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: ABSTRACT ' .

. . :J

~

Photoconductivity spectra of CdIn at 300 K and 100 K, in the 1.7

254
éV to 3.0 eV'excitation range, were used for the determigation of the
‘energies of the trané&tions invoiv;ng the impurity leQels in Sui samples.
The photocurrenﬁ, which 1s proportional to the number of free "carriers
.produced by the exciting‘light, was then measured for intrinsic and some
specific 'extrinsic transitions as. a function 'pf iight in;ensigy_ éver a
maximum of twelve.orderé,pflmagnituqe (1016 to 10?8 photons/mz-sec). For
certaln wavelength ranges, a photoconductivity pla;eau was observed at high
excitation light intenaities.' This effect was at:ributed to a saturation,
of . the high'densitj levels within the gap at high light inténsities. In

comparison, sublinear’ behaviour was observed for sdme other wavelengths_in
the photoconductivity versus intensity éxperimesnt,

Photoconductivity (PC) transient experiments were performed in order

" to determine the variation of -the rise and. decay times of the PC sigqals as

a function of excitation intensity at two dlfferent temperatures. . These

-

experiments provided information necessary for the complete analysis of the

.

PC spectra obtained thrOUgh lasér excitation. Some optical absorption

versus intensity experiments were also done in order to determine whether

)

the saturation effecﬁ observed with the PC technique could alse be seen by

optical-absorption. .

.

-~

Finally, phUCOluminescéﬁce spectra were recorded between 4.2 K and
~ ’ L. 3
300 K in order to investigate the radiative recombination processes,

v
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only one type of procéss by which free carriers decay. The luminescence

. -

spectra were useful 1In the charactefization of the samples. Some
preliminary results on the variation of luminescence intensity and photo-

luminescence transient with exciting light intensity were investfgated at
. ; .

some speéific wavelengths in the haope of detecting superradiance.

it
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I INTRODUCTION

l.1 Origin of the project, *

The discovery of the semiconducting properties of the TII-V

. ) 5
compounds opened up a new world in semicdnductor research. VYery rapidly,

- the conditions necessary for the occurrence of semiéonductivity;ig these

alloys were recognized and an intensiye search for new semiconductors

began. Unf }tunately, the problems of contrelling composition, crystalline

perfection Bd purity, and hence the physical properties of the materifal

lncrease markedly with the number of components and 1imit the applicability
of this type of compound. '
In the past few years a great deal of research has been focused on

the analysis of the properties of the family of ternary compounds,

AIIB IIIX v

1 {(wvhere A = Zn, €d or ; B=Gaor In ; X=35, Se or Te) and
2 4 .

.ln particular, CdIn_S Features characteristic ,of tﬁ@s serles of

2°4°
compounds include the absence of any excitonic structure in the low‘tempe—

-(1,2,3)

rature optical spectra » a large degree of intrinsic disorder, the

observation of radiative recombination between localized levels only(ﬁ) and

the Ypresence of a continvous distribution of electron ‘trappkng

levels(s_g). ) i
" : - ’ ’ .o
) The high density of 1levels localized in the gap, originating from
- )

-

the presence of structural disorder withim the lattice, has been proposed

as the origin of these charécteristics. The study of photoluminescence

)(6,9—16) (8,16-23)

(P and photocohductivity (PC) » coupled with systematic

changes in crystal preparation, have been used for the detection and

.
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.charagterization of localized levels and for the analysis of their nature

and properties.

The fundamental optical properties of CdInZS4 have been widely
(24-26) '

2 ®
analysed hy means of absorption s reflectivity$ )'and phot®—

(27)

emission measurements. Band structure calculations have also been

performed for this compound(zs)l

-

. ’ ¥ 1 X .
CdInZS4 has an indirect pand gag}iggrgy of Eg 2.28 eV at room

e 29 : - -
temperature (RT)( 2 and 2.45% eV at liquid nitrogen temperature (LNT) and

its direct transition otcurs at' 2.62 eV at RT. At temperatures up to

403 K, the crystal has a partiall§ inveérted spinel structdre; that is Cd

and In atoms are capable of occupying both tetrahedral and octahedral

sites. Above this temperature, an order-disorder transition occurs in the

catlon sublattice of the crystal(z’zg? and the structure is less well

- (-1
defined. Figure 1.1 shows a quarter of a face centered cubic (fecc) spinel
unit cell In which open circles are A-sites atoms, the larger closed

circles are B-site atoms, and the smaller closed circles are X-site atoms

II, IIT, VI

in the A 32 x4 molecular formula.

Although the physical properties of Cdin

.

284, summarized in Table 1.1,

are relatively well known, very -little basic research has yet been done

using intense laser excitation th;>spudy of processes such as photocon-

ductivity, optical abscrption and photoluminescence. Kiﬁetics, invelving
the lifetime of excited states as Influenced by the population of impurity -

levels, plays an important'role in the three aforementioned ‘processes, In

4

fact very little is known about the kinetics of excited Barriers in CdInZS4

at either low or high excitation inténsities.

.
1
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Table 1.1 Physical Properties of CdIn

254

(a)

Crystal Symmetry

Lattice Constant

Energy gap . gg

.
Refraction coefficlent (n)’

Effective mass of electron (m*)

Hall mob#lity (uH) ’

N -

Phase transition temperature

Melting poiht

s =

Cubic Spinel

o
10.8 A

RT = 2.28 eV .
LNT = 2.45 eV
2.55

0.17 m
/e
2

200 cm”/V-sec at RT

130°¢

1105°¢

(a). Table adapted from referénce 31.

3
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an exploratiin of the kinetics of excited carriers will form thg major part

of this thesis.

1.2 Summary of the project.

The present work Eoncerns, in part, the spectral response of the PC
and the dependence of this response on 1light inten;lty. .'The gpectral
response of tﬁe photocurrent of CdInZS4 at 100 X and 300 K i? the 400 to
700 nm excitation range was investigated to determine both the energy éap
and the position of the impurity levels present within the gap. The latter
parameter is related to the degree of disorder in the semiconductor. From
this analysis it will also be possible to quantitatively deduce the rela-
tive density of thesg Nimpurity levels betweeg the different sémples
‘studied. "

The dependence of the d4intrinsic and extrinsic PC willtrihen be
studied as a function of 1light intensityw {Lux-Amp@re experiment) over

:uﬁwelve orders of magnitude at both temperatures. A monochromator will be
used for the low intensity excitation source and a pulse léser for the high
intensity excitations, Information determined from this intensity depen-
dence, coupled with the knowledge of the, impurity behaviour in the :case of

laser excitation and the time variation of the PC transient will be used in

-

the analysis of the}kinetics of the ﬁﬁotoexcited carriers.

Two interestlng features were observed in the Lux-Ampare experi-
ments:- 1) Sublinearity and linearity dependence of the photocd%rent (IP)

*, where ¥ < x < 1) at both low and

o )
on excltation intensicty (IL) (IP KIL



{ .
high intensities of {1llumination in the intrinsic and some extrinsic

f

reglons, and;

.

ii) saturation of the photocurrent, IP’ at high light intensity, It, in

the extrinsic region 590-610 nm. The saturation of impurity-induced ﬁhoto;

‘

conductivity by intense light was extensivély studied and proved to be a

_ very complex problem. This saturation effect provides useful information

about deep impurity levels in semiconductorsch). Saturation of the PC in

9 2
95, W/m“ at 600 nm and

this allowed for determination of the density of the levels responsibleé for

some CdIn.S, crystals was observed at intensities of 10

the absorption in CdInZSA at‘that wavelength. (These results have been
published in Physical Review B 15, 1985, in press).

It is possible that this saturation effect may also be seen in the
dependence of th% absorptidn coefficient on the' intensity o% excltation.
Know;ng that the PC is proportional to both the coefficient of absorption,
a, and the carrier lifetime (vide infra), T, saturation of the photoéurrent
at high intensities would involve a decrease in the absérption coefficient
if the lifetime of the photoexcited carriers remain constané.

The project also invelves 'the analysis of the photolpmiﬁesceﬁce

emission spectra as a function of temperature. The reasons for this study

are twofold; firstly, to determine whether the samples studied follow the

(13)

reported band diagram proposed for Cc:lInzS‘,4 and secondly to characterize

the radliative recombination processes by which carriers decay. Finally

some preliminary results on the dependence of the PL intensity and PL
transient on the “intensity of excitation in the intrinsic and extrinsic

regions will be reported. In these experiﬁénts, very lnteresting results



j

P

.

: )
were obtained, particularly in the case of PL versus intensity at -high

excitation dintensity where a saturation effect was again-Jgeen.
Measurements of this effec;, coupled .with a c¢lose analysis ‘of the PL
transient and thus, the PL transient kinetic processes involved,.allow'for
the assigement of this saturation effect.to an emptying of impurity levels
at high light intensity. This emptylng of levels suggests an inversion of
pop#lation betweern two of the levels p}esept in the gap. ‘Spch population
inversion g¢oupled with- - the observation t?ﬁt the recombination process

between these two levels 1s a radiative one, suggests an appligation of

CdIn-ZS4 crystals in laser physics.

1.3 Scheme of the theslis. ‘
The first part of the thesis describes the theof;ﬂﬁequired for the

analysis of the results apd is based on the work of Rose ' 23) (34)

and Bube
A sghort introduction to the phenomenon of photoconduétivity will be
,Eollowed by some significant theoretical models relating to cur CdInZS4
band diagram. These models will ?rovide a basis for the explanahion of the

results obtained “in the PC versus intensity measurements. A short intro-

"duction on photoluminescence process will open a new section. As

previously discussed, measurements of luminescence provide useful infor-

1

mation about eritical steps 1in the mechanism of PC. The relatlonship
between PL and PC will be described. This section will end with a full

investigation of the proposed energy band diagram for CdInZSA. v

~

.



final, and most important chapter, will give ‘thé essential aspects of

1Y)

-

Chapter III will be concerned with the experimental Eechniques. The

the
experimental results and is divided into five sections;
Photoluminescence spéctra;
2) Photoconductivity spectra (at low lighﬁtintenéity);
3) PC versus intensity of excitation (at l;w and high”inteps;ties);
4) Absorption versus intensity of excitation; and ”
5) Photoluminescence 'inﬁensity and PL transient versus intensity of
exclitation
The experimental resulgs and the diséuésioq’of these results will be given

g

in each section. A discussion of the possible application of this work for

[ x

future developﬁent in semiconductor research will conclude this thesis.

&



I1. THEORY

The term "photocquuctivity“ covers all the phenoﬁena by which the

conductlvity changes, increasing ‘or decreasing, followlng absorption of,

light in the material under study. PC is not an ‘elementary process but

includes several successive.or simultaneous mechanisms including optical’

absorption, hot carrier relaxation, charge carrier transport and

recombination. Whén thg recombination or capture process terminating PC is
radiative, luminescénce emission results. Luminescence is, therefore, the
inverse process of absorption. )

Thus, although PC is in general quité a complex phenomenon to
understand, it offérs a means of studyling many oﬁ the physical properties
of the material. For. example, the spectral dependence of PC provides
information on the energetic position of the impurity levels. .

'This present chapter 1s divided .into four sections., The first
section gives, 1in general terms, a description of PC: The lifetime of
excitgd carrlers and the.trapping-phenomena will also be Aiscussed. The
second section considers, in detall, a theoretical model for linear and
sublinear dependence of the magnitude of the photocurrent on the excitation
intensity. The third part wiiljbe dedicated to the explanation pf the
basic procésseé of photoluminescence and the relation of this phenomena to-
PC. 'Finally, the band diagram of CdInZS4 will be discussed in detail., The

origin of each impurity level inside the gap will be discussed in terms of

the diagram,



2.1 General description of PC phenomena
In this section details of electronic processes directly connected
with the photoconductivity mechanisms found in crystals will be explained.

The principal purpose. of this section 1is to introduce the parameters '

' necessary for a 8imple description of PC.

A. General mechanlgms:
The observation of any PC phenomenon requires the presence of at
least one type of mobile charge carrier. In general, the conductivity due

to these charge carriers can be expressed as:

g=e [n My + p pp] ' (z.1)
where e 1s the maé%itude‘of the electronic charge, He (up) is the electron
(hole) mobility and n (p) 1is the concentration of free electrons (holes).
The PC or thé variation of electron (hole) conductivity upon iight irra-
diation,-has the general form

Ag = e [An hy + n“Ape + Ap hy +p App] (2.2)
where An (Ap) is the number of free electrons (holés) created by the
exciting light and Bu, (Aup)'the variation of the electrbn (hole) mobllity
due to the exciting lightf Thus, PC may arise from a change in the carrier

concentration and/er carrier mobility, Let us make the- assumption that

L]

Ap and Ap_ are both zero., This 1s a fair approximation since, in the
e P ‘ R

temperaturd range studied (100-300 K), both the phohon scattering mechanism
. o -

-

which 1is the dominant scattering process at high temperature (uaT_3/2) and

the charge impurity scattering which 41s dominant at low temperature

3/2

(paT ) are both important so that over the temperature range studled p



varies by léss than a factor of 2 as demonstrated by Emdo et al.

-

(38)

Equation 2,2 can thus)ge re—written as

Ao = e [An ke *+ Ap pp] : (2.3)

Two processes may influence the values of An and Ap; the creation of
electron-hole pairs and the recombination prbcessesu The next two séections

will discuss in greater detall these two opposing processes.

B. Free carrler creation.

Free electrons (holes) can be produced by optical excitation of

electrons (holes) from the valence (conduction) band states or impurity
states to the conduction (valence) band. In general, two regions of a PC

spectra must be considered: the low absorption (ad<<1l) and high absorption
3

e

(zd>» 1; a>\10 cm—l) regions. 1In the low absorption region, carriers are

generated over the entlre thickness, d, ;f the sample and the generation
rate 1s proportional to the absorption coefficlent a. This region is
éttributed to extrinsic exéitation where elqptrons (holes) are excited from
impuricy states {(of which there 1s a low density) to the conduction
{valence) band. So, transitions in the law absorption region generally
produce only one type of ftee_carriers. For example, the electron trén—
gitions from acceptor ievels to conduction band are in the low absbrption
region. This transition 1n particular was studied in the PC versus

-

intensity experiment as will be described in chapter 4.

