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Preface

Bulk-heterojuction polymer solar cells (BHJ-PSCs) are promising alternatives
for conventional inorganic solar cells with relatively low manufacturing complexity.
The network morphology and the optimized gradients of the appropriate phases at
the electrodes in these BHJ-PSCs have been observed to play an important role in
determining the properties of these devices. Studies on dynamics of the electrical
transport of the photo-generated carriers are valuable to understand the processes
prevailing in the system. The initial part of the thesis deals with the response
of BHJ-PSCs to intensity modulated light sources. A universal feature in the
intensity modulated photocurrent spectroscopy (IMPS) is observed in these BHJ-
PSCs, in the form of a photocurrent peak in the frequency range of 5 - 10 kHz. A
simplistic model arising from the macroscopic circuit parameters and microscopic
processes is used to describe the photocurrent feature. Additional experiments
were carried out to understand the effect of temperature, composition, efficiency,
background CW light and the intensity of the modulated light source. Intensity
modulated photocurrent measurements were also carried out on dye sensitized solar
cells (DSSCs) and bi-layer polymer solar cells, where the IMPS feature was absent
in the 5 - 10 KHz range. The origin of photo-current peak feature is attributed to
the characteristic combination of correlated fundamental processes occurring over
multiple time scales.

Following the frequency dependent studies, the noise patterns of the BHJ-PSCs

Xix



in active working condition were probed. The complex sequence of generation,
separation and transport of the photo-generated carriers manifests in the form of
characteristic noise signal. The power spectral density (PSD) of the short circuit
current fluctuation takes a gaussian form in the 10 kHz to 90 kHz frequency regime.
The noise studies were carried out under different experimental conditions; namely
temperature, light intensity and efficiency of the devices. In general, the magnitude
of the photo-current fluctuation reduces with decreasing temperature. The photo-
current fluctuation amplitude is observed to increase with increasing light intensity.
The origin of the photo-current fluctuation is attributed to the density of trap states
present in the device.

Low band gap polymer are very promising alternatives for high efficiency solar
cell where significant photocurrent is observed even at NIR regime. This opens
up an additional avenue for polymer photo-detector application in telecommuni-
cation systems. The device characterization is done under different temperature
and different reverse bias condition in NIR spectral range. The responsivity and
switching speed of the detector increase as magnitude of the reverse bias increases.
The devices were also tested under CW background light with variable intensity.

Last part of the thesis deals with Electrohydrodynamic instability of a conduct-
ing liquid surface in a strong electric field (EF) and its application in molecular
and organic electronics. The deformation of conducting liquid surfaces using low
temperature metal-alloys opens up options for controlled contact formation with
fundamental implications in studying electrical transport in soft systems and ap-
plications in printable electronics. Polymer based solar cells and light emitting
diodes are fabricated with these low melting temperature alloy cathodes. These
device performances carried out in ambient condition are comparable to the devices

fabricated by conventional physical-vapor deposition method.
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SECTION 1

Introduction

1.1 Historical background

Abundant and economical energy in its different forms is the life blood of modern
civilizations. Natural gas, coal and oil provides almost 85% of the total energy con-
sumption. However world’s leading geologists have suggested that the consumption
of oil has already reached its peak [1]. As the energy demand is increasing day by
day (13 terawatts (TW) continuous world energy consumption in 2005 to 30 TW
projected demand in 2050), the depletion of oil and other natural resources will
create a gap of 17 -20 TW. This is a wakeup call to the global civilization to think
of an alternative, renewable energy resources to make up the demand. Solar energy
source is a clean alternative that can meet some of these challenges. Scaling up the

solar energy efforts is needed to make it a viable alternative.

Solar energy: Facts & Trivia

e 120,000 TW global theoretical potential.
e 600 TW available incident solar power.

e 60 TW technically feasible generated power based on 10% conver-
sion efficiency.

e 20 TW based on usage of just 0.16% of global land area and 10%
conversion efficiency.

Since the early discovery of the photoelectric effect by Becquerel, silicon based

photovoltaic cells represent the most efficient devices to harvest solar energy. In

1



2 Section 1.

recent years the development of new inorganic materials with a low energy band
gap which encompasses a large part of the solar spectra shows a promise towards
high efficiency solar cells. State-of-the-art inorganic solar cells have a record power
conversion efficiency of close to 39% [2], whereas commercially available solar panels
have significantly lower efficiency of around 15-20%. Hence the cost per unit power
(3/W) [3] is much higher compared to the conventional energy sources. The main
challenge in the utility of solar cells still is the lack of cost-effective, large-area
fabrication methods. In this direction, the choice of polymers and organics as
active materials in large area solar cell offers huge potential. Solar cells based on
thin polymer films are particularly attractive because of their low cost solution
process, mechanical flexibility and roll-to-roll printing on a large area substrate.
Additionally their material properties can be tailored by modifying the chemical
structures, resulting in greater opportunities than traditional technologies allow.
The field of organic photovoltaics can be dated to as early as 1959 when Kall-
mann and Pope proposed and demonstrated that anthracene can be used to make
a solar cell [4]. The first generation organic solar cell proposed by Kallmann was
so-called homojunction solar cell based on single organic materials. The open cir-
cuit voltage recorded was only 0.2 V and the current density was low. Relatively
high binding energy (200 - 400 meV) [5-7] of coulombically bound electron-hole
pair (exciton) in the low dielectric constant (2 - 4) organic materials were the main
drawbacks for the low efficiency solar cell. In 1986, C. W. Tang and Kodak demon-
strated a solar cell based on two layers of conjugated organic materials [8]. One of
them is electron donating (donor) and other is electron accepting (acceptor) mate-
rial forming a heterojunction at the bilayer interface. The photogenerated exciton
then can easily get dissociated to free carriers at the bilayer interface due to built-

in field. Relatively low interfacial area of donor-acceptor polymer leads to lower
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generation of charge carriers. Hence the efficiency of these organic based solar cells
were also very low. A major breakthrough in the field arrived only after a decade
later when Alan. J. Heeger and collaborators came up with a concept and demon-
strated that an interpenetrating network of donor-acceptor materials increases the
interfacial area between donor and acceptor molecules. This type of device with
multitude of hetero-structures is termed as Bulk-hetero-junction (BHJ) [9]. The
efficiency reached ~ 5% within a few years [10-12]. These solution processable
polymer based devices can be spin casted, drop casted or printed on glass, plas-
tic or any other flexible substrates especially for large area applications. Polymer
based devices are also used in photo-detectors [13], color-sensors [14], multicolor
display, light emitting FETs and all polymer integrated circuits [15]. These trends
in organic electronics are rapidly growing and complement the existing inorganic
and Silicon technology in offering solutions to various applications in display and
sensor technologies.

Conjugated polymers are fundamentally different to saturated insulating poly-
mers in terms of electronic properties. Conjugated means alternative double bonds
(0 + ) and single bonds (0) in the polymer backbone. The simplest conjugated
polymer is synthesized from acetylene (CH), known as polyacetylene (PA) [16].
The polymer backbone may have two conformational isomers, armchair configu-
ration (cis-PA) or zig-zag configuration (trans-PA) and the electronic properties
differ significantly. In ‘trans’ configuration delocalized 7-electrons along the back-
bone of the polymer chain forms a quasi 1D metal. However, the non-uniform
spacing between the successive atoms leads to a dimerization. This dimerization
gets stabilized by opening up an energy gap (in the visible range from 1.4 eV to 3.5
eV) at the Fermi surface by lowering the energy of the occupied states. Polymer

semiconductors are widely used materials in the field of organic electronics.



4 Section 1.

In general, polymers are structurally and electronically disordered materials.
Hence, charge conductivity in polymer materials is significantly lower than the in-
organic materials. In order to increase the conductivity, excess number of quasi
particles in the polymer backbone need to be generated. This can be achieved by
doping, a chemical redox reaction that involves partial addition or removal of elec-
trons from the conjugated backbone. There are mostly three ways to introduce the
excess carriers in conjugated polymer backbone. (i) Chemical doping; an electron
donating or electron withdrawing moiety is chemically attached to the backbone.
Electronic structure of the polymer also gets modified by the chemically attached
moiety. The band gap may increase or decrease depending on the type of func-
tional group attached to the polymer backbone. (ii) Photogeneration; carriers are
generated upon photoexcitation. This will be discussed in section 1.3.1 in more
detail (iii) Carrier injection; depends on the polymer/electrode interface that can
be a Schottky barrier or an ohmic contact. Photogenerated or the injected charge
carriers can be transported through the disordered network. There is no unified
framework to depict the charge transport mechanism upon introducing the excess
carriers through disordered polymeric semiconductors. A brief summary of some
existing models based on pristine polymers is mentioned in the next section. It is
to be noted that only topics pertinent to the results in the thesis are included. The
topics introduced are not comprehensive, but bring out the essential points needed

in the discussion section of the thesis.



1.2 Charge carrier transport through disorder semiconductor 5

1.2 Charge carrier transport through disorder semi-
conductor

Organic semiconductors are highly disordered in nature. Unlike inorganic semi-
conductors, there are localized states in the band gap region and the transport is
dominated by hopping of the charge carriers. In a broad sense, hopping is a phonon
assisted quantum mechanical tunneling which depends on the energetic disorder as
well as spatial disorder [17]. According to variable range hopping (VRH) charge
carriers can hop upwards or downwards between two energetic states either by
absorbing or emitting phonons respectively. Charge carriers can hop over larger
distances with very low activation energies or they can hop to a nearest neighbor
with very high activation energies. At low temperature, the probability of hop-
ping over a large distance with low activation energy is higher than hopping over
smaller distance with high activation energy. The temperature dependent carrier
transport is dependent on the localized states as proposed by Mott [18] where the
conductivity varies as exp[—(Tp/T)]"/**9. d is the device dimension. Characteris-
tic temperature Ty depends on the density of states (DOS) at the Fermi level and
the localization length. Miller and Abraham [19] proposed another theory where
the hopping rate between site ¢ and 7 depends on two parameters: energetic barrier

(¢j —&;) and distance (r;;) as shown in the equation 1.1

(1.1)

_EiTE , 4
rij exp ( T > for e; > €,
Vij = UVgexp —27a; X

1 for e; < ¢

The frequency pre-factor 1y is called the attempt-to-hop frequency, 7;; is the jump

distance between site ¢ and j (normalized to the intersite distance a). 2ya con-
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trols the electronic coupling among the hopping sites through exchange interaction.
There are numerous attempts to find out the DOS for disorder organic semicon-
ductors [20, 21]. There are several models to explain the disorder in the system
such as positional disorder described by Scher and Montroll (SM), but the most
commonly used model is Gaussian Disorder Model (GDM) [22-24] where energetic

disorder has also been considered in the transport model.

1.2.1 Scher and Montroll (SM) model

Polymeric semiconductors have many similarities with the amorphous inorganic
semiconductor. Therefore SM model, when applied to disordered polymeric sys-
tem, could explain many of the transient photocurrent features. The electrical
transport properties of such materials depends on the carrier’s average mobility
(). A common method to measure p from the photocurrent transient is time
of flight (TOF) measurement [25] as shown in the figure 1.1. The TOF mobility
measurement technique will be discussed briefly to correlate disordered transport

to the transient photocurrent features observed in organic semiconductors.

N
L~

Qo

a

£ .

3 R Oscilloscope
Pre-Amp

Figure 1.1: (a) Experimental setup for the Time of Flight (TOF) mobility measure-
ment. (b) Ideal transient photocurrent response.
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A thick film (thickness L of the order of pm) of the material is sandwiched
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between two electrodes (one of them should be transparent). A sheet of charge
carrier is generated at the front electrode by illuminating a short laser pulse. L
should be such that oL >>1 where « is the absorption coefficient (cm™'). The
sheet of charge carriers then gets swept away towards counter electrode by a voltage
pulse (V') that follows the light pulse. The resultant photocurrent transient shows
a photocurrent ‘spike’ at the onset of light pulse due to the displacement current.
This is followed by a steady state ‘plateau’, where the sheet of charge carriers
moves uniformly under the electric field (V/L) and a long decay ‘tail’ indicating
the charge carrier extraction at the electrode is observed. The transit time (¢;.) is
defined as the onset of tail state as shown in the figure 1.1 and mobility is given

by the equation 1.2
L2
TV

p (1.2)

For a non-dispersive transport, t;. is well defined. This happens due to the dom-
inant contribution of the constant drift velocity of the carriers under constant
electric field. However, the presence of delocalized states reduces the drift ve-
locity of some of the carriers and hence transient photocurrent tends to become
featureless. In 1975, H. Scher and E. W. Montroll [26] proposed a model for
transport in a-As,Ses as well as trinitrofluorenone-polyvinylecarbazoles to explain
this anomaly. In a non-dispersive transport, the Gaussian charge packet remains
Gaussian (1(t) ~ e7/7) till it reaches the electrode, whereas for a dispersive trans-
port some of the photogenerated carriers get trapped in the localized states and
others move non-uniformly. Scher and Montroll described this in terms of time-
dependent random walk of the charge carriers in presence of an electric field. The
time-dependence of random walk is governed by the hopping time distribution ¢(t).

The dispersion of the hopping time is proposed to follow inverse power law as given
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by the equation 1.3.

t==9) for t/t,, < 1
I(t) ~ const x (1.3)

t=(+e) for t/t, >> 1

with 0 <« <1 as a dispersion parameter. The assumption originated from the fact
that there is a large distribution of hopping sites due to positional disorder. Hence
the distribution of waiting time between two successive hopping is quite large. As
a result, mean carrier velocity decreases with time as it gets separated from the
peak which remains fixed at the point of origin. The distribution of mean carrier
propagation can be characterized by two parameters: mean partial displacement
and the peak position. In case of a Gaussian charge packet, o,/(l) = const, 02 =
{(z—{(x))?) is the variance and (/) is the mean displacement. In case of a dispersive
transport o, /(1) ~ t~(1*%)_ In order to extract t,., photocurrent transient can be

plotted in a log-log scale as shown in figure 1.2. The transient photocurrent then

log (1/1,,)

Y

log (t/t,,)

Figure 1.2: Transient photocurrent response of a dispersive transport plotted in
log-log plot. Intersection of the two asymptote represents the t,,

can be modeled as given by the equation 1.3. In the log-log plot the intersection of

two slopes is the estimated t;.. The plot can be temperature and field invariant if it
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is normalized with the applied field (V/L) and t;.. This invariance is designated as
‘universality’ by Scher and Montroll [26]. The ‘universality’ was first demonstrated
quantitatively by Scharfe et. al. in their study on amorphous arsenic triselenide
[27]. This is also experimentally observed by Bos et. al. in Polyvinylecarbazole
[28].

In all the cases, inherent disorder in materials generally gives rise to dispersive
transport. However SM model does not take into account the fluctuation in the site
energy or the ‘energetic disorder’ and does not explain the temperature dependence
of the dispersive transient photocurrent as observed in many disordered solids.
Deviation from the ‘universality’ has been observed in many systems depending on
the temperature variation [29, 30]. The ‘tail’ broadening parameter, W, (equation
1.4) of the TOF signals which is the measure of the degree of dispersion also revealed

the interesting properties at different temperature. W is defined as,

i —to

W (1.4)

t1/2

where 1/ is the time for the transient photocurrent to decay to half of its plateau
value and t is the time defined by the intersection of the two slopes (asymptotes).
Borsenberger et. al. related the dispersion W of a non-dispersive TOF signal
to the energetic disorder parameter (og/kgT) of the material. The functional
form of W on the film with a thickness L undergoes a characteristic change from
W o L=Y2 (at lower value of o /kpT) to W = constant (at larger value of energetic
disorder og/kpT >4). Experimentally, the constant behavior was observed at
low temperature (<180 K) whereas at high temperature (room temperature) it
follows inverse square root dependence [31]. This inconsistency prompted to think

of another model for energy distribution like the Gaussian disorder model.
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1.2.2 Gaussian disorder model (GDM)

The temperature dependent TOF photocurrent transient in molecular solid was
explained by Béssler et. al. [22, 30, 32] using a model for charge transport using
Gaussian distribution of localized states (figure 1.3). The energy of hopping sites
was derived from the Gaussian distribution of standard deviation og as shown in

the equation 1.5
2

ple) = (2m0%) 1/2exp(—;7%) (1.5)

The experimental value of energetic disorder og lies between 70 - 150 meV

electrlc field
\ E 1
E /\ transport
LUMO _[\_
generatlon —
, distance (x)
p(e) E
HOMO 26
transport
energy (&)
DOS

Figure 1.3: Gaussian Density of States with a disorder parameter op ranging be-
tween 70 - 150 meV. There is a characteristic energy level (g;) bellow which the
states are localized and carrier has to hop upward to take part in the transport, also
known as mobility edge.

(0g/kgT ~ 3 — 6 at room temperature). Such disorder formalism is known as
diagonal disorder. However, if site 4 interacts with the site j, the wave function
overlap parameter 2ya in the equation 1.1 takes a form of I';; = I'; +T';. The vari-
ance of I';; is called the off-diagonal disorder. The energy required by carriers to

participate in the transport (transport energy) is located at -(5/9)0% /kgT [22, 33].
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This gives rise to temperature dependent mobility in the form of equation 1.6,

u(T) = pocrp| 3123)2} (16)

where p is the temperature independent zero field mobility. Under any applied
field the electrostatic energy will reduce the activation barrier for charge transport.
As a consequence mobility increases. The field and temperature dependent mobility

of disorder system is given by the equation 1.7,

20’E
3kgT

w(F,T) = poexp [—( )2} x exp|Cy(02, — L*)VF] (1.7)

where Cj is a numerical constant which depends on the material. At high electric
field, mobility tends to saturate. In 1970 Pai et. al. [34] demonstrated that at high
electric field, mobility of photogenerated holes in poly (N-vinylecarbazole) (PVK)
can be explained by Poole-Frenkel effect [35].

() = e (== ean(VF) (1.8)

In 1972 Gill proposed an empirical relation for the temperature dependence of

7= B(k;BLT - l<;BlT0> (1.9)

The constant B = 2.7x 107°eV (V/m)~'/2 and Ty = 520 - 660 K for PVK. Equation
1.9 also predicts that at T >Tj the field dependence of mobility becomes negative.

The GDM could explain most of the temperature dependent transport mea-
surement. The disorder concept relies on the fact that the transport of the charge

carriers takes place in an empty DOS. If the bottom sates are filled, then the
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occupied density of states (ODOS) changes and the activation energy decreases.
This is consistent with the result that the FET mobility is much higher than TOF
mobility (2-3 orders of magnitude) [36, 37]. It is demonstrated that the mobility
is constant for a carrier density < 10'® cm™ and increases with a power law for
density > 10'® cm~3. However, excess doping of charge may reduce the mobility
again. Some of these concepts can be further modified and applied to the electrical
transport processes in organic solar cell devices which are the central focus of this

thesis report. The specific ideas, materials and different phenomena pertaining to

organic solar cells are introduced in the next section.

1.3 Donor-Acceptor Polymer Solar Cells

State of the art solar cells based on conjugated polymers with appropriate band gap
have been shown to exhibit high efficiency (~ 8%) [38-40]. These developments
of polymer solar cells have resulted from a combination of optimized factors which
include appropriate molecules, processing methods to yield desirable morphology,
device architecture and encapsulation methods. An initial step in this cycle is
the design and synthesis of macromolecules with large absorption or low band-
gap semiconductor such as cyclopentadithiophene based PCPDTBT, Poly(N-alkyl-
2,7-carbazole) derivative PCDTBT which has been shown to exhibit much higher
external quantum efficiency (EQE) up to 900 nm. Tuning the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the
donor and acceptor is also important in order to achieve an open circuit voltage
as high as possible [41]. The other crucial device parameters of fill factor and
current density are also known to depend on a variety of factors [42, 43]. A brief

introduction to these various processes prevalent in BHJ-PSC is discussed in the
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following sections. The processes described follows a chronological order beginning

with the photoexcitation and exciton dissociation stages.

1.3.1 Photogeneration of charge carriers

The optically active donor component of the solar cells typically has a band gap of
1.4 eV to 3.5 eV and is the primary source for photocarriers. Upon photoexcitation,
the photoexcited state has an ‘exciton’ character which consists of columbically
bound singlet electron-hole pair. The dielectric constants of the polymer are low
(€, ~ 2-4) compared to inorganic semiconductors (¢, ~ 12). Hence, binding energy
of Frenkel type excitons is 0.2 - 1 eV [44] depending of the materials and intra and
inter-chain coupling. The coulomb radius is r. ~ 1 nm as compared to inorganic
counterpart where it is mostly Mott-Wannier excitons of . > 10 nm. These singlet
exciton can dissociate at the donor acceptor (D-A) heterojunction of LUMO-LUMO
offset more than 0.5 eV [45]. Singlet excitons can also give rise to triplet states
by a non-radiative inter-system crossing (ISC) [46]. The transition from excited
triplet states to ground state is spin forbidden [47, 48]. Hence excited triplet states
do not dissociate to free carriers, rather thermally decay back to ground states.
This transition is possible by increasing spin orbit coupling by doping the polymer

matrix with heavy transition metal.

1.3.2 Exciton dissociation at the interface

The photogenerated excitons with reasonable binding energy (> kgT at room
temperature) do not thermally dissociate. In order to increase the dissociation
and promote charge separation, it was suggested that introductions of acceptor

molecules in the donor matrix with appropriately positioned LUMO level can form
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D-A heterojunction. Hence a typical organic solar cell consists of two types of
materials know as Donor (p-type) and Acceptor (n-type) with an energy band offset
0.3 to 0.5 eV [45, 49]. Heterojunction can be classified into two types depending
on relative position of HOMO and LUMO level of the materials at the interface,

as shown in the figure 1.4. In case of type I heterojunction, the HOMO-LUMO of

Type | Type Il
BTl tumo |
Lumo |
TUMO LUMO
——rovo HOMO
HOMO HOMO

Figure 1.4: Relative HOMO-LUMO bands in type I and type II heterojunction

one polymer lies within the band gap of other polymer (straddling gap). In this
system exciton from higher band gap polymer can be transferred non-radiatively to
the low band gap polymer by the dipole-dipole coupling when photoluminescence
of donor materials overlaps with the absorption of acceptor material. In type II
heterojunction both HOMO and LUMO of one polymer is lower than that of the
other polymer. Type II heterojunction is a prerequisite for an efficient solar cell
where charge transfer is more probable than energy transfer.

