helpful pp have as gobd an 1idea as possible of what defects are
-present and what the densities are.

Three techniques were employed td characterize, the samples:
(i) measurement éf the PC spectra; Kii) Fermi Level Analysis and
"(141) the intensity dep;ndence of PC. The PC Bpectra were
measured to detect the presence of 'A' levels, since a peak
corresponding to electron transitions hetween the 'A' levels and

5

the conduction band has been observed by other workers Fermi

Level Analysis, or rather one version of it, was used to measure

- *

the trap density as a function of energy below the conduction
band. The Fermi Level Analysis suggested the presence of a

* 4
discrete donor 600 meV below the CB as well as the exponential

trap distrihution measured by other worke}s. The intensity
dependence of PC aifowed us to identify two types o} levels In
the forbpidden gap and supported the idea that the 'ﬁqz'meVI donor
exists. Since the traps play Qn Iimpoftantf?role in
phbtoconductivify kinetics and because the radiative.donor-
acceptor tfansition ;akga place between the traps and a shallow
acceptor levell? quantitative knowledge of the t—-ap distribution
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wvill be an aid to the interpretation of the high intensity

photoconductivity and photoluminescence measurements.

2.2 Theory Required for Data Analysii

2.2(a) PC Spectra

Han§ factors combine to determine the shape of a PC
spectrum; the spectrum of PC response does not necessarily follow

the same variation with wavelength as does the absorption

A

— - ) . 1
coefficieémLﬁiifinea‘in section 1.3(a)). This 18 because PC is

proportional to the product of the creation rate and the

‘!‘..
effective free electron lifetime (recall equation 10).° For

Ll

example, discrepancies between the PC spectrum and the absorption

coefficient spectrum arise from the DeVore gffect.

- DeVoreao

modeled the shape of the "intrinsic" PC spectrum

for verv pure aemiconductor; with constant bulk free electron
lifetimes. Tn the lohg wavelength region of the typical
"intringic" PC spectrum the PC equhlg.ﬂ. Moving towards shorter
wa;elengtha the PC 'begins fo increase with the onset of
1ntrinnic excitation and reaches 2 maximum value._ With still
shorterhwavelengthsxtdaugmxg and finally reaches an aaymptotic.
velue which 1is different from zero. Thus, there 1s & peak in the
PC Bpectrum which does not exist }n the spectrum“;f the
absorption coefficient. DeVore showed that the peak in the high
absorption region occured . only when surface recombination was
prominent. He also showed xhat the actual position and shape of

the peak depended on the ratio of the surface to volume

recombination rafe, the carrier diffusion &ength and the



.

thickness of the samplee <0ne of the main results of the DeVore
theory 18 that for constant surface to volume recombination

ratio, the "peak' in the high abqorption region hecomes hbroader

~

for thi%aii saﬁplee:

r-‘/When impurities are preeent -the pC spectrum often showa

peaks corresponding to electton transitiona betweé"‘%he impurity

level and the conduction band. Discerning vhethef the peak in

the PC spectrum cofresponds to an imph?ity or to the DeVore

effect mentioned above is usually simple when the band gap is

known.

2.2(b) Intensity Dependence of Photoconductivity (low intensity)

-

-

The intensity;dependence of phofoconductivity is ancother
tool for probing the distribution of impurity states 1in the

forbidden gep. As a matter of fact, the 1ntensity dependence of

&l

PC which was first'explained over thirty years ago by Rose is

still being used today to probe the density of states in the
forbidden gap.ef amorphous silicon®?.

To begin to understand the intensity dependence of PC'recaII
equation 4, Let us assume as we did in equation 2 that the
photoconductivity 18 due only to the change in free electron
density. In equation 4, ff'anﬁ 'Tefg' . are the creation rate and‘
the effective free electr;n lifetime respectively. FA Iinear
dependence of pnotosignal occurs when 'Teff"is independent of
excitation intensity. Rowever, when 'Toeg' 18 intensity

dependent, both sublinear and suneflinear dependence of

photocurrent are conceivable. The effective lifetime 18

34 ¥
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. In equationzlﬁ, P.q4 i Ehe density of

‘"

determined using equatjon 3 where 'Y, the lifetime of the 1D

recombination channel, is given by the follewing éxpressionx

r

-1 ' ' ' X
= v .
Tin Pri crni ‘ (re)

-

-
.

' ' centers which are

occupied by holés,"Uni' ia the fiee'electrdn capture c¢rosgs

21

aection of these centers, sand 'v' 13 the electron velocity* s

One can see how chaﬁging the population of various impurity
i -

] 1
centers can change " Tgogeg -

' Models. for sublinear and superlinear intensity dependent
photoconductivity will be discussed in the remainder of section
2.2(b)., N ¥ ¢

2. 2(b) (1) Sublinearity: Model for PC o f£K; 1/2 <k < 1

(taken from Rose's ConceBts in "Photoconductivity
and Allied Problems, pp.38-43) .

.

For auﬁlinearity to ocecur,, 'Teff' must decrease with

-

intensity. The distribution of impurity states assumed Iin this
. - | 4

model is shown in figure 3. One, asgumes_that the trapping
centers are ekponentialiy distributed as follows:
"lE ’ EI

- - c :
rNt(E)~Aexp( KT, ) (17)

Secondly, .one assumes that the 'r' (for recombination - see

figure 3) states are fully occupied in the dark. A third
ashumptioﬁ is that the total_Qpnaity of 'r' states (N_) satisies
the following relation:--
E
. o .=
N> J Nt(E) dE
Eg

(18)
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(a)-

(a): Unilluminated Crystal
“ N, : Trapping'!Centers’

t
Nr : Recombination Centers )
Ef Thermal Equilibriumlifrmi Level : (
' e ‘ o ®

. ——
—— —0 - o —
e ! M
(b) : Illuminated Crystal
Dn'(Dp) : electron (hole}) demarcation level
lEfp (Efp) electron (hole) quasi-fermi level
n_ (pr) : ‘océupied (unoccupied) recombination centers

FIGURE 3 ,
IMPURITY LEVEL DISTRIBUTION PRODUCING SUBLINEARITY
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_D . ) on = C(T) £.

i

It is also assumed that both the 'r' and the 't' (for trapping)
states have the same free ekectron‘capture cross section. As the

state or quasi-fermi level rises, more and more of the 't’ stifea
L4

F

~are converted into recombination states as indicated in figure

3(b). The number of 'p,’ states 1s given to a good approximation
by the number’ of %"states lying betwen the dark Fermi level and

the steady state quasi-fe;mi level, That 1is,

o -l - .-
= = .
. .Pr A JE exp kT, dE = kT, Nt(Efn) . (19)
f ’ '

- . N u

Hence, one can rewrite equation 4 using equations 16,17 and=19:

'y e,
' 1 . . : .
n=f Teff = f _(‘IE ’Ef—l) (20)
. kT, A exp -_-EEIJL_ v : )

By 'definition - see equation 7' - the free electron .density (n)

satisfies the. following relation:

-1 , E_ |

- N exp (—S& _fn_ :
n=N_exp ( T ) . (21)
‘Using equation 21 one can w%ite:
. 2,
| T/T
_|Ec, Efnl a / 1
exp ( KT ) = (ﬁ_) . ) (22)
1 c
Substftuting efjuation 22 in equation.20 one obtains:
' 1 | /o
~T + T : & (23)

1 \ oo

Hence 'n' (thus the PC) {5 proportional to fX where 1/2°< k < 1.
v 2]

Battacharya and Harasimhaﬁaz have shown that a sublinear power

T < -

law intensi;yagfpgﬁdencg does not necessarily fmply'an

1\
. . )

. 4
97 ¥,
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exponential distribution onstates; any continuous distribution

will do that produces an increasing nuanher of recombination

states with rising guasi-fermi Iévgl. . o

{(taken from Rose's Concepts in Photoconductivity
and. Allied Problems, ppl 48-51)

.

Let us restrict our discussion to n-type photoconductivity.

{ .
For superlinearity of n-type PC to occur, the effective free-

electron lifetime must increase with intensity. Tt has heen

rigourously demonstrated that superlinearity cannot oc:ur when

'only one type of impurity exists in the fSrbiden gapa3. There
< !

1

must be at least two types of centxres which have. different free
electron capturé.cross sections. A distribution of states which
can give rise to superliﬂéarity appears in figure &4,

r .

fne assumes that. the one type of centers (called claas T1

’

centers) has a smaller free electron capture cromss section than

the other tvpe of center {called class T centers). Class T

L2

centers havle equal free hole and free, electron capture cross

0°1% ¢u"?2 at room teﬁperature."CIasa T1

sectiﬁns of\ ahout ]
lcenterafare coulpmh repulsi;e centers which have cross sections
for free electééna of abﬁut 10727 cm~? gnd larger cross sections
21

for free holes at room femperature As was discussed in mection

1.2(b), under photoexcitation, only ;he-stales above. the electron
quasi-fermi level (E..) are in thermal equilibrium with the

conduction band. To a first approximation, states between Eg¢

-

IR
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Q.
(a)
(a) low light level i
Een (Efp): electron (hple) quasi-fermi level

) ° o o o °
Efn
—— ——
—o— —0— 0 o
. —— —
CLASS | " .
CLASS II -
L Efp
Q (o] 0
(b)
{b) : high light level

. . ¢
class I : centers with equal electron and hole capture
‘ cross sections

class 1I: centers with larger hole than electron capture
cross sections

FIGURE 4

IMPURITY LEVEL DISTRIBUTION PRODUCING SUPERLINEARITY
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S
and the hole ﬁﬁasi—fermi level are not d;atétbﬂfkd thermally.

The occupation of these states 18 governed by the relative

v

magnitudeé of the capture cross-sections. This means that as the

fermi level rises (which is equivalent to saying the intensity

’

increases) the class T centers will tend to he filled while &fe
- .

class IT centers will tend to he empty: "Rence from equations 3
. “ - | - |
and 16, one can see the effective free electron.lifetime

increase.

2.2(c) Fermi Level Analysis

There are verv many ways to measure the density of traps as
. 1

a function of the energy below the conduction baﬁdaa- One of the
methods is the eo-called “"Feymi Le;él Anély;ia", Before any
further remarks are made'we state that we willuignore holes to
maﬁé the discussgion simpler and because all previous research on’
nIng S, indiéates n-type photoconductivity in non—intentioﬁally
doped samples. At the ‘root of this geohnique lies thé
understaﬁding Fhat.fhere is a difference between the resﬁonse
time_and the effectiye\free_cafrier lifetime. If there are no
tra;s then the response time equqls the free carrier lifetime;
however, if theré ;re traps ‘then they are diffg;ent. Rose first
introduced this distinction-because of "the fact that the
measured photocurrents ére often as much as efght orders of
mggnithde smaller than one would compute from the known rate of
excfiation and the observed time constant (speed of responBe),

It 18 clear that the speed of response 18 not a good measure of

the lifetime of an electron in the free states."} 1In summary,
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in aamples where the hole conducE}xftY can be ignored (as it can

be for extrinaic excitation in ?‘jnzsa) &nd where traps exist
-

the magnitude of- the steady state photocurrent 1is governed by the
effective free ‘carrier lifetime ( Teff) but the photoconductivity

kineticse are goverﬁéq by the response time.
ine response time (Tr) and the effectjyve free carrier

lifetime (T,rf) are related quantitatively asf follows (where ‘ny’
. lme -

represents the density of electrons trapwéd within an energy

““%XT' of the Fermi level and 'm' reprégsents the densify of

-

electrons in the conduction hand®4:

=
Ii

£ (l_+nt/n) o (éa)

$ -

The basic technique of a-Fermi-Level'analysis'of the .trap

distribution, 1s to measure the time it takes the photocurfent to
decay to 1/e of its steady state value as a function of steady

-

state photocurrent. In other words one measures 'Tr‘ as a

function- of the gquasi-fermi Level (Eg,), the steady state

-~ ‘
photocurrent being rebated to the Eg, through equation 7.

Fquation 24 is the key to understanding: if we know the position

of the E%n and the corresponding response time; one can determine

_the trap density per unit energy range at Ffn- By changing Eg,

one can measure the trap denhitz‘per unit eneggy range as a

e

function of energy below the conduction bglﬁ. There are two
techniques for controlling the positioh of Eg Tor the bf%ady

state PC): increasing the temperature lowers Een ﬁhile
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increasing‘the incident intensity raiseé it2]"
.The‘e;;erimenfs are run as foliows: On keep; the wavelength'

of the exciting beam constant for the whole exper!ment;'-?hey-for
a Qnown Eémpefatﬁre (t) and.incideng intensity (Io) one éllowa
the photocurrent to reacﬁ its steady state value (PC).'(z?en the
light'}s removed and Wr' 18 - measured. “%' is the time
required for the PC to reach 1/e times Tte steady state value.
So, the experimental data will consia't of quadruplets:
(T,TO,PC,Tr). From these data qtadruplets.one has to determine

the position of Ef, and the trap density per unit energy (n,').

Note that (ny) of equation 24 . equals (kTn.').

