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Abstract

With the development of strong laser sources for different applications which in some
instances has extremely high intensity, optical power limiters are needed to provide
human eye and optical detector protection. So, a smart ultra fast optical power limiter
that is transparent for low incident intensities and blocks the output at high input
intensities is required. The operation of optical power limiters is based on the phe-
nomena of nonlinear absorption (NLA). Different Porphyrins have been reported to
have NLA property which put them as potential candidate for application as optical
power limiters. In this paper, we have investigated NLA and optical limiting prop-
erties of five different types of Porphyrins by using the Z-scanning technique. The
Porphyrins were confined into Nafion membrane in order to protect them from pos-
sible degradation. The results of the experiments clearly show the fascinating NLA
and optical power limiting properties of the Porphyrins under investigation. By fit-
ting the Z-scan results with the theoretical fitting function, the nonlinear absorption
coefficients () of all the Porphyrins with different concentrations for each of them is
determined. Besides, their linear absorption coefficients are obtained by considering

low intensity regimes from the data and applying Beer’s low of linear absorption.



Chapter 1

Introduction

Porphyrins and their derivatives posses great application potential for a variety of
purposes. The nonlinear optical properties of these materials are of especial inter-
est, partly due to their ability to transfer energy with in molecular control, and partly
for their potential in applications such as optical communications, data storage, and
electro optical signal processing. This is due to the fact that they have great thermal
stability and extended 7-conjugated macro cyclic ring which give them large nonlinear
optical (NLO) effects. This strong NLO property makes them even more important for

optical switching and optical limiting materials.

When considering a material as an optical limiter, two properties that are of par-
ticular interest are the material’s nonlinear absorption coefficient and its nonlinear
index of refraction. Both change the intensity of the light in a nonlinear way as it
passes through the medium. By measuring the nonlinear properties of the materials,

they can be identified as possible optical limiters.

The development of more powerful lasers for applications such as laser ablation
and the air-borne laser make optical limiters essential to provide human eye and
optical detector protection. The light intensity may be randomly fluctuating so that
it could be extremely high at times and low at other times. In order to rectify such
high intensity fluctuation of the laser one can use a notch filter to remove a narrow

band of wave lengths. However, wavelength agile lasers now available are making



this strategy useless. However, a smart optical limiter which is transparent for low
input intensities and blocks the output at high input intensities is needed that could
also be effective over a wide band of wave lengths. The ideal solution would be a
passive optical limiter with a fast response since mechanical or electrical switches
and controller circuits could not respond fast enough for ultra fast pulse inputs. The
operation of optical power limiters is usually based on the phenomena of NLA. They
use sequential multiphoton absorption [1,2,3], simultaneous multiphoton absorption,
thermal lensing effect and optically induced molecular reorientation in liquid crystal,

etc.



Chapter 2

Theory of nonlinear optical

processes in matter

In the discussion of nonlinear optical processes in materials, it is necessary to have
a general theoretical understanding of these processes. In this chapter a very concise

framework of this theory based on Maxwell’s equations is presented [4].

2.1 Theoretical framework for nonlinear light-matter inter-

actions

It is customary to start with Maxwell’s equations when describing any light-matter

interaction.
oD
V-D =0 (2.2)
0B
E = —— 2.
V x 5 (2.3)
V-H=0 (2.4)

In these equations, it has been assumed that the surface charge density(c) and the
volume charge density (p) are both zero. It is important to note that the magnetic field,

B, and H are related through B = ;,H, where p, being the permeability of free space,



and that the electric field (E) and the electric displacement (D) are related through
D(E) = ¢,E+P(E). Where the dielectric polarization P(E) is the dipole moment per unit
volume, and ¢, is the permittivity of free space. Light-matter interactions are usually
considered within the framework of the Lorentz model [5]. In the Lorentz model, the
electrons are considered to be bound to the atom in a harmonic potential. This is
equivalent to expressing the polarization of the material as a result of an electric field
as

P(E) = ¢,x\'VE (2.5)

where x!) is the linear susceptibility of the material. This accounts accurately for
all linear phenomena occurring during light-matter interactions. This, however, does
not explain the nonlinear phenomena observed when high intensity light interacts
with matter. To explain this, it is necessary to consider the electron to be bound in
a more generalized potential, namely as unharmonic potential. This potential can be
approximated by series of expansion at low energies to a harmonic potential. For this
discussion the approach of Milonni and Eberly [5] is followed. This general potential

is normally expressed as a power series

1
V(e) = gmwia® + Aa® + Ba' 4. (2.6)

in which the first term is the harmonic potential, which dominates the expression for
small displacements, x. This can be obtained in the following way. Whatever the true

potential is, it can be expanded in a Taylor series in the normal fashion

dVv 1 2 d2V 1 3 dsV
B av 1, (dV 1 s(dV .. 2.7
V(z) = V(0) += <da}>x_0+ 21" <dx2>x_0+ 31" (dxg x:0+ 27

about the equilibrium point, z = 0. V(0) is just an additive constant to the total energy

and does not give rise to any force (F' = —dV/dx). The constant term can therefore be
neglected.
av
— =0 2.8
( dx )x:O ( )
and that

>V
— 2.
< d$2 >x—0 0 ( 9)



The result is that equation 2.7 can be rewritten as

1, (d*V 1 4 (d3V
— 2 (2L e as 2.10
Viz) 2% <dx2>m:0+6x dz3 x:0+ ( )
and since d*V/dx? > 0, we can define
d*v
2 _
mw, = <d3;2)x_0 (2.11)

In a similar fashion, we define

1 (d*V
A=—-|—= 2.12
6 < dJI?’ )3320 ( )
This can be done for all the terms in Equation 2.6. Therefore, the force on an electron

in this potential is given by

F = —Z—V = —mng —3A2% —4Bz® — - - (2.13)
x

which implies

A

. 2 4B 3 (&
T+ w,r + Ex —x

+ - 4. = EE(t) (2.14)
when considering Newtons equations of motion. This is a nonlinear differential equa-
tion, which is generally not possible to solve analytically. The polarization density (P)
is given by

P = Nei (2.15)

where N is the number of molecules per unit volume. Considering potential solutions
for Equation 2.14 and substituting them into Equation 2.15 leads to a power series

in E for the polarization, P [6].
PE) = c(xWE+ xyPE> + yOE +.. ) (2.16)

The expansion coefficients (X(")) are tensors (Equation 2.16) therefore represents a
tensor product and are the dielectric susceptibilities which are intrinsic properties
of the material. As was mentioned, x(!) is the linear susceptibility. It is a complex

number that governs the linear optical processes in the material, the real part being



related to the linear index of refraction, n, and the imaginary part related to the linear
absorption coefficient, o. All the other x(® are the higher order susceptibilities that
govern the nonlinear processes. They are not significant in the linear regime because
of their relative strengths. If it is considered that y(!) = 1, then the relative strengths
of the higher order susceptibilities are typically of the order, Y ~ 10~%m/V and
x®) ~ 107'7em?/V2. It is thus clear that only when the intensity of the incident light
is sufficiently high, then the higher order polarization terms become significant. In
general, all the susceptibilities are tensors. They take into account of the polarization
of the incident electric fields relative to the orientation of the medium. Generally, if
the medium is anisotropic and hence responds differently for different polarization
directions of the incident fields. However, it is not necessary to consider them as ten-

sors for this discussion, since their tensor character is not essential for this analysis.

The different orders of susceptibilities govern different processes that occur during
the interaction of light with matter. The number of waves or photons that participate
in an interaction determine which y(” describes the interaction. For instance, y()
describes two-wave interactions, x(?) three-wave, x®) four-wave and so forth. A three-
wave interaction implies that two waves (with frequencies w; and ws) enter the medium
and one (with frequency ws) leaves, or one wave enters the medium and two leave the

medium.