The D-A heterojunction can be modeled as metal-insulator-metal picture [50],
that means HOMO of the donor material and LUMO of the acceptor materials
act as valance and conduction band respectively of a semiconductor and energy
difference of these two level is the band gap (£,) as shown in the figure 1.5. The
generation of free charge carriers is a two step process [51]. Exciton dissociation

at the D-A interface which gives rise to electron-hole pair (also known as charge
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Figure 1.5: Relative energy levels of PSHT (donor) and PCBM (acceptor) materi-
als. Photogenerated excitons get dissociated at the interface and electrons and holes
get transported to the respective electrode.

transfer complex) and the breaking up of the electron-hole pair to free carriers.

Hwang et. al. [52] proposed the dynamics of photogenerated carries as shown in

the figure 1.6. The ultra-fast (less than 100 fs) exciton dissociation is driven by the

t~ 200 fs -
Excited state Mobile / free
carriers
(9
’19Q
L
A

hv Intermediate
charge transfer
state
(2}
S
A
L
A\

Ground state

Figure 1.6: Dynamics of photogenerated excitons proposed by Hwang et. al. [52].
There is only a fraction of photogenerated carriers (f <1) dissociates in free carriers
and rest (1-f) of it decay back to ground state.

difference between LUMO levels of the donor and acceptor materials. The exciton

dissociation yield is almost unity and it is independent of electric field. Onsager
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[53] first proposed the theory of geminate recombination to explain the dynamics of
photogenerated carriers. According to Braun [54] the bound electron-hole pair has
a finite lifetime before it decays back to ground state (k) or it can dissociate into
free carriers. The separation into free carriers is a competition between dissociation
rate constant (kgss) and recombination rate constant (R). Thus the probability of
exciton dissociation at a distance x under electric field F' at a given temperature

T is given by,
kdz’ss ($7 F7 T)

FT) = 1.10
Pl L) = o e B T) 4 k(1) (1.10)
Braun [54] derives the dissociation rate constant (equation 1.11)
3R ket 2
Kaiss (v, F,T) = ——e Bo/*T(1 1 b+ b2 /34 ......) (1.11)
4ma’d

where Ej is the exciton binding energy, a is the Onsager radius and b = ¢3F/8mek%T?,

‘q’ is the elementary charge. The recombination rate is given by,

R = B(np —ni,) (1.12)

where n;,;, = Neexp(—E,/2kgT) is the intrinsic charge carrier concentration with
N, being the effective density of states in the conduction band. 3 is the bimolecular

recombination rate proposed by Langevin. In a pristine system,

B = =(pe + ) (1.13)

AR

Since both carriers are free to move towards each other, the recombination lifetime
taken is dominated by the fast moving carriers. In a blend film, electrons and

holes are confined to their respective phases. Hence bimolecular recombination is
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possible only at the D-A interface. The bimolecular recombination rate is modified

as proposed by Braun et. al. [54],

q
— <u> 1.14
5 — o <n (1.14)

where <p>is the spatially averaged sum of electrons and holes mobility and <e>is
the spatially averaged sum of dielectric constant. Hence in a blend system bi-
molecular recombination is governed by the slowest carrier [55]. The fast carrier
will reach to the interface much before the slow carrier and get stuck due to energy
band offset at the D-A interface. So the total time needed for both carriers to reach
to the interface is dominated by the slowest carrier. Therefore in BHJ solar cell,

the recombination is not expected to depend on p. + pp, but it will be close to

B = %min[ue,uh] (1.15)

where ‘u.” and ‘uy’ are electron and hole mobility respectively. The distance of
between electron-hole pair is not uniform and hence it is reasonable to integrate

equation 1.10 to calculate the overall dissociation rate,

P(a, F\T) = /Ooop(x,F, T)f(a,z)dx (1.16)

where f(a,z) is a normalized distribution function [56] given by,

4 2 —a2/a?

\/Ea3g; e v (1.17)

fla, ) =

If G is the generation rate, then the rate at which electron-hole pair will get disso-
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ciated is proposed by Barker et. al. [57]

dX
%:G—kfX—kdissX—l—R (118)

However, in steady state dX/dt = 0 and hence G — kX = kg5 X — R which is
same as the net generation of free carriers. The continuity equation for electron

(hole) will then be

dn(p) 10
it qor In(p) + Kaiss — R (1.19)

Substituting from equation 1.10 and 1.16 kgss = [P/(1 — P)]ky. The continuity

equation will be modified as,

10
- =PG-(1—-P 1.2
SGhin = PG— (L= P)R (1.20

It is to be noted that after bimolecular recombination, carriers are not necessarily
lost. However they can again dissociate into free carriers or they can decay back

to ground state, in that case carriers are lost. So the net generation rate becomes

U= PG~ (1-P)B(np—ni,) (1.21)

int

This formalism is used in next section to estimate the photogenerated current.

1.3.3 Basic equation of a solar cell

The solution of Poisson equation is the basic equation for solar cells given as,

52 ¢ (@) = —[n(z) = p(@)] (1.22)
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where ‘¢’ is the elementary charge, ‘€’ is the polymer dielectric constant, ‘i)(x)’ is
the potential at point ‘z’ due to electron density ‘n(z)’ and hole density ‘p(x)’.

The current continuity equation is given as,

2 u(w) = U @), () = —qU(a) (123

where ‘J,p(x)" is electron(hole) current and ‘U(x)’

is the net carrier generation
rate, i.e. the difference between photogenerated carriers and recombination of free
carriers. In order to solve these equations there should be some equation correlating
the charge carrier density and potential to the current density. Drift-Diffusion

model is used to describe photogenerated current. Introducing drift and diffusion

component to the current,

0 0
- = D, — 1.24
I qnunax¢+q o (1.24)
and
0 0
— —qppy,—1p — gD, — 1.2
Tp = —aptiyz ) — 4Dypzp (1.25)

where ‘D, p’ are the carrier diffusion coefficient and follows Einstein’s relation,

Dn,p = Mn,p‘/z (126)

‘Vi = kgT/q is the thermal voltage of the carrier. A unique solution of these
set of equations can be achieved by introducing boundary conditions, i.e. carrier
concentration and potential at both the electrodes. At top contact, x = 0 and
at bottom contact, x = L where L is the polymer thickness. Assuming an ohmic

contact at both electrode, the carrier concentration can be given by the simple
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Boltzmann distribution at x = 0,

n(0) = N, p(0) = N&xp(—%) (1.27)

and at the bottom electrode at x = L

n(L) = Ncexp(—g%), p(L) = N, (1.28)

The boundary condition for the potential is given by the equation 1.29

w(L) - w(O) = Egap — V;Lpplied (129)
where ‘V,peq’ 1s the applied voltage.

1.3.3.1 Photogenerated current J,;, & Short circuit current Jsc

The solution J,,, a measure of photogenerated current, can be computed by it-
erative methods. We will look at the steady state photocurrent. At high reverse
bias, photocurrent tends to saturate. This indicates that all the photogenerated
carriers are extracted from the device, provided the drift length of electrons and
holes (Lfff}ff ") become equal or larger than the device thickness (d). Saturated pho-

sat __

tocurrent is J°* = ¢G'd assuming no recombination is taking place. Photocurrent

P
would be space charge limited if one or both of the carriers drift length is smaller
than the thickness of the film. In case of a imbalanced transport (p.7. # pp7,) of

electrons and holes, charge carriers get accumulated near one of the electrode and

photocurrent becomes field dependent [58] as given by the equation 1.30

Jph = qG[(MT)slowcarrier]O‘svo.s (130)
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where V' = Vippiied — Viuitt—in- Comparing J,, to standard space charge model
[Jsor = (9/8)eoerpu(V?/d?)] [58], photogenerated current .J,;, o G4, Tessler et.
al. performed a detail numerical analysis of J,;, over a wider intensity range [59]. It
is found that at high intensity of light, photocurrent could be space charge limited
even though carrier mobilities are comparable.

The device parameters play a significant role to describe the current-voltage (J-
V) characteristics of a solar cell based on a diode model. An organic photovoltaic
device can also be described by a Shockley equivalent circuit [60] as conventional
p-n junction solar cell and J-V characteristic [61] can be approximated by

JV) = — L [Jo{exp(%) 1} (- #)] (131)

‘Jp” is the saturated photocurrent given by the equation 1.30. Here ‘R;" and ‘R’
represent two parasitic series and shunt resistance respectively. ‘A’ is the area of
the device. ‘Jy’ represents the dark saturated current and ‘n’ is the ideality factor.
Thus at V = 0, short circuit current Jg¢ is estimated as

Jso = J(0) = HR—IS/RS;L [Jo{exp(%) - 1} - Jph} (1.32)

Fill factor of a solar cell depends on parameters R, and R, which can be extracted
from the experimentally obtained J(V') curve. Series resistance R, represents the
charge extraction resistance whereas shunt resistance R, represents the carrier
recombination loss. Hence lower R and higher Ry, is expected for an efficient BHJ

solar cells.
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1.3.3.2 Origin of open circuit voltage V¢

The open circuit voltage Voo is an important parameter for performance of solar
cell as well as to understand the charge generation and separation phenomena. The
relevant band diagram of a bulk heterojunction solar cell is presented in figure 1.5.
Two different energy levels which can govern the Vo are the effective band gap Ey
corresponding to the energy of the polaron pair after exciton dissociation, and the
difference of the work functions of anode and cathode. However the band bending

at the D-A interface may result in reduced Vo as proposed by Cheyns et. al. [62]

(1.33)

where ‘Np’ and ‘N4’ donor and acceptor effective density of states and ‘p’ and ‘n’
are the hole and electron concentration at the interface respectively. Koster et.
al. proposed another model where Ve depends on light intensity and hence the

generated photocarriers [63]

Eq kBTln[(l - P)m\ﬂ} (1.34)

Voo = — —
oc p p PG
‘N’ is the effective density of states, ‘3’ is Langevin recombination rate. Later
Vandewal et. al. [64] showed that V¢ is proportional to effective bandgap and
is given by an empirical relation Voo = Egcffective) — 0.43 V. Effective bandgap
depends on the polaron pair energy. Hence Vo also depends on materials prop-

erties and can be optimized by reducing the energy gap between donor-LUMO to

acceptor-LUMO without affecting the back electron transfer rate.
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1.3.4 Solar cell architecture

Polymer solar cell consists of photo-active polymer materials sandwiched between
two different work function materials which enables the charge separation at the
polymer electrode interface. But in most of the cases, work function difference is
not sufficient enough to dissociate strong columbically bound electron-hole pair.
To achieve high efficiency device it is mandatory to have a Donor-Acceptor hetero-
junction to break up high binding energy excitons. This leads to different types
architecture of polymer based solar cells (i) planar (bi-layer) heterojunction (ii)

ordered (finger like) heterojunction and (iii) bulk heterojunction as shown in the

figure 1.7.
Cathode Cathode Cathode
Acceptor AGEepor o
Donor Donor
| ~ ITO NIz ITO NI ITO N
Bi-layer Ideal structure Bulk Heterojunction

Figure 1.7: Three different architecture, bilayer, finger like(ideal) and bulk hetero-
Junction solar cells.

In case of planar heterostructure, photogenerated excitons get dissociated only
at the bi-layer interface (exciton diffusion length <10 nm). The photocarrier gen-
eration occurs only at the D-A interface although photoabsorption is within the
bulk. The choice of solvent plays an important role to form a bilayer structure.
Recently, Wang et. al. [65] showed the effect of solvent at the bilayer interface
where donor polymer with acceptor material forms a graded structure [66].

An ideal structure proposed in the literature for obtaining high efficiency is
the interdigitated ordered periodic structure where photogenerated exciton in the
donor materials encounters an acceptor interface within 10 nm. Such solar cell

architecture can be formed by infiltrating polymer into the nano-structured oxide
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layers. Titania (TiOy) template with a mesoporous structure (pore size should be
of the order of exciton diffusion length) can be made by several techniques [67-69].
The thickness of the nanostructure titania film is in the range of 300 - 500 nm.
The polymer infiltrated TiO, is covered with a thin layer of polymer film to avoid
direct contact between TiO, and hole collecting electrode and hence reducing the
dark current magnitude. In this geometry TiO, acts as the electron acceptor and
can be grown or spin casted on indium tin oxide (ITO) or fluorine doped tin oxide
(FTO). Gold (Au) or silver (Ag) acts as anode. However, efficiency observed is not
significantly high [70-72]. Heeger et. al. demonstrated that TiO, can be used as
optical spacer [73] and as a protective layer as well [74].

Bulk heterojunction approach is popular as it is least complex in implementa-
tion. The approach involves mixing of donor and acceptor materials in a common
solvent followed by deposition on the substrate where it forms intimately entangled
network of donor and acceptor phases. The length scale (order of nm) at which the
phase separation happens depends on the various processing parameters as well as
the starting materials. Ideally, the domain size of each phase should be the same
as exciton diffusion length so that the photogenerated exciton can find an inter-
face within the diffusion length. The transport through the bicontinuous network
depends on the morphology of the devices. Numerous techniques such as solvent
assisted annealing, thermal annealing, use of additives, are used to optimize the de-
vice morphology. Recent report on vertical phase segregation of PSHT and PCBM

by Nelson group [75] also suggests the importance of appropriate phase separation.
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1.3.5 Physical processes in BHJ-PSCs: Efficiency limit

The sequence of processes present in the BHJ polymer solar cells are as follows; (i)
photon absorption (n4), (ii) exciton dissociation (ngp), (iii) charge transport (ncor)
and (iv) charge collection (ncc). The power conversion efficiency (npcr) depends

on all the factors listed above and it is given by the equation 1.35

NrpceE = NANEDTCTICC (1 -35)

Since conjugated polymers have higher absorption coefficient (v ~ 10° cm™!) in the
visible range, thin films of ~ 100 nm thickness are necessary to absorb most of the
incident photon flux. However, solar spectrum contains significant NIR, component
(~ 45%) as compared to visible range (~ 47%). Due to the wide band gap of the
organic semiconductor most of the NIR photons are not harvested. In recent years,
development of low band gap polymers (¢, ~ 1.5 eV) [76-78] has led to a better
absorption till 900 nm (Fig. 1.8). The absorption efficiency can be calculated
from the Beer-Lambert law taking into consideration that the reflectivity from the

surface is R and thickness of the polymer film is d,

na=(1-R)(1—e) (1.36)

Absorption efficiency can be improved by using an antireflection coating [79-81] on
top of the solar cell, using an optical spacer to increase the electric field [82-84] in-
tensity of incident photon in the polymer film, introducing micro and nanostructure
to increase the plasmonic effect [85-87] and hence the absorption efficiency.

The exciton binding energy is more than the thermal energy (kT ~ 25 meV

at room temperature). The exciton dissociation can happen only at the D-A het-
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Figure 1.8: Black line indicates the solar cell spectrum. Red line is the photocurrent
spectrum of PSHT:PCBM blend polymer solar cell and green line is the photocurrent
spectrum of of PCPDTBT:PCBM polymer solar cell. Figure is adopted from the
reference [76].

erojunction. The exciton diffusion length Lp in conjugated polymer is reported 5
- 20 nm [88]. Because of much smaller diffusion length scale efficiency of a bilayer
device is limited by the photogenerated carriers. This limitation is shorted out by
the introduction of BHJ concept where an exciton generated in the photoactive
donor materials always finds an interface within 10-20 nm. The efficiency of the
exciton dissociation (ngp) depends on the binding energy of the exciton and the
energy offset at the D-A interface. Detail of exciton dissociation is discussed in
Section 1.3.2.

The charge transport in the BHJ-PSCs is one of the most complicated processes
to understand. After the exciton dissociation the free carriers (electrons in acceptor
materials and holes in donor materials) get transported through the percolating

pathways. Carrier mobility of electron and hole play a significant role to the device
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current-voltage (I-V) characteristic. The mobility lifetime product (ur) of electron
an hole in the acceptor and donor materials respectively should be equal for high
efficient devices [89]. In pristine PCBM the electron mobility (g, = 2.0 x 1073
cm?/Vs) [90] was found to be 4000 times higher than the hole mobility in pure
MDMO-PPV (u, = 5.0 x 1077 ¢cm?/Vs) [91]. In the blend film, mobility gets
modified. In PPV:PCBM blend film, hole mobility gets enhanced [92] in the field
effect transistor measurement. However in solar cell or light emitting diode (LED)
structure mobility is always lower than the field effect mobility due to the low
concentration of charge carriers. [93]. Recently Blom ef. al. have shown that
the hole mobility in MDMO-PPV:PCBM blend (1:4 by wt. ratio) is enhanced by
more than two orders of magnitude compared to pristine MDMO-PPV film [94].
This enhancement in the mobility upon blending with the acceptor materials is
not well understood. However the addition of PCBM may enhance the packing
of the MDMO-PPV morphology and make it favorable for hole transport. There
are other reports on nano-phase separated morphology and higher crystallinity of
the polymer which play a significant role to improve the charge transport efficiency
(ner).-

Effect of polymer/electrode interface on device performance is also reported in
the literature. The charge carrier collection (nc¢) at the polymer electrode inter-
face mostly depends on the work function of the electrodes and the HOMO-LUMO
band of the polymer. In a classical metal-insulator-metal (MIM) model, open
circuit voltage is defined by the work function difference between two electrodes,
provided the Fermi levels of two electrodes are within the band gap of the poly-
mer. However, when polymer makes an ohmic contact with the electrode, charge
transfer from metal to semiconductor takes place in order to align the Fermi level.

Hence electrode work function gets pinned to the HOMO/LUMO level of the semi-
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conductor [95], consequently Vpe is defined by the band gap of the semiconductor.
In BHJ structure, band gap is defined by the difference of donor-HOMO level to
the acceptor-LUMO level. The origin of Voo in BHJ-PSCs is described by Brabec
et. al. [96]. Recently it is found that ncr also depends on the polymer/electrode
interface properties. Gupta et. al. [89] have reported that the process of cath-
ode material deposition play an important role to determine the fill factor of the
devices. Relatively slow deposition of Al electrode on polymer film leads to a con-
formal coating which is necessary for higher charge collection rate. Verification of
this argument was carried using metallic alloy and the details of this approach are

discussed in section 5.5.1.1.

1.4 Materials

Materials used for solar cells are broadly classified into two categories: (i) active
polymer semiconductors, (ii) conducting materials as electrodes and buffer layer
materials. Active polymer matrix absorbs light and creates free charge carriers

which should be efficiently collected by the top and bottom electrode.

1.4.1 Polymer semiconductors for solar cells

The polymer semiconductors are mostly donor type because of higher air stability,
although there are very few report on acceptor type air stable polymers [97]. In
this section, some of the donor type (Fig. 1.9) and acceptor (Fig. 1.10) type
polymers and macromolecules which are extensively used in polymer solar cells
will be discussed. Their optical and electrical properties are also mentioned in

brief.
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Figure 1.9: Very commonly used electron donating (donor) materials for high effi-
ciency solar cells.

1.4.1.1 P3HT

One of the most common polymer in the area of polymer electronics is poly-[3-
hexylthiophene] (P3HT) with sufficient thermal stability (7, >150 °C). P3HT be-
longs to the group of alkyl-substituted thiophene compound with optical band gap
1.9 eV [98]. The conjugation of thiophene ring can have different kinds of orienta-
tion called HH (Head-Head), T'T (Tail-Tail) and HT (Head-Tail) or the combination
of H & T. The optical and electrical properties of P3HT depend on the polymer
conjugation length. Hence P3HT is broadly classified as RR-P3HT (regioregular)
and RRa-P3HT (regiorandom) where electrical characterization shows different
responses [99]. It is evident from crystallographic study that P3HT film starts
aggregating in a stacked interlocking comb-like structure. A XRD peak is observed
in a thin P3HT film and is assigned to (100) plane due to lamellar layer structure

[100]. Crystallinity of P3HT also depends on the molecular weight [101, 102] and
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the conjugation length.

1.4.1.2 PCPDTBT

Poly|2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta|2,1-b;3,4-b’]-dithiophene)- alt-4,7-(2,
1,3-benzothiadiazole)] (PCPDTBT) is one of the most promising low band gap
polymer (£, ~ 1.5 eV) first reported by Brabec et. al. [103]. In this system cy-
clopentadithiophene unit is used as donor block in the polymer backbone. It shows
increased charge transport properties as well as optimum energy level with a broad
absorption spectrum ranging from 300 nm to 900 nm. From the cyclic voltamme-
try (CV) test, the HOMO and LUMO of this polymer were calculated at ca. 5.3
and 3.57 eV with a band gap of 1.73 eV. However, from optical absorption study
the band gap is expected to be lower than the band gap from CV measurement.
PCPDTBT absorption spectrum in the solution and in the film form shows ~ 70
nm red shift. Such kind of shift is expected for a rigid conjugated polymer with a

strong interchain interaction due to a m — m stacking.

1.4.1.3 PCDTBT

Poly(N-alkyl-2,7-carbazole) derivative poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-
(47, 7°-di-2-thienyl-2’,1’ 3’-benzothiadiazole)| (PCDTBT) is a low band gap, air sta-
ble polymer with high mechanical stability (7, >130 °C). The detailed synthesis
of this polymer is reported in the literature [104]. PCDTBT shows relatively high
molecular weight (number average M,, = 37 and weight average M,, = 73 kDa).
This polymer shows excellent thermal stability (5% degradation at 430 °C).

All three polymers discussed above are electron donating polymers. There are

other types of donor polymer generally used for BHJ devices. Polyphenylene
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vinylene (PPV) derivatives such as; poly[2-methoxy-5-(3,7-dimethyloctyloxy)-p-
phenylene vinylene] (MDMO-PPV) [105] and poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH-PPV) [106], polyfluorene based polymer like [poly(9,9-
dioctylfluorene-co-bis-N,N’-(4-butylphenyl)-bis-N,N’-phenyl-1,4-phenylenediamine)]
(PFB) and [poly(9,9’-dioctyl fluorene-co-bis-N,N’-(4-butylphenyl) diphenylamine)]
(TFB) polymers are reported in the literature [107].

