Achieving high-efficiency white polymer light-emiig
devices by blending red and blue polymers

Mingtao Lu

Master Thesis
Group leader: Prof. dr. ir. Paul W. M. Blom

Supervisors Dr. ir. Andre J. Hof and Ir. Herman T. Nicolai

Referent Dr. Bert de Boer

Period: September 2006 - August 2007

Group: Molecular Electronics — Physics of Organic Ssanductors
Place University of Groningen

Zernike Institute for Advanced Madsi



White Polymer Light-Emitting Devices

Contents

Abstract

1.

Introduction

1.1. Conjugated polymers 4

1.2. Charge transport models 4
1.2.1. The SSH model 5
1.2.2. The field and density dependence of the mobility 5
1.2.3. The Gaussian disorder model and the correlatexdés model 5
1.2.4. Pasveer’'s model 7

1.2.5. The exponential trapping model 13
1.2.6. Space charge limited current 14
1.2.7. Device fabrication 15
1.2.8. Modeling 16
2. Red-emission polymer
2.1.Current-voltage measurements of HO devices 18
2.1.1. Modeling using the density dependent mobility mode 19
2.1.2. Modeling using Pasveer’'s model 20
2.2. Current-voltage measurements of electron-only aevic 22
2.2.1. Modeling using the density dependent model andv@®ass model 22
2.2.2. The variance of the Gaussian DOS 24
2.3. The current-voltage measurements of LEDs 25
2.3.1. The current-voltage characteristics of MEH-PPV I[sED 25
2.3.2. Modeling using Pasveer’'s model 26
3. Blue-emission polymer
3.1.Switching effect 29
3.2.Impedance spectroscopy 30
3.3.Modeling of PFO LED and electron-only devices 32
4. The blend
4.1.Bulk heterojunctions and Energy transfer 34
4.2.Current-voltage measurements of hole-only and edaebnly devices 33
4.3.Current-voltage measurements of LEDs 37
4.4.Quantum efficiency 38
5. Conclusion
Acknowledgements



s |Ntroduction

Abstract

Conjugated polymers have shown a tremendous paldioti lighting applications since
their semiconducting properties were discoverednFcommercial point of view white
polymer light-emitting diodes (LEDs) are considered promising candidates for
substituting the energy consuming light bulbs whi@nsfer 90% of the energy into heat.
One way to generate white light is by blending & pelymer (MEH-PPV) with a blue host
polymer (PFO). Compared to the blue host polyme@ge@ease of the device current can be
observed when the red polymer is blended in. Tars ke attributed to the fact that the red
polymer is acting as a charge trap. By changingréi® of the polymers the emission
spectrum of the blend can be tuned. In this pddratase, the single-emission-layer devices
are easy to process and assure a low operatinggeo{t-2.1V). The transport properties of
the polymers can be estimated from different models
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Chapter 1
Introduction

1.1 Conjugated polymer

In a conjugated polymer (CP) the carbon atoms avalently bonded by alternating single
and double bonds, such as polyacetylene (Fig. 1nl)yolyacetylene the -bonds are
oriented along the chain and thdonds perpendicular to the chain. X-ray diffractghows
that there is indeed a bond alternation (betweeglesiand double bonds) of 0.@8inside
polyacetylene. This confirms that instead of deliatay along the whole chain, the
electrons would like to set in between two carbtomms and form a chemical bond- (
bond). The energy gap between the highest occup@dcular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) is ardurl.5 eV, suggesting that
polyacetylene (or more generally, a conjugatedmpely is a semiconductor.

Figure 1.1: Chemical structure and schematic drgwirpolyacetylene. Reproduced from

[1].

1.2 Charge transport models

The polymer system is considered to be disordesiede not all the polymer chains have

exactly the same length. The task to reveal thegehttansport in polymers is proved to be

not trivial. Up till now there is no uniform waynd many models have been designed to
describe the mobility. In most of the models thébitity is found to be dependent on charge

carrier density, electric field and temperature.
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1.2.1 The SSH model

Charge carriers in polymers are largely localizBoey can jump from one state to another
by absorbing or emitting a phonone., the hopping process, and in the end form net
current. The original model to describe this hogpgmmocess is presented by Su, Schrieffer,
and Heeger (SSH) [2, 3]. The whole SSH theory setleon polyacetylene, uses a tight-
binding model for the -electrons, and neglects the electron-electronrant®ns. The
delocalization of solitons or polarons has beeertakto account. Treating the material as a
highly ordered system leads this model to somenéxse away from the reality.