-10~
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y
In the high absorption regiom, light ig absorbed in a very thin

-

layer below the surface. This transition corresponds to banq:to~band

Al .
<

excitation. One of the most important results ottained from the
present measurements 1s the density tf‘acceﬁtor-levels in CdInZS4 samples.
This will be discusseg in more detail in cﬁapter 4. We will presently
derive a relation between the number of photons absorbed in both the low
and high ébsorption reglons and the incident photon flux.

In the PC experiment, the specimen with rectangular plane faces ;nd
uniform thickness, d, 18 oriented such that the exciting light falls
perpendicular to one of the plane faces, Let IL represent the intensity of
radiation;li.e., the incident power per unlt area on a_sgrface.' If ILi is

the intensity in the material, then the power absorbed per unit volume per

unit time 1s equal to al

L" where « 1s the absorption coefficient. The

number of free electrons produced per unit volume per unit time is then
b\N\jequal to an '/hy where q i1s a constant known as the quantum efficiency.

If RI, 1is the intensity of the reflected radiation, and TI is the

L.
intengity of the transmitted radiation, it may be shown thatcSa)
' (1-r )* _-2ad
R=1R {1+ 523 (2.4)
1-R e
()
and - .
(1-R ) d
0! e
T = — ’ ! (2-5)
1-R 2 e'2t1d ‘

-11-
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-

where Ro is the;reflectign coefficient at the surface of the sample. The
tot'al amount of fadiation absorbed by>the.sampLe per unlt time is edual_to
iL (1-T-R), and if @d<< ] (extrinsic region), then the average ngte of
absorption per unit volume is EEual to IL (;~T~R)/é. Using equation 2.4
and 2.5, we have (1-T-R) + ad when ad << | (see appendix A)° énd the

-

radiation is uniformly absorbed throughout the sample at a rate aIL per

- +
unit volume. The rate of formation of e - h pairs, f, is then given by

the equation

-

f=qa IL/hv (2.68) -

If, on the other hand, ad » 1 (intrinsic reglon), the intensity just inside
[d .

the illuminated surface is given as IL' = IL(ITRO), as there is no appre-

clable radiation reflected from the back surface. In this case,

' - -ax .
IL IL(l Ro) e (2.7)

and the rate of pair creation, £, 1s given by

X

f=qa IL'El—RO) e iy (2.8)

where x is the thickness at which all the radiation 1s absorbed. These

equations will be relevant in the evaluation of the density levels present

in CdInZSA crystal.

C. Recombination mechanisms

As previously discussed, the change in conductivity resulting from

exclitation is normally terminated by the recombination of the photoexcited

-12-



electrons and holes. It ia therefore the recombination. process which
determines the lifetime of free carriers and it 1is cléarly impossibie to
discuss PC without mentioning the basic concepts of reéombination,

Recombination can occur through various mechanisms and are
classified according to the answers to the following two questions:

1) Is the recombination direct or through an imperfection? ' /fq ¥
2) How is the energy of the excited carriers dissipated in

the recombination?

Recombination can occur both by the direct recombination of free electrons
aﬁd holes (band-to-band) without one of the carriers being first captured
at an imperfection, or by the recombination of a free carrier of one type
with a bound car;ier of the opposite ‘type, previously captured at an imper—
fection in the crystal. 1In general,_recombination through an imperfection
dominates for low-carrier denéities, and direct (band-to-band) .recombi-
nation becomes impdrtant only ﬁor high-céffierudensities.

Whenever recombination betweeﬁ photoexcited electroné and holes
occurs, some means must be provided for the dissipation of the excess
energy of the excited carriers. There are three basic ways in which this

~energy dissipation can occur:

1) by the emission of photons (radiatige recombination), the enérgy of each
photon being equal to the éhergy difference between the two carriers before
recombination. (This kind of recombination gives rise to the luminescence
procesq\as will be discussed later); .

2) by the emission of a numBer of phonons (non-radiative) with total energy

-

equal to the excess energy to be dissipated; and, ’

~13-.+
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3) by a three-body collision, the excess energy being given up to a third

carrier in what is called an Auger recombination.

Two or more of these processes may be involved simultaneously. Another way
by .which PC map be interrupted is by the capture of free carriers by’

trapping cenﬁérs. The next section will provide a qualitative discussion

of tra?s.
* Since the lifetime of free carriers is determined by the recombi-
nation processes, the lifetime can be considered as one of the key bara—

meters for an understanding of photoconductivity. The term "lifetime", has

-been used to describe a number of different quantities (such as: Free

lifetime, excited lifetime, pair lifetime, minoritf carrier lifetime and

”

majority carrier lifetime)(Ba) and it’ is therefore necessary to examine the

-

concept in some detail.

If light falling on a photocondpctor,‘creates f electron-hole pairs

- . +

A

pér secon& per unit volume of the photoconductor, then in steady state:

- f 1; = An ’ (2.9a)

il

and

fr,=280p _ ! ¢2.9b)

where'rn and TP are the free lifet?mes of an electron and hélg, and An and
Ap are, réspectively, the additional g?%e eiectron and hole densitiesl
present as a result of absorption of lighf., The free lifetimé isléhe Cime
" that the charge carrier is free to contribute to the conductivity.

' To put it another way, it is thev time that an excited electron

spends in the conduction band, or the time that an excited hole spends in

the vqlence band.



The free lifetime of a charge carrier can be
a) terminated by recombinatios;

b) interrupted if the carrier is.trapped, to be resumed when the carrier is

freed from the traps; oxr, .,

¢) undisturbed if ghe carrier is egtracted from the cryétal by the field at
the same time as an identical.carrier is injected into the crystal from tﬁe
opposite elgctro;e.
From- equations (2.9), it 1is possible to re-write equation (2.3) in the
following way:

. Ao = fe (petn + pptp) ‘ (2.10)

This relationship illustrates why the lifetime is one of the key parameters

in Pé. .

- The 11féfime_of pﬁotoexcited cérriers is a function of the following
two parameters; the density’ of recombinatiqﬁ centers, and their capture
cross sections. Let there bé only one type of iﬁpurity - a recombination
centre, Let-pr be the density oflcenters unoccupied by electrons and nr
the den§i£y of centers ocbupigd by eléctrons.‘ Let Sn be the capture cross
sectioq of an unoccupied center for free electrons and Sp the capture cross
gsection of an occupied center‘for free holes. Let the material be exposed
to light whose energy is larger than that of‘the band gap. The volume rate
of generation of free electroﬁs and free holes 1s dgsignated, ;s before, by

f. We further assume that the densifies An and Ap of excited carriers are

both small in comparison with n and pr. With these assumptions (2.9) can

Al

N
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be re-expressed as

o £ \' Lo .
An = f T Svs (2.11a)
. r n )
/i
Ap = £ 1 =t (2.11b)
P nrvS '

For simplicity, the thermal velocity v of free electrons and of free holes

are assumed to be equal. The lifetime of a free electrén

T = 1
n prvSrﬁ

" (2.128)

is independent of and, consequently, in general not equal to the lifetime

)

of a free hole &

1
1 =
p .nrvSp

(2.12b)

These exprgssions for lifetime are derived from the-concept that in the
time; Tn, an electron to which the crossgsectional disk, Sn’ is - attached
will t;ace out a volume ‘cnvSn equal to the volume p;l assoclated with a
capturiné center. Diffefgnt types of impurity centers may have differeﬁt

densities and different cross sections. 1In this case Tn-l ) VPiSi.
' i

Equation 2.12a shows that changing the density.qf centers‘unoccupied by
electrons (pr) changes the frgg éleéqroﬁ lifetime (rn); rn-is not constant.
Optical excitation can change the ‘density of unoccupied centers and hence
change the lifetime, The steady state PC has bee; observed in different
materials to be any of a 'superlinear, sublinear or 1linear fgnction of
incident intensity. At low intensities the excltation rate f is a linear

function of inecident intensity. Hence equation 2.11 tell us that t must be

-16-
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a .non-linear functidn of intqnsitigs. A superlinear variation corrésponds
to T inc?eaaing as a »functioni\of intengity; a sublinear variation
correspyﬁg:.to T décreasihg ;s\é\éuhébion of intensity.

Section 2.2 presents a model for { elther beiné independent of

intenslty or T decreasing as a function of intensity. Hence it explains
'3

either a linear or sublinear variation of PC with intensity. This was what

2°4

. was observed in CdIn_S, as will be discussed in chapter 4.

D. Qualitative effects,of trépping.
Trapping 1s a fundamental proceés for energy storage in almost all

electronically active solids. This energy étofage is accomplished by the

_ spatial localization of ‘an excited electron or hole in such a way that the

electron or hole 1is prohibited from moving freely. throuéh the crystal
unless supélied with the??al or optical energy. When the trapped electron
of hole 1s released, it 1is free to mofg until captured £y a recombination’
center or’by another trap. Thoseﬁfegioné-of the érystgl'which are able to

capture electrons and holes, and detain” them in a restricted volume, are

called trapéﬁ

It has become a common practice in semlconductor terminclogy to
refer to any center capable of capturing an electron or hole as trap.
However, we will reserve the names “trap” and “trapping” for centers and

processes which are determined by fhermal equilibriup exchange .with the

- - . -~
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ﬁearest allowed bﬁnd. Thus‘we distinguish bétween trapping centers, the
occupanéy ofa which 1is.determined. by thermal equilibfium. processes, and
recombinations ,c;nters, the occupancy of whiech is determined’” by
recombination kinetics. Becayse of this type of definition, there is an
. -
inherent vagueness in determiniﬁg what types of centers are traps; in fact,
any ceﬁter can be a trap under one condition of light intensity and
temperature, aéd a recombination center under another. It'is convenlent to
define the 1location of 2a demarcation- level, sepdfating trapping and
recombination levels, in the following way: when an elecéron (hole} is
located at the'electron (hqle} demarcation level, it has equal probability
of recombining with a fzge hole (eleékron) and ‘of being thermally ejected
to the conduction .(valen‘:E) band. The occupation of aflevel lying above
the electron demarcation flevel is determiéed by che.conditions/of‘thermal
equilibridam between the levels and the Cﬁ; similarly, the occupation of a
level lying below the hole demarcation ievel is determined by the
conditions of thermal equilibrium between thé levels and the valence band.
The occupation of levels lying between the electron demarcation level and
the_hole demasz;tion level is deéerminéd by the recopbination kinetics of

the material.

The major effect of trapping is to make the experimentally observed

decay time of the photocurrent after excitation has ceased, longer than the

-~

carrier lifetime. If no trapping centers are present, then the observed

photocurrent will decay in the sape way as the density of free carriers and

‘the observed decay time will be equal to the carrier lifétime. If trapping

centers are present but the free carrier density is much greater than the

\
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density of trapped carriers, the observed decay ximé of.the photocurrent‘
will again be equal to thevcarrier lifetime. But if the density of fﬁee
carriers is either comparable to or 1less that the density of‘ trapped
carrlers, thé thermal freeing of trapped carriers can prolong the decay so
that the observed decay time is longer than the actual. recombination
determined lifetime of a free carrier. In the extreme case, in which the
density of trapped carrlers is much greater than the density of freé
carriers, the entire photocurrent decay is éominated by the rate of traps
emptyling rather than by the rate of recombinégion.

The reason for talking about trapping centers is that CdInzsa
crystals contain a continuoﬁs distribution ‘of electron trapping levels.
The origin of these traps will be given in the last section of the theory.
From the PC versus ;nCEnsity measurements, it will be possible ﬁo evaluate
the density of these traps, a parameter which depends upon preparation

conditions.

-

2.2‘ Theoretical model for linear and sublinear behaviour of PC versus

’

*
intensity; Ip = £* [+ <acx 1]( ).
@
The variety of dependencies of photocurrent on light intensity and

temperature is virtually wunlimited. This statement 1is borne put

(*) In the equation I_ « f%, I_ represents the photocurrent an% f the
volume rate of generatign of free electrons and free holes (f/sec-cm”)

-19-
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experimentally by the fact that photocurrent has been observed to increase
linearly, supralinearly and sublinearly with increasing light intensities.

Similarly, photocurrent has been observed to be insensicive‘to temperature
R S ¥

as well as to increase or decrease with increasing temperature., If the

creation rate of free carriers is constant then a non-linear dependence of-

the magnitude steady state PC is produced by an intensity dependent <.

As mentioned in the introduction, a linear and sublinear behaviouf

of” the PC versus light intensity of excitation has been observed inACdInZS4
crystals., The model to be described in thig section is the simplesg type
of model neeéed to account for the linearity and sublineﬁrity dependence.
The model used by ﬁose(33) to explain linear and sublinear behaviour to PC
versus Iintensity will be used to explain similar behaviour in édInZSA‘
The model 1is repfesented in figure 2.1. In the diagram, Nt
represents the density of empty traps; Nr, the‘density of recombination
centers; Pr the density of such centers unoccupled by electrons and-nr, the
density of centers occupied by electrons (i.e. n. + p.= Nr). In addition,
Ef represents the dark Fermi level; Efn (Efp)’ the steady state Fermi level
for electrons (holes) and Dn(Dp)’ the electron (hole) demarcation level,
As previously mentioned, the electron demarcation level 1is the level at
which the probability of an e being excited thermally in the CB is equal
to the probability of a free h+ being captured at the level.