There are very few electron accepting polymers, like polyfluorene based [poly(9,9-
dioctyl fluorene-co-benzothiadiazole)| (F8BT) [108], PPV based Cyano-Polyphenylene
vinylene (CN-PPV) Polymers. But most commonly used electron acceptors are the
Ceo, and its derivatives. Optical properties of all materials are listed in the table

1.1

H/ CsHyy

CIOHZI

Figure 1.10: Very commonly used electron accepting (acceptor) materials for high
efficiency solar cells.

1.4.1.4 PCBM

[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) is a soluble derivative of buck-

minsterfullerene. Functionalized fullerene has found many applications in the area
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of optoelectronics and it is extensively used in organic solar cells. High electroneg-
ativity of Cgo makes this a wonderful acceptor material. The detailed material
chemistry of PCBM has been discussed by Lépez et. al. [109]. PCBM shows high
UV absorption (350 nm) compared to visible range due to symmetry forbidden first
excited state (S;) and emission at 700 nm [110]. PCBM can take more than one
electron even in excited state. The charge transfer rate is very fast (order of fem-
tosecond) whereas back transfer (recombination) rate is much slower as expected
for acceptor materials. The use of C7y based PCBM in BHJ-PSCs is more efficient

[111] than Cgg based PCBM as Cyq is more non-centrosymmetric than Cgo.

1.4.1.5 P(NDI20D-T2)

Poly[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]- alt-
5,5’-(2,2’-bithiophene) [P(NDI20D-T2)] is a NDI-based electron transporting poly-
mer, first reported by Yan et. al. in 2009. This is also commercially available with
Polyera Activink, USA, commonly known as N2200. N2200 is a air stable, low
band gap (E, ~ 1.5 eV) photoactive (absorption peak at 700 nm) n-type polymer
with a mobility of 0.45 - 0.85 cm?V~!S™! under ambient condition [97]. N2200
has been used extensively for n-channel FETs [112, 113], but is hardly any report

where N2200 has been used as electron acceptor materials in a BHJ solar cells.

Table 1.1: Optical properties of solar cell materials

Materials HOMO LUMO Optical band gap

P3HT 5.1 eV 3.0 eV 1.9eV
PCPDTBT 53eV  3.57eV 1.46 eV
PCDTBT 5.6 eV 3.6 eV 1.9 eV
N2200 5.6 eV 4.0eV 1.5 eV

PCBM 6.1 eV 4.3 eV ~20eV
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1.4.2 Conducting electrode materials and buffer layer materials

There are other materials such as electrodes, electron as well as hole conduct-
ing/blocking layer materials or sometimes optical spacer materials to increase the
light absorption. They are very essential to determine the overall device perfor-

mance. Here we list necessary materials for solar cell fabrication.

1.4.2.1 Transparent conducting oxide (TCO)

Transparent conducting oxides (TCOs) are employed as transparent electrodes in
flat-panel displays, light-emitting diodes, electrochromic windows, and solar cells
[114-116]. Although there are important secondary requirements for such trans-
parent electrodes (e.g., interfacial properties, chemical stability, etc.), the primary
requirements are high electronic conductivity and good visible transparency (in
thin film form). In addition, band alignment matching with the active absorber
components is important. For organic conductors, the band alignment at the TCO
interface is expected to depend directly on TCO work function [117, 118]. TCOs
are mostly wide bandgap (3 - 5 V) n-type semiconductors. Conductivity of these
oxides depends on the doping level. Typically used TCOs in solar cell application
are Indium tin oxide (ITO) (£, ~ 2.8 V), Fluorine doped tin oxide (FTO) (E, ~
3.6 eV) and Zinc oxide (ZnO) (E, ~ 3.3 V). The work function (¢; = Eyac— Er)
of these TCOs depends on the doping concentration. It is observed that the UV-
ozone treatment on I'TO increases ¢¢. This is due to the reduction of carbon atoms
and the formation of the Sn deficient and O-rich surface by the treatment [119].

Hence solar cell efficiency increases [120].
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1.4.2.2 Conducting polymer PEDOT:PSS as buffer layer

In all the solar cell devices a thin buffer layer of conducting polymer poly(3,4-
ethylenedioxythiophene)/poly(4-styrenesulfonic acid) [PEDOT:PSS] is used to in-
crease the charge collection efficiency. This conducting polymer is a good electron
blocking hole transporting layer. PEDOT:PSS is a water soluble dispersion of col-
loidal particles containing PEDOT and PSS-Sodium. PEDOT alone is found to
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Figure 1.11: Chemical structure of a PEDOT:PSS. The ‘dot’ and ‘plus’ represent
the unpaired electron and positive charge on the PEDOT chain, respectively.

be insoluble in water. The solubility problem was solved by adding a water solu-
ble PSS as charge balancing dopant during polymerization to yield PEDOT:PSS
[121, 122]. The conductivity of PEDOT:PSS film can be modified by doping and
proper annealing conditions [123]. For solar cells PEDOT:PSS is used on top of
ITO (¢; ~ 4.8 €V) coated glass substrate. ITO/PEDOT:PSS composite works as
hole collecting layer (¢ ~ 5.1 V) as it forms more ohmic contact with the polymer

HOMO level. This has been observed in electroabsorption spectroscopy [124].



1.5 Polymer solar cell measurements 35

1.4.2.3 Hole blocking layer and cathode materials

In general, low work function metals like Al (¢;=4.3 eV), or Ca (¢;=2.9 eV)
are used as cathode materials to match with the LUMO level of the acceptor
materials. Ca is highly reactive material. Hence after deposition of Ca, a thick
layer of Al deposition is necessary to encapsulate the device. A thin layer (5-10
nm) of LiF is used as hole blocking layer [11] to improve the charge collection
at the polymer/electrode interface. The use of pentacene as hole blocking layer
is also reported in the literature [125]. Recently Reinhard et. al. have reported
that solution processed CsF increases Vo by 0.3 V in an inverted geometry [126].
In case of inverted structure, a thin nano-structured oxide layer (ZnO, TiO,) is
introduced between bottom electrode ITO and polymer. These oxides act as hole
blocking electron conducting layer and improve the efficiency of inverted organic

solar cells.

1.5 Polymer solar cell measurements

Solar cells characterization is necessary to estimate device performance. The
current-voltage (J-V) measurement is carried out under white light illumination
(Xe lamp, typically 80 - 100 mW /cm?) as well as under dark condition from +1
V to -1 V range. J-V characteristic under dark essentially indicates a diode sig-
nature with high rectification. The light I-V curve in the fourth quadrant (Fig.
1.12) is a representation of device efficiency where the diode is operating in ‘in-
jection” mode. The current at V. = 0 V represents the short circuit current (Js¢)
where the recombination loss is minimum. The voltage at which current is zero is
open circuit voltage (Voc) where recombination is same as the carrier generation

rate. The product of Voo X Js¢ is the pseudo power. The actual power output is
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Figure 1.12: Current-voltage characteristic of a polymer solar cells. Black solid
line indicates the dark J-V curve, dashed line indicates the J-V curve under light
tllumination, dashed-dotted line represents power output.

Vinaz X Jmaz- The ratio of actual (maximum power) output to that of the pseudo
power output is the fill factor (FF). The power conversion efficiency is calculated
using the expression n = FF x Voo X Jso /Py where Py, is the incident optical
power density (in mW /cm?).

Other type of measurement is related to the external quantum efficiency (EQE)
where EQE is a function of incident photon wavelength. The photocurrent respon-
sivity S(A) (mA /W) follows the absorption spectrum of the polymer. An empirical
relation can be used to estimate the EQE,

S(N\) x 124

% (1.37)

EQE(HIPCE) =

where \ is in nm. The factor 124 comes from he/q where ‘¢’ is velocity of light and
‘h’ is the Planck’s constant.

Understanding of BHJ devices is necessary to improve the device performance.
Hence there are several other characterization and measurement techniques com-

monly used for solar cells. Intensity modulated photocurrent measurement is one
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of them to understand various photophysical processes involved in an active device.
The frequency dependent modulated current analysis and phase shift analysis gives
the energy distribution of localized states [127, 128]. AC impedance measurement
under white light illumination as well as in dark is necessary to estimate the device

photocapacitance and resistance and its effect on solar cell performance.

1.6 Thesis outline

In the field of organic electronics, solar cells have undergone tremendous improve-
ment in terms of efficiency in the last decade. Considerable emphasis has been put
on the early stages of the charges separation process in a BHJ. The secondary pro-
cesses of electrical transport accompanied by trapping and recombination events
are also equally important. The present work focuses on the events in this regime
(> 1 ps) in these BHJs. Even though there are reports on light intensity mod-
ulated photocurrent spectroscopy (IMPS) and phase shift analysis to understand
the transport in Dye Sensitized Solar Cells (DSSCs), these IMPS based methods
have not been applied BHJ-PSCs. In this thesis, modified IMPS is used to under-
stand the carrier dynamics in an active device. It is observed that the modulated
photocurrent spectrum of a BHJ-PSC shows a universal feature in the frequency
range 5 to 10 kHz in terms of a peak. The origin of photocurrent peak is mod-
eled in terms of exciton generation and dissociation, free carrier transport and
recombination, trap kinetics and charge extraction at the polymer electrode inter-
face. The activation energy for the charge carriers has been estimated from the
temperature dependent modulated photocurrent measurement. The fine features
especially at low frequency range have been closely observed and analyzed where

morphology and composition play a significant role. The modified IMPS is also
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carried on bilayer polymer solar cells and DSSCs where photo-physics is completely
different from BHJ-PSCs. The photocurrent peak at 5-10 kHz is absent in these
above mentioned cases. AC impedance measurement in dark as well as under white
light illumination is also carried out on the same sample to estimate resistance and
capacitance values. The frequency dependent capacitance and resistance under
white light with different bias voltage show some crossover at frequency range of
3-4 kHz. The anomaly in the loss angle measurement shows local minima in the 5
kHz frequency range.

Following the frequency dependent studies, the noise patterns of the BHJ-PSCs
in active working condition are probed. The complex sequence of generation, sepa-
ration and transport of the photogenerated carriers manifests in the form of charac-
teristic noise signal. The power spectral density (PSD) of the short circuit current
fluctuation takes a Gaussian form in the 10 kHz to 90 kHz frequency regime. The
noise studies were carried out under different experimental conditions; namely tem-
perature, light intensity and efficiency of the devices. In general, the magnitude of
the photocurrent fluctuation reduces with decreasing temperature. The photocur-
rent fluctuation amplitude is observed to increase with increasing light intensity.
The origin of the photo-current fluctuation is attributed to the density of trap
states present in the device.

Polymer photodetectors are other promising areas of research and technology.
Ease of fabrication on flexible substrate made them more attractive in the areas
of curved image sensor and detectors. With the development of low band gap
polymers, the absorption tail is extended upto 900 nm. The optimum composition
of low band gap donor blended with acceptor materials is used to fabricate pho-
todetector especially at near infra-red (NIR) regime. The characterization is done

under different experimental conditions such as temperature dependent study, bias
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dependent transient response measurement and transient under white background
illumination. The effect of trap filling and detrapping of charge carriers on the
device response time is observed.

Electric field induced instability has been studied on dielectric visco-elastic ma-
terials in a thin film (~ pm) form. It has also been noticed that conducting liquid
surface deforms under the external electric filed. The deformation dynamics of a
small conducting liquid drop under electric field is closely investigated in this thesis.
There are two distinct regimes: at low electric field the growth of a droplet is linear
with the applied voltage, whereas at high field regime, the system becomes unsta-
ble. The deformation of droplet at low field regime is utilized to fabricate organic
electronics devices such as polymer light emitting diodes (PLEDs) and polymer so-
lar cells (PSCs) with efficiency comparable to device with conventionally deposited
electrode. This technique also provides a vacuum free low temperature electrode

deposition for enabling fill factor limiting studies.






SECTION 2

Impedance Spectroscopy: Intensity modulated

photocurrent (IMP) features of BHJ solar cells

2.1 Introduction

Intensity modulated photocurrent spectroscopy (IMPS) is a valuable complemen-
tary approach for transient measurements to study charge carrier-relaxation pro-
cesses. This technique involves measurement of photocurrent in response to a
superimposition of small sinusoidal perturbation in presence of larger CW illumi-
nation (bias-offset). The technique has been traditionally used for Gratzel cells
[129, 130] and disordered a-Si cells [131, 132] to highlight the relaxation mecha-
nisms related to carrier life time, transit time and recombination dynamics. The
use of relatively small modulation amplitudes has an advantage that the diffusion
coefficient of electrons is primarily determined by the CW illumination intensity.
Phase shifts in modulated photocurrent measurements in absence of a CW back-
ground have also been utilized to extract density of trap states [133, 134]. However
in bulk heterojunction polymer solar cells (BHJ-PSCs), intensity modulated pho-
tocurrent has not been studied extensively. In this section, utilizing a modified
IMPS approach, the effect of various processes in BHJ-PSCs has been studied. All

polymer based BHJ devices show a common feature in modulated photocurrent

41
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spectrum.*

Bulk-heterojuction polymer solar cells (BHJ-PSCs) are promising alternatives
for conventional inorganic photovoltaic with relatively low manufacturing com-
plexities. Efficiency () in the range of ~ 8% has been achieved [38, 39] for bulk
heterojunction polymer /fullerene solar cell. The general approach to improve these
devices has been to explore novel compatible electron donor (D)-acceptor (A) sys-
tems which covers a wide absorption region [104, 135] over the solar spectrum,
along with minimizing losses in the different photophysical processes involving
charge transfer and separation [136]. The network morphology [137, 138] and
the optimized gradients of the appropriate phases at the electrodes [139] in these
BHJ-PSCs have also been observed to play an important role in determining the
properties of these devices. There are growing options for the donor component of
the BHJs, with a range of materials having desired energy levels to facilitate the
ultrafast photoinduced charge transfer processes [9, 140]. A common set of features
in these systems includes the existence of ultrafast photoinduced charge transfer
across the D-A interface, and open circuit voltage (Voc) related to difference in the
D-HOMO level and the A-LUMO level [141]. We observe an additional universal
feature in the BHJ-PSCs in form of a local feature in modulated photocurrent (1)
and attribute it to a characteristic combination of correlated fundamental processes
occurring over multiple time scales. This feature was studied in all variety of BHJ
systems. All the necessary measurement details were also carried out. Model was

constructed to simulate the results.

*Based on these studies, paper has been published in Phys. Rev. B 82, 075308 (2010).
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2.2 Device fabrication & measurement details

Polymer solar cells in sandwich configuration were fabricated using standard pro-
tocol: (i) cleaning of ITO glass substrate (ii) spin casting of PEDOT:PSS layer on
top of ITO and subsequent annealing (iii) preparation of donor-acceptor blend in
an appropriate solvent (iv) spin casting of polymer blend on top of PEDOT:PSS
and finally (v) controlled and uniform deposition of cathode materials by physi-
cal vapor deposition technique. The cleaning of ITO glass substrate plays a vital
role to determine the device efficiency as well as the reproducibility. ITO glass
substrates were thoroughly cleaned with a soap water, ethanolamine, isopropyl al-
cohol and acetone (1:1) mixture and finally rinsed with distilled water. Substrates
were further cleaned using RCA protocol: a mixture of hydrogen peroxide (HyOs),
ammonium hydroxide (NH4OH) and water (1:1:5 by volume) and boiled at 80 °C
for 15 minutes. PEDOT:PSS was filtered through 40 um filter paper and subse-
quently spin casted (~ 80 nm) onto the ITO glass substrates at 2000 rpm for 60
seconds. Substrates were then annealed at 120 °C for 30 minutes. Polymer blend
with appropriate donor-acceptor ratio in appropriate solvent (typically 20 mg/ml
concentration, stirred overnight and filtered through 0.22 pm filter) was then spin
casted on top of PEDT:PSS film inside a nitrogen filled glove box (< 1 ppm Os and
< 1 ppm H50) at 1000 rpm speed for 60 seconds. Devices were heated at 80 °C for
30 minutes to remove the solvent. The counter electrode (Al or Ca/Al cathode)
was deposited (40-60 nm) by physical vapor deposition through shadow mask at a
base pressure of 1076 mbar. Sometimes devices were encapsulated inside the glove
box using glass coverslip and epoxy resin to increase the stability.

The set of BHJ-PSCs were based on donor type polymers such as P3HT and
PCPDTBT [76] blended with acceptor either PCBM macromolecule [142] or P(NDI20OD-
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T2), (Polyera Activink N2200) polymer [97]. P3HT (98.5% regioregularity) was
obtained from Sigma-Aldrich, USA. PCPDTBT was obtained from KONARKA,
USA. Cg based PCBM was obtained from Sigma-Aldrich. P(NDI20D-T2) was
obtained from Polyera Activink, USA.

The typical value of Igo (responsivity) and Voo were in the range of 20-30
mA /W and 0.55-0.6 V respectively in all the solar cells studied. A modified IMPS
technique was used for photocurrent measurement. A fast LED (GaN based white
LED) was connected to a frequency generator (Tektronix, Model AFG320) and
was driven by modulated voltage output. Depending on the DC voltage, LED
output (L,.) was controlled not only the intensity but the duty cycle also (Fig.
2.1). For background CW illumination (Lg.) an additional white LED was used
with a constant voltage source. The CW background intensity was varied from 0

to L, of the modulated probe intensity.

Adjustable Polymer solar
White LED aperture Beam cell sample
expander 1
) [ ' 50X
E— |—
| Frequency ) [ Lock-in/ o |
generator Oscilloscope
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Synchronous O/P frequency ©

V(t) =V, +V; Sin (ot)

Figure 2.1: Experimental setup for the intensity modulated photocurrent measure-
ment. White GaN based LED is used as the light source driven by sinusoidal voltage
of frequency varying from 10 Hz to 100 kHz. LED intensity depends on the Vi (1'V)
and Vi (2.0 - 3.0 V). Spot size varies from 160 pm diameter to broad illumination
depending on the sample to objective lens distance.

Modulation frequency of the incident light was varied from 10 Hz to 100 kHz

on the logarithmic scale. Optical arrangement was made to increase the intensity
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along with a spot size varying from 160 pgm to 1.7 mm. However, in general
the experiments were done under broad light illumination. The photocurrent was
measured either by Lock-in technique (Stanford Research System Inc. Model SR830
DSP) or by an oscilloscope (LeCroy, Model Wave Runner 6100A) as shown in the

figure 2.2. Device was fixed on XY translation stage to adjust the position of the
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Figure 2.2: Frequency response of LED and solar cell device. Frequency sweep is
done from 100 Hz to 100 kHz. Detector output shows steady response of the LED
up to 10 kHz. Bottom red curve is solar cell photocurrent.

light spot for focused illumination on the overlap region as well as away from one of
the electrode. Possibilities of error from the source as well as instruments have been
eliminated by measuring average power output for different modulation frequencies
[Fig. 2.3(a)] with different types of photodetectors [Fig. 2.3(b).]

A universal photocurrent feature was observed in all polymer solar cells [Fig.
2.4] tested in the laboratory. Light source (L,. ~1 mW/cm?) incident on the
PSCs, was modulated at a frequency ranging from 10 Hz to 100 kHz. Photocurrent

response can be classified into three distinct regimes;
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Figure 2.3: (a) Average power out from two LED sources (White LED &
Green LED) was measured by a power meter COHERENT (Model FIELDMAS-
TER) for different wavelength. (b) Modulated photocurrent frequency response of
PerkinElmer PMT (Model MP962) detector measured by Stanford Research System
(Model SR830 DSP) shows featureless behavior till 10 kHz frequency for smaller re-
sistance value. Resistance of 1 MQ or 68 k£ is used across the PMT and the voltage
across the load resistance has been measured.

1 L]
o - 180
M -::lgﬁﬁﬁ‘l%(- iy S 1
< 160
% < 140
5 o1k Simulation o 7] lzoﬁ
8 G Experiment ¢ ] 100 8
g Simulation %E-’D
= O Experiment e
3 o
8 g
é%:o_m 3 B
Ll
10’ 10’

o (Hz)

Figure 2.4: Modulated photocurrent amplitude () and phase (o) plot of a
P3HT:PCBM devices. Simulation (black line for photocurrent and red line for
phase) data matches with the experimental values.
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e [,;(w) magnitude marginally changed from the w = 0 value and was relatively

w-independent at low frequencies (w<1 kHz).

e For w>1kHz, [, (w) increased with w and a distinct maximum of I,,(w) was

observed in the range of 5 kHz <w,.:<10 kHz.

e Beyond 10 kHz, I,,(w) decreased and followed a power-law decay I,;(w) o

w7 with an exponent vy ~2.

The phase (¢) of a typical I,,(w) response indicates a singularity ([d¢(w)/dw],,,.. =
00) at Wpae. Phase component of modulated photocurrent can also be plotted
in real and imaginary axis in a cole-cole plot. Modulted photocurrent from a
simple RC circuit represented in a cole-cole plot results in semicircle. The cole-cole
representation of this data set reveals this feature in the form of a distorted circle.
The magnitude of I,,(w) scales with probe light intensity and the wavelength ().
In the entire range of intensity, the w dependence with respect to these external
parameters was preserved for all the efficient devices tested in our laboratory. The
uniform presence of the response for all the combinations of donors and acceptors
in BHJ-PSCs points to a set of common dominant underlying processes in this class
of systems.

The feature of local frequency maxima in the 5 - 10 kHz range was found to be
prevalent in all efficient BHJ solar cells for various donor-acceptor compositions.
The position (frequency) of local maxima was maintained as the temperature was
varied over a wide range (100 K - 300 K). The position of local maxima was
maintained for different intensity and wavelength of the modulated light. This
interesting universal feature appears to be a characteristic signature of BHJ-PSCs.
It is instructive to model the frequency dependent photocurrent response as a

product of two independent transfer functions consisting of a circuit component and
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a microscopic component. In the next section circuit model as well as microscopic

model is introduced and discussed in details.

2.3 Model to describe dynamics in BHJ-PSCs

There have been tremendous efforts to understand the mechanism of charge trans-
port in polymer BHJ solar cells. The processes consist of ultrafast photoabsorption
and exciton generation, followed by charge dissociation, geminate and non-geminate
recombination, trapping kinetics and charge carrier extraction at the interface. The
understanding of each process may be essential to find out the rate limiting pro-
cesses in the device. Amplitude as well as frequency modulation techniques are
useful tools to probe the dynamics and transport of charge carriers. There are
several reports on photoinduced absorption where absorption depends on the mod-
ulation frequency especially at higher frequencies [143, 144]. Frequency dependent

photocurrent is also predicted by Epshtein et. al. [145].