1.2.2 The field and density dependence of the mobility

The field dependence of the mobility, which is atedled Poole-Frenkel behavior, is given
by [4, 5]:

D
ME) = Mo expl: . —+BgF] @D

B

Is the zero-field activation energl, is the electric fieldks is the Boltzmann constant,
e-o IS the mobility at zero electric field and infieitemperature. is the field dependence
parameter given by:

11
keT  KsT,

g9

Based on percolation theory [47], the density ddpatimodel is given by [24, 25]:

To/T

T .
(2)*sinp 1)
T TO (To/T)-1

eays, " 1.2

m(p,T) = mOT)+ 560

o is the conductivity prefactor,’=0.16 nm is the effective overlap parameter between
localized state€3.=2.8 is the critical number for the onset of peation, T, is the width of
the exponential density of states.

Both Eg. 1.1 andEqg. 1.2 are empirical formulas.

1.2.3 The Gaussian disorder model and the correlated disder model

In a disordered system, the energy levels areeckl&d the conjugation lengths of the
polymers. Different conjugation lengths give diffiet energy levels. This spread of the
energy level (lowest unoccupied molecular orbitaUMO) and the highest occupied
molecular orbital (HOMO)) of the polymer can be appmated using a Gaussian

5
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distribution and can be proven by the electro-llesoence spectrum (See Ch. 2 Fig.
2.11(right)). For physicists the HOMO and LUMO aaso called valence band and

conduction band, respectively. However in a cryskel energy band comes from the
diffraction of the quantum mechanical electron weawethe periodic crystal lattice [6]. The

concept of “valence band” and “conduction bandaidisordered system is totally different
with that in a crystal.

Under this Gaussian distribution approximation, deasity of states (DOS) is given by [7,

8]

2

DOSSaussian B exp( )
V2PS pos 25 DOS

N is the total density of states;os is the width of the Gaussian density of stakess the
energy at the center of the density of states.

This approach leads to two well known modelghe Gaussian disorder model (GDM) and
the correlated disorder model (CDM). In the GDMg tenergy sites are randomly
distributed in the Gaussian DOS. At equilibrium, sinof the charge carriers sit at the
bottom of the Gaussian DOS &oszlkBT below the center of the DOS). To form a net
current, the charge carriers have to be excitatidaransport level-(5/9) pos 2/ksT below
the center of the DOS). The charge transport isilsited using the Monte Carlo simulation
[9, 10]:

Mo = My expl- (3k—T) ]

B

exp[c:((ks—T)Z- 225)JF] for S<15
B

{exp[c:((kS—T)Z-sz) JF ] for S¥15

C is a constant that depends on the site spacirg,the mobility wherF = 0 andT ,
is the degree of positional disorder.

Because the GDM fails in the low field region (810m), a correlated Gaussian disordered
model (CDM) was introduced by Dunla al [11, 12]. In this model, long-range charge-
dipole interactions are taken into account, whickeg the long-range spatial correlations
between the energy sites.

Mom = 113 €XPE (o SO+ 0.78((k5—T>3’2 2),/< ]

B

a is the intersite separation. Consequently, CDMegiva better prediction for the
temperature and field dependence of the mobility.

6
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In the transition state theory, the Arrhenius emuafl3, 14] is always used for the
temperature dependence of the transition rateeo$yistem:

k = Ae Ea/RT

k is the rate constarig, is the activation energy is the pre-exponential factor aRds the
gas constant. Note that Arrhenius equation hasndasiform as the Maxwell-Boltzmann

distribution.
Both GDM and CDM give non-Arrhenius behavior:

- (5 /kgT)?

mu e

At high temperatures (> ~150 °C) the polymers degnaapidly, it is therefore hard to say
whether the mobility obeys the Arrhenius equationat.