2.2(c)-(i) Determination of n ' (Ee ) o

Tf we assume that ny >> n then equation 24 becomes:

T, = nt/n Toff _ . : :I(ZS)

Using equation 4 and the definition-nt = ant!,'be can rewrite
eguation 25 as follows:

tx

' T
. - . ¢
ne (Ee) = g | 26)
In equation 26'.|Tr' and 'T' are experimentally «{determined

quantities while the calculation of "f', the creation rate of

free carriers, is rather involved., To calculate 'f', we first

note that the intensity (Id) is proportional to the number of

photons arriving per unit time per unit area and:

v

I =1 +1 +1 < : - 27
o r t a '
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Tii the above equation 'Io' {g~ the 4ncident intensity, 'I_", the

‘reflected fntensity; 'I.', the transmitted intensity; 'I,"', is

the energy absorbed per unit area per unit time. The :ransmitteE
1

intenaity is given by eduatgon 9. The reflected intensity 1is
/
given by (assuming Rgexp(-Zut) < 1)27,

Ir = Io R [1 - exp(-2at)] o €28)

- -

To find the number of photons absorbed per unit volume (which is
eqdal to 'f' if one assumes & quantum efficiency of unity) ﬁe
Jugt substitute équations 9 and 28 in equation 27 and divide by

't', the thickness of the crystal and 'hv', the photon energy:

-

1
2 .
) f = TE)—(()T\F [1 - (1-R%) exp(-at) -R(1 < exp(-2a1)] (29)

One should note that as the absorption {s non-uniform, equation
éé gives the average frée carrier creation raete per unit volume.‘

nQé can calculate 'R', for use in equation 29, if one knows
'?'. the index of.refracf}on. The following eguation is good 1if
}ﬂlﬁﬂ << N ("Y' = excitation wavelength; ‘o' = aﬁso}ption

coefficient):

R= (37D (30)

"N' has the value 2.7 at 495 Am (wgich 18 the excitatioﬂ
wévelgngth gas will he discussed below ) independent of
temperature3n and hence R = 0.21.

We Bti11l do not have all the inférmatiqn one requires to
calculate 'f' - équation 29, The absorption coefficient 1is8

. . -

iteelf temperature dependent. '® (T) was/not measured but rather

L

was calculated using data publish;d by other_wo;kers. Figure 5
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18 a2 compilation of data from other published works for =a

wavelength of 495 nm, the. wavelength of exc{®ation for the .

measurements as will be discusgsed below. As one can séé. in the
) " . A
temperature range 77-350K the majority of measurements follow an

approximately linear relation between '¢' ‘and 'T'. A least
squares fit resulted in the'followiqg‘eqqetion for (T):
3 -
= 0.34T + 16 ot : . (31)

In summary, to calculate the trap density per unit energy at Een

- -

(n,'Y) one uses equation 26 where 'f' is determined using

equations 29 and 31.

L

-

2.2(c)-(11) Determination of E¢o

To find-the qﬁasj-fermi lLevel which corresponds to the trap.

-
density calculated using the method. of section 2.2(c)~{1), one

uses equatioh 7. 'n' is calcvlated wustfg the foilowing formula
where 'PC' is the experimentally determined steady state

'

photocurrent; 'V' 18 the voltage between the electrodes; 'w','1'
LM |

and 't' are sample dimensions (see figure 6); 'e' {8 the

fundamental charge unit; and 'y' 18 the électron'moﬁility

{which {8 a function of tempefatureh

. _PC 1 ' ‘
07 Vutey | (32)

~—
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ﬁhen Bube®3 and others use the technTque of Fermi{ Level
analyais to determine the trap distriﬁution in a compound they
usually have the advaﬁtage.of knowi;é‘fhe dominant scattering
mechani;m in the compound and hence being ahle rorknou the

temperature dependence of the electron mobility. Rowever

ZnIngS8y,;, as has bheen previously discuesed, {8 a very high
resistivity compound making measurement of the transport

proper&ies diffigult; hence we have assume a mobility'modell. The
calculation will be performed assuming 'u' equals 50 cmzlvgec at
300 K (see section 1.3(b)) for two dif}erent'méb;lity models
(acoustic phonoH scattgring‘ dominant‘and oﬁtical phonon'

scattering dominant ). If acoustic phonon scattering is dominant

then®3,

n =50 Crlsook)-3/2 y (33)

The second model for the temperature dependence of electron

mobility 1s taken from Fivaz and Mooser's theory for transport in

layéred compoundsaﬁ. .They showed that in certain levered

compounds, optical phonon scattering dominates and:

L= 50 (T/300Kk) 72"

(34)

4

N.(T) must also He known in order to calculate Eg, using-

equation 7. For ZnlIn,5,, one assumes that N_= 1019 em™ 3 at 3nd

Kﬁ. The usual temperature dependence of the effective densaity of

states is asaumed&7. That is: ' LY

O n =10% 4('.47/300)_3/2

Ne (35)

46 ‘. Lt
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SAMPLE  DIMENSIONS
¢& | |
| /)
//
Y f—=
-
sample | | 5|6 |7 £
w (mm)| L7 3.'.0 1.8 1.5 0.1
| (mm)[ 1.6 [16 |16 [1.6 [20.1
t (p)|IBO|50(I70|56 | *5
W4 In CONTACT
FIGURE 6

SAMPLE DIMENSIONS AND CONTACT GECMETRY
‘ *
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In summary to calculate Ef corresponding to the ntWEf)

found usingaithe method of section 2.2(c)-(1), we use equatidn 7.

'n' i8 calculated using equations 32 and 33 or 34 and N, is8

caleculated using equation 35.

2.3 Experimental Details . -

2.3(a) Sample Preparation .

ZIniny S, single crystals were obtained from the Solid State

. Physics group at the University of éagliari, Italy where they

were grown by the method of themical vapour transport. ZnInyS,,

‘being a layered compb;nd is fa!;ly easy to cleave but {s also
quite séft. The followingimethod was used to.Lleave the samples
to achiegve good surfaces on which tormake‘electrigal contacts:
Put a Qr?stal on a plece of ecotch't;pe (the regular kind not
mqgic tape) anh then fold the scotch tape ;ve;lauch that both
gsides of the crypfal are stuck to the tape. Carefully pulling
the ‘tape apaft cléaves the crxstal. To _remove the tape dissolve

. - , -
the glue in n-Butyl Acetate.. n-Butyl Aéetate will partially
dissolve the magic tape itself leaving a gue_ﬁhich;ia extremely
difficult to remove. With regular scotch tape only the ilge
dissolves dnd the tape falls off. To digsolve :gsidual trades of
glue put the crystal in toluene for about ten minﬁtes then wash
in acetone and finally in methanol.

Two indfum contacts (approximately 3000 angstroms rﬁtck)

were then evaporated onto the eame face of the crystal about 1.5

mm apart In the manner shown in figﬁrq 6 - see section 2,3(c)-

48
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mm apart in the manner shown in figure 6 - see section 2;3(c)-
(1f). -Thé sample d;mensions, measured with a micr&mefer, are
alsg pregented in figure 6. The single crystals werg-then placed
on spgcially prepa;ed aéppﬁire plates and held there with
“Wakefiéﬂd thermai compound, a goed thermal conductor. The
sapphire plates had two copper contacts evaporated onto them.
The sample on top of the sapphire plate'was then placed on the
cold finger of an MHMR technologiés model R2101 refrigerator
ingide a model b2101‘opticai vacuum chamberk(the_model R2101 and
the model D2101 together make up the-optieal pinicryoétatL
Electric;I contact was made from outside the cryostat to the
inside by means Qf two pairs of wires, The first ﬁair went ftpm
outaide‘the cryostat to the copper cbntacts on the sapphire
plate. The second set were very short and went from the copper
contacts to the indium contacts on the sample. The wires were
‘£e1d to both the copper and indium contactﬁ with'silver paint!
The pilver paint contacts _on the copper were then covered .with
GE brand 'glyftal cement'. The glué covered silver paint
cbntacts are very durable. With this mounting procedure fhe
‘sample could te ﬁbolqd down to l1iquid nitrogen temperauvre many

more times than if'wireé were connected‘directly to the sample

without the sapphire plate at all,

2.3(b) Minicryostat Operation

The quel'R2101 refrigerator operates using the Joule-~
Thompson throttling principle. With proper care, it can cool
samples down to between 82K and 84 within 20 minutes.

Teﬂperatures were measured by means of an Omega ﬁodél 199P1

N ) ) .
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platinum ;esistahce thermometer. The transducer was a platelet
which could also be mounted on the cold finger of the R2101

Tefrigerator.

Béfore'fhe vacuum ﬁﬁamber (ﬁ;del D2101)‘is evacuated, the
refrigerator should be purged with ultrapu;e dry Nz gﬁﬁ
(approximately 400 ‘1bs/in2) for a couple of minutes. The chamber
18 theﬁ evacvated to less then one millitorr and high pressure
(1600-18001bs/1in?) ultrapure N,%allowed to flow through the
r;frigerator. The N, is not allowed to flow diréctly from.the
b;linder but is further purifiea-via molecular sieves in the
model F2101 filter.' The 'powﬁered chemicals which form the
molecular sieves should be chan#ed every 3 or 4 cylinders of N,.
In the course of the é;p;r ents 1t was found that the moded
D2101 sprang a leak ;t the place where the high pressure Ni 1ine

entered the vacuum chambher. This was successfully repdired using

epoxy resin.

The lowest temperature ohtained - approximately 83 K - could

be maintained for houre. Unfortunately, there {8 no direct
correlation between gas flow ﬁreasure and temperature. The

/ - .
device iB8 constructed Iin an "a211 or nothing" fashion: with

pressures above_a certain level - abbpt 1600 lbs/in? - the device
tended towards B4 K. With pressures gelow this level, the devicc..
tended toward room temperature. However, by playing with the gas
flow - alternately increasing and 'decreasing {t -~ :a short term
steady stote (a couple of minutes) could be fntained for many

-

temperatures between room tempersture and/84 K. One could obtain

a target temperature to within +5°K.

‘ ’ .
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Temperatures up to 20 K above room temperature could be
3 : . L}
obtained by using a blow d&ryver on the crvostat. One must be
-
. . 5. .
careful not to heat the glass refrigerator above'?ﬂ'degrees

/'A

celcius (353 K) for fear of damaging it.

’

2.3(c)Experimental Apparatus and Method

The basic experimental set-up for both the measurement of PC
spectra and the Fefmi Level Analfsis is shown in figure 7. The
excifation ‘source was a.Bausch and Lomb monochroéator_{BL) which
produces an éppfoximately 1 W/n? output intensitflfor a linewidth
of about 6fnm.. The Iintensity qf excitation was ‘controlled by a
set of Balzers neutral density filters (NF). -

The §Iectroﬁics were very simple: The sample (S?.was
connected 1n”seriea with a power suﬁpiy (P5) and a Kei;ﬂley.ﬁoz
electrometer (K), An ou}put proportional to the phot;cu;rent

v o . o
measured by Fhe Keithley was recorded by an XY recorder (XY).

The PC spectra  were measuréd‘as a function of wavelength
fer constant tempgrat;rf and 1ntensit§.

For the Fefmi Level énalysis, 495 nm was chosen for
excitation because the ;ﬁzorption coefficient at this wavelength
?;s large énougﬁ to ensure a photocurrent much greater than the
dark current, yet small enough to en;ble gpproximately’hniform

free cgrrie{L:?Eation throughoup the whole volume of the
%rystal. . | ) ‘ |

As discusaea'fn'sé%tioglz.é(c); Fermi Level Analysis
requires measurement of the response time as a function of the
Fermi Level. A Keithley model 602 electrometer, in the fast

Y ]
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mode was emploved to measure the response times. Response times

wvere measured using‘thg XY recorder, the y axis corresponding to
s b ' .