In the present mcdel,.two assumption are belng made: 1) all the

recombination centers are occupied in the dark (nr = Nr)’ 2) the Nt states

have an expotential distribution in energy such that

- (Ec - Et) ’ .
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N - ) -
w { o E¢
Ny — e = e e = = ==
(a)
‘///,An=ftﬁ
2 - i
—_— — Etn
N, - Dn
— e — - - —
t t £y
iy Pr p

U-'_________ap

(b)

Figuré 2.1 Model for exponents of current—light\xgzve lying between 0.5 and 1.0
a) Unilluminated ; b) Illuminated



where Ec and Et are the energy at the CB and the trab level. The
temperature, Tl' is a parameter that can be adjusted to make the density of
States vary more or less rapidly with energy below the CB. 1In the presént
diséussion T1 » T, where T is the apbient temperature. For convenience,
let the capture cro;s sections of the Nt states be the same as those for
the Nr states. Actually, the captﬁre cross gections of the Nt states may
differ markedly from those of the Nr states without affecting the main
argument. Let us take the capture cross section of an unoccupied cenEer
for free e (Sn) to Se much smaller than the capture cross section of an
occupled center for free holes. By this assumption, the density of
photoexcited electrons is much larger than that of photoexcited holes, i.e.
4n >> Ap. Figure 2.1b shows the conditions at some intermediate light
intensity. Efn and Ef; ar; the sgeady-state Fermi levels defined by the
densitieg An and ép. The demarcation levelg, Dn and Dp, are shifted
slightly down from Efn and Efp because > P.

There 1s now a simple physical picture to account for exponents less
than unity derived from the distribution of Nt states. As the light
intensity 1s increased, more and more of the Nt states aré converted from
trapping to recombination states. This conversion takes place as the
steady—stgte Ferml level Efn sweeps through the Nt states tbwards the CB.
As pr, the density of recombipation states for electrons, increases with
light intensity, the electron lifetime decreases, that is 71 =« f_a,

therefore, An = ft = fl-B. ATﬁis decrease in the electron lifetime with

increasing light 1intensity was observed experimentally and will be

discussed in more detail in chapter 4.
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To a good approximation, the density of empty states pr produced by

optical excitation is givenfby the number of Nt stateé lying between the

original Fermi level, Ef

states, were originglly empty states that have now been brought into the

, and the steady-state Fermi level, Efn' These Nt

category of recombination centers. The density of empty states, pr, can be

estimated in the following way:

E
fn
= [ N (E) dE

Eg

o
]

Efn (E - E)

f A exp [———%—I,-—] dE
Ef 1

leNt (Efn) . (2.14)

From the above result, we can re-write equation 2.lla:

1

An = frn = £ (P por
r n

) “

where v 1s the thermal velocity of the electron in the CB.

Substituting equation 2.14 into 2.lla:

' An = £ 1 - (2.15)
-(E_ - E. )
kT, A exp [———E—-——EE—] vS
1 le n
and by definition we know that
c kT
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= N, exp kT, T (2.16)
where Nc is the effective density of states in the CB.
*
' -— *
o, =2 BB KLY 019 073 bor n® amae T~ 300 B).
h
Insertion of equation 2.16 into equation 2.15 leads to
R NS
tn = s — (2.17)
1 n

Since T1 » T, the. exponant Tll(T+Tl)-lies between 0.5 and 1.0.

We have in equation 2,17 a simple mechanism to account for
photocurrents that increase with incregsing light intensity as any power
lying between 0.5 and unity. While the model assumes an expotential
‘distribution of states lying between Ef and Ec’ the distribution extends
only over the small-range of energies through which Efn moves since the
. largest contribution t:olpr comes frém states near Eén. Furt:herT the
distribution need only be approximated by an expotential form over this
short range of energles. Hence, almost an} distribution of states will
lead to exponents of the current-light curve lying between 0.5 and unity.
As the distribution ‘of states ' becomes more constant in energy, the
characteristic' temperature, 'I‘l + o© and An varies more nearlyllinearly with
. light intensity.

From this discussion we see that an exponent lying between 0.5 and

unity requires a distribution of states in energy and that the appearance
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of exponents between 0.5 and 1.0 provide sféing eviéence for a ééntinuons
distribution of states, In tpis argument, the mobility and capture cross
sections are assumed to bé constant aﬂd the photoconductor ﬁomogeneous.
Btbe(BQ) has shown that, iﬁlsomg cases, the mobility varies with light
intensity owing to a change on the discrete statés and a conseguential
change in the scattering of the charged centers.‘ The- variation of mob11£;y
must, of course, be diQided out before testing the above model.

In the present argument, it wag assumed that the 1light -induced
tranéition of electrons from the VB to the CB gives rise to free pairs.
Owing to the higher density and larger capture cross gection of the nr
states, the free holes are rapidly captured into the récombination states
leaving the free—electron density of major interest. It is clear that if
the light was absorbed by the recombiration (nr),stgtes iniEially, the
holes Qopld be generdted directly in the re;ombination éenters. The result
would be the samg as if thq_ﬁoles had been generated in the VB andlrapidly
captured into the recombination centers. In fact, this type of photo-
generation makes the analysis even’simpler—and freer from approkimation.
For example, the. steady-state Fermi level for glectrons approximatés even
more closely the properties of a thermal equilibrium Fermi level, since tﬁe
occupancy of the trappiné states 18 controlled only by thermal exchange
with the CB and is not perturbed by the capture traffic of free holéi.

All the concepts explained in this section will provide a good guide

in the understanding of the results of the Lux—Ampére experiments,

. Y-



2.3 Photoluminescence o

When the recombination or capture process terminating or inter-

<
rupting PC is radiative, luminescent emission results. uminescence 1is,

therefore, the inverse process of absorption. This proce®d may be further
subdivided on the basis of the electron excitation mechanism. Excitation
by an electriec current results in electroluminescence,‘while excitation by
optical absorption produces photoluminescence. Cathodoluminescence results
when tﬁe excitation is produced by a high energy electrbn beam. Thermo~-
luminescence occurs when the electrons are frozen at low temperature in
their trapping states following excitationm. Then, as the solid is heated,
therpal agitation assists the eléctron to de-excite and release radiationm.
Because luminescence is one.of the processes which terminates PC,
measurements of luminescence emission spectra on decay provide useful

information about critical steps in the mechanism of PC.

The following general statements may be made about both\\:C and

luminescence: T

[

1) Good luminescent materials need not be photoconducting., Luminescence

can result from processes in which the generation of free carriers is not

involved. ' -

2) Good photoconductors need not show luminescence. It is the long free

lifetime of excited carrlers which makes a good photoconductor,

3) In general, PC will be better in luminescent materials which exhibit

~-25~
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phosphorescence (i.e., s8low non-eiponential decay of emission after
cessation ‘of excitation) than in those which do not. The.reason for this

is that the occurence of phosphorescence (implying the thermal ffeeing of

trapped carriers) Indicates that free charge carriers have been formed by

the.excitgtion process,

4) Good luminescent materials require- rapid recombination, whereas good
photoconductors require slow reéémbination.

5) It has been generally foﬁnd tﬁht, in materials which show both
Juminescence emission and PC, the rate of decay of luminescence emission is
appreclably more rapid than the decay of the PC. -

Radiative rec@¥bination in semiconductors has been the subject of-an'
enormous number of experimental and theoretical in;estigations which. have
proven fruitgll for the éeVelopment of our undgrstanding of semiconductor
physics, In addition these fundamental studies have giveh rise to

interesting applications such as light emitting diodes and semiconductors

lasgers.

a

2.4 Energy band diagram of CdInZS4 “

The model of the band diagram of CdInZSQ for the PC excltation and
recombination processes adopted in the present paper 1s the one proposed by
Grilli et al.(13) (Figure 2.2). This model incorporates the results of .

Anedda et al.(B) which demgnstrated the presence of-a high density of

P
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Figure 2.2 . Energy-level scheme and model of recombination processes of

photo-excited carriers in CdInZS4 at LNT
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electron trapping levels.wiih an exponenhiql distribution in energy and the
\\bﬁél at 0.25 eV from the top of the valence band

presence of an acceptor I

in CdInZS4 crystals. The origin of these levels has been attributed to

" anti-structural defects due -to In-Cd exchange probably induced by the éhase

transition from the partial #nverge spinel structure '{low temperature
'j N - ) . + * .
phase) to the disordered spinel structure (high temperature phase).

_In regards to the.electronic properties of the above defects, it

follows from elementary considératiqps ﬁhat an In atom in a Cd lattice site
has oné excess‘vélence electron for the band formation and thus behaves as
a donor;' coanversely, a. Cd atom ‘in an In lattice site behaves as an
acceptor; theregore,‘eaéh In—éd exchange 'introduces both a donor and an
éccqptor. The coﬁpensationi is therefore copplete .as the carrlers of
opposite Qign recombine and all centers remain ionized. ﬂﬁ;\accégéqg

. =N

position inside the gap(g) is

Fy /—ﬂ./
- + - Y
Ea Ev 0.25 ev bs
o . i .
Because of the contiguous electron trap distribution, qgg/ldonor
A
position can be given only as an average. . The total number of electron

19 .cm-a(s)

traps was calculated to be Nf'= 9 x 10 , but 98% of the traps are

shallow levels situated in the energy range 0 — 0.1 eV below the conduction
P e

. band. ‘ ' - -

&

.
The presence of the continuous donor distribution and the discrete.

I3

acceptor levels at (.25 eV above the valence band in CdInZSA may appear

surprising. This asymmetric behaviour may be due to the asymmetry of the

o

.
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300 K).

[y

efﬁecfive masses of electrons and .holes, the latter being generally larger.

Acceptors are thus more localized thaan donorg and are more distant from the

(8)

respective band : the increase in the concentration broadens acceptor
states less than donor states so that they cannot reach into the valeace

band.

.

In the present model, E will represent the compensated acceptors and
T, the trap distribution. It is important to remember that all the traps

and ﬁEEgptors are lonized due to the fact that the Fermi level .lies about

(23)

2.1 eV above the valence band . The y—centef, placed at approximately

0.6 eV from the bottom of the conducting band, is attributed to sulfur

vacancies. Later, it will 'be demonstrated that the V-centre plays no role

in the recombination of free carriers at the temperatures studied (100 K to



. - II1 EXPERIMENTAL TEéHNIQUES

This chapter will describq,.in detall, the techniqués used in the

investigation of the previocusly mentioned op;ical experitents; including,
photoconductivity,’ photoluminescence and optical absorption. This section

of the thesis should provide useful -“information for the researcher

t

interested in pursuing this -type of work.
‘o .

3.1 Sample preparation.

W

& . . :
;//T:\\‘\——dkFngﬂ//single crystals of up to a few tenms of cubic millimeters in
. \

4

volume were grown by the method of chemical vapour transport, using iodine

as the transport gas, at thé University of Cagliari, Italy. All samples

were n-— type with a conductivity at 350 K of about 10 -3 Q—l cm-l.' Because
Lu

of the vety gecod quality of the Crystal surfaces, o polishing or etching

was necessary. PC Bpectra wcpe obtained,from smooth, natural surfaces of

&

the crystals a fraction of a millimeter thick.
Photoconductivity and optical absorption were investigated at both
roem tempefature {RT; 300 K) and 1Q0 K, where liquid nitrogen was used,as

determined by a Chromel-Alumel thermocouple. The photoluminescence was

studied at a third temperature, 4.2 K, with the use of liquid Hellum.
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Figure 3.1 Representation of a neutral contact

a) volume unilluhinated

.b) volume illuminated ‘.



3,2 Relevance of good ohmic contact.

In order to measure the PC properties of a material, it is neceSSﬁsy
- to make.elecﬁrical éontact with the material by means &f electrodes.’ Such
electrodes would be considered ideal if they introduced no resi;tance to
the flow of current; if they did not react chemicaily with the material,
and 1f they were unaffected by variations in illumination, temperature or
applied f}g¢ld strength. Although elecfric contafts to. certaln materials
have been achieved with near to ideal properties, using specific electrode
materials, there is still considerable art and uncertalnty in choosing the
proper electrode material to give an ideal contact with a new material.

The simplest metal-semiconductor contact 1s, that shown in figure
3.la. The conduction band remains flat out to the metal interfaéé. The
contact is called neutral in contrast to those contacts in which the bands
bend up or down at the interface. The maximum current that can be drawn
from a:neutral contact is the thermionic emission from the metal over the
potential step into the seﬁiconductor. This maximum thermionic emission 1is
equal to the random current from semiconductor toe metal; hence, the
thermionic emissi;n will be saturated at a critical eleptric field in thé
semlconductor. |

For field less than the saturating value, the cur¥ent drawn through
the ‘semiconductor is less than that available. from the metal and the
contact is Ohmin It 1is ohmic iﬁ the-sensé that an Increase in tﬁe field

in the semiconductor will give a proportiomal increase in the current. It
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-is also ohmic inb the sénlse that the contact can supply the additional
r:urrent needed* when_ the semiconductor is made more conducting by light. 1In
the latter case, the effect of the added carriers, An, 1is to steepen the
electric field at the contact in order to supply, the additional current
'(se'e figure 3.1b). The range of photocurrents for whic;h the contact is
ohmic 1is lifmited to values less than the saturated theﬁionic emlssion,
F_or:‘ light intensities higher than those needed to saturate the thermionic
emission, the contact 1s said te be "blocking"” (nonwhﬁic), that 1s, it
supplies no .additional carriers to replace those excited by the light in
~ the volume of the semiconductor and drawn out at the anode: At these
higher light 'in'tens.itites, the field becdmgs more and more cbncentrated
near the electrodé where the carriers en::er; producing a ‘non-linear
variation of the PC fesponse with light intensity.
~ In summary, an ohmlc contact is one that supplies a reservoir of
carrilers freely available to enter the semiconductor as needed and we must
experimentally ascertain that the contacts are ohmic under the entire range
of light ix.n:ensity used and the voltage applied to the Sample.
In the case of CdIn,S silver paint contacts proved tc be ohmic in

274
the temperature range studied (100 ,—“300 K) both x_mder lo;w intensity light
including darkness and under higil" ':'i:-x“:xtensi‘ty ligh.t: for applied voltages
between 0O .and 10 volts. Figure 3.2 shows the current-voltage (I-V)
charactefistics for sample 1 in the daI"k. The operating voltage for all

the PC measurements was 9 volts. The silver contacts were deposited

approximately 1 mm apart on the same crystal face. The current-vecltage:
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’ Figure 3.2 I~V characteristics ‘at RT and 100 K in the dark (Sample 1)



curve was obtained by varying the voltage and measuring, simultaneously,
the voltage drop between the contacts and the current passing through the
crystal. The voltage was measured by a Keitgley 155 microvoltmeter and the
current by a Keithley 602 electfometer. The same detection technique, for
the I-V experiment, was used for the low‘liéht intensity of excitation.
The ohmicity of the contacts under high intensity excitation condition was
demonstrated by shining the laser beam at the s;mple and récording the peak
magnitude of the PC transient as a function of applied voltage. Thé
relation was a linear, one, proving that the contacts were ohmic at these
high intensities.
Having established the ohmicity of the contacts, we can turn to a

discussion of the photoconductivity experiments.