1.2.4 Pasveer's model

Pasveer’'s model is another successful model tHadsed on a master equation. The origin
of the model comes from Bottger and Bryksin [151¥618]. In physics, a master equation
describes the occupation of a discrete set of siaten system. The origin of the master
equation comes from the Hamiltonian of a microsc@bectron-phonon coupling system:

N

HA = I_’\Ie-i-HAph-FHe-ph
and
Ho=  Edndnt @l (1.3)
m mé& m
~ N 1
Hp = w, (b b, +§) (1.4)
q
Ho o= ana,  wlu,(@)b, +u,(9)b;] (1.5)
m q

a,, a, and b;,b, are the creation annihilation operators for et@ttrand phonon

respectively.
The HamiltonianH, represents the electron energy,is the kinetic energy of an electron
in statem. By definition:

+ — N
ama'm - nm
A, is the number operator. So the first term in #fedide ofEq. 1.3 gives the total kinetic
energy of all the electrond,, is the single particle potential that works ontlaél electrons.
It is also called the transfer integral between ghesm’ andm, since this potential does

7
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nothing other than scatter one electron from sit® sitem’. Similarly, Eqg. 1.4 gives the
total energy of the phonons, wherg is the phonon frequency angl is phonon wave
vector. Eq. 1.5 describes the electron-phonon interactionciwig the crucial term for the
phonon-assisted hopping process in disorderedragstBhe quantityu_(q) is related to the

dimensionless electron-phonon coupling congjag , by

(@) = ﬁgm(q) exp iR,

R, is the position of the particle.

Note that the expressing of the Hamiltonian in selcquantization form simplifies the
interaction terms, which are the most difficult dolve in the Schrodinger equation. The
electron-electron interactions are neglected, siné® assumed that the distance between
two electrons is large enough and Coulomb eledtiostrepulsion does not play an
important role here. Furthermore, the temperatsi®o high for electrons to form Cooper
pairs.

If an external electric field- (t) is applied, the energy increase of the electreggvien by

He=-e F()R.aa,

The probability current is related to the probapitlensity by the continuity equation:

q ~

—r(r,t)+NxJ(r,t)=0

i (r.t) (r.t)

Here the current is given by

. e (o /N

=W, B 19

is the volume, andyis the density matrixr ., =<m|7 |m'>.
The density operato¥ comes from the following. The average value of amiy A is
given by

Ae

K:|—
e'bEi

i
Whereb =1/k,T , A is the value oA in a state. Similarly, E; is the energy of the system in

the state. The nominator can be written by
8
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A€ = <jlAli>e g
[ i
= <jlAli><ile®]j>
i)
= <jlAe™|j>
i

=Tr(Ae ™)

- bH
By defining 7 as 7 :%, the average value éfcan be expressed @s=Tr(7A).
From the quantum Liouville equation, by using HeetFock approximation and so on, the

calculation ends up with Master-equation [15]:

Tom _ Wi P @ Pr) = Wo Py - P (1.7)

ﬂt mlm
Wi IS the hopping rate. The first term in the sumoratilescribes the probability of one

charge carrier to hop from stateto m’. , gives the possibility that stabeis filled. 1-
gives the possibility that stat@’ is empty. Similarly the second term in the sumonati
describes the probability of one charge carriehop from statem’ back tom. If one
assumes that the barrier between standm’ is a square potential, the wave function of

the particle decays exponentially within the barfiag. 1.2).

Figure 1.2: The hopping process is determined byotrerlap of the exponential tail of the

wave functions.

The tunneling possibilityV,, is given by
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W - Uphe-aIRmm-I' b(En- Em'eFR)’ Em. - Em - eFR>0
"y e R, E.-E, - eFR<0

u,, is the Miller-Abrahams transition rat® , =| R, - R, | is the distance between sit@s

andm’. e is the charge of the carriea =10/a, wherea is the lattice constant. For a
polymer,a is a number between 1lrin and 1.8nm[19]. F is the electric field.R is the
projection of R, - R, in the F direction. For a charge carrier to jump to a higkrgy level

(Em>E), an extra energy &, -E,, is required.
Under an electric field all the electrons go in #@ne direction and no electrons can hop
back, then

so only the first part ilEq. 1.7 is considered.