-

the magnitude of the photocurrent, the x axis corresponding to
1 !

time. The response time of the coupled electrometer‘and chart
recorder was measured to he no more than 75 ms (by shorting the

leads of the power supplv). This was adequate for measuring

response times in ZnTnyR, since thev proved to he much greater
than 75% ms - up to hundreds of thousands of milliseconds.
The experiment ran as follows: Response times were measuted

for several intensities (thus data for a study of the intensity

dependence .of PC was also collected) per temperature at

approximately 20 K intervals hetween R3 K and 300'K. -

2.3(d) Absorption GCoefficient

For the Fermi Level Analysis, it was necessary to know the

absorption coeffictlent. Measurements were made of '&' as a-

function of wavelength at 300 K using the Phillps Pye Unicam SP&-

500 épect?ophotometer in the biochemistry department in the

‘university of Ottawa: ‘What the speﬁtrophotometér do€d is to
compare ,the amount of light transmitted through a aaqgle on a
holder (which were copper plates with small holes drilled in them
over which the sample was held in place by a small quantity of
grease which could he easilv removed with an appropriate 6rganié
golvent) with the.amount of light transmitted through an empty
‘control-sample holder. The results for 495 nm for samples 6
and 7 are ahown.in'Figure-S. -One can see that theyidgree within
expe;imental error to the 1eaét squares fit discussed in section

% . .
2.2(c). ' '
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2.4 Results and Discussion ' ' ) . >

o

2.4Ya) PC Spectra

Figure.a % presents typidal PC spectra (normalized to the

Rl - . LY

black body output of the monochromater) for both R2 K and 300 K.
The PC spectra differed widely in shape, a2 reflection of the faet

that many factors combine to produce the shape, but they share a

couple of features. it

The first thing to notice in figure 8 is the presence of two
Py . ,

peaks, one at-abou:'hﬂnnm at both temperatures - called the

'intrinsfic' peak .since the exciging photon energy was greater

"than the band gap energy (2.86 ev3 = and the other at around 470
nm in the 300K spectra (450 nm at 82 K) - labelled the

'extrineic' peak since the exciting photon energy was less than

LY

.2.86 eV, Theposition of the two peaks for various samples ig

listed in tahle VI below. R

The wavelength attributed to the 'intrinsic' and 'extrineic'

peaks should be faken with cautfon because of the difficulty 1n.
nermalization. This difficglry is8 due to the non-linear
intensity dependence of PC which will be diecussed in section
2.4(c). At B4K and 300K the photocurrent 18 a s;blinear function_
of intensity, For example in sa;ple number—ﬁ, at 495 nm, the

-photocurrent varies as Io'8

at 300 K. If the data was normalized
assu vlng the photocurent manifested the same intenmsity ccependence
at all wavelengths (which is not true), the "fntrinsic peak™ of

ot ple nunber & weuld shift from 410 to 42C 1o, Tl intensity

‘erendence of steacy state PC depends quite strongly on the types

T4
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intrinsic
peak
(300 K)

intrinsic
peak
(84 K)

extrinsic
peak
{300 K)

extrinsilc
peak
(84 )
-Rh
£300%8

E. - E
g4 kBN

The reason- for the nul

TABLE VI

INTERSAHPLE COMPARTSON OF

sample
1

410 nm

495 nm

360 meV

—PC SPECTRA

sample
2

LOD nm

470 nm

220 meV

" ‘sample

410 nm

does not
exiast

unresolved

450 nm

does not
exist

210 meV

sample

405

405

470

450

220

nm

nm

nm

nm

meV

210 meV

entries for 84 K for samples 1
that the samples were ruined before low temperature PC spectra
could be Derformed

and 5 1io»



and distribution of defects levels in the forbidden gap2l as was

discussed in section 2.2(b). Hence it va;ies not only from
~wavelength to vavelength but from‘aample to sample. Such . .
difficulties in normﬁlizati;n miéht explain why the extrinsic
peak Iin the 300 K spectrum of samfle 1 18 at 495 nm wvhile 1t
appears at 470 nm in samples 5 and Z. |
The 'intrinsilf' ﬁeaks.at around 400 nm_(aee table VI) are
. due to the DeVore e}fect discussed in section 2.2(a).
- The "extrinsic' peaks are due to-efectron transitions from

¥

the A levels to the conduction band> (see figure 1). The energy
difference between the conduction band and the A levels (Eph) is
given roughly by energy corresponding to the wavelength where the

extrfna?c peak appears in the spectrum.

)
.

The difference between the bﬁnd gap energy (Eg) and Eph is

-

leo lieted in table VI. 'Eg - Eph' is a very rough measure of
' l L
the binding ‘energy of the acceptor (E,) as was discussed 1in

section 1,2(d). Note that most of the acceptor binding energy

. o ,
estimates listed in table VI agree with the 'E_' values

a
determined by other workers - see section 1.3(d).
The shift of the extrinsic peak in the spectrum of sample 7

towarda the UV with decreasing temperature agrees with previous

observationsS.

v

‘The extrinseic peakh}f listed as uﬁreaolved in the 300 K
spectrum of sample 6 foritwo reasons. First; the DeVore theory
predicts that the intrinsic peak tendsnto be‘broadef in thinner
samples. While sample 6 18 at lf;;} three times thicker than

samples 5 and 7 (see figure 5) a\ comparison between the PC

.
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. spectra of samples 5,-6 and 7 sho@ed that the “intriﬂaiﬁ peak" of
. sample 6 1is hroa&er than that of samples S and 7. The presence
of an quesolved peak could account for this discrepancy. The
second reason 18 that the 84 K gspectra of sgmples 6 and 7‘botﬁ
exhibit a peak at_ASO nm. ‘

Ag has been mentioned éeveral times, thé whole point of doing
the PC spec#ra vae to aécprtain whetﬁ%r\A' levels were ﬂreaent
in the samp?eé. The presence of the extr}nsicapeéka is good
evidencexihat 'A' Tevels exist in all four samples studied. We
now turn to a study of the trap distribution by Férhi Level

Analysis.

-

2.4(b) Fermi Level Analysis

Some typical‘data from a Fermi{ level Analysis experiment 1s

shown in figure 6. One should note a couple of features?

(1) As.ID Increases, the ;teady state PC (PC before tﬁe
decay beginse) increases and accordingly 'n', the free
electron density increases. Fence thezaifference in
energy between Fg and the CB - given by equation 7 -
bhecomes smalletﬂ In summary, increasing thé intenuity
(I,) moves the Fermi Level (Eg) towards the conduction

Band (cB).

(i1) The response time (T.) changes with the To; As was
noted above, increasing I, moves Ey towards the CB.
Hence one can see ’Trf changé'with Efg in figure 9.

Also note that the response time 18 much greater than

75 msec which is8 the measuring system response time,
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"Each decay curve corresponds to one of the quadrupletas

(T,1,,PC, T,) merntioned in section 2.2(c). The result of

- n

subjecting 40 or so decay curves (approximately 4 per temperature
at about 10 temperatures) to the theory of section 2.2(e¢)

resulted in figures such as 10 and 11. These figures asaume the

optical phonon scattering model (equat}on 34). A least squares
gth degree polynomiél fit apﬁeara with the data. ‘The curve

fi?;%ng was -performed in anticipatiecn of théinumefical
integration required for total trap den;ity determination to Ge
discussed below., The Btaﬁdard error of the fit is abo;t 20 per
ceﬁt while .the ungertéinty in the individual experimental points
- the combineh uncertainty of the'reaponsé time and the free

carrier creation rate per upit volume - is about 25 to 30 per

cent.

In general terms, one sees in figures 10 and 11 that the
tra? density decreases equneﬁtialIy from the CB hand edge with ;
"slope" of approximately 100 meV per decade for several hundred
meV,-reaéheB a minimum at a tghpldepth of about 400 meV and théﬁ
increases again. TIn the discussion to follow we assume the trap
distribution toc be .composed bf'two partsa: an exponential
distriﬁuiton‘; the trap distribution discussed in section 1.3(d)
- and 2 lrcalized donor which will be called'the_'ﬁoo meV' denor
becauge of the increase Iin trap density near 600 meV below the
CB. A summar; of the measured trap parameters appears in table
VII. The slope aﬁg trap denseity per.unit energy at the CB band
edge (No) in-table VII refer to the exponential part of th;}trap

distribution (0.1 to 0.3 eV for sample number 6 - see figure 10)
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S TABLE VII

SUMMARY OF
MEASURED TRAP PARAMETERS

sample Range .. s8lop trap integrated
of (meV/ density " trap
exponential decade) at CB density
region hand edge - Ny
(meV) N, -

(em™3/eV) ' (em™3)

-

6* 100-300 . 106+4 7.31+0.07 3.2+40.4x1018

%1019
e** 100-300 10442 9.5+0,1 4.3+0.3x1018

R - ‘ x10l9
i * 0 20 20

7 100-200 140450 1.3+1.2 1.230.2X10
M - X1nl9’ ' -
| X10 |
7% 100-200 150450 1.2+1,9 1.040.2x1018
. x101

assumes acoustic phonon scéttering dominant and the temperature
variation of the mobility is given by equation 33.

assumes optical"phonOn,écattering dominant and the tgmperature
- variation of the mobility is given by equation 34.




. .

were obtained by performing a least squares linear fit of the
' ‘ ‘ .

logarithm of trap density versus energy for the range over which,

the trap densitz varied exponentially. The Fermi{ Level Analysis

wvas performed only on samples 6 and 7.

-

. The error in the "slope" and the trap density at the band

edge are proportional to the standard error of the fit (which 1is

the square root ©of the gsum of the differences between the trap
- ’

densities predicted by the fit and the measured trap densitiesn

divided by the number of points minus 2)48,

~

Jn table VII note that the measured trap distribution
"slope" for both samples 6 and 7 and both mohility models agree

reasonably well with the "slopes" measured by o:hér workers - see

-~ : .
table TI. The choice of mobility model does not significantly

influence the "slope"g. ’

- " - C

. — -
I; ig curiousa that the error in the slopes and trap density
, ~ ’ .

-

at band edge 15 80 much bigger for‘aamﬁfe 7 than for sample 6.
:Assuming‘ail the points have equal weight, it.ié partially gue to
the fact that in samgle 7 fhe energy range.over which N, (E)
varies exponentialfy was 100-200 meV_uhiIg the vrange was 100-300

meV-in sample b (compare figqrea 10 and 11); there were thus

fewer pointa for the fit.

[ 4

One should also note that the integrated trap density in the
table was not ﬁalculated in the same manner as other workers.have
calculated if (equatfion 12 in section 1.3(c)). This is becausec a
purely exﬁnpehtﬁnl trap distribution wae not measured. Instead
the integrated trap density was calgulated in two parts. The

total trap density on the range 0 to 0.15 eV beélow the CB was
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determined by 1ﬁtegrating equation 11 (with parameters from table

VII) from O to 0.15 eV. The error in tF{s part of the total trap
density was taken as the standard érro? of the_lihear fits to the

eiponential-part of the trap distribution discussed above. The

-

total trap deﬁaity'qn the range 0.15 to 0.6 eV below the CP was

determined by numerically integrating the léast square gth

degree polynomial fits shown in figure;.la and 11 -using Simpso;}s
~rule and 2 2.5 meV integration step. Tt is reaéongble'}hat the
trﬁacation‘error in the numgyical ipfegrétidn wa#_smaller than
s}andard error of the polynemial fit aﬁﬁ‘heﬁcé'fhé latter was

taken as the error in integrated trap density on the range 0.15

to 0.6 eV below the CB.

L]

The origin of this exponential trap distribution 1e still
9

unclear. For CdIn,8,, Anedda et al.[l .suggested Cd-In antisite

dgfects as the origin .of both the exponential trap distribuéiOn.'
and the shaliow acceptor. This is ; ;easonable hypothesip since
. the most 1mport§nr.crite£ion for the formation of an antisité
defect 1s.ioni; size rather than valence2?. (The ionic radii of
. 7zn?t, cd?2%, ana 103t reapectivel;‘are 0.74, 0.97, and 0.81
gngaFroms respecrive1y5q.) Thislauggeati;q raisges Lhe further

question of why the donors are spread exponentially in energy

!
]

while the aéceptora are discrete. To explain this Anedda et
21.%% fnvoked the effective mass theor& for shallow impurity
etates. In this fheory, the radius of the Impurity state is

inversely pnroportional to.the effective mass of the nearest band

minimum51 . Since, in general, the effective mass of electrons

[}

i emaller than that of holes, the écceptbrs are more localized

- - .
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and hence a high defect dénsity broadens acceptor states less’
than donor states. An- objection can_be raised since the
effective mass theory may not be applicahle. Anfisite defects

can form deep levels. For example they have been suggested to be
. ‘ \

the origingﬁ}the deep EL2 state in semi-insulating GaAs~?. For':’

deep levels the effective mass theory is not appropriate. The

vave fﬂnctions of deep levels 1n'&gmicbnductors and insulators

zone and not only near the nearest band minimumsj-

. . =
The other Iinteresting feature’! of the measured trap

dist}jbutiona is the ohserved inqrease in trap density at around
600 meV below the <conduction hapd-whach we assume indicates the
 pJ€sence of =a locali:ed level called the '600 meV' donor.
Furéhér~work should be.done to map the density oflatatgs function
for this-le&el. Thermally'stiﬁulatﬁy current or deep level
transient 9ﬁectroscopy may be useful in this r;gard. Further

1

evidence will be presented in sectionIZJ(c) below for the

L 4
L]

increase in trap density at around 600 meV below tpe CB; But 1let
us assume for the time being that the trap density really does
1ncre?§i beginning at about 500 meV bhelow the CBR a;d has a
maximum near 600 m@v. Tﬁﬁr it {8 part of the sqluriﬁn to-the PL

anomaly discussed in sectioﬁ 1.2(e). | The diszrepancy
between the prea!cted and obsérvéd'donor-acceptor photon“energy
is reduced from 0.96 evgtsee table V) to 0.36eV. The rest of the
discrepancy could be made up by the electron making transitions
to excited states of the acceptor rather than the ground state.
There are of course other possible ;xplanatiOhs for the

h -
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are likely to contain contributions from all over the Brillouin '
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discrepancy such as the possibility that the donor-acéeptor

]

transition is really a "two electron” process - an Auger process

.4n which some of the donor-acceptor,binaing energy is. transferred

54

to a third.bbdy - but this seems rather ad hoc.