Energy, momentum and angular momentum must be conserved during these in-
teractions. For the above example energy conservation implies that ws = w; + wy or
w3z = w1 —we. In a degenerate case, where w; = wq, as this is the case when only a
single frequency laser is incident on the material. This implies that ws = 2w, and this
is known as second harmonic generation. For a four-wave interaction, three waves
are incident on the sample and one exits the sample. In this case x©® describes the
interaction. If all the incident waves have the same frequency, then the wave that exit
the material can have a frequency three times the incident frequency (third harmonic
generation) or equal to the incident frequency (wy = w1 — w1 + w1 = wj). In cases where
the exiting wave and the incident wave are of the same frequency and nonlinear in-

teractions has occurred, then, the process therefore be described by at least the x*)



term, but cannot be described by a lower order term. An example of this is self fo-

cussing, which will be discussed in detail in section 2.2.

To describe nonlinear light-matter interactions it is necessary to find a solution
for Maxwell’s equations (Equations 2.1 to 2.4), where the nonlinear polarization is
now included. It is customary to separate the linear part from the nonlinear part by

rewriting the polarization (Equation 2.16) in the form
PE) = ¢,(e1 — 1)E+Pxp (2.17)
with €; the linear dielectric constant,

(e —1) = xW

a = xM+1 (2.18)

and Py, containing all the higher order polarization terms. In this form the electric

displacement simply becomes
D(E) = ¢,61E + Py, (2.19)

Maxwell’s equations, including the nonlinear polarization term, can now be written as

B 0 - OE 0PNy,
VxH = a(foﬁlE‘FPNL) = €,€1 ot + ot (2.20)
0 OH
VXxE = —a(,u,oH) = —ua—at (2.21)

The last set of coupled differential equations must be solved inorder to extract the

nonlinear wave equation. We start by simplifying the curl of Equation 2.21.

VXVXE:VX< 8H> 0

—MOE = —Moa(v X H) (2.22)



Substituting Equation 2.20 into Equation 2.22 yields

VXxVXE =

0 ( JE OPNL> 2.23)

“Hege \“Yor T ot

Using the general identity V x (V x E) = V(V -E) — V°E Equation 2.23 is rewritten as

OE 8PNL> (2.24)

0
‘E)—V’E = —j1,— =
V(V-E)-V Hoy (6061 T + En
In general only transverse fields are considered, which implies that V - E = 0. This

simplifies Equation 2.24 as follows,

0 OE 0Py,
2
E = 0 A, o€1 757,
v uat(6618t+ 8t>
O’E o’P
2 _ NL
V7E = eopio€1 o012 + o 12
E = -
v c? Ot?2  c2e, Ot?
’E 1 0°P
vE_ LPE _ TPyi, (2.25)

c? Ot? c%e, Ot?
where the fact that ¢,u, = ¢~2, with ¢ being the speed of light in vacuum, is used.
Equation 2.25 is known as the nonlinear inhomogeneous wave equation [7]. To ob-
tain a solution of the nonlinear wave equation, it is assumed that the solution consists

of a linear summation of plane waves with discrete frequency components. The fre-

njwj
- -

quencies of these plane waves are w; and the accompanying wave vectors are k; =
If it is further assumed that the plane waves only propagate along the z-axis, then the

solutions can be described by [6]
1 (& :
E(z,t) = 3 ]Z:;Ej(z,t)el(ka“’ft) + c.c. (2.26)

where c.c. refers to the complex conjugate of the first term and describes the waves



travelling in the negative direction. In a completely analogous fashion [6] the nonlin-

ear polarization can be written as
1 [ 4
P(z,t) = 3 Z;Pj(z,t)e“"ft + c.c. (2.27)
]:

Since the complex conjugate terms only describe waves travelling in the negative di-
rection, they do not yield any additional information. They are therefore discarded in
the rest of the discussion. Taking the second order spatial derivative of the electric
field and the second order temporal derivative of both the electric field and nonlinear

polarization yields

2 N 2R . .
agiz,t) _ ;Z<a E, . 0B op

> eikae—iw]-t (228)

8 (Z, ) - Z R Pt} _szj> ezkaefzwjt (229)

TE(EY _ 1
ot 2~
O%Pyp(z,t) 1w (0Pyp, . 0Py, .
T = 52 G 2wt — WP, e (2.30)
j=1

Considering the electric field and the induced nonlinear polarization field, and assum-
ing that spatially and temporally the amplitude changes very slowly, at least compared

to the frequency of the plane wave, the following assumption can be made:

O°E; OE;

o Swigs < w3E; (2.31)

O’E; OE;

g2 < kg < kE; (2.32)
O°Pyi, 0PN,

2
92 < wj ot < WjPNLj (2.33)

This assumption is known as the slowly varying envelope approximation (SVEA) [5].
The validity of the SVEA for the nonlinear polarization can be seen when considering
the relative time scales. Light in the visible spectrum has a frequency of approxi-

mately w; ~ 10 Hz. The time it takes to polarize the medium is roughly ¢, > 10~ %s.
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This has the result that the second order spatial and temporal derivatives of the am-
plitude of the electric field and the first and second order temporal derivative of the
nonlinear polarization can be neglected under the SVEA. Combining the nonlinear
inhomogeneous wave equation (Equation 2.25) with Equations 2.28, 2.29 and 2.30,

and taking these omissions into account, yields

1 OE; : 11 & :
3 Z <2zk — k:2E 2 [ 24w Ja— — w2E }) eilkiz)—wit _ Yo Z (—wszNLj) ewit
) - (2.34)
which can be further simplified by noting that k:2

N
a 6] aEJ ikjz 2
> (m 2w > = Zw Pyi, (2.35)

j=1

This holds true for each of the frequency components and thus, keeping in mind that

n; = ,/&; and k; = 1, it follows that

OE; n;OE; cwj o1 ik;2
it AR Bt Y St B, - 2.36
0z c Ot ch] 2¢, ;e ( )
Equation 2.36 is then the well known, so-called nonlinear wave equation. It pro-
vides a framework for describing all the nonlinear light-matter interactions. Two such
interactions, nonlinear refraction (self focussing) and nonlinear absorption, will be

described in some detail.

2.2 Nonlinear Refraction (Self focusing)

Self focusing is a nonlinear process in which the beam that’s passing through the
nonlinear medium converges to a point as if it is passing through a converging lens,
see figure 2.1. Since it is the fundamental laser beam that is influenced, it cannot be
a three-wave interaction, but must be at least a four-wave interaction, as was shown
in Section 2.1. In this analysis only a four-wave interaction will be considered since
it is the dominant interaction in the case of self focusing [5]. This implies that the

x? term in Equation 2.16 will play no part during self focusing and can thus be
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neglected. Equation 2.16 will now read as follows
PE) = ¢, \VE+ YOPE +...) (2.37)
which can be rewritten as
PE) = 2+ XV B+ )E (2.38)

Considering the term in the bracket to be the field-dependent susceptibility and disre-
garding the (¥ and higher terms, then analogously to the case of linear polarization

(Equation 2.5), the nonlinear polarization can be written as
€o
P(E) = 25X (|E|2) E (2.39)

with
x (EP?) = xW +x®EP (2.40)

It was shown (Equation 2.18) that ¢; = X(l) + 1. It is known that the linear index of

refraction, ng, relates to the dielectric constant through [5]
ne = \e1 (2.41)
for the case of negligible absorption, which implies that
n2 = xM+1 (2.42)
This implies that the refractive index, n, can analogously be written as
n? = 1+ x(|E[) (2.43)

and thus

1
2

0 — (1 NIV COR X(s),E|2) (2.44)

Using Equation 2.42 yields
1
w = (2 )’
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1
S S PA
:7’L0<1+Xn’2 ’>
o

3) g2
X" |E| N2 2
(0] = (o] e E 2.4
and hence
n = ne+n2(E) =n,+ An (2.46)

where ns being the nonlinear refractive index.
Self focusing can be easily understood, keeping in mind Equation 2.46, where it is
shown that the refractive index is a function of the square of the electric field. This

implies that the change in the refractive index (An) is a function of the intensity, I(r).

An o I(r) (2.47)

Nonlinear Medium (n,> 0)

Ity

Figure 2.1: Self focusing of a Gaussian beam.

Considering incident laser light with a Gaussian intensity distribution, the inten-
sity in the nonlinear material is higher in the center of the pulse than in the flanks
of the pulse. The result is that the change in the refractive index of the material will

be greater in the center of the pulse than in the flanks, which results in a greater
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phase shift, A¢(An), of the laser pulse in the center than in the flanks. The result
is that the material will act as a lens. This effect is illustrated in Figure 2-1. The
sign of the nonlinear index of refraction will determine whether focusing (ny > 0) or
defocusing (n2 < 0) will occur. Usually one distinguishes between weak self focusing
and catastrophic self focusing, the difference being that in the first case the focus is

outside the medium and in the second case it is within the medium.

