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ABSTRACT

The Photovoltaic effect produced by illumination of
oxX1de semlconductor-metal barriers Was used as a probe to study
certain electro-optical properties of the only materials, Ag=0,
Cup0 and their mixed oxides, that have the Cuprite crystalline
structure. Ag>0 and the mixed Ag-Cu oxldes were grown Dby ancdic
ox1dation, wiil le Cup,0 was grown thermally. The Schottky Junction
was formed between the OXlde and the metal 1t was grown onto.

Ag20 film thicknesses of over 10 pm were obtained for
the first +time. The photovoltalc spectira taken at 300 K give a
bandgap of Eg = i.42 = 0.02 eV, while Ags0 exhibits P-tvype
conductivity. Evaporated gold on Agp0 1s Ohmic while Sillver,
aluminum and platinum are rectifying. The barrijer height of Ag,
Al and Pt with Ag20 seemed to be the Same, about 0.92 * Q.04 eVv.

The semiconducting oxide films grown on Ag-Cu alloys
exhiblited p-type conductivity too. It was found that the mixead
cXldes were unstable in the presence of other OXlde phases and Cu,
Photovoltaic spectra taken at room temperatures :llustrate the
energy gap varilation of the grown oxides as a function of the Cu
atom:c percentage in the metallic alloy.

The photovoltaic Spectra of the Cup0-Cu Junction were
taken at laow temperatures for two types of samples

type I, thermally grown Cuz0 fillms on Cu, the oXide

thicknesses varying between 7 and 170 i,



and type 1II, a 2 mm thick natural growth CupsQO single crystal.

The results were: interpreted assuming exciton
migration and fileld-induced dissociatlon at the semiccnductor
metal interface. A meodel has Dbeen developped to simulate the
variation of +the photocurrent spectra as a function of the oxide
sample thicKness. The excitonic diffusion length of the +type 1
samples was found to 1ncrease as the temperarure was decreased and
saturate at a value of about 50 #m for temperatures below 80 X. In
the Type 1II sample, the diffusion length of excitons increased
rapidely as the temperature was decreased, due to its low impurity
and defect concentration. At T = 2 X the diffusion length in the

type II sample was of the order of 1 mm.
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INTRODUCTICH

There is increasingly Erowing attention and research in
o0xide materials due to their interesting physical properties
CxXxide materials are extensively implemented in microelectronics
and optoelectronics as well as in other fields ) desplte the fact
that they usually present technological difficulties in terms of
rurity and defect concentration ) associated with their complex
structure in comparison to that of elemental and some Dbinary
compound semiconductors. The recent discovery of the high T. rare
earth copper oxide compound superconductor opens a vast new fieild
of development and relevant applications.

In the present work the photovoltaic effect { PV ) at the
metal-oxide semiconductor junction ( SchottKy junction } was used
to study some electro-optical properties of Agp0, CupO and their
alloy fiims, grown anodically or thermally. The growth of
micrometer thick films on Cu and Ag by thermal or anodic oxidation
is very c¢onvenient because

1) it provides a "natural® rectifying Jjunction at the meta)
oxide/metal interface which is never exposed to the
atmosphere after its preparation, thus aveiding contamination
broblems,

2) mechanical stability even for very thin films, and

3) simplicity 1in the Preparation and in controlling the oxide
thicKness which is achieved usually by the duration of +the

oxidation.

25



Ago0 and Cuz0 are the onlvy two compounds that have the
Cuprite ( Ma20 ) crystalline structure . A fairly large effort by
the "Sclar Cell" scientific community was devoted over the yvears
toc make an efficient CupC cell (see review article [11), but
without significant success . The study of Agp0 stemmed from the
fact that it has an energy gap value appealing for solar cell
applications [2-51 and that wvery 1little was known of its
semiconducting and photovoltaic properties. The study of anodic
oxldation of the Ag-Cu metallic alloys was motivated by the
pPossibility of growing Ag-Cu mixed oXides with large concentration
of Ag. So far, Ag concentrations up to 2% at. have been added to
thermally grown CupO [6-8].

The photovoltalc effect which will be extensively used in
this work, was discovered about 150 vyears ago by Becquerel (in
1839). It involves the creation of a voltage following the
absorption of 1light 1n an inhomogeneous material system. The
three following processes are necessary for the creation of the
photovoltaic effect:

1) generation of electrons and holes by radiation, in excess
of thermal equillibrium,

2) Separation of excess charges of opposite charge sign at
some electrostatic inhomogeneity (like a metal-semiconductor
or a p-n Junction),

3) the carriers generated must be mobile and stay in their
excited state longer than the time requirec to travel to

the charge separating Junction.
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The variation of the Photovoltaic response as a function
of wavelength, sample thicKness and temperature yields a wealth of
information concerning the material’s properties. One coulad
determine the following:

a) energy gap of the semiconductor and its variation with
temperature,

L) the SchottKy (Metal - Semiconductor) barrier height of
the semiconductor with different metals, and

¢) under certain conditions {(see chapter 5) the absorption
coefficient or the diffusion length of excitons and free
carriers.

In +this thesis chapter 1 eXxamines the general background
in oXidation techniques, the PY effect, and the
metal/semiconductor Junction Physics. Chapter 2 presents the
exXperimental apparatus and techniques,. In the rest of the
chapters, the photovoltaic effect was utilized as a Probe to study
various properties of the O0Xides grown. The third chapter deals
with the preparation and photovoltaic Properties of anodic Ag,0.
The possibility of making a Schottky Junction solar cell was
exXamined . The properties of the oxide films grown Dby anodic
oxidation on Ag-Cu alloys were studied in chapter 4 . Finally, in
chapter 5 a novel method is described to obtain the diffusion
length of excitons in thermally grown Cup0 films on Cu samples.
That was achieved by Mmeéasuring the variation of the Photovoltaic
current with respect to the Cup0 f£ilm +thickness. In order to

confirm our results, the model developed was applied to a high

a7



Purity natural growth single Cuy0 crystail, for which the n=1

Yellow series exciton lifetimes and diffusion coefficients were

measured before [9, 103.
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CHAPTER |}

GENERAL BACKGROUND ON OXIDATION TECHNIQUES OF Ag , Cu AND ON PV EFFECT

In this chapter the general background relevant +t¢o all the
work dealt with in this thesis is presented. Hamely, Oxidation
techniques used to grow samples, as well as the physics of the
Photovoltaic effect and metal-semiconductor junctions. Each
following chapter may also include bacKground relevant to 1its

particular subject.

1. _OXIDATION

The extensive application of oxide £ilms 1in technology
necessitates continuous improvement in c¢xidation methods which
wiil insure the desired reproducibility and controlled Properties
of these films. Certain experimental techniques are well in
advance of the theory in +this field and in those cases the
preparation of oxide films becomes to a great extent an art.

In this work two oxidation methods have been used ; thermal
and ancdic oxidation. Thermal oxidation is a process that is very
well understood. As for anodic oxidation, even though it is simple
in principile, the choice of electirolyte, the growth of good

quality and of films with reproducible properties, is not obvious.
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1. 1. THERMAL OXIDATION

In this section the transport mechanisms through a growing
P-type semiconductor oxide layer are described. More information
on high temperature cXldation of metals can be found in a book by

N. Birks and G. Hd. Meier [1] and the references therein,

1. 1.1, Mechanisms of oXidation

To discuss the mechanisms of oxidation at a metallic slab,

let us consider the following equation
€ Hetal (solia) + 1/2 Oa>(gas) - (Metal),0xide (solid).

The solid reaction product Metal Oxide will separate the two

reactants as shown below ,
Metal { Metal Oxide , OE gas

In order for the reaction to bProceedq, ¢ne or both reactants
must penetrate the scale (oxide layer). Therefore, etther the
metal must be +transportedq through the oxide, to the oXide - gas
interface or OXYgen must be transported to the O0Xide - metal
interface and react there. Thus for the oxidation to proceegq, it
ls necessary +to assume +iransport Process through the oxide.
wWagner [2] developed the theory of = high temperature cxXidation of
metals" assuming that diffusion of ions across the growing oxide
was the rate determining factor in the oxidation process. It was
also found that when diffusion through a scale 1is the rate

determining Process, then the scale thicKness increases
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proportionally to the square root of the oxidation time. This is
called the parabolic law and 1t 1s represented Dy the following

equation

thickness = Constant. (1.1
(time )I/a

Since most metal oxides tend to be ionic in nature, ions are
considered tc Dbe the transport entities through the growing
s0lids. Oxides can be divided ints stoichiometric and non-
sStoichiometric crystals. By non-stoichiocmetric it is implied that
the metal to oxygen atom ratic is not exactly that given by the
chiemical formula. Non-stoichiometric oxides will show either
p-type or n-type Dbehaviour. A p-type oxide semiconductor may
ari1se Ifrom elther a metal gdeficit or an excess of non-metal

(Oxygen) .

1.1.2. Thermal oxidation of Cu to CupO :

Since CupO0 was the only oxide grown thermally, let us
consider briefly the oxidation mechanism of <Cu to Cux0. Copper
oxide 1s a p-type semiconductor forming cation vacancies and
holes. The formation of these defects may be represented Dby the

following egquation

172 Q2 = Og + 2 Vigy + 2 b’ (1.2)
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However, 1t 1s also possible for the vacancies and holes to

dssoclate producing uncharged CoPPer vacancies, according to

VJCu + h' = VCuo (1' 3)

The formation of a neutral cation vacancy may also be

represented by combining the 1ast 2 equations, as

Mrowec et al. [3,4] have investigated the oxidation of Cu to
Cup0 at temperatures higher than 900 :C and they found that the

Predominant ( 96 to 977 ) transport defect species in Cuy0 are the

neutral cation vacancies mentioned earlier. Further discussion on

the thermal oxidation of Cu to CupO will be presented in chapter 5§

(see section 5. 3. 3).
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1. 2. _ANODIC OXIDATION

Anodic oxidation is basically an electrolysis process. Two
metal electrodes are submerged into the electrolyte ( solution }
bath, and nucleation of an oxide film occurs on the anode when thé
appropriate voltage is applied. The nucleation occurs at Preferreq
sites and the oxide first grows laterally and then increases in
thickness. When the growing oxide forms a continuous film then
the voltage required to continue the same growih rate would have
to be increased with the thickness of the film. If the +film 1is

reaking up as 1t EIrewWs, ° then the voliage necessary to continue

the oxide growth i3 the zame asg the initial voltage since a clean
electrode surface is continuously exposed,

In the case of a continuous film, the oxide can Erow only
when either OoXygen lions from the electrolyte and/or metal ions
from the anode, migrate through the growing film. Therefore the
oXide growth depends on the ionic conductance of the oxide
material. It also depends on the electric field set up in the
0Xide and consequently on the applied voltage. Due to the voltage
drop through the solution, and at the interface between the oxide
and the electrolyte {51 , the potential difference across the
oxlde is not equal to the applied voltage Dbetween the two
electrodes (see figure 1.1). To distinguish the applied voltage to

that across the oxXide, from the term "overvoltage" was introduced
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iln the 1iterature. This 1s defined as the voltage over +he
theoretically calculated open-circuit potential for an oxidation
reaction at equilibrium Therefore the overvoltage is a measure of
the driving force available to make the oxide grow. A significant
portion of the applied voltage appears across a region in the
0Xide next to the oXide/elecirolyte interface, called the space
charge region as in figure 1.1, where uncompensated impurities or
trapped heles or electrons reside. The remaining applied voltage
appears across the Helmholtz 1layer and the rest of the
electirolyte.

The two Dbasic methods for the formation of an oxide film

are : 1) oxidation at constant current, and 2) at constant voltage.

1. 2. 1. Constant current (referred in the literature as galvanostatic

condition)

During continuous film growth at constant current each new
layer of oxide thickness dD requires an extra potential AV to be
added to maintain the field in the oxide and hence the current.
The differential field strength 4v/dD does not usually vary with

the increasing thicKness of the oxide.

1. 2.2.Constant voltage ( potentiostatic condition )

The film growth causes a continuous decrease in the field
strength. Therefore the ioeni¢c current falls. As that current
falls, the rate at which the field decreases drops too.

Eventually the rate of growth is so small that for any practical
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purpose the thickness may be said to have reached a 1limiting
value.

According to the ahove, it would seem that an oxide of any
chosen thickness could be gT own, given enough tine. But this is
not the case. In the anodic oxidation process, after a certain
amoumt of charge has been passed, the ilonic current decreases anad
the film growth ceases. This state is called passivation,
Complete anodic passivation of a metal may be said to have occured
when ei1ther metal ions cease Lo emerge from the grown oxide
surface and“or adsorbed anions cannot be discharged at the
OXlde“electrolyte interface. Under these conditions, the voltage
between the anode and the electrolyte rises and either a different
reaction takes over ( such as metal valency change ) or the
voltage reaches oxygen evolution values (that is electrolvsis of
the water). Therefore , there is usually an upper limit tao the
attainable oxlde thickness with this technique. This sometimes
could be the limiting factor here, because in our case micrometer
thick oxide samples are needed in order to have appreciable
absorption of energy gap light, which is needed to 1investigate
semiconduct ing and Photovoltaic properties of the oxide
semiconductor.

The growth mechanisms were bpreviously discussed briefly anad
@8 fTew definitions were given to make 1t easier for the reader to
follow. More i1nformation about aill aspects of anodic oxidation
can be found In excellent reviews by L. Young (6] and by D.A.

Vermilyea [71.
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1. 3. HETAL -SEMICODUCTOR JUNCTION ( SchottKy junction) ([8,9].

In this section the contact of a metal with a semiconductor,
which results in a rectifying Junction is discussed. In 1938
SchottKy [10] suggested that a potential barrier could arise from
stable space charge in the semiconductor alone. Whnen a metal is
making an intimate contact with the semiconductor the Fermi levels
in the two materials must coincide at thermal edquilibrium, Let‘’s
Now eXamine the formation of s metal/p-type semiconductor Junction
(since all oxides studied in this WOrK are p-type semiconductors)
for the two following cases

1} Ideal junction, angd

2) Surface state controliled Junction [11,12].

1.3. 1. _Ideal junction

In a p-type semiconductor the Fermi level relative to that
of the metal has to rise or fall by an amount equal to the
absolute vaiue of the difference of the +two work functions
( assuming nc surface states ).

a) Consider the case when the metal work function is smalter
than that of the semiconductor (Zm < #g¢), flgure 1, 2a. HMentally,
bring together the metal and the semiconductor until the distance
between them is very small. At that point a flow of holes from the

Zemlconductor into the metal iz eéstadlished ( or of elec¢ctrons from
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the metal into the semiconductor ). The transfer of holes creates
2 Tregion in the semiconductor that is depleted of holes and hence
bears a negative space charge ( called depletion region )} due to
uncompensated acceptor levels. On the metal side, the surface
bears a positive charge. The charge densities in the
semiconductor and the metal surface produce an electric fleld E
located almost entirely in the semiconductor depletion region.
The electric field E corresponds to a gradient of electrostatic
potential and to a hole potential energy across the depletion
layer as shown in figure 1.2a. As the distance between the metal
and the semiconductor vanishes the limiting case 1s obtained,
figure 1.2Db, where the value of +the barrier height qﬁbp
(neglecting the 1image force lowering |, wihich 1s called the

Schottky effect ) is given by
qﬁbp = Eg = Q(ﬁm - Xsc ) (1.5)
where : dXge 1s the electrrn affinity measured from the bottom
0f the conduction band toc the vacuum level,

Eg 1s the energy gap.

b} If #m > #g¢c » figure {.3, then there is no barrier to the

current flow of holes and the contact is considered ohmic.
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The reverse of all the above holds for a n-type
semliconductor. That 1s, 1T #q > #g5- the junction is rectifying

and 1f ey < Fgc then the junction is ohmic.

1.3.2. Surface state controlled Junction

a)Surface states and their effect at the semiconductor surface

Surface states arise due to the interruption of the periodic
lattice structure at the sur+ace of the semiconductor crystal,
introducing energy levels .n the forbidden gap. The wavefunction
for such states 1is localized in space near the surface.
Historically, surface states have been classified into fast and
Slow states [13]. The fast states are assoclated with the surface
states of the semiconductor and éxchange charge rapidly with the
conduction and valence bands of the semiconductor (in 10~ % sec or
less). The surface properties of a particular crystal will
therefore depend on the density and energy distribution of the
surface states.

The slow states, generally found on real crystals, are
associated with adsorbed species at the sem! conductor surface.
The transition times with the bulk semiconductor are long ( of the
order of seconds ). Surface states carry charge 1n a way similar
to donor and acceptor states of a semliconductor. In the following
discussion the effects of donor surface states on the Junction
will Dbe constidered, without 1ngquiring as to their identity and

nature.
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Let’s examine now the surface band structure cf a p-type
semlconductor with donor surface states. It is assumed that at
equilibrium, all of the surface donors are ionized, having given
up their electrons to acceptor states in the bulk. The result is
a4 posltive surface charge and a region of negative space charge in
the bulk, the latter being due to fixed ionized acceptors.
Because of the space charge, the electrostatic potential is lower
in the bulk than i1t is at the surface, Dby an amount Zg (ﬁs the
surface potential). This 1in turn means that the electron energy
at the surface 1is lower by an amount (e Zg) than it is in the
buik. The net result is that the energy bands are bent downwards
at the surface, relative to the bulk as shown in figure 1.4,
Notice that the surface donor energy is above the Fermi level at
the surface bhecause, in this case, all of the surface donors are
empty. Consider the case when the number of surface states is
very large ( so that not all of the donors are ionized ) and all
of which 1lie at roughly the same ernergy A below the conduction
band edge, figure 1.5a. Electrons flow from the surface donors
Into the p-type semiconductor bulk until the Fermi level at the
surface coincides with the surface donor energy. This means that
some of the surface doriors remain un-ionized (still occuptied by
electrons), thus fixXing the pésitlon cf the Fermi level at an
energy A below the conduction bard. In figure 1.5b the
equl librium case 185 shown, where the Fermi level is pinned at a
donor surface state and it is Independent of the doping in the p-

tvpe bulk.
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b) Surface state controlled M-SC Junction : fi11, 123

It 1s established now . that a well defined transition
exists between the interface properties corresponding to "ionic"
materials (small number of surface states) and those correspording
to “"covalent" materials (large number of surface states) [14].
Apparently, in ionic semiconductors the wavefunctions of the
electrons assocciated with the cations and anions do 1ot overlap
sufficiently to create surface states with energies near the
center of the energy gap, which 1f present would control the
barrier height. In our cass, i1t seems that barriers on both Ag20
and Cup0 are surface state controlleq, as will later Dbecome
apparent from the results,

Assuming that the surface states are Present on the
semiconductor surface and that the density of these states is
sufficitently large to cccomodate all the surface Charge resulting
from the contact between the metal and the Ssemiconductor, then the
Fermi level of the metal will adjust itself to coincide with that
of the semiconductor, figure 1.6. In that case, the barrier height
is determined by the semiconductor surface states and the doping
0f the bulk semiconductor, thus making 1t independent of the metal
wWork function. Hence the barrier w1ll De equal to Eq - A,

figure 1.6,

16



.

ELECTRON ENEAGY

|
|
J— '
1on1ze0l donor states ¢ t
¥ A '
Ec E L L % . &
n
4 E,
£lled donon dhaies T VL
METAL _— e - — - 4 _
—w—— : P-"‘\:pe semimwnducter

digtsnce

~

Ao9¥3aNT 304

v

Figure 1.6: Equilibrium band diagram between a metal and a

bP-type semiconductor with a large number of donor

surface states.

b7



1. 4. PHOTOVOLTAIC EFFECT : {15,16]

Whenever photoexcitation creates electron-hole pairs in the
vicinity of a Jjunction, the built-in electric field separates the
electrons from the holes and a potential Vpy 1s developed across
the l1lluminated junction. This is called the photovoltaic efféct
and the photovoltage V,y developed, appears in the same way as if
a forward voltage of the same amplitude was applied across the
Junction.

Let’s examine in more detail a metal/p-type semiconductor
junction and how the photovoltalc effect is created. In figure 1. 7a,
a Schottky Junction in the bacKcell configuration (light goes
through the semiconductor before reaching the Jjunction) is
Presented. This geometry was used In mecst of the experiments
rperformed here, Consider a SchottkKy Junction in egquilibriunm
(figure 1.7b), with an energy barrier e Vp; (Vp; i1s the built-in
potential) and a bullt-in electric field E. The junction 1s then
illuminated Dy radiation of energy greater than the energy
€ap, c¢reating electron-hole pairs . The electrons are swept down
the energy barrier by the built-in electiric field in the directiocn
opposite to the field and the holes in the field direction. The
net result is the separation of the photogenerated electrons and
holes, as shown in figure 1.7b. The separated carriers set-up an
electric field E' in +the direction opposite +o the built-in

electric field E, The net electric field across the junction 1s
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now reduced to E - E?, which in turn means that the electrostatic
botential ©between the metal and semiconductor is reduced to
Vbi — Vav, as sSeéen by the holes +from the bulk 9f the
semiconductor. Therefore the result ts the development of an open
circuit voltage Vpv. in the forward direction across the
llluminated Jjunction. Notice that the maximum photovoltage va
that can be obtalned is equal to Vbi» which in turn cannot e
larger than Egre. If an external conductor is added between the
metal and the senmiconductor, completing the circuit, a current
(Ipy) due to light generated €lectron-hole pairs will be cbserved.
The photovoltaic IeSponse measurements were made as a function of
light wavelength, tg be called from now on photoveoltaic spectra.
The photovoltaic sSpectrum for an ideal
metal-semtconductor system 15 expected to be reljated to the
wavelength-dependent absorption coefficient (o), which is a
property of the semiconductor. Such a spectrum could Provide us
with the optical energy gap (Eg). The energy gap’s Signature 1n a
photoveoltaic spectrum is the drastic decrease in the rresponse at
the energy gap value, because the semiconductor becomes
essentially transparent to light of energies lower than Eg. This
in turn 1s Jjustified by the fact that the absorption coefficient
decreases drastically too. In fact, there 1is an approximate
method to obtain the energy gap from a photoresponse Spectrum,
called the Moss criterion, this method 1s further discussed and
explained i1n section 3.8, Forr energiles above the enerqgy gap the PV

response does not usnally follow a(A), because there are
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artificlial reasons that alter the idealized PV response. These
are associated with the semiconductor material quality,
homogeneity and the metal/semiconductor junction quality. In the
foliowing section the SchottKy junction current-transport theories
are briefly presentedq, in order to indicate the parameters which
the photocurrent, generated by band to band excitation, in a real

metal/semiconductor system depends on.

1.4, 1. _Current - transport theory of Schottky junctions : [17]

The current transport in a metal - semiconductor junction is
mainly due to the majority carriers in contrast to a p-n Junction
where the minority carriers are responsible for the current. There

are 3 different approaches +¢o the current-transport mechanism

1) The 1lsothermal thermionic emission theory by Bethe [18] ,

2) the isothermal diffusion theory by Schottky {12] , and

3) a general theory developped by Crowell and Sze, [19]

which incorporates the above two theories,

The complete expression of current density J to voltage V

characteristics , as developped by the third theory above is

J = A** T2 exp(-qpp/KpT) [ exp(aVa/KgT) - 1 ] (1. 6)

Wnere: A" = fp fq AY / (1 + fp fq Up/vg)
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Zpp: the barrier height formed between a metal and a p-type

semicornductor

Va ¢ the external voltage applied to the metal-semiconductor
system, or the voltage (Vpv)} oObserved when the

semiconductor is illuminated

Kg : Boltzman's constant

A* : effective Richardson constant, A* = 4xqm*Kge-h3

fp : probability of electron emission over the potential

energy maximuam.

fq ! theoretical ratio of the total current flow
considering tumneling and gquantum - mechanical
reflection, to the current flow neglecting these

effects.

Vr @ effective recombination velocity at the potential

energy maximum.
Vq : effective dqiffusion velocity associated with the
transport of electrons from the edge of the

Qepletion layer to the potential energy maximum,
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1.4.2. _Expression for the depletion layer width, w , [20)

When a metal and a semiconductor maKe an intimate contact,
the energies of the conduction and valence bands of the
semiconductor are brought into a definite relationship with the
Fermi level in the metal, as shown in figure 1. 8a. Th;s
relationship serves as a bourdary condition on the solution of the
Poisson equation in the semiconductor, in the same manner as for a
P-n junction.

Under the abrupt approximation (that is when the impurity
concentration changes abruptly from adceptor to donor states then
one obtains an abrupt Junctiony, in a metal/semiconductor system
most of the space charge resides in the semiconductor, as shown in
figure 1, 8D, Therefore, the depletion width for the metal-

semiconductor barrier is the Same as that of the one-sided abrupt

P-n junction {20)

for O < X < w => P % q(Np-Np), ana

for x > w => p x5 0 , E = dv/dx = 0, figures t. 8b, c.
Therefore the depletion width , w , i3 given by the following
equation

1/2
w o= 2 € { Vv -V -KT/q9q) /q N -N ] (1. 7)
[ s bi A B I A D|

Note that, V, can be either positive (forward bias} or

negative {(reverse bias),
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where

Va applied voltage

Vpi @ bullt-in voltage

NA ¢ concentration of lonized acceptor states
Np concentration of ionizeq donor states

€s : static dielectric constant

p * Charge density

1.4.3. Barrier height Ieasurements

There are bastically 4 methods used to measure the barrijier

height (eg) (21, 221 of a metal-semiconductor Junction :

1} Current - voltage : The barrier could be obtained f.om
the I-V curve of the Junction. The Intercept on the current axis,
that 1is for VA = 0, then the current density in the forwara
direction in equation (1.6) will be

Jp = A** T2 eXP(-qep KpT)
and the barrter height can now be obtained from the following

equation,
2B = KgT7q 1n(A**T2,Jp) (1.8)
Nove, that the wvalue of “B 1S not very sensitive to the

cholce of a**
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c) Activation energy : The barrier height can be determined
from the activation energy plot for the metal-semiconductor
Junction for a fixed forward bias voltage (Va). The Dbarrtier
height can be estimated <from the slope of a plot of I1nJ versus

17KgT. which 1s equal to q(gg - V).

3) Capacitance - Voltage : ‘The barrier height can alsc be
determined by capacitance measurements. When a small A.C. voltage
1s superimposed upon a D.cC. bias, charges of one sign are induced
on the metal surface and charges of the opposite sign in the
Ssemiconductor. The relationship between C (capacitance) and V

{voltage) is given by the following equation : [21]

1-2
C = Q= qeE N = e (1.9}
3V = —_—
2(Vpi - Va- KgTrq) w
where, N : the lonized impurity density

€5: static dlelectric constant
w : depletion region width
The intercept on the voltage axis of a plot of 1-C2
against the applied voltage (V,), vields the barrier height from

the following equation,

g = Vi +Vn+KBT/q—ﬁﬁ
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where, Vi ! the voltage axis intercept
qVp ¢ the depth of the Fermi level ©below the
conduction band for a n-type semiconductor, or
the energy difference between the top aof the
valence Dband and the Fermi level for a pP-type
semicorductor
A : the image force barrier lowering (Schottky

effect)

1) Photoelectric effect:

The photoelectric effect method to obtain the barrier
height has been used throughout this work. This method was
preferred over the others, because it is the most accurate (231
and directly related to the work done here.

Consider the case when light of energy smaller than that of
the band gap, but larger than the barrier height 1s incident onto
the sample, as illustrated in flgure 1.9. Light then, is absorbed
in the vicinity of the metal-semiconductor Junction, and the net
effect 1s excitation of holes over the barrier from the metal into
the semiconductor.

The photocurrent I per absorbed photon as a functton of the

?hoton energy hv is given by the Fowler theory L[241
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1:Te/(E - nv)lfa[xa/a + w86 - (e7X - e72%Xq . e~3X.g —...] (1.10)
3
for x 2 O, where : x = h( v - Vo ) 7 KgT

where

hvgy @ 1s the barrier height energy qeg

4]
tn
)

q (& + #g). for a p-type semiconductor, figure 1.9, or
Eg = Ep + qayg, for a n-type semiconductor the Fermi level

Er is measured from the bottom of the metal conduction band.

Under the conditons

X > 3 (this condition assures that thermal effects are minimized),

ES - hv » O (this makes for a slow varyving term as a function of

lncident light energy), and

qeg < hv < Eg

Then, equation (1.10) reduces to [24]

1 = (hv - hv)?@ » thus (1) is proportional to (hv - hvg)?2
2Kg (Eg - nvyi 2

or JI = hv - qeg (1.11)
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Thus, a plot of the sgquare root of the photocurrent versus

the photon energy would vield a straight line, which extrapolated

on the energy axis would give directly the barrier height.
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1.5.CONCLUSION:

In this first chapter a}) we reviewed the oxXidation methods
that were used to grow samples; D) the Physics of an ideal ana a
surface states controlled Schottky Jjunctions were studieq; C) the
Photovoltalic effect ana the possibility of determining the energy
gap from a PV spectrum was Presented, while the current-transport
theories were discussed. An expression for the Calculation of the
depletion width, w » Was presented and finally the dependence of
the photocurrent on incident photon Eriergy was examined, providing
a way to measure the barrijer height. The background information

presented in this chapter provides the basis for the urderstanding

0f the experiments to follow.
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CHAPTER 2

2. GENERAL EXPERIMENTAL APPARATUS AND TECHNIGUES

In this chapter the apparatus, that was common to¢ most of the
experiments performed, are described. Sample preparatién
techniques as well as experimental set-ups particular +to
individual chapters are only going to be discussed in the relevant
chapters. The general apparatus used c¢an be divided into 4 parts:
1) the optical set-up, 2) the photosignal detection techniques,
3} the cryostat used for experiments at liguid Hitrogen
temperature, and #4) the samp’ 2 characterization techniques (X-ray

diffraction, sample thickness measurements, etc, )

2. 1. _THE OPTICAL SET-UP

The need for photovoltaic spectra necessitated the use of
monochromators. Two of them were available, first a high
resolution Macpherson for low light intensity work, and second a
Bausch&lomb of lower resolution but of higher light output than

the Macpherson. The description of the monochromators follows

2.1. 1. a high resolution Macpherson 2061, 1 meter, of Czerny

Turner optical design, mated with a 788 Macpherson Microdrive,
The grating used was holographic with {200 grooves/mm with a
spectral resclution at the exit slit of 0.8 nm/mm. Its working
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spectral range extended between 400 and 1200 g, to cover the
required wavelength range for the Eg and gg of Cupo0, Agp0 ana
their alloys. Figure 2.%i shows a top view of the optical set-up.
The light source used was a 42 Watt quartz-iodine lamp focused
through a set of mirrors to the entrance siit. The 1light was
usually chopped at a frequency of 77 Hz, before entering the
monochromator, Filters placed at the exit slit were used +to cut
off the second order radiation. A Dbeam splitter was used to
reflect a small portion of the output radiation to a flat spectrail
response detector, (usually a Si detector with a <flat response
over the spectral range between 450 and 950 nm) to correct for the
varying light output intensity of the monochromator. Figure 2.2
shows the 1light output intensity of +the monochromator as a
function of the wavelength. The curves represent the convolution
of the quartz-iodine lamp output intensity modulated by tihe
efficlency of the 1200 groove/mm grating and all the other optical
elements used (mirrors, etc.). Curve "a" shows the spectral
response as it comes out of the specirometer without a polarizer,
obtained with the use of a Si flat spectral response detector.
For curves "b" and "c¢", a polarizer was placed at the exit 51it
with 1its plane of polarization parallel and rerpendicular, with
respect to the vertical axis of the exit slit, respectively, The
light was left unpolarized for all the experiments performed
(curve "am"). The widely varying light output of the spectrometer
with the wavelength , which was due to a relatively poor quality
but very expensive grating from the American Holographic company,
made necessary the use of a flat spectral response detector for
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MONOCHROMATOR

M — — \j)

Figure 2.1: Top view of the optical set-up :
L.S. : light source, M : mirror, C : chopper,
G : grating, Ex. S. : exit slit, S : sample,
B partially transparent-reflecting glass,
F.D. : flat response detector.
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Figure 2.2: Light output intensity of the Macpherson monochromator
as a functlon of wavelength.
Curves . a without polarizer
b axis of polarization parallel w.r.t. the vertical axis
of the exit slit
¢ axis of polarization perpendicular w.r.t. the vertical
axls of the exit slit
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normalization purposes. The above combination of lamp and grating
provided a 1igh* power output of avout 3 10”7 W/cm@ and a flux
of s 1012 photons/sec cm@, at 600 nm with both slits set at 0.8 mm,

corresponding to an output bandwidth of 0.7 nm

2. 1.2, A low resolution Bausch&lLomb monochromator with a 42 watt

quartz-iodine lamp. In this case the wavelength was changed
manually. Three gratings were available with the following
worKing spectral ranges and spectiral resolutions

a) 350 to 800 nm, with 6.4 nm/mm D) TOO to 1600 nm, with
12.8 nm/mm c)} 1400 to 3200 nm, with 25.6 nm/mm. The grating
commonly used was the one with the workKing spectral range between
350 and 800 nm, set for a {10 nm bandwidtih. Its light power output
at 60C nm, with the entrance and exit slits set at & and 2 mm
(12 nm bandwidth) respectively, is about 3 10~% W/cmf resulting in
a flux of = 1015 pnotons/sec cm®. By placing a mirror where the
grating usually sits , this monochromator was also used as an
approximate solar spectrum simulator for the evaluation of s¢lar

cell characteristics, with a power of 50 mw/cm?.
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¢.2. PHOTOSIGNAL DETECTION TECHNIQUES

2.2.1. Phase sensitive detection

The photosignal from the sample was fed into a lock-in
amplifier (A), figure 2.3, an EG&G PARC, model 124A with an input
impedance of 108 2. Using a beam splitter a small portion of the
incident radiation was reflected onto a Si flat spectiral response
detector, whose signal was fed to a second Lock-in amplifier (R),
a PAR model 122. The division of the first signal (A) by the
second (B), corrected for the variation of light output intensity
of the monochromator, provided that Dboth the sample and fiat
detector signals were linear with the monochromator light output
variation. The resulting signal was then recorded on a Watanabe
XY recorder, model WX4421.

In order to maximize the signal to noise ratio without
losing any information, the electironic time constant had to be
matched with the wavelength scamming speed and the spectral
resgolution (slit opening) of the monaochromator. Care was taken so
that the photocurrent was always measured with both lock-ins. The
impedance of our samples, at temperatures below 200 K were of the
order of 109 to 10120, The input impedance of the sample 10cK-in
was 108, In that case, it 1s valid to say that the short-circuit
pPhotocurrent was measured. For temperatures above 200 K, care was
taken so that the photocurrent is sti1ll measured. This was

achieveu by measuring the voltage drop across an external resistor
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Figure 2.3: Photosignal detection equipment.
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©f appropriate value, connected in series to the sample circuit.
whenever the Bausch-lLomb monochiromator was used together

with the chopper and a lock-in amplifier, the varying output light

intensity of the monochromator was corrected manually with the use

cf calibration tables.

2.¢.2. D.C. technique : { the light was not chopped )

Whenever high light 1ntensity was needed and good spectratl
resolution was not rnecessary, the Bausch - Lomb monochromator was
used along with a Kerthley 602 electrometer, in order to obtain

low resolution preliminary spectra.

2.3._LIQUID NITROGEN OPTICAL CRYQOSTAT

This was a very Simple and effective cryostat keeping a
constant temperature, about 5 to 10 K above the liquid nitrogen
temperature (77 K) {11. The sample was mounted onto the bottom
tall piece (D). as shown in figure 2.4, and fixed in Place by
thermal compound. The Sample was illuminated through the window
(H). The inner part of the tail (C) was surrounded by vacuum and
it was I1n contact with the liquid nitrogen bath cAa), as shown in
figure 2.4. The temperature was measured with an Omega flat shaped
Platinum-resistance thermometer mounted onto the bottom tail Pliece
(D), next to the sample. The leads connected to the sSample and
temperature detector leave the vacuum chamber via a feed-through
unit (I). This c¢ryostat 1s not sSultable for work as a function of

temperatur=, bhecause during the period of time (usually S minutes)
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Figure 2.4: View of liquid nitrogen optical cryostat.
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needed to obtain the PV specirum the temperature increases
considerabply after 1liquid nitrogen has been removed. This 1is
especially true for the first 100 E above the ligquid nitrogen
temperature. Therefore, this cryostat can only be used for rough

work in terms of PV spectra as a function of temperature.

2.4, SAMPLE CHARACTERIZATION TECHNIQUES :

The sample characterization techniques described here,
examine a) the identity and purity of the oxXxlides grown and

b) determine the oxide layer’s thickness.

¥-ray powder diffraction

The composSition of the oxide layers grown by anodic
oxidation and that of a few samples grown by thermal oxidatlon

were examined Dby X-ray powder diffraction, using a Debye

Scherrer camera. The powder was c¢arefully scraped off to avoid

any particles from the substrate, on which the samples were grown,

The X-ray diffraction technique is capable of detecting a second

phase within a host material, if it is present in concentration

higher than 1% at. of the host material.

Oxide layer thicKness measurements

The following 3 methods were used to estimate the grown

oxide layer thicKness
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{) Coulombmetric method : Thig method was only used for oxides
Erown Dby anodic oxidation. The number of moles of oxide grown
could be measured by the total charge @ consumed to form the oxide
layer, assuming 100/ efficlency. If the density 4 of the oxide 1is
Known, and the area A can be measured, then for an oxide with the
c¢hemical formula, MexOy, whose molecular weight is M, the Faraday

law y¥ields 1ts thickness t

t = g M ) F : Faraday c¢onstant. (2. 1}
e Y F d4da

2¢) Gravimetric method : In this case the oxide layer thicKness was
determined by chemically dissolving the oxide ( with NH4OH, in the
case of CupO ) without affecting the metal substrate. By weighing
the sample before and after the oxide removal, its thicKkness was

calculated, provided its density and area were Known.

3) Optical microscope method : A Zeiss microscope, model 20T, was
used to measure the oxide layer thickness at a step made on the
surface of the sample exXposing the substrate. wWith the microscope
set at its highest magnification ( X 500 }, the depth of focus was
Providing a resolution of the order of 2 ym The procedure for
measuring the thickKness was the following : two succesive readings
of the vertical position of the focus plane were taken-off a fine
drive (indexed 1in divisions of &5 pm) by focusing first on the

oXide surface and then on the substrate surface.
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CHAPTER 3

PREPARATION AND PHOTOVOLTAIC PROPERTIES OF ANODICALLY GROWN

Ago0 FILMS

3. INTRODUCTION

There is very little experimental work done on the
semiconducting and rhotovoltaic properties of Agz0 [1-4).
E.Fortin et al. (1! studied the Photoconductivity of Ago0 samples
prepared : a) by pressing Ag-0 powder against cellulose backing,
and b) by cathodic sputtering of Ag in an Oxygen atmosphere. Ago0
was found 1o be a sensitive photoconductor regardless of method of
preparation, and the energy gap was determined to be about 1.5 av
at room temperature. 5. Mitaray et al. {2,317 studied the
pPhotoconductivity of Ag>0 thin films prepared : a) by chemical
reaction of Ag with AgoO, and b) by sputtering. They observed
improvement of the crystalline state of the oxide with amnealling.
They deduced that Agp0O 1s a p-type semiconductor, from the
variation of the adsorbed mass of certain gases on the oxide
surface. F.I. Kreingold et al. (4] obtained exciton absorption
and luminescence spectra of Agp0 crystals at 77 and 4.2 K. The
rresent work will be the first time that Photovoltaic spectra of
anodically grown polvcrystalline Ag>0 are studied . The work was
motivated Dy the fact that Agp0 has a direct energy gap of about
1.9 ev [1,4,51! making 1t perfectly suited for absorption of the
solar spectrum (6]. Therefore, the photovaoltaic properties of
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anodically grown Agpo0 were investigated and the pPossibility of
making a Schottky Jjunction Ag,0 solar cell was examined.

Agz0 1s the only structural analogue of Cuz0. While
Cuz0 has been prepared thermally as well as anodically {7,831, Agp0
has not been prepared thermally because very high Oxygen pressures
are required, making the process very Aaifficult. In the
polycrystalline form, Ag>0 has a dark grey to brown colour, its
specific resistivity 1s of the order of 10% Qcm™1 [91. The silver
O0X1de starts decomposing around 160 C in 1 Atm. of air (93; this
1s due to the low dissoclation energy of the bond between the
Silver and Oxygen atoms (which is about t.5 eV)

The crystalline structure of Agp0, figure 3.1a,Db,
consists of a body - centred cubic arrangement of oxygen 1ions
which results iIn a structure where each oxygen ion occupies the
Center of a tetrahedron of Ag 1ions (as in figure 3.1a},
interpenetrated by a face - centred cubic arrangement of Ag ions
as 1n the metal (figure 3.1b). The interatomic distances are
Q{Ag-Ag) = 3.336 A and A(Ag-0) = 2.043 A . Therefore » Ag>0 has
the Pn3m structure and the Octahedron, On*, point group symmetry.

In the following sections, the methods and techniques
used to grow anodic Agp0 films of relatively good quality, are
first presented. Second, the photovgltaic properties are
considered, allowing the determination of the band gap and the
conductivity type of the material. Finally the barrier height of

some metals with Agp0 1s measured.
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Figure 3.1: The crystalline structure of Ag-0
a and b sublattices of the Agzo structure.
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3.1.0XIDATION METHODS :

The Dhook "Ox1de Semiconductors” by Z.M. Jarzebski [10]
describes and gives references for various oxide Preparation

methods - ;.5ted Dbelow there are S pPreparation methods known to

grow Agp0

1) HYDROTHERMAL SYNTHESIS : usually used to grow single crystals
of maximum volume of 1 to 2 mm3 (11, 12]

2) CHEMICAL REACTICN : Agp0 1s formed by a precipitate on making
a soluble silver salt alkaline soclution [91

3} REACTIVE SPUTTERING : Ag=>0 is formed by cathodic sputtering
of Ag Iin an oxygen atmosphere L1, 133

4) ANODIC OXIDATION : a silver anode 1s Introduced in an
electrolytic bath with the appropriate solution .
A current is passed and the Ag anode is oxlidized [14]

5) THERMAL OXIDATION : it is a direct reaction of Ag at a very

high Oxygen pressure [1S].

The anodic oxidation method was preferred over the
other methods due to the following reasons :
a) oxidation working conditions are relatively easily controlled ;
b) it provides micrometer thick oxide films and a "natural”
rectifying Jjunction between Ag-0 and Ag, which is never exposed to

the atmosphere after the oxidation,.
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C) the prospect cof making polycrystalline samples of any lateral
desired Qimensions |, an important consideration for solar ranel
construction; and d) mechanical stability because the oxXide f1ilms
are grown on a Ag substrate,

Even though there has been quite a large amount of
research work on anodic oxidation of Ag to AgpO Ly electrochemists
{16 - 221 , their interest is foucused to very thin (a few tens of
nanometers thick) oxide films to investigate reaction potentials
and oxide growth kinetics . In two cases [23, 241, there were
attempts to make electrical and photoelectrical measurements
withoul significant results. The goal here, of the anodic
oxlidation method, is to grow compact micrometer - thick
polycrystalline oxide +films with the largest possible individuai

crystals on a silver substrate
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3.2.SAMPLE PREPARATION

The silver used Came in the form of sheets of 0.5 mm

thickness and 99.99% atomic purity . The sheeis were cut in
rectangular electrodes of dimensions 3.75 cm X 1.25% cm . Before
introducing +the Ag electrodes into the solution , they were

degreased with ethanol and then polished
Two polishing procedures were avallable to us
1)} Since the Ag surface was usually already smooth and relatively
clean, silverware polish was used to clean it and remove any
contaminants (like, silver sulfide) from the surface. Then, 1t
vas rinsed with distilled water and finally dried with ethanol.
This procedure leaves the Ag surface reasonably clean
with minute scratches
2) Chemical polishing : The solution used consists of 10 ml of SO%
Hz0z and 40 ml of 29% NH4OH . The Ag electrodes were dipped
into the solution for 30 - 60 secords, then rinsed with
distilled water and finally dried with ethanol . This Procedure
leaves the silver surface very clean but slightly undulated anda
pitted
A combination of the two above polishing Procedures ,

namely #1 first and #e second , was providing the c¢leanest Ag

surface. This combination was used to prepare the Ag surface prior

to oxidation.
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3. 3. OXIDATIiON SET-UP

In figure 3.2, the exXperimental set-up used for Ag
oxidation, is presented. It consists of a heating plate {({H.P.}
with temperature controls and a magnetic flywheel used to rotate
the stirring dipole (S) inside the solution bath (B). The Ag
electrodes were mounted parallel to each other on a holder, spaced
0.5 ¢m apart. A Hg/HgC [23) reference electrode was connected
electrically with the working solution, via the HgO solution
through a Haber - Luggin ¢appilary (H.L.). One of the cappilary
ends was placed 1 to 2 mm away from the anode and the other end in
the HgO solution. Therefore, in this way the potential difference
developped Dbetween the anode and the reference electrode could be
monitored and compared to the standard Hp electrode

The selection of the reference electrode depends on the
worKing solution and the anodized metal. For solutions with PH > ¢
and Ag, as in this case, the Hg/HgO reference electrode iz
preferred. In the case when the solution was not stirred, the
Zolution bain (B) was introduced into a "Haake L" temperature
controlling bath, capable of providing temperatures between room
temperature and 95-C, with an accuracy of t 0.5:C about the set
temperature, When the heating Plate was used the solution was
stirred with a dipole covered with PVC to avoid solution
contamination. Temperatures up to 90.¢ were obtained, Kept within

1 to 2-C of the desired temperature during the oxidation.
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Figure 3.2: Anodic oxidation set-up.

83




A time period of about 30 wminutes was usually needed for the
solution temperature toc be stabilized. Stirring Kept the
temperature of the soluticn constant throughout 1its volume while
at the same time preventing the accumulation of oxidized
constituents and supplying sufficlent reactants for a critical
Teaction on the electrode. This way, the equllibrium potential
would not increase, leading to an early passivation hefore the

desired thickness and uniform electrode coverage were obtained.

3.3.1.POTENTIAL VERSUS TIME DIAGRAM

During the Ag ancdic oxidation cycle, there are 2 very
well defined plateaus [14, 26] in the potential versus time dlagram
(at constant current density), figure 3.3. The first plateau
represents the oxidation of Ag® to Ag* or of Ag to Ago0 and the
second that of Ag™ to Ag** or of Ag>0 to AgO0. Going from the
first to the second plateaun there is a very sharp increase in the
potential difference at the oxidessolution interface, indicating
the transition from Agp0 to AgQ. During preliminary galvanostatic
(constant current density) runs it was noticed that these features
are Kept iIntact 1In the voltage (voltage monitored between the
anode and cathode) versus time diagrams, (see section 1.2).
ExXcept for a mumber of preliminary runs, the reference electrode
was not used, since the goal here was to grow Agp0 and not to get
involved with the detailed electrochemical aspects of the problem.
An additional reason for not using a reference electrode was the
possibility of contaminating the working solution.
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3. 3, 2. OXIDIZING SOLUTIONS AND EFFECT ON THE GROWN OXIDES :

All solutions were brepared f{rom reagent grade or
A.C. 8, quality chemicals and distilled water .The first solution
used was the equivalent for Ag to that used for ancdically grown
CupO [5] , (AgpSO4 , NaCl , LiCl) , but this approach did not work
because the compounds were reacting with the precipitation of
AgCl. Then AgpSO,; alone was tried, but that resulted in a very
thin oxide layer (submicrometer thickness) and no photovoltaic
response due to the incomplete coverage of the metallic surface,

After the above initial approaches, the potential
veérsus PH equilibrium diagram of Ag [2T7], figure 3. 4, was used as
4 guide to select appropriate cperating conditions so that
0xidation would proceed within the area of Agp0 stability. Having
figure 3.4 as a guide, alkaline scolutions of NaOH and KOH were
tried, The PH values of these solutions varied from 11 to {4 and
the temperature ranged between 20 and 92-C. Those solutions
resulted in the first significant growth of Ago0. The Ag
electrode coverage, however, was often incomplete and +the
resulting cells gave little photovoltaic response. Finally, the
sclution that gave the Dbest results and was used to grow the

oxides on which this work was based, consisted of :

0-02 M AgaSOy + 0.17 M NHyOH + 6x10°3 M Ba(OH),, (PHsil.6),
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saturated with Agp0 powder , (the amount of powder determined by
the solubility of Ag® in NH40H obtained from tables [281), at room
temperature . Typical operating conditions were - light stirring,
constant current density of about 2mA-cm2 and oxidation duration
ef 1 to 3 hours , at room temperature ( 2 25-C h]

The evolution of the above sclution to its final
composition took the preparation and testing of about 100 samples.
Since then 50 more samples were grown and tested . Besides the
sSolution composition, Cther oxidation parameters were varied for
optimization of the quality of the grown oxides : the working
Solution temperature, the stirring effect, current density, effect
of Ag electrode treatment prior to oxidation. In fact, little
effect of Ag surface treatment was observed when the above
solutlon was used. On the contrary, when NaOH and KOH solutions
were used Agp0 crystallite-nucleation bpatterns were observed,
under the microscope, rumning aleng minute scratches Present on
the Ag surface prior to oxidation

There 1s general agreement in the literature [16, 23,
24, 291 that oxidation starts as a dissolution - precipitation
pProcess, in the case of hydroxide sglutions. There are
lndications, however, that a parallel mechanism of a compact £1i1lm
formation €X1sts as a result of a direct interfacial reaction
£23,29 - 311; therefore, there 1s evidence for a AQual layer oxide
with absorbed oxygen at the oxide - solution interface. In the

solution used here, AgpS04 acts as a supplier of Ag* tons to the
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solution, NH40H is responsible <for the initial dissolution -

prec<ipitation mechanism, while Keeping the PH witthin the desired
range. Ba(CH)> is added to absorb any carbon, carbon monoxide or
dioxide 1n the solution, to form an insoluble Precipitate BacCoOs,
thus preventing Aga0 from absorbing any carbon during its

formation. The dissolution —'pfecipltatlon Process consists of
Ag' dissolution and oxide deposition on the anode, initially in
the form of 1slands which were grown from phase nucleation
centres. This is referred in the literature as the "primary layer"
(30]. The thickness of this layer is of the order of a few tens
0f nancmetres and the coverage 1s not complete, Further
dissolution of Ag* from the Silver electrode becomes increasingly
Aifficult as the Primary layer expands ana thickens.
Consequently, the secondary layer (301 starts butlding up with Ag*
diffusion through the oxide. The secondary laver consists of
bPrimary centres that are reported in the 1literature to grow
laterally up to 1 pm [30). In the present case they grow 5 to 20pm
wide, overlapping each other covering completely the silver
surface. Therefore, 4 new process has taken over, leading to
larger crystallites. This Process 1s possibly either the direct
interfacial reaction mentioned above or a precipitation process
due to the composition of the Solution. The prospect of having a
dual oxide layer has to be investigated because it could pPossibly

affect in a negative way the Photovoltaic properties of the oxlide,
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Finally, in an effort to 1mprove the silver surface
condition prior to oxidation and study its influence on the oxide
film, Ag electrodes were annealed at 860-C in air for several
hours before anodizing . This way single silver crystals, some of
area { to 2 mm2, were formed . It was noticed that the oxide
crystallites on some of those silver crystals grew in the form of
flat mosaic¢, instead of the Pyramidal texture of previous samples.
Therefore, the texture of the oxide film appears to depend on the
crientation of the silver crystals on the electrode ) as was

mentioned by Fleischmann =t al, (291. Films prepared as mentioned

above give stronger photovoltaic signals and exhibit better

electrical stability .
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3.4.CHARACTERIZATION OF AG-0 FIIMS :

In order to make sure that the grown oxide was
definitely Ag>0. The following material Characterization
techniques were used - X-ray powder aiffraction, S.E.M. (Scanning
Electron Microprobe) analysis, and Auger analysis,

X-ray powder Photographs of Agp0 scraped off the
samples showed no evidence of other silver oxide phases, 1o the
degree of resolution this technique Provides, Therefore,
teclmiques of higher sensitivity had to be tried. S.E.M. ana
Auger analysis were attempteq, but due to the low bona
dissociation energy between Ag amd O (Ag - O = 1.5 eV), Ago0 was
partially reduced under the electron Probing beams. However, the
sScamming electron microscope, at the University of Ottawa
Chemistry department, provided a few impressive "electron"
Photographs of the OXide f11lm, photo 1 a,b; while the Auger
analysis, performed at the NRC, identified sulfur, chlorine ana
carbon as trace impurities present in the oxide, see figure 3.5,
The exact proportions of Ago0 ana lmpurity concentration could not

be deduced, due to the lack of normalization standards for Ago0.
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thotoes 1 a,b: Surfuce of anodically grown Ag-0 taken

with nn "electron" scianning microscope.
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The thicKness of the oxide films was estimateq by 2 of

the 3 methods described in section 2.4

1) Coulomb - metric method : assuming 100 7% efficiency of the
Oxldation process an upper limit for the oxide thickness is
obtained,

2) Optical microscope method : observation of an Ago0 film
¢ross-section under an optical microscope

The average oxide sample thicKnesses ranged from 1 to
over i1C pm usually varying locally due to the relief of its

Pyramidal polycrystalline texture.
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3. 5. PHOTOVCOLTAIC PROPERTIES

The photovoltailc properties of the metal / anodic Ago0
SchottKy Junctions were examined Dy PV spectra taken at room
temperature. Such measurements c¢an yield the energy gap and
determine the metal-semiconductor barrier height for different
metals, The metallic¢ contacts, on top of Agp0, were deposited in a
Veeco cryopumped evaporator at a pressure of £ to 8 10-5 torp,
The thicKness of the evaporated metallic films {(intended either to
give an Ohmic or a rectifying contact) ranged between 7 and 10 nm,
thus allowing the light to reach the metal/oxide interface without
appreciable absorption. The oxide films grown exhibited specific
resistivities ranging between 108 ang 108 ficm at room temperature.

Agp0 is considered to Dbe a P-type semiconductor by
analogy to CupO and there is experimental evidence to support it
[3,5] (although D. B. Gibbs et al. (24] claim that they obtained
n-type samples). In this work Agp20 was found to be P~-ty¥ype, as
determined by comparison of the sign of its PV signal to that of
an equivalent p-type Cup0/Cu cell. Agp0 has a direct energy gap
of about {.4 eV making it an excellent candidate for absorption of
the solar spectrum [33]. Unfortunately the material’s instability

Poses serious problems.
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3.6.THE SCHOTTKY-JUNCTION AS A PHOTOVOLTAIC CELL : {34, 351

In figure 3.6a,b a p-type PV cell under iliumination is
presented. When the rectifying Junction is illuminated through
the semiconductor side, 1t is called a backcell and when it is
{lluminated from the metal side , frontcell (see figure 3.5a).

In the frontcell configuration the metal must be thin
to allow substantial amount of the incident light to reach the
semiconductor . The metal film 1s usually about 10 nm thick . In
the DbacKcell as well as in the front cell configuration , the
oXlde nhas to be thick enough to absord most of the solar spectrum
and of such thickness that most of the pPhotoexclted carriers may
diffuse towards the Jjunction before recombining. Therefore, there
are two very important conditions that have to be met in order to
obtain an effective PV cel]

The semiconductor fi1lm thickness should be
1) of the order of 1-«, 50 that most of the incident light is

absorbed in i1t (where o the absorption coefficient ts usually
of the order of 10%cm~! for a direct band gap semiconductor,
this corresponds to a thickness of 1 - 2 pm )

2) of the order of (L + w) , usually L >> w, L = (D +)172, wnere,

L : diffusion length, D : aiffusion coefficient and ~ : the
photoexcited carrler lifetime and w the depletion region
width.
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w

Figure 3.6: a) Frontcell and backcell illumination geometries
of a Schottky Jjunction.
b) Equilibrium band diagram of a Schottky junction
-under illumination, illustrating the 3 current
producing absorption processes.



Usually one 1s not limited by the fundamental diffusion
length Dbut Dby a reduced L, due to a decrease of the carriers
lifetime , stemming from the number of recombination centres
formed Dby a given preparation method of the Semiconductor {(grain
boundaries, trap centres, surface states etc.). In general, there
are 3 photocurrent components produced by the 1ight absorbed.
Assuming a front cell configuration, as in figure 3.6a,b light of
energy qeg < hv < Eg can be absorbed in the metal and excite holes
over the barrier Iinto the semiconductor (process 1, figure 3.6Dh).
The deperdence of process 1 to the incident light energy 1is used
to measure the barrier height (see section 1.4.3). Short
wavelength 1light (hv > Eg) reaching the semiconductor 1s mainly
absorbed in the depletion region, w , (process 2). Longer
wavelength light (hv = Eg) 1s absorbed in the bulk region of the
semiconductor (process 3). For PV cell applications the
photoexcitation of carriers from the metal into the semiconductor
contributes less than 1% to the total photocurrent and therefore
can be neglected. Thus, the total photocurrent generated will be
the sum of the conitributions from processes 2 and 3

The advantages of a Schottky Junctlion over other types
of Junctions are
13 low temperature processing Dbecause no high temperature
diffusion 1s required (although this is not always true) ,
2¢) adaptability to polycrystalline and thin film solar cells ,
3) high radiation resistance due to high electric field near the

surface ( 1n the frontcell configuratton ) ,
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1) high current output and gocod spectral response due to the
presence of the depletion region right at the semiconductor
surface which can substancially reduce the effects of low lifetime

and high recombination velocity near the surface
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3.7.50LAR CELL PARAMETERS

Since the possibllity of making an Ag>0 Schottky
Junction PV cell for solar applications will be examined, let us
Introduce some of the solar cell evaluation parameters. In figuare
3.7a, b, the equivalent circuit and the current versus voltage
(I - V) behaviour of an ideal solar cell are presented. The
equivalent circuit, in figure 3.7a, is made of a current component
I1 generated Dby 1light , a diode with a current component
15(edV“KT - 1) and three resistances : Rg (in series), Rgp (in
parallel) and Ry (the load resistance). The I - V behaviour of a

PV cell is expressed by the following egquation :
I = Ig ( explgVsKRTl - 1 ) - I (3.1)

The above equation was deduced by applying the first

law of Kirchoff at the point A in figure 3.7a.

where : Ig = A"TCexpl -#p/KgT 1., called the saturation current

AX= 4Tqm*§ai . Called the effective Richardson constant
h
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Figure 3.7: a)solar cell equivalent circuit,

b)ideal current-voltage behaviour.
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wWhere |
Kg : Boltzman’'s constant
h : Plank's constant
q : electron’'s charge
m* : effective mass of carriers
T ! temperature
#Zg © barrter height
Iy ¢ current that results from the Photoexcited carriers,
11 1s proportional to the number of absorbed photons
Is.c. : the short Circurt current is equal to Iy

Va.c. : the open circu:t voltage i1s obtained by setting I = O ip

equation (3.1).

Therefore , the open circuit veltage will be

Vo.c. = KT g 1ng IL/IS + 1) = KgT7q 1ln ¢ IL/IS ) (3.2)

Under load conditions the maximum power output Pp will
be, Pp = Vm Ig, as 1t i1s illustrated in figure 3.7b.
where : vp ana Im are the maximum voltage and current under loaa.

The Dbest Au(Ohmlc)/Agao/Ag Cells gave a Vo.c, of over
150 mV and Js.c. = 100 pA-cp2 under SO mW-cm? i1llumination with a
quartz i1o0dine lamp. The above Schottky barrier cells are not
efficlent solar celils, In part because of the polycrystalline
sStructure of the Ago0 fiim, which creates a large number of grain

bourdaries thus ceducing the recombination time.
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3.8.PHOTOVQOLTAIC SPECTRA

A large number of PV spectra, ot more than 150 samples
were taken with different rectifving metal contacts, such as Al
and Pt in the frontcell geometry and Ag usually 1in the Dbackcell
configuration. Figures 3.8, 3.9 and 32.10 present typical PV spectra.
Figure 3.8, shows the spectrum of an Ag-AgpC/Ag sandwich with an
estimated Agp0 film thickness of the order of 1 pm. In this case
two Junictions are opposed to fach other. For » ¢ 540 rm the
front Jjunction 15 active while for A > 540 nm the back
Junction takes over, as indicated by the sign reversal of the
photosignal. The sign reversal is due to the fact that short
wavelength light (of large absorption coefficient) 1s absorbed
close 1o the front surface, thus the front jJunction is active.
For longer wavelengths, as the absorption coefficient decreases,
light s now mostly absorbed 1n the bulk of the semiconductor,
therefore the back Junction photosignal contribution dominates
that of the front. In figure 3.9, the PV spectrum of the same
oxX1lde sample, as Iin flgure 3.8, 1s presented, Dbut this time an
evapcorated au film was chosen, whichhi gives an Ohmic contact
(Chmic Au Ag20-Ag). Notice the large photoresponse in the short
wavelength range indicating that the oxide film has a thickness of
the order of 17« + L. Considering the Moss criterion [35] the
energy gap 18 estimated to bhe around 1.44 eV. In figure 3.10 the

PV spectrum of a thicker oxide sample 15 presented again in the
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Figure 3.8: Photovoltaic spectrum of a Ag/AgZO/Ag sandwich
(two opposed junctions).
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Figure 3.9: Photovoltaic spectrum of a Au/Ag 0/Ag cell with an

AgZO film thickness of about I/Am
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Figure 3.10: Photovoltaic spectrum of a Au/Ag.0/Ag cell with an
AgZO film thickness of about 10ﬁm.
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Au”’Agp0-Ag(bacKkcell) sandwich configuration. Comparing figures 3.9
and 3.10 the difference in thickness between the two oxide samples
is apparent in their different short wavelength Photoresponse.
Short wavelength 1ight 1s absorbed close to the front surface,
therefore the photocreated carriers would have to migrate towards
the Dback Junction, in order to contribute to the photosignal.
Assuming that the semiconductor layer thickness of a Schottky
backcell 1is of the order of the free carrier diffusion length,
then 1ts photoresponse in the short wavelength spectral region
(which corresponds to a large absorption coefficient region) will
be ennhanced compared to that of an equivalent Dbackcell with a
thicker semiconductor laver.

Even though Ag>0 is a direct bandgap semiconductor, no
Steep decrease in the photoresponse was observed below the energy
gap. In the PV spectra of figures 3.8, 3.9 and 3.10 there is a

spectral spread of 100 to 150 nm between the peak response and the

half maximum photoresponse , where the bandgap s taken to Dbe
according to the Moss criterion {36] . This relatively long tail
could be Aue to impurtities ( sulphur , chloride , carbon ) and

structural defects in the oxide, resulting in an energy level
distribution extending well into the gap ; at the same time |,
variable oxXygen concentraticn across the oxide f£ilm would cause
grading of the bandgap . Applying the Moss criterion , the value
of the Agp0 bandgap , averaged over a large number of samples is

1.42 £ 0.04 eV
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In the following table the various wvalues of the Agp0
énergy gap appearing in the literature are presented. The energy
€3ap Vvalues range Dbetween 1.2 and 1. 8§ ev. The energy gap value
obtained in this work is in close agreement with four of the six
values (3 2, 3,4,6) presented in table 1, suggesting that  these

values are the most reliable.

TABLE |
# ENERGY GAP METHOD OF OQOXIDE REFERENCE
in ev PREPARATION #

1 t.8% 4 aaa__ 2
2 t.4 - 1.5 Sputtering 5
3 1. 33 Chemical Reaction 37
4 i.42 Hydrothermal Synthesis 4
5 1.2 Compressed Powder 1
& 1.5 Sputtering 1

i.42 * 0. 04 Anodic Oxidation 38

The PV spectra discussed here were takKen with fast
chopped 1light techniques (chopping frequéncy higher than 7% Hz},
masKing a number of slow PV effects, such as the evolution of
Photosignal with time (over seconds and some times even signal
Polarity reversal). Such effects have been observed in anodically
grown Cus0 as well [7] and remain largely unexplained.
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grownt Cupl as well [7] and remain largely unexplained.

3.9.8CHOTTKY BARRIER MEASUREMENTS

For thin ( = 1 pm ) oxide films the back Jjunction of
Agp0-Ag was usually active under illumination with light of energy
close to the bandgap. For certain samples, usually of thicker
oxide films (oxide thickness about 10 pm), the front jJunction was
active even for light energies below the gap, makKing possible to
Qetermine the Dbarrier heilghts of various metals with Ago0, The
reason for such an unusual behaviour could be due to 1) a front
rectifying Junction of superior quality compared to the back one,
and 2) although 1less likely, the possibility that the
polycrystalline texture of the oxide film could increase the path
0of the multiply scattered 1light [393, thus artificially increase
light absorption

The barrier heights of Ag , Al and Pt were obtained
using the photoelectric method, as discussed in section 1.4.3
This method was preferred because the barrier height values are
directly derived from PV spectra and more importantly do not
necessitate the application of any wvoltage to the electrically

fragile cells . The observed barrier heights are

0.90 = 0.02 eV for Ago07Ag , ( figure 3.11 ) ,
0.92 ¢ Q.02 eV for Al-Ag>0 , ( figure 3.12 ) ,
0.95 t 0.02 eV for PtrAgp0 , ( figure 3.13 )
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Figure 3.11: Barrier height determination of a Ag,0/Ag junction
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Figure 3.12: Barrier height determination of a Al/AgZO junction.
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Figure 3.13: Barrier height determination of a Pt/Ag20 junction.
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Gold was found to be Ohmic » when evaporated under
conditions which do not cause oxide reduction (these conditions
are : pressure of the grder of &x10-6 torr and evaporation rate of
0.1 -~ 0.05 nmsec , for a 7 to 10 m film )

From theoretical considerations, when no surface states
are present the barrier heitght is determined »y the metal work
function (ep) for a given semiconductor. In this case for a
P - type semiconductor a rectifying junction is obtained whenever
#n 1S less than g5, (See section 1.3.1). Otherwise, tf surface
states are present, the barrier height 1s not sensitive to the
metal work function (see section 1.3.2). The work functions for
Al, Ag and Pt are respectively : 4.2, 4.3 and 5.4 eV. It woulad
then be expected that the Pt7Agp0 Junction be less rectifying than
those of Al and Ag but this is not evident from the experimental
data. Metals of 1lower work functions 1like In and Mg were
evaporated on Agp0 but without sucess in obtaining PV spectra.

The Dbarrier heights obtained indicate that most likely
the barrier Is surface state controlled or as for Cux0 (401 the
front Dbarrier 1s dictated by both surface states and in parallel
by a partial reduction of the Ago0 surface induced by the

evaporated metals and subsequent interdiffusion phenomena
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3.10.CONCLUSION

In this chapter we 1investigated the photovoltaic
properties of p-type Agp0 films grown anodically on Ag. The
Schottky Junction of Agp0 seems to be surface state controlled
with the Fermi level pinned approximately 0.9 eV above the valence
band. The energy gap of the grown oxide samples was determinea
from PV spectra to be 1.42 * 0.04 eV at Toom temperature. So far
the Ag>0 Schottky Jjunction cells are not efficient solar cells,
mainly because of the polycrystalline Structure of the grown
films, with a large number of grain boundaries which reduce the
free carrtier recombination lifetime. Difficulties also arise from
electrical breakdown and poor thermal Stability of the oxide
filims. wWith improvement of the oxide <f£1lm quality more
fundamental studles could de attempted on Ago0, such as gap

varlation with temperature and exclitonic studies,
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CHAPTER 4

PHOTOVOLTAIC STUDY OF ANODICALLY GROWN OXIDE FIIMS

ON Ag-Cu ALLOYS

4. _INTRODUCTION

In this chapter the photovoltaic effect is used again to
characterize, together with X-ray powder Aailffraction analysis, the
oXide films grown by anodic oxidation on Ag~-Cu alloys. Cup0 [1)
and Agp0 (see chapter 3) [2] films have been grown anodically and
studied using the photovoltaic effect . Since both oxides have
the same crystalline structure (31, there 1s an interesting
possiblility of growing a substitutional type of Ag-Cu mixed oxide.
Thermal oxidation of Cu followed by doping with Ag concentrations
up to 2% atomic 1n Cux0 , were carried out by Schwab et al. {4, S51.
Hayvashi et al. £61 thermally oxidized Ag-Cu alloys +too. The Ag
concentration in the grown oxide was again no more than 2% atomic.
The above groups studied the influence of a small amount of Ag
doping in the excltonic structure of Cup0O by abdsorption
measurments at 1low temperature. Thermally it is 1ot likely
possible to obtain a mixed oxide, because as the above stulies
here indicated, otne cannot have a high concentration of
substitutional Ag 1n Cuz0 nor of Cu in Ago0. The former is due to
the fact that Ag50 is unstable [7] at T > 160 -C at atmospheric
pressure.
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Anoadic oxldation, being a relatively 1low temperature
oxXidation process, may thus be the only possible way one could
grow a mixed oxXide ( AgpxCuz(1-x)0 ) wWith a large concentration of
Ag. The metallic alloys used here as starting material were
usually rapidly quenched from the melt in the hope of obtaining a
single or metastable phase , and thus eventually a single phase
mixXed oxide. Micrometer thick oxide films were grown on the
metallic alloy substrate using a variety of solutions . The films
were characterized by X-ray powder diffraction and by studying
their photovoltaic spectra at room temperature

In the following sections, we first discuss the Ag-Cu
alloy preparation method, the oxidizing solutions used and the
grown oXide characterization procedures and results. Second, the
rhotovoltaic spectira of a few representative samples are
Presented, showing the transition in Photoresponse from Agz0 to

Cuz0. Finally, a discussion of the results and a conclusion close

this chapter.
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4.1. EXPERIMENTAL

4.1.1.Metallic alloy preparation :

Ag-Cu alloys ( phase diagram figure 4.1, £8l1 ) of wvarious

concentrations were prepared by melting Ag and Cu of 99.99% at.

purity , in an Argon or Nitrogen atmosphere at 1100 -¢ . inside a
sealed quartz tube . The molten metallic alloys were rapidly
cooled by submerging the quartz tube in water . Thin rectangular

metallic samples were prepared for oxidation by the following
procedurse
a) rolling down the alloy pellet ,
D) polishing mechanically with increasingly finer pPowders
C) etching chemically in HpOp:NH4qOH ( 1 : 4 parts ) .

and d) cleaning with distilled water in an ultrasonic bath

The alloys were analyzed by X-ray diffraction , which
indicated that for concentrations of Ag and Cu up to 8% at. a
single phase metastable alloy was obtained ( see Phase diagram
(8]) . A two phase system ( Ag and Cu phase ) was usually
obtained 1f the concentration of one of the alloy components was
higher than 8% atomic . For one of the prepared metallic alloys
(Ag 37T% ~ Cu 63% at.) there were Iindications of a third
crystalline phase (metastable Ag-Cu phase) : as evidenced by X-ray
diffraction the lattice parameter of the metastable Phase was

a = 3.75:x 0.01 A, corresponding to Ag 25% < Cu 75% atomic 91
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Figure 4.1: Ag-Cu alloy phase diagram (8).
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4.1.2. _Anodic oxidation conditions :

The oxidizing sclutions and conditlions used , were those that

have Deen previously found to grow relatively goocd quality

micrometer thick CupO [1]1 and Agp0 (see section 3.3.2) [2] films :

(S81) : 0.01 M CuSCO4 + 0.005 M NaCl + 0.005 M LiC1l » ( FH 5.2 )
Ox1dizing conditions : Constant current : 2-3 mA-“cmZ,
Duration : 1-2 hours, T : 80-85
(S2) : 0.02 M AgpS0O4 + O0.17 M NH40H , ( PH = 11.8 )
Oxidizing conditions : Constant current : 3-4 ma-cm2,
Duration : 2-3 hours, T : 25-45
sSlow stirring.
(83) : 2 MNaCH , ( PH =~ 14 )
Oxidizing conditions : Constant current : 0.2-0.3 mA-cm© or
Constant voltage : 0.20-0.25 V.,
Duration : 3-4 hours, T : 40-45 -C,
fast stirring.
Solution (S1) favours Cux0 growth while (S2) and (S3) favour
Agp0 . All solutions were prepared using reagent grade chemicals
énd distilled water , and were saturated with both Agp0 and Cux0

powders during oxidation to avold dissolving any of the oxides

grown
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A major difficulty is that there are no conditons in the
potential-PH dlagrams of the Ag , Cu - HpO systems (10] that would
favour equally well the growth of AgpO and Cupx0 . The above
potential-PH diagrams however are only valid for solution (83
The particular composition of solutions (S1) , (82) and the as yet

unknown film formation mechanisms assoctiated with them may

POossibly allow mixed oxide growth

4.1.3.Characterization of the grown oxide $£ilms

The oxides were examined by X-ray diffraction of Powder
samples scraped off the films . Tevealing the nature of their
constituents . The characteristics of several samples of various
Ag — Cu concentrations , oxidized in the three Solutions availlable,
are presented in Table 1. In general, whenever the metallic alloy
was 2-phase and oxidized in a solution favouring either Agpo0 or
Cux0 , the oxide predominently grown was that favoured by the
sglution . A mixed oxide was usually obtained when the metallic
alloy was single — phase . There was evidence that compounds from
the solution were incorporated in small amounts in the oxide
during oxidation. Several samples showed the presence of Ag0 and
AgCl at the same time , particularly for those metallic alloys
oxidized in solution (S1)

Examination with an optical microscope revealed that all 2
and 3 phase metallic alloy Samples were totally covered by an

oxide fillm when oxidized in solution (S1) . With solutions (S2)
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TABLE 1

SAMPLE | SOLUT 1 ON|COMPOS I TION OF | PREDOM | NANT | PHOTOVOLTAGE | ENERGY | COMMENTS
METALLIC ALLOY| OXIDE(S} | (50 mw/cmi) GAP
H # in 4 atomic of| GROWN in my in ey
Ag / Cu
1 (82) 100 / 0 ,S.P.1 Ag O 100 1.42+.03] Ref.ft2
2
2 (s2) 96.5/3.5,5.P. |[Mixed oxide 0.1 1.52+.05
AgO
3 (53) 96.5/3.5,5S.P. {Mixed oxide 0.10 1.61+.05
AQQO
4 (S1) 91.5/8.5,5.P. |Mixed oxide 100 1.85¢.03| Photo-
memory
effects
5 (S1) 37 /633, T.P.{ CuoC 130 2.024.03{Traces of
e AgCl, Ag,
25 / 75b Mixed oxide 1.80t.10| AgO
& (52} 37 / 833, T.P.{ Ag O — _— Cu—phase
e not
25 ;s 75P oxidized
7 (83) 37 7 633, T.P. Ag O 0.15 e Cu—phase
2 covered by
25 s 75P thin oxide
8 (S1) 17 / 83,D.P. Cu O i.2 2.02t.03|Traces of
¥ 2 AgCl
AgO
9 (S1) 1/ 99,5.F. CuaO 220 2.00t.03
10 (S1) 0/ 100,S.P. Cuao 250 2.02:.03| Ref.iH

5.P. Single phase .

D.P. Double phase .

T.F. : Three phases .

a : Composition as it was before alloying .
b : Composition of metastable phase [9]
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and (S3) oxide coverage was completely only on the Ag-phase, while
the Cu-phase was only covered Ly a very thin +£ilm, these almost
bare regions ( usually S to 10 rm in diameter and a few hundred A
thick ) acted as electrical shorting paths preventing any
bhotovoltaic measurements (samples 6 and 7 in table 1). The

single phase metallic alloys were always covered by an oxide +ilm

in all three soclutions
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4.2. PHOTOVOLTAIC SPECTRA

A gold semi-transparent film 7 to 8 nm thick was evaporated
onto the oxide film surface , to serve as an ohmic contact for the
Photovoltaic measurements. Figure 4.2 shows the sample in the
backcell configuration, which was used for the PV measurements
throughout this chapter. The magnitude of the photovoltage
obtained Dby illumination with a SO mw/cm? quartz—iodine lamp |,
suggested to a certain extent the structural quality of the oxides
grown . The lower the photovoltage (Table 1), the larger the
number of defects and low resistance raths Iin the oxide film. The
samples that exhibited rectification were usually a few
micrometers thick, the oxide thickness varving locally due to the
relief of the pyramidal polycrystalline texture.

The photoresponse spectra of the metallic alloy - oxide
Junction were taken using chopped radiation from a Bausch-Lomb
high intensity monochromator with 10 nm of bandwidth. The
photosignal was detected with a Phase sensitive amplifier, again
avolding charging effects (1] associated with D.C. measurements
The energy gaps were deduced from the photovoltalic spectra , using
the Moss criterion [11] and they were indicative of the nature of
the oxides grown. The polarity of the photosignal, when compared
to to that of either Agp0 (2,12,13) or Cus0 [14] which are Lnown
to be p-type semiconductors, indicated that all grown oxide

samples were p-type
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Figure 4.2: Sample configuration for photovoltaie
measurements.
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In figure 4.3, a nmimber of photovoltaic spectra are presented,
showing a representative change in response for the wvarious
samples (the number attributed to each curve coerresponds to the
same sample number in Table 1) as one moves from Cux0 (curve #10)
L0 Agp0 (curve #1). The dashed line section of the Photoresponse
curves #2 and #3 1s due to the presence of AgO (Eg = 2.2 eV) in
the grown oxide films as was indicated by X-ray powder
diffraction.

Figure 4.4 illustrates the energy gap variation of the
various grown oxilde films as a function of the Cu atomic
percentage in the metallic alloy they were grown from. Note, that
for sample #5 two energy gap values are presented. The evidence
for these values comes from the photovoltalc spectrum. It showed a
typical Cup0 photoresponse curve, Plus a second one of reverse
polarity at longer wavelengths that second curve could be
attributed to a second phase in the sample, POosSsihly a mixed Ag-Cu
oxide, as the Dband gap value suggests. When a photovoltaic
spectrum was repeated on the same samplé a week later, the secona
curve was missing, Iindicating that the mixed oxide was in fact
unstable. The error bars of the energy gap are determined by bhoth
the scatter In the data and the accuracy of the method ithey were
determined from (Moss criterion). The solid 1line between the
energy gaps of pure Agp0 and Cup0 represents the suggested
theoretical energy gap variation , assuming that : a) both Ag ana
Cu are readily oxidlzed without any preferrence towards one or the

other by the sclutions used , b) Ag and Cu are interchangeable in
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the mixed oxide lattice . It is evident from Figure 4.4 , that
there is always more Cu in the oxide grown than expected from the

existing Cu concentration in the metallic alloy , suggesting that

Cu is more easily oxidized than Ag
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4.3._DISCUSSION

Consldering the dlifference in chemical stability between Cux0

and Agp0 one could obtain a tentative explanation of certain of

the observed phenomena . For Cu and itts oxides in air |, Cu0 1is
the most stable followed by Cup0 and Cu . In the case of the Ag
oxides - air system the opposite order is valid , that i1s , Ag is
the most stable followed by Agp0 and AgO . Therefore , a Ag-Cu
mixed oxXide would tend to dissociate into Cu0 and Ag . But the

dissociation of Cuz0 to Cu0 is a very slow process at room
temperature , thus Cu;0 along with Ag are more likely tc Dbe the
dissoclation products of the mixed oxide . In turn , the reducea
Ag in the oxXlide creates Jlow resistance paths "killing” the
photovoltaic response . This is mostly the case for oxides grown
with solution (S1) as evidenced by X-ray powder diffraction.
Solutions (S2) and (S3) seem to grow more stable oxides on a
Ag-rich single phase metallic alloy .

It shoulad also Dbe noted, that photomemcry and
photosignal evolution effects have been observed for the oxides
grown here, as they have been previously observed for anodically
oxidized Cu [11 and Ag (see chapter 3) [2], indicating that indeed
structural and compositional changes are occuring inh the alloy

oxides with ageling.
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4.4._CONCLUSION

The oxide films grown by anodic oxidation of Ag-Cu alloys
were characterized Dby their photovoltaic response and by X-ray
powder diffracition analysis. Single phase metallic alloys vieldeqd
single phase oxides, while metallic alloys of 2 or 3 Ag-Cu phases
yYielded more than one oxide Phase. The composition anad the
stability of the semiconducting oxide f11lms were influenced by the
nature of the oxidizing solution as much as by the composition of
the metallic alloy they were grown from. Some of the problems
assoctated with anodic oxidation of the Ag-Cu alloys are

4) non-reproducible Photoresponse spectra in the case of
Samples grown ln sojlution {S1) {evolution of the Photoresponse
curve shape over a period of a few days after oxidation was
completed) ,

b} electrical shorting paths were developed a few days after
growth. The multiphase oxide sSamples dissoctated to Cup0 and Ag or
the CupO present induced the dissociation of the Hmixed oxide when
solution (S1) was used. Shorting paths were also Present, when 2
arnd 3-phase metallic alloys were oxidtzed in solutions (S2) and
(83}, due to very thin oxide regions on the Cu-rich metallic phase.

c) ambiguity in interpreting the results when more than one

crystalline phase was grown
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The results of this study suggest that the metastable mixed
oxides grown seem to have a lifetime of a few days when a second
oxide phase 1is present. It may Dbe Interesting to try the
anocdization and photovoltaic study, described in this chapter, on
metastable Ag-Cu metallic alloys resulting from ultra-fast

quenching techniques.
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CHAPTER 5

EXCITON - MEDIATED PHOTCVOLTAIC EFFECT IN Cu,O AND

ESTIMATION OF THE iS YELLOW EXCITON DIFFUSION LENGTH

5. 1. INTRODUCTIOQN:

In order to investigate the role of excitons in the
Fhotovoltaic response of CuzQ, photovoliaic spectra of the Cuz0/Cu

Junction were taken at temperatures below 300 K down to 2 K, in
the spectral range of +the yellow excitonic series. The
Photovoltaic response is attributed to the diffusion of the n-1
Yellow =zries exXcitons and their subsequent dissociation at the

high electric field metal-semiconductoer interface. A simple methoed

is described to measure the diffusion length of the n:1 eéXcitons

or of any other Particles that satisfy the same Physical

conditions,.

The diffusion length values for eéXcitons in a natural

growth Cus0, reported here, are in agreement with the aiffusion

length obtained from diffusion coefficlent values and 1S exciton

lifetimes appearing in the articles by A. Mysyrowicz et ai. and

D. P, Trauernicht et ail. [1,2]), provided that the excitons are in

thermal equilibrium with the lattice, The above experimental

results answer the long existing question of €Xciton diffusion 1in
Cup0O [3,4] and provide évidence for the mechanism responsible for

Photovoltaic current generation in this system.
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Interest in the photovoltaic (PV) effect results, is
further increased by the fact that excitons in Cup0 have been
shown to display a high quantum degeneracy of the BRBose type
{(5,868], and so ralilsing the Possibllity of a lossless transport of
current energy via exciton supertiuidity. It 1s 1interesting to
find that an exciton mediated superconductivity mechanism, that
would yield a high T., was Proposed 15 years ago (7). Thus, the
Photovoltaic effect may provide a simple method for the study of
energy transport via exciton migration and measurements for +the
diffusion length.

In this work two types of samﬁles have been examined.
The first series of experiments were performed on polycrystalline
Cupn0 films of thickness varying between 5 and {70 pm. T™his range
of thicKnesses was chosen to ensure considerable absorption of the
n-=2 3, ... vyellow series excitons as well as part of the n:=1
indirect absorption band (see section 5.2.3 and figures 5.4, 5. 14,
5. 185}, The CupO films were grown by thermal oxidation on high
purlty copper [8], while gold was evaporated on Cup0O to provide an
Oonmic contact, forming an (Ohmic)Au/CuEO/Cu photovoltalc backcell.
In the second part, photovoltaic spectira of a high purity, natural
growth, single crystal were studiedq, for which +the n:1 vellow
series exciton lifetimes and diffusion coefficients were
determined from photoluminescence measurements [1,2]. For the

latter sample, PV spectira, i1n both the bacKcell and frontcell

geometries, were takKen.
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5.2. BACKGROUND:

In this section the theoretical background on excitons
and the information available in the literature are pPresented anq
Aiscussed, so that later the analysis of the experimental results

is easily understood.

5.2.1. THEORY OF EXCITONS: {9, 10,111

The exciton is a quantum of electronic excitation
energy, created by the absorption of a photon, traveling in a
periodic structure. It 1s made of an electron (e~) excited to the
conduction Dband, leaving behind it in the valence band, a hole
(h*) to which it remains bound in real Space Dy the Coulomb
interaction of their opposite charges. Bound electron-hole pair
states, Kknown as excitons, are the lowest energy electronic
excltations in weakly excited pure semiconductors. The exciton
transports energy, although 1ts charge is zero and its motion is
characterized by the center of mass wavevector (K).

ExXcltons are usually distinguished in  two limiting
cases according to the relative magnitude of the exciton’s radius
with respect to the lattice interatomic distances.,

1} FRENKEL exciton (tightly bound) [12] : This exciton may be so
localized that the e and h are almost located on the same atom or
molecule, therefore Tey = &, figure 5.1a ( where Tex '@ exXclton
radius and d :interatomic spacing). One could consider the Frenkel
exciton to propagate through the lattice with a wavevector K

by resonaat transfer of energy (hopping process) between adjacent
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Figure 5.1:
a)
b)

Lo

Schematic illustration of a p-state exciton as :

a Frenkel exciton,
a Wannier exciton,

FRENKEL
EXCITON
02

WANNIER
EXCITON
Aex. >> d

in a lattice of interatomic spacing d.
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atoms or molecules, Such excitons are usual i1y present in

insulators and organic molecules.

2) WANNIER exciton (weakly bound) [t3] : Weakly bound e - h pair
whose envelope wavefunction extends over many atoms, therefore
Tax » 4, figure 5. ib. In this case, due to the "large" orbit of
the exciton, one has to a good approximation an electron and a
hole separated by a dielectric medium {(€). This situation 1is
realized in CupzO and in fact for most semiconductors.

Since we are dealing with Cup0, a brief discussion will
follow on the Wannier excited states and the commonly used
approximations.

Let us assume parabolic conduction (C) and valence (V)
bands with isotropic effective masses Mg %, Im* and their minimum
and maximum at K=0, respectively. In figure 5.2a, the transition
from A to B creates an €Xcliton with a translational wave vector k.
The total energy of the eéxciton in the center of mass
(translational motion) system is presented in figure 5. 2b, where
the (zero) ground state of the crystal in the ideal case, is taken
when the valence band is full and the conduction band empty. Since
the photon wavevector 1s very smaill compared to the reciprocal of
the lattice vector, only those excited states with K20 contribute
to the optical absorption spectra. These spectra consist of a
series of discrete lines followed by the lonization cont inuum,
Calculating the set of energy levels for the exciton is the same

Problem zs that for the Hydrogen atom, modified to dccount for the

masses involved and the medium within which the electron and hole

142



£
{
3
™
)

Figure 5.2: Energy versus wave vector diagrams

a) One-particle representation, )
b} Two-particle (excitonic state) representation.
K : center of mass wave vector.
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are interacting. Therefore, in the center of mass system (figure

5.2b) the total energy of the exciton will be :

En(K) = Eg - _p el + _hx)?®
2 €ECRNS  2(Mex + Mp*)

(5.1)

where, p : the reduced mass, p = Max MpX

mek * mnk

€ the dielectric constant

n the principal quantum number

In equation (5.1), the second term represents the

binding energy (Ep) of the exciton (called alsc excitonic Rydberg,

Rexc). Wwhile the third term gives the Kkinetic energy of the

exciton. Therefore the hinding enrgy of the exciton 1s given by :
- 4 — -
TR T T i 1]
where, Ry : the Rydberg of the Hydrogen atom, Ryx=13.6 eV
me : the free electron mass.
Assuming Bohr's model, the radius of an exciton, that
is

the distance from the nucleus where one 1s most likely to find

the =, is given by [14]

Fep) = _€ me Tp n
v

wWhere, rp : the Bohr radius, rg = 0.53 A.
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5.2.E.§g§0 BAND STRUCTURE AND EXCITONIC SERIES:

The CupO crystal structure is cubic with two molecules
Per unit cell and Oh4 1s its space group symmetry [15]. It has a
direct energy gap at the ' point (k=0) (figure 5, 2a) and inversion
symmetry so that all states have definite parity.‘ As a result of
the 2 valence and conduction bands, see figures 5. 3 5.4, excitonic
series are observed in Cup0. Let wus focus now on the vyellow
excitonic series, which is the result of interaction between the
uppermost d-like valence (F7+) and the lowest s-1like conduction
(F'g*) bands, DYboth of pPositive parity [16]. The 1S transition is
forbidden by parity. This transition is only allowed in the
quadrupocle apprcximation, Since 8-1like excitons cannot be
created, the first (lowest lying 1in energy) vyellow serlies
excitonic state in the dipole apPproximation, is the 2P state. The

binding energy of the P Yyellow series excitons is given by :

E = i [ ¥] ] R (5. 2}
bn nEeSZ he H
where, Ry = 13.6 eV
€s # 7.2 €5 , static dielectric constant
€o = 8.85 10712 c28/N m2 , permittivity of free space
b oz 0.37 mg , ([17a]
Therefore: Epn = 0. 37 13.6 eV & 0.097 eV : wilth :n=2,3,.,.. (5.3)

(7.2)% €42 n2 n<

The experimentally determined total energy (in ev) of
the yellow P excitonic states, as a function of temperature (T in

degrees Kelvin)} at K=0 is given by :[18,19]

145



SPIN-ORBIT

SPLITTING
: K T
» e 056 &V (4500 cwit)
rl+
[y v T 2 6
8w 3 3 |247 (1750004
SR *F+
, 1
s < 0.43 &V (1000 em?)
¢r+
8

Figure 5.3: Band diagram of CuZO at the [' point, T= 0 K.
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Eyn = 2.172 (1 - 1.871 1073 T - 3.521 10-7 T2) - 0.o097 . (5.4)
VI —==g

The binding energy for the 1S exciton 1is founa
experimentally to be 0.14 eV. The discreparncy between the binding
energy obtalined for n = 1 in equation (5.4} and the one observed
experimentally, is due to the fact that the static dielectric
constant (in eq. 5.3) although it is goocd for n 2 2, it is not
appropriate for n - 1. This is due to the fact that the 1S orbit
s of the order of the crystal lattice spacing (rjgs 10 A), thus
the electron screening is not as effective. To obtain the
experimentally observed binding energy of the 19 exciton, a
smaller value for €g has to be substituted in equation (5.3).

Although the 1S transition is optically feorbidden in
the dipole approximation, electric dipole excitation of the 18
exciton 1is possible with the cooperation of a phonon (indirect
transition) of the right symmetry and parity (l'127). While the 1S
exciton’'s binding energy 1s 140meV, the e-h exchange energy 1is
also as large as 12 meV (20]. The e-h exchange interaction
removes the degeneracy Dbetween the triply degenerate Mas™
(orthoexciton) and the non-degenerate M2 (paraexciton) states,

the paraexciton lving lower by 12 meV.
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5. 2. 3. DISCUSSION BASED ON TYPICAL Cu-0 ABSORPTION SPECTRA:
Experimental absorption spectra of Cuz0O are available
in the literature at various temperatures [21 - 23). Here, we are
going to discuss some typical absorption spectra (figure S, 43,
concentrating 1in the wavelength region of our interest. The
optical absorption spectrum of cuprous oxide begins in the red
with two absorption edges separated by 208 ¢m™! (2nv, =z 26 meV,
this is twice the energy of the phonon involved in the indirect
transition, see figure 6.4 curve Ty). These absorption edges
correspond to indirect transitions, where a phonon i1s either
absorbed or emitted for momentum and energy conservation. At low
temperatures a line spectrum appears on top of the red cont inuum,
figure 5.4 curve Tp. The lines result from the excitonic series.
At room temperature the lattice phonon energy (KT z 0,025 eV) is
large enough to dissociate all the yellow series excitons, except
the 1S level which has a binding energy of 0. 14eV {the Dbinding
energy of the n:=2 exciton is about 0, 024 eV). The whole spectrum
shifts to higher energies as the temperature of the lattice

decreases. In figure 5.4, curve Tz, Presents the lowest lattice

temperature when only one of the two red edges, the edge due to

Phonon emission is observed, because there 1is no significant

number of lattice phonons at this temperature +to contribute faor

the phonon-assisted absorption process.
Notice also, that as the temperature is decreased the

exciton linewidth Dbecomes finer as their ljfetime increases,
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Figure 5.4: Typical CuZO optical absorption spectrum,
where : Tl> T2> ’I‘3 .
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5.2.4.ELECTRIC FIELD EFFECT ON EXCITONS AND THE DEPLETION REGION

OF A SCHOTTKY JUNCTION:

In this section the effects of electric fields on
excitons and the depletion region of a Schottky Jjunction will be
discussed

The exciton is a neutral particle when viewed
macroscopically. |If a high electric field is acting upon it, the
exciton could Dbe polarized or even dissociated. To estimate the
average electric field necessary to dissociate an exciton a
familiar concept from Atomic Physics 1is used. This is the so
called "field ionization", and it occurs when the potential energy
ACross the diameter d of an orbit (ln this case the electron
around the positively charged hole) is of the order of the binding

energy.

U=zEp=¢eBd

where, U : the potential energy
Epn @ the binding energy
e : €lectron’s charge
E : electric fiela

d ! diameter of excitonic orbit
As the electric field is increased, the lifetime of a
given excitonic state decreases against dissociation and its

linewidth becomes correspondingly larger [24, 251]. In fact, for a
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given excitonic series, as the fileld is increaseqd, the higher
crder excitons will be first washed ocut due to their lower binmding
energies, In the case of the vellow excitonic series of Cuz0, the
n=1 state requires an electric field of the order of 10°-10% v.cm
to be field ionized, while the n=2 state requires about 2 10% v-cm.

To deal with electric field effects on excitons in a

Cu>0-Cu =ample., two cases have to be distinguishead:

1) The application of an external bias, which results in a field
across the semiconductor modifying the depletion region,

2} the internal electric fields : a) around ionized imperfections
In the semiconductor and b) at the metal-semiconductor interface

{(DIPCLE LAYER).

1) EXTERNMALLY APPLIED ELECTRIC FIELD:

when a bias 1s applied to a metal-semiconductor system
(or to any cther Jjunction) obtaining the electric field is not as
Simple as dividing the applied bias by the sample thickness. In
such a system, there are regions of very different resistivities.
For a metal-semiconductor system at least two regions can be
distinguished. These are : a) the bulk of the semiconductor and b)
the depletion regilomn. Since the depletion region is depleted of
free carriers, then it will have higher resistivity than the bulk.
Therefore, the biases Vg (iIn the Dulk), Vp (in the depletion
region) and the assoclated electric fields Eg, Ep will be given

by:
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Vapplied = (PR(t-w) + pp w) _I_ = Vg + Vp
Area

thus, Eg = _Vp and  Bp = _Vp_
(t=w) w

where, I : curcrent
PB. Pp : the resistivity in the bulk and the depletion
region of the semiconductor Trespectively
t : the semiconductor sample thickness
w ! depletion region width
The equation that gives the depletion region width of a

Schottky Junction i1s (see section 1.4.2)

w=|2¢ (v -y yjise (5.5)
—S— bl applied-
e (Ny - Np)
where, £g5 : static diclectric constant
Vpj @ butlt -in electric voltage
Na.Np @ density of ionized acceptor and donor states

respectively

In figure 5.5, a Schottky Junction is Presented with
a) no blas, Db) forward (Vg) and c) reverse bias (VR). In this case
we assume that the depletion region resistivity is larger than the
bulk and thus a large portion of the bias 1is applied there. In
figure 5.5a, the currents across the Jjunction due to thermionic
emission (Ip_ge, Igc-p) from and into the semiconductor are equal,
while the current densities inside the semiconductor due to

diffusinn (Jp) anmd drift field (Jp) are equal too, canceling each
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Figure 5.5: Equilibrium band diagram of a metal/p-type
semiconductor junction, for :
a) No bias (V=0).

b) Forward bias (VF), under illumination.

153



c) REVERSE BIAS, T, < J:

Figure 5.5: c¢) Reverse bias (VR), under illumination.
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other out. When a forward voltage is applied, figure 5. 5b, the
depletion width decreases according to equation {6.5), whiile (in
darkness) across the junction the thermionic emission current
Isc-m Will Dbe larger than Im-sc» Dbecause the barrier that the
holes inside the semiconductor have to overcome has decreased to
(Vp1 - Vgl. Note also, that the electric field at the junction
decreases, becoming zero when the flat band condition is reached
{(Vpi = V). If carriers are Photogenerated under forward bias,
the net current will be in the direction towards +the metal,
because Jp 2 Jp. when a reverse bias is applied, figure 5.5c¢, the
depletion width increases and the current component Ig._p
decreases accordingly. The electric field at the Junction
increases, since w does not increase as fast as (Vpj + VR) in
equation (5.5), therefore Jp < Jp. That also leads to increased
collection efficiency, due to the larger electric field in the
sSemiconductor.

In all the above cases, Im-sc: (figure 5.4), remains
constant to first approximation, provided that the i‘emperature is
constant, while tunneling and image-force barrier lowering effects

dare considered negligible,.

2) INTERNAL ELECTRIC FIELDS:

a} Internal electric fields c¢an be created : from
Charged impurities in a lattice and at crystal boundaries. These
fields usually are larger than externally applied ones, Dbecause

the potential difference is smaller, the sample
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thickness they are applied upon, are of the order of interatomic

distances.

D) _Dipcle layer at the Cuo0-Cu interface

In the case of a Cup0s/Cu jJunction, a very thin dipole
layer of the order of 10 to SO0 nm (depicted as region C 1in
figure S5.6) is present at the Cux0O-Cu interface, as was evidenced
by Auger spectroscopy [27]. The interfacial region between Cux0
and Cu consists of a defective copper-rich Cuz0 negatively charged
layer, produced by the reaction resulting from the contact of CuzO
with all metals excepl Au [27]). Considering that the dipole layer
is about 50 nm thick and the potential difference across it is
about 0.3 V (26), then an electric field of the order of 10> V/cm
(107 V-m) can be expected. Note that the dipole layer is not the
depletion region normally cbtained at a Jjunction. In fact as 1s
shown in figure 5.6, the Cup0s/Cu Junction has both a dipole layer
(C) and a depletion region (w). The barrier neight is primartly
determined by a high density of Aonor suface states, as was first
proposed by Bardeen (281, most likely to he assoclated with an
oxygen vacancy [29] lying approximately 0.7 eV above the valence

band, figure 5.6 (see also section 1.3.2).
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Figure 5.6: Model of the Cu/CuZO barrier (26).

A : copper-rich Cu,0 region with large density
of acceptor stites.

B : Cu,0 region with large density of O-vacancies
(dgnor states).

C : dipole layer.
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5.2.5._EXCITON DECAY MECHANISMS:

In this section we are going to discuss the most likely
channels for exciton decay in a low density system (therefore
there ls no interaction between excitons). The mechanisms
responsible are : 1) Radiative decay, 2) dlssoclation 1into an

electron and hole, and 3) self-trapping and trapring of excitons.

1) RADIATIVE DECAY :

An exciton may decay into a photon, and some momentum-
and energy-conserving rPhonon, according to spontaneous transition
Probabilities.

2} DISSOCIATION INTO AN e~ -h* PAIR

This is the only mechanism that will be detectadble by
photoconductivity and the Photovoltaic effect. The dissociation
can be caused by several mechanisms
a) phonon interaction,

D) defect interaction,
C) exciton-mediated ionizatiocn of imperfections, and
d) field ionization.

In the next section, the above mechanisms are discussed
because they could be responsible for the photovoltaic current
observed.

3) SELF-TRAPPING AND TRAPPING OF EXCITONS

Self-trapping results from large exclton-phonon

couplinge which is manifested |In localization of the exciton at

some definite site. Three channels for decay of the exciton can be
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exXpected : luminescence eccuring wilth a Stokes sn1ft;
radiationless decay with a burst of phonons; and tranfer of the
exciton either to another site of the perfect lattice, in which
case we have "hopping" transport, or transfer to a defect site at
which any of the above processes could be repeated. An exc¢ition
can also be trapped by a defect with an appropriately large
capture cross section, without having the benefit of strong phoncn
interactions, Then one has produced an excited state of the

defect, whose decay products can be observed.

5.2. 6. POSSIBLE CURRENT GENERATING PROCESSES FROM EXCITONS

Since the exciton is electrically neutral, i1t carries
no current. In real crystals however, one usually observes
Photoconductivity as a result of optical absorption in the Cup0

exciton spectral region ([3, 30]. In order that the excitons
pProduce current, it 1s necessary to somehow breaK up the exciton
intoe free carriers. The possible current generating mechanisms
are now presented

1) DISSOCIATION BY PHOHONS In a pure crystal, Phonons are the
Principal perturbation required for the breakup of an exciton.
The phonons and the Kinetic energy of the exciton must supply the
energy needed for the dissociation, which 1s the exciton’s binding
energy. This mechanism has been studied by LipnikK [31] and
Goodman et al. (32]. Lipnik treated the Wannier exciton in CupO
and other crystals, and obtained a relation for the excitonic

lifetime against dissociation by a single-phonon Process,
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2) DEFECT INTERACTION : Exciton interaction with stationary
defects 1s a possible curreni generating mechanism. The case of
dissociaton resulting from Collisions with neutral impurities has
been considered by Lipnik [31], whio concludes quantitatively that
for most impurity densities phonon dissociation will Dpe the
dominant mechanism.

3) IONIZATION OF IMPURITIES BY AN EXCITON In this process an
éxciton disappears giving its entire énergy to a free carrier
ejected from a state in the gap. So far, this process has been
considered to be the one responsible for +the photoconductivlty
observed in CupO {3, 30] at low temperatures.

4) FIELD IONIZATION OF EXCITONS : Field ionization of the exciton
1s possible when an electric field E establishes a rotential
energy difference across the €Xclton’s orbit, which is of the
order of its binding energy. Therefore, the PosSsibility that the
excitons could be dissociated at'the high electric field region
(¥ 10% V/cm) in the CupO/Cu interface is most attractive. This
last mechanism, as will become clear later, bProvides us with a
Probe that can be used to study the POssibility of excitonic

diffusion in CupO.
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5. 2. 7. _GECMETRY OF THE SAMPLES

An idealized experiment to detect the transport of
excitons , in analogy to what D.L. Dexter et al. (34} has
described, requires an appropriate geometry. The incident light
has to be absorbed close to the surface (figure 5.7) in a thickness
1/ (a distance equal to the reciprocal of the absorption
coefficient). If a suitable exciton detector is placed at the
other end of the sample, then varying the sample thickness would
give one a retation between the detection efficiency and the
sample thicKness. It _wlll thén be related to the excitons
diffusion length, provided that the diffusion length L of the
excitons 1is larger than 1i/a. It will stili Dbe necessary to
eliminate all possidbilities other than the exciton as the bParticle
responsible for the energy transfer. It 1s also required that the
detector active region be much smaller than L. In order to
fulfill the experimental requirements laid down above, the
thickness of the Cup0 films, which were thermally grown on
copper sheets, was varied betiween 5 and {70 pm. A gold Ohmic
semi-transparent electrode was evaporated on the Cuz0 surface
forming a backcell photovoltaic cell. The geometry of our samples
is shown in figure 5.7.

In this work, the detector of excitons is the high
electric field region of the dipole layer (see section 5.2.4 and
figure 5.6). While +the samﬁle thicKness t 1s still required to be

larger than L (in order to obtain L from the experimental data),
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the model to be presented in the following section will be able
to predict the detection efficiency for appropriate combinations

of the parameters t, L, a and w. From now on the dipole layer

thickness is referred to as w.
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5.2.8._DESCRIPTION OF THE MODEIL DEVELOPPED TO PREDICT EXCITONIC

DIFFUSION IN Cus0 :

A novel model 1is described capable to predict the
diffusion length of éxcitons, using the Photoveltatc Effect,
measured in the backcell configuration, at the Cuz0-Cu  Junction
(see section 1.4). Note, that for ali discussions to follow, the
éxclton transport mechanism to Dbe verifieq, l1s the s0¢ callea
"wave-packet" transport (333]. Such a transport is defined as the
time interval between Scattering of +the injtial polariton into
nonradiative states (mostly €Xclton-like) and its decay into sope
other form (a free pair, a photon, phonons, etc...). In thnis
exper iment, it 1s thie free carriers that we are golng to detect
after the decay of the excitons. Therefore care has te be taken
S0 1ihat the maJjority of the carriers countea are those generated
from excitons in the dipole layer. The éxperimentally measured
quantity is the Photocurrent, In the steady state case and in the
appropriate spectral range, the absorbea light creates an
exponential profile of excitons, which depends on cx, exterxling
from the 11lluminated surface inside the sample. Then, the
exXcitons created diffuse towards the back Cu electrode. Depending
on the relative magnitudes 0f 17« (absorption length), of L
(diffusion 1length) and of t which witl be variea ( t : the Cux0
film thicKkness), 4 certain fraction ot the photocreateqd excltons
wiil “"make 1{t" to the Cup0-Cu interface, There, they will be

dissociated by the high electric field dipole laver w (see
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figure 5.7) into free electron-hole pairs, ard collected to
produce photocurrent. Note, that a second region of electric
Tield also exists (depletion laver), but has no effect on the
eéxcitons, since the electric field in that layer is considerably

weakKer than the dipcle laver field.

5.2.9._DERIVATION OF THE EXCITONIC PHOTOCURRENT:

An exciton-mediated photocurrent in this 5ystem will be
comprised of two contributions, a direct one from excitons
photocreated in the dipole layer {(Jpirect) at the Cux0-Cu
interface, anl the other (Jpif£.) sStemming from diffusion of
excitons, created in the semiconductor volume, to the dipole layer
region where they will be dissocliated to electron-hole pairs and
produce photocurrent. The contribution JDirect 1s due to light

absorption and exciton creation in the dipcle laver. Therefore,

t
J tqax ¢ {eXax= - g & [ e~%t - e-x(l-W) J
Direct
t_

W

q & e” %t (exW . 1y | (5.6)

thus, Jpjrect

where, « 15 the absorption coefficient at a given

"

wavelength A ; L = (D +)172, the excitonic aiffusion length, with -
the exclton recombination time and D its diffusion coefficient; t
the semiconductor total thickness: w the width of the dipole
layer; g the electron charge; @ the incident photon flux, taking

reflection losses at the input surface into account.
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The contridbution of JDirect Will be usually negligible
because the dipole layer (w) is very thin (10 to 50 nm).

To calculate the diffusion current Jpiff. the
diffusion equation is set up for the steady state case and solved
under the appropriate boundary conditions {35]). From Lambert‘s law
of absorption, one obtalns the number of photons absorbed per unit
time per unit area of a film thickness dx, at a distance ¥ below
the surface, thus : g(x) dx : a § e-9X gx. This number i1s equal
te that of photogenerated excitons. The continuity equation for
an excess of excitons N(x) (above the equilibrium density) 1n the

steady state case 1s then

- N(X) + D 3%N(x) + a g e-9X . g (5. 7)
ax

v

The general solution of this inhomogeneous differential

egquation is

N(x) = A eX/L + B e X/L . 4 12 g5 e-ax (5. 8)
D (afL® - 1)

The constants A and B can be determined by the

following set of boundary conditions, (see figure 5.7)
1) at = 0O , Dl:dH:I:SN(O). (5. 9)
) 4
2) at X:=- t-w+AX N{t-w+Ax) = 0O , (5. 10)

where, S is the surface recombination velocity.

Boundary condition #2 implies that although the exciton
concentration N(x) is not zero at x - t-w, 1t becomes zZero within

& very short distance Ax inside the dipole layer "w", Since
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Ax iz infinitesimaly small compared to the thicKness rin», it

1s neglected from now on.

The application of the boundary conditions results in a

system of two linear equations, the solution of which is

R(x.\) =« 73 [e~x/L [e™ (t-W) (@~ 1/L) _ o-(a- 1/L)x; ,
(a®Lc- 1}
+[(SL/D +1) (e~ (t-W) (a~ {/L)_ 4y _(qn - 1 sinh {- (t-w-x/ L)} ]]
cosh(t-w/L) + SL/D sinh(t-w/L)

(5.11)

The current density delivered in the external circuit

after the excitons dissociate in the dipole layer {w), will be

given by
J=qpD [ SN ] (5.12)
X Jx:= t-w
Thus
J_ = 9% al [(dL - 1) e~a(t-w)
DifF, (C!ELE- 1)

+ et (W) (a- 1/L)- oL + (SL/D) [e-(t-W)(x- 1/L)._ 1] ] {5.13)
cosh(t-w/L) + (S L) sinh(t-w/L)
D
Hotice that for aL = | equation (5.13) apprears to Dbe
indeterminate. But 1f the above equation is expanded, in the

limit when oL = {, then Jpiff., Will be given by

= qd [e‘(t‘W/L) - 1 + (1 + SL/D) (t-w/L) ] (5. 14)
2 cosh(t-w/Ly + (SL/DJ sinh(t-w/I)

167



Considering that the I'ecombination rate of excitons at
the 1lluminated surface (front surface) 1is negligible, then as

S —> 0, equation (5.13) reduces to

J = 8q ¢ [__z_L____ { (@ L - 1) e~x(t-w)
DIff. («2L2- 1)

e _et(t-W)(a- /L) _ o g ] (5.15)
cosh(t-w L)

Therefore, the total Photocurrent, for a certain

wavelength, is given by the sum of equations (5.6) and (5.1%)

JTOTAL = Jpiff. * JDirect

J = 8 q Q[__Q'-_.L__f(tx L - 1)e x(t-W} , o-(t-w)(x- 1-L) _ « L } +
TOTAL (xPL2- 1) cosh(t-w-L)

+(e®¥ - 1)e-=t ] . (5.16)

where, 8 13 an overall efficiency factor depending on
semple and jJunction quality.

Reflection at the semiconductor-metal interface has not
been 1included. It has the effect of Increasing the direct
contribution by a factor of = 2, when 1-« 2 t.

Three cases could be distinguished under the following
assumptions
aj t 2 L and i7a, for a given wavelength,

b) w << L and t , for a given i.
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CASE 1: Provided that 1L >> 17, (<L >> 1), while omitting the
JDirect contribution as negligible, Dbecause of

assumption b, then équation (S5S.16) reduces to :

JTOTAL = 2 8 @ ¢ e”t/L
= Jo e L (5.17)

2 8 q $, a constant.

where, Jg

L

Therefore, in (Jrorar”Jeo) = - 1 (5.18)
t

One could now obtain the exciton diffusion length by
Plotting the photocurrent for a given temperature, wavelength
corresponding to that exciton and i{llumination condition, as a

function of the total sample (semiconductor) thickness.

CASE 2: If L << 17«, then equation (S5.15) reduces to -
JToTAL = 2 8 ¢ & e =t (5.19)
A graph of 1ln (JTOTAL/JO) as a function of thickness,

Ylelds the absorption coefficlient «.

CASE 3: IT L = 17, then the whole equation (5.15) has to be used
in order to find the variation of JTOTAL a5 a function of
sample thickness. Wwhen one of the parameters « or L is
known, it 1s possible to obtain the seconad one by Titting

the experimental data to the equation.
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Using equation (5.15) two graphs, figure S. 8a, b, of
lnCJTOTAL/JOJ Versus t (oxide thickness) were generated in order
to test the above limiting cases 1 and 2. The following values
for the parameters « and I were taken.

In the case of figure 5.8a, « is taken to be 750 cp-1
(where 1-a =z 14 rm) and L = S0pm, thus the comdition L 3> 1.«
(CASE 1) is wvaliq. The slope obtained for t L corresponds to
the inverse of the aiffusion length, as it is Clear from equation
(5.18). For curve 8b, « was taken again to be 750 cm~l,  while L
was taken S pm, therefore L << 17a. The Slope corresponds to the
absorption coetficient, as it is evident from equation (5.19) in
CASE 2.

Equation (5.16) could also be used to generate graphs

ot JroTalL @as a function of wavelength by making use ot the

spectra. The generated graphs could then be compared with the
éxperimentally obtainea Photocurrent spectra.

This concludes the Section of theoretical Tackgrouna.
In the following sections of this chapter, the sample Preparation

Procedure, the experimentail Set-up and results are presented.
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5.3.SAMPLE PREPARATION:

5.3.1. INTRODUCTON:

Two types of samples have been exXamined in the various
experiments. The samples used for the first series of experiments
were CupO films of different thicknesses grown by thermal
oxidation of high purity copper (type I samples, se¢g also section
1.1). The second part of this work studies a natural growth Cup0
single crystal, provided to us by A. Mysyrowicz. This chapter
contains a description of the oxidation pProcess, apparatus and the
Cup0 sample treatment before they are flnally ready for

experimental work.

5.3.2.COPPER TREATMENT AND THERMAL OXIDATION: (type I samples)

Copper square platelets 1.2 X 1.2 cm© were cut fraom 0.8
mm thick sheets of 99.99% at. purity. They were degreased with
ethanol and then manually polished with succesively finer grade
carborundum papers (400 - 600 grade). Then, they were washed with
dlstilled water and finally annealed in vacuum ( better than 10~1
torr) at about 1030 -C for 3 to 4 hours, in order to etch the
surface thermally and induce crystalline growth in the copper.,
‘After ammnealing, the Cu platelets were usually Kept in a vacuum
container prior to thermal oxidation. This was done in order to
avold the formation of undetermined oxides in the alr. Then, the
Cu plate’ets were placed flat inside a fused quartz tube, mounted

hortzonta.ly. A Lindberg microprocessor-controlled furnace could
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be rolled in to surround the quartz tube. One end of the tube was
sealed, while the other was mounted to an Oxygen-feed -~ rotary
pump system, combined with a liquid Nz trap. The system was
cperated manually Dbetween 760 and 10~4% torr, although automatic
operation was possible with the use of a MKS Baratron the
a4ssoclated electronics and electric valves.

Pure Oxygen was admitted all at once intc the tube from
a reservolir. At the end of the oxidation, the rotary pump
evacuated the tube, going to effective vacuum within a few seconds.
The oxidation pressure and temperature were 55 * 5 torr ant
980 t 20 -C respectively. The oxide layer thickness was controlled
by the time of oxidation. Heating of the Cu samples ta the
temperature of oxtdation and cooling after oxidation were done iIn
vacuum. After the completion of oxidation, a gold layer 7 to 10 mm
thick was evaporated onto the Cuz0 f11m, providing a
Semltransparent Ohmic contact of approximately 0.3 cm2 area.
Either Cu or Au fine leads were fixed with silver paint onto the
gold film and onto the back Cu, whlich was exposed by removing the
oXide at one of the corners of the sample. Therefore, a
Au(ohmic)-Cus0-Cu backcell was formed.

The thickness of the thermally grown oxide layers was
measured primaritly by method # 3, as described 1in chapter 2,
section 4, To evaluate the accuracy of method # 3, the oxide

thickness was also occasionally measured by method % 2.
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5.3.3.0XIDATION RATE OF COPPER:

To obtain an 0Xlde laver in the micrometer range in a
r'easonable time, moderate Oxygen pressures ( Pg > 10 torr ) are
required, and that in turn requires a high temperature of
oxidation (T > 900 -C) in order to remain in the Cuz0 region of
the Cu-Cuy0-Cu0 phase diagram, figure 5.9 [36]. Figure 5.10 shows
the Cus0 film thickness variation with time of oXidation, urder
the Oxygen pressure and temperature that these samples were grown
at. For oxidation times less than 10 seconds, the oxide thickness
1s hard to control, because one is limited primarily by the time
the pump takes to remove Oxygen after the oxidizing reriod, ana
also Dby one’'s reaction time 1n opening the valves. Since samples
0f thickness less than 10 PO Were not necessary for this work, the
system’s evacuation Speed was considered adequate. It 15
lnteresting tc note, that the slope in figure 5.10 is 172, as it
1s expected from the “Parabolic law" of film growth (see also
section 1.1), when the rate determining process 1n the oxide
growth is dtffusion of atoms (neutral cation vacancies in the case

of oxldized Cu) across the growing oxtde film.

5.3.4.NATURAL GROWTH SINGLE CRYSTAL: (type Il sample)

This crystal was Provided by A. Mysyrowicz in order tao
confirm the interpretation 0f the photovoltaic effect, It is a
high parity, natural growth single crystal, for which values of
exXClton lifetimes and diffusion coeffictents are availlable (1, 2].

The crystal 1s a parallelepiped with two horizontal (100} faces
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and four vertical (110) faces. Its dimensions are presented in
figure 5.11. The crystal came without any metallic contacts onto
1t. Before evaporating the metallic contacts, 1t was etchead ana
Cleaned using a procedure based on the one reported by L.C, Olsen
et al. {261. The procedure followed for the surface preparation

1s presented below, in table 1

TABLE : 1

SURFACE PREPARATICON PROCEDURE

STEP OPERATION
1 Rinse in distilled water
z Soak for 1 min in methanol with a final

20 sec in an ultrasonic cleaning bhath

32 Etching for 3 min in HBF‘ri

{etching rate : =z 5 pm-min)

4 Repeat step i
3 Repeat step 2
6 SoaK for i.5 min in 2% wvol. Bromine-

methancl solution witihh 2 final
3C sec in ultrasonic cleaner

v Repeat step 2

8 Repeat step 6

9 Repeat step 2
10 Repeat step 2

11 Rinse in distilled water
1e Blow drv with He(or NB)




Figure 5.11: Physical dimensions and orientation of the
natural-growth Cu,0 single crystal.
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Right after the crystal was cleaned, the metallic
contacts were evaporated on two opposite (110) faces, as shown in
figure 5. 411, Semitransparent 8&nm thick Cu (rectifying) and Au
(Ohmic) contacts were evaporated so that the sample c¢an be used
for PV measurements in both the frontcell and bacKcell geometries.
The 1lateral dimensions of the contacts were 1.5 by 2.3 mm The
evaporation rate was such as te¢ avoid any Cup0O reduction. The
sample was Kept in vacuum until it was mounted on a holder, which

then was screwed onto the sample rod of the optical c¢ryostat,
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5. 4. EXPERIMENTAL SET-UP:

All the electro-optical measurements concerning the
work in this chapter were performed using the Macpherson 2061
mornochromateor, set for a spectral resolution of 0.7 nm. The light
was chopped at a frequency of 77 Hz. The photosignal detection
technique and the optical set-1p were presented and discussed 1n
sections 2.2.1 and 2.1.1 respectively. For the low temperature

measurements two gptical cryostats were used

1) A 1ligquid Nitrogen cryostat used for a few measurements at

T = 80 K (see section 2. 3), efore the var:alle temperature

cryostat discussed below was received.

2) A variable temperature Janis *"SuperVaritemp" optical cryostat
model 8CNDT, together with a Lakeshore Cryotronics automatic
temperature controller, model DRC-80C-M,

In figure 5.12, a diagram of the Janis cryostat 1is
showni. The temperature was autcmatically controlled with the help
of two matched Silicon dlode temperature sensors, rlaced one on
top of the Heltum vaporizer (F) and the other at the sample Zone
(1) (see flgure %5.12). The temperature could be varied <from room
down to liquid He temperature ard even lower when pumping on
liquid He. Actually thie lowest temperature achieved was 1.9 K,
using an old mechanical pump. According tc the lowest temperature
obtained, its pumping speed was of the order of 10 cfm.

Therefore, higher pumping speed would be required to further lower
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the temperature inside the cryostat,

The sample was mounted on a Cu holder, which was then
bolted onto the central rod (1) facing the window (W). The sample
was cooled down by the cold He vapour, which was vaporized as
liquid He was coming out of the capillary tube (E) at the bottom
of the sample tube (F). The automatic temperature controller was
not used during the course of measurements because the temperature
sampling by the controller added noise to the signat. This noise
was overloading the preamplifier of the Lock-in, when the
sensitivity was set ©below 200 uv. To avoid this probklem the
temperature was first stabilized with the automatic controller at
2 given temperature. Then, elther a D.C. power supply was
connected tec the vapoerizer coil to maintain that temperature, or
when the temperature could be maintained for about 5 minutes
within a couple of degrees Kelwvin, the controller was turned off
and a PV spectrum was taken. The latter method was only possible
for temperatures above 100 K. More information on the operating

instructions of this cryostat can be found in the manual that

comes with the cryostat.
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5.5.EXPERIMENTAL RESULTS:

The results will bpe divided in iwo sections, In the
first, the experimental results obtained with samples (type 1)
consisting of thermally grown Cuz0 on Cu are going to be discussed
and analyzed., In the second section, in order to further confirm
the interpretation of the Photovoltaic effect, the PV sSpectra of a
high purity natural growth Cus0 single crystal are examined anda

analyzed.

THERMALLY GROWN Cuo0: (type 1 samples)

5.5.1.PHOTOVOLTAIC SPECTRA AS A FUNCTION OF Cus0 THICKNESS AND

TEMPERATURE:

Cupv films of different thicknesses have Dbeen grown by
thermal oxidation of high purity copper [8]. The photovoltaic
cells prepared were of the following form, Au(Ohmlc)/CuEO/Cu .
that means the Schottky Junction of Cuzp0 Cu was at the back of the
sample (backcells). Therefore, the photovoltaic cell was
Illuminated from the Au side, see figure 5.7. The PV spectra were
recorded at 4 temperatures : 170, 80, 6 and 2 degrees Kelvin. The
sample resistance varied between 10% and 1012 onms, depending on
the sample thickness and temperature. The photovoltaic response
was recorded with a lock-1n amplifier of 108 o input impedance,
thus 1n effect the photocurrent was measured as a function of

light wavelength for all sample thicknesses., In ftgure 5.13a, the
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experimentally obtained photocurrent spectra for 3 different Cuz0O
thicKnesses t = 7, 61, and {20 vm are presented. Curves 1,2, 3
correspond to 3 temperatures T = 6 K, 80 KX and 170 K,
respectively. The dotted part of the 1lines correspond to the
ionization continuum above the band gap.

It is clearly apparent in figure 5.13a, that a current
is detected even if the electron-hole pairs are rphotocreated in
the semiconductor, directly in the form of excitons. The spectral
region Dbeyond the dotted line i1n figure 5. 13a corresponds to the
yellow excitonic series below the semiconductor band gap (see
figure 5.4). EXcitons created inside the n:i{ phonon-assisted
absorption bang, in higher terms of the vyellow series, quickly

thermalize +to the Dbottom of the n:=1 band [37] for good quality

samples and convert into long-lived optically inactive
parasxcitons {13. Given the large binding energy of the
paraexcitons (Ep z 0. 14 eV), and low sample temperature, thermal

dissociation of the n:=! paraexcitons into free carriers is highly
unlikely. Furtithermore, if ejection of free carriers from states
in the bandgap is considered, the results cannot be explained,
because the free carrier diffusion length has been estimated by A.
Coret [38] to be less than 10 ym at T - 77T K. The diffusion
length necessary ito reproduce the experimental spectra at T = 80 E
is at least 5 times larger, Therefore, it seems that diffusion of
free carrjers 1in the Dbulk of Cuz0 1s not responsible for the

rhotocurrent observed,
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Figure 5. i3Db, Presents the calculated photovoltalce

spectra using equation (5. 16), which was developed {from the
diffusion theory (see section 5.2.9). The absorption coefficient
values used to generate the spectra 1n figure 5. 13D, were taken
from S. HiKitine et al. {22], for T = 6 K, and from I. Pastrnyak
[21] for T = 80 K and T = {70 K. The absorption spectra are shown
in figures 5.14 and 5. 15, respectively (the arrows 1indicate the
vyellow series excitons). The sample thickness t was measured by
method # 3 (discussed in section 2. 4#), while w was +taken 10 be
less than 1 pm {see section 5.2.4). The diffusion length L was an
adjustable parameter in order to obtain the bhest dgreement Letween
experiment and theorvy. The spectral shapes seem +to Dbecome
insensitive to the value of L, for L > t, as 1t can also De
pPredicted from egquation (5.16).

Any model should also account for the beshaviour ohserved
at the position of the n=2 exciton, where a positive or negative
structure appears i1n the photovoltaic spectra, depending on the
sample temperature and thickness. It is possible to understand
the main features of the photovoltaic spectra of figure 5. 13a,

assuming +that the external current results from a field-induced

dissociation of excitons in a narrow region at the
metal/semiconductor interface (the dipole layer, see section
5.2. 4}, Comparing the experimentally obtained spectra in figure

5.13a with the computer generated spectra of figure 5. 13Db, it 1is

evident that the general features are well reproduced by the model
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pPresented in section &.2.9, including the reversal in the
structures observed at n:=2 or higher order terms of the yellow
series. The divergence 1n the agreement between experiment and
theory, for wavelengths +that correspend t¢o an absorption lengtih
(1/x) larger than the sample thicKness, 18 due t¢o the fact that
light reflection at the Cu surface was neglected. As a first
order approximation, one may assume that the effect of 1light
reflection would double +ha Photocurrent at those wavelengths,
because the light 1s reflected from +he CupC/Cu interface back
towards the oxide,

The physical origin of the n:-2 reversed structure can
be understood as follows. If the sum of the diffusion length L
and the absorption length 1/a (L + {/a) is smaller than the sample
thickness t-w , then a decrease of the Photocurrent will occur upon
an ncrease of the absorption coefficient «. That would mean, that
an increasing fraction of excitons which are formed closer
(large o) to the front Au-covered surface have to diffugse for a
longer distance, thus recombining before reaching the dissociation
region. Therefore, they do not contribute as much to the signal
as those excitens that were created inside the semiconductor
(smaller o) and have +to travel a shorter distance to the
dissociation region. These conditions are met £for the n=g2
structure and the sharp absorption lines of the vyellow series
higher terms, either in the case of thicKer samples, or i1f the
underlying background absorption from the n=i Phonon-assisted

continuum has sufficiently increased because of the temperature.

187



The latter can be verified in figure 5.13a, where the inversion of
the n-2 structure is Clearly apparent at T = 17C K (curve 3) for

the sample of thickness 61 pm, while at T

6 K (curve 1), the n=p2

i1s s8till positive. Notice, that at T

[}

80 K (curve 2) for the
same sample thickness (t = 61 Mm), the n-2 structure is going
through the transition to become negative. Also note, that for
small thicknesses (t = 7 pm} the generated photovoltaic spectra
terid to reproduce the excitonic absorption spectra. The
experimerta: data differ however, in the sSense that the
n=2 3, ... excltonic structures appear marKedly reduced with
respect to their corresponding structures in absorption spectra
(see figures 5.14 and 5.15). This can be explained in view of the
fact, that for the thinner oxide sample all excitons are now
created in a high electric fiela region, since the field of the
regular depletion region has lncreased Dbecause the sample
thickness decreased. It is well known, that the presence of a
large field leads to broadening and a reduction 0of the excitonic
0scillator strength, especially for higher order of excitonic
terms (24, 25] (see section 5.2.4). No attempt has been made to
include this effect in the theoretical fits. Finally note, that
the dtffusion length, as extracted from Dbest spectral fits,
increases with decreasing temperature, Dbut only slightly between
80 and 6 K.

The photovoltaie spectra taken at T = 2 K, are not
presented because they have exactly the same shape as those taken
at T = 6 K. This result adds further suppert to the fact that the
excltonic diffusion length ts Saturated due to large number of
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recombination centers at temperatures below 80 K. This will also
become evident when the results of a better quality crystal are
presented later. Additional measurements discussed below show
that the diffusion length reaches a limiting value of L = 45 Fm oat
T = 80 K, in this kind of mater:ial (type I).

One can alsec extract exciton diffusion lengths using
the photovoltaic effect without relvying on a detailea knowledge of
the exciton absorption spectra. This can be achieved by plotting
the measured photocurrent as a function of sample thickness for a
glven wavelength, at a constant temperature and illumination
condition. As 1t is shown in section 5.2.9, for case 1, equation
(5.15) reduces to equation (S.17).

Therefore, provided that 1-= << L, 1t

InCJroTAL Jo) = - _1
t

Such plots are shown in figure 5.16a,b for T - 80 K.
Figure 5.15%a was obtained using the constant temperature 1liquid
nitrogen crvostat, while for 16b the Janis variable temperature
cryostat was used. The slope obtained from both curves {(figures
5.16a.b) is about 200 cm~l, which corresponds to a Aiffusion
length of 30 pm (case 1, see section S5.2.9). Figures 5.17 and 5.18
show also the logarithm of the photocurrent versus sample
thickness at T = 6 K and T = 170 K., respectively. In figures 5.16,
5.17 and 5.18 the wavelength corresponding to the peak of the n:-=2
structure was used to monitor the photocurrent variation. In

fact, the same result 1s obtained even it the wavelength 1s
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Figure 5.16 bv) Photocurrent versus oxide thickness for A
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T=80 K, data points obtained using the Janis
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Figure 5.17: Photocurrent versus oxide thickness at T=6 K,
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Figure 5.18: Photocurrent versus oxide thickness at T= 170 K,
( A corresponding to the n=2 yellow exciton).
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chosen around the n-2 structure, Dbecause a change of the region
where the exciton is created inside the sample (for £t > L) or a
small change 1n 1its Kinetic energy does not aiter its behaviour
(further discussion on this matter follows). In the <Zfollowing
table the experimental results obtained from figures 5.16, 5.17,

5.18 are summarized

196



TABLE 2

r
CASE 3 CASE 1 CASE 3
T (in X) & 80 170
L (in ym) 70 &+ 5 45 + 5 18 &+ 3
eXp
it/ (1n pm) 38 &t 2 14 + 1 16 *+ 1
L {in pm) 45 + 5 45 ¢ 5 16 ¢+ 4
act

The cases presented 1in the above table correspond to
the different situations developed 1in section 5.2.9. Notice,
that at T = 6 ¥ and especially at T = 170 X the condition L »> i/a
1s not satisfied. Thus the slope obtained eXperimentally from a
plot of photocurrent versus sample thicKness does not correspond
to the actual diffusion length. To find the actual diffusion
length presented in the last row of Table 2, a best fit of
equation {5.15) to the experimental data was made (case 3, sSee
section 5.2.9). At T = 80 K, the condition of <case 1 is
satisfied, and thus the inverse of the slope corresponds to the

diffusion length.
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Note, that Jo = 28 q@ & 1n equation (5.17) is a
constant for a given sample. It is expected though, that 6 (the
quantum eificlency factor) would vary from sample to sample. This
fact has to be taken into account in order to have Teproducible
results. Assuming that the semiconducting material quality is the
same. thenn one has to correct for the Cup0-Cu Junction quality,
which depends on the preparation of the Cu surface prior to
oxidation and exact oxidation conditions. To account for the
Junction quality, a sSpectral region has to be chosen where the
bPhotocurrent depends on the barrier height (see section 1.4.3).
This is In fact the spectral region beyond the n=1 pPhonon-assistead
absorption Dband, where the absorption coefficient is very small
and most of the current results from absorption at the Cupx0-Cu
interface with subsequent carrier emission over the barrier. The
following correction procedure was used for the Photocurrent in
all the figures involving ln(Jpy Jr) versus sample thickness. The
Photocurrent (Jpy) was measured at a wavelength of interest and
then was divided Dby the photocurrent (Jr) taken in the spectral
region beyond the n = i phonon-assisted absorption Dpand. For
example, at T = 6 K, the photocurrent at the wavelength of interest
for each sample, was divided by 1ts photocurrent response taken at
615 nm, while at T = 80 K it was taken at 620 nm because the
absorption band shifts with temperature. Without the correction
procedure there 1is a significant scatter of data points. After
the correction 1s performed the data scatter ts reduced

considerably. The result can be seen in figures S.16a, Db, 5.17,
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5.18. Figures 5. 16a and 5. 16b were obtained at different times,
5. 16a using the constant temperature liquid nitrogen cryostat and
5. 16b using the variable temperature Janis cryostat. The scatter
of data points 1s more pronocunced in figure 5. {6P because use of
the variable temperature cryostat was made, thus resulting in a
greater temperature difference between samples than that of the
constant temperature cryostat. The results obtained in both cases
agree with each other. Figures 5.17 and 5. 18 were obtained usineg
the Janis cryostat. At T : 170 K the slope was 145 + 10 cm~ !, andg

at T = 6 K the slope was 570 ¢ 50 cm'i, respectively.

3. 5. 2. EFFECT_OF THE ELECTRIC FIELD ON THE PV SPECTRA:

The effect of externally applied electric field on +the
PV spectra at liquid Nitrogen and room temperatures was studied.
It has already been discussed in section 5.2.4, that there are two
internal electric field regions associated with the Cuy0/Cu
Junction. First, the dipole laver, which 1s estimated to Dbe
10 - 50 nm thicK with an internal high electric field of the order
of 10% V/cm. Second, the region associated with the depletion
region of an ideal SchottkKy junction. This region usually extends
over microns and the electric field is of +the order of a few
hundred Volts/cm. The externally applied voltage produced across
the sample a maximum electric field of % 1.6 KV/cm. This field was
not large encugh to Significantly affect the n:-2 structure, as
shown in figure 5.19 under reverse bias for a 37 pym thick oxide
sample, The external field however, was sufficient +to have an
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effect on the n:=3 excitonic structure. Note, that under forwarda
bias, as the flat band condition (for Vphi = Vp) 18 approached, all
excitonic features remain unaffected. At a forward voltage of
about Q.55 V the polarity of the pPhotocurreni reversed as shown in
figure 5.20, indicating that the built-in potential (Vp1)
associated with the depletion region 1s about 0.5 V at T = 80 K.
As the forward voltage is furth-r increased, the bands are bending
in the opposite direction as 1f the semlconductor was n-type. At
this point, the n=3 excitonic feature starts disappearing again
(figure 5.e0).
The electric field has the effect of mixing the energy
States avallable to the excitons before they are formed. The
mixing of sStates 1s larger for the low binding energy excitons
(n 2 2). Therefore, this effect will be more pronounced for the
exciltonic structures of the higher order terms. The second effect
of 1the electric field 1s to dissociate the excltons when the
potential energy across the orbit of the excliton Dbecomes of the
order of the exciton's binding energy. It 1s experimentally
observed that the n:=3 structure is affected by the relatively low
externally applied electric fi1eld, while no effect is observead for
the n-2 exciton and neither for the large background of the 1S
excitons. One could then deduce that, not all n » 2 excitons
convert into 1S excitons, which are only sensisitive to nigh
electric flelds ( = 10° vrocnm).
Therefore, 1n light of the above let us address again

the question : 1s there diffusion of excltons rather than free
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Figure 5.20: Photocurrent versus bias voltage at T=80 K
for a 37 um thick Cu,0 film, at 4 different

wavelengths of illumination.
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carriers 7?7 For that matter, let us assume that a large fraction
of the photocreated n:2 excitons were disscciated into <{ree
carriers, then 1t would be expected that the shape of the n:2
Structure would be washed-out as the forward voltage Vg was
approaching the flat band condition (Vpi = Vg), effectively
decreasing the colliscting efficiency of the free carriers, because
now there 1s no ele;trlc tield at the metal/semiconductor junction
to sweep the free carriers. Therefore, there 1is supporting
evidence that 1S excitons diffuse towards the Cup0/Cu  back
Junction, where they are fjeld dissociated, The reason the
photosignai lncreases with reverse bias (figure 5. 20) has nothing
to do with the ejectric fielg effect, but rather with the fact
that one is dealing with a poor diode. For an 1ideal diode, the
Photocurrent 1s expected to saturate as the reverse bias is

increased.

S.5.3. INFRARED PV RESPONSE WITH AN- WITHOUT APPLIED BIAS:

The spectral region referred to as "infrared" in this
section, corresponds +to the barrier spectral response region of
the Cu/Cus0 junction (due to Process 1, hv < Eg. in figure 3.6b).
The 1infrared response of +the thermally grown samples in the
backcell configuration, Au/Cup0/Cu, was examined with and without
4 reverse DPbias at room and liquid Nitrogen temperatures, The
application of reverse bias onto the Junction 1is of interest,
because it improves +the signal to noise ratio, and possibly

enhances the processes usually masked by the carrier emission over
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the metal/semiconductor barrier, thus allowing one to investigate
states within the energy gap. The results are presented in case
they might become useful for possible later experiments to Dbe
rerfomed in the infrared spectral region, for example : two-photon
absorption experiments. The Cuz0 sample used for this experiment
was 61 vm thick. Care was taken 1in order to measure the
photocurrent, while the second order radiation of the grating was
cut off by appropriate filters. In figure 5. 21, two spectra are
Presented showing the photocurrent as a function of wavelength at
room temperature, in the spectral region beyond +the fundamental
absorption edge, for a CupQ/Cu junction with and withoﬁt bias.
The dashed line spectrum was taKen while 8. 3 Volts of reverse bias
were applied onto the sample, At this point it is tempting to
atiribute +the observed maxXimum in the response curve to the
Polarization of +the copper inclusions 1in the o¢xide, as was
pProposed by Weichman et al. [39], who obtained a similar spectrum
with absorption measurements. Figure 5. 22 presents the PV spectira
with and without reverse bias at T : &80 K. Notice, that the
signal polarity for the non-biarted spectrum was reversed around
A = 750 nm and remained negative for longer wavelengths compared
to the polarity for A < 750 nm In figure 5.23 the PV spectrum of
the same sample is shown under reverse bias ) at T = 80 KX, Close
to the {fundamental absorption edge of Cuz0. The hump observed
around 650 nm was also observed without aprplying a Dbias.
Thesretore, no definite conclusion for the presence of the Cu

inclusions can be drawn at T = 80 LK. Although this is not the
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scope of this work, that is to investigate by PV the possibility
of Cu inclusions being present in our oxide samples, a study for
that purpose would require to follow the apprecach of Weichman et

al. [39].

5. 5. 4, _GENERAL DISCUSSION OF THE RESULTS OF TYPE I SAMPLES

Let us now summarize and discuss the evidence
available from the literature and that obtained {from the
experimental results analyzed in this chapter so far.

1) The n=2 excitonic state and those of higher order too, have a
short lifetime, of the order of 10712 seconds at T = 80 X, as
the calculation below will show, using the theory of natural

line-width of atomic spectra and the Ladenburg formula [4C].

T o A2 = (580 10-9)2 m2 = t0 ~12 sec
c  AA 3 10° m/sec 10-9 m
where, A 1s the wavelength of interest (here the n = 2
absorption peak at T =80 K), ¢ the speed of light and A) is the

linewidth at half maximum taKen to be 1 nm, as evidenced {from the

PV spectra in figure 5.13a.

2) The 1S exciton has a lifetime of about 10-9 sec in these
samples at T ¢ 80 K, [41].

3) The free carriers have a diffusion length of less than 10 um
and a lifetime of the order of 2 10-8 sec at T =z 80 X [38).

4) The 1S and n:=2 excitons due to their high binding energies are
not dissociated thermally in significant numbers at

temperatures below 170 K.
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5) It was experimentally {found that the diffusion length saturates
at T ¢ 80 X (see table 2 in section 5.5.1).

Assuming that excitons are in thermal egquilibrium with

the lattice, then in order to obtain an excitonic diffusion length

of the order of L % 45 wm at T = 80 X, the lifetime needed for the

1S to0 travel that distance (diffusion length) will be

v = L% (4510432 cm@ % 1,0 usec (5. 20}
D 20 cmc/sec

The diffusion coefficient (D) value was obtained <from
measurements made by D.P. Trauernicht et al, [2] on a natural
growth high quality Cup0 crystal. Therefore, the D wvalue should
be higher than the one observed in thermally grown (type I) lower
quality samples. The lifetime obtained from equation (5.20) is in
disagreement with evidence 3 2, which states that the 1S exciton
lifetime is about 10-2 sec. If a smaller D value was to be
considered, then ihe disagreement would be even worse. On the
other hand, there 1s experimental evidence in Cuz0 [41] that when
the exciton lifetime is short ({ 10°9 - 10-10 gsec), the equilibrium
distribution in the exciton system will not be reached during its
lifetime. In this case the steady state Kinetic energy
distribution will strongly depend on the initial energy at which
the excitons are generated. In fact, in the case of indirect
exciton absorption, as for the 1S exciton in Cu,O, excitons with
very large Xinetic energies [42] can be created. The exXciton

wave vector 1is compensated by the one of a simultaneously created

209



or absorbed optical vphonon (4270, As discussed by Permogorov

(431, the Kinetic energy of excitons created by indirect exciton
absorption <can be surprisingly high and can even exceed the
exXciton binding energy by several times {hot exciton). Such
eXcitons have a high probability of nonradiative decay, that
strongly depends on the defect concentration, which is usually of
the order of 108 +to 1010 sec-! (the inverse of the exciton
lifetime 1s used as a measure of the probability) [4373. If +the
lifetime of the "hot exciton" is of the order of 10-9 - 1o-10
seconds then a certain fraction of the excitons may diffuse before
thermal equilibrium 1s reached through interaction with optical
and acoustic phonons. As follows from theoretical calculations
(447, the probability per unit time for an exciton to change 1ts
Kinetic energy by an amount KT 1s 109 to 1019 sec-1i, It seems
that an intermediate case is established in this system, where all
the above processes are likely to occur.

Assuming that a hot 1S exciton has a Kinetic energy as
large as 1ts Dinding energy, let us calculate how far it will
travel.

Its velocity (v} will be

Ex = _H®k2 , v : p => v = (2 Bg/M)1/2 (5.21)
2 M M
v o= [ 2x0. 14x1. 6x10-19

J 11/2 x 1.28%x10° m/sec
3x9, 1x10-°1 kg 4

where, Ey ! Kinetic energy of the exciton

M : effective mass of the erziton, M = 3 me [17b]
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P : momentum in K-space, p : A ¥

Thus, an exciton with such a velocity (:.28x105 m/sec), would
travel during its lifetime (r s 10-9 sec) a distance d (d = v 7).

d = v r =z 1. 28x10% m/sec x10-9 sec - 128 pm

Therefore, the above estimated distance justifies the
diffusion length obtained experimentally, In view ¢f the previous
discussion and considering +the evidence points 1 toe 5, the
foilowing eXplanation seems to fit everything together : "hot is
excitons" with large Kinetic energy are Photogenerated in Cu-0C,
live for 10-9 to 10-10 sec and manage to diffuse on the average
% 50 pym at T ¢ 80 K, limited by the defect concentration in the
type I oxide samples. At temperatures above 80 X, the faster

thermalization of the eéxXcitons limits their diffusion length.

5. 5. 5. _NATURAL GROWTH Cugo SINGLE CRYSTAL : {(type II sample)

To further confirm the interpretation of the
Photovoltaic effect, the PV spectra of a high purity natural
Erowth single c¢rystal were studied, for which values of excliton
lifetimes and diffusion coefficients are available [12]. Two thin
semitransparent metallic contacts were evaporated on the two (110)
°pposed faces, of the 2 mm thicK c¢rystal shown in figure 5. 11. One

of the contacts was Oohmic (Au} and the sSecond one was rectifying



(Cuy. This way, we were able to takKe PV spectra both in the
frontcell and bacKcell configurations in order to compare them and

draw conclusions.

5.5.6.QEEQ/Cu JUNCTION CHARACTERIZATION AND COMPARISON BETWEEN

TYPE I AND TYPE II SAMPLES

In order to characterize the single crystal Cup0/Cu
Junction and compare with the type I polycrystalline samples the
ocpen circuit voltage (Voe) and the short circuit current density
(Jgsc¢ = Igg/Area) were measured (see section 3.7), as well as the
barrier height between the CupC single crystal and Cu, at room
temperature, For that purpose the Bausch-Lomb monochromator was
usszd, either modifyied to a white light source of 50 mW/cmé power
for Vy¢ and Jgo measurements (see section 2.1.2), or with the near
infrared grating of spectral range 700 - 1600 nm for barrier
measurements. The results are

TYPE I SAMPLES

BACKCELL geometry : Voc ranged between 100 and 10 mv
Jse " " 100 and 0.1 pa/cm?
The ihinner samples gave the larger Voc and Jg. values.

TYPE II SAMFLE

"

FRONTCELL geometry :@: Vg. = 190 mv, Jge = 10 pas/cm?

235 mv, Jse = 5 wA/cm?

BACKCELIL. geometiry : Voc

These values are very good given the oxide’s 2 mm

thicKness.
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Figure ©5.24 presents thie square root of the
Photocurrent as a function of the incident light energy, in order
to obtain the barrier height between Cu and Cup0. The solid 1line
corresponds to the Cuz0 single crystal iliuminated in the backcell
configuration, while the dashed lines correspond to a Au/Cupl/Cu
backcell polycrystalline sample,. Hotice, that the polycrystalline
type I sample seems to point at 2 barrier height values, one at
0.97 t 0.02 eV and the second at Q.78 *+ 0,02 eV, both values
falling within the generally accepted range of 0.7 to (.0 ev
[26, 457. As for the single {type II) crystal one barrier height
value of C.70 t Q.02 eV is ocbtained, in good agreement with the
barrier height value of a single crystal Cus0/Cu jJjunction measured
by J. A. Assimos et al., [45]. The above results indicate that the
Cuz0 single crystal sample (type II) 1s indeed of superior guality
compared to +type I samples Eiven 1its thickness of 2mm, which is

atleast 10 times larger than the thicker type I sample.

5.5.7. _PV SPECTRA AS A FUNCTION OF TEMPERATURE

The photovoltaic spectira were recorded only as a
function of temperature, because measurements as a function of
0Xide thicKness would destroy +the rare single crystal. The
Photocurrent was measured across a 108 ohm external resistor for

temperatures below 100 X, while the sample resistance was higher
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Figure 5.24: Barrier height determination at room temperature of :
Dot-dashed line: Natural-growth CuZO/Cu Junction.
Solid line : Thermally grown Cu,0/Cu junction.

214



than t0!! onms. At higher temperatures an appropriate resistor
was used, for example at T: 277 X the current was measured across
a 105 onm resistor, the sample resistance being larger than
107 Ohm, thus insuring that Ipv is always measured.

Figure 5.25 shows the PV spectra taKen i1n the bhacKcell
geometry at the following temperatures : T = 2.1 ¢ C.1, 5.0 % 0.4,
10.6 ¢+ 0.5% and 16 + 1 K. It was observed that the Photocurrent
signal in the flat response spectral region between 575 and 605 nm
increases with temperature. As for X ¢ 572 nm (that is for higher
energiles, starting from the bottom of the Cup0 conduction band),
there is a sharp increase in the photocurrent at all temperatures,
Up to 5 times the signal obtained in the 57% to 605 nm spectral
region, Suggesting perhaps that a large free carrier transport

mechanism taKes place.

In figure 5,26 PV spectra, again 1in the DbacKkcell
geometry, higher temperature runs (at T = 25 iy, 35 ¢ 1, 50 + ¢
and 97 * 1 K3, are presented, Notice, that as the temperature is
increased the shoulder below A = 573 nm becomes less pronounced

and the background response between 575 and 600 nm 1s reduced
compared to the response for A > 600 nm. This 15 an indication
that as the temperature increases the exciton diffusion length
decreases. The photoresponse in the long wavelength side of 600 nm
follows the absorption coefficient, as 1s evident from the shape

of the PV spectra, which in that range reproduce the phonon-

assisted bands.
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The {flat response in the spectral region betwwen 580
and &00 nm, for the PV spectra taken at T = 2, 16, 35 and 50 E
further i1ndicates that the photoresponse has no relation to the
absorption length i/a (or absorption coefficient), which in fact
is smaller +than the diffusion length of the 18 exciton, in
that spectral range. MNotice that, at T : 100 X the bPhotosignal
for A < 600 nm is practically =zero, because the diffusioen and
absorption lengths are much smaller than ithe sample thickness. At
that temperature, a photoresponse 1s only observed at wavelengths
where {/a becomes comparable to the oxide thickness. As the
temperature is decreased, L increases (see figure 5.26, T = 50 K)
and a constant DbacKground starts rising for A < 600 nm. At
the same time the absorption coefficient {a) decreases too, thus
i/ax (absorption length) penetrates further within the oxide film
(see figure 5.26, T - 25 K). Note also that, Lelow T = 20 K the
absorption coefficient does not change significantly. The shape
of the PV spectrum taken at T - 16 X provides evidence (as the
analysis will indicate in the next section) that the diffusion
length (L) is larger than i/a for all wavelengths below A = 60% nm.
Since «a does not change appreciably and L is expected to increase
in this sample, the shape of the PV  spectira taken at T = 10 and
5 K does not follow that of T = 16 K, as 1t would be expected.
The response shape of the specirum taKen at T = {6 K reappears
again at T = 2 K. One way to explain this discrepancy would be to

consider that the +temperature during the time that the spectrum
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was taken, which 13 now designated to be 16 K, was in fact lower.
But it is the author’s o¢pinion that the temperature was indeed 4§
K. Therefore, the above discrepancy cannot be explained physically

at this peoint.

5. 5. 8. DETERMINATION OF THE DIFFUSION LENGTH OF THE 1S YELLOW EXCITON

In order to get an 1idea of the exciton diffusion
lengtihs involved in this sample, let us 1ooK in details at a few
representative spectra at T = 72 X and T = 2 K, shown in figure
5.27. Consider first the solid line spectrum at T = 72 X, taKen in
the bacKcell geometry. Although its shape is different from those
of synthetic (type I) samples of figure 5. 13a, 1t reflects +the
same physical situation, if one takes into account the much larger
oXide thicKness t = 2 mm as compared to the oxide thickness of the
samplies presented in figure 5. i3a. Only those (S excitons created
deep 1into the bulk by light with wavelength at the edge of the n=-1
eXciton phonon-assisted absorption continuum contribute to the
signal, giving rise to a photocurrent in a limited spectiral range.
By contrast, the photovoltaic spectrum obtained in the front cell
gecmetry displays the wide ranged behaviour of a very thin sample,
as expected (see dotted line spectrum in figure 5,27a). The dashed
line curve in figure 5.27a was computer generated using equation
(5. 16), where w was takKen less than { pm. The value of L = 50 um
intreoduced into ejuation (5.16) to fit the spectrum, takKen in the

backcell geometry, is in good agreement with the calculated value
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using the relation L = (r D)!/2, where v - (.7 psec is the exciton

lifetime at T = 70 X (1] and D : 20 cm®/sec the diffusion
coefficient obtained from D. P. Trauernicht et a}. [2}. The
absorption coefficient values wused for the above fit were taKen
trom the absorption spectrum of I. FPastrnyak [21) at T = 77T K
(see figure 5.15), as it was done for the bolycrystalline (type I)
samples (see section 5.5.1 and figure 5.13b).

The photoveoltaic spectra recorded belew T = 70 X differ
marKedly from those of the pPolycrystalline samples, even after
appropriate scaling for the sample thicKness t. These spectra can
be fitted by introducing exciton diffusion lengths which increase
rapidely with decreasing temperature and which reach values
comparable to the sample thickness at T = 2 K. In figure 5.27b all
spectra are +taken in the backcell geometry. The solid line
presents a PV spectrum at T = 2 K, while the dashed and dot-dashed
lines show computer generated curves obtained using edquation
(5.15). The absorption coefficient values for both the dashed and
dot-dashed line curves were taken €rom the absorption spectrum of
S. NiKitiice et al. f22] (see figure %.14), while the values used
for the diffusion length were L = 1500 pym and L = 500 pm
respectively. In figure 5. 28, the fitted diffusion length values
fusing equation (5.15) 1 to the experimental spectra, shown in
figures 5.25 and 5. 26, are presented as a function of the
temperature the experimental spectrum was taken at. The absorption
coefficient values used for the PV spectra fits, between T = 2 and

35 K, were those reported by S. NiKitine et al. at T =4.2 K [22].

222



Diffusion length L (um)

1000

—
C -
o -
- -
i L
L
=
L
- -
- -
-
-
00 = -
C -
N L
i -
L
e
-
o
-
=
-y
—
=
10

Temperature (K)

Figure 5.28: Diffusion length of the 1S yellow exciton versus
sample temperature.

48]
N
L




At higher temperatures the shape of the computer generated PV
spectra was insensitive to the diffusion length wvalue, when the
latter was taken to be less than 200 um. This can be understood
1f one considers the 2 mm thicKness of the crystal and the
absorption profile of Cux0. In figure 28, it was possible to use
the diffusion length values of type I samples {see sectiecn 5.1.1
and table 2) at T =80 and 170 K, because at those temperatures the
diffusion length 1s not limited by +the 1impurity concentration.
wWhen the fitted diffusion lengths were plotted in a log-log graph,
two slopes were dilstinguished as it has been reported for the
diffusion coefficient D (for raraexcitons) in a similar sample
[2]. Although the trend (in reference [2]} 1s the same as the one
found here, the diffusion length rate of change does not agree
withh the theory. In reference [2] the steep increase of D with
temperature was explained in terms of exciton diffusion coupled
with L A phonon scattering down to about 6§ K. At sufficiently low
temperatures (T < & X)), the exciton thermal velocity Dbecomes
comparable or even smaller than +the sound velocity, thereby
effectively decoupling excitons from the lattice. Such a
behaviour, however, 1is only expected to occur in sufficiently pure
crystals liKe the natural growth single crystal discussed in this
section, for which scattering by defects seems to De negligible
down to 4.2 K (the lowest temperature tried by D. P. Trauernicht et
al. [21}). This 1s apparently not the case for the Polycrystalline
thermaily grown (type 1I) samples discussed 1n sections 5.5.1 %o
5. 5.4, The impurity concentration in the type I samples seems
to be so large, that the +transition from phonon scattering to
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impurity dominated scattering occurs at abouyt 80 K, thus limiting
the recombination lifetime of +the eéxcitons and in turn their
diffusion length at lower temperatures. A repeat of the
experimental spectra and improvement of the PV spectra fits, using
more accurate absorption coefficient values, would be required

in order to be more c¢onfident about the results presented in

figure 28.

In conclusion, the experimental results were
interpreted assuming exciton migration and fielg induced
.dissocliation at the metal/semiconductor interface. The

Photocurrent variation at low temperatures in CupC samples of
dlffereﬁt thiicKnesses and the Photovoltaic spectrum of a Known
thickness CupO sample were used +to determine exciton diffusion
lengths. Therefore, the above type of measurements may possibly

Provide a simple method for detecting exciton diffusion lengths in

other materials where L > i/,
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5. 6. _CONCLUSION

In this chapter the photovoltaic effect of the Cupx0/Cu
Junction was investigated at low temperatures in two types of
sSamples. First polycrystalline Cup0 films were thermally Erown on
Cu and the photovoltaic spectra 1in the spectral range of the
Yellow exciton series were recorded. The photocurrent variation
as a function of sample thickness yielded the diffusion length of
the n:=1 yellow exciton with the help of an equation for the
Photogenerated current that was developed from +the continuity
equation. This type of measurement seems to provide a simple
new method for the study of exciton migration. Thisz method can
brove especially valuable if the lowest lying excitonic states are
optically inactive, Preventing the use of techniques based on
luminescence detection. Second a high purity natural growth Cus0
single c¢rystal was used to take Photovoltaic spectra at various
temperatures down to 2 K. The experimental results for both types
of samples were interpreted assuming exXciton migration and field-
induced dissociation at the semiconductor/metal interface. The
diffusion length for the Polycrystalline thermally grown samples
{(type I) saturated around 80 K, due +to the large defect
concentration, while that of +the natural growth single crystal
{(type Il sample) Kept increasing rapidely as the temperature was
decreased down to 2 . It would be expected, that annealing of
the thermally grown type I samples would improve the crystalline
structure of Cup0 and in turn the diffusion length of excitons

would saturate at a lower temperature.
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CHAPTER 6

GENERAL CONCLUSION

The purpose of this werk was to study some electro-
optical properties of Agp0, Cup0 and thelr mixed oxide films,
using the photovoltaic effect at the metalsoxXide semiconductor
Junction. The micrometer thick oxide films were grown anodically
on Ag and Ag-Cu alloys and thermally on Cu. The photovoltaic
effect has many advantages over absorption, photoconductivity and
photoluminescence techniques that could be used for certain of the
experiments performed here. These advantages are : a) the samples
do not have to be self supporting : in this case they are grown on
metals ; therefore, we have increased mechanical stabllity ;
D) relatively easlly grown micrometer thick films can be used for
such studies, thus saimples of large dimensions are not necessary,
and c¢) the rhotovoltaic effect across the metal-oxide
semiconductor Junction acts as a detector, eliminating the need
for detectors in the spectral region of interest.

Ags0 and CusQ are the only two compounds that have the
cuprite (M203 crystalline structure, both exhibit p-type
conductivity and their energy dgaps are approximately 1.4 and 2.0 eV
respectively at room temperature.

The preparation and photovoltaic properties, at room

temperature, of anodically grown Ag>0 were presented and discussed
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i1n chapter 3. This study Proved that, although the anodic
oxidation method 1is simple in Principle, the large number of
oxidation variables make it compleX in  practice. The
Polycrystalline structure of the grown oxide f£i1ms, resulted in a
large number of grain boundaries, that seemed to reduce the <free
carrier recombination lifetime making for a bpoor Ag/Agao
Photovoltaic cell. The barrier height of Agp0 with various metals
(Ag, Pt, Al} was measured and it was found to be Pinned arounda
0.9 eV above the valence band. The oxXtde films had poor thermal
and electrical Stability. The f1iim quality would have to he
improved in order to study fundamental properties 0f Ago0 with PV
at low temperatures.

Since both Ago0 anda CuxC have the Same crystalline
structure, the bossibility of growing Ag-Cu mixed O0Xides by anodic
oxXidation was examined. Attempts so far to thermally grow mixed
0Xldes, with Ag concentration in the oxide of more than ox atomic,
nave failed. The oxide films grown here were characterizea by
their energy gap wvalue, obtained from pv Spectra, and by X-ray
powder dAiffraction analysis, It was found that the mixed oxides
were unstable in the Presence of other oxide Phases and cu,
Relatively more Stable mixed oxides wWere grown from solutions Se
and S3 (see section 4.1.2), provided that the oxidized metallic
alloy was single phase,

Finally, the photovoltaic spectra of the Cuz0-Ccu
Juriction were taken at low temperatures for two types of Samples
a) thermally grown Cup0 films on cu and b) a natural growth Cux0
single crystal onte which Cu and Au were evaporated in order to
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form rectifying and Ohmic contactg, respectively. The purpose here
was to 1nvestigate the role of excitons in the Photovoltaic effect
and measure the diffusion length of excitons, 1f possible, with
the help of a model developed to simulate the variation of the
Photocurrent response as a function of the oxide sample thicKness.
The results suggested, that in the vellow exciton series spectral
region, eXcltons diffuse over micrometer long distances and
Predominantly dissociate into electron-hole pairs at the Cuz0/Cu
interface region (referred to here as the "dipole layer®, see
section 5.2.4). Although, the excitonic diffusion 1ength in the
thermally grown type I samples saturates at a value of s 50 ym as
the temperature is decreased, the diffusion length of excitons in
the natural growth CupO single crystal increases rapidely. This
is due to the very low impurity and defect concentration in the
single <c¢rystal of Cup0C as compared +to the thermally grown

Polycrystalline Cup0 samples.
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