2.4(c) Intensity Dependence of PC

1

03

It was stressed in section 2.2(bh) that the intensiwy';
dependence of ,PC 18 another sensitive probe, of the distribution

of impurity 1levels In the forbhidden gap- As will be seen

3

presently, a study of the intensity dependence of PC in ZnlIn,8,
permits identification of different'&inds of sfates in the

forbidden .gap according to the relative size of their free

electron cgpture cross section. o « ~-

7

The intensity dependence of fgigs q£aracterized by the
parqﬁeter 'k'_where PC. O 1K, ‘ f/ N

As was mehtioned in sectim}??ﬁg(;), separate data was not
collected for the study of 'k'. The data waé contained within
the Fermi level‘analysia since the steady state PC was noted for
sévera} 1nteﬁsities per temperdture - see figure 9.

Also recall that the position of the quasi fermi levels can
be controlled by changing the temp;rature and incident intensity.
In fighre.]2, the electron quasi-fermi level ts shown ag a
function of temperature for two different incident intensities.

74
The quasi-fermi level (BEg) was determined using the method of

section 2.3(¢)-(11), One sees Iln figure 12 that decreasing the

temperature moves E;  closer to the-CB. One c¥n also see that

increasing the intensity moves Eg, closer to the CB. One might
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:llso.add that‘althdggh it" is not shown, the hole quasi fermi
Ievel.(tfp) has moved closer to the VB. ,

Ihe.intenﬁity dependence of PC was studied‘for‘intensities
on the small raﬁg? 0.19 to 1.94 W/m2 ét several temperatu}és'at .

495 nm. As one can'interpolatq from figure 12, 'k' can be studied

as a f(%ction of Egn. The results of this analysis are shown in

figure 13, There are at,leaét three important features iIn figure
13 to-explain. One must account for the fact that k < 1 for Eg
between 450 and 600 meV below tﬁe CE and between 100 ahé 300 meV
below,thg CB. Secondly one:muat expi#in wh; k > 1 for Efn
between 300 and 450 meV below the CB. To ao B0 we }ave the
m;déls of sections 2.2(b) to guide us. Oné might also add that
similar data (tha} is for a fiied intensity range, k <1 for
temperatures near 84K; k < 1 near 300K; %k > 1 for temperatures
between 84 énd 300K) Jrave been observed_in GaAs and 6d855-‘

Let us first try to explain why k¥ {1 on the range IOQ‘to
300 meV below fhe CB. We can use the Rose model of section

- ‘r

2:2(b)-(i); The trap distributions of figures 10 and 11°
correspo;d ne;tly fo‘the defect diq;r;butipns producing k between
ﬂ.S‘and 1 1{f the 'r' states of figure 3 correspond to the
Increase in trap density at about 600 meV below the CB shown in
figurea 10 and }1. Then as Efn moves towards the CB more of the:

600 meV states become recombination centers causing 'Teff'to

decrease. This is a ;Easonable

xplanation for k¥ < 1. However,

. the Rose model does not correctly predict the actual value of

i

'k'. As ven be seen in equyétion 23, 'k' equals fll(T 4+ T1) where

'T' 18 the temperature of the sample and 'T;' is related to the
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|

i
"slope" of the trap distribution (equatioms 10, 11 and 17),

Table VIIIF compares the observed values of k' ﬁ}fﬁ/the

-

predictions of the Rose model for sample 6 for E?Hﬂnrfhé range O

to 300 meV below the CB. Table IX compares the observed and

_predicted values for sample 7 for Ef, on the range O’EQ about

200 meV below the CB. One.can see that the a%reement ia not very
. —_——
- - .I’ \‘
good but it is probably because the model presented in section"

2.3{b)-{1) 1s too simple for the actual recombination kinetics inm—

InIngySy.

An assumption Implicit in all of Rose's work is that

electronse cannot make transitions directly between discrete

56 yhereas in reality, electrons in ZnIn,S, make donor- .

states-
acceptoer transitions. Whether a donor state which can be
involved in. a donor-acceptor transition is acting as a trap

depends on the occupation of the acceptor states. It is'easy to

T 1' 71

see thih in equ#tfon 5. Since ﬁe are exciting electrons from the
'A' levels of figure 1 to the CB one can Bee.that the right hand
slde of equation 5 inc;éasea'with intenaity: the density of
lonized donors and acceptors tncreases’ with intensity.
Accordingly, the average d-a pair separation decreases and the
transition probability increases since d-é transitions are more
Iikély for closer pairs.

We can nowntry to explain why k < 1 for 'Efn between 450 a7nd
600 meV below the CB. The Rose model: of section 2.3(b)-(1)
predicts that 'k' should equal 1 for 'Eg " between 450 and 600

meV below the CB since trap distribution actually decreases

towérds the CB on this energy range (see figures 10 and 11)21-



A

- Temp (K)
B4
173

193

Temp (XK)
84
132

150

/\_‘.‘J

i}pﬁE VITI
COMPARISON 'OF EXPERTIMENTAL 'k'
VALUES AND ROSE MODEL PREDICTIONS

SAMPLE. 6 ‘
125 6.97
220 0.94
260 . 0.94
TABLE IX

COMPARISON OF EXPERIMENTAL 'k'
VALUES AND ROSE MODEL PREDICTIONS

SAMPLE 7
Egp(meV) "ktheo
130 0.98+.01
" 190 0.97+.01
. .
208 0.96+.01
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kexp
0.65+.02
0.85+.03

0.96+.02

kexp
0.84+.02
0.84+.04

0.88+.03
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" This makes sense since there are then less and leas trapping

levels which can be filled and the population transfer from 'r'

~

levels to 't' levels shown in figure 3 sheouvld not occur. Hence,
'Teff' should be constant. However, the states at 600 meV below
the CB continue to be turned into ftcoubination states; as the

e ;
intensity increases, the density of ionized donors and acceptors

increases and the average donor-acceptor pair separation is
decréasing and hence the lifetime of an electron 600 meV below

the CB 1is decreasing.

The fact that k > 1 for Efp between 300 and 450 meV below
, .

the CB- cannot be accounted for if just the 'T' and 'A' levels of

"figure 1 exist in the forbidden gap. However it can be explainéd

pR—

qualitatively using the ideas presented in section 2.3(b)-(11).

.

QFcording to this scheme there must exist two different kinds of
states {class i states with large electron capture cfoss.sections
and class II states with small free electron capture ﬁross
_sections) between‘Efn and the hole quasi:fermi level (Efp).\ Ve
do not know the precise position of Efp but know that it must be
closer to the VB than Eg . |

The class I center 18 obviously the donor state at 600 meV
below the CB. The class II center was not directly seen in any
of the measurements, however other wo;ker85’17 have identified a
class IT center at 1.4 eV below the CB, The superline;rity is

produced bftransfer of electrons from the class II states to the

600 meV donor.



In summary, the présence of the exponential trap
digtribution and the 'A' levels has been confirmed. “Secondly,
the possibility. of a localized ceanE\arounq 600 meV below the CB

ot

which i8 the center involved with the d-a transitions has béen

raised.

Let us now turn to =& discﬁssion of laser excited

"phptoluminescence and photoconductivity in ZnIn,$,.
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CHAPTER 2:: LASER EXCITED PHOTOCONDUCTIVITY AND PROTOLUMINESCERCE

-

\

3.1 Introduction

The basic iaea‘ﬁehind these experiments was to excite
. \ v. —_—
electrons from the A level to the conduction band and then look

at what héppena to them by exam;ning how the height and time
dependence of the PC and PL transients vary as & function of
pumping iIntensity.

To the author's knowledge, measurements of laser excited PC
?érsus ihtenaity in ZnIEZS& have never heen reported before.

Méaaurementn of .PL versus pumping intensity have been previocusly -

publiahed16'17 but for a cont{nuous wave Art laser at much lower

ﬁ}citation levels (the highest excitation intemnsity was

approximately 17 KW/mz compared to 500 Mwlm2 in the presfnt

work). The measurements and interpretation to be reported below

N i

have been accepted for publication in Solid’State Communications.
A o

To help us understand the high intensity measurements let

us review previous studies of the intensity dependence of .laser

excited PC and PL in compounds other than ZnIn2Sa.

3.2 Survey of Higﬁ Intensity Laser Effects

i @ ) ‘ . ) .
Figures 14 (&) and (b) present two possible ways for the

photosignal, either PL or PC, to vary as a function of excitation

intensity. Let us call figure 14 (a) a type (a) characteristic -«
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. and ffgure 14 (b) g;type (b) characteristic. Type (a) and type:.
(b) characterisbicqih ve be;p seen in both PC and PL in compounds
-other than ZnIné;Q. The mechanisms that have been used to
ex;léin‘typgiaﬁjéhd type (b) characteristics can bedclassified
into two‘group§% kinetic non-linearities and quantum mech;n}cal
non-linearitigé. |

Kineticfnon-linearities are effects which depend on thfe

relative poqﬁlation of electron states. Stimulated emisgi -

- .
-

which 1is dué'to population inversion - 1is a'kinetic effect which
. resulta in tﬁe type (b) PL characteristic seeﬁ in Cd557'58: At
low excitation intensities spontaneous emiqhion is dominant and
PL wvaries finea:ly:with inE;:gity. But as “the pumping Intensity

increases, stimulatéed emisaion.begin; to occur and PL versus I

characteristic becomeé'auperlinear. As will be seen below there

~ a

18 yet another kinetic effect which can lead tq#a type (b) PC

characteristic.

A kinetic effect which can result in either a type (a) or a
type (b) PC chafacteristic 18 when .the effective free carrier
liéet{me is 5 function of excitation intensity. xfhié was
discusped in detail in section 2.2(b). Al}hough this low’
intensity anaiysis was developed before the invention of the
laser, ft has been used to analyze a sublinear laser prodéhed PC

ve. T characteristic'in GaAssg.

PC saturation; or type (a) behaviour has been observed in

Cdso-55e0.560, n-GaAbﬁl,and GaSeﬁz. In these measurements, the

samples contained only one type of impurity centre and capture by .

these centres was also the primary recombination mechanism.
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Extrinsic PC was produced by exciting electron transitions from
the impurity centres to the conduction band. PC saturation is
then due to the two fold eff%ct of 'simultaneously decreasing the’

creation rate 'f' and the effective free carrier lifetime 'tT,.¢¢’s

_Incgeasing the excitation intensity tends to empty the Impurity

states of electrons vhich makes electron tranaitibns from the
impurity-sfate to the conduction bapd less ﬁrbbable but makes thg
revér;e trantijﬁon‘more probable.

An intensity dependent lifetfme 18 an explanation for a
type (b¥ PL characteristic which'{9 “Ft due to atimuJate%

emission. PFouqet e a1.63 performed time resolved PL work on a*

4

GaAs/AIxGal_;As multiple quintum well structure, plotted the time
integrated PL vé. 1ntensity, noted & tvpe (b} characte;;utic and
currelated it an with an increasing lifetime for the upper’ atate
of - the radiative trgusition, One shou#g notae that although PL
inteneity would decrease 1f the radiat}ve 1fetimg increased, the
integrated intensity 1ncreases;"The cause of th; increase of the
radiative lifetime with Fxcitation intensity was saturation of a
trapping mefhanism. In these mulgiple quanthm well ‘devices, band.

to hand radiative recombfnation was 'the source of the

luminescence. But this recombination route 18 not the most

S . .
efficieny. The most important route was thecrtrapping mechaqinm.
When g/ mechanism becomes "saturated, that is the trapping

gtates become filled with electrons, the electrons musat Hecay via
other less efficient routes producing an effective lifetime

inerease. .

.
.

TYP (a) characteristics iﬁ PL have been seen in donor-
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acceptor luminescence. They have to do with the fact that the

-donor-acceptor emission intensity cannot increase indefinitely;

once the donors and acceptors involved becoﬁe completely non-
fonized, the emmision intensity saturates. A type(a) behaviour

in donor- acceptor Iuminescence has been recentiy observed in

Inqeﬁﬁ The shift of donor—acceptor emission band peak towards

-
-

higher eneTrgy with increasing intensity {which was discussed in

N -

1

section 1.3 (b)) is an indirect manifestation of fhis -effect.

" There is omne more Hype of laser produced kinetic effect

which results in a type (a) charactexristic. This is.when the
_ . ' . ' r " ‘
creation rate decreases but the lifetime remains constant. This

cqjvhappen when the exciting light is s0 intense that it empties
the initial state of electrons but the population of the states

s

involved in the dominant rgcombination routea-are not perturbed

greatf&. This type of effect has been seen in CdIn28465.

-»

And 80 we see that type (a)-and type (b) PL charactaristics

and type. (a) PC characteristics have 4dn the pastlbeen interpreted

by kinetic non-lineariﬂies.‘ This 18 not true for ¢t pe {(b) PC
. " i Y R

characterist{cs. Type (b) qukharacteristica in GaAssq‘ Inpb6,

md1n25a57 and (‘a'a‘e68 have heen attrihuted to N quantum
o ; a
. . i ‘ .
mechanical non-linearit?. "two . photon ahsorp%ion.

Quantum mechanical non-linearetiens can habpeﬁ;uhen the'iwcident

electric-fiolda - which are proportional to the square root of
-\

the incident intensity - approach the magnitude of-the,crrathl
. ‘ - ‘

field (approxtmately 101" ¥/m). Then the incident electric field

e r

cnn:no longer he considered a small perturbation and non-
. T N . W

: . 8 . 'Y .
linearities can occur., Tp the case of singlﬁggggfon abporption -
e

'

vhere '"I' 18 the intensity fn the bulk of the solid '‘a' ‘{5 the

4
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absorption coefficient and 'x' 1is the direction.of propeagation: of
the light,

)

.. %=—at | 36y

The solution of the abové différential equation is the famililar

Beer's law. ' .