2.3.1 Circuit Model

Ideal photovoltaic cells can be represented as a constant current source (I;) with
a diode connected in parallel. However in case of polymer solar cell there are two
parasitic resistances [146, 147] R, and Ry, as shown in the Figure 2.5. R represents
the charge extraction resistance at the polymer electrode interface where as Ry
represents the leakage resistance. In case of AC impedance measurement one should
take into account bias dependent junction capacitance and frequency as well as bias
dependent bulk diffusion capacitance. Combining these two capacitances with a
equivalent parallel capacitance C), the equivalent circuit is modified. The series

and shunt resistances may vary from short circuit to open circuit condition. The
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Figure 2.5: Equivalent circuit diagram of a solar cell. Ry and Ry, are two parasitic
resistances arising from charge extraction process and leakage current. C, repre-
sents the combination of bulk diffusion capacitance and junction capacitance. I,
and Isc are the photo generated and measured short circuit current respectively.

measured short circuit current (Ig¢) can be estimated by solving the circuit model.

The circuit transfer function (CTF) takes the form as given the equation 2.1

Isc(w) R,
CTF = =
[0(@) ~ [RauRyChiw + (Rop + Ry)]

(2.1)

Polymer blend is a leaky dielectric with a dielectric constant ~ 3.2 and hence C),
decreases with frequency. From the AC impedance measurement C, can be modeled
as C'/(aiw + 1) where C represents the geometrical capacitance and a represents
the dielectric relaxation time constant. So the CTF is modified as equation 2.2

where ¢ = Ry, /(Rsp+ Rs)

q(aiw + 1)
[(a+ qRsC)iw + 1]

CTF = (2.2)

The effect of circuit parameters on modulated photocurrent spectrum will be dis-
cussed later. The CTF is necessary but not sufficient to describe the origin of

photocurrent peak.
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2.3.2 Estimation of photo-generated current

Photo generated current I, can be estimated from the microscopic model of a BJH-
device. The basic prevailing microscopic kinetic processes of carrier generation,
recombination and charge carrier trapping along with associated rate constants
(Fig. 2.6) form the microscopic I (w). In this model surface recombination rate
has been taken as very high compare to other microscopic processes. Experiments
were carried out with relatively low intensity light. In this model space charge
effect on the extracted current also been neglected for low generation rate, and
hence generated photocurrent is proportional to the free carriers present at the

polymer electrode interface. Details of the model are discussed bellow. Microscopic

hv Exciton + Kats
D D: g Dr-A ———> Free carriers

Diffusion| &/h pair (G,) K (Nfree )

recom

l K¢=decay rate Tl Kegy

D-A
Ground state

Trap states

Figure 2.6: Schematic diagram of microscopic processes involved in an organic solar
cell. Kgyiss and Kyecom are the exciton dissociation rate constant and free carrier
recombination rate constant. rk.sy represents effective rate of trapping rate constant
of the charge carriers to thermally inaccessible states (> 25 meV). G, and Nyye
represent total number of excitons and free carriers at any instant of time.

processes span over multiple time scales (femto - millisecond). Photon absorption
occurs at femto-second scale. So it is almost instantaneous and internal quantum
efficiency ~ 100%. However decay of photo generated excitons g (%) depends on
two processes. Excitons get dissociate at the D-A interfaces, and the rate at which
it dissociates is inversely proportional to the average life time of the excitons and

proportional to the number of excitons at any instant. At the same time it can
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be generated from the free carriers nys...(t) at a rate constant Kyecom. Assuming
average life time of the excitons 7 we can write decay equation in the form of

equation 2.3

dgr(t) gr(t)
= - Krecom ree(l 2.3
L N S0 23)

Free charge carrier (n...) can decay through several pathways. One of them is the
charge carrier trapping at the deep trap states (>> thermal energy). There will
be a significant detrapping. However, overall loss of carrier can be given by the

equation 2.4 where ks is the effective trapping rate,

Qtrap:/ﬁeffnfree(t)dt (24)

So the rate equation of free carriers can be written as shown below.

dnf’ree(t) nf'ree
= - - K, iss t) — ra 2.5
7 ™ dissgr(t) = Qtrap (2.5)

substituting equation 2.4 in the equation 2.5

d reell ree(t
Rpree(t) _ _npreelt) _ Kaissgr(t) — /“eff”free(t)dt (2.6)
dt T2

Where K 4, is the excitons dissociation rate constant and 7 is the life time of
the free carriers. Combining equations 2.3 and 2.6 the relation between ¢ (¢) and

Nfree(t) could be written as

dznfree(t) 1 dnfreE(t) Kjiss
- eff — KrecomK i8S ree t) = — t 2.7
el 20D (g senee(t) = =1 (6) (27
or,
d°n reelt dn ree(l

dt? dt
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where K1 = 1/(Kess-KrecomKdiss),

Ky = 1/[m(Keff-Krecom K aiss )]

and K3 = Kyiss/[T1(Kefr-KrecomKaiss)|-

Equation 2.8 can be written in frequency (w) domain upon Fourier transformation

as shown below
—Q
[—Kle + Kgiw + ].}

Nfree(w) = GL(W) (29>

Photogenerated current is proportional to the free carriers and hence equation 2.9

can be rewritten as

P

I =
£(@) [— K w? + Kyiw + 1]

Gr(w) (2.10)

where P depends on the carrier mobility, exciton life time and exciton dissociation-
recombination rate and the trapping kinetics. So the microscopic transfer function

(TF) is given by the equation 2.11

P
TEF = 2.11
[—K1w2 + Kgiw + 1] ( )

The overall transfer function is the product of two transfer functions. Combining
equation 2.2 and 2.11 we get a complete transfer function as shown in equation

2.12 apart from the constant.

(aiw + 1)
[(a+ qRsC)iw + 1][— Kjw? + Kyiw + 1]

TFtotal == (212)

This expression for TF is utilized to fit the experimental results assuming a set of
realistic constants [Table 2.1].

The model fit relies essentially on the two parameters (K; and K3) describing
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Table 2.1:  Parameters wused for modulated photocurrent simulation for a
P3HT:PCBM blend (1:1 by weight ratio) solar cells.

Parameters Value
Series resistance R, 800 Q2
Leakage resistance Ry, 50 k2
Capacitance C, 38 nF
Dielectric relaxation parameter a 0.0016
Fitting parameter K; 2.0 x 107°
Fitting parameter K, 9 x 107°

the Lorentzian in the denominator and is independent of other variables. It is no-
ticed that the w,,., feature is less sensitive to the circuit parameters R,, R, and
Cp. It should be noted that the proposed model (equation 2.12) can be further
validated by solving it in the time domain and comparing it with the experimen-
tally obtained transient I,,(t) for the same set of parameters (K; and K3). The
frequency dependent magnitude and phase of the transfer function also agree rea-
sonably well with the experimentally obtained I,,(w) magnitude and the corrected
phase (¢) [Fig. 2.4].

The representation of the complex frequency response largely as Lorentzian
transfer function identifies the source for the maximum in [,,(w). The analogy
with a damped driven oscillator system where the transfer function has a similar
form is useful. Photocarrier generation can be taken as a driving term whereas the
trapping and recombination terms are the loss mechanisms of the system. Another
possible scenario is that the invariant w,., feature can originate from the dimen-
sions, organization and coupling of the nanoscale phase separated regions [Fig. 2.7].
Geometrical factors as a source for a characteristic w then can also discount the

dependence on the external factors.
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Figure 2.7: Near field scanning optical microscope (NSOM) image (excitation 532
nm laser) of a PSHT:PCBM (1:1 by weight ratio) blend polymer solar cell. Bright
spots represent PSHT rich areas where as dark spots represents PSHT:PCBM blend
or only PCBM rich areas. Grain size depends on the annealing condition where
over annealing increases the grain size. X and Y scale are in pm.

2.4 Parameters affecting photocurrent response

In the model it is seen that the photocurrent peak mainly originates from the
Lorentzian transfer function 1/[—Kjw? + Kyiw + 1]. The other circuit parameters
only modify the photocurrent spectrum at low frequency regime. In the simulation
the parameters K; and K, were varied to fit with the experimental data. It is
also possible to find out K from the photocurrent maxima where d|/w|/dw = 0 =
Wnaz ~ 1/ VK. K, is related to the life time 7 of the free carriers and the K,
parameter (K3 = Kj/73) and it could be solved from the photocurrent value at
0.7 times of its maxima. In the next section the effect of other parameters are

discussed in details.
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2.4.1 Temperature dependent modulated photocurrent

Temperature (7') dependent modulated photocurrent measurement was carried out
to understand the trapping kinetics and its effect on the modulated current. I,,(w)
decreases in an activated manner as expected [Fig. 2.8]. However the value of the

Wmae 1N the response profile remains the same over the entire T range. Figure

m  Expt & Linear fit to 2.5 kHz
103 - ® Expt. & Linear fitto 5.5 kHz
[ Expt. & Linear fit to 10 kHz

Photocurrent (nA)

10

0.004 0.006 0.008 0.010
T(K"

Figure 2.8: Photocurrent L, vs T~ plot for three different frequency regime. Esti-
mated activation energy (E,) is 23 meV

2.9 depicts the observed temperature dependence of I, (w). This characteristic
behavior of wy,.; with respect to T and modulated light intensity indicates the
absence of a single microscopic process as a decisive factor in controlling wy,qz-
If the response originates exclusively from the long-lived relaxation mechanisms
related to trap level kinetics then a shift in w,,q, would be expected as a function of
temperature and intensity. This interpretation is also consistent with the constancy
of the results for different set of BHJ-interfaces where one expects a large variation
in the trap state energetic and distribution.

The circuit component of the transfer function can be used in examining the

T dependence closely in the low w region (w <1 kHz). In this range [,,(w) is
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Figure 2.9: Modulated photocurrent plot with decreasing temperature of a
P3HT:PCBM device (symbol for experimental value and lines for simulation with
deferent Ry value). Inset: log(Rs) vs T™!

dependent on 7' with dl,,(w)/dw <0 below room temperature. A trap-limited
transport model can be used to describe the low w region (w <1 kHz), with the
trap states exponentially distributed below the band edge. Temperature dependent
R can take a form Ry=Rpexp|E,/kpT] where E, is the activation energy for the
free carriers at the polymer electrode interface. R, increases from 5 k() to 22 k(2
as temperature is lowered from 250 K to 120 K [Table 2.2]. Activation energy E,
is estimated ~30 meV from the R, — 7! plot [Fig. 2.9 Inset].

Table 2.2: Parameters used for modulated photocurrent simulation at different
teperature:Rg,= 200 k Q, C, = 88 nF, a = 0.0016 and K; = 3.0 x 107°.

Temperature Resistance (R;) Parameter (K,) life time (7)

250 K 5 k2 6.3 x107° 0.48 ms
175 K 10 kQ 6.4 x107° 0.47 ms
150 K 14 kQ 6.6 x107° 0.45 ms
135 K 18 k2 6.8 x107° 0.44 ms

120 K 22 kO 7.0 x107° 0.43 ms
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2.4.2 Probe light intensity dependence

Intensity modulated photocurrent depends on the probe intensity. Modulated pho-
tocurrent I,,(w) increases with the increasing L. as expected. However wy,q, does
not shift much (only a small shift was observed with the increasing intensity as
shown in the figure 2.10). The decreasing w,q,; with the increasing probe inten-
sity can be understood from the recombination kinetics where increasing carrier
concentration increases the recombination rate. Hence a small increase in K is

expected and photocurrent peak shifts towards low frequency.

Photocurrent (nA)
o

‘avavavAv A

Decreasing Intensity

2 3 4 5 6 7 8
o (kHz)

Figure 2.10: Intensity modulated photocurrent spectrum of a P3SHT:PCBM blend
polymer solar cell with variable modulated intensity.

2.4.3 Background continuous wave (CW) white light effect

The presence of CW background light results in a large shift of w4z, With wpe
decreasing exponentially with respect to Lg.. As Lg. is increased to the probe
intensity level of ~1 mW/cm?, Wy, decreases from 5.7 kHz to 4.5 kHz and is
accompanied by a broadening of the photocurrent peak (Fig. 2.11). The CW

excitation alters the trap-site occupancy and increases the carrier density in the trap
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Figure 2.11: Modulated photocurrent with variable CW background illumination
keeping probe intensity constant.

states (n;) along with an increase in the recombination rate leading to a decrease
in Iy(w). An effective increase in K; can be physically justified as the K ecom
term increases along with x.s¢ decreases, leading to a decrease in wy,,, as per the
expression for I, (w) derived from the microscopic model. In the simulation, K has
been varied [Table 2.3] and modulated photocurrent agrees with the experimental

value [Fig. 2.12].

Table 2.3: Parameters used for modulated photocurrent simulation for BHJ polymer
solar cells with and without background light: Rs= 800 Q) Rg,= 50 k), C, = 38
nk, a = 0.0016.

Parameters No background light No background light

Parameter K, 2.8 x 107 4.0 x 1079
Parameter K, 8.2 x 107° 12 x 1073
Life time 7 0.34 ms 0.33 ms

From the impedance plot it is possible to measure the transit time (7p) of the
free carriers. In the cole-cole plot frequency minima (f,;, where imaginary com-

ponent of the photocurrent is minimum) is measured. 7p (= 27/ fiuin) of the free
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Figure 2.12: Simulated and experimentally obtained modulated photocurrent for a
P3HT:PCBM solar cell with and without background CW light. White LED is used
as CW background light source with intensity Lq. is same as Lge

carrier increases with the increasing background CW light. From the impedance

plot, [Fig. 2.13] 7p has been estimated to be 26 us to 30 us.
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Figure 2.13: Impedance plot for different back ground light intensity. Inset:

transit time (Tp) of the carriers for different background light intensity.

The
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2.4.4 Morphology dependence on modulated photocurrent

The I,,(w) trend is also observed to be correlated to the device characteristics. For
instance, it is observed that dI,,(w)/dw>0 for low FF devices [Fig. 2.14]. This
trend was verified for a large number of low FF devices which can be realized by
skewed composition (D:A) ratio, incomplete annealing process, and cathode-BHJ
effects [89]. It was noticed that the field dependent exciton dissociation of the
charge carriers occurs for the low fill factor devices. On the other hand charge
extraction is affected due to the trapped charges at the interface. These localized

charge increases the recombination probability and hence a low photocurrent was
observed at low frequency range. At high frequency range the deep trap states do

not contribute to the modulated current as the detrapping rate is slower compared

to measurement time scale.
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Figure 2.14: Modulated photocurrent of N2200:PSHT and N2200: PCPDTBT.

Inset: light I-V curve for N2200:P3HT and N2200:PCPDTBT showing FF 0.51
and 0.16 respectively.
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2.4.4.1 Beam spot size on modulated photocurrent

IMP was carried out for low efficiency (n < 1%) devices, where low frequency pho-
tocurrent depends on the intensity of the light probe. The experiment was carried
out using a focused light beam spot varying from 160 gym to 1.7 mm by varying
objective lenses to sample distance whereas optical power was kept constant [Fig:
2.1]. With higher intensity of light (spot size 160 pm) modulated photocurrent at
low frequency was relatively lower than the low intensity light (spot size 1.7 mm)
as shown in the figure 2.15. However the relative photocurrent peak position does
not shift much. The trapping rate as well as bimolecular recombination increases
with the increasing concentration of photogenerated charge carrier, whereas exciton
dissociation gets reduced because of reduced built-in field caused by the trapped
charge carriers. Bimolecular recombination as well as detrapping of charge carriers
is more dominating than trapping when device is under dark. Hence IMP mag-
nitude at higher intensity of light is relatively low at low frequency regime. It is
observed that at low frequency regime, IMP of a device with a lower FF depends
on the light intensity (Fig 2.14). This result is consistent with the fact that at high
intensity of light, FF of a low efficient device is always lower than the FF obtained

at low intensity of light illumination.

2.4.4.2 Blend composition (Donor-Acceptor ratio)

Photocurrent peak position depends on the donor-acceptor composition. wpas
is minimum for P3HT:PCBM with optimum composition (1:1 by wt.), whereas
P3HT:PCBM with 5:2 ratio shows photocurrent peak position at around 10 kHz.
Pristine P3HT shows photocurrent peak position beyond 10 kHz (Fig. 2.16). High

recombination rate at low frequency results in negligible low photocurrent. The
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Figure 2.15: Modulated photocurrent of a low efficient device (n < 1%) with differ-
ent spot size showing same peak photocurrent at same frequency. LED power was
kept constant. Device area (9 mm?) was larger than the beam spot size to avoid
any edge effect.

film morphology gets modified when PCBM is added to PSHT polymer because
of spinoidal decomposition [148]. An optimum D-A composition leads to a grain
boundary of nanometer scale between two phases. Exciton dissociation rate is

much higher in the blend compared to pristine polymer film and higher magnitude

of photocurrent is observed (as expected for an efficient solar cell).

2.4.4.3 Spatial dependence

IMP was carried out on P3HT:PCBM based solar cells with a point illumination
(spot size 160 pm) scanning over a distance of 200 pum away from one of the
electrodes. The photocurrent spectrum depends on the spot position on the devices
as shown in the figure 2.17. Active area of a solar cell is defined by the top Al
electrode since ITO is presents everywhere. IMP at low frequency is relatively

lower when light spot is outside of the Al region. However it was noticed that the
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Figure 2.16: Intensity modulated photocurrent with different ratio of PSHT and
PCBM. Optimum composition (PSHT:PCBM :: 1:1 by weight ratio) shows a pho-
tocurrent peak at 5.5 kHz where as higher concentration of PSHT (5:2 by weight
ratio) and pristine PSHT shows photocurrent peak beyond 10 kHz range.
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Figure 2.17: Modulated photocurrent of a low efficiency device (5:2 PSHT:PCBM
ratio with n<1) when illuminated on the overlap region (o) and outside region (OJ).
Symbol represents experimental values whereas lines represent model fit.
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peak photocurrent did not change with the light spot position. The transport of
electrons is always lateral towards the Al electrode under dark. In the model we
have taken care of the shunt resistance as it decreases for high recombination loss
under dark condition. Carrier average life time increases (0.25 ms to 0.4 ms from
overlap to outside region) possibly due to slower lateral transport.

IMP of BHJ solar cell from different D-A materials was also carried out. The
similarity in the form a nanoscale network in all the devices is reflected in the mod-
ulated photocurrent spectrum. They all show photocurrent peak in the frequency
range of 5-10 kHz (Fig. 2.18(a)). A wavelength dependent study on BHJ-PSCs
predicts that the response of the device is independent of the incident photon

wavelength (Fig. 2.18(b)).
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Figure 2.18: (a) Intensity-modulated photocurrent spectrum from 10 Hz to 100 kHz
for PCPDTBT:PCBM, PCPDTBT:N2200, PSHT:N2200 and P3SHT:PCBM with
a white LED illumination (GaN) driven by a frequency generator. (b) Modulated
photocurrent of PCPDTBT:PCBM solar cell under different wavelength of light.
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2.4.5 Intensity modulated photocurrent from other solar cells

Intensity modulated photocurrent measurements were carried out on dye sensitized
solar cells (DSSCs) and bilayer solar cells to compare with BHJ-PSCs modulated
photocurrent response. It was observed that DSSCs and bilayer devices did not
show photocurrent peak at 5-10 kHz frequency range. This gives a clear indication
that the origin of photocurrent peak in the BHJ-PSC is the bicontinuous network
with nanoscale morphology. In the DSSCs the charge carrier generation happens at
the TiOy dye interface, whereas electron transport is through the nanostructured
TiO4 film. The slowness of the device comes from the transit time of the electron
through the TiO, structure and an exponential decay of modulated photocurrent

with the increasing frequency of modulated light source is observed (Fig. 2.19).
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Figure 2.19: Intensity modulated photocurrent for BHJ-PSC made of P3HT:N2200
(1:1 weight ratio) from chlorobenzene solution, dye-sensitized solar cell made of
TiOy nano-porous structure coated with N3 dye and Iy based quasi solid state elec-
trolyte and Bi-layer PSC made of PSHT layer spin casted on ITO glass (20 mg/
ml concentration in Chlorobenzene solvent) and PCBM layer on top (20 mg/ml
concentration in dichloromethane)
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In case of bilayer solar cells structure, the photocarrier generation occurs largely
around the planar D-A interface. The subsequent transport of charge carriers is
through the bulk pristine polymers where holes remain in the donor materials
and get transported through the donor polymer and electrons transport happens
only through the acceptor layer. Hence bimolecular recombination in the bulk
is considerably reduced in the bilayer geometry. Both the processes, generation
of charge carriers and the transport are then completely decoupled. This set of
factors can be the possible reason for the absence of photocurrent peak feature in
the intensity modulated photocurrent spectrum of DSSCs and bilayer solar cells.
Besides the IMPS measurement, the signature of universal feature in BHJ-PSCs
is also then should then be expected to be present in other frequency dependent
probe studies. Impedance measurement technique is a proven versatile method in

studying variety of dynamical processes in different systems.

2.5 AC Impedance measurement

AC impedance spectroscopy is a tool to understand the devices dynamics when an
ac voltage is applied as a function of frequency. With impedance measurement, it is
possible to observe electrical properties of a bulk and an interface that we cannot
observe by direct current (dc) method. Electrical response of each component
is different in microscopic time scale. Impedance spectroscopy is used to study
dye-sensitized solar cells [149-151], organic FETs [152] and organics LEDs [153].
However impedance measurement on organic solar cells is not extensively explored.
A few research groups have studied the electric properties of the solar cells on the
basis of the IS characteristics, providing important information on the exciton

dissociation at the D-A interface, charge carrier mobility and carrier lifetime in the
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organic active layer [154, 155]. Frequency dependent resistance and capacitance
measurement is carried out on a BHJ solar cell. In this section we will see the effect
of bias on the capacitance and resistance value under white CW light illumination.