2.2.1 Conditions for self focusing

To obtain an understanding of the conditions required for self focusing to occur, a
summary of the discussion presented by Milonni and Eberly in their book "Lasers” [5]
is given in this section. The wave equation for the electric field (E = Eye~*?), with the
index of refraction given by Equation 2.46, is considered

2 52 2
with the approximation that ns < ng. In the paraxial approximation [5] and averaging

over an optical period (which results in replacing E* by }|Ey|?) the result is

OEL k2n2
+

VZE, + 2ik
7o+ 20 0z T

|E,|?E, = 0 (2.49)
where k = now/c and VZ = &, + (%22 is the transverse Laplacian. The VZE, describes
how the beam changes perpendicular to the propagation direction and thus the beam
spreading (diffraction) that occurs. Since VQTEO describes how the beam changes
perpendicular to the propagation direction; it is then dependent on the beam size or
rather the beam cross section. In other words, beam spreading can be considered to
be dependent on the beam cross section [5]. If the cross section is characterized by
radius ag, then

V2E, ~ a,%FE, (2.50)

The %|EO|2EO term is the intensity dependent part which describes the self focusing.
Self focusing can compete with diffraction if %\EO\QEO is comparable to V2.E,, that
is if

k2n2

o |Eo|*Eo ~ a,°E, (2.51)




14

or
1o
k2n2

a§|E0|2 ~

(2.52)

The beam intensity (/) is related to the square of the electric field through I =
(noceo/2)|Eg|?. The power (P) is related to the product of the intensity and the cross
section of the beam. Using Equation 2.52 the critical beam power that is necessary

to overcome the diffractive spreading of the beam is of the order

TNHCE,

9 ai!Eo\z

TNoCEH Mo

2 k2ny

2
_ Tngce,

2k2n2

2
_ o (2.53)

8mny

This approximation is in good agreement [5] with numerical integration of the non-
linear partial differential Equation 2.49. It can be seen that the beam power must
exceeds a certain threshold for self focusing and not the beam intensity. A beam with
power less than P.. will not undergo self focusing even if it is focussed tighter [5].
The reason for this is that the diffractive spreading increases as the beam diameter is

reduced, counteracting the self focusing.

When considering the processes that contribute to the optical limiting behavior of
a material, the process that best attenuates a laser beam, and thus protects an optical
sensor, is nonlinear absorption. The other processes namely the nonlinear refraction
and nonlinear scattering are merely secondary in importance. This implies that when
a material is identified as a possible optical limiter, it is the nonlinear absorption
coefficient that will determine whether or not it will act as an effective optical limiter.
To this end, it is necessary to construct a setup by means of which the nonlinear

absorption coefficient can be measured.
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2.3 Nonlinear Absorption

Linear absorption phenomena can be described according to Beer’s law which state
that
I = Ie oW:? (2.54)

where [, is the incident intensity, a(w) is the linear absorption coefficient, z is the
propagation depth in the absorbing medium and /(z) is the intensity at depth z. Beer’s
law is merely the solution of the differential equation that describes how light intensity

decreases with propagation depth (z) in a medium for the case where « is a constant

oI
5 —a(w)I (2.55)
If nonlinear (multi-photon) effects are to be included then this differential equation

must be extended to include higher order intensity terms [8],

O o) = BT ~ 5@~ O (2.56)

where ((w) is the two-photon absorption coefficient, v(w) is the three-photon absorp-

tion coefficient and O(w) represents the four-photon absorption term.

If a material displays negligible linear absorption and two-photon absorption domi-
nates, then only the second term on the right of Equation 2.56 needs to be considered

and the other terms can be disregarded. This implies that only

or

5, = Bl (2.57)

needs to be solved. This can be done by separation of variables [7] which yields

1o

where [j is again the incident intensity, 5 the two-photon absorption coefficient
and z the distance that the light has travelled in the sample. It can clearly be seen
from equation 2.58 that two-photon absorption results in much stronger absorption

and thus more beam attenuation. This is as a result of the intensity dependent nature
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of nonlinear absorption.

(b)

Figure 2.2: A schematic graph depicting (a) linear absorption (I[,=10, «=0.2) and (b)
pure two-photon absorption (I,=10, 5=0.2 ), z being the depth in the sample.



Chapter 3

Z-scan

The Z-scan works on the principle of moving the sample under investigation through
the focus of a tightly focussed Gaussian laser beam. The interaction of the medium
with the laser light changes as the sample is moved. This is because the sample
experiences different intensities, dependent on the sample position (z) relative to the
focus (z = 0). By measuring the transmitted power (the transmittance) through the
sample as a function of z-position of the sample, information about the light-matter
interaction can be extracted. The two nonlinear interactions that can be determined
in this fashion are the samples nonlinear index of refraction and nonlinear absorption
coefficient. For the measurement of the nonlinear index of refraction an aperture is
placed in front of the detector measuring the transmitted light. This makes the mea-
surement sensitive to the beam spreading or focusing and relates to a transformation

of phase distortion into amplitude distortion.

3.1 Z-Scan Theory

In this section a theoretical background for analyzing the Z-Scan technique is formu-
lated [9]. In general, for the case of cubic nonlinearity, the index of refraction(n) is

expressed in terms of nonlinear indices ny(esu) or v(m?/W) through

2
n
n = no+?2|E2\ = no+vyI = no+ An(I) (3.1)

Where n, is the linear index of refraction, E is the peak electric field (cgs), and I

17
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denotes the irradiance (MKS) of the laser beam within the sample. The n, and ~ are
related through the conversion formula ns(esu) = (cn,/407)y(m?/W), where c(m/s) is
the speed of light in vacuum. Assuming a Gaussian beam of light waist radius w,

travelling in +z direction, we can write E as

2 ikr?

Yo_¢ “uEe G g idlnt) (3.2)

E(z,rt) = EO(t)m
where w?(z) = w2(1+ j—z) is the beam radius, R(z) = z(1+ 2—‘;) is the radius of curvature
of the wavefront at z, ;0 = kw?/2 is the diffraction length, i.e., the Reyleigh Distance of
the beam, k& = 2 7/)\ is the wave number, and A is the wavelength of the laser, all in
free space. F,(t) is the radiation electric field at the focus and contains the temporal
envelope of the laser pulse. The co-ordinate axis used for the Z-scan theoretical anal-
ysis are depicted in Fig. 3.1. The e ***!) term contains all the radially uniform phase
variations. Since we are only concerned with calculating the radial phase variation
A¢(r), the slowly varying envelope approximation (SVEA) [10] applies, and all other

phase changes that are uniform in r are ignored.

A

< >
Z

Figure 3.1: Co-ordinate axis configuration for Z-Scan analysis



19

If the sample length is small enough that changes in beam diameter within the
sample due to either diffraction or nonlinear refraction can be neglected, then we may
regard this medium as “thin”, in which case self refraction is regarded as “external self
action”. For linear refraction, this implies that L < z,, and for nonlinear refraction,
L < z,/A¢(0)[11]. In most of the Z-Scan experiments the second critical condition is
automatically met since A¢ is small. It is also found that first criterion can be made
less restrictive to L < Z, [10]. This assumption simplifies the problem considerably,
and the amplitude v/T and ¢ of the electric field as a function of z' are governed by

SVEA by a pair of simple equations:

ANy
and
dl

Where 7' is the propagation depth in the sample and «(/), in general includes linear
and nonlinear absorption terms. Note that z' should not be confused with the sample
position z. In the case of cubic nonlinearity, Eq. (3.3) and (3.4) are solved to get the
phase shift A¢ at the exit surface of the sample which follows the radial variation of

the incident irradiance at a given position of the sample z. Thus,

2
Ap(z,1,t) = Adpo(z,t)exp <_w227;z)> (3.5)
with
Ad(z,t) = D2l (3.6)
1+5

Where A¢,(t), is on axis phase shift at the focus, and is defined as
Apo(t) = kAno(t)Leff

Where
Lesr = 1—e ) /a (3.7)

with L the sample length and « the linear absorption coefficient. Here An, = vI,(¢)



20

with Iy(¢) being on axis irradiance at the focus (i.e. z = 0). We ignored Fresnel reflec-

tion losses, for example [y(t) is the irradiance with in the sample.