3.3 Photoconductivity experiments.

A. Low light intensity PC.

CdInZSA samples, mounted”on a plate on the cold finger of an opt@cal
cryostat under vacuum, were excited by a quartz-iodine ldﬁp. The light was
dispersed by a Bausch and Lomb monochromator which provided intensities of
up to 2.5 W/mz. The resolution of the spectrometer was approximately S5 nm.
The samples were always exclted between the two ohmic contacts. The
optical cryostat used was designed by Dr. E. Foftin and bullt at the

University of Ottawa. Imafovements were made in the method of making
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"electrical contacts to the sampies. Before the 'modificakions, the
electrical connections from the outside to the inside of the cryostat were
made by two insulated copper wires which went down.to the top of the coid
finger.v Then two uninsulated copper wires were soldered to the insulated
ones. The other end of the uninsulated wires were fixed by means of silver
paint at the surface of the sample wmounted on the cold finger. Unfor-
tunately, when the Eémperéture was dropped from 300 K to 100 K, the
contacts at the surface‘of the sample ofgen'broke due to the length of the
uninsulated copper wires énd tﬁe thermal compression during the cooling
process. _ Some modifications to the cryostat gbunting scheme were
'necessary. Rather- than placing the sample directly on thé cold finger, a
sample holder was designed in the hope of improving the coatact strength
(see figure 3.3a). The sample holder was made of copper plated circuit
board ;;;’part of the copper was etched away with.formic acid so that the
sample could sit on an electrically insulating surface. Copper wires were
then used to make the connections between the chmic contacts of the sample
and the electrodes on the plates. To fix the holder on the cold finger a
‘'simple "clip in" device was installed. Although this holder allows for
greater freedom-of manipulati&n of the samples and improved the strength of
the contacts, relativély high temperatures were obtained at LNT due to the
. o
poor thermal contact between the sample and the cold finger.

PC spectra were recorded using a standard synchronous technique
monitored with a lock-jn amplifier, The chopping frequency was 44 Hz., The

measuring circuit used in the PC experiment is shown in figure 3.3b. The

photocurrent was detected by measuring the voltage drop across a ‘load °
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Figure 3.3 a) sample holder ; b) measuring circuit for PC experiment



resistor in series with the sample. The PC response was always normalized

for equal incident intensity.

B. High light intensity PC.

A pulse dye laser (pq}se width At = 2 x 10_6 sec) was used as a
source of excitation providing intensities of up to 101¥ W/m2 (A = 600 nm)
" at a repetition rate of 10 pulses per fecond (pps). Details on the pulse
dye laser will be giv;n in the next section. The change in conductivity of
the sample (or the photocurrent pulse) was detected by wmeasuring the
.voltage drop across a load resiétor, Rsy in seriles with the sample,.nsiaga\\
the same circuit as in the low intensity regime (see figure 3.3b). The
load resistor was always less than one percent of the sample resistance,

even under the most intense 1llumination (R§<< R ). With -

Rsample’ sample

thls condition satiséied, circuit loading effects were eliminated; 1i.e.,
the signal recorded was directly proportional to the photoconductivity
response. Figure 3.4 shows the experimental apparatus for the high
intansity measurements, A focusing léns (focal length of 37 cm) was
introduced between the pulse laser and the sample to obtain a spot Size
less than 1 mm in diamgter. The intensity of the beam éas varied either by
inserting calibrated neutral density filters, capable of withstanding high

intensity light, in front of the sample or by mo§ing the lens to get a

different spot size. With the set of filters used, the excitation density

ra
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x

. jitter, Jitter is the time discrepancy between the

? W/m2 and the movement of the lens gave us

an additional two orders of magnitude, to a maximum intensity of 1011 W/m2
. N

could be varied fro‘m,lO3 to 10
The filters usad were not perfectly neutral; their transmission had a small
varlation as a function of waveiength. A full ca%ibration of the trans-
mission versus wavelength for the filters was necessary for the calculation
of the exact intensity of the laser beam at the surface of the sample. The

photocurrent producef by excitation of the sample with laser pulses was

, recorded either by a boxcar averager or a LeCroy 3500 waveform analyser.

When the photocurrent pulse was analysed with the boxcar averager, it was
possible to obsérve oply one point of'the_full transient pulse, which was
always chosen to be the maximum of the pulse. The weakness of this
recording instrument 1lies in the fact that the full kinetics of
recombinafion, e.g. the decay of the photoexcited carriers, is not seen.
On the other hand, the LeCro; 3500 waveform analyser gave the full time

dependence of the signal and hence the riée and degqay times of the pulse

could also be measured as-function of incident IintensiXy. In order to
safely assume that the measured pulse rise and decay tigyes are physical
effects rather than specious electronic effects one myst estimate the
er pulse and when
the instrument measures the laser pulse. In much exaggerated form the
observéd pulse shape (half ;idthf‘cbuld be a factor of two wider than the
real pulse geometry when avefaged over many pulses. An electrical trigger
could be taken directly from the CMX-4 but the specifications stated that
the laser pulse jitter with respect to this SYNC-OUT was *100 ns.r Instead

an optical trigger was used which was assumed to reduce the jitter. The

aperture uncertainty of the LeCroy itself was negligible (* 10 p sec).
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The photogurrents produced were sampled at .a rate of log/iimes per second
with a trarnsient signal averager over 250 scans to increase the signal to

- pJ
nolse ratio, Unfortunately, the real time resolution given by the output

R

résﬁonse to a negligibly short input pulse could not be done because fast

optical sources were not available.

C. Optical absorpEion versus intensity experiments.
. Y

The absorption experiment is introduced in the PC section because of
the similarity in the detection technique used. The-excitation was again
in the form of ‘single pulses (At™='2 x 10—6 sec) -1n the spectral range from

590 to 620 nm. The exciting radiati

directed to.the gample mounted

on a pinhole {800 micrbgs_ii_f}a eter) and placed in a nitrogen cryostat.

A set of calibrated neutral density filters was used to vary the excitation

density at the sample/hurface from 101 to 109 W/mz. The transmitted light
was recorded using al Hamamatsu R-446 photomultiplier *(PM) coupled to a.

waveform analyser. The typical rise time of the PM is 2.2 nsec and the

- -

time resolutiom around 10 nsec. The operational voltage of the PM was 800

volts., To overcome the possible experimental error due to constant
- ‘ ’
_changing of the amplifier gain when a filter was removed, a new technique

developed by Radautsan et.al.(Bs) was used.” Instea?Jof simply removing the
: /

filters from the froat\of the sample to increase fhe excitation intensity,

the filters were transferred to the ather slde of Lhe sahple, just in front

. !I
the photomultiplier. “In this way, the total number of filters in front of

the PM remained constant although the 1ight intensity at the crystal
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surface could be changed. In f:hf{s way the variation of the signal detected

by the PM could be attributed solely to the variation of the coefficient of

. .

absorption of the crystal. )\ In other words, a decrease in the coefficient
of absorption of the crystal leads to an increase in transmlitted light and'_
thus a higher signal will be recorded by the PM. . This technique aseured
that the non—l(:l}jl_e\erity due to theA-M response was eegligble-since the
variation of inte;sity at the PM was extremely small. Some experimental .

problems were encountered in this experiment and these will be discussed in
5

chapter 4.

3.4 Laser CMX~4 description.

To the author's knowledge, no other formal research work has . been
done with the CMX—-4 -laser, here at the Uniwersity of Ottawa ﬂﬂopefully,
the f*ing description will provide a gulde for other students in the
use of this plece'of equipment The Chromatix model CMX~-4 flashlamp pumped

dyes laser provides continuously t:unable radiation in the visible portion

of the spectrum (tuning range-between ~4353 to 730 nm). The horizontally

‘e

eam diameter is approximately 3 mm at the output mirror and the
s less than 1 milliradian at 5 pps. The pulse repetition

- _
rate! can 'bethet to 5, 10, 15, 20 or 30 pps, and the pulse amplitude
2 ' ’

stabirl‘ity i +10%Z at 5 pps. To obtain different wavelength ranges, laser
dye which are colored organie compounds dissolved in a .suitable solvent,
are used. In the CMX-4, optical pumping of the dye }gdlecules is

accomplished by radiation from a Xemon flashlamp which must be changed

every 106 pulses., Table 3.1 taken from the instrucgion manual shows the-

ciiffere\nt possible dyes which can be used with this laser.
t ' ’ »
.—37_
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For this work, only two dyes were used: Rhodamine 6G and Coumarin
102. The instruction manual gives a good description of dye preparation.

The Rhodamines are, in ‘general, véry strong dye and can last for apbroxf*

mately 300,000 pulses, in coﬁparison .with Coumarin 102 which lasts no

longer than 100,000 pulses. It should be_noted that, in contradictiocn to
the manual, the dye #9 (Rhodamine 6G with 4% Ammonyx LO) gave 20% more
power than the 6ther Rhodamine 6G (dyé #8), so ;hat dye #9 was usually used
in..the 580-630 nm'regién. 'Moreover, at the beginning of ‘the dye's 1life,
the power could eagily reach two times the average power indicated in the
manual but after several thousand éulses the average power drops rapidlykto
a plateau at a value of‘appfoximately half the original pdwer. In the case
of Rhodamine, this plateau at half power last for about 250,000 pulses.
Finally, an important characteristic‘to notice is that the pulse shape, as
measured by the PM, is different for the two dyes, as will be seen later.
Futhermo;e, with continued use of the dyes and the electrical components
(eg. spark plug): the pulse shape may change. The biggest change being ﬁhe
increase of laser pulse halfwidth, . Unfortunatél?h it was not possible to

<

record the pulge shape after each experiment so an uncertainty of th%‘will
be attributed on the recorded Qalue..

| I would like to end this section .by méntioning that ithis iaser
requires a lot of attention and maintenance for éhe achlevement of good
results, The manual ppov%aes the heééssary information on dye pfepar;tion

and laser-maintenance.
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Table 3.1 DYE RANGES AND POWER CURVES

"

. N " Tuning Range Peak Gain
Curve Dye (nm) - Wavelength (nm)

1 Coumarin 120 * ' 435-455 o By 2

2 Loumarin 2 b4s-482 460

3 Coumarin 102 476-518 ) k90

L Coumarin 30 493-540 - 517

5 Coumarin 522 518-567 534

6 Sodium Fluores- 542-577 558 ' -
cein .

7 Rhodamine 575° . 566-610 590
(1l:1 water/

. Methanol) )

8 - Rhodamine 6G 577-625 ' 5398 . R
(1:1 water/ : : ,
Methanol) -

9 Rhodamine 6G 585-633 610 . A

(4% Ammonyx LO) )

i0 Kiton Red S 622-665 642

11 Rhodamine 640 635-700 667

12 Oxazine 170 675-730 _ 705
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3.5 Photoluminescence experiment, . . ;
A. Photoluminescence emission séectra*

For the PL emission spéctra, a fixed wauelengFtt %s used“ hs an
excitation source and the radiatién coming off the crystal éé diffé;ent
wavelengths 1s recorded. The'intélnsic excitation experiments were done at
"NRC. The samples were placed in g variable temperature (4.2 - 30Q K)
Oxford Instrument optical cryostat. The luminescence, induced by- a line of -
CW argon ion 1aser; was ;naLyzed by a Spex monﬁchromator and detected by a
S-1 photomultiplier coupled tp a Datamate analyser. The resolution of thé
system was 0.5 nm. Different laser excitation powers ranging from 5 mW to
100 mW were used and the wavelength used was 457.9 nm in order to obtain
Interband excitation. The excitiné photon density was of the order of
1022.ph0tons/mzrsec at 10 mW and 457.9 nm. .A high pass optical filter was
inserted between 'the sample and the, spectrometer 1in order to cut the
reflection of tﬁe laser . beam from tﬁe‘samp;e, and to eliminate the stray
light coming:iﬂ tﬂe spectrometer. The filter cuts off everything below
500 nm but lets pass higher wavelengths, in this case, the lumiﬁescencg.
The geometry of this expériment was the standard 45° set up, in which the
laser beam hits the sample at 45° and the reflected beam is focused in;o'
the spéctrometer. 'Allrthe PL emilssion spectra were normalized for the PM
and ‘spectrometer response:

Extrinsic excitation luminescence ‘speétra‘ were acquired at the

University of Ottawa. A He-Ne laser and a mercury lamp with aﬁprbpriate

high pass filters were used as exciting sources. In this case, a McPherson

grating monochromator was used as the dispersive element and the lumi-

nescence’ was detected by a GaAs - photomultiplier coupled to a lock-in

* part of the research done at the National ResearoM Council of Canada,
Ottawa, Ontario. '
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aﬁplifier. Here again the emisslon spectra’ were normalized in order to
take into account the grating efficiency and PM response.
!

‘B. Photoluminescence'versus_intensity and PL transient experiment.

S~ \

L

A pulse dye laser (CMX-4) operatiﬁg at. 430 nm and 600 nm and
pr;viding higﬁ inéénsity light was used.és an excitation source. The PL
versus Intensity measurements were dome at 10O énd 300 K. The luminescence
was-analyéed.by a McPherson grating monochtomator coupled to a Hamamatsu
photomultiplier and recorded by a waveform analyser and the 1uminescence'
signal was averaged over 250 pulses. .For" these gxpefimen;s,‘ only one
~wavelength of the iﬁminescencg spectra was analyzed. The spectrometer was
always set tp observe the maximum of the luminéscence hand. The maximum
slit widths of the spectrometer were used, giving a resoluE}on of 2 nm.
The excitation intensitj was varied by means of neutral density filters.
The geométry used for the two exciting wavelengths (490‘nm and 600 om) was
different sincé, in the former case, band to band tranéition was achieved
(511 the light was abso;bed near the surface of the sample) and, 1in the
latter, the light was absorbe& in the bulk: To maximize the luminescence
intensity, the standard 45° geometry was used for the interband excitation
and the 90°geometry for the extrinsic exéitatién (figure 3.55.' The reason
for the cholice of the latter geometry is simple. Since the coefficiant of
absorption in the extrinsic spectral region 1s very low, a thicker sample

.

would provide more absorption and therefore more luminescence., (No Raman
line or band wés observed in this spectral reéion studied).