Capacitance of a solar cell arises from the bulk as well from the polymer elec-
trode interface. When a semiconductor forms a junction with and electrode of work
function different from the electron affinity of the semiconductor, it forms a space
charge layer in the semiconductor giving rise to a space charge capacitance. Ca-
pacitance of lossy dielectric materials can be represented as a function of frequency
(w), C(w) and conductance G(w). The dielectric loss factor is given by [156]

G(w)

tand = O

(2.13)

The geometrical capacitance of a polymer film sandwich between two electrode is
C' = (ege,A)/d where ‘A’ is the geometrical area of the device, ‘d’ is the width of the
space charge layer and ‘e, is the dielectric constant. As reverse bias increases, width
‘d’ of the space charge layer increases and the resultant capacitance decreases [157].
The slow relaxation of the polymer dielectric gives rise to frequency dependent ca-
pacitance as shown in the figure 2.20(a). However Bisquert et. al. proposed that
the origin of frequency dependent capacitance in a bulk polymer film comes from
the distribution of trap states [158]. The time scale associated with the capturing
of electron to the trap states and the release of electron from the trap states de-
pends on the energy of the states and the temperature. Strong dependence at high
frequency is observed when a forward bias is applied. The loss factor measurement
indicates that with the increasing forward bias, loss in the dielectric materials also
increases [Fig. 2.20(b)]. Capacitance was also measured under white light illumi-

nation. Photoinduced charge carriers at the polymer/electrode interface results in
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Figure 2.20: Capacitance and Loss factor (tand) of a PSHT:PCBM based solar cells
under dark with different bias condition. Both are monotonic function of frequency.

a higher capacitance value than dark capacitance (Fig. 2.21). Capacitance increase
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Figure 2.21: Ciignt — Ciari. of a PSHT:PCBM based solar cells under different bias
condition.

is more dominating for reverse biased condition than that of forward bias condi-
tion. Increased charge dissociation at high reverse bias increases the photocarrier

concentration at the interface and the width of the space charge layer decreases.
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We observed two time constants associated with the photocapacitance. The loss
angle measurement shows an anomalous feature at 3-5 kHz range where loss factor
is minimum (Fig. 2.22). Although the origin of such anomalous behavior is not
known, the minima at 5 kHz can be attributed to the observed intensity modulated

photocurrent peak at that frequency.
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Figure 2.22: Loss factor (tandygne-tandygn:) of a PSHT:PCBM based solar cells with
different bias condition.

Device equivalent resistance was calculated from the equation 2.13 for different
bias with light and without light (Fig. 2.23). Frequency dependent resistance was
also experimentally measured. A simple model of a resistance R; with a parallel
capacitance Cy is used to represent a solar cell impedance. An external resistance
Rert (< R4/10) is used to measure current through the device (Viyy/Rest). Figure
2.24(a) shows the experimental set up for the resistance measurement. The voltage
across the device is calculated from the phasor diagram as shown in the figure

2.24(b) where the applied voltage could be V,,, = V; + Visin(wt). The equivalent
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Figure 2.23: Resistance of a PSHT:PCBM based solar cells under different bias
condition. Device equivalent resistance under forward bias is smaller than the re-
verse bias and it decreases under light illumination. Resistance with different bias
shows a crossover around 3-4 kHz frequency when illuminated with a white light
source.

resistance of the device is
Ry + ijde

Rt = 4 WCaRy)?]

(2.14)

The estimated current is then V;/R.,. The measured current has a phase factor
(¢). Equating capacitive current and resistive current to the measured current we
can calculate resistive component as well as capacitive component of the device
equivalent circuit. The estimated resistance value is of same order and the fre-
quency dependence of it is also similar to the previous result obtained from the
capacitance measurement data. Device resistance at different bias under white
light illumination points towards a crossover frequency at 1-2 kHz frequency range.
The frequency dependent capacitance and resistance value can be introduced in

the circuit model to get a more accurate transfer function in the model to explain

Iph(w).
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Figure 2.24: (a) A simple resistance-capacitance model of a solar cell for AC
impedance measurement. The external resistance (V) is used to measure cur-
rent through the device. Vg, = Vo + Visin(wt) is the applied voltage where bias
voltage Vy can be varied from -0.5 V to 0.5 V and Vi = 50 mV (b) Phasor diagram
of the circuit showing voltage drop across each component.

2.6 Summary

Intensity modulated photocurrent is a compact representation of the various pho-
tophysical processes observed in the BHJ-PSCs. A universal feature in form of
a photocurrent peak in the intensity modulated photocurrent measurement is ob-
served in all polymer BHJ solar cells. Device efficiency depends on the morphology
of the film. Intensity modulated photocurrent especially at low frequency regime
is related to the morphology of the blend film. Relatively lower photocurrent is
observed when the nanoscale phase separation is not optimum. In the I-V mea-
surement also we see a low fill factor. The effect of trap density of trap states
and the trapping detrapping rate is observed in background CW light dependent
study. Independent study of AC impedance measurement is useful to analyze the

modulated photocurrent data. The anomalous behavior of loss factor measurement



72 Section 2.

under white light illumination indicates a common set of observation that the pho-
tocurrent response is maximum at ~ 5 kHz where the loss factor is minimum.
Frequency dependent capacitance is used for the circuit analysis model. Thus the
device can be well understood by using intensity modulated photocurrent measure-

ment a relatively new, simple and inexpensive measurement technique.



SECTION 3

Photocurrent fluctuations and noise spectroscopy

on BHJ solar cells

3.1 Introduction

Electrical signals are inherently accompanied by finite noise in all devices [159]
and can be a limiting factor for the device performance [160]. It is important
to know the possible sources of noise in such devices to improve the efficiency and
performance. In general noise type is classified as (i) Johnson noise or thermal noise,
(ii) Shot noise and (iii) Flicker noise (more details in section 3.2). Noise also serves
as a valuable tool to investigate the device properties [161], for instance, noise
spectroscopy has been used to study the transport properties in semiconductor
quantum wires [162, 163], transistors [164] and MOSFETs [165]. Fluctuations
in the current density at low temperature in quantum finite systems have been
studied. Noise is also expected from light induced current in photodiodes and solar
cells. Si based solar cells [166, 167] and Dye sensitized solar cells (DSSCs) [168]
exhibit frequency dependent (1/f7) noise especially at low frequency (<10 kHz).
However there are no reports yet on noise studies of organic bulk heterojunction
solar cells. In the present studies, we extract the noise pattern from photocurrent,
analyze and interpret the results in terms of the processes within the system.

Another practical reason to study noise is to examine the degradation mech-

73
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anism in organic solar cells. The stability of a polymer based solar cells is a
significant issue of concern. Most commonly used technique to study degradation
is to study the current-voltage (J-V) under different environment at regular time
interval. The decrease in current density with time is reported in several articles.
The degradation could be chemical change of the polymer [169], it could be a phys-
ical degradation [170] or photodegradation [171]. The degradation of polymer cells
can be expressed as the morphological changes with higher density of trap states.
In this aspect noise analysis on polymer based solar cells can be a tool to probe

the degradation dynamics.

3.2 Types of noise

3.2.1 Johnson Noise

Johnson noise (also known as thermal noise) originates from the thermal agitation
of the charge carriers in any electrical circuit. J. B. Johnson was first to analyze
this small but detectable fluctuation quantitatively. In 1928, H. Nyquist showed
in his paper [172] that the problem of determining the amplitude of the noise was
equivalent to summing the energy in the normal modes of electrical oscillation
along a shorted transmission line connected to two resistors of resistance R. By the
equipartition theory of thermodynamics, every mode contributes to energy of kgT
where kp is the Boltzmann’s constant and 7' is absolute temperature. If the modes
are very closely spaced in a frequency range then the average power in a frequency
band df can be written as dP = kgT'df. The r.m.s. voltage evolved in the circuit
is given by the equation dV? = dI?(2R)%*df = 4R*dP/R = 4RkgTdf. Johnson

noise (or thermal noise) is independent of frequency. Thermal noise is present
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in almost all electrical components like resistors, capacitors including photodiodes
and detectors. However reducing the temperature of the device, thermal noise can

be reduced.

Some example:.Johnson noise is mostly observed in resistors and

photodiodes. Thermal noise can be reduced by reducing the tempera-
ture. Therefore high sensitive detectors (like CCD, APD and PMT)
need cooling.

3.2.2 Shot noise

The current fluctuation in any electrical circuit can be due to the quantization
of charge carriers. The magnitude of the current depends on average number of
electrons collected, but knowing the average number of electrons which will be
collected will not give the actual number collected. The actual number collected
will be more than, equal to, or less than the average. Thus the current fluctuates
around its mean value. The strength of the fluctuation increases if the current
through the device increases. However the increase in signal is more rapid than the
increase in noise fluctuation. This follows a Poisson distribution

ANe=A

where ‘N’ is the total number of charge carriers contributing to the current.

‘A’ is the expected number of carriers.

If the total number of charge carriers is very large, the distribution becomes normal
(Gaussian) distribution and signal to noise ratio (SNR) increase as SNR = v/N.
So shot noise is dominated for small N and generally observed in finite systems

like quantum wires, quantum dots and diodes at a finite DC current value.
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Some example:Shot noise is mostly observed in finite systems like
quantum dots, wires, nanotube transistors, p-n junction diodes etc.

3.2.3 Flicker noise (1/f noise)

Flicker noise is also known as ‘1/f’ noise due to its 1/f frequency dependence.
Flicker noise is the centre of attention in the last few decades as it is present in
almost all electronic devices. It is also represents the quality and reliability of a
device. The origin of flicker noise is still a controversial dispute; some researchers
believe that the fluctuation in the mobility of carriers causes 1/ f noise while others

consider the presence of imperfections in the device structure as the predominant

source of this type of noise. The fluctuation in a semiconductor is modeled by
Hooge
afg
Si(H))I? = — 3.2
(= (32)

where ‘S;(f) is the fluctuation in the current,

‘f’ is the frequency,

‘N’ is the carrier concentration and

‘ag’ is the Hooge’s parameter,

There could be two sources of fluctuation; (1) fluctuation of carrier concentration
and (2) fluctuation of carrier mobility (1). Hooge’s equation holds good for mobility
fluctuation. If the carrier concentration fluctuates then Hooge’s equation may not
hold for a wide range of frequency. Although origin of 1/f noise is still not very
clear to the community, it is noted that Random Telegraphic Signal (RTS) of
a two level system where each level switches rapidly to the other level, shows
1/f like power spectrum [159]. Generation-Recombination (GR) is other type of

fluctuation where signal does not change rapidly but follow a Gaussian amplitude
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distribution in time domain. The power spectrum of RTS and GR is very similar
in the sense that they are frequency independent at very low frequency and above
a characteristic frequency they follow 1/f7 where v is usually accepted to be 0.8
to 1.2. In general the GR centre in the bulk semiconductor gives rise to flicker
noise. These centers occupy certain energy level lies within the band gap of the
semiconductor. If the energy levels are very close to the Fermi level then carriers

can be trapped or detrapped at a given temperature range.

Some example: Flicker noise or 1/f noise has been observed in pho-
tocurrent measurements at room temperature in polycrystalline, amor-
phous or disordered semiconductor devices like a-Si solar cells, dye-
sensitized solar cells. Even though there is no clear explanation to the
origin of this behavior the results are similar to the noise features ob-
served in injected current such as that in ZnO nanowires and thin films,
and the drain source current in pentacene based thin film transistors.

In this section the photoinduced current fluctuation observed in solar cells is
discussed. The trap-limited transport through the disorder semiconductor results
in 1/f7 type noise spectrum in a-Si solar cells and Dye sensitized solar cells either
at reverse bias or short circuit current mode. The distribution of defect states in
these semiconductors is typically assumed to be exponential below the band edge.
In this present study we carry out these measurements on BHJ-PSCs. The results
are analyzed and discussed in the framework of disordered transport model used

for BHJ solar cells.

3.3 Photocurrent fluctuation in BHJ solar cell

The origin of current fluctuation in polymer solar cell can be attributed to primar-
ily arising from the kinetic processes like photogeneration, exciton dissociation,

charge carrier recombination and transport through the disordered network. The
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time scale and resolution of transport fluctuation is controlled by the distribution
and occupancy of trap states. The origin of this fluctuation can be traced to the
definition of photocurrent, I, (t) = 0Q(t)/0t, where Q(t) = ¢ < n(t) >, (n(t) is
the charge carrier concentration). A simple analysis can be done by evaluating the
number of carriers reaches at a point in a given time. In the figure 3.1, a charge

carrier is generated at site i. It can take different path ways to reach site j. The
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Figure 3.1: A pictorial schematic to physically depict the source of fluctuation. The
energy distribution of localized states is assumed to be Gaussian. The probability of
photogenerated carriers to hop from site i to j depends on the energetic and spatial
distribution of trap states.(a) carrier from site i can take two path ways to hop
thrice before it reaches site j. (b) carrier can take four path ways to hop twice to
reach site j. (c) The number of path ways (Ly.) or the time taken (7i,.) to reach
from site i to j takes a normal distribution for uncorrelated transport.

time taken by the carrier (73,) or the path length (L) it travels, takes a form of
normal distribution for totally uncorrelated transport. The ensemble average of
the free carriers (n) reaching the site j will have time dependent value, that means

< n(t) > = constant for ¢ = oo whereas < n(t) > # constant for ¢ = 0. The
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ensemble average of < n(t) > is essentially a function of temperature, intensity and
the trap density of states. The expected noise in BHJ solar cells can be expected

to follow a general 1/f7 response.

3.4 Details of noise measurement in BHJ-PSCs

Bulk heterojunction polymer based solar cells are made with a standard labora-
tory protocol. Devices are fabricated on indium-tin oxide (ITO) coated glass sub-
strates (20 €2/00). Poly(3,4-ethylenedioxythiophene): poly(styrenesulfonic acid)
(PEDOT:PSS) (Baytron P) is spin coated (~ 80 nm) at 2000 r.p.m for 60 sec on
a pre-cleaned I'TO coated glass substrate and annealed at 120 °C for 30 min. Donor
type polymer poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4",7’-di-2-thienyl-2’,1’ 3’
benzothiadiazole)] (PCDTBT) blended with 1-(3-methoxycarbonyl)propyl-1-phenyl-
[6,6]-methanofullerene (PCBM) in chlorobenzene solvent (20 mg/ml) is spin coated
(~ 100 nm) at 1000 r.p.m. inside glove box (MBRAUN, UNIlab) on PEDOT:PSS
layer and cured at 80 °C over which Al (cathode) is thermally deposited at 107°
mbar pressure. Devices are tested in a small vacuum chamber (1072 mbar). Short
circuit current fluctuation is measured with LeCroy (Waverunner 6100A,) oscillo-
scope after amplification with a low noise pre-amp (DLPCA-200, FEMTO Msstech-
nik GmbH, NEP = 43 fAHz =2 at 10° gain) with 150 § input impedance, AC couple
with a gain 10%, illuminated under tungsten lamp. Since the whole objective is to
pick up noise, the typical averaging and filtering stages in the measurement of the
short-circuit current is removed. Data was taken without any filter at 4 us time
resolution and consisted of 25k data points for each set. Hundred such sets were
recorded. Liquid N, was used for low temperature measurements. All the necces-

sary precautions such as noise from the heating stages and external sources were
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eliminated. The light source was powered by a clean DC battery. Pt100 sensor
placed in the vicinity of the sample was used along with the device to measure the
temperature.Photocurrent fluctuation was also recorded from a Si based detector
which served as a standard was used to compare the noise pattern with the BHJ

devices. The measurement set up has been shown in the figure 3.2.

Oscilloscope

Pt 100 resistance
measurement

Low noise

re-amp

Figure 3.2: Instruments used for noise measurement showing the vacuum chamber
with liquid nitrogen port for low temperature measurement and optical window for
white light illumination. 20 Watt tungsten bulb driven by 6 V sealed lead battery
(4 AHr) with adjustable gain, multimeter to measure Pt 100 resistance and GHz
oscilloscope to measure photocurrent are shown.

3.5 Results & discussions

3.5.1 Time domain analysis of noise in BHJ-PSCs

The time series profile of the short circuit current in response to steady state white
light illumination is shown in the figure 3.3(a). It is to be noted that the DC

current was compensated by AC coupling of the digital oscilloscope. The nature
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of the amplitude of the fluctuation can take a Normal (Gaussian) distribution or a
deviation from it. This form is determined by the probability distribution function
derived from normalized fluctuation histogram of the time series data. The most
common form of the histogram is obtained by splitting the range of the data into
equal-sized bins (called classes), in the figure 3.3(b), bin size = 60. Then for each
bin, the number of points from the data set that fall into each bin is counted. A
Gaussian fit to the fluctuation histogram was observed for light induced as well as
dark current data. A distinct contribution from light induced current fluctuation

is clearly observed in figure 3.3(b). In general a Gaussian probability distribution
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Figure 3.3: (a)Photocurrent fluctuation in dark and under light with ac couple.
Sampling rate 250 kps with an amplifier gain 10°. (b) Amplitude analysis of current
fluctuation under dark as wll as under steady state white light illumination.

of the amplitude in the fluctuations can be expected for uncorrelated transport
in a disordered system. However, the deviation from the Gaussian distribution
of the fluctuations is observed in many low dimensional systems and finite sized
systems such as single wall carbon nanotubes. It has been known that the electri-
cal transport in organic semiconductors with energetic and spatial disorder takes

up a process where the charge hopping events are correlated. The transport of
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photoinjected charges in disordered organic films is often interpreted using a for-
mula based on a Gaussian disorder model (GDM) that neglects spatial correlations
due to charge dipole interactions, even though such correlations have recently been
shown to explain the universal electric field dependence observed in these systems
[173]. We further analyze the fluctuation of the photocurrent time series in the

frequency domain where the trends are more clear and informative.

3.5.2 Frequency domain analysis

It is common practice to characterize noise by its power spectral density (PSD).
If the system follows Gaussian fluctuation the spectral analysis would suffice. The
variation in random telegraphic signal (RTS) arises from the trapping-detrapping of
charge carriers in a single trap model. Previous studies and reports on conventional
semiconductor speculate that the individual charge trapping has Lorentzian noise
power spectrum and a superposition of many Lorentzian’s form the origin of 1/f7
noise in disorder systems. Since 1/f” is a general feature at low frequency which
can arise from many factors, in the present study, we emphasize the presence of
the additional distinctive feature which appears in the 30-40 kHz regime. PSD
was calculated by using fast Fourier transform (FFT) [Fig. 3.4(a)] as given by the

equation 3.3 on the time series data. [see Appendix II for detailed procedure].

N
S(k) =D a(ioy Y (3.3)
J=1
where wy = e(2™/N N is the total number of points. Apart from 1/f7 type
behavior at low frequency (below 1 kHz), the power spectra exhibits a Gaussian

distribution in the 10 - 100 kHz frequency range. A statistical analysis of the peak
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Figure 3.4: (a) Power spectral density (PSD) of polymer solar cell under white
light illumination as well as under dark condition. (b) Gaussian distribution of
peak frequency of the PSD spectrum over 1000 files. Black histogram is for the
background noise spectrum, whereas red histogram represents the noise spectrum
under white light illumination.

frequency distribution over a 1000 set of data files results in a broad Gaussian
distribution median at 30 - 40 kHz. In the figure 3.4(b) the most probable frequency
observed is ~ 40 kHz.

The origin of Gaussian distribution of PSD is indicative of characteristic intrin-
sic processes of the polymer BHJ solar cell. It is known from the studies that the
noise spectrum from disordered systems like a-Si solar cells and DSSCs manifest
in 1/f7 type fluctuation. There have been no reports of a local-maximum feature
in these systems. The frequency maxima (fq.) feature in the present case for
polymer BHJs provides a good handle to observe the trends as a function of differ-
ent external parameters. Three independent experimental parameters were utilized
to understand the origin of photocurrent fluctuation; (i) Temperature dependent

fluctuation, (ii) Light intensity dependent fluctuation and (iii) device efficiency

dependent fluctuation.
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3.5.3 Temperature dependent fluctuation

The photocurrent fluctuations were studied at different temperature range (90 K to
318 K). It is noticed that the fluctuation under light increases with the increasing
temperature. However background (dark) fluctuation does not exhibit significant

variation (Fig. 3.5). At low temperature (7' < 200 K), the difference between
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Figure 3.5: Photocurrent fluctuation under white light illumination (red lines) and
under dark (black lines) at 264K and 154K temperature.

fluctuation in I, (t) and background gets negligible. At 90 K, light and dark
fluctuation merges completely. The decrease in fluctuation of I,,(t) is attributed
to factors which lead to trapping and detrapping of the charge carriers. The dc
current is constituted only by carriers close to the mobility edge. The results points
out that at least as far as fluctuation is concerned, the trap states with activation

energy ~ 30 meV, contribute about 30% to the overall I,;,(t) at room temperature.
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3.5.4 Light intensity dependent fluctuation

For a given disordered semiconductor the trap state occupancy can be varied by
the light intensity. The intensity dependence on the trap kinetics is followed by
L,,(t). The PSD spectrum shifts towards the high frequency regime as the intensity
increases. The amplitude variation also increases with higher light intensity. A
high intensity light not only populates the deeper trap states, it also increases the
occupied density of trap states near Fermi energy which results in higher fluctuation
in amplitude. The width of the fluctuation amplitude and the peak frequency in
the PSD spectrum is plotted [Fig. 3.6(b)] against the DC current value which is

proportional to the incident light intensity.
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Figure 3.6: (a) Amplitude analysis with different intensity of light. Amplifier gain
was 10'°. Data is plotted with respect to DC current magnitude as current is pro-
portional to the light intensity at low intensity of light. (b) Peak frequency in the

PSD spectrum as well as full width at half mazimum (FWHM) of the Gaussian fit
to the amplitude is plotted with respect to DC' current magnitude.
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3.5.5 Effect of atmospheric degradation (Efficiency dependence)

The photocurrent fluctuation attributed to the trap density of states is sensitive to
device efficiency and it can be a probe to analyze degradation in the solar cells. The
device was exposed to a white light source (tungsten bulb) in atmospheric condition
and the photocurrent measurement was carried out with time over two hours. It was
observed that the peak frequency of the PSD is shifted towards the lower frequency
magnitude as the device efficiency gradually decreased due to degradation (Fig.
3.7). Degradation manifests as additional trap states. Consequently the density of
trap states with the formation of deeper energy level increases. I,,(t) fluctuation

due to deep trap states results in shift in PSD spectrum towards low frequency

regime.
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Figure 3.7: (a)Characteristic frequency peak of a solar cell under white light illu-
mination shifts towards low frequency as the sample gets degraded. Measured Iy,
decreases from 70 nA to 11 nA after 270 minute exposure to air. Inset: the Gaus-
sian distribution of peak frequency at different time interval. (b) FWHM variation
of a Gaussian fit to the current amplitude with time. Inset: Gaussian fit to the
current amplitude variation.