TP _
W g P ) &

Bring Eg. 1.8 inEqg. 1.6 and from the equatiolh=enE, one finds that the mobility can be
written as

Wmm’ pm(l' pm)R < pm S

m= OFW . with P75 (1.9)

To model the mobility, energy sites are designheadoanly spreading in the Gaussian
density of state. The calculation is very time aonsg. Instead of solvingqg. 1.9, Pasveer
et alused compact modeling and obtained following fdesyi19]:

Ls2-s)2pa®)?

mT,p)=m(T)e? (1.10)

m(T) = mc.e i
_2In($?- $)- In(In4)
5’,‘2
a’n,e
S

ad

/76:

$=s/k,T, ¢,=18 10° and c, = 042. Under low temperature or high bias, the field
dependent mobility is given by:

10
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Fe
044($%/2- 22)(,[1+08(—2 - 1)
m(T, p,F) » mT, p)e °

The current density as a function of the voltage lsa estimated by the following functions:

J = p(x)en(T, p,F)F(x)
dF _ e

— =——p(X
dx ge P(X)

V= F(xdx

When charge carrier density and electric field moe too high <0.1 a*, F<3 /ead), the
solution from the compact modegh. 1.10 can be very accurate (Fig. 1.3).

E [olea]

Figure 1.3: The mobility as a function of chargeries density (left) and field (right) at
different temperatures. Symbols: numerical resuielid line: fits from the compact
modeling. Reproduced from [19].

Pasveer’'s model is a powerful tool for analysis ead model most of the polymer devices
at the present time. The drawback of the Pasveso®el is that it fails to unify the charge
transport in LEDs and field effect transistors (BETThe typical order for the mobility of
the charge carriers in LEDs is around*1én2/Vs However in FETs this number is 4 or 5
orders higher than LEDs. This difference can bdampd by considering the charge carrier
densities (Fig. 1.4). If there is the same conediatin of charge carriers in LEDs as in FETS,
the mobility should also be same. Unfortunately onaldn't fit these data by Pasveer’'s
model.

11
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Figure 1.4: (a) The mobility as a function of cheuaarrier density in a LED and a FET. (b)

The activation energy of the polymer in LED andRBT (under different gate voltage).
Reproduced from [24].

1.2.5 The exponential trapping model

E=0 Ec

Figure 1.5: Schematic drawing of the electron trgsonentially spread under the LUMO.

Charge carriers may be trapped in some of the paignMany models are designed for this
trapping effect, such as single level trapping nh@tte shallow traps), Gaussian trapping
model,etc The exponential trapping model is most commordgdufor modeling [20]. In

this model, it is assumed that the traps are exp@lly distributed within the energy gap
(Fig. 1.5):

- E
Nt ekBTt

KT, (1.11)

DOS (E) =

12
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N; is the amount of trapd; is the characteristic constant of the distributitimder the
assumption of Fermi-Dirac distribution &0

1 E. <E<¥

f(E) =
E= E<E,

the integral oEq. 1.11 gives the trap density:

-E

n = Nt kBTt dE=N (_)T/Tt

B KT, N,
n is the charge carrier density, is the number of the charge carries, is the Fermi
energy. Note the Fermi-Dirac distribution is usemeh since two charge carriers can not
stay in the same energy state (conjugated segnbeafiuse of the Coulomb repulsion.
From Poisson’s equation:

dF(x) _ e(n +n,)
dx e

and under the boundary conditionkx. 1.12:

d
V= F(X)dx (1.12)

when the concentration of deep traps is much laitwgar the free carrier concentration, the
current density scales with voltage and thicknesstimated as following:

2r+1r+ ro..v™
J= Noe”( N:) [( ) 1(r +1) ] (2 (1.13)

where e is the elementary charge, and , are the dielectric constant of vacuum and
polymer respectivelyy is the applied voltagd, is the thickness, is the free charge carrier
mobility, N, is the density of states, arwl /T.

1.2.6 Space charge limited current

If we change the assumptions framto T (i.e. r=1), N; to Np, and spontaneousty change
to n. In this case there is no trapped charge cami¢heé device any mordq. 1.13 will
become the well known Mott-Gurney equation [22]:

13
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9 V?
‘]SCLC - g == m‘?

whereJsc cis the space charge limited current (SCLC). Thegimiof the SCLC come from
the following: under high bias more charges aredtgd from the electrode than the bulk
can transport. The accumulation of the chargefenbulk will create an electric field and
reduce the charge injection from the electrodeh&nend the current is controlled not only
by the applied voltage, but also by the space ehagcumulated in the bulk of the
semiconductor or, in other words, by the carriembiiity in the semiconductor that limits
the transport.