In summéry,’a number of experiméntal-techniéues, including PC, PL
and optical absorption at high light intensities were used to prﬁvide novel
information én the optical p;qpertie; of CdInZS4 samples. The information
derived from these techniques and the application of this information to
the unéerstanding‘ of this type éf alloy‘ will be discussed in the next

1
chapter.
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IV RESULTS AND DISCUSSION

As previously mentioned, photocondﬁctivity and photoluminescence

spectra at different temperatures were acquired in order to characterized

24

involved in the excitation and ‘recomblnation processes or the position of

the CdIn_S, crystals. From these results, the energies of the transitions

the impurity levels inside the gap can be found. The Lux-Amp8re experi-
ments and measurements of rise and decay times of the PC transients were
perfofmed over twelve orders of magnitude of exciting light. Absorption in

the extrinsic regibn of CdIn was measured as a function of light

284

intensity. Finall photoluminescence inﬁensity versus 1ntensity of

gxcitation, as well as PL ansients at 100 K and 300 X will be discussed.

4.1 Photoluminescence spectra
. The photoluminescence
investigate the radiative «r

ion processes; one of the possible

processes by which carriers /decay.| The luminescence spectra were also used

(13)

proposed for.C?InZSA :
As exblained in section 3.5, the PL spectra of CdIg‘,;_S4 was measured
in the temperature range 4.2 -~ 300 K and excited with the 457.9 nm line of

.
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an argon lon laser. This wavelength was used in order to obtain interband
excit;tion. Figure 4.la shows the actual PL rtaw data obtained by the
éystem. The sharp line in the spectra correspond to laser plasma lines and
are of no interest here. Representative PL spectra, obtained at 4.2, 100
and 300 K, are shown in figure 4.1b. At fbom temperature, the luminescence
spectfum 1s composed of a single band of Gaussian shape centered at 1.52 eV
(Q}S nm) with a halfwidth of 0.34 eV. For temperétures lowef\than 100 K,
the luminescence..spectrum displays a coﬁple¥ structure: a Second narrover
lumineéceﬁce band appears at higher energies;.the ratio of the intensities

!

of the high energy band (called the H-band) and the low energy band (called

~

the L-band) “increases with decreasing temperature. The low temperature

spectra have been numerically decomposed into two Gaussian components, The

-~

agreement’ between the experimenta] spectra and the sum 'of the two

components 1s on the order of the experimental errors. At T = 4.2 K, the

L-band maximum 1s located at 1.63 eV (760 nm) and its halfwidth {1s

-

approximately 0.20 eV; the energy of the maximum and the halfwidth of the
H~band are 1.83 (677 nm) and 0.20 eV respectively. The spectra obtailned

are therefore in agreement with most of the published results on the

-

luminescdence of CdInZS4 single crystals grown by the chemical transport

: method(123 13). The luminescence spectra of different samples are very

similar, the only difference between them being the relative

‘ \ ﬂ
the emission bands‘wQ}ch is not of interest in the present sectXd

S

ensity of

The luminescence spectra were also acquired with different exci-
tation sources including 'a He~Ne laser (632.8 nm; 1.95 eV), a mercury lamp
with appropriate high paés fil;ers.and a pulse dye laser (600 nm; 2.10 eV).
Interesting‘behaviour wag observed when the excltation energy was below the
band gap value (2.45 eV). For excitation energies of 2.10 and 1.95 ev,

&
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only the L-luminescence band was seen and for excitation energies higher
than 2.35 eV, both the L and H bands were observed.
In our scheme, we called E the acceptor level and T the trap distri-

bution {(Figure 2.2)." It has been proposed(l3)

that the L luminescence band
is due fto the electron transition 3 from the trap distrib&&ion T to the
acceptor level E. This proposél can be justified by the high density of
t?e E and T centers, and can also give an account of two features of the L .
band; its reiatively large halfwidth and the anomélo;s temperature
dgpendencéﬂof the halfwidth (figure 4 of reference 13). The halfwidth of

the L-band 1s nearly constant ‘between RT and 250 K, broadens when the

temperature decreases from 250 to 150 K and agains becomes constant at lower

~

temperatures. In comparison, the halfwidth of the H-band displays thg .
usual behaviour, being temperature independent at low temperatu;gﬂwand
-increasing monotonically at higher temperatures. |

As explained earlier, when thé sample was excited at 2.10 eV at

100 K, only the L Iumiﬁgscence ‘band was excited; hoﬁever at the same
' energy, a strong photoconductivity band was observed (section 4.2) and.was

attributed to- transicion 2 ff9m the relaxed acceptor level E, to the
- conduction bang. -

The higﬁer excitation energy {2.35 eV at 100 K) excites both the L
and H lumirescence bands. ,At this energy at low temperatures, a negligible
photoconducti?ity was observed. The propoéed transition of this process is
from the valence band to an excited donor level V*. The doner level V* can

relax and the electron can make the radiative transition from the V level

y .
to the val;ﬁée band at 1.85 eV, giving rise to the luminescence H-band.
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AlternativeAly, the electron can tunnel to the trap and recombine rafiia—
tively with a hole trapped in the E—center.. The tunneling,’ V> T, is
promoted by the hi;orh density of trapping levels with energies of the order
of the energy of the V level. ‘

In summary, when the excitation provides band to band transitions,
both L and H lumlinescence bands are seen at temperatures lower than 100 K,

~ -

and for. ‘temperatu;:es higher than this, only the L band 1is seen. ‘Tﬁe
explanation for this phenomena {s that the Fermi Llevel. moves witl-;
temperature. When T < 100 K, the Fermi level lies above the V-centers so
that all of the centers are occupied and the 'transition V to conduction
band can be observed. Furthermore, optically excited electrons can be
trap;;ed byﬁ the T level and decay via tran’siélion 3,‘50 ‘that both/frocesses
of recombination are observed. As the temper\:\at%‘e is incre;sed, the Fermi
level decreasds and when T>100 K, the Fermi level lies below the V-centers
30 that each donor is uncccupied by electrons. Now photoexcitedlelectrons
can bé captured 'by both T and V-centers. Due to the.high density of
trapping levels T and thelr high capture cross section combined with the.
fact that the V«centérs have a small capture cross section for free

(13)

electrons, the most probably pr.ocess. of recomblnation s by the traps T

and transition 3 glving rise l;o the L—luminesce.nce band only. When the
excitation energy is 2.10 eV and the temperature is higher than 100 K, the
electrons are excited from the E level to the conductiocn band, where they
are trapped d make raciiative transitions‘ from the T- levels to the
<. .
excited E-levels, producing the L-luminescence band. At an excitation
energy of 2.35 eV, ghe electrons are excited from the valence band to .the
V*—levél. Some of the electroné return to the ground state of the V-level
then radiate energy by the tramsition V to valence band producing the

H-luminescence band and others tunnel tﬁrough the traps and decay via

4
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transition 3 produciag the L-band. In concIGgion, the important thing to
remember is that at temperature higher than 100 K, the 6;centeps play no

role in the recombination pfocesses at any excitation energies studled,

<

4.2 Photoconductivity spectra. a , o
5 ]

As wag the case with the PL emission spectra, the PC spectra were
acquired for the characterization of the samples. hIn figures 4.2 to 4.4
the PC gpectra of CdInZSA at RT and 100 K are repopted for three different
sampleg. The gpectra have been normalized for equai incidenQ\intensity and
the chopping frequency ustd was 44 Hz. It 1s important fé remember that
the PC spectrum does nokt necessarily follgw the opti;al absorption
spectrum, since PC depends on both the optical absorption and the iifetime
of the photogenerateéd carriers in the crystal. The vertical scale is in
a;bitrary units, since only the shape of the spectra is of interest here.
Furthermore, the exact shape of the spectra, and the relative intensities
of the peaks depend upon the preparation conditions under which tﬁé sample
was grown and therefore varies from sample to sample.

For the three different crystals (saiple 1-3) at bo;h temperatures,
the spectra show two peaks. Taﬁle 4,1 (a) sumfiarizes these resu}ts by
giving the position of the peaks for the three samples at 100 K and 300 K.‘

Table 4.1 (b) shows the resistance of -the samples when the electrical

(ohmic) conbacts'aré 1] mm from each other at RT and 100 K. Rdark
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Table 4.1 \\5““

\
™,
a) PositiQn of the peaks in the PC spectra

- position of the peak position of the peak

f

~

¥ 300 K b 100 K

" peak A (nm) peak B {(nm) peak A (nﬁ) peak B (nm)
. : ‘
Sample 1 . 500 600 425 585
Sample 2 450 600 425 - 350
Sample 3 510 600 425 : 575
b -

L

.

b) Photo;electronic properties of CdIn?_S4

<i\’/// . 300 K i : 100 X
Rﬂark (®) | RwL @) Rgaqk () RwL (@)
Sample 1 8.2x104 . 4.1x104 3.0x106 L 4.5x105
Sample ; w10’ 8x10° - 1.0x10® _ 1.0x106.
, |ssuple 3! 7._5x104 3.7x10° . " 2.2x10° . 3.3x10°
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‘corresponds to the dark resistance of the samples and RwL‘to the resistance

of the crystal when {t {s illuminated byjya 40 Watt quartz-iodine lamp at a

distance of 30 cm. Samples 1 and 3 have approximately the same resis-
. . B . ,
ftiviby, whereas sample 2 has a higher impedance, Differences. can also be

seﬂg,in the position of the peaks in the PC spectra: samples 1 and 3 have

their peaks at the same energies but the peaks in sample 2 are shifted to

(¢18)

¢

lower wavelength. Abdullaev et al. measured the PC on a large number

of single crystals prepared by the chemical transport méthod,and suggested
that a deviation from the stoicgiometric concentration of sulfur made some
changes 1n the structure of the energy band. The data shows that the
resistivity of the crystals 1is directly related to the sulfu?_content of
the sample and can vary éonsiderabiy from sample to sample. We can,
therefore, safely assume that the samples used have different degrees'of
sulfur content (sample 2 has;a lower concentration 5f sulfur than sample L
and 3). | T )
Peak A, of the - PC spectra, can be ~attributed frqm prévious

(8, 18)

studies to band-to-band transitions (transition 1 in figure 2.2).

Peak ‘B, at.2.l eV, owlng to thé very iow absorption coéfficient in this
Jspecfral reglon, can be regarded as a volume effect; its strong enhancement
at low temperatures involves the contribution of a localizéd gtate. The
origin of peaka was sugéésted by Abdullaev et al.(ls) who found that this
peak 13 prominent in non-stoichiometric sulfur-excess samples., This peak,
observed 1in the same- position in lumihescence excitation spectra, 1is

assigned, in‘agreement with Czaja and Krausbauer(ls), to the electron

: ¥
transition from an ilonlized acceptor level E to the conduction band
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Ttransition 2 in figure E.Z).V Fhotoluminescence emission'spectra }eported

(13)

by Grilli et al indicate that electron relaxation occurs via trap

statéQ T and transition 3 in figure 2.2. o

Finélly, the PC spettra were also recotded at different chopping
frequencies vﬁty&&g;from 22 Hz to 710 Hz. _No change in the position or
relative ;ntensitieg of the® peaks were noticed at éither temperaturés,
providing that both transition processes 1 and 2-are faster than 1 msec,
i.e. a steady-state condition was always achieved over the range of
chopping frequencies studieﬂ HNow that the excttation and recombination.

processes are known at the two temperatures for the diffﬁtent crystals, let

us lock at the change of the PC response with the intensity of excitation.

4,3 Photoconductivity verSus intensity (low light)

. »

L]

,

.

It should be emphasized at this polnt that a concept fundamental to
the interpretation of PC presented in this thesis is that in CdInZSA,

extrinsic excitation (hv< Eg) produces free electrons while holes play an

insignificant role in the extrinsic PC process. This assumption is based

on the fact that all previous research indicates n—type PC( )
e

PC versus Iintensity measurements (at low light intensities) weke

performed for the three samples in the energy region of peak A and peak.B
at RT and 100 K. The Bausch and Lomb monochromator was used as a source

and some Balzers calibrated-neutral dtnsity filters were used to vary the

incident intensity, “All the experiments were done at a chopping frequehcy

*
v
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Table 4.2 Effech of increasing light intemsity on PC. response,

. ' a b
ngple lexc Io , Slope
(nm) (W/m") 300 K - 100 K
. c
1 500 1.70 1.00 L=
c
600 2,54 0.95 —
. . c
450 0.95 -— 0.70
c . ~
585 2.51 - 0.85
: ‘ . c
2 450 0.95 0.80 ——=
- ¢
600 2.54 0.90 R
\ c
425 0.65 —~— 0.80
) c
550 2.33 - - . 1.00
a. maximum intensity “

b. taken from fig 4.5 - 4.6
An uncertainty of +0.02 {s attributed onm the values of the

l slopes. This value was obtalned by statistical wmeans using the
spread about the line- assuming no uncertainty on individual
points. (ref. P.R. Bevington "Data reduction and error

analysis for the physical sciences").

c. 1o measurement.
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of 44 Hz. ‘Figure 4,5a and 4.5b sﬂow a log-log plot of'the PC response as a
function of light intensity for sample l, at RT and 100 K respectively for
two wavelengths of excitation éorresponding to opcical'tran;itions of peaks
A and ﬁ.. Figure 4.6 shows the same dependence for sampielz.