The complex electric field exiting the sample E, now contains the nonlinear phase
distortion
Eo(z,7,t) = E(z, 1 t)e oL/2gAo(zrt) (3.8)

From the Huygen’s principle, one can obtain the far field pattern of the beam at
the aperture plane through a Zeroth-order Henkel transformation of E.. we follow
a method called "Gaussian Decomposition” [11] which is more suitable for Gaussian
beams. In this method, we decompose the complex electric field at the exit plane of
the sample into a summation of Gaussian beams through a Taylor series expansion

of the nonlinear phase term etAd(zt) jn Eq.(3.8). That is
eiAd)(z,r,t) _ Z [iA¢0(Z7 t)]memer?/w2 (2) (3.9)
= m!

Each Gaussian beam now propagates to the aperture plane where it will contribute to

reconstruct the beam. We write the resultant electric field pattern at the aperture as

oo . m 2 . 2
Eo(r,t) = E(z,r = 0,t)e /2 Z 1806 (2, DI Wimo exp <—T L + i9m> (3.10)

2
= m! Wy, w2, 2R,

Defining d; as the propagation distance in free space from the sample to the aperture

plane and g = 1 + d;/R(z) the remaining parameters in Eq.(3.10) are expressed as

Wl = w?(z)
mo 2m + 1
4 - kw%w

mn 2
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0,, = tan~! [dl/dm}

g
The expression given by Eq.(3.10) is a general case derived by Weaire where by the

collimated beam of R = 0 is considered for which g = 1.

The transmitted power through the aperture is obtained by spatially integrating

E,(r,t) up to the aperture radius r,, giving
Pr(Ado(t)) = cegnom / | Ea(r,t)|Prdr (3.11)
0

where ¢, is the permittivity of vacuum. Including the pulse temporal variation, the

normalized Z-Scan transmittance T(z) can be calculated as

7 Pr(Ado(0)dt

Where P;(t) = mw?I,(t)/2 is the instantaneous input power with in the sample and
S =1 — exp(—2r2/w?) is the aperture linear transmittance, w, denoting the beam ra-

dius at the aperture in the linear regime.

For the cubic nonlinearity and a small phase change the on-axis Z-Scan transmit-
tance can be obtained by letting » = 0 in Eq.(3.10). Also due to small phase change
i.e. |A¢| < 1, only two terms in Eq.(3.10) are retained. One arrives at the normalized

Z-Scan transmittance as given by

1B =0.80)P
T(z,A¢) = |Eq(z,7 =0, A¢, = 0)|?

g +id/do) ™t + iAGe(g + id/dy)
B (g + id/dy) =12 (513

The far field condition d,, can be further simplify Eq.(3.13) to get the geometry inde-

pendent normalized transmittance as

VANG I

Tz Ado) = 1= gy 1)

(3.14)

Where z = z/z,.
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The Z-Scan theory described above can be extended to include the nonlinear ab-
sorption effects in the nonlinear sample. To develop this theory, we analyze two-
photon absorption (2PA), in semiconductor with F, < 2hw < 2E,, where E, is the
bandgap energy and w is the optical frequency. The third order nonlinear susceptibil-

ity is considered to be a complex quantity, given by,

(3) (3)

@ = @ 4y (3.15)

The imaginary part is related to the 2PA coefficient through

n2e,c?
Xy = e (3.16)

and real part is related to vy through

X = 2nZe,cy (3.17)
We neglected the free-carrier effects as we are concerned with low excitation regime.

In view of this approximation we write:
a(l) = a+pI (3.18)

This yields the irradiance distribution and phase shift of the beam at the exit surface

of the sample as
I(z,r t)e oL

14 q(z,7,1) (5-19)

I(z,rt) =

and

Ap(z,r,t) = k;yln[l +q(z,r,t)] (3.20)

Where q(z,r,t) = B1(z,7,t)Lesr. Combining Eq.(3.19) and (3.20), we obtain the complex

field at the exit surface of the sample as
E. = E(z,rt)e %2 (1 4 ¢)#/8-1/2) (3.21)

Above equation reduces to Eq.(3.8) in the limit of no two photon absorption. A zeroth



23

order Henkel transform of Eq.(3.21) gives the field distribution at the aperture which
then can be used in Eq.(3.11) and (3.12) to yield the transmittance. For |q|,

a binomial series expansion in powers of q, Eq.(3.21) can be expressed as an infi-
nite sum of Gaussian beams similar to the purely refractive case described earlier as

—Q § q ( ) 7t)

m=0

[[Gkyv/8=1/2=n+1) (3.22)

n=0

Where Gaussian spatial profiles are implicit in Eq.(3.10). The result is represented by
Eq.(3.10) if we substitute the (iA¢,(z,t))"/m! terms in the sum by

(iA¢o(2, )™ B
= — | | 1 2n —1 2

Jin m! outer +i(2n )2kry (8.23)
With f, = 1. Note that the coupling factor 3/2k~v is the ratio of the imaginary to real

part of the third order nonlinear susceptibility, x(*).

As evident from Eq.(3.23), the absorptive and refractive contributions in the far
field beam profile and hence open and closed aperture Z-Scan transmitted is only a
function of nonlinear absorption. The total transmitted fluence in the open aperture
case can be calculated by spatially integrating Eq.(3.19) with out having to include
the free space propagation process. Integrating Eq.(3.19) at z over r, we obtain the

transmitted power P(z,t) as follows:

P(z,t) = Pi(t)e QLW (3.24)

Where ¢,(z,t) = % and P;(t) is defined in Eq.(3.12). For a temporally Gaussian

pulse above equation can be integrating to give the normalized energy transmittance

1

T&§=1) = Vo (

oo
- 0)/ In[1 + go(z,0)e™ " Jdr (3.25)
For |¢,|] < 1, this transmittance can be expressed in terms of peak irradiance in a

summation form more suitable for numerical evaluation:

[e.9]

T(z,8 =1) Z 3/2 (3.26)

mO
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Thus once the open aperture Z-Scan is performed, nonlinear absorption coefficient
B can be determined. Usually a simplified form of the above Eq.(3.26) is used by

considering only first two terms of the summation and is given by

_ BIo(t)Leyy

(3.27)
(14 %)23/2

T(z,S=1) =1

3.2 Z-Scan Technique

There are numerous techniques for measuring the nonlinear index of refraction and
the nonlinear absorption coefficient of materials. The Z-scan is amongst the simplest
and most sensitive techniques. The basic Z-scan technique has been described by
Mansoor Sheik-Bahae et al [10, 12].

Z-Scan technique can be described as measuring the transmittance of a nonlinear
medium as a function of the sample position(z) measured with respect to focal plane.
In the following paragraphs we explain in detail how such a trace is related to nonlin-

ear refraction of the sample.

To understand the Z-Scan[13], let’s assume that the nonlinear index of the thin
film under test is positive, and the sample is in prefocal position as shown in Fig.
3.2. The Kerr type nonlinear thin film may be viewed as a lens if we assume that
the response the film follows the transverse light profile. In the far field the beam
opens up more owing to combined diffraction from the nonlinear lens and focussing
lens. It remains collimated over shorter distance in the near field; and diverges at
larger beam angle in the far field correspondingly reducing irradiance at the detector.
When the same sample passes through the focal point to postfocal point position, the
positive lensing of the nonlinear thin film tends to reduce beam divergence, which in
turn results in increased irradiance at the detector in the far field. Hence one would
observe a characteristic valley and peak in transmission spectra when a positive index
nonlinear material is scanned from prefocal to postfocal region. The situation is re-
versed if negatively nonlinear index thinfilm is under Z-Scan test. The characteristics

of the scan are peak and valley as the sample is scanned. In open aperture Z-Scan,
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Detector
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------ n,>0
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|
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Sample ___— 1A
Detector

(b)Postfocal

Figure 3.2: Nonlinear refraction measurement through Z-Scan method (dark lines
denote beam propagation without nonlinear sample in the path).

we collect the entire light output from the sample. This yields the information on its
nonlinear absorption properties. While in the close aperture experiment, we limit the
detector reading to light propagating along the 'z’ axis. This yields the information

about the nonlinear refraction of the sample.