Current fluctuation was also analyzed in different algorithm where averaging

over 100 data files are taken after autocorrelation of each file as given by the
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equation 3.4 [see Appendix IT for more details].

N—

X(i)=> (i) +1) (3.4)

J=0

Ju

Discrete Fourier transform of the averaged data is consistence with the earlier re-
sults (peak frequency ~40 kHz in the PSD spectrum). The low frequency response
follows 1/f7 where v ~1.44. We have also analyzed the PSD spectrum for a de-
graded sample over time. « increases from 1.64 to 1.85 as the device gets degraded

with time [Fig. 3.8].
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Figure 3.8: (a) PSD spectrum of a device at room temperature after averaging
out autocorrelation of 100 data files. Low frequency (< 1 kHz) follows 1/f' where
v ~1.44 (b) PSD spectrum of a device getting degraded with time. Variation of ~
from 1.64 to 1.85 is observed with time.

In this present study we have observed the 1/f7 type noise spectrum at low
frequency which is expected from a disorder semiconductor device. The appearance
of an additional feature at 30-40 kHz frequency range is also observed. A theoretical
study has been carried out to understand the origin of photocurrent fluctuation in

these devices based on Kinetic Monte Carlo (KMC) approach.
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3.6 Kinetic Monte Carlo Method

The Gaussian form of the DOS in random organic system prevents close form
of analytical solution of hopping transport. One of the theory available to date
that retains both the energetic distribution of hopping sites and the distribution of
hopping barriers is the effective medium approach (EMA) developed by Movaghar
et. al. [174]. Higher order correlation effect appearing when summing over all paths
a charge carrier can take on going from site ¢ to site j lead to an effective reduction
of the site density after each jump. It has been shown that at finite temperature
the EMA provides excellent description of hopping process in disorder materials,
but does not have any analytical equation to fit experimental data.

The alternative approach is kinetic Monte Carlo (KMC) simulation. It is similar
to an idealized experiment carried out on a sample of arbitrarily adjustable degree
of disorder and devoid of any accidental complexity. The KMC can be performed
on a cubic lattice, where self energy of each site and interaction energy I';; is chosen
according to a Gaussian probability density. In this present study we have taken a
3D lattice of order 50x50%200 with 6 A lattice spacing. The simplest model would
be a single charge carrier transport. At the beginning of the simulation, a carrier
is generated according to the boundary condition. Since the choice of starting
condition may differ, a large number of carriers with different initial condition
should be taken to simulate the actual transport. The carrier generated at site ¢
can hop to any one of the all possible neighboring sites. The probability that a

carrier will jump from site 7 to site j is given by the equation

P =v;j/ Z Vij (3.5)

i7#]
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v;; is the hopping rate as given by the equation 1.1. A random number zx from a
uniform distribution is chosen to specify which site the particle would jump because
each site is given a length based on generated number. The time for the jump is

determined from the equation

-1
tij = Tes [Z ’/ij] (3.6)

1#£]
Here x.; is taken from another exponential distribution of random number. This

process repeats until the charge is collected. Flowchart of the model is given below

in the figure 3.9.

Introduce a Find I';; for all Obtain Choose
carrierata [—»| neighboring —>  hopping || random
random site sites probability {P;} number RN
\
Choose
Note destination ‘j’
whether {P;}~RN
trap state
deep/tislion Calculate
waiting time
No l
If Check
Yes If destination boundary
NC= is at condition
10° boundary
Reset global clock L Calculate
NC x time lag current

Figure 3.9: Flowchart of KMC model, Number of carrier (NC) is 10° generated after
each 1 pus time lag. If the carrier is in deep trap state, then carrier is not counted
for current measurement. Mazimum number of steps is restricted to 50,000.

The simulation is based on single carrier model, i.e. all trap states are empty.
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This assumption is valid for lower density of charge carriers compared to the trap
density of states. We assume a uniform photon flux (~ 3 x 10*" ecm™2s7! for
100 mWem™2 optical power) generates photocarriers at any site in the bulk (~ 1
photon/us). The width of the Gaussian density of states (o) is chosen in such way
that o/kgT ~ 2 - 4 at room temperature. In this present case the current estima-
tion is different from the conventional KMC simulation approach where integration
over all carriers in the system contributes to the current. We propose a model where
waiting time for deep trap states are very large compared to the measurement time
frame at room temperature and they don’t contribute to the current. The energy
cutoff below which the carriers are trapped and don’t contribute to current can be
set accordingly. It is noticed that if the energy cutoff (E,/kgT) is far below the
transport level, density of deep trap states is very low, hence no fluctuation in I, (t)
is observed. At low temperature, as thermal energy (kgT') is very small, energy
cutoff would be large and negative and hence less fluctuation is expected. In figure
3.10(a) I, (t) from KMC approach is plotted. The power spectral density (PSD) of
current fluctuation estimated from the KMC simulation of a Gaussian disordered
model follows 1/ f7 where v depends on simulation condition and can vary between
1-2 as shown in the figure 3.10(b). Temperature dependent photocurrent fluctua-
tion results are also consistent with the KMC simulation for a given set of disorder
configuration parameters. However, a simple Gaussian disorder model does not
capture the observed noise spectrum completely in BJH solar cells especially in the
frequency regime (> 10 KHz). Additional complexities such as a correlated trap
model may need to be introduced to charge transport model through the disordered
network. The KMC simulation with these additional input which includes corre-
lated transport of multiple charge carriers in a given disorder configuration should

lead to results which are similar to the experimentally observed characteristic noise
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Figure 3.10: (a) Photocurrent response obtained from KMC' simulation. Width of
the Gaussian density of states o = 50 meV. The cutoff energy E;y = -50 meV,
temperature = 300 K, number of carriers initially taken 10° released at every 1 ps
time interval. Current is recorded at 10 us time step. (b) PSD spectrum obtained
from KMC simulation approach averaged over 10 set of data with different disorder
configuration.

features in BHJ solar cells.

3.7 Summary

Fluctuation in the photocurrent of BHJ solar cells provides valuable information
in the mechanism and state of the device. Studies carried out as a function of
temperature, light intensity and device efficiency, point to consistent trend under
the framework of trap limited transport. The overall frequency dependence of the
PSD has a 1/f7 characteristic below 1 kHz frequency regime. Preliminary simu-
lation studies using KMC approach validates the general trends of photocurrent
fluctuation observed in BJH devices. The characteristic signature of noise fluctua-
tion in the 30-40 kHz range appears to have origin in the defects prevalent in the

active layer. This unique feature observed in case of BHJ-PSCs may represent a
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characteristic distribution of the disorder which is correlated.



SECTION 4

Electrical transport studies of low band gap BHJ

photodiodes for NIR applications

4.1 Introduction

The advent of interesting molecular systems which have been introduced by organic
solar cell research community over the last couple of years include semiconducting
donor polymer which have absorption deep into the NIR region (wavelength = 0.8
to 1.2 pm range or bandgap E, = 1.6 eV to 1.1 eV) [78, 175]. These materials
are also promising as the active element for photodetectors in this range. Pho-
todetectors in the optical communication wavelength which corresponds to Er?*
transitions from excited state 4113/2 to ground state 4115/2 (in the range of 1.53 pm)
[176] are typically made of InGaAs (photodiode type detector with a spectral range
0.7 - 2.6 pm), Ge (Photodiode type, spectral range 0.8 - 1.7 ym), PbS (Photocon-
ductive material with a spectral range 1 - 3.2 pum) and PbSe (Photoconductive
type, spectral range 1.5 - 5.2 um). The availability of polymer semiconductors
with advantages for which inorganic materials are not ideally suited; for example,
high optical cross-sections, large and ultrafast nonlinear responses, color tunabil-
ity, large active areas, mechanical flexibility or low-cost processing is important. In
fact a tremendous effort has been put to develop inorganic-organic hybrid systems

[177, 178] where both material properties have been exploited. Organic materi-
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als are used for light source; organic light emitting diodes (OLEDs) [179, 180],
organic light emitting transistors (OLETSs) [181, 182] and organic semiconductor
lasers (OSLs) [183, 184]. Organic materials are also used as transmission media
for optical communication such as polymer optical fiber (POFs) [185, 186] made
mainly from poly(methyl methacrylate) (PMMA) or perfluorinated (PF) polymers
such as poly(perfluorobutenyl vinyl ether) (CYTOP) specially used for short dis-
tance transmission. An all optical device with polymer based light source, polymer
based waveguides and polymer based photodetctors are ingredients for a complete

polymer based optical circuits.

Optical transmitter: In principle any light source can be an
optical transmitter. However most commonly used light sources are the
laser diode, light emitting diodes (LEDs) and light emitting transistors
(LETs). LEDS and LETs are less expansive, wide spectral range and
it emits light in all directions. Since in optical communication system
the light source is expected to be collimated, LEDs are inefficient. On
the other hand laser diodes are collimated light sources. They have
narrow spectral range, high efficiency and they are very expansive. The
light intensity is modulated electrically by modulating the forward bias
current or mechanically by passing light through a mechanical chopper.

The external quantum efficiency of organic photo-diode has reached up to 80%
in the visible range [187]. Polymers are mostly wide band gap semiconductor and
the spectral range mostly varies from 300 nm to 630 nm. To achieve high sensitiv-
ity in an organic photodetector device, a common underlying strategy implemented
is the utilization of the BHJ concept consisting of an interpenetrating network of
electron donor and acceptor materials. Photoexcitation in the vicinity of BHJ re-
sults in a charge transfer process between the donor and acceptor species within an
ultrafast timescale. The devices are normally tailored to have a graded donor sys-
tem where efficient energy transfer takes place prior to the charge transfer processes

with the acceptor system. The charge carrier transport occurs through the network
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of the donor and acceptor to the respective electrodes and the device operated in a
reverse bias mode exhibits large responsivity. The pathway to low-bandgap semi-
conducting polymers [49, 77, 104] with deeper HOMOs has been demonstrated,
and BHJ solar cells fabricated by semiconducting polymers with deeper HOMOs

have successfully exhibited larger Open circuit voltage (Vo).

Optical fiber communication: With the development of low
loss optical fiber in early 1970’s, optical fiber communication became
popular almost instantaneously. The wavelength selected for the com-
munication system is either 1310 nm because of its low dispersion or
1550 nm wavelength for the low absorption co-efficient of the silica used
as optical fiber cable materials. The core size is reduced to reduce the
losses in the fiber. The main advantages of optical fiber communica-
tion over electrical communication are low loss high band width signal
transmission over a long distance. Background noise is low compared to
electrical communication system. There is no cross talk or electromag-
netic interference in optical communication and hence can be installed
alongside power lines, railway tracks, even highly lightning prone areas.

Unlike the explosive activity in organic BHJ based solar cells, results from NIR
based photodetctors are sparse [188, 189]. In 2009, Gong et. al. have reported
high detectivity of the polymer photodiode with a spectral range varying from 300
nm to 1450 nm [190]. Apart from the spectral requirement, switching speed and

noise equivalent power (NEP) are also important parameters. In the table below

typical parameter of a polymer photodiode is listed (adopted from reference [191]).

Optical receiver: Semiconductor photodetectors are used virtually
all in optical communication systems. Two types of detectors are used
i optical communication systems; reverse biased photo-detectors and
avalanche photo-diodes. In these reverse bias photodetectors, photogen-
erated carriers are swept out by the reverse bias applied on photodiodes
and hence it increases the quantum efficiency. Avalanche photodiode,
when it is illuminated with a light source shows a voltage pulse across
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Table 4.1: Typical parameters table of a polymer photodetector

Parameter Symbol Value Condition
Peak photosensitivity S oz 0.34 A/W 550 nm, OV
Ext. quantum efficiency n 78 % 550 nm, 0V ms
Spectral range A 300-630 nm S > 10% of Syaa
Dark current Ig < 50 pA/mm? Ve =10 mV
Open circuit voltage v, 0.55-0.95V 1 mW/mm?
Short circuit current I, >100 pA/mm? 1 mW/mm?

a coupling resistance. The avalanche break down of polymer photodiode
at high reverse bias is responsible for the current pulse flowing through
a coupling resistance. Avalanche photodiode are more sensitive to the
low intensity photons. Generated current or voltage pulse is analyzed
by the low noise pre-amp followed by demodulator.

The early process of photoinduced charge carrier generation and separation
is quite rapid [52] (in sub-picoseconds regime) in these low band gap polymer
photodiodes. Modification of BHJ devices with additives have recently shown to
increase the carrier mobility, generation rate as well as free carrier lifetime [192].
The expected photocurrent (I,,) response of these photodiodes should be in the
range of nanosecond scale. However, observed transient response from a BHJ
photodiode indicate a slow decay with a presence of I,,(t) even at millisecond
range [193]. The long-lived I,;,(t) is attributed to the presence of large number of
trap states. Apart from the explanation of the slow decay in terms of trap kinetics,
interpretation in terms of photoinduced gap states are also common. In the well
studied model system of P3BHT:PCBM, free carrier lifetime (7. ~ 300 - 400 ns) [194]
strongly depends on the carrier concentration (n) and bimolecular recombination
rate () [195]. As n increases, 7. decreases by a factor of n=®, where « lies within
0.95 to 1.05. [ increases with the increase in carrier mobility (u ), especially of the

slower carrier in a BHJ structure. It is expected that at high intensity of light, 7,
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is small enough such that there is no excess charge for storage upon terminating
the photoexcitation, which can be indicated by the transient photocurrent rapidly
decaying back to dark current magnitude. The electron mobility (p.) is higher
than hole mobility (uy,) in PSHT:PCBM system, hence is defined by quy /€, where
€ is dielectric constant of the blend material. High mobility of charge carrier may
result in high recombination loss and short lifetime and they don’t contribute to
steady state photocurrent. The ground state interaction between donor-HOMO
level to acceptor-LUMO level results in the form of a charge transfer complex
(CTC) which have lower energy than individual bandgap energy of each material.
Direct excitation of CTC (polaronic absorption) may result in slow dissociation of
charge carriers due to low thermal energy (effective free energy for polaron pair
dissociation) [196]. Those low energy carriers may get trapped in the bulk and
result in slower recombination rate. However, Lee ef. al. recently demonstrated
that the internal quantum yields of carrier photogeneration are similar for both
excitons and direct excitation of charge transfer states [197]. The formation of CTC
is a function of donor-acceptor ratio, their relative band position and processing
condition like solvent assisted and thermal annealing.

In this section we characterize a low band gap polymer based BHJ photodiode
in terms of responsivity, spectral sensitivity and response time. Measurements
were carried out at low intensity of light at NIR wavelength to address some of
the issues related to the long-lived carriers. We also demonstrate the difference of
I,,(t) response originating from the CTC states and the photogenerated carriers

from the direct excitation of donor polymer.
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4.2 Materials & Methods

Low band gap donor type polymer poly [N-9’- heptadecanyl-2,7-carbazole-alt-5,5-
(4’,7-di-2-thienyl-2’,1",3’- benzothiadiazole)] (PCPDTBT) was used for photode-
tector. The band gap of these materials is around 1.5 eV with HOMO at 5.3 eV and
LUMO ant 3.6 eV. It was blended with the acceptor materials such as [6,6]-phenyl-
Ce1-butyric acid methyl ester (PCBM) or C70 based PCBM. The device fabrication
was done following a standard protocol of a bulk heterojunction polymer solar cell
as mentioned in section 2.2. Devices were encapsulated inside a glove box (O and
H,0O contain <1 ppm.) by a cover slip/glass and epoxy resin. The transient mea-
surements were carried at room temperature as well as at low temperature inside
a liquid He based cryostat chamber. A 10 ns laser (EL FORLIGHT Ltd, UK)
pulse was used for photoexcitation and the transient responses were recorded by
a GHz (LeCroy, Model Wave Runner 6100A) oscilloscope. A ultra-fast (<1us rise
time) blue LED (470 nm) and a NIR LED (930 nm) driven by a function generator
(Tektronix, Model AFG320) was used for longer duration of pulse (1 ms ON time
at 100 Hz repetition). Agilent source meter was used to apply reverse bias in steps

of 100 mV.

4.3 Characterization of polymer photodiode

The transient photocurrent measurement gives an opportunity to understand some
of the loss mechanism. One of the most common technique is photoinduced charge
extraction by linearly increasing voltage (photo-CELIV) where a ns light pulse is
used followed by a ramp voltage to extract photogenerated carriers [198]. Durrant
and co-workers have developed a number of transient techniques to determine the

charge carrier density and carrier dynamics at Voo [199, 200]. McNeill et. al.
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[193] have reported the effect of trapping and detrapping of charge carriers on the
transient response. In these studies the photocurrent response of a device to a
step function of an optical excitation is analyzed. The time duration of the optical
pulse is very important to understand the dynamics of charge carriers at steady
state as well as under transient condition. For a longer duration of pulse a steady
state condition can be established. This technique was previously used to study
the response time of a detector. Apparently the switching speed of a detector
depends on the transient response (rise time as well as decay time) under optical
excitation. In this section we shall discuss the steady state response as well as

transient response of a photodetector.

4.3.1 Steady state measurement

Steady state measurements were carried out to estimate the spectral sensitivity,
quantum efficiency, detectivity and the stability of the devices. Spectral sensitivity
has been recorded by a monochromator (Spectromax, 500M) and a Xe lamp source
[Fig. 4.1]. The spectral sensitivity of these devices shows a significant response
up to 800 nm (~ 80 mA/W) with a peak response at 775 nm (~ 110 mA/W).
A discernible and measurable [, exists deep into 1 pm. The use of C70 based
PCBM also enhances the external quantum efficiency (EQE) of the detector as
predicted by Boland et. al. [111]. These devices were stable at inert atmosphere.
Encapsulated device showed significant response (>80%) even after several weeks.
However exposure to UV light may reduce the efficiency due to photo-degradation
[201]. The performance of the device could also be gauged by the adequate response
(~ mA/W) to commercial LED light source operating at 930 nm which is typically

used in remote control applications.
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Figure 4.1: IPCE  spectrum is measured for PCPDTBT:PC60BM and
PCPDTBT:PC70BM of 1:2 by weight ratio is shown. Xenon arc lamp is used
as a white light source and Spectromax 500M is used as monochromator.

Photosensitivity The definition of photosensitivity can be of two
types, it could be either device specific or material specific. The change
is photoconductivity (Ao ) is high for some detectors, however the change
in Ao /oy is more materials specific where oq is the dark conductivity.
The photosensitivity can be defined as

e Specific Sensitivity: Specific Sensitivity is a measure of the ma-
terials actual sensitivity in terms of mobility-life time (ut ) product.
This is applicable for large photosignal

S* = AId*/¢Pm2Q W ! (4.1)

where P is the optical power input, ¢ is the applied voltage across
a film thickness d and Al is the change in photocurrent.

e Detectivity: This is usually applied to the low signal measure-
ment where the photoexcited signal is measured in presence of back-
ground noise.

D* = (AAV)' NEP (4.2)

where A is the device active area, Av is the bandwidth used for
measurement of noise and NEP represents the radiation power
needed to produce a signal equal to noise.

e Photoconductivity gain: Its a combination of photosensitivity
and device parameters defined as the number of charge collected in
the external circuit to the number of incident photon. If F' is the
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total number of photon absorbed then the gain G* is expressed as
G*=(Al/q)/F (4.3)

where q 1s the elementary charge.

4.3.2 Transient measurement

Photocurrent transient analysis is necessary to estimate the speed of the detectors.
The speed of response is inversely proportional to the rise time and decay time of
the detector. The time constants not only depend on the life time of the free carriers
but it depends on the density of trap states also. The speed of response decreases
with the increasing density of trap states. In presence of trap states additional
time dependent phenomenon occurs in terms of trap filling during photoexcitation,
whereas detrapping happens with a slower rate when light is off. So the measured
response time 79 = 7(1 + ny/n) (n, is the trap density of states) can be greater or

equal to the life time of the free carrier.

Rise time and fall time: Rise time and fall time of a detector
is related to the life time of the free carriers (n).

e Rise time : It is the time taken by output signal to reach from
a specific low threshold value (generally 10%) to a specific high
threshold value (90%).

e Fall time / Decay time : The time taken by the output signal to
decay from a specific high threshold value to a specific low threshold
value.

If the generation rate is G and life time of the free carrier is T, the
simple rate equation will be

G- = (4.4)
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At steady state n = G1,. The rise time can be derived from the equation
n(t) = Gr[l — exp(—t/7.)] (4.5)
and the decay time can be derived from the equation

n(t) = Greexp(—t/7.) (4.6)

4.3.2.1 Temperature dependent transient response

The temperature (T") dependence of transient I,;,(t) was carried using a liquid He
based cryostat chamber. Short laser pulse (532 nm, 10 ns pulse at 10 kHz rep-
etition) was used for photoexcitation and the transient responses (across 1 M2
coupling) were recorded by a GHz (LeCroy, Model Wave Runner 6100A) oscillo-
scope. The magnitude of the photocurrent I,,(t) decreases with decreasing 7" as
shown in the figure 4.2. The log(l,,) Vs. T~! exhibited an activation energy ~
16 meV. The activated response is also reflected in a similar dependence of the
decay time constant of I,;(t). The transient photocurrent decay can be reasonably
modeled to a single exponential function [202] in the temperature range 200 - 300
K,

I(t) = ApeTeecniexp(—et) (4.7)

where ‘A’ is a constant that depends on the electric field, illuminated surface on the
electrode and the penetration depth of light, ‘e.’ is the trapped carrier emission rate,
‘e’ is the carrier mobility and ‘n;’ is the density of occupied trap states under light
illumination. The carrier emission rate e, = (77!) = vpexp(—e,/kpT) depends on
the activation energy ¢, and the temperature T. Here 1y is the attempt to escape
frequency [203, 204]. The dynamics represented by time constant 7 estimated at

different 7" takes on a characteristic form. At 7" > 350 K, 7 is ~ 1.35 us and at
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Figure 4.2: Transient response of a BHJ polymer photodiode at different tempera-
ture range. 532 nm Laser (10 ns pulse at 10 kHz) is used. Photocurrent response
decreases with the decrease in temperature (arrow indicates the decrease in temper-
ature). Inset: log (I) vs. T~ plot. Estimated activation energy at low temperature
1s 16 meV and at room temperature it increases to 30 meV.