On the other hand, in the case of two photon absorption,

dI w2 ' ‘ -
G = -l +p1%) | (373,

where 'B' 18 the coefficient for two photoy absorption. A feview
of measurements of '"8' in varioua eemiconductora by Gibeon et

a1.69 revealed '8’ 1n the range 0.02 cm/MW for GaAB to 16+2 cm/HW

for InSb.‘Howaver, Gibeon et al. criticized -the Iatter value asB

‘being nearly two orders of magnitude too high.

y -

To the writer of this theesis, for two ﬁhoton absorption to

"be a convineing interprétation of a type {(b) PC characteristié,

proof that the free carrier lifetime ‘is indépendent of inrenqjty

_should he given as theoretfcal srudies of two photon Pq/(::ume

coristant 'Ieff '70. In all of the work'referred to ahovesq'GG‘ﬁij _

the,PC'ﬁersﬁs 1ntgﬁbity characteristic is linear or sub-linear 8L
a7 ' . - y

low excitution 'Iintensity. This means thdt-impurity states must
. L3 N N : . "

exisf in the~fdrbfdden gap because tﬁe exciting bhoton‘energy‘is

. ' . s 5. ‘
less than the forbidden gap, and because pure two-photon PC varies
. ) 3 . . .

. R .
as the aquare of the 1ntenwity. Hence {t 18 imperative for.n

convincing proof of two photon PC that the 1ntensity independence

’

‘af T 'be demonstrated Fowever, 1ﬁ none of the references

eff

mentiOned above was a study of the PC'trénsieﬁEs as a function of

1
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.intensity mentioned. In measurements of PC versus intensity on-

ZnIn,S, ‘to be reported below, a type (b) characteristic was
ohserved. But it can b%'corfelated with an intensity dependent
‘ : ‘ .
F A
effective free eleegion lifetime, as was the type (b) PL

. 3 \'. .
charhcg&péiffe’?é;;rted by Fouget et a1.%3.
:—"""‘ ) C . ‘ - . :
R For easv _reference when it comes time to interpret the

M —

measurements of the intensity dependence of PC and PL in_ZnInZSQ

ew of high intensity laser' effects in

-we summarize the ghove revie

‘Tahle X helow. - -
Before discussing the measuremnents themselves, let us become
¥ . - -

familiar with the apparatus used in making the measurements.

t ) * L]

»

TABLE X

' ' SUMMARY OF PHOTOSIGNAL VERSUS INTENSITY EFFECTS

type (a) PGC: %tyo fold effect of decreasing "f','"Te¢f'
with intensity; seen in CdSn.SSen_s, ,
n-GCaAs and GaSe.

-saturation of the création rate 'f'
only; seen in CdInyS,. '

tvype (m) PC: - -two photon‘PC; seen in GaAeg,InP,CdIngSy
and GaSe. .

tvpe {a) PL: * - gaturation.of ddnoq-acceptor
‘ o ‘luminescence; seen in InSe.

thg . (h) PL: -saturation of atrapping mechanism
' (intensity dependent ‘g');-seen in
2 a GapAs/Al,Gay_y,As multiple quantum well,
device. a .
“-stimulated emission; seen in CdS.

- ! —

"1 ' .0 ) ~

N



3.3 Experimental Details

3.3(aj Summary of the App;ratus'

For the laser work, the 7nIn,8, samples were mounted in the
manner described in section 2.3 (a). -Figure;‘lﬁ and 16 present
the hasic experimental set-ups for C and PL, respectively. tTn '/

\xijeral terms, bhoth“set-ups can be hroken down into. three

sections: (1) excitation of the.PC and PL photsignals; (i{)
Py

detection of 'the ﬁhoroaignals; and (i1i) recording of the

photosignal.

({)Excitation of the Photosignal:

A CHX-4 pqlse dve laser (DL} was the ex?ftgtfon sovrce,
. A small fraction of.the lagser beam to be used as an

optical tr{zzer vag obtained uéing a heam aplitt?r

(BS). The incident intensity Va;’ cpntroiied by é

set of neutral density filters (NF) and lenses (L1,L2).

r . 3
. ' . * . -
(11} Detecrio;\nf the: Photosignal: "‘\\\JI/Z

Tn the case of PO, the gample was placed »in Reries

with & variable resistor aPﬂ_a-uower aupplf forming a
. 2t ’ t
gimple voltage.divider type circuit (c)." The photocu>4_

rent produced a change in voltage across the resistor

in serfes with the sample. Due to the possihility of a

\

gspurious photovoltage being produced, .the following

>b£;t was.performed: TIf the aignal disapﬁeared when the

) N . v .
powers supply voltage was turned off then one was
. ‘ ) _
- .. 2 ! - .
ensured that a photocurrent was heing obeserved.

,
LS

. - . . ‘ b C o
. In the caBe of PTJ,,t71e‘?ﬁ?’tragxsienta were
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\\‘;:E}saed (L3) on the eitfanéé slit of a spectrometer.

~

(SPEC) which selected fhe emission wavelength
’ >

}observed.‘ The emitted PL pulqes wvere then.picﬁed ﬁp

by a photomultiplier jPﬁ). To ensure that the PL pulse

was being monitored and not stray laser iiéht two

cptical filters‘TOF) were used: &a red filter.which

passed all wavelengths above 600 nm and a blue filtgr

uhichlpasaed‘all waveléngths below 600 nm. \Tﬁe red
filterawaé kept in fropg of the entrance siit of the
apectrométer at all times in order to’ remove as much
stray %aaer light'aa“poasible. Two scans of the PL

transienf were collectea, the first with only the red

. /.
filter in front of the spectrometer and the second with

both filters in front. As will be
detail below, 495 nm was the wa elengtH;of the

. A
exciting laser light while the PL emission was

monitored at 700 pm. Hence, in the first scan - the

"signal"'séan:- the PL signal plus noise was monitored.

In the aecond'scan - the "noise"™ scan - the PL signal

was,remo%ed by the blue filter, while any stray laser

L{ghf sﬁill making its way beyond the red filter woufd
‘ )

be reéordeh. This noise Bcan was subéequently

*

subtracted from the signal scan.

.

(ii11) Recording of the Photosignal:

secusgsed in more
3 . .

The signals had/:>\$q\pasaed through an amplifier

~—ad

(AMP), and reéorded-ﬁ%fi??roy 3500 transient signal

avexégef(Lq) which was .optically triggered. (OT) '

o . ¥
as - . &

3

’



tﬂz experiments.

" The individual components of the apparatus will now be discusged

.
>

in more detail.

3.3 (b) CMX~4 Dye Laser

The pulse width of the CMX-4 dye laser is approximately‘

‘2 usec. Fortuitouely, in the case of ZnInzsa..even with lesec

pulses one 18 able to see a variation in the ‘shape of the PC
transient with excitation intensity. On the dthgr hand, these
wide pulses are ideal for, producing saturatior type effects which

b _
depend on the total number of photons absorbed.

-

S

Since the measure@enta were performed as a function of

pl '

,inEensity and the excitation source ig a pulsed dye lamper it is

. » : . R
Iimportant to define just what 1is meant by inf\naity. In this

.

work the intensity scales refer to nominal peak intansitf rather

than average 1ntensity Tﬁé'followiﬁg equation 1is the definition

/
of nominal peak intensity (NP ): _ ’ : ‘ €
T _ ,average power 1 second
,’ N?I - (repetition rate) ( 2 usec spot size) (38)

4

The average power was measured with a Scientech Model 361 powkr
. - .t ™ ‘ N

meter while the repetition rate -was 10 pulees per second 't

I

all

ll ' ‘ N ) @
The spot sizes were calibrated by drawing the sppt on a

-

piecé'of‘graph paper as a function of distance ffoq

diredtly in front of the /sample fo e experiment Iin question.

X

Referring to figure 15

.

his méaﬂ%'fgta L1 for the PC experiment’s;

referring to _‘ 16 this means lens IAfoor %Pe

-



experiments. The spot sfize at the saqple could then be’
interpolated‘from,the‘calibration curvesfif the distance from thg
lens were knowﬁ: ] 7 : .

One should be careful when using lenses to focus coherent
laser beams. Two Bamples were burne&.by assuming that the
narrowest ream waist occurs at the chus'ofithe lens. Actﬁally,
Ehé position of thé narrowest part of the beam 18 a fpnction.of
Nthe focal length ﬁf the lens and the qivgrgengg of the incoming

beam71. .

Thelappxopriate dye for exciting electrons from the A level
to‘the'conduction\band,in ZnTnzsa;is Coumarin IQZ (or
eéﬁ@valeqtly Exciton dye LD-490). This dye exhibits marimumf
inf?kf&ty'at 496 nm. By a lucky coincidence, E;.isqthg_secondv

. .
moet powerful dye after Rhodgmine 6G and is the most stable of

the Cougarins (which are in general unstable dyes). LD-290 lasts
/ . . N~

to within-s factor of twd in intensity for around 100,000 pulses.

The A:lsé to pulse amplituﬂe stability is roughly +10 % at the

beginning of the dye's life worsening to +50 7 as the dye ages.

As the CMX-4 can provide an electrical trTg;::?\bne might
wondrr wﬁ& an oPtical trigger 18 used. It is becauée of the
Iit;er (+ 100 ne) betwaen.the electrical trigger and the
appearance of the 1lght pulse. The optical trigger was &
photodiode which'ﬂﬁs reversed blased to reduce the junction

I
capacitan“ and ofake 1t er. The optical trigger had no

jitter since the trigger pulsie Yollows the light pulse itself.

o



3.3 (c) 'Neutral' Density Filters

The final thing to consider in this segtion on excitation

~of PC and PL is the transmission spectrum of.the Fisch-shufmanﬁ

‘neutral’ density filters since they are not really neutral.

Figure 17 preseﬁts the spectrum for a filter ?hoae nominal
optical density 18'b.3 meaﬁuréd using the method of section
2.3(4d). Optical density (OD) is defined as follows, where I {8
the transmitted intensity and T, is the Iincident intensity:

"

' 0))) =-1og10(IO/I) ‘ (39)

L

.

‘A table of values can be found,1n thé laser manual in the

laboratory.

- s

3.3 (d) Circuit for PC Detection

In this and the next section we explore the characteristics

of the detectors Iin order to establish whether the effects which

' IS

are to be reported below are due to limitations In the

" instrumentation, or whether they are true physical effects.

The samples were electrically connected via evaporntéd

indium contacts into tbgcircfuit of figure, 18.)]\' simplified
version of this ququit = the voltage dividér - npp?uis in ;Le
in;et. fhe ohmicity of tﬁzﬁ}bn{acts-in the Jqu ifntensity regfmo
vas discusse in 'section 2.3, To eatab?iah whether the contacts
wege acting'O\micnlly in the high intensity regime, the hefght of

i &
the PC treansient was ' monitored as a8 function of VD. Tt turned

out that in the voitage range 0-30 V, the PC transient hetﬁht was

w!
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.proportional to V,. :

The LHOO63CK integrated circuit is the so-called 'Damn-Fast

Buffer', which 1in this particélar clrcuit Is acting &as an

¢

1mpedanpe transformer. Specifications indicate a élew-rate of
- 2000V/Bsec, a 200 MRz bandwidth and a rise time of 1.2 nsec. All

these hndicate that the chip will easily follow PC transients offV

»
-

the ordér of y sec wide.,
- The other Jimportknt thfﬁg to esgabliﬁh i whether the

vpltage transient is truly proportional to the change' in

]

conductivity of the samplle. Appendix 1 presepnts. the defails‘of a
circuit .analysis whose fundamental results are that for

proportionality between the voltage *ransient ‘and coqduc;{vity,

R /R < .01 oo | . a0y
[ ] S

R/R <0.0lR'/R C . (41) -
o s s s , .

In the above equations,; R_ is ghé resistance In series with the

q
samb]e in the voltage divider circuit, R, 1s the sample
resistance hetween pulses, Rg' is the sample resistance at the,

-peak of the P& transient.. Ry was estimated by using the Keithley
ce ‘ -

602 eiectrometer in series with the sample and the power supply.

This instrumefiit could in neo way keep up with the. fast PC pulses,
but gave a measure of thk avéfége PC.: One could also estimate

Fs' by determining the absolete value of the PC tranﬁjent. Tn

this way One could ensure that the dbove two conditions were mek.

- .

-

w . —_—

3.3(e) Fammamatsu F446 Photomultiplier
— - e i St

LY

The photomultiplier (PM) used in the empexiﬁ?nts_wés &\

1



-

o Hammamatsu .model R&446. This 1s a side-on model with a.

mulxialkali dynode material which can be used ip* the visible

- . . '/_‘\__.
region extending up to peihaps B00 nm 1n'vavnigngth. The
manufacturers' specifications indicate a rise time 'of 2.2 ns
(measured by exciting the PM with a pulsed light aource'uhqae-“

. . . A \
rise was 70 ps). This 18 quite adequate for transients 'in the

llsec range.