3.3 Z-Scan Experimental Setup

The basic experimental setup for Z-scan measurement can be seen in Figure 3.3. In
the figure, BS is a beam-splitter, D1 is the reference detector, D2 the probe detector

and the sample is at position z. An aperture is placed in front of the probe detector
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when measuring the nonlinear index of refraction.

Figure 3.3: The basic Z-Scan setup.

A sample displaying nonlinear refraction will act as a lens of variable focal length
as it is moved along the z-axis. An example of this is the following: Consider a material
with a negative nonlinear index of refraction and a thickness less than the diffraction
length (also known as the Rayleigh length, z,) of the focussed laser beam. The sample
exhibits negligible nonlinear refraction when it is far from the focus, because of the
low intensity of the laser beam at this position. As the sample is moved towards
the focus; it starts acting as a negative lens (collimating the beam and shifting the
waist of the laser beam). The result is a smaller spot size at the aperture placed
in front of the detector, and thus a higher transmittance through the aperture (see
Figure 3.3). This effect increases as the sample is moved towards the focus due to the
intensity increase. A maximum transmittance through the aperture will occur when

the sample is just in front of the focus. This maximum in transmittance (peak) will
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drop to a minimum (valley) as the sample is moved further and the beam diverges as a
result of the negative lensing by the sample. The transmittance through the aperture
will again return to the linear value as the sample is moved further from the focus.
The result of a scan such as this is a transmittance versus position graph which
has a peak followed by a valley. When the sample has a positive nonlinear index of

refraction then the graph is inverted.



Chapter 4

Experiment

In the present investigation five different types of artificial Porphyrins: Zinc Meso-
Tetraphenyl Porphine (ZnTPP); 5,10,15,20-Tetraphenyl 21H, 23H-Porphine Copper
(IT) (CuTPP); Vanadium (IV) Oxide Meso-Tetraphenyl Porphine (VaTPP); Palladium (II)
2,4-Pentanedionate (PaPD) and Manganese (III) Acetate Meso-Tetraphenyl Porphine
(MnTPP) are used. The samples were prepared from Toluene based Porphyrin solu-
tions at concentrations ranging from 10~5M up to 4 * 1073M. The Nafion membranes
were first cut to sizes of 8mm X 8mm. The membranes were then rinsed in to warm
concentrated Nitric acid for 30 minutes to remove inorganic impurities, followed by
cleaning with warm (50°c) Toluene. The cleaned membranes were immersed into the
Porphyrin solutions and kept for an average of 16 hours in a warm oven. Finally, the
membranes were dried at room temperature and kept between thin transparent glass

plates for further investigation.

4.1 Absorption Spectrum Measurement

The instrument which is used to measure the absorption spectrum of the samples
is Cary 1E UV-Visible . This measurement is done in two types of samples, one
in solution form (Porphyrins dissolved in Toluene) and the other in solid form (Por-
phyrins incorporated in Nafion membrane) for each of the five Porphyrins. Shifts of

the absorption peaks of the Porphyrins in Nafion as compared to the Porphyrins in

28
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Toluene solvent are expected which exists due to the reaction of Nafion with the Por-
phyrins. This shifts are the confirmation that the samples are successfully prepared
(Porphyrins are successfully embedded with in the holes of the membrane). The shifts
of the peaks increases as the amount of Porphyrins with in the hole of the membrane
increases up until it reaches some saturation value. The absorption measurement is
also used to determine the wave length of the light source for which the Porphyrins
can be an optical limiter. That is the type of laser source that is going to be used for
the Z-Scan measurement is nominated from the absorption spectrum of the samples.
The absorption at this wave length must be very weak since the intensity of the light
source in the spectrophotometer is insufficient to cause nonlinear effect. The other
very important use of the absorption measurement is to check the degradation of the
samples. Degradation in this context is to mean the undesired reaction of the Por-
phyrins with the environment and end up with being something else. The degradation

is expected to bring about a change on the absorption spectrum of the materials.

4.2 Z-Scan Measurement

The open aperture Z-Scan measurement employed here is the Nd:Yag laser (1064nm,
10ns) in its second harmonic mode (532nm) with a lens of focal length 62.9mm (See
figure.3.3). The wave length of the laser source is chosen to be 532nm because at
this wave length the absorption of the Porphyrins is very weak as shown in figure.5.1.
The convex lens make the laser beam to have a Gaussian type of intensity profile
which gives the sample that’s moving along the Z-axis a chance to experience different
intensities of light. Since the sample is expected to show nonlinear effect, it start
absorbing the light when its intensity is high (around the focal point of the lens).
At the focal point, the intensity is so high that almost all of the light is absorbed.
As we move away from the focal point the intensity of the laser decreases so as the
absorption. Due to the fact that the Gaussian like intensity profile of the laser source
is symmetric about the focal point along the Z-axis, a symmetrical absorption profile
about the focal point is expected. This symmetrical nonlinear absorption is observed

as a valley around the focal point, see figure.5.2.



Chapter 5

Results and Discussion

5.1 Absorption Spectrum Result

The optical absorption spectra of all the Porphyrins were measured in the form of so-
lution as well as after they are incorporated within Nafion membrane. The absorption
spectra of ZnTPP as shown in Figure.5.1(a), distinctly showed two peaks at 422nm
and 548nm wavelengths which represents the Soret and Q-band peaks, respectively.
These peaks are redshifted due to the incorporation of the Porphyrin in Nafion mem-
brane. The Soret band peak shifted from 422nm to 434nm while the Q-band peak
shifted from 548nm to 653nm. The observed redshifts are in agreement with previ-
ously reported experimental results. The red shifts are attributed to the reaction of
Nafion with that of the incorporated Porphyrin compounds [14, 15]. Similar redshifts
are observed for VaTPP as shown in Figures.5.1(B). The shifts in the case of VaTPP
are from 423nm to 430nm and from 547nm to 652nm for Soret and Q-band peaks
respectively. Further more CuTPP also showed similar shifts as ZnTPP and VaTPP. As
its Soret band shifts from 417nm to 435nm, its Q-band shifts from 539nm to 652nm.
However, the spectra taken from MnTPP and PaPD that are confined in Nafion mem-
brane did not show any sign of the redshift that probably indicate no metal ions and
proton exchange reaction took place with these Porphyrins.

In general, the absorption spectrum profiles of the Porphyrins in Nafion mem-

brane showed an increment in absorbance at the peaks and broadening of the Soret
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Figure 5.1: The UV-Visible absorption spectrum of (a) ZnTPP, (b) VaTPP, (c) CuTPP, (d)
PaPD and (e) MnTPP.

and Q-bands when they are compared with their corresponding results in their solu-
tion form. The lifting up of the peaks is due to the high concentration of the porphyrin
solutions in which the membranes were kept for 16 hours during their incorporation.
As it can be seen in figure 5.1 the absorbance value at the peaks increases with the
concentration of the solutions. The broadening of the bands could be due to the re-
action of the membrane with the Porphyrins which results to the replacement of the

metal ions in the Porphyrins with protons to form free base Porphyrins [15].

Porphyrins in the solution form is known to undergo degradation when exposed

to the environment [16]. Where as Porphyrins in Nafion membrane are safe from
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environmental degradation. In this study the stability of Porphyrins in Nafion matrix
is studied by comparing the absorption spectrum of fresh samples and the same
samples after exposing them to the environment for 30 days. Both of the spectrum
are the same which confirms the stability of Porphyrins which are incorporated in

Nafion membrane.

5.2 Z-Scan Result

Open aperture Z-scan measurements show the nonlinear absorption and optical lim-
iting behaviors of the materials. The Z-scan measurement data taken from pure
Nafion membrane has no nonlinear optical property of its own. However, those mem-
branes containing the Porphyrins did show the nonlinear characteristics which can
be seen from the valley around the focus of the lens (Z = 0), as shown in Figure
5.2. So, the creation of the valley around the focus where the intensity of the laser
is very high shows intensity dependent (nonlinear) absorption which is attributed for
the Porphyrins incorporated with in Nafion membrane. Using the Z-Scan theory and
fitting the Z-Scan data with Eq.(3.27); the nonlinear absorption coefficient (3) for each

of the samples is determined.