It should be noted that the light intensity on the graphs is

expressed 1n units of optical density (0.D.} which 1s dgﬁiﬂ;d in the

following way:
0.D. = - log10 I/I0

where I0 is the maximum intensity one can achieve in the absence of
’

filters. ’Then the Lntensity at the,surface of the sample is given simply

e

as

I = IO IO—O.D.
The same lexperimentg were done on sample 3 with results comparable to
sample 1, so sample 3 will not be considered in the present section. ‘It
shou}d be emphasized thaf when the éxcitatioq’was done from a chopped light
source the steady-state condition was achieved siace .the process of decay
was’of the order of 10_5 sec (as will be discussedfin‘the next section) and
the chopping frequency was 44 Hz giving rise t;‘a period of éxcit;tion of

2 x 10-'2 sec.

1
Table 4.2 summarlzes the results obtained for samples 1 and 2 at the

two temperatures studied: Note that all the slopes are elther linear or

sublinear (+ < a < i). There exists a single physical picture to account

for exponents less than.unity derived from the distribution of Nt states.

The model, explained in section 2.2, proposes that as the light intensity

is Increased, more and more of the Nt states are converted from trapping to

¥



(arb.units) 1o

—

Log (P C)

o
O

{arb.units)

Log (PC)

r
L

Figure 4.5 PC versus intensity (low light) for Samplé 1 a) RT and b) 100 K

- 3=500nm 0

-a} sample |
R.T.

)=600nm X 0.95

PCoT

-2.0 - . -1.0

_b)Sample | t
I00K

A=450nm ©
A=585nm X

/

-1.0
LOQI/IO

0-0



Figure 4.6 PC versus intemsity (low light) for Samplg 2 a) R'l‘ and b) 100 K
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recombination stites. This conversion takes pléce as the steady-state

Fermi level Efn sweeps through the Nt states towards the conduction band.

'A; P> ;hg density_of. recombination stafes for electrons, increases, the
electron lifetime decreases. This medel 1s valid for both electroms
exclted from the valence band to the conduction band .giving rise "to frc.ae'
pairs (peak A) and fo; electrons excited from the recombination states to
the conduction band (peak B). Thus, the sublinear behaviour of the log
(PB) versus log (intensity) plot implies a decrease in the carcier lifetime
with intensity, whereas a linear dependence implies no chanﬁe in lifetime.
As for the actual values of the slopes at both tempefatures_f;nr_ the 2
samples, .they are closely related to the purity of the crystal and thus the
extrinsic disorder on which we had no control. Fo; example; different

samples may have a different distribution of traps in energy which could

have a direct effect on the value of the slope. The change in lifetime of -

.

~ exclted carrlers with intensity will be discussed in more detall in the

next section. -~

\ .

" . -

4.4 Photoconductivity versus intensity and -PC transient kinetics. ¢high

light intensity).

A. PC transient kinetics. ’ v
With peak laser pulse intensities one hundred million times greater
than the intensities used in the chopped excltatlon modes, it is likely
that Ehe kinetics are very different. PC transients, using t;l}g pulse. laser
as a source of excltation, were measured for two reasons. The" ‘first was to

LY
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see 1f the steady state condition was achieved using pulsed excitation and
the sgsecond to detect if a variation of - the decay time of photoexcited
carriers with intensity and temperature could be seen. These experiments

provide additional information about the kinetics of reéombinations, as

will be seen later. In the present analysis, the decay time of photo-

excited carriers will be given by the time required to go from the maximum

of the PC transient pulse to 60% of the same maximum. Using a laser pulse

width of At = 2 x 10_6 sec as an excitation gource, it 1s expected that the

response time be now of the order of psec rather than milliseconds as was

H

the case Iin the low intensity regime.
In the present analysis, the results of section 4.1 and 4.2 will be
taken into consideration. Recall (section 4.1) that the V—level;plsys no

role in the recombination process- in the temperature range studied. -

1

Furthermore, it will be demonstrated in section 4.6 that the ionized

E-center has a large capture cross section for free,holes whereas.the non-
&

ionized E-center has a small capture cross sectlon for free electrons.
* Also, the trapping levels (T) will be shown to be very efficient in the
capture of free electrons. Finally, as will be demonstrated from the PL

transient kinetics experiment (section 4.6), free electrons can also
' %
‘recombine via a nonradiative process. For the present investigation, oaly

sample 3 will be considered in detall, the other two samples giving the

same general dependence.

Figﬁres 4.7 and 4.8 show the PC tramsients for sample 3 at RT and
100 K in the optical region of peak A (490 nm) andr\29££ B (600 nm)

rgspectively. Figure 4.8c shows an example of the PQ)%ransient raw data

printe& from the LeCroy 3500.In this case a dwell time of 20 nsec was used.

-
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Figure 4.7 PC transient versus intensity at A = 490 nm (high light)

Y for Sample 3

a) RT and b) 100 K. {normalized)
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. Table 4.3 Decay time of the .PC transient at RT and 100 K for A = 490 na.

-y

Sample 3: : -
7 A = 490 nn
Intensity
*
(O.D.)a 2N (psec)b(tIOZ)
300 K 100 K
0 ol 1 2.10
0.2 1.21 3.02
0.4 _ 1.19 5.72 .
0.7 - 1.38 5.14 .
1.0 1.26 6,78 '
1.5 ~ 2.03 -
2.0 2.25 ==
a. ‘I°= 5 x 108 W/m2 S
b. D i{s taken from the maximum of the pulse to 60% of its maximum value.
c. no measurements taken at this 0,D. . o
Laser Pulse decay time. o ' \
A = 490 nm ; T, = 1.22 psec. *10%



a. I =5x 10
o

Table 4.4 Rise time of the photocurrent response at RT and 100 K for

J -

Sample 3:

A = 490 and 600 nm.

™

Rise Time (us)® (+10%)

Intensity® A = 490 nm A = 600 nm

(0.D.) 300 K 100 K 300 K 100 K
0 0.66 0.86 1.06 1.06
0.2 0.82 0.88 1.06 1.10
0.4 "0.96 1.14 1.08 1.06¢
0.7 1.18 1.20 1.05 1.12
1.0 1.34 1.60 1.08 1.16
1.5 ° 1.52 1.72 1.06 l.22»
2.0 1.86 1.98 - 1.10 1.32
2.5 2,42 1.96 1.26 1,32
3.0 2.50 2.20 1.34 1.48
3.5 2.82 2.24 1.22 1.48

S

8

b. Laser pulse: A = 490 nm
A = 600 nm

~54-
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W/m2 for A = 490 om and 1 x 109 W/m2

for A = 600 nm.
T, = 1.20 psec *10% :

TR = 1.00 psec *10%
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From the results obtained, the following three observationé can be

made :

1} The decay timz, Ty» of photoexcited carriers decreases with %gght
fhfensity for the intrinsic excitation at both temperatures, whereas it is
less strongly depéndent‘upon intensity for the exErinslp‘case;

2) The decay time increases with decreasing tehperature, and finally;

-

3) The_rise time,-%R, of the PC transient; l.e., the time it required to

Bl

reach the maximum of photogenerated carriers, decreases with ifitensity for

intrinsic - excltation but remains almost constant .for the extrinsic
bl

excitation. ¢

s
'

LI ’ )
Table 4.3 and 4.4 summarize the .results obtained from the PC transient

kinetics experiments. They show the decay and rise’time of the PC signal

&t different intensities of excitation. The fact that the’ rise time and

decay time of the‘PC translent be faster (in some cases) than 'the laser
pulse 1itself may be explained by the uncertainty of the recorded liser
pulse transient as egplaineﬁ_iﬂ éection 3.4. LT

The first two obs?rvations made: are of crueial impo}tance in the
understanding of recombination processes. First, let us‘§;; £o;éﬁp1ain why
the decay time decr;ases wheh the light intensit} increaseés .

The following aﬁalysig"ﬁfr}rapp;y for band-to-band excitation. The
same explanation can also be use& far.éhe extrinsic excitation and‘will be
discussed later. As thg light intensity increases more and more ffee
electron-hole paifs ardé- created. Théé; free holes are then caﬁturgd by ?e
ionized acceptgc,levels E. At very high light intensity, most of'these
accepter levels will be éccup{ed by holes. On the other hand,.the freé

electrons .created have a large probability of being captured by .the

trapping levels T and subsequentl recombine.
{ \ ' N
a ' 55— ~ . '
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As 1s well known, the\sgtal-recombination process 1ls the sum of the

-

radiative and no?radiative recombination. In the case of CdInZS4 at 100 K

[

and 300 K,. the radiative recombinatian is ffom transifion 3 {T + E) in.
. \ .

figure 2.2 and the nonradiative one is pPoposed to be {section 4.6) band-
to-band recombination and has a very fast decay time. Electrons can thus
recomblne via two pathways depending om their emnergy level; band-to-band or
T + E recombinatiocn. -

As ﬁreviously ~discussed (section‘ 2.2) as the intensity of
excltation increases), Qhefelect;on Fermi ievel elso'ipcreases,_gPich has
the effect of fill;ng the traps with electrons. - Thes, the probability of
fraﬁé emptying via 1&2& .conduction band will be higher. Now, as the

.

intensity decreases,’JEhe Fermi level = alsc decreases, lohering the

probability of thermal emptying of traps. Since the ndhradyﬁfive

‘recombination’ pfocess is fast, the decay time of photoexcitedjfarriers wiil

be determinkd by the emptying of the traps. As prebiously discussed this
emptylng process can proceed via the T + E transition; where a photon ls

emiteed, or by the absorption of Ehermal'energy where the electrons are

transferred into the conduction band. It 1s this emptying of the traps

which is at the origin of the long tail (decay timej of the PC tPaQeienf.

" d . “‘
Thus, the movement ef the Fermi level with intensity is at the .origin of

the change in the PC decay time as a function of light intemsity. - 5\%
Lo «
This effect was also seen at low temperatu;eg The important

difference between the PC transientq\et the ewo- temperatures is that the =

decay time is much longer at 100 K than 300 K. 'This is again Iindicative of

- : » .T
) < .
- m;‘. l ’ .
< ‘' .
N : fﬂ
‘ 56- g3
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the effect of trapping. Récgll froﬁ&;ebtion 2.1 that the major efféct of
trapping 1is to make the experimentally observed decay time of tﬁe
photocurfent, after excitation haé ceased, }onger than ;hé.-carrier
lifetime. As the temperature is lowered, less thermal ene;gy’ls availablg
which decreases the probability of "de-trapping”. Thus, the observed decay
time is expe;ted to become lgpgef. ¥

In the-caserof extrinsic excitation, the PC decay time is again a
function of intensity and temperature but An a smaller scale as compared to

the intrinsic excitation. The explanation :ii;;for intrinsic excitation

could account ‘for. this behaviour, omitting ¢ fact that holes are mot

' created in the valence band but are directly generated in the acceptor

. Y] .
level E. So, the hole capture pfﬁcess by the~E-level is non-existent.
w!
This effect may be at the origin of the differences in ‘the decay time
between intrinsic and extrinsic excitation. Furthermore, one bmportant

point to emphasize 1s that the kinetics of the growth of the PC transient

peak (at 600 nmj*(tR) is inﬂé¥$ndent of intensity, which 1s not the case -

for the iﬁtrinsic excitation. 1In the latter case, Tp

the inﬁensity is decreased. At these low intensities, photocarrlers are
. . . . e

still being created even after the maximum of the pulse, As the intensity

is increaseﬂ, the PC rise time follows the pulse rise time. This effect .-

was not as important in the extrinsic excitation. Because of this’fast

rise time, coupled with the- fact that- the maximum of the PC transient peak

~ v\ ’)(r TN
. i ( 1

. .
| Y - .

ol 1 {v///»’ . S RN

. I

becomes longer as

'
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13 constant in time, 1t is assumed that a near steady-state condition 1is

‘ P ‘
attained in the case of-éxtrinsic excitation.

‘B. Intensity dependence of PC ’ -

»

It is known thft the magnituae of the photeconductivity is governed

’ by the rates of genergtlion and recombination of nonequilibrium carriers.

- '

Two opticai regions were ufed for high intensity PC excitation:

- 1
1) & = 490 nom (Couvmarin 102); to excite electronq across the gap; i.e.,
peak A.

. T

2) 580¢ N ¢ 620 nm (Rhodamine 6G): to excite electrons from E-~level. to the
conduction band (peak B).

The purpose of using the extrinsic ‘excitation was to detect a PC saturation

-

at high excitation light intensity which could be caused by an emptying of

“

E-level. The band to—band excitation was done to, confirm these results.

-

As discussed previously (section 4.2), samples 1 and 3 can he

‘|, - \
considered to be of the same type, since théir resistivities are comparable

' 1
(a parameter related to the sulfur concentration). Sample 2 has a much

higher resistivity and will be treated later.
' “~
PC versus intensity ‘measurements were'performed for both Samples

. L]
and 3 in the region of peak B (transition 2) in an attempt to ohserve
gaturation effects, In that low absorption region (ad << 1, cartiers are

generated over the entire thickness, d, of the sample and the generation .

rate is proportional to the absorptéon coefficient (see Theory section 2.1).

& .



Figure 4.9 shdws~the photocurpent‘as a function of light intensity for
Sample 1 at RT and 100 (K. at an excitation wavelengéh of 600‘nm for
intensities,up to 169 W/mz. The damage threshold was determined to be

1{ W/m . The highest intensities (10;; w/mz) were -obtained by foeussing
¢ the beam on the sample. At both temperatures, a sublinear dependenée of

- the PC resﬁonse at low values of light inteﬁsity was observed (figure 4.5

(a); however} as the light intensi&y increased, ? marked deviation from

sublinearity was apparent, eventually attalining a plateau. Thié sasuration
effect 1s more easily seensil Figure 4.10 -~ an enlargment of F;gure 4.9
ﬁhﬁﬁing.the PC values at the highest light intensities,

The gaturation éffect, believed to be caused by an emptylng of the
acceptor levels, E, at high light intensities, is seen at both tempe-
ratires: howgver, it 13 wmore brominent at 300 K. Twe phenomena might

!)explain the &ifference g%twaen 300 K and 100 K:

1) ™e relaxation rate, which governs the regeneration of the acceptor

levels, is not necessarlly the same at both temperatures.- In other words

ﬂ// &gzrzaminescent teangition T + E is more efficient at 100 K than at 300 K
(2s will be discussed in section 4.6), Since this radiative recombination

is fast (vide infra) more electrons will be 4festored in the E-level at low

temperature by the time the PC transient 'reach its maximum.