S . The other characteristic that one had to be aware of is &t \\\-

~

what,peek current does the PM gaturate under pulsed excitation.
AN . . ,

Thiﬁ was determined by exciting PM with green light:from_a ftrobe

.

light with an spproximately 2 usec- pulse width, The calibration
curve appears in figure - 19. One- sees that the saturation

current is ahout 10 mA which is conristent 10K resgintors hetween

the 10 dynodes and for

11an v befween the anode and the cathade.

.
A

3.3 (f) Tektronix 5A45 Amplifier ST

48 the LeCroy 3500 has . efght bit reaolutG:n and.a maximun
signé& input of 512 mV amplicai}oﬁ or de-amplifitation was

‘mecessary. At low intensities, .the gignals had to be made larger
27 X » ,

’

wvhile at high excitation intensity, in mek casen, the niﬁn«i.ha{

—

\ . to bé made smaller.

The amplifier used, was the Tektromix SA4%5 which haa n”
T ' L

. '

\ bandwidth which depends on the gain. For ampli{fication of i?.S)orm

M A '

\\25, the bandwidth was 25 MRz whereas }or'gaﬁn fnithe range 0.05.
to 5, the bandwidth vas ﬂﬂ\Hﬂ?. Tn any case, the handwvidth vi{ -

- »

enough to reproduce signals of the order of a ysec wide vwithout

- 3 C
“ .

distortion.



(A)

PEAK ANODE CURRENT

1

|02

0%

- 10° |
LIGHT INTENSITY (au)

HAMMAMATSU R446 PHOTOMULTIPLIER BINEARITY TEST
Anode—Cathode Voltage: 1100V; 10K between each dynode
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3.3 (g) LeCroy 3500 Trahsfent Signal Averager

The LeCroy 3500 Transient Signal Averéger.is an instrument

wvhich can digitize an analog signal, store it and 3Bglyze ie. Tt

has a range of time resolutions, depending on the requirements of
. * . ‘ ~ .
the;éignal. The time resolutiomn is set by a parameter calTled the

dwell time per sample, which is the ;nverse of the sampling
%requencY. For example a 20 ns dwell t{me means a digitizing
rate of 50 MHz, . - -

The transient recorders congnﬁbusly.digitize‘the input
signael and store the results sequenfially. When it comes to the
end of the dedicated memory it goes back to the beginning of the
of the memory and overwr{}es D;eviodsly stored'data.- This
process continu;s until thé‘stop triggering signal is received.
The stop trigger is the optical trigger‘mentioned above. The

machine knows how many more samples to digitize after the stop

trigger 18 reached based on the record length and the pretrigger.
For example 1f there is a 2K rﬁgord length and no pretrigger, the

the transient recorder will digitize a further 2K samples to

| -
be stored and then will continue the digitizing cycle. If the

recaord length 18 4K with a. 1K pretripgger, the transient recorder

»

will digitize 3X samples afteF the stop trigger and store the IF
samples previous to and the SKZB;mples after the stop érigger &8s
the AK record. ﬁgnce the pretriggering mechanism 1is not é dela;:
circuit ae might have heen thoqghf. |
As mentioned above,thérpeCroy has% bit fesolution with a
» -«

512 mV ﬁéximum input signal. This means that, for calibration

purposes, each count per channel represents 2 mV. The magnitude

5
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of a voltage transient (Av_ ) is determined by multiplying the

peak count (the number of counts iﬁ the channel with the maximum’

—

number of counts) by 2 mV and then ' dividing by the gain of the

eleiﬁron&cs.before the input of the LeCroy(LLﬁbs the number of

?

scans., That is, ‘ . . _
_ (peak count 2 my . .
AVm (# of scans’ * Gaiﬁ) {(42)

o
t .

The horizontal tiﬁe scale 18 calibrated by multiplying:the

scan length times the dwellrfime.,

A sample PC transient collected:by the LeCroy 3500 ip shown
in figure 20. For the signal averaging, a dwell time of 40 ns

was used,. One hundred '1¥X sBcans (1024 channé]ﬁ) wvere ma
R - ‘ *

de and

hence the time scale from 0 to 40920 nsec. The gain of the

Tektronix amplifiers was 25. Hence the peak 'of this PC transient

was 4.35 mV. ‘ ‘f _
'% - . [

[ 4

a

3.3(h) Triggering ‘ ) -

» . -
‘

Befo£e turning to a presentation inﬁ discgpsion of the
meaaurem;nts let us disc;ss the rrlggeriﬂé m?bhﬁnism of the
LeCrof in rélation to the opp(cab }riﬁgé;. There are two
tripgering optiong_which can he selected by 8 jumper ewitch
inside the TRBEIS transient recorder unitt, TTL logic and ECL
logic. ‘ Anlaa;eptasle.stop trigger in the TTL mode must be the

)

e
positive gpi%giﬁ&me 6f a 4V (minfmum) voltage pulse which is at
5 - .

e

least 8ns wid;. With Rhodamine 6GC dye artd Coumarin 102, the -~

optical trigger satisfies these requirements. However, 1t will

.95
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i

be ﬁoticed that the optical trigger responsge.~ that is, signal

size - markedly decreases towards the blue end of the visible

spectrum. Thiw® is because the PV cell used is covere\d\uj..te—iha‘
a thay . -

.

dielectric coatding which-'becomes Opti-call.y opaﬁue_tbwards the

blue end of the optical spectrum. One will find that with

"Coumarin 2 dye, whose spectral max{imum occurs at 450 nm » the
! N _

&Vsi\gnal produced ip too small to be used as_the trigger. In 't'-hia

»

caée one hag the option Of}vs ing the model 6102 trigger generator
which ta]ﬁz.s alsmall trigger aignalzﬂ'lzp*g_ produces a uniform 5 V
pulse 10 ns wide. However, when using t‘.i;f‘i"sf‘_;j"rrstrument one has to
be very careful about matching I{Irn]:aedr:lncv.::9 ‘because cable

reflections and noise can produce spurious trigger aignélst

~
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3.4 Results and Discussion . ' S .

3.4(a) 300 K Results: type (a) PL characteristic /
B ' type{bYPC characteristic

Figure 2] presents the relation between the pezrk of ghe

photosignal transients and exciting intenif?y at 300 K. One

notices {immediately that one can classify the photoluminescence

v

relation as type (a) and the photoconductivity relation as type

(g) in the scheme of figure 14. A1l four samples studied
e;hib{ted type (b) PG curves and type (a) PL curves at 300 K.
Let the.intknaity where the slopelchanges in the PC curve be
called the PC breakpoiﬁt intensgity (PCBI). 1In all samples, the

slope of the 1og(PC) versus log(I) curve for intensities lower

than PCBI - (ml) - 18 approximately equal to 1, wvhich 15 & linear

-_—
.

dependence of PC on 1ntensitf. On the other hand for intehsitiea
greater than PCBI the slope (mz) greater than 1. With regard to
the PL curves all four aampies manifested an evolution from a
superlinear dependence at low intensity - characterized by slope
mq - to subl{near dependence at high intensity. Let the
intensitybwhere the slope of the secant joining two_experiméptwﬂ
pointe on thelPL curve first becomes less than 1 be called the
PL breakﬁoint intensity (PLﬁ{). , |

In view of sectiog,3.3(ei, one had to ascerta}n whether the
type (a) characteristié was due to a physical effect in ZnInj,S,,

or whether it was due to saturation o6f the PM. The absolute

height ofathé PL transient could be calibrated and it was

98 R
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FIGURE 21
PHOTOLIMINESCENCE AND PHCTOCONDUCTIVITY TRANSIENT PEAK HEIGHT
AS A FINCTION OF EXCITATION INTENSITY

-~ Temperature; 300K; PCBI: breakpoint intensity of PC vs. I curve;

PLBI: breakpoint intensity of PL vs. I curve; m, : slope of PC vs. I for

I less than PCBI; m,: slope of PC vs, I for I greater than PCBI;
my: slope of PL vs. I for lowest Intensities
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TABLE XI . .
INTERSAMPLE COMPARISON OF : o
PHOTOSIGNAL VS, TNTENSITY RELATTONS e,
. (300K) -
Sample: 1 - 5 6 7
"y
- @y, . .-
RC my: 1.08+.03 'g%;n7i.06 1.06+.02 1.01+.03
PC my: 2.01+.08 2.7 +0.3 1.9 40.3 1.88+.07
PL m,; 1.31+.03 1.66+.04 1.4 +0.1 1.22+.08
s
. ‘ *
PCBI: *8 MW/m? *8 MW/m? 0.5 MW/m? 0.15 MW/m?
PLBI: © *100 MW/m? *60 MW/m2 5 MW/m2 80 MW/m2

4

* + a factor of 10 because the intensity was not carefully
monitored during these experiments. :
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~determined that the PL vs, T curves begin to flatten out for PM
. ki

currents of the order of 0.1 mA which are easily in the .l1inear
response reglion of the PM as figure 19 shows. Bence it is
certain that the type (a) PlL ‘characteristic 18 a physiéa] effect.

Table XI summarizes the details of the slopes my,mo and’

ma as well as the approximate break point intensities (PCBT and

PLBI).
“;.-..- A} X o
g g

- -

3.4(b) Does Two Photon Absorption Occur?
"‘l""_ | ‘ - 7

Table X provides a bagis with which te begin, our

—_— .

interpretation of the type (b) fdubharacteriatic. Tn 1t one sees
that type (b) PC characteristics have heen traditionaily
éxplained by the mechanism of two photon ahsg&ption. However {1t
18 eas§ to show that this cannot be the explanation for the type

(b) PC versus I characteristic in ZnTn,Sy. Tt was noted 1in

section 3.2 that.'B' the coefficient for two photon shsorption 1=

pf the orde%)of 0.02 em/MW in several semiconductors.  Let us

-

assume that 'R' has about the same value in ZnInzsb. The product
of 'B' and the PCBI, 1if two photon ahsorption 1s beginning to
dominate at the PCBI, should be approaching the same order of

magnitude as the one photon absorption coefficient, ‘B,

However the product of 0.02 ¢m/MW and the largest PCBI is

1.6 X 10”2 c¢m ' whereas the one photon absorption coefficient 1s

1

approximately 120 cm *. (see section 2.3 (d)). Tnvoking the two

photon aborption mechanism is pateﬁtly'inval?d since any two
photon effects would be totally masked by one photon absorption.

-
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Does Table X then offer any guidance:in eiplaining the

- +

type (b) PC characteristic? It does after. stﬁdying the shape ﬁf
the Pd transient as 8 function-of intensity. Pé transients for
intensities both lesser than and greater-;han tﬁe PCBI are
presented aléng with the laser pulse In figure 2%. We see that
the PC transfent is Tlonger for jintensities greater than the PCBT

than for intensities lesser than the PCBT. One can demonstrate

semi-quantitatively ‘hat an effective free electron lifetime

Increase is Been Iindirectly in figure 22. The PC transients

Ll

shown Iin figure 22 are actually governed by response times (QJ

1

and not 'T ‘. Recall equation 24, the definition of '"T_'. One
eff r

sees iR equation 24 that, if n,> n, then 't ' is proportional

to the ﬁroduct of "Terg' and ny/n where n, is the density of

traps within kT of the quasi-fermi level and 'j;/)s the free-

electron density.

One cap determine the ratio n,/n as follows: - for,a given
\ . .
intensity to absolutely determines the peak PC and then the peak

free electron demsity (n), using equation 32.Then one determines

the peak quasi-ferm! level using equation:7 and interpolates from

figurés 10 and 11 the trap density per unit energy at the peak

quasi-fermi level. Repeatiing this'procedufe gives nt/n as a

kfunction of . intensity. It turns out that nt/n actually decreases
3\

as a function of dintensity. Hence, for the PC transient to.

increase in length, 'Teff EB&E increase as a function of

intensity.

Because it I1s8 'T.' and not “%ff' which i8 seen in figure 22

102
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’ L . : . . . '
- : . -

one can explain the fght that the increase in -PC transient length

seems too small t§ account for the drawmsatic break Iin the

intensity dgpendeuqéﬂof PC shown in figure .21.
B \ N

.

A correlation between the type (#) PC relation and "Togg'
has been found;hnd now one musat find the'ihysicaf mechanism
behind the "I 5¢' increase. “Tn table X one sees that a type (b)

integrated PL versus intensity cur{e can be explained by =a

¥

lifetime that increases with intensity. The time iIntegrated PL

is analag;étzs'to PC in f‘.h'-):t it {ncreases when the-dec;éy lifetime is

longer.f ITn gBection 3.2 it was explained that thg,ciﬁse of the

lifetime fncrease in the case of the type (b) PL characteristic
g \

ia ﬂaturation of a trapping mechanism*ﬂ A similar cause is

ctheivable for the type (b) PC characteristic in ZnInZSA; Let

yéne asgsume that the route whereby free electrons are trapped by

‘. the T levels (or perhaps the '600 meV' donor) and then

subsequently make radiative transitions to the A 1evpls is an

{important recombination route, If the T levels become maturated,

- -

that is filled with electrons then the effective free electron

-
—a

lifetime (T,g¢) can increase,

The type (a) PL charactggisti£ shown In figure 21 is

consistent with this saturation mechanism. In_section 3.2 it was

mentfoned that a type (a) domor - acceptor PL charactéristic has
. 4 ! .