Nonlinear absorption occurs when the intensity of the laser source is large enough
which occurs around the focus of the lens (z = 0). Around this point Beer’s law of lin-
ear absorption (see section 2.3) can not be applied to determine the linear absorption
coefficient (a())) of the material. Beer’s law can be applied at point where the intensity
of the laser source is relatively low. These points are found at the flanks of the Z-Scan
data (around z = +12mm). By measuring the intensities of the laser source with (/)
and with out the sample (/y) at these points and using Eq. 2.54 the linear absorption

coefficient of the Porphyrins is determined.

Figure 5.3 show the open aperture Z-Scan traces for ZnTPP incorporated in Nafion
with its theoretical fit. The data is fitted with Eq. (3.27) using Origin programming
software package. From the fit the nonlinear absorption coefficients () are deter-

mined as shown in table 5.1 with their linear absorption coefficient. As was previously
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Figure 5.2: Open aperture Z-Scan traces of (a) ZnTPP, (b) VaTPP, (c) CuTPP, (d) PaPD,
(e) MnTPP as they are incorporated in Nafion membrane.

reported by other results on different materials [4, 17], the value of  increases with
the amount of Porphyrins incorporated (concentration of Porphyrin solution). That is

the higher the concentration, the larger the value of § provided that all conditions are

controlled.
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Figure 5.3: Z-scan of ZnTPP in Nafion along with the fitted function (solid line) on the
data for concentrations of (a)1*10~*M and (b)5*10~°M

Table 5.1: Linear and nonlinear absorption coefficients of ZnTPP with their theoretical
fitting errors.

Fitting error
Data B(:7w) a(mm™1)
Aj | %error | %
ZnTPP(5E-4M) 0.25719 0.0084 3.27 | 0.90435 | 4.48
ZnTPP(1E-4M) 0.176 0.00293 2.7 | 0.94184
ZnTPP(5E-5M) 0.149 0.00457 1.9 | 0.97102

The linear and nonlinear absorption coefficient results of CuTPP obtained from

figure 5.4 is summarized in table 5.2.
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Figure 5.4: Z-scan of CuTPP in Nafion along with the fitted function (solid line) on the

data for concentrations of (a)1*10~*M and (b)5*10~°M

Table 5.2: Linear and nonlinear absorption coefficients of CuTPP with their theoretical

fitting errors.

Fitting error
Data B(:7w) a(mm™1)
AB | %error | %
CuTPP(5E-4M) 0.21104 | 0.00401 1.9 | 0.96649 | 3.22
CuTPP(1E-4M) | 0.1763 0.00392 2.1 | 0.95861
CuTPP(5E-5M) 0.14862 | 0.00333 2.1 | 0.95723
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The linear and nonlinear absorption coefficients for the different concentrations

of VaTPP is determined in a similar fashion as was followed for ZnTPP and CuTPP

above. The values are stated in table 5.3 which are obtained from figure 5.5. As was

described above the values of 8 increases with the increases in concentrations.

Normalized Transmittance

()

VaTPP(5E-4M) |

Normalized Transmittance

-15

-10 -5

15 20

Figure 5.5: Z-scan of VaTPP in Nafion along with the fitted function (solid line) on the
data for concentrations of (a)5*10~*M and (b)1*10~*M

Table 5.3: Linear and nonlinear absorption coefficients of VaTPP with their theoretical

fitting errors.

Fitting error
Data B(37w) a(mm™1)
Aj | %error | X?
VaTPP(5E-4M) 0.19853 | 0.00383 1.9 | 0.9489 | 2.5
VaTPP(1E-4M) 0.17302 | 0.00337 1.9 | 0.96795
VaTPP(5E-5M) 0.16237 | 0.00521 3.2 | 0.92352

Table 5.4 show linear and nonlinear absorption coefficients for different concen-

trations of PaPD including the theoretical fitting errors. These values are extracted
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from figure 5.6.
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Figure 5.6: Z-scan of PaPD in Nafion along with the fitted function (solid line) on the
data for concentrations of (a)5*10~*M and (b)10~*M.

Table 5.4: Linear and nonlinear absorption coefficients of PaPD with their theoretical
fitting errors.

Fitting error
Data B(37w) a(mm™1)
Aj | %error | x°
PaPD(5E-4M) 0.06313 0.0031 4.9 | 0.85567 | 3.37
PaPD(1E-4M) 0.04955 | 0.00243 4.9 | 0.86784
PaPD(5E-5M) 0.03415 | 0.00181 5.3 | 0.83502

Similar determinations of linear and nonlinear absorption coefficients for the Por-

phyrin MnTPP is carried out and the results are displayed in table 5.5. Figure 5.7
shows the Z-scan results with their theoretical fits for MnTPP.



Normalized Transmittance

Normalized Transmittance

0.0 —

Z(mm)

10

15

38

Figure 5.7: Z-scan of MnTPP in Nafion along with the fitted function (solid line) on the
data for concentrations of (a)5*10~°M and (b)2.5*10°M.

Table 5.5: Linear and nonlinear absorption coefficients of MnTPP with their theoreti-

cal fitting errors.

Fitting error
Data B(377) a(mm™1)
Aj | %error | x°
MnTPP(5E-5M) | 0.27782 | 0.00957 3.4 | 0.90155 | 9.84
MnTPP(2.5E- 0.25288 | 0.01138 4.5 | 0.83341
5M)




Conclusion

The Porphyrins incorporated within Nafion membrane show strong nonlinear absorp-
tion and optical limiting behaviors for a high intensity radiation (laser) of wave length
532nm. These behaviors depend on the amount of Porphyrins embedded within
Nafion membrane. The larger the concentration of Porphyrins, the stronger the non-
linear absorption and optical limiting effects. It is also determined that the Porphyrins
which are incorporated within Nafion membrane are well protected from degrada-
tion. The nonlinear absorption coefficients for the Porphyrins which are embedded
within Nafion membrane is determined by fitting their Z-scan results with the theo-
retical fitting function obtained from Z-scan theory. The values are found to increase
with the amount of Porphyrins incorporated. The linear absorption coefficients of the
Porphyrins is determined from the Z-scan results by considering only low intensity
regimes from the data. It is so because at low intensities there is no nonlinear effect,

only linear absorption is taking place.
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Abstract

Bulk-heterojunction solar cells are increasingly becoming a promising alternative so-
lar energy converting devices. They are attractive because of their low production
cost. They are novel materials for thin film, flexible and large-scale production. In
this research work we studied the photovoltaic properties of a solar cell made by mix-
ing the conjugated polymers APFOGreen-6 and D-75 and blending them with PCBM.
The parameters of the solar cell are determined from the J-V characteristics under
white light illumination and the UV-Visible absorption spectrum. From the absorp-
tion spectrum of the cell it is observed that the active layer absorbs very well in the
UV-Visible region of the spectrum. The open circuit voltage (V,.), short circuit current
density (Js.), fill factor (FF) and power conversion efficiency (1) of the cell obtained
from the J-V characteristics under illumination are 608mV, 0.365mA/cm?, 0.48648
and 0.102% respectively.



Chapter 1

Introduction

1.1 Conjugated polymers

Although many people do not probably realize it but everyone is familiar with poly-
mers. They are all around us in everyday life: in rubbers, plastics, resins, adhesives,
medicines, etc. Their common feature is the presence of long covalently bonded chains
of small units, known as monomers. So, the behavior of a polymer highly depends
on the monomeric unit, the chemical bond which hold the monomers together and
the spatial orientation of the monomers. Polymers have very large molecular weights.
Even if, it is the subject of continued debate, the minimum molecular weight for a
molecule to be called as a polymer is 25,000g/mol or more. This is the minimum
molecular weight required for good physical and mechanical properties for many im-
portant polymers [1]. Polymers can be classified depending on their polymeric unit.
A polymer consisting of only one type of repeating unit is known as a homopolymer.
On the other hand, a polymer consisting of two or more repeating units is called a

copolymer or heteropolymer [2].