!
[
<

| *"2) The absorption coefficient at A = 600 nm decreases from « = 3 cm—l at RT
to a =] cm—l at 100 KCBO) (see appehdix B). This decrease In a would have
the effect of masking the saturation, since less photons would be absorbed

at 100 K than 300 K for the same intensity. S o
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A ss_x.;turation of impurity PC at high intensity has also been

(36)

reported for GaSe by Abdullaev and coworkers and by Celler and

(37)

.

in n-GaAs. Thelr results were quite different from ours.

—

coworkers

Since they were exciting electrons from a level which was also the primary
recombination center, increasing the intensity had the two fold effect of
saturating the generation rate and increasing the recombination rate. In

L1 .
the case’of CdIn.S, samples, _the saturation effect observed over a broad

274
spectral range (585 - 6 nm), corresponding to peak B, 1s caused solely by
an edptying of E-levels. The lifetime of the excited wearriers can be

considered constant for the 600 nm excitation as demonstrated by the PC

- transient results (fig. 4,8)., The fact that the rise time of the PC

re&ponj,se f‘ollows the pulse rise éinfe, indicates that the lifetimé of the
pho:toi;c/eneréted[,carriers is less than or equal to the laserlqulse. Thus,
equilibrium at vt‘n‘e .maxiu;um of the PC transient is obtained. -

‘The above data were obtained on Sample 1." 1In comparison, the
saturation effects were less apparent for Sample 3 (see Figurle 4,11). This
di_ffe'renceA can best be explained by inspéction of the low-intensity ‘PC
spectra of Flgure 4.2 and 4.4, In Saumple 3, the fact that peak.B is

relatively more intense at both RT and 100 K indican‘es a greater density of

4
acceptor levels E, making saturation more difficult l;’o achieve. + From
Figure 4.9, it 1s possible to test:imate fEme density. of acceptor levels ‘E:.

/
@ -
assuming the free lifetime of the photocarriers to ~be.constant and of the .

b . 3
order of ‘the laser pulse: width, Tt. is necessary to calculate only the

number of photons absorbed per unit wvolume at the saturation point. The

”
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saturation at RT occurs at an intensity of I0 =1 x 109 w/m2 at 600 nm.

—
The number of acceptors can be calculated to first order as fellows:

L4

NA = Io (1-T-R) At/hwd

= al At/hv
o

where a = 3 cm_l and Ro = 0,2 at A = 600 nm, At being the laser pulse

.

width, hv 1s the energy of a photon in Jjoules and T, R the transmissioh.
. %o

and reflection coefEicient respectively. This equation was derived 1in

section 2.1l. o

The calculated density of acceptors was found to be NA = 2 x 1018

cm_3. Since the acceptor E and trap T originate from Cd-In ‘lattice
excharige, the c:alc-ulated density of the acceptors should be r:)f the same
order as (or, 1f complete compensation is’ not achieved, less than) that.ofy
the trapsl.' The latteyr value was also determined by Endo et al.(38) and

(8)

Anedda et al. and their values are in quantitative agreement with the

-

value of NTA obtained here. In the present analysls we have assumed that

there 1s rno contribution te photocurrent from a change 1in the electron °’

- *

T

mobility due to the change "in the charge sr.at.:hs of the defects. This is a
fair -approximat_ion at RT 'where scattering from charged impurities is not
very 1mpbrtant.-

I_n comparlson q‘th samples 1 and 3; sample 2 has a lo sulfur
concentration and therefore.-a higher resis‘tivit.;y. For the PC Vfgrsus.t:he
.intensity experiments at RTl and 100 K f;)r‘ the extr:ins'ic excitation of °
600 nm, a }inear dependenc;a was observed. However, mno satur;tion was
.detec:ted at either temperature. Th;a reason for this is the same as befofe.

3
The .concentration of E-level in sample 2 is greater than in sample 1. This.

)
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'is the subject of the next section.

/ T
- T

is taken from the ratio of peak B to peak A (figure 4.2 and“4.3)_whi¢h gaﬁe-

a lower value in the first sample. Another reason for this could be due to

- the high concentration of V-centers. Because of -this, the ‘Fermi level

~would lle higher in the gap, and the tunneling process T + V, explained in

gsection 4.1 would be more probable, which would have the effect of filling
some of the traps. As electrong would be pump;d from the E_levéi to the
CB, some of th; electrons already trapped could decay into the E—centgrs‘
via transition 3, and thus no emptying could be observed.

Finally, PC versus intensity experiments were performed at-&90 nm.

In this case, a sublinear dependence was -observed over the entire

excitation intensity for the three samples. No saturation effect was

[*8

observed aﬁihigh excitation light intensity. 1f it\is assuméd&fhag the
excitation 1ight intensity at 490 and 600 nm affects the carrier decay time
in the same way, as was demonétq;ted by the PC téa;;ient resulﬁs, éhen this
is a good indication that the PC saturation obser;ed étk600 nm was éue ts
an emptying of E-level and wa$ not related to a lifetime effect, The -
inability to saturate withjintrinsic excitation is reasenébie since-the
valence band must be emptied first and this is not achieved as‘readily:

Ap irrefutable experiment to prove that the saturation of PC in the

. [
extrinsic region resulted from the emptyiag of E. level would _bE the

saturation of the ébsorpfion coefficggnt at high light intensity, and this

%
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4.5 Intensity - dependeng absdrption

A !

Measurements of intensity-dependent absofption were attempted’ t&
supplement interpretation of PC.saguration; As explaiﬁedlin section 3.3, a
dye laser was used as the ekcitacioﬁ_source; "The excifing radiation yas';n '
the form of single pu%ses of'Z psec duration in the spectral range 590 -
620 nm. A set of ;aiibrated neptralldgnsité éiltérs was used to vary the
excitation dintensity. Tﬁe -t _nsmitted intensity was measured by“.a'

photomultiplier coupled to a mdlt hannel averager., It 1is important to
note that data were obta}ned by measurepent of the intensity—dependeﬁt
transmission, so that only a small change in a large quantity, the.trans-.
missivity, 1is detected. The varlation of the signal detected by ‘the PM
would in fact be due to the variation of the coefficient .of .absorption of~
the crystal, The intensity-dependent transmission Qas investigated in the
optical reglon of peaﬁ 5. &he fir%t thing measured was the‘absorption
coefficient at these wgbglengths, at low intensicy;

For this, two samples of different thickness were qééd and for small
incident intensities, the transmitted intensity varies:linearly with Iolas

expected with the dependence
2 —ad.
{1 - Rb) e I

1 - R2 e—2ad
o

I = °

wheri Ro is .the reflectivity (Ro = Q.Z at A = 600 nm(31)), @ the absorption

coefficlent, and d the sampIe.chickness. The transmitted intensity was
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Tmeasured' by a silicon degector. The signal measured was d;réctly

. . ¢ - d .
proportional to the transmitted<ifffnsity:' By using two different sample

-~

thicknesses, we have:

. —_——r
-ad . =2ad - ,
El . (0.8)2e 1[1—('0.2)2 e 21 N .
I 2y "O:d -20:d . -~
2 .)% Yi-o.2Ze 11T N .
¢ ' L

- —2ad . ] 5

—ld . : !

e a(d;~d)) (L= 0.0%e. 2] o

- —zadl - 1%
1 - 0.04e N '
. w

[

but in this optical region, ad<4< 1 so that the ‘term in brackets ié.essen;
tially equal to one.: ’ -

Finally,

I -
- 1 X -dy
I, T
2

) -

where, ingour case, d, = 0.066 cm; d

1 2

= 0.076 cm; I, = 11.35 mvs anc%,

I, = 11.0 mV, so that

2
/ 1 1n El

_(d2 --dl). 12

which gives ¢ = 3.2 cm__1 at 600 nm in good agreement with Nakanishi et

aﬂ
£

et a1.<29)_ 'A-fbt.absorption coefficient was expected since this

wavelength cotresponds to an extrinsic transition.

e

7
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At high intensity, the'tranSmission of the sample is expecéed to

!

increase with increasing 1ntedsity because of the -tendency of ,the
. ' ks )
absorption to saturate. The transition responsible~for a saturation in

.CdIHZS& could be rep}esentdé/as follows:'fséé Figure 2.2). A reduction in
the linear absorption represented by the 'tranbitibn/f2 (from an ionized
acceptor to the.condnCtion band) could have oecurred_because of eﬁptying of
the acceptor. levels, An increase in the efcitééion iﬁtbnsity wo;ld re;ult

in gradual saturation of the absofption at that éavglengthﬂgince no more

electrons would be avallable to absorb the photons, so that the material

Y
~

woulﬂ become transparent to the incoming light. This saturation éffett is -

the éame phenomena as that which ls explained in.the ﬁfevipug sectioni

N In brinciple, optical absorption versus 1ﬁtehsity heaéurements in

2 ‘the extrinsic raqge'qhould have complimented the PC saturation measurements
but comparisons are difficult because of the low contrast invoived in the
-ad<c 1 range. The reason why the saturati;n was easily observed by photo-
conductivity in contrast. to ébsorétion 1s simply because two- different

"quantittes were mgasured.. In the case of PC, the number of photons
absorbed by eiectrons were investigated but for the absorption experiment,
we were aétually looking'at the photons not being absorbed by thevmaterial,'
l.e., the transmissivity. For examﬁle, with a ;ample thickness on the
quer of 0.076 cm and an absorﬁtion coefficiént-of_3 cmul at low light
inéensity decreaging to say 1.5 cm4Q at high intensity (as is predicted by

,

theory), the real change in transmission recorded would be of the order of

' by
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1- 1 ] -2 m ] _‘e-0.076(1.5) - 10%
/ I2 Ioe 2 |
which 1s a small quhnticy td‘measure. This 1is the raégdn‘why the photo-
conductivit& seems to be.a more\poﬁerful,tgchni&ue for the detection of
saturation effects in the extrinsic -region, since . PC 1is directly
proportional to the absorption coefficiﬁnt.

.There were some experimental problems to be overcome before
attsmpting the transmission experiments. The path of the laser beam was
changed when filters were added to ;r removed from the front of the sample
since the filters were not all perfectly parallel to each other, -This path
change was enou%h to cause a deflection of the beamsfrom the ceatier of the
800 pm hole (where the sample sat) to the edge, producing unprecise

results. To solve this problem, the optical cryostat was mounted on an

X-Y-Z translation system. By maximizing the signal each time a filter was

moved (i.e., by moving the cryostat), it was possible to obtain more or

less reproducible results, the uncertainty being of the order of *10%. As

.

a result, nothing could be concluded from the absorption coefficients

s \\measured by this technique.

i

~ o

.

. 4.6 Photoluminescence versus intensity and PL transient kinetics

As demonstrated in a previous section, a saturation of PC signal

\k;th inéensity wyas observed. The cause of this saturation was attributed
\ -

to} an emptying of the acceptor level E. This saturation effect could

{

-

ol
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produce interesting features because of population inversion between levels

.E and T.
PL versus intenslity experiments were done in the hope of detecting
stimulated emission in CdInzsa material. This stimulated emission would be

characterized by a drastic increase of the measured 1light output

(luminescence) at the point where stimylated emission becomes imgortant.

0

But first let us start with some lﬁminescence time'decay measurements. The
PL transients prﬁvide useful information on the k&netics of recogbination
as_yeil as the capture cross sections of some levels.

Whére_ radiative‘_decay 1s the only possiblé decay mechanism, a
measurement of the luminescence decay time can provide a measure of the
radiativé lifetime of ekcited sfqée of the crystal. More typically, the

measurement of luminescence decay time, does not provide a direct

‘EL,

" measurement of radiative 1lifetime - because of rapid decay via other

-

. . ¢ .
mechanisms. For the case where nonradiative decay 1s faster, the measured

-

decay rate is characteriétic of the nounradiative processes. This situation
is typical for recombination from intrinsic states of semiconductors

(band-to-band recombination) and particularly in the case of indirect gap
1 .
materials, where the nonradiative recombinatlion .rate can be orders of

magnitade faster than the radiative rate.
/

Luminescence decay. time, in the simplest case, involves a

T,
2-level system, where the ground state ig designated by Z and the excited

kY . ) * * *

.state by Z . Let us assume that the transition Z + Z is radiative, When

the exciting photons have sufficient energy, electrons are excited from the

—AT—-
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* . _
-Z to the Z 1level. Afterwards, the electrons will relax back to their

'l

ground state, emitting photons with energy equal to the difference in
* . .
energy between the Z and Z leVel, This luminescence process is known as

~

fluorescence. In this case, T, is simply the time taken by the electrons

L
to relax from the Z* to the 2 lqu},ﬁ%ﬁ

Now let us introduce a third i;:;I)\x, which acts as a trap for
‘excitéd electrons and sits near the_excited”state Z*. The following
agssumptions may be mad; about these levels: 1) the “trapping” transigio;

* o _
Z =+ X 1s considered nonradiative; 2) the emisslion of the trapped electrons

* - .
to the excited state Z must be phonon assisted; 3) the transi n X »2Z is

' *
a radiative one; and, 4) the transition Z =+ Z is stillya radiative one.

, *
Again, after -excitation (Z » Z ), some of the ele will decay back

: *
radiatively to the ground state (Z + Z; fluorescence) and some of them

.

) * . ' ‘ '
will be trapped (Z -+ X). Fromféhe traps level X, the electrons can either
¢

make the radiative transition X + Z or be ;éhemitted.in the excited level
* * X :
2 (X » Z ) by the absorption of thermal en;?gq. The first transition
kN

(X » 2) is commonly known as ‘phosphorescence. 'As for the remaining

~

* :
electrons in the Z level, they can make the final radiative trans%ﬁion

* . . ‘ \
Z + Z, returning to their ground state, This process is known as delayed

fluorescence. In the. present model, Ty

one found in the 2-level system beéause of the time spent by the eléctrons

1s expected to be longer than the

. ‘ N .
in the traps. Obviously,. the deeper the traps are {or the lower 1s the

temperature), the longer the~decay time "will be.- In summa the lumi-
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nescence decay time 1s simply the time taken by all the electrons to go

back to tHeir ground state, after exéitation, by ‘any way available to

them.