60

been seen in InSe and can be explained by the fact that once

the duhora and acceptors become completely non-ionized the PL
eminaion'intenaity can increase no further. The superlinearity

of PL' at low intensity - gee table XI (slope m4) - 18 not

aurpfiaing since donor-acceptor pair luminescence intensity is

. 104
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proportional to the mroduct of the non-ionized doher and the non-
ionized acceptor concentration. Since photoexcitation certainly
producés a non~ionized acceptor and possibly & non-ionf{zed donor

there 18 an hppe} l1imit on the salope of the log PL vs. log 1

curve of 2. Tt is seen in téble XT that the slopes of the log PIL

. . -

ve. log T curves af‘lower intensitdes - m5 - lie in the range
1.22-1.66. That the {xponents are less than 2 1is merefy a
reflectfoﬁ of the fact-fhat not every phgtoexci?;d electron will
be captured by one of those particular d&npr-aceptor pairs which
yieid a photo; energy of 1.7 eV (the observed emissibn energy)

- .

upon. recombination; there is a whole band of emission energies.
The intensity of donor-acceptor luminescence cannot, however,
increase indefinitely. Once the donors and acceptors involved
bedomg completely non-ionized the ;mission intensity saturates

whiclf explains the slope decrease in the log PL vs. log T curve

of figure fl. . ‘

Previous measurements of. PL, wvs. pumping intensity  in
ZnIn,S; showed a superlineaghto linear evolu;{on when excitigg
with 2.71 eV photdns from a CW Art laser and monitoring
lumihescence at '1.5.eV, ﬁowever, since the maxfﬁum.excitat on

intensity was four orders of magnitude lower than in the present

work saturation was not observed.
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- 3. &(d) 84 K Results: Type (a) PL characteristic/

Type (t) PC Characteristic/ '
Long PC Transient

] :
’ L -

’ . ’ :
Figure 23 presents the logarithm of the peak of the

photosignal versus the logarithm of’f?bensity at B4 K. Thé same

(b) PC charaéteristib. . Table XII summarizes the slope and-

break point data (same/definitions for my, PLBI etc. ‘as at 300K).

. ¢

A complete set’of laser data is not available since samples 1 and
5 were ruined before PC vs. 7 could be measured at 84K and Qample
7 was burneé-during the 300K Q£otnluminescehce experiment and
hence data for the~8&K&ﬂ.vs.% experiﬁent could not be trusted.

The same saturation interpretation can be used to explain

the type (b) PC ¢tharacteristic and the type (a) PL characteristie

" obhserved at B4K as was used for 300 K. There is however a great

’

difference hetween the BC transients at liquid nitrogen
temperature and the PC . .transient at room temperature. Figure 24
presénta a typlcal PC transient at 84 K for high and low

intensity. They are both much longer than the PC transients at

300K  (see figure 22). On this time scale the laser pulse would be

b

almost a delta function. Moreover, the PC transient appeared to
become faster after the break point which seems to contradict the

trap saturation/freé electron lifetime increase explanation.
]

What fs happening at 84K is that although the'Teff'tncrease is
happening, the decrease with intensity of nt/n completely masks

it. . !
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sample:

Pl mq

PCBI

PLB1I

»TABLE XTI .

_ SUMMARY OF :
PHOTOSIGNAL VERSUS INTENSITY RELATIONS
. (84R)
1 5 6
- N 0.87+.06
- - 1.87+.14
1.33+.01 1.20+.07 1.3
. . 8 '
- - 0.16 MW/m2
12 MW/m? 12 MW/m? 5 MW/m?2

108

-

1.040.1
2.240.1°

-

0.5 MW/m2
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i

3.4(e) Efficlencieg of ¥arious Recombination Processes in ZnInzga.

. -After the electrons have been excited into the conduction )
] . - .

r -

band, a number of possibilities q}ise. First they can stay in

the conductioen banqﬂpnd contribute to the‘photocurrent. Secondly
they can.-be‘trhpped b§ the 'T' levels. * Thirdly, they can-be
captured éy a éonor and subsequently m;ke a donor-acceptor
radiative transition. 1Lastly they can make a nonjragi;tive
transition. One can summar&ze the sftuation at the end of the
lager pulsé in equation 43 -'Lep Ny be the total density of

electrons excited from the 'A' levels to the CB during the laser

pulse. As usual, let 'n' be the density of photoexcited
3 . )

electrons that remain in the CB at the end of the laser pulse.
Let n, denote the density of electrons that are in the 'T' levels
of figure 1 at the end of the laser pulse. Let N&a and N_ .. be

the number of electréns per unit volume that have made d-a’

transitions and non-radiative transitions, respectively, during

the laser pulse. The.non-radiative process is not associated
with Aany center 1n figure 1. Tt is included since a nomn-
* [ S

raaiativq process has been postulafed by other workerq§']7.

th=n+nt+Nda+Nnr ) _ (43)

1 .
Estimates of Nyy were made by multiplying the photocreation

-rate (equation 29) by the laser pulse widtﬁ_(i Usec) and using

the nominal ‘pesak intensity (NPI defined in equation 38) for I,.

Estimdtes of 'n' were made by determining the peak PC and using

equation 32.
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The ratié of 'n' to Nﬁb is ahgwn as a function of Ny at
300K in figure 25, Figure 25 is esentially another way of
presenting the PC curve of figure 21. One Qeea'in figure 25 th;t
the ftéction of photcexcited carriers thaf remalin in the CB at
the end of the laser pulse is appnoximatgly constant until Nyyis
hetween 1016 and 1017 ¢n™3 when Fhe free electron iif;time begins
to increase. Thus, the most important recombiﬂation process 1in
ZnInzéa (whiih is pfobably d-a recombination as ;;ggested hy the
correlation betw?en the type(b) PC characteristic and the "type
(a) PL characteristic) becomes saturated for photoexcitation
dengities of the order of 1016 to 1017 cm~3.

One also sees, for. samples 6 and 7 that some sort of
breakdown process 1s happening beginning at photoexcitation

densities of approximately 1018¢pm~3 since the ratib (n/th)

.

decreases there. Ttswas noted that the photocurrent was very

unstable (pulgse to pulse variation of 100 per cent) at these

excitation densities. This waé also seen In a}mple 5 but the
i
experiment wae terminated before data collection. This

Iinstability s perhaps thertmal in origin since, as has been
noted, Bome of the Bamples were burmed during the laser

experiments.

Another interesting'feature of the saturation phenomenon

that begine for photoexcitation densities of around.lO16 to 1017
cm'3 is shown in figure 26, In figure 26, the peak time which is

defined.aa the time required for the PC transient to go from 0%

to 100% of the peak PC value 1s plotted as a funcfion ®of

photoexcétation density. Figure 26 is remarkable in that the PC

)
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*

transient for photoexcitation densities greater than 1016.to-

- t ) :
1017 cnm 3, the peak of the PC ‘tramsient occurs after
photcocexcitation has ceased ( the absolute laser pulse width -

from 0% to 0% - 1is 3.24 psec). This means that detrapping 1is

exceeding trapping. This could happen for at 1least two

‘conceivable situations: first, if.the traps are becoming
completely filled then the probability.- of thermal ‘excitation to’

".the CB for the majority of trapped carriers could exceed the

trapping pfébability; and second, figure é6 c;\ld be.explained by
a. non-radiative Auger. process. j " ' |

Let us first consider the possibility that the probability
of thermal exci;htion to the CR {« exceeding the trapping
probability. To a first appﬁoximation this should happen only
when the traps are more than half filled. A comparﬁson of the

photob%citation density 'when the lifetime increase begins (10]6

to 1017 cm"3) with the total trap densities listed in table VIT (
greater than lqlacm-B) of section 2.4(b) shows that this 1is

unlikely. The fact that ‘Teff' increases _(_ that 1is n/th

fncreases before the traps are totally filled f¢ covsistent with

the hypothesis that the J?E transitions are occuring beétween the

.'600 meV' donor and the 'A' levels of figure 1 If there are less

'600 meV' levels than other levels close to the CB,

Let us now comwsider the possibility of non-radiative Auger

recombination., A non-radiative Auger transi{tion 1s a two body

process wherby an electron 1s captured and the energy Jiherated

is given to a second body72. The "Impurity Band Auger Effect">%,

which seems very 1itely in ZnIn,S, bécahae-of the large 'T' level
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density, could explaihntigrre 26: If electrons are making non-
k & _
rac¢iative trameitions to a deeper lying level and energy

libherated excites an electron from the 'T' levels to the CB,

detrapping could gxceéd trapping without the 'T' levels having to

LY

be more. thanm half full.

BRefore turning to a summary and the end of the thesis, a few

L

remarks should be made onm tle PI. transients.

3.4(f) PL Transients

Ky

For a given Eample and temperature, as the iniensity
fuecrcases, me1 e dono?t acceptay decays happen during
photoexcitation than é;ter the laser pulse hss finfished, Tn
other wvords, the ratto of the sigre’ fnteprauted lw‘tue(-'n t=0 and

-

t=2.7¢ Yeec to the total time integrated signal increases with
intensity. Thie has also been secen by Zﬂitaf et al.'® whe noted
that for times greater than 100 nsec after Ko pulee excitatinn;
the FI. decays as t " where 0.5.< n < 1.2 and.wheru D Increases
with excitation intensity. The effer; can he seen in figure 27.
It 18 due to the fact that as the photoexcitation density
Increases, thé.avefage d-a palr feperation. decreases (duullo the
increased density of non-{onlzed d-a pairs). Since an electron
on a donor can make a t;ansition to any néarhy lon{ized acceptor
and since the recombination probhability increases with decreasing
pait separation, the PL tran;icnt becomes faster., One should
also note that the d-g hand 18 more comp]ex‘inl?nlnzsa than in
other compounds: & given pafr sepntprinn cannot he corré]ated
with a photon energy. Since Ed are spread In energy,'varioua

*
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o

palr separstions con give rise to the same bhoton energy (see
<
.

»
.

equation 8&). . .

We ﬁave now come to the end of our discussion of laser
excited PC and PL in ZnIny,S5,. TLet us summar{ze the important‘
facts that have been learned_conceTni;g the ‘recombination

12

kinetics,in'ZnInisa_and ‘make some essuggestions for fufther_work.
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CHAPTER & SUMMARY AN® CONCLUSIONS
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V
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We  get ouh‘to learn somerhing about the {nfluence of the 'A'

and 'T' levels of figure 1 on the recombination kinetics of

phoroexc{tqﬂ electrons in ZnIniS& and a lot of interesting things

have heen learned along the way.
The firat new discovery was the increase in trap density at

h Y

ahout énn meV helow the CB.(seé section 2.4(b); Tt was assumed
that the increase in trap density suggests é discrete donor which
was called the '600 meV' donor. Tt was étressed in sectign
2.4(bY that the 'A0N mewv' donor could help explain the

digcrepancy between the obhserved manximum of ;he PLL. emission band

and the theoretical predictions oerquation R. Further work

should he‘donelto_confirm: the existence of the "600 meV" donor.
The tec?niq;es qf deen level transient s;ectrosconv (DLTE) or
-the?m;1{; stimulated cu}rent could he used.

Tuf;;ng to the hfgh i;tensitv laser work, a number of
important facts were uncovevred. Tt aphears ;hat, at least in the
four aamples‘studied, donor-acceptor r?comhinatton is the
dominant route hv ;hfch electrons which have been excited from
the 'A' levels of Figﬁre 1 to the condu;tion band can relax. The
correlation hgt‘feen the saturation of donor-acceptor
recombhinat{an and effectigg'freé elecfron Iifeéiﬁe increase 18
the ma{or evidence for this hypothesis. The fact that the onset

N -

of the saturation of the d-ra recombination mechanism occurs for

161017

-3

photoexcitation density of 1i cm while the trap density



\13 preater than 1078 cm

-3 also supports the idea that the d-a

s
e

transitions occur betweeﬁ the '600 meV’ doﬁor and the 'A° leve];-
rather than from the wholé trap distribution and the 'A' levels.
Eﬁideﬁée for‘an {mpuritv band Auger effect wher; the energv
made gvailah1é hv non-radiative recombination excian éTenf;onn
from the '"T'" levels to t#e conduction band was also presented,

More work could he done to trv to assess the relative iWportance

of this effect. X
I .
The fact tbat dpnor-acceptqr recomhination proceasas 18

i

saturated suggests verv Iinteresting possibilities. Saturation s
a necessary but not sufficient condition for popnlation i{nversion

between the A and the donor levels (which could be the 'A00 meV!

trap). Stimulatéd emission was not ohserved in the PI, wva, T
] ' .

characteristic, But a type (a) characteristic {8 not conclusive

evidence that stimulated emission cannot occur. The geometry

used was not optimal for \hg\ohservation of stimulated emisaion.

Further work might he done to explore the posaibility of

lTaging in 2nTn,8,. There are at Jeaér two techniaueas which can

-

he nred to demonstrate optical gajn. Roth invalve looking at the
luminescence using a different geometrv than the dne used In thisa

work. Thé first tech‘niaue73

requires measuring the lTuminescence
intensity resulcing from exciting a rectangular asecrion of a
sample a's a function of the length of the rectangns?r srection,.