1.2.7 Device fabrication

®
Ca )
0D _ ’ Polymer -~ .

+ | =

POLYMER : .
( Light -
h [ e
GLASSISUBSTRATE! ~ ‘\
: S EDOT:PSS
o

Figure 1.6: Schematic drawing of a polymer LEDtjlahd its energy-band diagram (right).

The device geometry is shown in Fig 1.6(left). @a glass substrate an indium-tin-oxide
(ITO) layer has already been deposited as transpéiee refractive index=1.95) anode.
After treated by UV-ozone for 20 minutes the woudkdtion of ITO will change from 4.8
eV to 5.2 eV. A 50 nm thick low ohmic doped conjugated polymer PEDOT:PSS
(polyethylenedioxythiophene : polystyrenesulfondsgler is spin-coated on top of it right
after the UV-ozone treatment to keep the work fiamcof the anode fixed at the high value.
After baking the sample at 14C for 10 minutes, the water from the PEDOT:PSS smiut
is removed and the sample is totally dry.

The polymer solution is prepared and kept on theplade (~70°C) for more than 12 hours.
The common solvents used for polymer solution askiehe, chlorobenzene and
chloroform. Water and oxygen will cause degradatibthe device, so the polymer is spin-
coated in a nitrogen atmosphere. To get an unifawlymer layer, the spin speed should be
higher than 1000pm. The thickness of the polymer is measured by atdkelrofile
analyzer or atomic force microscope (AFM).

The last step is to deposit the top electrode. sk function materials such as calcium or
barium are usually chosen as the materials forockth of LEDs (Fig. 1.7(c)). This layer is
around Snmthick and will be covered by a 1@@aluminum layer for protection.

In a hole-only (HO) device the only difference cargd to a LED is that the top contact
consists of a 2@m thick palladium layer and an 80n thick gold layer, instead of barium

14
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and aluminum. The high work function metal of galid palladium (around 46/) acts as
electron blocking layer since, under forward bidm high injection barrier (between the
work function of the cathode and the LUMO of thdypter) prevents the electrons going
into the polymer region (Fig. 1.7(a)). In this w#lye hole transport properties of the
polymer can be measured.

Similarly, in an electron-only device, instead sing ITO and PEDOT:PSS, a & thick
aluminum layer is deposited on bare glass as battwtact and the other layers are same as
the LED. The aluminum layer is easily oxidized dadms a thin film of aluminum oxide
layer on top of the aluminum. At the same time,wloek function of this aluminum cathode
changes from 4.2V to 3.7eV [23] resulting in a large injection barrier (betweee th
work function of the anode and the HOMO of the puoty) for the holes (Fig. 1.7(b)). The
current-voltage J-V) properties of the device are measured using &hlegi 2400 Source
meter. The electroluminescence spectra of the L&RBsmeasured using an OceanOptics
USB 2000 spectrometer.

(@) HO (b) EO (c) LED
LUMO Ba LUMO LUMO Ba
Al
Polymer Polymer Polymer
ITO™ Homo — Au HOMO 'TO N Homo

Figure 1.7: Energy band diagram of (a) HO, (b) B@ &) LED

1.2.8 Modeling

In the following chapters different kinds of dewscare fabricated and measured according
to the procedures introduced above. The deviceeptieg are estimated using different
models. The modeling is a tool for gaining furthesight in the fundamental physics
involved and it can be used to improve the expemialework. The procedure for the
modeling is:

HO devices with different thicknesses are fabridatend measured. Thd-V
characteristics of the devices are fitted usinged#int models. Both the density
dependent mobility model and Pasveer's model agd.ugnder low temperature or high
bias the field dependent mobility model (See CI2.2). is involved. The fitting
parameters obtained from the modeling representhitie transport properties of the
polymer.

EO devices with different thicknesses are fabrdad®dd measured. In most of the
polymers like PFO or MEH-PPV, the electrons aralgampped in the polymers. With

the same device thickness the electron currenOré&vices is much lower than the hole
current in HO devices. When fitting th&V characteristics of EO devices, the
exponential trapping model is used in combinatiotihthe density dependent mobility

15
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model or Pasveer’s model. Similar results can ldeaiodd by setting either low mobility
of the electrons or high density of the traps. Heeeassume the electron mobility is the
same as the hole mobility (obtained from the HO@Es) = 1, and change the number
of the traps to fit thd-V curve of the EO devices.