T ~ 200 K, 7 increases to ~1.65 us. It was observed for T" < 200 K that the
measured transient [, (t) takes on a biexponential decay with an appearance of an
additional distinct slow time constant [Fig. 4.3(a)]. Both the components (7;) and
(72) continue to decrease upon lowering 7', as indicated by the value of 7 ~ 1.1 us,
and 1o ~ 4.7 us at T ~ 125 K. The origin of the anomalous behavior of transient
photocurrent response can be attributed to the existence of different transport
mechanisms operative at different 7' regime. At lower temperature (7' < Tp),
variable range hopping (VRH) [17, 205, 206] is dominating transport mechanism
where the density of localized states near Fermi energy contributes to the transport.
As temperature decreases, the activation energy also decreases as it follows T%/4

dependence [207]. However, above a certain temperature (7" > Tp), a band like

nearest neighbor hopping (NNH) is possible where the activation energy is constant.
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Figure 4.3: (a) log(I) vs. t plot at different temperature. Above 200 K, transient
photocurrent follows single exponential decay. Below this temperature the response
shows multi-ezponential decay. (b) Single exponential decay time constant for tem-
perature > 200 K and biexponential fitting for a temperature range below 200 K.

Detrapping rate increases with the increasing temperature hence 7 decreases. If
the transient dependence can be profiled by 7(7') then at T' = 200 K, a crossover

in the 7(7T) is observed where both mechanism could be present to some extent

giving rise to slowest response of the device as shown in the figure 4.3(b).

4.3.2.2 Bias dependent transient response

Ultra-fast (< 1 us rise time) blue LED (470 nm) and a NIR LED (930 nm) driven
by a function generator was used as a light source. Agilent source meter was used
to apply reverse bias in steps of 100 mV. In order to study the slow processes a 1
ms pulsed LED at 100 Hz frequency was used. Transient response was measured
at different reverse bias voltage [Fig. 4.4]. As the reverse bias (E = V/d) increases,
mobility (u) of the free carrier increases, subsequently the rise time of the current
pulse decreases. The responsivity increases linearly with the increasing reverse

bias as shown in the figure 4 inset. A simplified model based on the dynamics of
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Figure 4.4: 100 nm thick device transient response under reverse bias (0 to 1000
mV). IR LED (930 nm) is used with a 1 ms pulse and 100 Hz frequency. Inset:
Extracted charge linearly increases with the electric field.

trapping and detrapping of electrons is used to explain the bias dependent response.
A localized state at an energy € measured from the bottom of the conduction band
is characterized by a density of states M(g) and the occupied density of state is
m(e). If the generation rate is n;(¢), the rate equation for the trap density of state
[127] as shown in the equation below

dm(e)
dt

=n,;(t)[M(g) — m(e)jvoc — Novom(e)exp(—e/kgT) (4.8)

Here ‘v’ is the thermal velocity of the carrier, ‘c’ is the capture cross section and
‘N.’ is the effective density of state in the conduction band. So the rate equation

for the electrons in conduction band can be rewritten as

dn(t) “ dm(e) n(t) — ng
i ni(t) — /o Tde Ei— (4.9)
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where ‘ng’ is the dark carrier density. ‘7g’ is the recombination rate. ‘e, represents
the electron demarcation level above which conduction band interacts with the
localized states. In this case the generation rate n;(t) = no[U(t) — U(t — Ton)]
where U(t) is a unit step function. The first term in the equation 4.8 represents the
trapping rate present only when the light pulse is ON, and second term represents
the detrapping of the charge carriers mostly dominating when light pulse is OFF.
Generation of charge carrier is bias independent [208], but the traping-detraping
kinetics strongly depend on bias. With the increasing reverse bias the barrier height
¢ will get reduced by ¢F.R where ‘R’ is the distance between two hopping site. It is
expected from the equation 4.8 that the trapped carrier density m(e) increases with
the increasing light intensity as well as light pulse (Tpy) and trapping-detrapping
rate gets equilibrated to a steady state value. In case of a short light pulse, the
trapping and detrapping rate does not reach to equilibrium state as shown in
the figure 4.5 and hence a weak bias dependent photocurrent is observed. The
distribution of trap states is also very important to determine the [, and 7 as
deeper states contribute to the transient current when light pulse width is increased.
It is seen that 7 for a 10 ns pulse excitation (7 ~ 1-2 ps) is much smaller than 7
for 10 ps pulse excitation (~ 30-40 us) whereas 7 for 1 ms pulse excitation is of

the order of ms.

4.3.2.3 Incident photon wavelength and background light dependence

The wavelength dependence of the detector specifications is clearly brought out
by the analyzing the device response to 470 nm blue LED and 930 nm IR LED
which were driven to generate a 1 ms pulse and 100 Hz frequency as shown in the
figure 4.6. It was observed that the response time of the device to blue light (470

nm) pulse was clearly shorter than the IR light (930 nm) pulse as shown in the
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Figure 4.5: Photocurrent transient response for a 10 ps light pulse under reverse
bias varying from 0 V to 1.2 V. The magnitude of the photocurrent transient in-
creases but the decay time constant remains almost same.

1l0 | L) L) L) L] L] L) L)
~0.8F}
=
8
=06}
o
5
§ 04}
0
L
002 - .
Pulse
Blue response
0.0 -
. . . —.IR.respo.nse .
18.9 19.2 19.5 19.8 20.1 204 20.7 21.0

t (ms)

Figure 4.6: Transient photocurrent response under blue (blue line) and IR (red line)
light pulse (black line). 470 nm blue LED and 930 nm IR LED is used with a pulsed
voltage source (10 % duty cycle at 100 Hz frequency).

table. The slower and lower response to IR light can be attributed to the fact that

the photogenerated carriers have contributions originating from the donor-acceptor
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Table 4.2: Rise and decay time for blue and IR light pulse

Time constant Blue IR
Rise time 7 0.16 ms ~ 1 ms
Decay time 7,4 0.72 ms 1.45 ms

CTC. Also at low carrier concentration, the average mobility gets reduced by a
power law behavior [93] of n where p oc nT/T)=1 Ty is related to the width of
the Gaussian density of states. In this case the density of occupied states is very
deep with high activation energy which in effect implies that the slow carriers take
longer time to reach to the counter electrode and also explains the slower rise of
I,,(t) observed in case of IR light pulse.

The device switching response is also sensitive to the background CW illumi-
nation. The CW white background typically results in device operation at higher
charge carrier concentration. Under this condition, a drop in transient photocur-
rent magnitude is observed, at the same time response time decreases. The excess
photogenerated carrier at steady state (space charge limited regime) reduces the
exciton dissociation rate due to reduced built-in voltage and also increases the bi-
molecular recombination term. Hence in presence of a CW white background light
source (same as that of a probe intensity), I,,(t) drops significantly. Under white
background light, 7 becomes lesser (~ 0.72 ms) than that of a device under dark
background (~ 1.45 ms) as shown in the figure 4.7. The trap density of states under
CW light follow a dynamic equilibrium condition, i.e. the trapping and detrapping
rates are almost balanced. Hence dm(e)/dt of equation 4.8 upon photo illumina-
tion is less. McNeill et. al. have also shown that increasing CW background light
can reduce the decay time constant [193]. This indicates that the slow release of

trapped charge carriers after switching off the pulsed illumination is very small;
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Figure 4.7: Red LED (650 nm, ~ 1 mW/cm?) is used as a pulsed (1 ms) light
source along with a white LED as background light source. Transient measurement
was carried out with and without background light. Inset: normalized response for
transtent photocurrent under dark as well as CW white background illumination.
they are completely filled due to CW background light.

These factors pertaining to background light are also important in determining
the utility of the photodetector, especially in the NIR regime. The results from all

the measurements have been consistent with electrical transport models based on

trap dominated mechanisms.

4.4 Summary

Low band gap polymer PCPDTBT coupled with PCBM to form BHJ devices
exhibit a wide spectral response. Appreciable photocurrent is observed at the
absorption tail states which extend to communication wavelength regime. The
trap assisted electrical transport results in a slow extraction of charge carrier which

leads to a long-lived response in the I,,(tf) measurements. The responsivity and
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response time constants of these devices in the photodetector mode can be improved
by operating the device in reverse bias (photoconducting mode). It may be possible
to further optimize the device by an appropriate donor-acceptor composition and
appropriate annealing conditions which can further modify the distribution of the

defect density and the energetics.



SECTION 5

Electric field induced instability of conducting
liquid and its application to Organic Optoelectronic

devices

5.1 Introduction

Electrohydrodynamic instability of a conducting liquid surface in a strong electric
field (EF) has been of considerable scientific interest with the earliest report dating
back to 1917. Experiments on mercury surface under EF were studied by Tonk
[209] to address issues related to surface distortion and the net pressure along with
the liquid motion. Subsequently, EF-induced instability of conducting liquid has
been studied in the context of vacuum discharge, charge emission and breakdown
voltages. The conducting liquid system in EF can be accurately dealt with in terms
of the interplay of three competing forces; electrostatic force, surface tension and
hydrostatic pressure. The latter two terms act as the restoring force while the elec-
trostatic pressure provides the destabilizing interaction. At low field strength, the
surface tension and hydrostatic pressure dominate resulting in equilibrium shapes,
and beyond a critical voltage the electrostatic pressure takes over resulting in con-
tinuous deformation. The induced charge accumulates on the surface shielding

the bulk in conducting liquid films under a homogenous field, unlike the case of

111
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dielectric-viscous films where the EF induced instability manifests in form of locally
ordered pillars on the surface having hexagonal symmetry [210]. The dynamics and
evolution of pattern formation essentially results from the competing effects of the
destabilizing electrostatic pressure Py ~ FZ /81 due to the imposed external field
Ey and the stabilizing Laplace-pressure at the dielectric-air interface. The induced
charges developed by the interaction of the EF on the conducting liquid surface
modify the growth of surface fluctuations. Stability analysis examined by the re-
sponse to a surface perturbation of the metallic liquid surface points towards a
linear and a non-linear stage in the deformation [211, 212].

Another related electromechanical phenomenon is electrowetting (EW) where
the contact angle [213] is a function of the electrostatic conditions. For example,
in case of the charged drop in contact with the bottom electrode, the EF at any
point away from the contact line depends on the radius (R) of the droplet, dis-
tance (d) between two electrodes and the angle with respect to the z-axis. In this
charged droplet case, EF and the charge density near the three-phase contact line
diverges. The EW feature is given by Lippmann-Young’s equation [214-216], where
the contact angle of the drop decreases under the EF to minimize the surface en-
ergy [217, 218] leading to increased wetting of the liquid drop and can be observed
to counter the drop extension (along z-axis) in the lower V regime, especially for
the charged drop case. At high field regime, the contact angle tends to saturate
and the vertical z-extension rapidly dominates over EW. The EW related dimen-
sional changes in the present set of results is relatively insignificant compared to
the drop-height variations and can be viewed as a minor correction factor.

These phenomena at small length scales can be viewed from the perspective of
a method with a potential for reliable delivery and control of nanoliter-scale vol-

umes of viscous fluids in a relatively facile manner. The deformation of conducting
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liquid surfaces using low temperature metal-alloys offers a close look at the phe-
nomena. This opens up options for controlled contact formation with fundamental
implications in studying electrical transport in soft systems and can be applicable

in printable electronics [219].

5.2 Theory: Field induced instability

The surface of thin liquid films is morphologically unstable under the competing
action of surface tension and dispersive van der Walls force between films and
substrates. Applying a strong EF some of the mode starts dominating over others
and leads to instability. The effect of EF is modeled as shown in the figure 5.1.

Height of the hump y is much smaller than the R. So from simple geometry

Figure 5.1: Shape of hump assumed in the liquid surface with a radius of curvature
R at the vertex of the hump, y is the height of the vertex and r is the effective radius
of the hump taken as the radius of the small circle cut from the y=0 plane.

yR = %(T2 +4?) (5.1)

Assuming a constant EF Ej and the enhanced field at the vertex of the hump F,
the total pressure on the liquid surface is calculated. There are three components
of downward pressure as well: (1) atmospheric pressure A, (2) pressure arising

from the surface tension 27/ R where ~ is the surface tension and (3) electrostatic
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pressure due to enhanced EF at the vertex E?/8w. So, the net upward pressure is

given by the equation 5.2

P = (E* - Ej)/8T — pgy — 27/ R (5.2)

If P is positive then surface tends to deform; if P is negative liquid surface tends
to flatten out. The enhance field at the vertex depends on the geometry of the

surface and approximately it takes the form as shown in the equation 5.3.

E = Ey(1+2y/r) (5.3)

From the equations 5.1, 5.2 and 5.3 the net pressure is

y+r 4my/E5 mg} (5.4)

2
P_yEO/W[ r2 Y2 + 12 E2

Total pressure could be positive or negative depending on the value inside the
bracket. However y is much smaller than r and hence the equation 5.4 can be
modified where 1/r<or >(4ry/E?)/r*+7mpg/E:, or in terms of EF as EZ <or
>4my/r 4+ mpgr. The minimum value E,, of Fy which will cause instability and the
corresponding value 7, of 7 are seen to be E,, = 27'/2(pgT"*), r,, = 2(v/pg*/?).
For a mercury surface the numerical values are 56,700 Vem™! for FE,, and 0.367
cm for r,. On a large free surface subject to a given E, which is greater than
E,,, only those distortions will grow whose radii lie within the limits indicated. In
the low field regime (<E,,) no distortion of the surface arises, but above that field
strength the distortion increases progressively under the net unbalanced pressure
P. In particular it can easily be shown that for » = r,, the bracket in equation 5.4

becomes [1-(E,,/Ey)*]/2A where A = 87T /E2. As the (E,,/Ey)* term represent
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the gravitational force, when Ej > E! gravitational term can be neglected. The
field at which surface distortion starts growing and surface becomes instable can
be written as Eq>3E,,. As the hump develops, the liquid starts flowing into from
its immediate neighborhood. On an average, this flow extends over a distance
comparable with r. If the area associated with the flow is a, the volume of the
liquid flowing into is ar. It is possible to solve analytically to find out the velocity
y. The corresponding momentum is thus pary. Its rate of increase is equal to the
force acting on the surface i.e. aP=pad(ry)/dt. Substituting this to equation 5.4,

the equation of motion can be written as

d(ry) _ o Tty A/2  pmg
=By (7 - -2 5.5
N r24+y*  E} (5:5)
where B? = E2/mp. The solution of the equation 5.5 gives the evolution of the
hump. However solution of the equation 5.5 is possible only when the relation

between r and y is known.

5.2.1 Deformation of droplet vertex

The inherent high surface energy of metallic liquids such as Hg, Ga, In-Sn, and
In-Bi-Pb-Sn alloys prevents the formation of a planar surface and tends to form
spherical contour radius R > £ (where £ is the surface perturbation), and R =
[3Vh/27(1—cos 6)]'/3 where Vj is the volume of the drop (~2 to 4 ul) and 6 (~120°
to 90°) is the contact angle [Fig. 5.2]. Studies were carried on charged-drop where
it was directly in contact with the bottom electrode. Other experiment was on
induced charge-drop where a dielectric layer was coated to insulate the drop from
the bottom electrode. Upon applying an external bias, the EF at the drop vortex

is enhanced due to induced surface charge density. For low FEy, liquid surface
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Figure 5.2: Model of a spherical droplet (of radius R) of volume Vy on a conducting
electrode with contact angle 0.

can be assumed to be stable and the resulting surface profiles can be determined
analytically from the field distribution and the energy balance conditions. The
hemispherical surface-induced charge density in a uniform axial field [220] is shown

in equation 5.6.

7= <$>% —R [3420

This gets modified under low bias to an experimentally verifiable prolate-spheroid

cos 9] (5.6)

(¢ >a = b) type charge distribution [Fig. 5.3] accompanied by the minor modifica-
tions in the scalar potential as shown in the equation 5.7. The charge density near

the contact line tends to zero and EF is minimum.

tanh ™ /(2 — a2) /(€2 + ) — /(2 — a?) /(€2 + 02)}

5.7
tanh™ \/ —a%/c®) — /(1 — a?/c?) (5.7

b= —FEyz [1

For a charged droplet, EF on the droplet surface is modified by the proximity of
top electrode and EF can be estimated by image method. EF at any point on the

drop surface (away from the contact line) is given by the equation 5.8

B} Q Q
E= [(47TGOR2>2 * <47760(4d2 + R? — 4dR cos 9)>2

+2< Q cos(6 + ) F

(5.8)
47reo> R2(4d? + R? — 4dR cos 0)




5.2 Theory: Field induced instability 117
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Ep=V,pp/d
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Figure 5.3: Hemispherical droplet on a dielectric layer under electric filed Fy. Solid
semicircle represents original shape of the droplet without any external field whereas
dotted line represents prolate-spheroid shape under electric field.

Where ‘@’ is the total charge on the droplet surface, ‘R’ is the radius of the droplet
‘d’ is the distance between two electrode, ¢ = tan™![Rsin6/(2dR cos 6)]. However
due to electrostatic pressure, the droplet size changes to prolate shape as mentioned
earlier. Approaching towards the contact line due to higher radius of curvature,
charge density increases and hence EF increases (non-zero EF even at angle 90°)

as shown in the figure 5.4.
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Figure 5.4: Electric field profile on the droplet surface when droplet is on a con-
ducting surface (charged droplet) and on a dielectric surface (induced charge).

In this low-bias range, the surface energy contribution scales with the electro-

static energy maintaining the shape of the drop, with the dimensions gradually



118 Section 5.

varying with the strength of the field. As the bias is increased further, the elec-
trostatic pressure increases, P > Fy, at E > E, (where E. is the critical EF), the
instability sets in leading to an irreversible surface deformation. In the instability
regime, the recursive interdependency of the distorted surface and the non-uniform
field distribution along with the associated dynamics leads to the complexity of the
problem. However, the critical field, E, ~(gyp)'/? [221] which is experimentally

verifiable, can be predicted from a linear stability analysis.

5.2.2 Electrowetting

For a drop of volume V; and contact angle 8y radius of the drop can be estimated
as in figure 5.2. Applying voltage V contact angle changes to 6y and radius R

changes accordingly as shown in equation 5.9.

dR Rsin6
B 5.9
db 3(1 — cosh) (5.9)
Change in height of the droplet is given by the equation 5.10.
dh 0 2
2 9 TR(1 — cos } — ZRsi 1
0 = 90 [R( cos ) 3Rbln9 (5.10)
Solving this equation we get change in height (equation 5.11).
3Vo\ s 2 2
Ah = (%) [(1 —cosbp)3 — (1 — cos HV)B] (5.11)

EW on a conducting surface happens due to charge transfer from electrode to
liquid (for a particular combination of electrode and electrolyte which gives rise

to polarization at the interface) leading to charge and dipole redistribution at the
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interface and hence decrease in interfacial surface tension. However the alloy in
this case is a conducting liquid, hence the charge separation at the interface is
negligible as the capacitance due to electric double layer (EDL) formation is quite
low. Small changes in contact angle occur at very low voltage; whereas at higher
voltage, contact angle gets saturated and EF induced deformation dominates over
EW. Change in height due to change in contact angle is almost linear for small

change [Fig. 5.5].

119.0 1192 1194 1196 1198 120.0

Contact angle (degree)

Figure 5.5: Change in height due to change in contact angle (A = 1°). Model
droplet of volume 2 pl and initial contact angle 8 = 120°

5.3 Materials and Methods

The quaternary alloy drops (eutectic mixture of Bi 49%, In 21%, Pb 18%, Sn 12%
with a melting temperature 58 °C) of a desired dimension, 1 mm? - 10 mm? were
deposited on the temperature controlled (65 °C) substrate using a dispenser con-
sisting of heater-wire wrapped glass-capillary tubes. Similar experiment was also

done on In-Ga alloy with a ratio of 0.24:0.76 which is a liquid at room temperature.

In the experimental arrangement, the drop is isolated from the bottom electrode
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using a polymer-dielectric layer of 1 - 2um thickness as shown in the Figure5.6. 100
V to 1 KV was applied in steps of 5 V between two electrodes with Keithley High

Voltage Supply (Model 248) keeping the inter-electrodes distance constant. The

Gold coated cover slip (160 um)

A

Airgap (in ym)

Droplet

| Dielectric Layer ~1 ym |
ITO coated glass

Figure 5.6: Schematic of experimental set up for EF induced drop deformation.
The top-contactor surface could directly be a conducting layer as indicated in the
figure or a dielectric-coated conducting layer. At least one dielectric layer (top or
bottom) is necessary to prevent current flow through the drop upon contact.

constant voltage experiments where the EF was varied by controlling the distance
between two electrodes in steps of 1 ym using a THORLABS Stepper Motor Con-
troller was also carried out. Both the experiments were done for charged droplet as
well where conducting droplet is in direct contact with one of the electrode. The

EF variation with the decreasing inter-electrode spacing is shown in the figure 5.7.