A very important class of polymers with alternating single and double Carbon-
Carbon bonds (conjugation) in their main chains are called conjugated polymers, see
figure-1.1. Conjugated polymers are naturally prevalent in plants and animals. The
fascinating process of photosynthesis in green plants and the retina molecule of the

eye are examples of how nature makes use of conjugated molecules.



Figure 1.1: Conjugated Polymer Structure : (a) Trans- and (b)Cis-polyacetylene and
(c) Polythiophene

Before the late 1970’s organic polymers were classified as insulators. However;
with the discovery of conducting polymers by 1970’s, there was a genuine excite-
ment about the possibility of producing materials that can combine the important
electronic and optical properties of semiconductors and metals together with the at-
tractive mechanical properties and easy processability of polymers[3]. Moreover, their
conductivity can be tuned over 10 orders of magnitude through doping see figure 1.2.
These properties of conducting polymers makes them to be promising materials in a
number of important applications such as: chemical sensors[4], field effect transis-

tors[5], micro-muscles[6], multi-color light-emitting diodes(LED;)[7] and Solarcells[8].

Diamond Si Ge Pt,Cu
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Figure 1.2: Range of conductivities of polymers compared with conductivities of other
materials at room temperature.



1.2 Solar Cells

As the global energy demand continues to increase every year, the limiting supply of
today’s main energy sources (i.e. oil, coal, uranium) and their detrimental long-term
effects on the natural balance of our planet, underscores the urgency of developing
renewable energy sources which neither run out nor have any significant harmful ef-
fects on the environment. Harvesting energy directly from the sun using photovoltaic
(PV) technology is being widely recognized as an essential component of future global

energy production.

1.2.1 Inorganic Solar Cells

The photovoltaic cells have become extensively studied since the 1950s when the first
crystalline silicon (Si) solar cell, which had efficiency of 6 percent was developed at
Bell Laboratories [9]. Since then the efficiency continues to rise and has reached 24
percent for crystalline Si solar cells [10, 11]. At present, crystalline Si solar cells cov-

ers more than 85 percent of the photocell market.

Although the production of photovoltaic modules increases every year, it consti-
tutes only a small portion of the total world energy production. This is due to large
production cost for Si-based technology and limited availability of row materials such
as solar-graded Si. Therefore, to ensure a sustainable energy technology for photo-

voltaic, the development of new materials and device structures are required.

1.2.2 Organic Solar Cells

Organic materials bear the potential to develop a long-term technology that is econom-
ically viable for large-scale power generation based on environmentally safe materials

with unlimited availability.

The first generation of organic photovoltaic solar cells was based on single organic
layers sandwiched between two metal electrodes of different work functions[12]. The
power conversion efficiencies reported were generally poor (in the range of 1072 to

1071 ). In 1986, Tang introduced the concept of bilayer hetrojunction solar cells and



obtained power conversion efficiency of about 1 percent [13]. With the introduction of
bulk hetrojunction concept using a P-conjugated polymer and Fullerene (Cgy) by Sari-
ciftci et al. in 1992 [14], Yu et al. fabricated the first fully organic bulk hetrojunction
photocell in 1995 using PCBM as an electron acceptor [15]. In 2001 Shaheen et al.
obtained a power conversion efficiency of 2.5 percent from a bulk hetrojunction solar
cell formed from the conjugated polymers MDMO-PPV and PCBM. Recently, power
conversion efficiencies of > 3.5 percent have been achieved for polymer : fullerene

bulk hetrojunction solar cells based on Polythiophene derivatives such as P3HT [16].

In this report an organic bulk heterojunction solar cell is prepared by mixing the
conjugated polymers D-75 and APFOGreen-6 and blending the mixture of polymers
with the fullerene derivative PCBM. The reason behind mixing the polymers is to
broaden the absorption spectrum which results to a more efficient solar cell. Since
PCBM is highly soluble in chloroform and its electron affinity is high, it is very es-
sential to dissociate the excitons formed following the absorption of light radiation.
The efficiency and other parameters of the solar cell are determined from UV-Visible

absorption and I-V characteristic measurements.



Chapter 2

Photoelectrical properties of
Organic Photo Cells

2.1 Illuminated Current-Voltage Characteristics

For metal/semiconductor Schottky diodes, the dark current is mainly due to the ma-
jority carriers. But when the diode is illuminated with photons having enough energy
for the creation of an electron-hole pair (exciton) in the depletion region, the electric
field at the junction is able to separate the photogenerated charges by preventing re-

combination. So, the resulting photocurrent is mainly due to the minority carriers.

Suppose we have a metal/n-type polymer Schottky diode, there is an accumula-
tion of holes at the semiconductor side of the interface in the dark. When light is
illuminated, the concentration of holes in the semiconductor decreases due to recom-
bination with photogenerated electrons. This results to the formation of new effective
Fermi-level (E;.r;) when equilibrium is attained. The total current under illumina-
tion is the sum of the photogenerated current and the thermally emitted current.

Generally, the I-V characteristic of a photovoltaic device can be described by [19] :

(&

nkT

V — IR,

! 2.1
RsH pH ( )

I =1, {exp( (V—IRS)) - 1} +

Where I, is the dark saturation current, e the elementary charge, n the diode ideality

factor, V the applied voltage, R, the series resistance, R;y the shunt resistance, and
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Figure 2.1: Energy band diagram of metal-semiconductor(n) (a) in the dark and(b)
under illumination.

I,y is the photocurrent. The corresponding equivalent circuit diagram is depicted in
figure 2.2(b). For highly efficient solar cells R,y is very large to prevent leakage current
and the series resistance is very low to get a sharp rise in the forward current. So for

this case equation 2.1 can be simplified to

I =1, {exp <;}:;> — 1} — Ly 2.2)

2.2 Spectral Response

The response of an organic photocell for the action of different spectrum of light radi-
ation is different. That is, light of different wave lengths is absorbed to different depth
in the photoactive layer. The intensity of light at a distance x in a uniform medium of

absorption coefficient «, is given by

I(x) = I, exp [—a(w) x] (2.3)



lHlumination

Figure 2.2: Figure (a) current-voltage characteristics of a photocell in the dark and
under illumination (b) Equivalent circuit diagram for a solar cell, described by equa-
tion 2.1

Where I, is the intensity inside the medium at x = 0 and w is the frequency of light
[40]. It should be remembered that

w(A) = (2.4)

Where A\ and c are the wave length and the speed of light in vacuum, respectively.
However, not all of the absorbed photons results to photocurrent, which is the desired
product for photo cells. This limits the efficiency of the cells. The ability of a photo cell
to generate photo current at a given wave length of the incident light is measured by
the incident monochromatic photon to current conversion efficiency (IPCE). IPCE is
defined as the number of photogenerated electrons per number of incident photons.

It can be obtained from the photocurrent by means of the following equation [21].

T

N, (2.5)

IPCE0/0 = 1240

Where J,, is the short-circuit photocurrent density (©A/ cm?), )\ is the excitation wave
length (nm), and I;, is the intensity of incident light (w/m?). Plots of IPCE versus wave

length illustrate the spectral operation range of a specific solar cell.

For organic photo cells which have rectifying contact at one of the electrodes (front



side) and ohmic contact at the other electrode (back side) like in single layer photo
cells, the action spectra depends on which side, the cell is illuminated. For front
side illumination, the strongly absorbed light creates Excitons in the barrier region.
The internal electric field in the barrier region dissociates the Excitons and give rise to
photocurrent. Under this conditions,the absorption spectrum is usually well matched
with the action spectrum. For back side illumination, the strongly absorbed light pro-
duce Excitons in the field free bulk region. Whereas, the weakly absorbed photons
penetrate in to the depletion region and make a major contribution to the photocur-
rent. If the polymer film is not thin enough, the Excitons from the strongly absorbed
photons does not result to photocurrent due to recombinations or traps. The spectral
response then does not correspond to the optical absorption spectra. The comparison
of the action spectra with the absorption spectrum can be used to detect the active

junction of photocells.