‘

As will be seen presently, CdIn284 exhibits phosphorescence rather

than flud}escence. Figure 4,12 shows the photoluminescence transient of
sample 3 at "(a) RT and (b) 100 K for band-to-band excitation. The
spectrometer was. set to observe the maximu{n of the L luminescent band

(Transition T + E). It 1s important to notice that the luminescence decay

time, Ty decreases slightly with increasing light intensity at both

" temperatures (seé/ﬁﬂéure 4.12). Moreover, a net Increase in the decay time

1s apparent when thé'temperature is dropped from 300 to 100 K. Finally,
the luminescence efficlency, 7, was observed to be inversely proportional
to temperature. The explanation of these three phenomena requires the

presencexof'a nonradlative recombination process as suggested‘by Grilll et

ki
a1(13)k There exists a competition between the radiative transitions (T + -

E}, where tﬁe probability Pr depends véry slightly on temperature, and the
nonradiative transitions, where the probability Pnr increases with
)temperature. We, ﬁropose this nonradiative transition to be from the
conduction band to the valence’ band. aThe lifetime of the lumlnescence is

proportional to I/Pr, but thé measured luminescence decay time, %L’ is

given by(39):

11 = Pr * Pnr
L

.

At low temperature, Pnf is almost zero; hence, the luminescence decay time
>

1s simply given b} the inverse of the radiative transition probablility, Pr;
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Figure 4.12 PL transient versus intensity at A = 490 nm (‘nigh light)



As the temperature is increased, the nonradiative recombination rate starts

to becomes more significant and thus 23 is expected to decrease. In l:e::ms‘.'r l
of CdInzsa band diagram (figufe 2.2), etlectrons are exclited from the

valence band (VB) to the conduction band (CB) where they can eigher remain

there (CB) or be trapped by the T-centers. ‘At low temperatures, the‘
nonradiative CB + VB transition is very unlikely to occur, thus relaxation

of the excited electrons must be via transition 3 (T + E), glving radiative

recombination (L luminescence -band). Furthermpre, even if there exists a

competition between radiative and nonradiaﬁive transitio?s at 100 K,

because the thermal energy is very small, the ﬁrobabilitquf‘trap emptylng

(T + CB) 1s very small, much smaller than at RT. ‘'Hence the electrons will N

remain in the traps for a longer period and decay via transition 3. Thus,

the luminescence efficiency, n, will be higher at low temperature, because

Q\

at

nonradiative transitions are unlikely to occur. On -the oth
higher temperatures (RT) the nonradiative recombination rate
contributes significantly to the total)ﬂ;_;nmbination process'
excited électrons in the CB can either recombilne with a free hole in the VB
or be trapped by the T-level. From this level, the electron; can again
decay via transition 3 or be re-emitted 1in the CB (because of higher
thermal energy) and again recombine nonradiatively This is basically the
same three level Jsystem which was discussed for phosphorescence, . The
thange in the luminescence decay timé, Ty and l;minescence efficlency, n,
with temperature can thus be explained from the above model. ‘

A slight decrease in the decay time was also observed as the

™
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exciting'light intensity was increased. This behaviour. could simply be due
to a local heating by the laser beam at higher intensities which would have.
thg same effect as previouély mentioned. Another, more likely, explanation
could bé that there 1s a rise of the.Fermi level with intensity. As the
1néensity is incr%ﬁ&ﬁi;:the Fermi level sits higher 1in the traps,-makihg
the probability of the r&p emptying highgr, and thus a shorter_décay time
¢ould be observed.

An important’ point to notice from figure 4.12 1s that the rise and

decay times of some PL tansient cuves are faster than the laser pulse.

This unusuwal process 1s also seen in flash-lamp pump dye laser where the
aser pulse is fastér tﬁan the pump (flé;h-lamp) itself. This observation
a good evidence for stimulated emlssion in our crystals.

' There exist many similarities between thé PC and PL transients. In
both Ycases the decay time decreases with Iidcreasing temperature and with
increasing intensity of excitation. The compaiizjb/of'figure 4.12 with 4.7
shows that the PL. transient 1is much faa;er‘ han the PC., ' This point
exemplifies what was saild in the theory (section 2.3) cdncerning the two
precesses: in materials which show both luminescence emission and PC, the
rate of decay of the luminescence emission 1s apprgci;bly more rapld than
the decay of the PC. 'In other wérds, éood luminescent materials require
rapid rec;mbination,' Whereas good photpconducto;s require slow

recombination. To repeat what was sald earlier in section 2.3, it is
"

possible té distinguish two possibilities: a) Both luminescence and PC are

assoclated with the capture of Lhe same type of carrlers, either electqon

or hole, anq b) iuminescence 1s \asgsociated .with ihe capﬁure of one type of

carrier, but PC with the capture of the other type of carrier. In the

former case (a), 1t seems that the presence of good 1uminéscénce emissions

1s indicative of favorable center for PC. This 1is because the capture

cross section of



known excited luminescence centers may be rather small, much smaller than

the cross section of “poison" centers fpr luminescence, i.e., centers which

-can’dissipate the energy of the exci;ed carrier nonradiatively, “Thqs the
density of large cross section centeré is-small, and freed charge carriers
will hav$ a reasonably long lifetime before recombination. In the 1§tter
case (b), the requirements for good luminescent ‘materials aﬁd those for-

- good photoconductors are closely. related. Centers are requiréd which would

have both a . large cross section for minority carriers producing the

L3

emission, and then a small cross section for majority carrier, producing
, .

long free lifetime for the majority carriers. 1In a n-type magerial‘like
CdInZSA, a mixture of case (a) and (b) are mpre 1i§ely to be true.’ In
summary, a &1sparity ~in decay time between iuminescence and PC, would
result directly from situation (b), and could alsc be found under
conditions described in situation (a) if_ sone ofl the optically created

minority carriers were captured at centers with a smaller cross section

-

than the luminescence centers,

r -

W\‘____i?Let us summarize the above discussion in terms of the band structure
of CdInZS4 (figure 2.2). From the PC and PL transient results, it can Ee

-

predicted that the capture cross section of the lonized acceptor level E
I . .

for free holes 1s_ large. since when the excitation energy 1s greater or

eduél to the band gap, the luminescent transition T - E 1s seen (L-band).

This proves that thw E-level must catch a free hole, located in the valence

band, 1in a very effijclent way, Moreover ,~, when the wévelength of the ™
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excitation light is 600 nm (transition 2 in" figure 2.2), exactly the same

T +» E transition s seén in the luminescence apectra; as expléined in
section 5.1.

As far as the PL transient is concerned, band-to-band excitation and
excitation, at EOQ'nm have similar ghafacteristics, and can 5e ?xplained by

>

the same process. Luminescence ‘decay time decreases with temperature and

intensity of excitation. '

"

Finally, let us Jlook at" the PL response versus 1ntgnsity of
excitation; This experiment was carried out at both temperatures for
transition 1’ (band-to-band) and transition 2‘(E-leve1 to CB) (see figure
2.2). The results are sh;wn in figuré 4,13, . The maximum‘ of the

L-luminescence emission band at each of the temperatures was chosen (800 nm

. ""\-..“
at RT and 740 nm at 100 K). 1In three out of four cases, a superlinear

‘behaviour was observed at low light intensities. At higher intensities a

break in the superlinear behaviour is observed, producing then a sublinear

ity
luminescence 1in CdInZS4 consfsts of donor-acceptor {D-A) transitions

dependence. The explanation oi?;hts dependence 1s 'as follows. The L—band-
where the donors are the T-levels and acceptors th E-level., - A D;A
transition imvolves anleleCtron bound to the donor and a hole bound to the
acceptor. The radiative probability for such transitions depends on the
overlap pf the wavefunctions of the electron at the dondr and the hole at
the acceptor and is rather sﬁail. However, Iat low__temperatures, the
carriers caanot escape once ehey are captured at these impurities and D-A

pair transitions become one of the dominant radiative ‘Pfocesses.,  D-A
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transitions can explain. both the sublinear (@ <« 1) and superlinear
-

(1< a &£ 2) behaviour qbserved. _For example, the sublinear dependence at
high light intensity mayrbe explained by the fact that more of these D-A
palrs are created, reaching a ‘;saturation pointh when 0o more ionized
centers are avallable, p;using a decrease in the slop

It should be remembered that these are only prelimirary results.
Additional experiments are éurrentry underway otgzto confirm these results

and to provide a gfeater understanding of thes¢ processes,

/




V. SU Y AND CONCLUSION

-

- .

'The present researéh was undertaken inj;;ﬁer to study the photo-
2

conductivity adgrﬁhotolumingscehce of Cd S4 crystals under high
v -

excltation Intensities. The PC and PL spectra, at low light .intensities,

were obtained at different temperatureé and good agreement was found with

the energy band diagram_previously proposed for CdiIn crystals(13).

254

- The intrinsic and extrinsic photogbnductivity of CdInZSA was studied

at 360'K_and 100 K as &*function” of light intensity over twelve orders of -

magnitude and very Interesting results were obtained. The 1linear ipd
sublinear behaviour observed a@ﬂ.ﬁoth‘ temperatures for Low intensity
intrinsic_and extrinsic excitation could be explained by the‘existehce of
an exponentlal energy distribution of traps and follows the theoretical
model proposed. Saturation of impurity PC observed in the extrinsic region
under high intensity light allowed us to deéermine the density of the
defects which are presumably responsible for the absorption in CdInZS4 at
600 nm. The %C sathrgtion implies that the supply of elect?ons in thé
level’ E 1s not appreciably restored by direct laser activation or by
Ehermal activation from the,mualence band. The absence of such an effect
was attributed to a relativély.high crdss section of the unionized E—levei
for free hole capturg, as demonstrated by the PL-transient experiment.

That the PC saturatlon was -due to an emptying of the E-level and was
not caused by a change in lifetime with intensity was confirmed by the PC

transient experiment. This experiment was performed at both temperatures

for the 490 nm and 600 nm excitation wavelength.‘ The decay time of photo-



.&A

excited carriers was deduced and analysed as a function of light’ intensity.

The results were attributed to the presence of trappiqg }evels near the
conduction band and the movement of the Fermi level with temperature and
intensity of excitation.

Finall&, the photoiuminescencé experiments at high intensities ﬁefe
pérformed. | First, the PL transient experiments were investiéated at
different inteasities and tggperatures. From these results, informatilon
;bout capture cross section of t@e E and T-levels was thained. Further-~
more, a model for the radiative and Ponradiative recpmbinatiqn processes

-

was proposed and applied to explain these results. The dependence of PL

J

intensity on excitation light intensity was determined in the hopes of
obgerving stimulated emission.  Unfortunately, there was no evidence of
stimulated emission probably because the avallable samples did not exhibit

marked PC saturation (sample 1 was destroyed before PL experiments could

be done.

CdInzs4 could display intereéting effectg resulting from population
inversion between levels E and T. This matérial could be used in a tunable
solid state laser in the'near'infrhred region of 1.4 to 1.8 eV because of
the high density of traps and théir spread in energy. All thfs would be
possiﬁle providing that an inversion of population could be achieved. The
three levels for this laigr would be as follows:

1} Level E: ground state
»

2) Conduction band: excited state .

3) Trap T: metastable state
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The excitatlon source could be provided by a high. intensity laser,

pumping the electrons from the E level to the CB, The majority of the

eleggrons would be trapped‘ in level T and then decay back to level E

emitﬁing photons with energy 1.6 F 0.2 e,V? This process 1s of the same
kind as thalt used 1in the organic dye laser. So, CdInZSA would be a solid
state equivalent of a .liqui‘ci dye such as Rhoda'mine 6G and its efficier;cy
would: be inversly proportional to temperature, .

Further'expojriments could be done on some new CdIn_ZSA crgr\stals. The

first thing would be to choose a sampl_é which shows a small amount ‘of

extringic disorder; i.e.,. a2 low concentration of E-level. If the samples

. ghowed a saturation of PC for high int?{sity, the dependence of PL on light

intensity could be exp‘lored to see if the predicted stimulated emission

does occur. ‘ .
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‘ 1ndicating there 1is direct-allowed transition with an energy gap .of 2.75 eV

APPENDIX B (variation of absorption coefficient with tempgraﬁure)
’ ¥ !
(29))

(From the paper by H. Nakanishi !

“The absorption spe®tra of CdInZS4 have been measuréd at various
températures between 4.7 K and 412 K, and analysed in the region-of the
. . L™

. X - - O
absorption coefficient from - to 2 x 104 cm l., The data are interpreted \i

- -

at 0 K. Indirei?Sallowed transition is also observed with an_energy gap of

2.44 eV at 0 K,"

Now for indirect-allowed tragii;ioﬁs, the absorption coefficient a

for a single-phonon process is given by 0) . ' -

)
- E . - +
gl gl p) : '

A -E, +ED? B (hv-E :
T hy Lexp (Ep/kT) -1] T [ 1-exp (—Ep/kT)] : -

o

where A and B are positive constants which are nisﬁ(;iindependent %f the’
photon energy hv, Ep is the ﬁhonon energy, Egi is Fhe indirect energy gap,
T 1s the absolute temperature, and k is the Boltzmann constant. The first
term of the equation corresponds to phonon absorption and contributes in
the range hv> Eéi - Ep’ whereas the second term, the pﬁonon emission term,

contributes in the range hv> Egi + Ep' At very low témperatufes, the

phonbn deﬁsity is very small, therefore, the first term of the equation is
negligible compared with the second., Furthermore, the phonon energy does
not change much over the temperature range 100 to 300 K, whereas the energy
gap change from 2,45 eV at LNT to 2.28 eV at RT., Neglecting the first term

of the equation; one can see that for a fixed photon engrgy (hv = 2,10 eV ;

H

_ A = 600 nm), the absorption coefficient should be highet at RT than at LNT

T
because of the decrease of Egi with temperature and because at RT, the
4

contribution of the first term becomes'important.
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