After both electron and hole transport properties available, LED data are modeled
with a double-carrier transport model. The fittipgrameters are kept the same with
those obtained above.
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Chapter 2
Red-emission polymer

L

Figure 2.1: The chemical structure of MEH-PPV

The polyp-phenylene vinylene) PPV-derivatives are famous fdneir red
electroluminescence properties. In this thesispiblg(2-methoxy, 5-(2’-ethylhexyloxyp-
phenylenevinylene) MEH-PPV is used. It has a HOM@el of 5.2eV and a LUMO level
of 2.9eV. The chemical structure of MEH-PPV is presenteBig 2.1. The long side chain
makes the polymer soluble. Toluene is used asdlverst for spin casting the solution.

2.1 Current-voltage measurements of HO devices

To obtain hole transport properties of MEH-PPV, H&vices are fabricated. The measured
J-V characteristics with different thicknesses areegivn Fig. 2.2(a). The down-scan
follows the same route as the up-scan. This sudbasthe hole transport in MEH-PPV is
trap free.

The onset of the light-output is the upper limittbE modeling, since under higher bias
some electrons can go across the barrier and tstgotay a role in the charge carrier
transport. The 2.@V difference between the work function of the goithode and the
LUMO of MEH-PPV should be large enough to block &lectrons. However, the electron
injection starts at a bias of only2(Fig. 2.2(b)). One possible explanation is thathb&es

in the device assist the electron injection or thatrong interface dipole is formed between
MEH-PPV and Au.

17
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Figure 2.2: (a) Th&-V characteristics of MEH-PPV HO devices with differeéhickness:
165nm, 130nmand 80nm (b) Photocurrent-voltage characteristics.
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2.1.1 Modeling from the density dependent mobility model

The J-V characteristics MEH-PPV HO devices are presemnideéig 2.3. When the applied
voltage is larger than 0.¥, the device current will change quadratic with tludtage at
room temperature.e., the current density is characterized by the MRaitney relation (See
Ch. 1.2.6). The experiment data is fitted using dkasity dependent mobility modetd.
1.2). The parameters are listed in Table 2.1. ldate the drift current is taken into account
and is given by

J, =an,pF
Jp is the hole current density, is the hole mobilityV,=0.7V is the built-in voltage.
Polymer T (K) (1 s/m (107 MVs)
0 295K 275K 255K 235K 215K
MEH-PPV 490 10 7 7 2 0.5 0.1

Table 2.1: Fit parametél,, o and , from the density dependent mobility modeb(1.2)
at different temperatures: 295 K, 275 K, 255 K, &3a&nd 215 K.

At room temperature the data from modeling fits élxperimental data very well. However
at low temperature and high bias the parametegsraat from the modeling=Q. 1.2) starts
to deviate from the experimental data. In this ctee field dependent mobility model
should be included [26-30].

19
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Figure 2.3:J-V characteristics of MEH-PPV HO devices at differarmperature: 29K,

275K, 255K, 235K and 215K. The device thicknesses are (a)ré0, (b) 130nmand (c)

165 nm The solid lines represent the prediction of tleagty dependent mobility model
(Eq.1.2).
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2.1.2 Modeling from Pasveer’s model

The solid lines in Fig. 2.4 represent the predictid Pasveer’s model. The parameters are
listed in Table 2.2. Note that hergis not the mobility but a prefactor.is the width of the
Gaussian density of states amib the lattice constant. In this model both daifid diffusion
current are taken into account. The current demsigyven by

J, =an,pF- gD ,Np
where the carrier diffusion constddy is given by the Einstein relationship [31]
D, =(ksT/q)n,

Because of the limitation of the calculation meththet modeling data gives diversions at
low temperature. For more details of the calcutaptease look at [32].