The efficiency of an organic photocell varies with the thickness of the polymer.
For thin films (usually between 10-15nm), the efficiency increases as the thickness
increases which is caused by the increase in the amount of sun light absorbed. How-
ever, the efficiency starts to decrease as the thickness becomes relatively large (around
50nm) because of the high density of traps in the film that reduce the number of car-
riers on their way to the active junction. Since these two competing processes are
opposed to each other, there should be an optimum thickness for the maximum sun

light conversion efficiency.

2.3 Fill Factor and Power Conversion Efficiency

Fill factor (FF) and power conversion efficiency (7) are among the parameters that
characterize a solar cell. Fill factor tells about the squareness of the fourth quadrant

of the I-V curve under illumination. Mathematically, it is defined as :

FF — Imaacvmax — Pmax (2,6)
ISCV;)C ISCVYOC

Where [,,,,, and V4, are corresponding current and voltage values at the point where

their product (power) is the maximum (P,,,.)of all corresponding products of current



and voltages in the fourth quadrant of the I-V curve under illumination. I, and V.

are short circuit current and open circuit voltages, respectively, see figure 4.3.
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Figure 2.3: Typical I-V characteristics of an organic photo cell in the dark (dashed
line) and illumination (solid line) conditions. The maximum out put power is given by
the rectangle I4: * Vinas-

The values of V,,,, and I,,,,, can be computed from the following equation

oP

W ‘V:Vmax - O (2'7)

For an ideal solar cell FF=1. For inorganic solar cells, the fill factor is typically be-
tween 0.7 and 0.8 [20]. For undoped organic semiconductor solar cells, it assumes
values less than 0.7 [22].

The power conversion efficiency (1) of a solar cell is the ratio between the maximum
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output power (P,,,;) and the power of incident light (7;,).

— Pmaz _ ISCVOCFF

= 2.8
P P (2.8)

In general, the conversion efficiency of a solar cell in percentage is given by [11, 20]

L Vin

in

7% = [ ] x 100 % (2.9)

or
IscVoe

mn

n% = FF[ } x 100% (2.10)

For organic solar cells based on polymer : Fullurene bulk heterojunctions, the mag-
nitude of I,., V,. and FF depends on parameters such as : light intensity [23], tem-
perature [24], composition of the components [25], thickness of the active layer [26],
the choice of the electrodes used [27], as well as the solid state morphology of the film
[28].



Chapter 3

Experiment

3.1 Sample Preparation

The details of the sample preparation is stated as follows: a commercially obtained
Indium Tin Oxide (ITO) coated glass is cut in to rectangular pieces of sizes 16mm
by 20mm. The ITO is half etched using a warm solution of HNO3:HCI1:H>O (1:1:4) by
volume ratio, from substrate samples. These samples are first cleaned by detergents
followed by Acetone. After that the glasses were rinsed in to Ethanol for about 10
minutes. As a final step of the cleaning process, the glasses were washed with distilled
water and allowed to dry. A PEDOT-PSS solution is spin coated on the half etched
ITO coated glasses while the spin coater is spinning at a rate of 3000rpm. In the other
side a bmg/ml solution using the conjugated polymers D-75 and APFOGreen-6 and
PCBM with a weight ratio of (1:1:3) as solute and chloroform as solvent was prepared.
The Polymer solution was then spin coated on the top of PEDOT-PSS, in this case the
spinner’s speed was 1000rpm. Finally, Aluminium (Al) was deposited on the top of
the active layer (Polymer thin film) using Edward’s auto vacuum depositor. Now, the
sample is ready as schematically shown in figure-3.1 for further characterization.

It should be noted that through out the sample preparation and characterization
steps, care must be taken not to expose the sample for light, moisture and contami-
nants.

Devices used for characterizing the solar cell are Perkin Elmer A-19 Photospecrometer
and HP-4140B Pico-Ameter/DC Voltage Source which is interfaced with a computer

11



12
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Figure 3.1: A schematic diagram of the photovoltaic devise used in this study.

through LabView programming software.

3.2 UV-Visible Absorption Measurement

It is known that the absorption spectrum of a material provide a lot of information
including its energy levels. From the absorption spectrum of a semiconductor its
energy band gap can be determined. When talking about solar cell the absorption
spectrum of the active material which is absorbing the solar radiation is very crucial.
It is so because most of the intensity of the solar radiation reaching on the earth’s
surface is found in the UV-Visible range of the light spectrum (see figure-3.2) [29].
This fact initiates the need for active materials which absorb quite well in this spectral
range of interest. Due to the presence of m-electrons in the conjugation length of the
conjugated polymers, a significant portion of the UV-Visible range of the spectrum
is expected to be absorbed. Besides, the absorbance of a material depends on the
amount (concentration) of absorbing molecules. In case of organic solar cells, the

thicker the active layer the higher its absorbance.

3.3 I-V characteristic Measurement

Many of the parameters of a solar cell are extracted from its I-V characteristics. From

the I-V characteristics under dark it is possible to tell about the type of junction
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Figure 3.2: Spectral distribution of sun light arriving at Earth’s surface [29].

formed between the active layer and the electrodes. Since the charge transport mech-
anism highly depends on the type of junction at the electrodes, this I-V characteristic
will give information about the mechanism which govern the charge carrier transport
at the junction. Important parameters of a solar cell like open circuit voltage (V,.),
short circuit current (I ), Fill Factor (FF) and power conversion efficiency (n) are de-
termined from its I-V characteristics under illumination.

As shown in section 2.3 the I-V characteristics under illumination showed a shift
down wards as it is compared with the I-V characteristics under dark due to pho-

togenerated currents. The I-V curve under illumination form an area in the fourth



quadrant which provides all the parameters that are stated above.
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Chapter 4

Results and Discussion

4.1 UV-Visible Absorption Spectrum Result

The sample used for the UV-Visible absorption measurement is some how different
in its preparation than the one whose preparation is explained in section 3.1. In this
case pure transparent glasses of sizes 20mm by 20mm are used as substrates for the
active layer which is spin coated at a speed of 1000rpm. The absorption spectrum of
the film in the UV-Visible range is shown in figure-4.1. The figure shows a significant
absorption in this region of the spectrum to be used as light absorbing agent for the

solar cell.

As it can easily be seen from figure 4.1 the absorption decreases in the region of
higher wave lengths (between 425nm to 800nm) and increases in the region of lower
wave lengths (between 250nm to 420nm) due to the addition of PCBM. This behavior
continues to magnify as the proportion of PCBM with the polymers is increased which
in effect decreases the efficiency of the cell. On the other hand, more PCBM is needed
to dissociate the exciton formed following the absorption of photons by the polymers.
So, it is very important to choose an optimum proportion of PCBM which compromises

these seemingly contrasting behaviors and results to a more efficient solar cell.

15
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Figure 4.1: Absorption Spectrum of the conjugated polymers D-75+WM-419 (a) with
out and (b) with PCBM.

4.2 I-V Characteristic Result

Figure-4.2 shows the I-V characteristics under white light illumination for the solar
cell. From the figure the open circuit voltage (V,.) is obtained by taking the value
of the abscissa where the current is zero (the point where the graph crosses the
horizontal axis) which is found to be 0.608V. By taking the value of the ordinate at
the point where the graph crosses the vertical axis, the short circuit current density
(Js.) is determined to be 0.365mA/cm?. The maximum possible power (P,,.,) that
can be generated by the solar cell is obtained by taking the maximum product of all
corresponding current and voltage values which are found in the fourth quadrant of
the graph, see section 2.3. The ratio of P,,,, to the product of V,. and I,. results to the
Fill Factor (FF) of the cell which is found to be 0.486. By measuring the intensity of
input white light that is normally incident on the ITO side using the Lux-Meter; taking
the above values of V,., J;. and FF and using equation-2.10, the power conversion

efficiency of the cell is determined to be 0.102%.
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Figure 4.2: I-V Characteristics of a solar cell under white light illumination
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Conclusion

A bulk heterojunction organic solar cell is prepared by using the conjugated polymers
D-75 and APFOGreen-6 as light absorbing materials. A Fullerene derivative PCBM is
blended with the polymers since it is very essential to dissociate the excitons formed
following the absorption of light by the polymers. The open circuit voltage of the cell
is determined to be 0.608V. The corresponding short circuit currents and fill factors
are 0.365mA/cm? and 0.486, respectively. The power conversion efficiency of the cell
is determined to be 0.102%
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