The exciting beam must he perpendicular to the rectangular

section and the luminescence muast he ohserved perpendicular to

-

.the exciting bheam. Tf the emission intensity 1is an exponepf{rf

119 ) v
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Jfunction

73

of the length of the rectangulayY section then

srimulated emission i8 occuring and one can actually measure the
- >

\ - -

optical gain.

The other technique involves the same beam geométry (that

18, gxc{tink heam rperpendicular to ample and observation

perpendicular® to the exciting heam) and measuring the
luminescence emission spectrum afd- a function of intensitv of the

exciting héaﬂﬂ Tf the soecr%um begins to exhihit a spike at a

o
certain wavelength, then stimulated emission is occuring73-

The fact that the donor-acceptor lum¥nescence in ZnTn,S,
occurs hetween donors that are spread in energy ragher than rfrom

a highly localized donor makes the level stlrué‘ﬁure look

3

surprisﬁnglv 1ike an ovrganic dve. Concelivably, ZnTnzi& and othqr

ternarvy compounds mav form solid state analogues of tunable

L ‘
et T "

organic dye lasers.

.

. .
A tremendous amount of hasic phvaics remains to he done to

. yd .
understand ZngnyS, before-attempting to use it as the lasing

L
.

med{ium in a tunahle s0lTd .state laser.
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. .
APPENDIX - PC DETECTION CIRCUIT ANALYSIS

The following circuit analysis was performed in order to
determine under what conditions the height of the voltage transient
. across the resistor in series with the sample (refer to the inset of

figure 18) is proportional to the change in conductivity of_the gsample.

Define: R = sample resistance between pulses

R '= sample resistance at the peak of
the PC transient

- _ v
A RS RS RS

R = resistance is series with sample
V = power supply voltage
; ‘ V =  voltage across Ro
Y= R/P
P = _R/R
s L
—

Since R0 and RS for a voltage divider circuit give,

V = - o v ‘ . (Al)

When light is shone on the sample reducing R, to RB'. the following

4voltage transient 1s measured:

1
-

@ : . ‘ ' -
- ' -

f V. = RV [II(RO +R.") 1/(Ro + Rsi] - (A2)

Equation A2 can be rewritten as follows:

Vp "RV R - RB')/(RdﬁB;')(RO+R8) (A3) .

'/121 B



Using the defini::ions of 'Y' and 'R’ listed ahove, equation A3
can bhe rewritten as: ’ . :

e .
i o]

-1 -
s =0 =5 [y BT | (45)
. Rg C
Ry definition (Us = gample conductivitv, € = consrant):. .
C
g = *
s R '(Aﬁ)
s
* Aga‘nalvais fgsimilar to the one for Vi ahove)
glives: .
A A%, | A
gs = GWETFT# . - ATl)
-3 8 . ‘ . '
Fquation (A5) divided by (A7) gives:, :
. AVm _ Vo Ro ARS -1 -1 Rs Rs' ®
.- c e vl (Bl AR, - (AR
s g _ . . )
which can he rewritten as follows:
AV L :
-1 . -1
g =G BGM T (BHYV) T (A9)
5 .

- - .
l.et us now define V /0. €' as equal to '7'. Figure Al is a plot

of '7' as a function of 'y' for various values of 'B'. Vo 18

proportional to O; when 'Z' = 1. One can see that this is true

when the following conditions are satisfied:

. . _ 122 ST -
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4

0% .ot e 10°

FIGURE Al

PC DETECTION CIRCUIT RBQUIREMENTS
g Ro / Rs (Rc> is resistance in series with sample; RS is dark sample resistance)
g Ré / Rs (Ré is sample resistance at peak of PC transient)

Z: when 2 equals 1 the circuit is working properly -
1: fequals 0.5; 2: Bequals 19‘2; 3: Pequals 1074, 4: f equals 107°

123



REFERENCES

1. H. Rahn, 7. Anorg.. Chem., 263, 177 (1950),

2. J.A. ‘Beun, R.Nitsche, Lichtensteiger, Physica, 26, 647
{(1960), .

3. &. Shionova Y. Tamoto, J. Phys. Soc. Jpn., 19, 1142 (1964). , -

4, A. Cingolani, M. Ferrara, A. Minafra, F. Adduci, P. Tantalo,
phys. stat. sol.(a), 23, 367 (1974),

5. A. Serpi, J. Phvs. D., 9, 1R&1 (1076).

6. .. Hernandez, 0, Vigi{l, F. Gonzales, phys.stat. sol.(a), 36,
33 (1976},

7. S. Mora, €. Paorici, N. Romeo, J. Appl. Phys., 42, 2061
(1971). LI

R. V.F. 7hitar', N.A. Moldovyan, S.I. Radautsan, Sov. Phys.
Sem., 13, 495 (1979).

_ o . .
g, V.F. Zhitar', N.A. Moldovvan, S.I. Radautsan, Sov. Phys.
Sem., 14, 353 (198n).

10, KQ?Qk?hitar', N.A. Holdovvan, S.1. Radautsén, Sov. Phys.,
€€m., 13, 1100 (10798),

11, A. Anagqostnopolons, J. Spvredelia, phvs. stat. sol.(a), 66,
kK127 ¢(WMar1Y, :

12.A. Anagnostopolous, €. Manolikas, DND. Papadopolous, J.
‘ Spyredelis, phys. Stat. Sol.(a), 72, 731 (1981).

13.A..Anagnostopolous, ¢. Manolikas, ND. Papadopolous, J.
Spyredelis, phys. Stat. Sol.(a), 77, 595 (1983).

L

14.. A. Anagnostopolous, B. Ploss, phys. stat. sol.(a), 73,
591 (1982), '

15. A, Anagnostopolous, Ch. Lioutas, phvs. stat. sol.(a), 79,
513 €19R2),

124 '



16, M., Guzzi, G, Raldini, J. of Lum., 9, 514 (19075},

17. E. 6rilli, M, Cuzzi, phvs. stat. sol.(a), 407 69 (1977),

18, V.F. Zhitar', V.Ya. Ravvlaﬁ, §.7T. Radautsan, Nuoveo Cim. 2D,
6, 1919 (19R3).

19. A. Bossachi, B. Bosachi, 5. Franchi, L. Hernandez,~Sql. St.
Comm, 13, 1805 (1973), ‘ '

', 'Y

20, M. Guzzi, E. Grilli, Mat. Chem. and Phys., 11, 295 (1984).

S

22. P.J. Dean, Prog. Sol. St. Chem., 8, 1 (1973),.

b

23. E. Grilli, M. Guzzi, Nuovo Cimento 2D, 1927 (1983},

24, n.G. Thomaa,éﬁ?]. Hopfield, W.M. Augustyniak, Phys. Rev.
140, A202 (1963).

&

25, J.J. Hopfield, D.G. Thomas, M. Gerzhenzﬁn, Phys. Rev., Lett.,
10, 162 (1963).

26. F.'Lappe, A. Niggli, R.wNitschE, J.Ck White, 7. fur,
- Kristall., 117, 146 (1962).

F * -
-

?7. D.L..Greenawav and G, Harheke, nntica1 Properties and Band

28. S. Shionova, A. Ebina, J. Phvs. Soc. Jpn., 19, 1150 (1064),

29, Y. Giorgianni, V. Grasso, 6. Mondio, G. Saitta, Phys. Lett.,
hBA, 247 (167R),

- , 125



L

30, A. Anedda, L. Cugusi, E. Grilli, M. Guzzi, F. Raga, A.
Spiga, Sol. St. Comm. 29, R29 (1970), '~
: - ) 4
31. A. Anagnostopolous, XK. Kamhas, R. Ploss, phyvys. stat.
sol.(bhY}, 123, K155 (19R4),
32: 8. Logothetid{s, §. Ves, J. Spvredelis, phys. stat. sol.(b),:
122, 613 (1984). - :

33, R. Nitsche, W.J. Merz, Helv. Phys. Acta, 35, 274 (1962).
34. N. Romeo, 0. Vigil, phys. stat. sol.(a),10, &47 (1962).

35. E. Gomhbia, N. Romeo, 6. Sbvervegiieri, ¢, Paorici, phys.
stat. sol.(a), 34, 651 (1976).

I

36. §.I. Radautsan, V.F. Zhitar', V. Ya. Ravlvan, Sov. Phys.

Sem. 9, 1476 (1976). -

37. L. Baldasarre, V. Capozzi, G. Maggipinto, A. Minafra, phys.
staf. sol.(a), 46, 589 (197R). :

38. A. Anagnostopolous, A. Kiroutis, phvs. stat. sol.(a), 71,
543 (1982).

b

19, FE. Zachs, A. Halperin, Phys. Rev. B. 6, 3072 (1972).

40. H.B. DeVore, Phvs. Rev., 102, 86 (105R).

LAd -

41, A, Rose, RCA Review, XIT, 362 (1851}, . = .

) 7
42, E. Bhattacharva, K.L. Narasimhan, Phvs. Rev B.,-28, 2287
w (19R83).. c .

43. H.A. Rlasens, J.Phys.Chem.Solids, 7, 175 (1958).

44. R.H. Bobe, G.A. Dussel, C.T. Ho, L.P. .Miller,
J.Appl.Phys., 37, 21 (1966),. -

126

=



(NG g

L

45,

46,

47,
4R,
49,
50.

51.

52.

53.°

54,

55.

56,

5, 2587(19577."

Hilger, 19827

R.A. Smith, Semiconductors, 2nd Ed., (Cambridge: Cambridge

'Unﬂv&rsitv Pressg, 19

R. Fivaz, E. Mooser,

C. RKittel, Introduction tO\_oltd State

78Y.

Phvs. Rev., 163, 743 (1967),

(Heg York{ John Wilev

"Ed.{(London: Chapman a

A. Anedda, L.Garba
sol.(a), 50, 643 (197

N.N. Greenwood, JTonic Crystals,

and Hall, 19727,

to, F. Ragasa,
&),

—_———— ———— e — —

and qonﬁirlovéﬁ

J. Topping, Errors of Obhgervat

thaics, 5th Ed.,

on and their Treatment, 4th

A, Serpli,

Stoichiometry {(London:

W, Xohn, "Shallow Imp

Buttersworth,

1968 ).

phvyas. stat.

Lattice Defecta and .Non-

urity States Iin Silicon and Germanium"
in So0lid State Physics, (eds. F.

E. Fortin, A. Roth,

Seitz and D,

Turnbulll),

5. Charhonneau, S5, Meikle, J. Appl.

Phvs.,56, 1141 (1984),

M. Jarns, Deep T.evels in ismiconductors (Rr

P.T. Landsherg, phvs.
F. Carden, R.H. Bube,

A. Rose, Phvs. Rev

* 3

stat. sol. 41,

J. Appl. Phys.

97, 322 (1955),

127

&57 (197n),

35, 3344 (1

{istol: Adam

964) .



LY

K.L. Shaklee, R.F. Laheny, Appl. Phvs. Lett., 18, 475

57.
(1971).
~58. . R. Levy, J.B. Grun, J. of Lum., 5, 406 (1972).

50, §.S8. Jayaraman, C.®. Lee, Appl. Phys. Lett. 20, 18 (1972).

f0.- R.H. Bube, C.T. Ho, J. Appl. Phys. 37, 4132°(1966).

61. G.K. Celler, S. Mishra, Ralph %ray, Appl. Phys, Lett.; 27,
297 (1975). ‘ . ' -

62. G.A. Abdullaev, CG.L. Belen'kii, S.M. Ryvkin, V.H. Salmonov,
Yu. A. Sharanov, T.D. Yarosetskii, Sov. Phys. Sem. 5, 328
(1971). -

63, J.E. Fo&quet, A.E. S1iegmann, R.Q; Burnham, T.tl. Paol],
Appl. Phys. Lett. 46, 374 (1985). °

64, Guy Bernier, Serge Jandl, Private Communication, Poster
Session CAP Conference, 1985.-

65. 8. Charbonnean, E. Fortin, A. Anedda, Phvs. Rev. B31, 232%
(1085) ¢

6. C.C. Lee and H.Y. Fan, Appl. Phys. Lett. 20, 18 (1972),.

67, I.A. NDamaskin, S.L. Pyshkin. 8.7, Radautsan, V.E. Tazlavan,
Opto-Electronics, 5, 405 (1673), '

68. G.B. Abdullaev. M. Kh. Alieva. B.R. Mirzoev, S.M. Ryvkin,
V.H. Salmonov, T.D., Yaroshetskii, Sov. Phys. Sem., 4, 1187
(1971). :

69, . A.F. Gibson, C.B. Hatch, P.N.D.-Maggs, D.R. Tilley, A.C,
Walker, J.Phys. €, 9, 3259 (1976).

70. J.H. Yee, Phys. Rev. 186, 778 (1969). .-

CONTINUED

128



71. Orazio Svelto, Principles gf'éggslg,'(ﬂew York: Plenum
Press, 1976}. ) .

72. See reference 54 and references quoted therein.

73. 'K.L. Shaklee, R.E., Nahory, R.F. Leheny, J. of Lum. 7, 284
(1973, ' .

Loy

129