Polymer Vi (V) eV) o (MIVS) a (nm
MEH-PPV 0.7 0.14 5000 1.6
Table 2.2: Fit parametex, and , from Pasveer’'s modeE(. 1.10).

is the standard deviation of the Gaussian functdmch represents the order of the
material. For MEH-PPV the value 0£0.105eV is published as optimal fitting parameters
[33]. This value is obtained from the temperatuepaehdence of the hole mobility. Pasveer
reported that modeling using Pasveer's model gavésgher value of . The explanation
from Pasveer is that in previous work the chargaeradensitydependence is omitted.
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Figure 2.4:J-V characteristics of MEH-PPV HO devices at differerhperatures: 29K,
275K, 255K, 235K and 215K. The device thicknesses are (a)ré0, (b) 130nmand (c)
165 nm The solid lines represent the prediction of Passemodel Eq. 1.10). The
calculation results in divergence at low tempeeamd high bias.
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2.2 Current-voltage measurements of EO devices
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Figure 2.5: (a)J-V characteristics of MEH-PPV EO devices of differenans. Hysteresis
appears during the first scan which suggests tiatetectrons are trapped in MEH-PPV.
These trapped electrons will not disappear in atstme and will influence the second
scan. (b) Photocurrent-voltage characteristics.

The J-V characteristics of MEH-PPV EO device are showifrion 2.5(a). The down-scan
does not follow the same route with the up-scaniriguhe second or third scan, the down-
scan route remains same and up-scan route steeefocloser and closer to the down-scan
route. The reason for this phenomenon might bedleatrons are easily trapped in MEH-
PPV and remain trapped for several days. The acktecucharges inside the polymer
during the first scan influence the following scaBisce both the cathode and anode are not

transparent, no light-output is observed in Fi§(l2.
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2.2.1 Modeling using the density dependent model and Pasgr’'s model
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Figure 2.6:J-V characteristics of MEH-PPV EO devices at differeamhperatures: 29K,
255K and 21%K. The device thickness is 18851 The solid lines represent the prediction of
the exponential trapping modéld. 1.13) combined with (a) the density dependent fitgbi
model €q.1.2) or (b) Pasveer's moddtd. 1.10).

The experimental data fitted using the density ddpat mobility model is shown in Fig.
2.6(a). The fitted current density at low biasowér than the experimental data because
diffusion is not taken into account. The electramrent density is orders lower than the hole
current density with the same device thickness umeaf the presence of traps. The EO
parameters are estimated as follows [33]: the lranhobility is set to be the same value as
the hole mobility (obtained from the HO devices} 1, the current density is calculated
using a combination of the density dependent m(ikpl1.2) and the exponential trapping
model E€q. 1.13).T,, o and the trapping temperatufgare assumed to be intrinsic
properties of the material and are kept the santtetivose obtained from the HO modeling.
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The number of the trap¢ changes with the temperature. The fitting parareedee listed in

Table 2.3.
] N (107)
MEH-PPYV Tt (K) 295K 255K 215K
Density dependence 1590 9.0 6.5 4.3
Pasveer 1500 12.0 6.9 4.8

Table 2.3: Fit parametdk andN, from the exponential trapping modé&ld. 1.13) at
different temperatures: 295 255K and 21X.

The trap limited SCLC fitted using Pasveer’'s moeshown in Fig. 2.6(b). The fitting

parameters are listed in Table 2.3. Similarly, wef o, a and ( the same with the values
obtained from HO measurements and estimate therdudensity from the combination of
Pasveer’'s model and the exponential trapping model.

Note that for EO devices both of the two modelst experimental data nicely at low
temperature even without taking into account te&lfdependence of the mobility.

2.2.2 The variance of the Gaussian DOS
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Figure 2.7: The effective density of traps (estedatrom two different models) for MEH-
PPV as a function of temperature.

The free carrier density is determined by the GansBOS and Fermi-Dirac distribution

[34, 35]:
vy N 1 E-E ° 1
nE.)= —9% exp-—- — 0 dE
(Ee) _¥@SDOS P 2 Spos ! D
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wherek, is the center of the Gaussian DOS. When the Fsunfiace is far away from the
“conduction band”’Eq. 2.1 becomes:

2

n(E.) = N g (B El/keT E = >Dos
( F) 0 a 2kBT

From the temperature dependence of the effectagedoncentratiof

Nt — N (Eic- Ea) TkgT,

total €

pos=0.105eVis obtained as the variance of the Gaussian DOSEM-PPV.
The relation between temperature dds plotted in Fig. 2.7.
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2.3 The current-voltage measurements of LEDs

2.3.1 The current-voltage characteristics of MEH-PPV LEDs
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Figure. 2.8: (i) Current-voltage characteristicsaopractical PLED which contains three
parts: (a) Leakage current region. (b) