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¢ . ABSTRACT
' \

The study of excitons and two-photon absorption was performed in cuprous oxide. A

i -;:chnique was developed to produce single crystals of CuzO. These crystals were then ana-
lyzled at low intensity to determine, by transmission, the energies of the exciton transitions
as a funétion of \'Qemperature. F‘u_x;tﬁermore, Schottky bar;ier Cuy0/Cu photovoltaic eflect
samples w_e_re— produced by thermal oxidation of copper. One-:-photon meésurements were
performed with these samples to study the behav_iour of the exciton lines as the tempera—
ture was varied. Two-photon absorpéion experiments were then performed u_éing an optical
parametric oscillator pumped by a dye laser in an attempt to ob'serve the one-photon par-

ity forbidden transitions in the exciton region. Modelling of the two-photon photavoltaic °

effect reproduces the observed results and reinforces their interbretat‘.ion.

-
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CHAPTER I INTRODUCTION

L]

Cuprous’ oxide (Cu}O) ims been studied .fqr many years because of the structure it
displays ﬁt its fundame;ltél abﬁofption edgg. To excite an lelectron from the valence ‘ba.nd
to tile‘c‘bnduction band ;‘equireé .:.;Apllfoton of energy equal to or greater than the energy

gap of t.he semi'co.nductor. Inl.‘Cu, O, a photon of energy less than the bandgap entlergy can
_ also be abaox"bed:, c;cfa&.&ting a boﬁnd elegti'bn-hole ?air referred to as an exciton. The energy
of this poﬁpd system is less t_};-a.ﬁ that of . system With an electron in the conduction band

-

and a hole in the valence band in the same way that a hydrogen atom is in a lower energy

'~ state than a free electron and proton.

~ The binding energy of the exciton is quantized and it depends on the exciton’s n value

as well as its angular momentum /. Transitions to some of these levels are allowed by the

4

selectic;ﬁ‘rules,l 'w?l.ile othé;'s -ar'e forbidden.

The'stud'y of two-photon absorption spectra is a very useful tool for the investigation
of the excitons in CulgO.: It is an eﬂenﬁenta.ry excitation process in which two photons are.
-simultanedusiy absorbed, It provides a wealth of new information about the exciton series
because of its different selection rule.fs. One-photon fc;?ﬁidden transitions become allowed

with two photons and 6ne-photon allowed transitions become forbidden. Therefore, any.

particular transition should be visible using one technique or the other.
-

In order to detect the two-photon absorption taking place in the sa.mp]é, it is impc;.rta.nt
that the oné—photon absorption at the exciting energy be as small as possible. This is
especially important since two-photon absorption is a second ordqla'r‘ effect. Lasers are used
to observe two-photon absorption because of the high‘intelAw.i_fies that they provide. Usually

6



two sources are used, one a fixed wavelength laser, the other a variable wavelength low

. v
intensity source. Instead of two separate sources, an optical parametric oscillator pumped

by a dye laser was used as a tunable source for the two-photon absorption experiments

done for this thesis.
®

Of course, the visibility of the exciton lines m the spertra depends greatly on the qual-
ity and characteristics of the samples. Low quality samples display poor exciton structure
i/rffl:eir spectra. E\thherm?m, the samplgs must be thin for transmission measurements

R/because of the relativeiy high absorption coefficient in this spectral region. This requires
that the samples be ca.réfully polished to grind away material until they are thin enough
or (as everyor';é who has poli-st}.led samples before knows) until they get broken. The sam-

,Dles used for the transmission measurements were grOWn by thermal oxidation of copper.

Exciton lines up to n=3P were visible in the transmission spectra.

The photovoltaic effect in CusO/Cu Schottky barrier cells@s another technique used
to observe the excitons. Extensive interest in the photovoltaic properties of these devices
existed in the 1930’s. They were in fact the first in which the phatovoltaic effect was

explained!. ~ _ -

For this type of device it is much simpler to produce a.('_}ayer of cuprous oxide that is

~
a few ten’s of microns thick. Furthermore, the oxidation period consists of a few seconds
instead of a few days and no polishing of the oxide is required. Also, the oxide layer

is supported by the copper substrate on which it is grown, making it much less fragile.

Exciton lines up to n=4P could easily be seen in this type of sample.

. This project started off as an attempt to observe two-photon absorption in CuzO/Cu

7



photovoltaic effect samples. This approach was initially dropped because a one-photon .
signal produced by the photoexcitation of carriers from the copper substrate was being de-
tected. Suggestions that another metal be substituted f_or the copper to form the Schottky
barrier produ\ccd some hope for the use of this technique. Unfortunately, previous research?

showed that most metals reduce CuzO to form essentially a Cu;O/Cu contact. At this

point, it was decided to abandon this technique in favor of transmission measurements.

Several techniques were attempted to produce single crystals of Cuz0. After much
development, a technique consisting of the slow oxidation of single crystals of copper
proved capable of consistently producing single crystals of cubrous oxide. Several one-

i

photori experiments were performed to measure the position of the excitons and their shift

with temperature.

At this point, the possibility of applying a bias voltage to the photovoltaic effect
samples in order to reduce the one-photon signal resulted in a return to this technique.

The high intensity measurements were all performed on samples of this type

~ This thesis will be divided into four major chapters. The first of these, Chapter
II, will iptroduce some excit;)n theory and the rules governing the transitions that can
take place to the various energy levels. This will be followed by an introduction to the
photovoltaic effect in Schottky barrier devices and the effect of an elecfric field. Chapter
111 wliI; deal‘with the oxidation apparatus and the techniques used to produce the samples
'u.aed for transmission and photovoltaic effedt experiments. In Chapter [V, the équipmn
required to perform the ;v:a:ious experiments will be described, with emphasis placed on

the cryostats and the optical parametric oscillator. The results obtained from the various

8
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 CHAPTER T THEORY

- II1 INTRODUCTION

What is an exciton? In a semiconductor with a bandgap ene;gf E¢s, a photon of

t
~

sufficient energy can -excite an electron from fhe valence band to the conduction band.

This ba.nd-to—'ba.ng"t transition has a lowest enei‘gy limit hoe = Eg. The electytm in the

~

conduction band and the hole in the valence band are “free”. Frenkel® and later Peierls?

suggested th‘c’!.f lil'rdf'ong_ of energy < E¢ could create electrons and holes fn a bound state in
which a small coulomb intefaction exists between them. This bound state corresponds to
an excited state of the crystal and is called an EXCITON. This chapter deals with the basic

theory underlying one and two-photon transitions to sxciton levels. The specific case of

. buzO will be discussed. Also in this chapter is an introduction to Schottky barrier devices

and Cuz0/Cu photovoltaic cells. As well, the effect of an electric field on excitons in such
*a device will be discussed. These concepts are inti‘qduced here so that the experimental

results presented in later chapters may be better understood.

I1.2 ELEMENTARY THEORY

The first thing to discuss is the exciton energy levels. The binding energy O.f an exciton ¢
is quantized as for the hydrogen atom, so that it has a well defined set of ‘energy states.
The mechanism for creation of bound pairs. corresponds to a series of sharp absorption
lings converging to the band-to-band absorptiqn energy limit Avo = E¢ (Figure 11.1).

The Bohr theory of the hydrogen atom may be readily modified to take inte account
both the dielectric constant of the medium and the effective masses of ¥the electron and

10
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hole for an excit‘;on. The binding energy of the exciton is typically 100 to 1000 times
lower than the binding energy of the hy\drogen‘a.tom. Because the bond is weak, the mean
distance between the electron and the hole will be 1 or 2 orders of magnitude larger than
the diameter of the hydrogen atom; it can range over many spacings of the crystal lattice.
The bindihg energy of the Cu,O n = 1S yellow series exciton is 0.14 eV and its radius is
10 A. (For compa.rison,'the binding energy of the hydrogen atom is 13.6 eV qna 1ts radius
is 0.5 A). Because the exciton'radius i larger. than the typ.i'cal ‘atomic spaciﬁg of 3to 5 A,
the dielectric constant of the semiconductor, E,l must be introduced. The value of ?/r is
replaced by e?/(er). Also, the mass of the electron,- mi, must be'replat;ed by u, the effective ‘
mass of the exciton, where 1/ = l/m; +1/mj, m_ being the effective mass of the electron

and my the effective mass of the hole. This is because the hole mass is much closer to the

electron mass than the proton mass is in the hydrogen case.

_ Now
_ 1 etm, 1)
(4me0)?® 4nhc
where R is the Rydberg constant and €q is the permittivity of free space. .
kl — 1 (84/62)m=(u~/m¢) ' (2)
(4meo)? 4arh3c |
|
4 \‘
1 e'm, .
R = < = ¢ © (3
— ~ (47&)? 4xhle ?m, ‘ ( )
U
R' =R x : 4
€2m, ()

»

where R’ is the Rydberg exciton constant. .

It E. is the lowest energy level of the conduction band, and the zero point energy is

12



set at the top of the valence band, the energies of the exciton levels are given by

En = .Ec —/‘f?— . . (5)

s

This equation has the same form as Bohr’s expression for the allowed bound energy states

of the hydrogen atom: __

Reh

.__Et'l = n2 (6)

As n gets larger, R'ch/ rFZJbecomes‘ quite small. The exciton’s energy levels converge toward
a high energy ]im‘it, whic‘h is equal to the energy gap of the semiconductor. For hAv > hv,
the absorption spectra is a continuum and corresponds to band:to-band transitions\.
It is possible for several exciton series to occur in the same semiconductor. They are

the result of excitonic transitions between different sets of ‘bands, so that they occur at

different energies and are observed in different regions of the spectrum.

I1.3 MORE EXCITON THEORY

'The non-degeneracy of exciton energy. levels and the transitions to these various levels
must nolw be considered. The degeneracy of exciton levels of different { symetw with
the same n value which exists in the spherical symmetry approximation is removed by the:
internal crystal field as well as by exciton-phonon interaction®. For a semiconductor with
forbidden direct one-photon transitions at the I'-point of the Brillouin zone, dipole a.bao{p;
tion to the corresl—)gnaing exciton levels is forbidden by symmetry. Transition to S and
D-type exciton levels are stl:ongly forbidden and their oscillator strength can only be due
. to electrical quadrupolar transitions®7'®, However, transitions leading to P-type excitons

(referred to as second-class transitions) are only weakly forbidden, and still correspond

13
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to the dipole approximation®. They are the ones that will be observed in the absorption
spectra of a semiconductor with forbidden direct one-photon transitions (Figure 11.2¢ )

At this point, the concept of two-photon absorption is introduced. The process is one

in which two quanta are simultaneously absorbed in an electronic transition. The energy

sum of the two quanta must be equal to the energy of the electronic transition. In the case
of simultaneous absorption of two photons, the two photons can be of equal or different
energies, but each is less than the band-gap energy. In this case the intermediate state is
a virtual state and does not require the presence of impurities.lo. Of great importance is
tha.t. the selectic;n rules are different than for one-photon absorption. ﬁansitions between
states of the same parity that were gymmetry forbidden with one photon become allowed
with two photons and vice-versa'!. Thefefore, the S and D lines of the exciton series will
become the ones that can be seen in the spectra of the samples!? (Figure 11.26°).
Now, multiphoton absorption can be described in a phenomenological manner by the
generalized Beer-La.ﬁ:bert law}3: ' v
' % = ; ™ (7)

v

where an is tﬁe m-photon absorption coefficient expressed in units of

(length)2™~3/(power)™~1, I is the light intensity in watts per square meter, and x is

the propagation direction. One and two-photon transitions are the ones of interest here so
thi |

L @

In order to observe the e&ects of two-photon absorption, the one-photon contribu‘tion

should obviously be as small as possible. This is even more important when the second

15



term is relatively small. To help matters, lasers are used because of the high light intensities
they can provide.

Since the t{vo-photo_n absorption is directly’ proportional to the intensity of the laser

~

beam, its magnitude_éan be controlled by adjusting the laser intensity. This permits one éo
measure a large v?.riation (:f two-photon transition rates using the-la.rgest available single *
crystals. In contrast, the only way of measuring one—photc;n absarption spectra in regions
of strong absorption lies in using very thin samples, which are usually difficult to obtain.
Further, unlike the experiments measuring reflectivity or those measuring absorption in _.
thin samples, two-photém absorption experiments are affected much less by surface proper-
ties of the sample!4. The p.roperties revealed are those of the volume of the crystal rather
than just the skin depth. -

How does the absorption coefficient for a two-photon band-to-band transition vary as
a function of the wavelengtil of the incident light? It is explacted to vary rapidly when the
energy of the two photons approaches the energyrr. Vc;f band-to-band transitions. The form
of the vai§ation depends on many factors. Theoretically, this highly non-linear process has
beeﬂ studied withiﬁ’the framework .of perturbation theory, or by the ‘non—l:;erturba.tive’ ap-
proach suggested by Keldysh in 19(;415. A ‘non-perturbative’ scheme similar to Keldysh’s
has since been applied to calculate multi-photon transition rates in direct gz;p crystals

for arbitrarily large intensities!®, For linearly polarized light, the expression for the two-

photon absorption coefficient is

(9)

272t (u)3/2 (2:5— 1)"‘/2

g
¢ min? g3\ =f
where = = hu/Eg(T), m,. is the electron effective mass of the conduction band, u is the

16
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reduced effective mass, defined by (u)~! = (m.)~! + (|mal)~!, my is the effective mass of
the valence ba.n&, and n is the refractive index of the crystal. |

Now, for two-photon absorption near the band edge, fiw ~ Eg /2. For hw > Eg/2,
the value of (2(Aw/Eg) — 1)3/2 can be calculated. For hw <'Eg/2, a problem occurs
since the value inside the parentheses becomes negative. A width §, of I;orentzian type,
can be introduced by adding a term {6 to Eg!?; ag is obtained from the ;'eal part of the
expression, giving

g2

o = .CW{(ZhV - Ee) [[(2!11/ - Eg)?+ 52] 1/2 + (2hv — EG)] 1/2

U1 (10)
+6 [[(Zhu - Eg)2 + 52] 2 _ (2hv — EG)] }
where C is a constant depending on the electron charge e, the speed of light, the effective

masses and the index of refraction of the crystal,

\1.4 CUPROUS OXIDE *

In this section, it is time t9 discuss the more specific case of Cu,O. Cuprous oxide is
a p-type semiconductor. No technique has yet been .devised to produce n-type CuyO?. Its
crjfsté.l structure is simple cubic!®, with a center of symmetry. Its band structure permits
the creation by light of four different exciton series: yellow, green, indigo, and blue!®. In
the yellow part of the ‘z;pectrum at 4.é K, the diréct band-to-band one-photon transitions
at the I" point (k = 0) are weakly forbidden and are a:ccompanied by P-state excitons of
the yellow exciton series. When studied by the two-photon technique, the S and D exciton
lines become visible in the spectra. The yellow series is the one that will be studied using

both one and two—ﬁhoton techniques.

17



As the temperature of the ﬂamﬁle is varied, the pbsition and shape of the exciton
lines change. At room temperature the thermal phonon energy (=~ 0.025 eV) is enough
to overwhelm the :veak excitonic bond?®. The n=2P exciton has a binding energy of
about 0.024 eV, and all the excitons of higher n value obviously have smaller binding
energies. When the sample is cooled from room temperature, the exciton lines appear
and become finer?!, Because of this, transmission measurements are usually done at liquid
nitrogen or liquid helium tempera;tures, with even lower temperatures being used for certain
measurements. Furthermore, the positidn of the exciton lines shifts towards higher energy
as the temperature is lowered, as does the energy gap (Figure 11.3). This shift occurs in
such a manner that the energy betw?en exciton lines remain:? almost constant, as if they
were drawn on a template and the template shiftéd with tempefature23. At 4.2 K, the

experimentally determined positions (in eV} of the P exciton lines of the yellow series are

given by®

0.0972

EY = 217244 — —
n

e

following a 1/n? law as predicted. Unfortunately, the S and D exciton lines are less well"
characterized since they are more difficult to observe. The energy of the exciton transitions

v "l
K 4

at 4.2 K and 77 K are given in Table II.1.

IL5 PHOTOVOLTAIC EFFECT

The photovoltaic cells of interest here are based on a Cu-Cuy0 (metal-semiconductor)
junction. Although many metals form what is known as a “Schottky barrier” rectifying
contact with Cuz0, the CuzO/Cu junction is the most stable since most other metals tend

to reduce Cuz0 to form essentially a Cu20/Cu contact. R

18 | ‘
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42K (Ref. 12) 77 K (Ref. 23)
n s P D s P
1 2.0330 . 2.0234
2 2.1544 2.1473 ' 2.1396
3 2.1603 - 2.1609 2.1630 2.1530
4 2.1653 2.1657 2.1666 ' 2.1578
Table I1.1

Energies (in V) of the yeliow exciton series levels of éu,o in zero field at 4.2 K and 77K



To understand how a Schottky barrier device functions, the concept of the ‘work
function is introduced. When two different materials first make contact, there will be
a flow of electrons from one to the other. This is because the electrons meeting the
Tunction frém one side will gener\ally have more energy than those meeting it from the
other side. Consider a metal M and a p—typé semiconductor S, with different Fermi levels
Wgras and Wps Before tbey'come into contact, the energies at the surfaces of the metal
and semic_onductor will be equal and may be taken as zero. It is convenient to consider
the energy difference between the Fermi level and the surface, which is known as the work
function, ¢. With metals, this is also the depth of the conduction band. If ¢W,
on contact there will be an initial flow of electrons from the metal to the semiconductor,
so that a positive charge is formed on the metal. The electrons are captured by acceptor
atoms near the junction and a depletion layer of width d is formed. The electron flow will
proceed until the two Fermi levels coincide. There is then a difference between the surface
energy levels of ¢s — ¢, and also a potential difference Vgar due to the surface charges.
With zero external bias, equal and opposite currents Ip and I are set up. The hole current
Ir is due to holes from the semiconductor which possess sufficient thermal energy to cross
the barrier ¢ g — ¢pas and I is due to holes from the metal crossing the larger barrier ¢ — ¢ay,

where ¢ is the dept}ll of the top of the valence band in the semiconductor. (Figure I1.4a).

Thus the contact is recfifying and forward bias occurs with the semiconductor positive,
which reduces the potential barrier to ¥ —V, where ¥ = ¢5 — ¢ar and V is the externally
applied poténtial. (Figure II.45). This allows Ir to increase, while I, remains constant
since the somewhat larger balfr'ier ¢ — ¢ar i8 unaffected by the bias. Reverse bias occurs
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with the semiconquctor negative, which ‘increases the barrier height to ¥ + V so that
Ip — 0, but Iy is unaffected (Figure II.'4c). The width of the barrier also increases with
increasing reverse bias. It should be noted that I increases with temperature since it is

due to thermally ge;era._ted carriers. _ ) \

This system can be used as a pl‘_lotovoltaic detector, with one possi_bl‘e configura-
tion having the light traverse the layer of semiconductor before reaehi_ng the ;fietal-
semiconductor junction. In such a device there arevtwo ch&rge‘-creafinél mecha..niefr'ls'. The

first is, as mentioned.above, the photoemission,of holes from the metal into the semicon'-

ductor, in which the threshold photon energy is' that’ correspondmg to the barrler helght
associated with the metal-senuconductor contact?4, The second mecha.msm is due to band-
to-band absorption of the light by the semiconductor. Should t}}e electron-hole pailr.be
generated in the ;lepletion width or alternatively the electron marnage to diﬂese to t-.he
junction, it results in electron injection. from the semiconductor to the me‘tal.

The photocurrent density through ﬁhe_depletioﬂ_ la.;}e?\siue to Band-to—band transitions
in Cus0 islgiven by J = Ja l+ Jd,-J;f, whe;'e Jg is the drift current cieﬁsity due to carriers
geheraeed inside the depletion layer, end Jaifr is the‘diﬂ"usion current densit;y generated
outside the depletion layer and d_iffu-sin‘g into the reverse-biased junction.

For incident monochromatic radiatioh, the one-pboton absorptien and electron-hole

generation function is given by .

t | g(z) = dae™ " . | | (1.1),

where g(z) is the generation rate (density generated pei""un't time), @ is the incident

photon ﬂux a is the absorption coefficient, and z is the th{# Xgﬂess of semiconductor the
5
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_ photons have traversed, with z = 0 beihg at the surface of the semiconductoﬁl‘hus, Ja
"is found to be
' ¥ a+W
Ja=q [ i)z (12)
a .
where a is the thicknesy of semiconductor the light must traverse before reaching the

junction, and W is the thickness of the depletion layer. This gives that

Ja = [gp(e™W —1)] x e :(13)
ernce Jaq1 drops.off exponentially with the thickness of semiconductor.the light has to

» : , .
traverse before reaching the depletion width. _ '

To obtain Jgisy, the diffusion equation

-

.-Dnn" - (n —no)/r+g(z) =0 . | (14)

1
P

must be solved. Here Dy, is the diffusion coefficient for électrons, n is the electron density,

" ng is the equilibrium electron density and 7 is the lifetime of the electrons. “Then, the

diffusion current at z = a + W is obtained from o .

LI

LY

Jaigs = qDpn/ ‘ (15)

For two-photon absorption, the expressions for J:ﬂ and Jyss remain the same. How-.

" ever, the generating function will be different. To evaluate it, equation (7) is used as a
starting point. Considering only fwo—photon absorption,

ad_ e © (6)

Rearranging and integrating gives

=z +cst _ (17)

g | bt
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I=(mz+1/L)™" "~ - o (18)
Now
- bal - . 1 dI . ) '
g(z) = ——— o (19)
- - _ Exl . o |
- o(=) = 7, * (azz + 1/15)2 - (20)
« oy A . ,Q . . - -&QIOQ .
g(ﬂ:) - hv(azfo.'r +1)2 (21)
; . ot : N
and since ¢ = [/hv, = - . o - .
. Zh
jlz) = a0 (22)

(C!ghll(éoz - 1)2

-

where ¢g is the incident photon flux on the sample. For low absorption, a binomial

expansion gives

9(z) = c2gghv(l — 2azhvdoz) (226)
Therefore,
' a+w . R

Ja=q [ 4la)ds (23).

ad . . tRL

a+W .
Jai = qagdpihy / (1 - 2a,hvdoz)dz (24)
. ,
Jdl = qagtﬁghu [W - 2&2’1U¢0 ((a + W)2 - 02)] 'i (25)
Jy = qagqﬁ%hu[W,(l — 2a3hvdo(2a+ W))] - L (26)

If W is of the order of {or smaller than) @, then the second term will be much smaller

than 1, so that

“

Jdt=qaz¢3hl’w L - ow (27)
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The diffusion equation becomes

Dan” = (n. = no) /7 + azgdhv(1 — 2azhvdoz) = 0 (28)

‘which has as a solu}:idn _ - : - . -

v

Ln " BN
ey + Cge™/En . (29)

n=ng— 2121'&2'(‘,6(2)’11/ + raz¢ihr — Cy ———
where C; anid C; can be determined from the boundary conditions:

(i) atz=4a,n=0

(i) at z=0, n = n(0),

where n(0) is the electron concentration at the surface of the semiconductor. This gives ‘
equation (30): >

 n=ng— Za:fa;cﬁghv + razgﬁghu

ng(l = e®/En) %t n(0)e*/ En — 2arad?hy + rag?hy(1 — e/ Ev) —:/L,';

+ [ . e®/Ln _ g—a/Ln ]

[ng(l —e7%/In) + n(0)e~%/ L — 2ara¢?hv + rad?hu(l = e—a/L"')]eilL;
. e8/bn — g—a/L, ¥

¢

Now Jgisy = gDnn/, s0 that equation (31) is obtained:

[ -

Jaifr = — ql"D" {21'&(,62111/_13“
: n

-

+ [nou — ¢*/En) 4 n(0)e*/En —2arad®hy + m¢”w(1 e/ )]e-z/nn
] ea/L“ - e—a/L ’ - .

¢ [ro = €lin) 4 m(O)ee/ i~ 2aradthy ¢ m¢2hv(1 et )]e=/”}
. ea/Ln — g—a/Ln } .

The 'equati;ns in this chz;pter will be used later on to ekplain the experimental results from
tﬁe two—pho‘.toﬁ phot'ovoltjaiél effect.

Another importax;t -thing.fo note is tha.‘t in t‘ranﬂn;lission‘, the sa.mple fs édole’d as
'much as possible go that the exciton lines are as fine as possibie. At first the same would

! - .
4 - T 5
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be expected when using the photovoltaic technique. However, this is not the case. At
. very low temperatures there is not enough thermal (phonon} energy to cause the exciton

to dissociate,'so that it simply recombines. The problém is that if no electrons reach

t_he conduction band then no photocurrent will be created and no exciton lines ciletect‘ed.

* Solutions to this problem will be discussed in the next section and in the chapter in which

the results are presented and discussed.

\
‘E’»ﬁ A

IL6 ELECTRIC FIELD EFFECT

«

" The applica.ti(;n of an-electric field has two distinct eﬁ'e(':ts: one takes place at t.he
5 CU:ZO/CU. interface, while the other directly a.ffec.ts the excitons. The first of these was
intr?duced in the p;;‘evious\section: a forward -,or reverse bias will respectively increase or
decfea.‘ée thel;llr:rent IF croséing the Bai:ﬁier ¥ from the semiconductor into the metal.
Tile sécond ‘eﬁl"ec':t_'is field ionization of the excitons?®. This occurs when ¢Ed, the
a Pofeﬁtial energy differe;;ée:across the diameter d of an orbit, is of the o,;der of magnitude
of theﬁ-‘binding energy of a p‘;rticle in c'>-r_bit;,. At ﬁ.:zlds\la.rge enough fér this to be the case,
s\t_he_lif{etime of t};e.state against diss_.c‘)c.iatioln becomes quite short, and the line width for
absorption to. that state becomes correspon'dingly iarge. For éxan.iplle\,' if a depletion widk;h
of the order of 5 x 1078 m is aésumed‘m,-'. aﬁ,applied bias of 5 Volt:s w{ll ‘pxl'c;duce an'electric-
field of ‘approximately 108 V/m.‘;'This will result in a potéﬁtial energy 'differe;me of 0.@_ ev,
to be compared with the =18 e‘xc‘iton’s b'iridinglenerg-y of 014 eV, The eﬂ'e;:t is thus

"

expected to play a role in observing the exciton lines.:
The application of an electric field to the cryst‘al,..has the added effect of mixing states

with different partties, i.e. different values of . This induces normally forbidden transitions

27" . " 3
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in the absdrption spectrum®. Furthermore, it shifts the positioniof the exciton lines toward
longer wavelengths®.

This brings the chapter to a close. The next chapter will describe the samples to

RS
which the theory will eventually be applied.

o
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. CHAPTER III SAMPLES e

L1 INTRODUCTION 3 k

" The various experiments that took place made use of two types of samples. The first
consisted of single crystals of copper oxide, and the second type consisted of Cu;0/Cu
Schottky barrier photovoltaic cells. Both fypes were produced in situ using the same basic

apparatus. This chapter will contain a description of the oxidation apparatus, followed by
. o
a detailed procedure for the production of the samples.

1112 OXIDATION APPARATUS

All oxidations and annealing required to produce single crystal or photovoltaic effect

H

samples took place in a controlled atmosphere enclosure consisting of a fused quartz tube

"

mounted horizontally. One“end of the'tube was connected 15 a high-speed rotary pump.
with a liquid nitrogen cold trap capable of lowering the pressure of the system to 107° torr.

Also at this end were valves to control the flow of nitrogen, and oxygen, the latter being

A

operated either manually or controlled automatically by the electronics associated with a
pressure sensor attached to the system. A reservoir in which gases could be stored was
“ also available. The other end of the tti’be was either sealed or left open, depending on the

desired modé of opération. For low pressure operation the sealed end tube was used, and
N ) ;

for gas flow the narrow open end was used. From this end, a Lindberg microprocessor

controlled fﬁrnace could be rolled il'fll‘to surround the furnace. This was the basic system

u

used to create the samples, be they single crystal or Schottky barrier samples.

4.

The temperature at the center of the furnace was measured directly with a type-K

-
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thermocouple and was found to be slightly higher than the set point temperature of the
1! . -

controller. This difference increased with temperature, reaching roughly 30°C at 900°C

(Figure II1.1). This difference was found to be of importance in the next section.

1I1.3 SINGLE CRYSTALS FOR TRANSMISSION

Conventional one and two-photon absorption measurements usually monitor the trans-

mission of a.crysta.l as a function of the incident wavelength of the light. f—Iigh quality

samples are required to achieve good, consistent resulti Several techniques?®:27:28:29,30
are available for the production of Cus;Q samples and théidx‘ preparation for transmission
measurements. State of the art crystals are grown by the arc-image technique®®, or by
hydrothermal synthesis3!. Since neitﬁer of these systems was available, it was necessary to
rely on slightly less sophisticated techniques; where c0p‘per is oxidized at various pressures
and temperatures.

A problem common to all the methods is that cuprous oxide reacts with most cru-

cible materials?® including quartz and graphite. To alleviate this problem the copper was
. g p .

mounted on a disposable ceramic support. The support and copper sample were designed

‘,--//s*o' that there was a minimum of contact between the cuprous oxide that eventually foltmed,

_a.nd"i;he support. When the oxidation was completed, the sample was delicately separabed
from the support.

The simplest method of producing Cuy;O samples is the one suggested by Toth, Kilk-
son and Trivich. It consists in taking high purity copper in the form of sheets between
0.2 mm and 0.9 mm thick. They are cut into any convéﬁient size and etched in nitric acid
diluted by de-ignized water ina 1: & ra.t;(_). The corners are then bent down 90° to form- -
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small "‘feet” which are the 2:_1qu 1;oinfs of contact between the copper and the support.
This assembly is pushed into the center of the furnace. From the stability d_‘i,agra.m for
the Cu/Cu,;0/Cu0 systein, Cu,0 is only stable in atmosPhe;¥c pressure air at tempera-
t;xres above 1020°C. Since the eutectic point for Cu-Cu,0 is at 1065°C, it is necessary to
oxidize at a temperature between these two points (Figure IIL2). After the oxidation is’
completed, the temperature is raised to a value between 1085°C and 1130°C, depending on
the thickness of the plate. The polycrystalline samples are t‘:henug}llowed to anneal at these
temperatures for times ranging between 5 to 150 hours, to allow secondary recrystallization
to occur. After the a{mealing is over, the samples are quenched‘ by quick withdrawal from \
the furnace. The thin layer of cupr.ic oxide (CuO) formed during this step is remov'ed by
etching in dilute HNOj3 or by the use of abrasives.

A handful of attem;fé at producing single cr&stal samples using this technique were
made. The result in all cases was that when the temperature of the sa:-nple was\raised
for annealing, the feet collapsed and/or reacted with the support so.that the whole Cu,0-
sample came into contact with the support, reacted 1«v’vith it, and became unuseable. The
probable‘cause of this was the higher than indicated tempe‘ra.ture at the cent.er of the
furnace:', bringing the sample too close to the Cu, O"-melting point for it to support its own

LY

weight. This technique was not reaf_.témpted because the following.technique, giving better

-

results, was discovered.

‘This technique, developed by Ebisuzaki?®, was used to produce all the Cu,O samples

used for transmission measurements. The method was used to prepare thick single crystals
. :

e .

of Cus® of large surface area. A piece of monocrystalline copper was required for the

-
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oxidation. Small cylindrical copper samples 8 mrﬁ in diameter by 30 mm long were grown
using the Bridgman technique®?. Slices of 1.5 mm to 3 mm thickr{éss were cut from the rad.
They were mechanically polished to a mirfor ﬁnish using polishing .alumina down to 1 pm.
Some of the samples were. then electroly_t.ig_ally polished in orthophosphoric ac;id33. Since

.. .
single crystals were also obtained without electropolishing, this step was later dropped.

0t :
m B

The samples were then rinsed in de-ionized water.

The technique then required that the sample be oxidized under low oxygen pressures
provided, in Ebisuzaki's case, by the impurities of about 0.2% oxygen in tank nitrogen,
increased eventually to a flowing mixture of 3.1 mm Hg of oxygen and tank nitrogen for
lseverai days. To suit the available equipment, the technique w..és'-‘-rgpd-iﬁed slightly. A
cylincier of ultra-high purity nitrogen .and a sepa:;‘é.te oxygen ;:;'.l'inder.were connected to
one el_'l;:'l of a quartz tube, with the other end left open. At roqm temperagufg;'the oxygen

.

. valve was adjusted so that-an increase of 0.2 torr in 10 tg.;;onds occ_p:gd if t_he:r open enEI
.. was blocked. Similarly, the nitrogen Yélvé was‘ a.'djusted“\t.o yield an i'ml:rease‘-of 50 torr in
5 seconds. For éome samples only nitrogen ﬂowéd_.tﬁlidugh the tube When'the furnace was -..
first turﬂed on. Onc_e the oxidation temperature of 980°C was reached, oXygen was allowed
to flow through the system. For other sa.m;-)lles, oxygen flowed with the ﬁi_frogen from the ‘.

start, No discernable difference between the resulting samples was found. Cooling was

done with only nitrogen flowing.

By this method copper disks of L5 mm thickness were converted into 'Cugo crystals
approximately ‘2.5 mm thick. The resulting Cu,Q crystals had slightly rounded surfaces

and a region of voids {or remaining copper if not oxidized for a -long' enough period of time)

34
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in the centralbregion corresponding to the central plane of the original metal. The crystals
were cut through this central region and both sides of each slice were polished, again using
polishing alumina down to 1 pm. The cuprous oxide crystals thus obtained had smooth,
shiny surfaces and a dark bluish color when held against an opaque background. W.hcn
held up to a light source, they were a transiucent red color.

Laue reflection photographs of several samples showed them to be single crystnl:;.
Other samples had._two distinct ci‘ystals while samples‘ that were oxidized at too high an
oxygen pressure were polycrystalline. Attempts were made to lanneal the polycrystalli.ne
samples to increase the grain size. The samples were annealed at. a temperature of 1000°C
at oxygen pressures ranging from 0.02 torr to 10 torrs and for times ranging from 12
to 64 hours. The results were slightly disappointing: although the grain size grew slightly,
the Cus0 had been transformed back into copper. Later it was discovered that this was
only a su;face effect. Di“f)pin'g the sample in nitric acid, rinsing it in de-ionizea waler
and then wiping it off on lint-free pdper removed the copper layer, éxposing the Cu,Q

underneath.

1114 PHOTOVOLTAIC EFFECT SAMPLES

Samples grown specifically for use by t}:e photovoltaic effect were simpler, faster and
more reliably produced than their ‘counterpaft‘s used for transmission measuremsnts. Al-
thou‘gh the last difference may be a.ttributed‘to the much greater amount of research done.
in the department on this type of samples, the first two were due to fundamental differ-
ences in the techniques: one requir;ad single crystal copper and dz;ys to oxidize, the 'other',—_

industrial grade copper and seconds to oxidize,



3.
- »

The photovoltaic effect samples consisted of a thin layer of cuprous oxide grown ther-

. LI
i ah e
"y ln‘?"“-:..'
A

mally on a copper substrate. Industrial grade copper sheets of 1 mm thitkngss were cut
into squares 1 cm by 1 cm. They were cleaned in nitric acid diluted by de-ionized water in
a 1:1 ratio and then rinsed in de-ionized water. This was followed by the usual polishing

using aluminium oxide powder. This pelishing step was more important for the growth of

-~

thin (< 20 um) Cu2O layers, since surface irregularities in the copper substrate could lead

A

g

to pin holes in the oxide and hence to shorting paths in the sample. Only one side of thg

copper was polished since only one face of the resulting photovoltaic cell was studied.

The copper was then mounted vertically in a notch cut into a ceramic holder and

inserted into the quartz tube for oxidation. The system was evacuated to at least 10~ torr.

-

Then, 100 torr of oxygen was let into the system, including the reservoir. The reservoir was

then sealed and the rest of the system re-evacuated. The sample would later be exposed to

W

“the oxygen in the reservoir to produce Cuy 0. While this was taking place, ﬁhe furnace was
pre-heated to 1000°C. When the system had achieved its minimum pressure, the furnace
was rolled in around the quartz tube. The temperature reading of the furnace was:allowed
to restabilize at its initial value. At this point the valve between the pump and the system
was closed anci the reservoir valve opened for times ranging from 5 seconds to 2 m_il_nut-'es,
depending on thc thickness of oxide desired. The reservoir valve was then closed and the
pump valve opened. The system pressure was monitored until it reached 10~2 torr, which
usually took less than 30 seconds. At that point the furnace was removed and a fan turned
on to cool the quartz .tub?. The pumping syétem was left on ;30 that cooling took placle_al

under vacuum, assuring that no CuO could be formed.
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After cooling for an hour,-thg system could be cpened and the zj,arr.xples removed. At
= ‘this point, thin samples had a reddish tint through which underlying copper crystallites
could be seen. Thicker shmples were a deeper red and the cd;;per was less visible'.,No
polishing of the oxide layer was required, its /surface being very smooth. T.hc qualipy of
the oxide layer depended very much on how well the initial copper had been prepared.

The samples were then transfered to a Veeco Model 7710 cryo-pumped cvaporator
system where an 80 A semitransparent gold layer was evaporated onto the center of the
sample (Figure II1.3). (,}ol_d was used because it forms an ohmic (non-rectifying) contact3?
with cuprous oxide since its work functio‘n is higher than that of Cl:lgo. This served as the
front electrode for the sample. The back electrode was simply the copper substrate. To
gain access to the copper, the oxide was delicately scraped away on one of the corners of
the sarpple. Care was taken not to scratch th;e thin oxide layer where the gold had been
evaporated since this would have resulted in a short-circuited cell. Wires were connected
to the e]ectrodes using silver print, making sure once again that the same drop -of silver
print did not come into contact with bot) electrodes.

Pro-l:lems were often encountered with these contacts when the samples weré cooled for
an experiment. The wires weuld-frequently corﬁe off, ending the experiment prematurely.

| .

This was especially noted in cryostats using a cold finger. The grip of the silver print
was improved by placing a drop of it on a piece of papei- for a few minutes. When some
of the solvent had evaporated and the drop become tacky, it was applied to the con"tac.t.

. Cryostats using an exchange gas suffered less from contact problems, presumably because

\

the cooling was more gradual.



Hv _'

af

Au 80 A
Cu O A FEW

’ MICRONS
Cu 0.5 mm

FIGURE II1.3 Photovoltaic effect sample
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& CHAPTER IV EXPERIMENTAL SET-UP

IV.l1 INTRODUCTION

This chapter intfoduces the equipment-utilized during the experiments. A wide range
of equipment will be described, beginning with the cryostats used to cool the samples to
cryogenic temperatures, followed by sections describing the apparatus used in the low and

high-intensity experimenﬁs.

IV.2 CRYOSTATS

v, Cﬁ?

Cryostats with o‘pti;al access were required since most of the optical measurements
were performed at low temperatures. Several cryostats were used during the course of the
study. The simpl"e;st one, made by Andonian Associates, Inc., plroved to be very reliable.
It was a cold finger cryostat equipped with a radiation shield between the cold finger and
outer wa_ll. This shield was in thermal contact with the cryogenic liquid and/or its vapour,
so that the cold finger was insulated from the. room temperature radiation. When used
with liquid nitrogen (T= 77.3 K}, copper-constantan thermocouple mra' gs at the end of
the cold finger indicated a temperature of 78.34+0.5 K Note that for the greabtest accuracy,
the reference junction was kept at a temperature as close as possible to the temperaturer
to be measured. For most measurements, it was kept in a liquid nitrogen bath. When
iiquid helium was trt'lnsferred intd the .c':ryosta.t, thermocouple readings indicated a cold
finger tempt;rature of roughly 25 K. This cryostat was equipped with two windows so that
it could be uggé for transmission mea.';uremen;:;a as well as for photovoltaic measurements.

It was found to be ideal for measurements close to liquid nitrogen temperature.
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The second cryostat’ consisted c:f a bulky unit 60 cm high by 15 cmp, ;a.h_leter (Fx-g_‘-hﬁm

: : ' . & y
T ure IV.I). Surrou'nding' the sample area was a éaperconductipg magnet. The cryostat was
provided with-an area between .the inner reservoir and outer v;'all Qhere liquid nifrn:;gen

AN ‘

could be poured in to protect the inner liquid. A heater was constructed and installed
" in the sample area (Figure I\l/.2). It was mounted.-on teflon washers and surrounded by
a teflon cylinder.to i;lsulate it from the rest of the cryostat. This allowed the sample
temperature to be varied continuously. A copper-constantan thermocouple was mounted
with one junction in liquid nitrogen and the other on the outside edge of the cyli;}der to
monitor.the“’temperature. Another copper-constantan thermocouple was used to monitor
the temperature of the hea..ter and sample. An additional technique, consisting of monitor-
ing the forward voltage required. to keep a constant current flowing through a diode, was
- used®® in paralle] with the thérmocouple to measure the heater temperatufe. The linear
variation of the voltage with temperature made it ideal for monitoring the temperature.
A Litton 259 diode was calibrated from room temperature to 50 K with 1 mA of current
flowing through it {see Appendix A for calibration curve). Since the current would heat
up the diode, the power supply would only be switéﬁed on long enough to measure the
voltage. Readings were taken before and after a scan to avoid introducing noise on the
photovolf:a.ic signal. Because of the wires réquired for the heater and to measure the tem-

perature, optical access was limited to one end. Therefore the cryostat could only be used

for photovoltaic effect experiments,

The third cryostat consisted of a system.by Oxford Instruments that corﬂprised a
CF204 cryostat and a DTC-2 temperature controller (Figure IV.3 and Figure IIVA]. The
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1. Helium recovery tubes and electrical contacts for magnet
2. Liquid nitrogen ;
3.  Guide for helium transfer line ‘
4. Liquid helium
5. Superconducting magnet
6. Wires for sample '
" 7. Rear plate and feed-through for wires
8. Heater surrounded by teflon sleeve ,
9. Sample chamber
10. Indium seals
11. Vacuum chamber
12.  Copper heat shield
13.  O-ring seal <
14. Tube for helium exchange gas
15. Windows
{ "/

N
FIGURE-IV.1 Diagram of cryostat containing superconducting magnet '’
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cryostat was connected viaa s'becia.l fransfer line to a helium or nitrdlgen tank. A diaphragm
pump connecte;d to the cryostat pulle.d the liquid from the-taﬂk’iapd into the cryostat. The
liquid helium (or nitrogen) flow was regulated by the ten;peratﬁre' controller. Typical flow
rates of under 0.5 litres of helium per hour were nbteH' at a ste'a.ciy sta.té temperature of
TTK. The samplg__;hgmber’s temperature could elxlso be .reg;ilate:d ‘iutomaj_;ically by a heater
and thermocouple connected t:o the temperature contlfc:lller. Optical access was provided
" by 5 ports, all at 90° to each other. The samples were mounted on the end of a stainless
steel rod that descended into the sample space. A helium exchange gas was used to cool the
sample, A gold-plateci radiation shield was loca.tgd between the ;ample chamber and‘ the
ou'te.r“ wall. This was the cryostat that was used for all of the infrared'mgasurements and
some of the measurements inl the visible. The transfnission of the ‘windows was measured
and found to be without structure m the wavelength ranges of intert_ast. The only drawback
to this cryostat was th;Lt it had to remain éftached 'to the cryogenic liquid reservoir for
the duration of. th;experimeﬁt. However,  its small dimensions,\'reli‘a.bilflty and optical

accessibility more than madéeip for this minor inconvenience.

IV.3 LOW-INTENSITY APPARATUS

Many lc;w intensity measurements were performed befor‘e- attempting to use the para-
metric oscillator. All of these.measurements were perfor;ned using a ‘3/4 meter Spex
spectrometer, For all of t‘hel measurements in the visible a 600 'grc;oves /mm graﬁing élazed
&t 7500 A was used, providing a dispersion of about 20 A/mm at 6000 A. Mostlof the
Fime it was operé.ted with a slit width of 200 pum or less. It wa.s- also‘uéed for most of the

measurements performed at 1.15 pm. Another grating, with- 300 grooves/zﬁ'm was used
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for the rest.of the measurements in the infrared. The spectrometer was calibrated and

frequently monitored with a helium-neon laser to insure accurate wavelength calibration.’
. ' & '

Early measurements in the visib_le were. done with a tungsten iamﬁ as the spectrome- -
tef’s light source. A special currént stabilized power supply was c;onstruqtezl for us'e..v;rithd‘
it. To increase intensity without sacrificing resolution, a high-pressure xenon arc lamp was
‘used for the rest of .t'he low intensity ;neasﬁ;,ements:. A hi‘gh-pressﬁr.e mercury. lamp was
also E;Vailable but was not used since its spéctrum displayed a doublef;,,i.n the regioq where

the exciton lines were expected. Finally, the light leaving the spectrometer was focussed

onto the sample to maximize the resulting signal.

When measuring the reference intensity or the transmission of the samples at low

intensities, two detectors were employed. In the visible, an Ealing 28-7821 photovoltaic

. cell with a sensitivity control spanning 6 orders of magnitude of photocell current was

used. A voltage proportional to the photocell curreﬁt was available at an output socket
and used to monitor all measuremgnts;. | A J-12LD detector, made by Judson Infrared,
Inc., was ue;;d for low intensity infrared measurements. The low-intensity measureménts
were performed with the use of a chopper so that a lock-iri amplifier and its associated
improvement in the signal-to-noise ratio could be uséd. Because of the high photovoltaic
effect sample impedance at low temperatures, a high input impedance lock-in was requireﬁ

to properly match the recording system to the detector: Ultimately, a Stanford Research

Systems SR510 lock-in amplifier with a 100 MQ1 input impedance was used.

The output from the lock-in was transfered to a Nicolet Instrument Corporation

NIC1170 digital storage oscilloscope for most of the low intensity measurements on Cu,O.
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- Frgrﬁ the;ré, 1t could be_displa&ed z:md selectea re;;gionsﬂ é.mll)'lii;ied before ploltting it on a chart
recorder. For the rest dlf thel.me‘ai.s:ur‘éménts, the output of the'deyection electron;cs was sent
to a.n.{\&DAL‘A}% anz{.l(;g / diéita.l/ apalog converter connectgd';;'o an APPLE computer, where
the dé.ta.’ could be sto-‘fed 01} disk. Fforn the}'e it.could be recalled and diéplayed on the
.mbnitor, _select.e\d a.reé_a.'s .exp_anded, compared with c;ther curves ana plotted. M&fhematical
manipula.t.io_ns inc_luéiing operations such as normalizing the"area under two curves, were
i)oss:iglé with this systefn. ' |

B A cir;uit capal:%lé of applyinlg a v;.riable bias voltage to the photovoltaic samples was

'Cfmstruc'ted (F:.igure IV.5). This circuit would be of use for the low and high intensity

‘mieasurements at infrared wavelengths. The capacitor was added to cut out the D.C.

component of the signal and avoid overloading the lock-in amplifier. |

IV.4 APPARATUS FOR HIGH-INTENSITY MEASUREMENTS?3¢

Most two-photon experiménPs are-done using a fixed wavelength laser as one-source
and usin‘g a 7low intensity variable wavelength source to scan across the range ;)f interest.
Usiné a variable wavelength laser makes it possible to simplify th_is to one source emitting
photons of ha‘lf t};e energy required for the desired transition. The problem arises in finding
a tunable pulsed laser that emits in the required wavelength range. At 77 K, Cu;0 has an
energy gap of 2.17 eV, half of this being about 1.08 eV: This corres;’;onds to a wavelength
of about 1.15 pum. The CMX-4/IR, z; parametric -oscillator containing a lithiun'; niobate
LiNbOg3 crystal in an optically resonant cavity pumped by a CMX-4 tunable pulsed dye
laser can be tuned to emit in this region. -

The principle of operation is based on the second order response which by symmetry
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FIGURE IvV.b Schematic' of variable bias circuit
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arguments occurs In_noncentrosymmetric crystals such as LiNbOj3. Three different fre-
quencies‘(z_xre involved: the pumping frequency (vp), and the two frequencies generated in

the crystal, one calléd the signal (v,) and the other, the idler (1;). A visible pumping

.;beam ‘incident on( .the LiNbO, cry;tal initiates spontaneous emission or' parametric fly-
ores:ence of signal‘ and idlér photons. Through the non-linear‘ity of the LiNbQO, érystnl.
spontaneousl-y emitted signal electric fields mix with the pumping field to generate an idlex.*
field. This idler field mixes with the pumping ﬁeld to generate a larger signal field. The
process continues with e*(ponentlal growth at both the signal and idler frequcnc;ca;a"r

Tuniqg is a.chie‘.'e(‘i‘by varying the crystal birefringence while simultaneously satisfying

the frequency and phase-matchirig conditions:
Vp = Vs + 1y (32)

and

kp =k, + k; (33)

The frequency and phase matching equations are solved for signal and idler frequencies at,
a given temperature and pump frequency as a function of the tuning variable, which in

this case is the pumping frequency. To carry out the calculation, the indices of refract..ion

must be given by an analytical expression. For LiNbOg, the equations are given by:

o \

1.173 ><ﬁi05 +1.65 x 107272 LT C
2 b 842 .
= 4.9130 - 2.78 x 10782 (34
mo = 49130+ 35— (2.12 x 102 + 2,7 x 10-572)2 o (34)

I8

for the ordinary ray and

0.970 x 10% + 2.70 x 10™272
A? — (2.01 x 10% + 5.4 x 10~-572)2

n? = 4.5567 +2.605 x 10~ 7 T2 + —2.24 x 1078 A% (35)
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for the extraordinary ray, where T is the temperature in degrees Kelvin and )\is the

*

98, These dispersion curves are the same for, every LiNbOj

\s;avelcngth in nanometers
crystal except for the fact that there is a temperature shift from one crystal to another.
in LiNbO:_,, the ‘extraordinary pumping ray is t.ran,sformed_into the two infrared ordinary
rays. Phase mntchi.ng with the pump beam polarized along the éxtraordinal;y axis and the

I.R. beams polarized along the ordinary axis is the simplest case. Under these conditions,

the phase-matching equation becomes:
ﬂg(UP)VP = na(u.)U5 + no(V{)V{ . (36)

An_g]ytical techr?ic‘gles can then be used to solve for the signal and idler frequencigs_'as a
function of the pump;ng frequency at fixed crystal temperatures.

It is p;:ssiblc to operate the parametric oscilla:tor in two modes. Although the doubly
resonant osc'iila-tor (DRO) requires less pumping to achieve t-hreshold, it suffags from the
disadvantage of requiring simultaneous resonance at the signal and idler fréquer_\cies within
a single cavity. This double resonance leads to amplitude and frequency instabilities. This
is why Operali‘on as a singly resonant oscillator (SRO) is used whenever possible. In this
“configuration, the idler wave is resonant, and thé signal wa;velength is free to adjust s;o
that v, = v, + v; is satisfied as the pumping wavelength is varied.

The CMX-4/IR is accompanied by curves of the IR output wavelength versus the plurnp
wavelength (Figure IV.6 solid lines). Unfortunately, they only span ti1e range covered by
Rhodamine 6G. The linewidth of the IR output can be determined from Figure IV.7, a

graph of the output linewidth versus a parameter § defined by \\/

22—,

s X

(37)
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CHX-4/IR Output Linewidth (cm-l)
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FIGURE IV.7 Linewidth of infrared output vs parameter § é-]
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As luck would have it, pumping with R6G would have lead to an unacceptable IR linewidth
in the range of concern (>~ 1.15um), so that the parametric oscillator had to be recalibrated

-

usinfg the analytical techﬁique. described previously. Rhodamine 640 was selected as a
pumping dye because of its loh.g lifetir;‘le while in use. Dyes 'emitting at even longer
_'_.vave.lengths were notAused because of their short duty cycles and because excessive LiNbOj;
crystal temperatures would ha.ve"breen required. Furthermore, preliminary research in the
early 1970’s failed to discover nonlinear absorption in LiNbO3 at wavelengths greater than
0.66 pum. Under the revised o;?erating ponditions, the linewidth of the laser was found

. to be approximately 10 ecm™?, or slightly greater than 0.001 eV. This linewidth, though

marginal, was thought to be sufficient to resolve the exciton lines of the yellow exciton

series.

——

Apart from the change in dyes, the transmission characteristics ;:)f the dvailable mirrors
for the parametric oscillator were measured. They were selected to be reflecting at the idler
freqﬁency and highly transmitting at the signal and pump frequencies. The gain and output
are larger when both mirrors are highly reflecting at the idler““frequency. Furthermore, all
of the output occurs at the signal frequency. wa mirrors referred to as IR1 by the

manufacturer were used since they satisfied the above conditions.

The instructions for the alignment of the parametric oscillator were then followed to
the letter. A lot of time and patience was required during this step because the slightest

misalignment was enough to prevent the oscillator from functioning.

Since the pumping power was limited by the dye being used, the temperature of the
LiNbOj3 crystal was set at 370°C as determined by the analytical calculations, so that
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the ‘desired infrared wavelength was produced by pumping at the peak péwer wa.vélength
of the dye laser. To verify that the calibration of the parametric oscillator was accurate,
the pumping and infrared wavelengths were measured with the spectrometer for several

pumping wavelengths. Slight shifts in infrared wavelength due to differences between one

e

crystal and the next, as mentioned previously, could then be-corrected for on the calibration
curves (Figure IV.6 dashed lines). From this point on, the ‘pumping laser was controlled

using the automatic scanning accessory to insure the accuracy and reproducibility of the
R .
pumping wavelengv

A filter was then installed in the beam path at the exit of the parametric oscillator
to eliminate the light at the unwanted pump wavelength and the resulting infrared power
VEI:SUS pumping wavelength measured using a pyroelectric - detector (Figure IV.8). Its
peaked distribution was characteristic of the intensity from the pumping laser. Using

a_Scientech 361 power meter, the average infrared power at 10 pulses per second was

measured to be 1 mW at the pgak in the distribution. If a focussed beam diameter of

1 mm and a pulse width of 1 microsecond are assumed, this leads to a peak intensity of 7

*

3kW/cm?.

The output from the sample was connected to a preamplifier and then to a Princeton
Applied Research Model 162 boxcar averager. The output of the boxcar was connected
to the ADALAB system where it was recorded on diskettes for further analysis. The

experimental setup for the high intensity measurements is shown in simplified form in

Figure IV.Q.

Now that the samples and experimental setup have been described, and that the
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theory has been presented, it is time to move on to the experimental results.

A
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VARIABLE S,
TEMPERATURE . .

PARAMETRIC| ... DYE -
% OSCILLATOR pan{  LASER

(LINbO; ) .. (DYE: R640)
SAMPLE |
JELECTRONICS—] COMPUTER

> (DATA STORAGE)

. FIGURE IV.9 Experimental setup for high intensity infrared measurements
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CHAPTER V EXPERIMENTAL RESULTS

V.1 INTRODUCTION

The experimental results will be presented and discussed in this chapter. The results
from the transmission experiments will be followed by those from the one-photon photo-

voltaic effect. The chapter will conclude with the results from the two-photon photovoltaic

effect.

V.2 TRANSMISSION EXPERIMENTS

The general transmission characteristics of the Cu20 samples were much like any
other semiconductor: high absorption for energies greater than the Bandgap energy and
much smaller absorption for energies less than this. In Cu;0, the transitions are forbidden
“between band states-at k=0,_ where the minimum bandgap occurs. The transmission step
at-6050 A in I;"igure .V.l is the red.edge of Cup0; it occured at lower energy {or longer )
wavelength) than the energy gap. The sample ‘thickness of roughly 500 pgm produced so¢

. . 5
great a light attenuation that it was only at wavelengths where the sample became almjost

completely transparent that any significant amount of light could be detected, especially

on a linear scale.

Other samples showed structure on this scale (Figure V.2) that was attributed to

A

tae oxidation or annealing technique used to produce the sample®®. When the oxidation
or annealing took place in an effective oxygen pressure close to the copper region. in the

phase diagram (Figure IIL.2), defects on an atomic scale, giving rise to an excess of copper

beyond stoichiometric proportions in the crystal would be created. These defects would

-r
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not cause major changes in the absorption constant except for the small p.late;xu observed
- as in Figure V.2. . -

A dip 01;1 the long wavelength side of the bandgap appeared v.f'hen the spectrometer
slits were set at 100 um, or under (Figure V.3). Further inspection fou‘nd it to be one-
;)hqton electric quadrupolar-absorption to the 1S exciton level. Its measured width at
half-maximum absorption was 1.2 A, indicatiﬁg.that the samples were of good quality !4,

At energies just be.:low the bandgap energy, structure due to absorption to the n=2P
and n=3P exciton lev_elé was observed (Figure V.4 and Figure V.5). The slight shift from
where the dips were expected was attributed to the use of a cgyostat with a cold ﬁnger.'
T-he positions of the n=1 and n=2 exciton lines were then measured as a function of

temperature using the CF204 cryostat {Figure V.6a and V.6b) dand a second order least-
squa.res‘ﬁt perf;rnied on‘these values (solid lines}. The results were fo*:md_to agree, within

experimental error, with the accepted®1%:22:23 valyes.

V.3 LOW-INTENSITYIPHOTOVOLTAIC EFFECT »

a) Visible:

The observation of the yellow exciton series proved to be much easier using the pho-
tovoltaic effect. The visible exciton lines would all produce a photovoltage that was of the

same order of magnitude. Exciton lines up to n=4P could be seen (Figure V.7). Once

again, the wavelength shift was attributed to the use of the cold finger cryostat. The
energy shift of the exciton lines with temperature was measured with the help of the large

cryostat and heater (Figure V.8 a, b, ¢, d). At room temperature, no exciton lines were

visible. As the sample was cooled, they became distinguishable at about 170 K. Then,
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» -
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as the sample continued to be cooled, they shifted toward higher en_ergies. Ultimately, ..

5 i .

their visibility decreased to the point where even the n=2P line was barely distinguishable
. LY - b e . t - )
because of a lack of phonon en‘gl.'gy to dissociate them. For samples thicker than the'one
* e v 0w g R o
used for these measurements (30 um), it™is possible that this effect would have lead to a

- \.
> s -

dip in the signal at the excitorf“ér?érgy. This meaﬁi,t;ﬁa.t somig sort of optimum tempeﬁfaturéf
[N W T - ‘a T !
"

"‘1 LT - .

for exciton visibility could be found. Thev-_"range o.f*ternpe_ratures between .l‘.'?SK‘K and 75

was found to yield the Best results. Note ‘that the temperature on the graphs is denoted

by T*. This is the temperature that;was measured using Both the thé‘rmocouiile and the -
-, , . i .

-
[

diode. It was estimated to be accurate to \\\;ﬁhin +5 degrees. The exciton lines Were shifted -

by about 10 A from their accepted positﬁong.* This shift cérresponded to a temperat;.lre

N 4 -|“ -
difference of about 20 degrees, with the sample being warmer than expected. Speculation,

L
]

is that the sample would be at a higher tem}perature because_ both itssides were“i‘n good,

1

thermal contact with the heater. The thermocouple, forming only a point-contact with -

.-

the heater, and the diode, protected by its plastic casing, may ‘not have been in-sufficiently
bl N i b : ‘ ‘ ~ '

good thermal contact with it. Despite their somewhat qualitative nature, this series of -

measurements clearly demonstrated the changes that took ‘place as,t_hle‘temp‘era.furé was .

-
— “

lowered.

Because of the high absorption coefficient in the exciton region, .the ¢u20 thickness -
was kept relatively thin (< 50 um) for one-photon measurements. The only drawback

to thick samples for these measurements was that the.phbhtoresponse would decrease in

magnitude because the diffusion length of the carriers created near the s,urfzic’é was not
long enough to reach the Cu;O/Cu junction. -

Tl
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D

b) Infrared:

'As mentioned before, the contribution due to the two-photon effect was expected to be
very small. To help detect it, an effort was made to eliminate any other signals produced

in the sample at the infrared wav'elengths close to 1.15 um.

Preliminary scans with the spectrometer showed that there was indeed a one-photon
signal produced in the samples. In part, thi.s was found to be du)e to the photo-emission
of holes, denoted by Iy in Figure II.4a into Cuz0, in which the".th.rés-hold photon energy
corresponds to the barrier height associated with the CupaO/Cu contact?4.: This barrier
height has been measured t§ be under 1.0 eV?#?4 and is not changed by, the application”
of a bias voltage. Other metals could have been evaporated onto a CuzO subs..t‘;at-e to
produce a sample with a higher energy barrier. Since most metals other than copper -
reduce Cuz0 to form essentially a Cu;0/Cu junction, the barrier height w_ould still have
been in the 0.7 to 1.0 eV range. This contributipn, of th;same p.o:iarity as the two—phg)ton
ab;sorption signal, could therefore not be eliminated from the Vtgta.‘l signal. This was of
little importance for scans performed in the visibll.e bécé.use the signal t;‘i'ogn conduction

band electrons in CuzO dominated as expected?. It could be a problem, however, when

attempting to detect two-photon absorption.

The second contribution, denoted by Iy in Figu;e'II.;ic,‘consisted ‘of“t.he p_hotoemission |
of electrons from the Cu into the Cu, 0?4, Co'ppe; electrons would be thermally excited
into higher lying states, diffuse across the 'potentia! Ba.i'll'ier and into thg Cu,0 conduction
band states where they would ;vehtuall;' -re;:olr‘nbineu. Transport by drift would not occur
because the field opposed the direction of .t-:.ra.vel. This thermal.'electron injection was of._'

73



opposite polarity to the signal due to two-photon absorption. By applying a reverse bias
t‘o the sa.n;.ple, the potentia.i ba.r.rier that the electrons had to overcome could be raised
to the point where this component could be eliminated. Experimentally, the application
ot-' the reverse bias voltage was found to slightly improve the sigqal-to—-noise ratio. Scans

with and without bias voltage performed in the limited range near half the exciton and

bandgap energy showed no structure.

V.4 TWO-PHOTON PHOTOVOLTAIC EFFECT

Finally, the time had'come to perfc)rr'r;‘ measurements on the Cugo'/lCu photovoltaic
samples under ‘high intensity. Tordo 50, use was made-of the CMX-4/IR parametric oscil-
lator. A filter was inserted bet\;'een the parametric oscillator and Phe sample to eliminate
" the li'ght at the unwanted pump wavelength. Then, a converging:lens of‘S cm focal length
‘was‘rilh'x-serted to achieve the highest possible local intensity on-the.s'ample

Withw.thé ternpera.turo; of the"LiNbog cr)'rgtal set jt 370° C and pumping with Rho-
" damine 640 it wa.s hoped that the whole of the yellow exciton series é-buld be scanned. All
of the'energ{es required to obsel;ve the excitons i1-1 ti;vo-.phot'on absorﬁtion,,except for n=18,
ﬁéré locat‘ed _ﬁear the peak IR powei". For the n=1$ exciton, the required wavelength was
~ too far away from the peak intensity:the signal became lost in noise.

Thicke.r samples (80 pm) were used for these measurements since the two-photon
absorption coefﬁcient i; much lower than for one-photon absorption. Initial measurements
were performed without bias voltage (Figure V.9). No exciton structure was discovered in
the ph;)toresponse spectra. When compared with the reference intensity (presented again

as Figure V.10 for convenience), it was quite obvious that the one-photon contribution had
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not been eliminated.

The next step consisted of the application Sf a reverse bias to raise the potential Barrier
that the photoexcited copper electrons had to cross, thus eliminating this component of
the 'signal. Reverse bias occured with the sefniconductor negzitive and the nrireta:l ‘ﬁositive.
Exciton dissocigtior} and the widening of the depletion width were additionla.l positive

effects of the bias voltage.

With an applied reverse bias of 1 Volt, a change occured near the peak signal. Al-
though the general shape due to oné-photon .absorption remain'e'd, a second_‘pea.k became
\_f_isible in the spectra (Figure V.11). This new signal was found to bec&ne more pr,o%ningnt-
as the bias voltage was increased (Figure V.12);-'A maximum -of 20 Volts‘_,ﬁ.z'ls"appiicd 'lt'o

the sample. Under this bias voltage, the new signal, located at C in Figure V.léa, was
h .

found to be the most prominent, On this diagram, the general shape of the curve was
mainly due to the variation of the incident intensity. In particular, the structure at A was
due to a similar variation in the incident intensity. The peak and éubsequent decrease in

the signal at B was also due to the variation of the intensity.

Unfortunately, this scan was not performed at the same sample temperature as the
others. Initially, it was planned to operate between 125 K and 75 K ‘t-g"c-)b‘téin ,ma“ximui‘n '
exciton visibility. Ormce measurenients began and the two-photon signai ﬁas observed, -
attempts to improve its visibility lead to a variation in sample teihperé.ture,‘lezald{rlg' to a
temperature of 45 K for F_igur'e V.13. For similar reasons, the reverse bias voltage. wa,s .

varied. The two-photon signal became more visible as the bias voltage was increased.

The signal at C was attributed to two-photon absorption in the layer.of Cu;0, pro-
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ducing conduction-band electrons that reached the Cu-Cuy0 junction and were injected
into the copper. By assuming that the one-photon signal was proportional to the intensity
and sx}btracﬁing this contribution from Figure V.13a resulted in Figi;re V.135, ax; attempt
to isolate the two-photon photocurrent. Both.band-to-band two;photon absorption and
absorptic;n to exciton levels foliowéd by thern.1all or electric field exciton ;;lissociation w.oulld
con_tributé to the two-photon signal. 'Il‘his interpretatiorn was supported by the fact that no

such signal was observed under low-intensity infrared illumination when the bias voltage’

was applied.

. The signal was expected to shift as thé temperature of the sample was varied.-\This

shift is not very large; using Figure Ii.3 as a guideline, the position of the two-photog :

'sig‘_r'lla] was ex;&ectea to shift by a'bout 15 m.eV betweeﬁ 150 K and 4.? K. Efforts to detect

this shift were inconclusive. This was partial]y due‘to a slight enérgy shift (feaching ;1p to
4

5 meV) o'écuring in the Teference i tensity- from run to run. This shift may have been the

result of variations of gbout 0.25

Attempts were then made to resf)lve the individual exciton lines. Siow scans were per-
formed over the narrow region wh.ere-the exciton lines were eipected to be (Figure V.14).
The signal t_‘a.iled to display rany clearjsign of excitc;n lines. The structure seen on the graph
was almost ;:ti_rt,ainly random noi‘s-e. Since the energy-difference between the exciton lines
varies very liitle as the temperé.tu;e changes, ‘the matching of the energy differences be-

ween fhe exciton lines and the strg:cture obs;zrvéd in Figure V.14 \k;as attempted. Even if
“slight positional shifté of the exciton lines occured because of temperature or electric field
effects, their presence should have been detected using this method. It wasn’t. Failure

o
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to resolve the exciton lines was attributed to a coi‘nbination' of linewidth, pulse-to-pulse
noise and relatwely low intensity (3 kW/cm? vs 100 MW /cm? peak intensity! produced
by fixed wa.velength lasers in experxments employing two light sources) of the parametric

oscillator,

To model the s;ignal due to two-photon absc;rption, the observed signal was assumed
to be mainly due to band-to-band two-photon absorption. If the one-photon curves are
considered, the exciton lines are seen as structure on the genéral shape of the curveé;l
see for example the curves recorded at 77 K, 70 K and 65 K (Eigure V.8c): The small-
expe-rimenta.l variation of the magnitude of the twc;—photon signal with temperature is also
an indication that band-to-band absorption is responsiﬁle. If it were due to excitons, the
signal would be expecte;i to disappear at low temperatures. Furthermore, it was assumed

_that the two-photon photocurre;nt was t;asicélly due to conduction l.;a.nd electrons generated
. ir; the deplgtion layer. When no bias is applied to the sample, no signal due to two-photén
a.b:sorption ig observed. As the biasl voltage is incr'eased and the two-photon ab'sg;rptioﬁ
becomes visible, the depletion layer Becomgs thicker and.the depletion current increases.
The diffusion current shou‘idn’t vary because two-photon absorpltion takes place in the

volume of the sample, and is not limited to a surface layer.

The two-photon photocurrent p'redicted by eqﬁations (9) and (27) was then calculate&
by computer. The incident flux was obtained from the measured values of intensif:y_versus
photor; energy saved on disket_te viay the pyroelectric detectﬁr and analog-to-digital con;
verther Point by point, energles were ‘put into the two equat:ons and the resulting curves

plotted (F:gure V.15) in the same energy range as Figures V.9 to V.12. No attempt was
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- . _~

made to predict absolﬁté values of .photocurrent. The curves were used to determine the
general shgpe of thert-wo-photon signal for the given reference intensity and the effect of
va.rying. 1.'.he sample’s temperature. The position of the peak in two-photon phctocurrent
occﬁred at the point where the reference intensity bega.h to drop off, in the same marner as

the experimental curves. Furthermore, the position of the peak was found to shift toward

higher energies as the temperature was lowered, due to an increase in the energy gap.

Finally, Figure V.16 a.tteﬁ:tpts to reproduce the experiﬁ'lental photocurrent with a
sum of one and two-photon absorption sigx}als at 88 K. 'i‘o bggin with, the one-photon
) signal was aséumed to be directly proportional to the reference intensity. The two-photon
- signal was then arbitrarily multiplied by a constant. This factor was adjusted so that the
maximum two-photon signal was equal to 50% of the maximum in the one-photon signal.
The two contributions were then added to produce the curve shown in Figure V.16. Thé
chosen ratio would correspond to a‘situation where the one-photon effect dominated, yet
the twd-phgtoﬂ contribution to the pbotocurrent was large enough to produce a significant
change in the resulting curve,

o

The modei.;reinforces the interpretation of the signal as being due to two-photon
absorption in (‘fiugo T};e experimentally observed photocurrent can be reproduced by a
weighted sum of the one dnd two-photon signals, with the relative contribution of the
two-photon signal incre%sing as the bias voltage is increased. The two signals are added
because the one-photon signal produced by the phbtoexcitation of holes from copper is

of the same polarity as the two-photon signal produced by the Cuz;O conduction band .

electrons.



2

This brings the chapter to a close. The final chapter will jbrieﬂy resume the work done

n

and discuss future experiments.
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CHAPTER VI SUMMARY AND CONCLUSIONS

The aim of this work was the shrdy of vthe eioitoh region’_.of‘ cuprods-‘oxide uéjng
two-photon absorption. An optical parametric os'c‘:illéltor Wés'reca.libra,ted' t'o narrow" its
llnewidth when emitting at energ1es correspondmg to those of the Cugo excrton region.

The photovoltarc effect in Cu20/Cu Schottky ba.rrxer cells was used to detect the:two-

P

photon absorption. The photocmrent versus energy measurements performed at hlgh "
- K .

intensity displayed structure: that was a.ttnbuted to. two—photon absorptlon Attempts

to resolve individual exciton- lmes llkely falled because of an msufﬁcrently narrow 1nf'ra.red

v

lmewrdth A model of two—photon band-to—ba.nd absorptlon reproduced the observed §truc-

ture,
T

Possible 1mprovements to the ex1stm“g‘ setup would be. the mtroductlon of the eta.lorl R
into the CMX/4 laser c;wlty whlch would decrease the resultmg mfrared lmewxdth by. a"
factor of 4 with a..mirr_imal I._oss in ootput p_ower:.-HOWever, it is guestionable whether or not
the exciton lines eould be'res_olyed onder:tire nevr :‘con.di.tio.rrs'. A different sourée providing a
greater oeak intensity é.n_‘d‘:na‘.rrower_ lmeWIdth ﬁ'ould .pr:obab-‘ly. produce better results. The
problem cbnsists‘ in ﬁndlng a“tdndoie pulsed source that ein.‘tls"in the region of 1.15 pm.
Dyes emitting in this region are a\}a.ile.ble:but a.re not easy to work with because they are
highly -.toxic.

In my opinion, futur'e atrlempts should'b'e.directed at me.asuring the tvro-photon trans-
missiorl of eing]e cr)‘rstels of Cuz0 in the region of the n=18 excito;i energy. Because it ig
located roughly 0.1‘4“ eV from the oonduction bdnd, the franﬂmission cha.ra,cteristi:cs of the
. sa.mple should, be flat iin 'this area. If. Bhoold then be rea.dily obvious whether or not t-he
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" parametric oscillator can be used to resolve the n=18 exciton line as well as the rest of the

séries._ The n=18 exciton’s high binding energy would inhibit the use of the photovoltaic

; effect' to determine this. Operating the paratnetric oscillator at a temperature slightly

lower than 370°C would center the peak infrared intensity on the position of the n=1$

~ line. This; and the use of a pyroelectric detector to measure the transmitted intensity are

the only changes that would be required to the existing setup. .

Despite not having been able to resolve the exciton lines, the photovoltaic effect is a .

viable technique by which to observe two-photon absorption in Cu,0. Further development

of the exciting source will be required so that transitions to the individual exciton levels

can be observed. \
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