5.4 Measurements & Results

The separation between two electrodes was maintained at a constant distance and
the bias voltage was varied to induce instability. Extension rate of the drop was
monitored using a CCD camera operating at 30 frames per sec mounted on a 50X
objective lens. The images of the drop were analyzed using Motic-Image 2.0 soft-

ware to obtain the drop dimensions and profiles. A priory estimate of E, was used
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Figure 5.7: FElectric field strength variation with the inter-electrode spacing keeping
the applied voltage constant. Flied strength increases sharply at the vertex with the
decreasing inter-electrode spacing

in positioning the top contactor electrode. For ex.: the experimental value for E,. ~
3.8 V/um was observed to match the estimate, for a 3 mm diameter alloy drop
and 150 pm air gap (contactor - alloy drop vortex distance). The drop extension
as functions of voltage bias with a constant inter-electrode separation-distance (d)
as well a function of d at constant voltage was measured and is shown in figure
5.8 & 5.9. The extension dependence can be considered as linear in the low bias
range which gets progressively nonlinear as the bias is increased. The low voltage
linear region provides an extension rate in the range of 50 nm/V - 100 nm/V [Fig.
5.8]. In the case there the voltage bias is held constant and the separation d is a
variable, the extension profile obtained is shown in figure 5.9. Extension changes
in the range of 50 nm/um is observed at large d, and in for smaller air-gap sep-
aration the profile changes are more rapid and is in the range of 600 nm/um to

700 nm/pm as indicated in Figure 5.9. These observations indicate the control and
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Figure 5.8: Drop-height variation with respect to the voltage (< V.). Inset: Optical
image of alloy drop on dielectric layer coated ITO plate. Gold-coated cover slip
forms top electrode (facing down) separated by initial air-gap of 50 um. The images
indicate the side-view of the drop along with its reflection off the Au coated top-
contactor.
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Figure 5.9: Change in the drop-height as a function of inter-electrode separation
distance (air gap d), Vapy, = 400 V. Inset: Optical image of the drop extension for
different air gap at constant voltage.

the sensitivity of the process for possible applications. The process of bridging the
contactor is specific to the top contactor boundary condition. In cases where the

top-contactor facing the drop is the bias-electrode and where the layer beneath the

drop is the dielectric layer, the drop-electrode merger goes through an oscillatory
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process below a critical separation distance with the contactor. This feature can
be qualitatively understood in terms of discharge of the drop upon contact and the
restoration of the drop shape, with the period of oscillation varying inversely as a
function of separation distance. Inertial factors arising from adhesive interaction
and surface modifications further alter this oscillatory process. It is noted that the
drop upon contacting with the counter top-electrode can undergo further modifica-
tion depending on the contactor surface conditions. A gradual irreversible increase
of the contact area under EF [Fig. 5.10] is observed after making contact and can

be understood in terms of the EW [222]. The alloy when gradually cooled after

\

N
T
"

Contact area (mm?)

0
400 500 600 700 800 900 1000
VoY)

Figure 5.10: Contact-area as a function of the applied voltage. Inset: Optical
tmages of the drop profile upon contacting the top surface and the evolution of the
contact area as a function of voltage.

establishing contact under the bias (above a threshold-value) appeared to maintain
its deformed shape. Cooling rapidly at EF = 0 or below a threshold value results
in a finite gap between the contactor and the drop-vertex and this feature may be
a useful procedure to generate nanogaps [223]. The retention of the drop-shape
by this field sculpting procedure is also observed to depend on the flexural rigidity

of the substrate and contactor, with thinner substrates (such as cover-glass) prov-
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ing to be a better platform to implement this procedure. Optical micrographs do
not reveal any particular stress/cracks related features on the cooled alloy surface
introduced by the procedure.

Another interesting observation was made for an induced charge droplet exper-
iment. The experiment was carried out with a gold coated top electrode facing
towards the droplet. Upon increasing voltage droplet starts deforming to a certain
extend and then start oscillating with a characteristic frequency. The oscillation
frequency depends on the droplet size as well as the applied field strength. The
electrostatic pressure depends on the induced charge on the alloy surface. However
after making a contact with the top contactor charge gets reduced. If the adhesion
between gold surface and alloy surface is not good enough, due to gravitational
force droplet vertex relaxes back to its initial shape and starts acquiring induced
charge again and the whole process keeps repeating. Time constant associated with
the charging and discharging of the droplet is quite small as the self capacitance of
the droplet (kegR) is very small (~ pF) and resistance is also small (~ Q mainly due
to contact resistance). Oscillation frequency solely depends on the mechanical time
constant of the system (droplet size, EF, viscosity, surface tension). According to
Tonks-Frenkel instability, a height £ of a surface perturbation grows exponentially

(Equation 5.12).

d§

— =q 5.12
“ ot (512
Oscillation time period depends on two time scales, growth time of the surface
perturbation and the relaxation of the droplet after discharge occurs, provided the

contact area is very small prior to discharging of the droplet and the adhesion

energy to the top surface is less. So total time period will be given by 7 = 7 + 7
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where 7; = 1/a;. «ay is the growth constant and ay is the decay (relaxation)
constant where a; depends on EF but as is independent of EF. a7 increases with
the EF and hence the frequency of oscillation (of the order of few Hz) increases
with the applied field. However, beyond a certain field strength alloy droplet makes

a permanent contact with the gold surface and oscillation stops.

5.5 Application in organic/molecular electronics

Methodology of depositing the electrodes has been utilized in our laboratory. The
knowledge of the field dependent drop profile along with the positioning tools is used
as a method to develop soft electrode contacts onto polymer /organic/molecular lay-
ers in devices with patterned substrates. We fabricated and characterized polymer
based solar cells with alloy cathodes. Polymer light emitting diodes were also
fabricated and their performance is comparable to conventional device fabrication

process with low work-function cathode materials.

5.5.1 Polymer solar cells and Light emitting diodes

Polymer based light emitting diodes (PLEDs) [179, 224] and photovoltaic cells
have drawn considerable attention. The metal cathodes in electroluminescent (EL)
polymer for LEDs are normally thermally-evaporated low-work-function metals
[180]. A recent report reveals that Ag-paste can be printed on top of active layers
as a cathode and the resulting PLEDs have a comparable device performance to
those with Ba, Ca, or PFNR2/Ag (prepared by thermal deposition) cathodes.
The Ag-paste cathode [135] which consists of Ag in a binder is expected to suffer
from numerous issues related to the inhomogeneity, chemical stability, mechanical

integrity under prolonged operating conditions, rapid ageing etc. The present case
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of EF assisted alloy printing method which enables fabrication of the devices on
plastic (PET, PMMA) substrates also ensures the stability of the device and plays
a role as an encapsulant layer by preventing moisture and oxygen diffusion. A set
of two dozen solar cells and LEDs were fabricated using our laboratory protocol
to evaluate the utility of the process. The results from the polymer solar cells
using the alloy-electrodes is presented here. The cathode-deposition process was
specifically used to address the dependency of fill factor (FF) to both the interfacial
features and bulk-limiting factors in efficient PSHT-PCBM based solar cells. FF is
a sensitive parameter, which depends on both the bulk material property and the
quality of the cathode-polymer interface [89]. In conventional deposition technique,
we observe that slow evaporation rate provides a conformal coating of the metal
on the polymer with the interface quality suitable for good collection efficiency
leading to a better FF. It was observed that the parameters in the procedure for
melting the alloy, depositing it using EF and freezing it subsequently also leads to
characteristic polymer-alloy interface morphology. In general, in the melt phase
the electrode forms an intimate contact, which can be preserved upon decreasing
the temperature gradually, leading to optimized polymer/cathode interface. Low
melting point (58°C eutectic) alloy was employed as the cathode material for a
highly efficient polymer/fullerene solar cell and the performance was comparable

to a conventional cell with Ca-cathode.

5.5.1.1 Polymer solar cells fabrication & measurements

ITO coated glass substrates are cleaned and etched to fabricate organic photovoltaic
devices. PEDOT:PSS (~ 80 nm thickness) was spin coated from the aqueous so-
lution on the ITO coated glass substrate and annealed at 120 °C for 30 minute.

Optically active polymer Poly (3-hexylthiophene) (P3HT) and poly[6,6-phenyl-Cg;-
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butyric acid methyl ester] (PCBM) (1:1 ratio by weight) dissolved in Tetrahydro-
furan (THF) (20 mg/ml concentration) was spin coated (~100 nm thickness) in
N, environment in the glove box on pre-deposited PEDOT /PSS film and annealed
at 80°C for 20 minute. The liquid alloy cathode material was then deposited on
the polymer blend film using the EF induced deformation of the liquid droplet at
65°C. The alloy drop - device was insulated by dielectric layers ensuring the ab-
sence of any current-flow through the device during the contact process. After the
contact formation, droplet was cooled gradually (keeping EF ON) to avoid crack
or fracture. The performance parameters of Jsc ~2 mA/cm?, Voo ~0.45 V and
FF ~48 % fill factor (with 50 mW /cm? Xenon lamp illumination) were achievable
[Fig. 5.11]. The alloy droplet also acts as an encapsulation for these devices; hence
these devices were more stable compared to devices where Al or Ca/Al cathode

was thermally deposited. The EF dependence of the alloy-polymer contact area

Dark IV

-0.754

-1.504

esseseretes? Light IV

Figure 5.11: -V of P3HT:PCBM blend based polymer solar cell using the metal
alloy drop as the cathode (contact area 0.2 mm?), using Xe white light source (~
50 mW/em?)

can be utilized to arrive at an appropriate dimension (~ 0.2 mm? in the present

case).
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One of the efficiency limiting parameter in BHJ solar cells is the fill factor. A
dominant factor which results in the reduced fill factor is due to imbalance in the
charge transport (electrons and holes) in the BHJ layer. The mismatch of drift
length ratio of electrons and holes in the MEH-PPV:PCBM blend gives rise to re-
duced fill factor. Another factor observed in our laboratory earlier arises from the
polymer /electrode interface properties [89]. The polymer/cathode interface low-
ers the FF even though the drift length for electrons and holes are comparable as
in PSBHT:PCBM blend devices. The conventional physical vapor deposition of alu-
minum (Al) electrode at a slow deposition rate results in conformal coating whereas
fast Al deposition leads to void space between polymer and electrode. Higher fill
factor was observed for conformal Al coating. The presence of low melting point
alloy and the EF induced contact formation provides us the opportunity to vary
the quality of the electrode layer in a facile manner. A sub-optimized condition of
cooling of the alloy melt-phase prior to establishing the contact with the polymer
surface results in reduced fill factor [Fig. 5.12(a)]. Optical images from a device
having fill factor 25% and 38% is shown in the figure 5.13. It was observed that
alloy in melt phase forms better interface with the polymer compared to solid phase
[Fig. 5.12(b)]. The in-situ measurement of the BHJ-PSCs with deformable cath-
odes confirmed the importance of the electrode/polymer interface in deciding the

FF magnitude.

5.5.1.2 Polymer Light Emitting Diodes

The structure of PLEDs comprises of multi-layer deposition in the form of elec-
trode/ Emissive layer (EML)/ Cathode. ITO coated glass substrates were used
as bottom electrodes. ITO substrates were cleaned with IPA/Acetone solution,

ethanolamine/H,0 (1:10) solution followed by RCA cleaning process (H2O, Am-
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Figure 5.12: (a) I-V of PSHT:PCBM blend based polymer solar cell using the
metal alloy drop as the cathode material. Rapid cooling of alloy cathodes results in
bad interface. (b) I-V measurement of PSHT:PCBM device with alloy as cathode
material in solid phase and melt phase. Figure is adopted from the reference [89].

Figure 5.13: Optical images (500X magnification) of ITO/P3HT:PCBM/alloy de-
vice with (a) rapid cooling of alloy, fill factor 25%. (b) slow cooling of alloy, Fill

factor 38%.

monium solution and HyO5 in 5:1:1 ratio). A thin layer of PEDOT:PSS was spin
coated on top of it and was kept for curing for 1 hour at 120 °C. MEH-PPV was
synthesized from precursor and PAG. 16 mg of precursor was dissolved into 1.6 ml
chloroform. 2 mg of PAG was dissolved into chloroform and added to precursor
solution. Devices were then fabricated by spin coating in dry nitrogen environment
and exposed to UV light for 15 minute and kept for curing for 1 hour at 80°C. Al
and Ca/Al were deposited on the top layer of polymer film by physical vapor de-

position at high vacuum (1.8x107° mbar) whereas fusible alloy was deposited by
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drop cast on the MEH-PPV film. Drop size varies from 0.5 mm to 3 mm diameter

and of 200 to 500 pm thick.

Figure 5.14: MEH-PPV based light emitting diode.

It has been observed that polymer alloy interface is more ohmic in nature,
where as polymer Al interface is more Schottky type. From semi-log graph knee
voltage for Al is 1.4 V shown in the figure 5.15(a), but for alloy cathode, current
starts flowing through the device even if at much lower voltages. Typical device
performance shows that at 0.1 V, current flowing through the device with alloy
cathode is 1 pA. For Al electrode at 1.4 V current flows through the device is 0.74
1A, LED with alloy electrode starts glowing when 1 mA current passes through the
device and voltage is around 4.5 V. [-V curves for Al and alloy has been studied.
For Al cathode, current increases more exponentially, where as for alloy cathode
increase in current is more space charge limited. That means electron injection from
alloy cathode is proportional to the square of voltage and does not suffer from any
barrier height. I-V and Log (I) vs. V also have been checked for Ca/Al and alloy
cathode. Alloy cathode performance is quite similar to that of Ca/Al in semi-log
plot, but from I-V data, it is seen that for Ca/Al electrode current increased more
exponentially than alloy cathode although knee voltage is quite similar to that of
alloy material. However calcium electrode is not air stable. Electroluminescence is
shown in [Fig. 5.15(b)]. MEH-PPV shows characteristic electroluminescence peak

at 590 nm and 620 nm.
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Figure 5.15: (a) I-V curve of MEH-PPV polymer based LED with alloy and Al
as cathode materials is shown in semi log plot. Inset: the I-V curve of the same
sample. (b) EL spectrum of a MEH-PPV based light emitting diode at 4.5 V bias
and 1 mA current.

Devices fabricated using alloy as cathode materials are air stable. High yield
and high reproducibility make this technique versatile for low temperature electrode
deposition. Control over active area is useful to study the effect of active area on
device performance. Repetitive melting and solidification of alloy contact does not
change the polymer/alloy interface chemically or morphologically. Hence a stable
response is observed even after several cycles of heating and cooling of the alloy

materials.

5.6 Summary

Deformation of conducting droplet has been studied from two different perspec-
tives. The growth of a droplet under EF follows an exponential behavior in low
field regime, whereas growth is very fast at high field regime. The growth of the
conducting droplet under EF can be controlled either by voltage sweep or by vary-

ing inter-electrode separation. The physical process of controlled deformation in
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a metal alloy, which can be preserved by cooling, is utilized in polymeric/organic
electronics in precise way. Specific advantages of this procedure are the possibility
of directly coating the metal electrode without elaborate lithography procedures
and also avoiding the requirements for physical masks and vacuum conditions. This
can open up a new, complete vacuum free technique for soft contact formation on
polymeric/organic film without damaging much. The performances of these devices
are comparable to those of conventional electrode deposited devices. The alloy used

here is very much air stable and works as an encapsulation for the devices.*

*Based on these studies, paper has been published in Proc. R. Soc. A, 465, 1799, (2009).
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Summary and future direction

The development of polymer solar cell is growing very fast although the efficiency is
yet to reach a milestone of 10% to realize devices which are commercially feasible.
One of the efficiency limiting factors is the electrical transport through the disor-
der bicontinuous network of a BHJ solar cell. In this report we have studied some
of the possible mechanism of transport dynamics and its effect on device perfor-
mances. Different types of experiments such as; intensity modulated photocurrent
measurement, photocurrent fluctuation analysis and the transient photocurrent
measurement have been carried out to probe the carrier dynamics under certain
conditions. We also highlight the possibilities of polymer based detector especially
at NIR regime which can be used in optical telecommunication system.

Intensity modulated photocurrent measurements were carried out on bulk het-
erojunction polymer solar cells to extract the device parameters. A unique set
of features from the results in the BHJ devices is exhibited in form a universal
behavior in terms of the modulation frequency dependence of the photocurrent,
which is not present in other families of solar cells such as; dye sensitized solar
cells, bilayer solar cells or any inorganic solar cells. We have correlated the device
efficiency to the photocurrent feature observed in the IMPS. Morphology effect on
the device performance is also reflected in the modulated photocurrent spectrum
especially at low frequency regime. Morphology can be controlled by processing

of the device such as; changing the annealing condition, changing the D-A ratio
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or using more rigid polymer to have higher crystallinity. Temperature dependent
study is also carried out to understand the effect of trap filling and detrapping
of charge carriers. The charge extraction resistance [Rs o epz(A/kgT)] at the
polymer electrode interface is dependent on temperature and there exist a barrier
(A) of 20-30 meV. Bimolecular recombination is strongly coupled with the car-
rier concentration. In low efficient devices, where exciton dissociation is reduced
by the trapped carriers, show very low photocurrent magnitude especially at low
frequency range. This result is consistent with the modulated photocurrent with
higher intensity of light. AC impedance measurements were carried out on same
sample with CW background light as well as in dark. The frequency dependence
capacitance is observed to be higher with CW background light. More interestingly
the frequency dependent loss factor also shows an anomalous behavior under white
light illumination with minima at 5 kHz range.

Transport through disordered network can also be studied from the photocur-
rent fluctuation analysis. We have observed characteristic fluctuations of the short
circuit current in BHJ solar cells. The PSD spectrum of such device exhibits a 1/f
type behavior and is accompanied by a characteristic peak frequency in the 10 to
100 kHz range. The trap state dominated transport through the bulk is expected
to be the origin of such fluctuations. We verified the fact with the kinetic Monte
Carlo simulation that the fluctuation in the photocurrent is related to the transport
of charge carrier through hopping with a characteristic waiting time in each site
depending on the positional disorder and energetic disorder. At low temperature
as well as at low intensity of light, photocurrent fluctuation gets reduced. We also
see the co-existence of flicker noise in the low frequency regime (< 1 kHz) with an
exponent of ~ 1.5. We probe the degradation of the sample devices under atmo-

spheric condition. The characteristic peak frequency in the PSD spectrum shifts
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towards the lower frequency regime. Noise power spectrum could be a valuable
tool to understand and provides a deeper insight into the microscopic events oc-
curring in the device. Detailed analysis of noise power spectrum under different
experimental conditions should be able to provide and improve our understanding
of the degradation mechanisms of the device.

Low bandgap polymers are widely used in polymer solar cells. These polymers
could be good materials for photodetectors. Defects states in these polymer de-
vices play a critical role in determining switching characteristics at NIR spectral
region relevant to communication wavelength. We carried out detailed studies of
the bandwidth limiting factors of the long-lived transient photocurrent as a func-
tion of temperature and wavelengths. Responsivity and spectral sensitivity have
been tested under atmospheric condition and a significant response (~ 80 mA /W)
is observed at 800 nm wavelength. Transient measurements were carried out at
different temperature range. The dominant transport mechanism of the photogen-
erated carriers takes variable range hopping form at low temperature and nearest
neighbor hopping at high temperature. A general trend of a slower response to
wavelength corresponding to the band-tail region compared to the high-absorption
region is observed. The dynamics of trapping and detrapping of charge carriers in
a BHJ device is essentially a function of reverse bias voltage, light intensity and
CW background light.

The final section of the thesis deals with the fabrication process of BHJ de-
vices with low temperature processed cathodes. We have used a novel technique
to deposit cathode materials on soft polymer films. This technique is based on
the fact that under electric field any soft conducting material (low melting point
alloy, M.P. 58 °C) gets deformed in a precise way. Three competitive force; hydro-

static pressure, surface tension and electrostatic pressure determine the dynamics



136 Section 6.

of deformation of a conducting droplet under electric field. At low field regime,
the growth is linear with the bias voltage before it gets destabilized under high
field. The linear regime of the droplet deformation under electric field is made use
of soft contact deposition on polymer film. We have used this vacuum free depo-
sition technique to fabricate polymer based solar cells as well as polymer based
LEDs. The efficiency of these devices are comparable to that of the conventionally

fabricated devices. These devices also exhibit reasonable air stability.
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Matlab code for IMPS

R1=200000

R2=5000
C1=0.000000038
F=R1/(R1+R2)
a=0.0016
b=F*R2*Cl+a
K1=0.000000028
K2=0.00009

m=b*K1

n=K2*b+Kl1

0=K2+b
sys=tf(-F*[a,1],[m,n,0,1]);
bode(sys);

[mag,ph,fre|= bode(sys);
dlmwrite('myfile.txt’ mag, 'delimiter’, ’\t’, "precision’, 6, newline’,’pc’);

hold on
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Matlab code for FFT

Spectral power density from autocorrelation function

The power spectral density (PSD) describes how the power or variance of a time
series is distributed with frequency. Mathematically, it is defines as the Fourier
transform of the autocorrelation function. The autocorrelation function can be
used for the following purposes (i) to detect non-randomness in data (ii) to identify
an appropriate time series model if the data is not random. Given measurements

x1, To, ..., Ty at time ¢y, to, ..., ty, the lag k autocorrelation function is defined as

Ei (xz - xmean)(xi—l-k - xmean)

= I1.1
T Ez (xz - xmean)Q ( )

Here i = 1, 2, ... N. The PSD is given as:
S(f) = / re” 2Tk L (IL.2)

Matlab code for FFT and frequency maxima histogram plot
% Reading of data files

N=input(’how many files ’);

% Sampling rate

Fs =250000;

m=0;
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% Calculate frequency steps
f=(0:1024)*Fs,/2048;
p=input(’enter name of file ’;’s’);
k=1;

for i=1:N

fid = fopen(p, 1’);

¢ = dlmread(p,’,”,5);

d=c(:,2);

wordcount=size(p,2);
wordcount=wordcount-4;

% Each data files splited into 11 data set
for j=1:11

e=d(14+m:2048+4m);

% FFT of time series data
prex=fft (e,2048) /2048 /250000;
pxxz=1e18*(abs(pxx(10:1024))." 2);
% Find out frequency max
freqm=find (pxxz>=max(pxxz));
freqmax(k)=freqm(1,1)

k=k+1;

m=m-+2048;

end

m=0;

it i<10
p(wordcount-1)=num2str(0);

p(wordcount)=num?2str(i);
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else
p(wordcount-1:wordcount)=num?2str(i);
end

end

% Histogram plot

counts = hist(freqmax*30.517578*4 f);
save("histo.txt’,’counts’,-ASCII’);
h=dlmread ("histo.txt’);

k=1;

for i=1.0:50.0:1000.0

count=0;

for j=1:50

count = count + h(j+i-1);

end

y(k)=count;

k=k+1;

end

Y=Y’

plot(y);

save('data.txt’,’y’,-ASCII’);

fclose("all’);
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Addendum

List of corrections

Equation 5.3 is taken from the reference 209.
Equation 5.7 is taken from the reference 220, page 27.
Equation 5.8, 5.9, 5.10 are derived by the author.
Page 53, Table 2.1, unit of a is time (in second)

Page 114, T should be replaced by Y.

o 0 0O 0 0 O

Page 116, Fig 5.2, @should be replaced by &
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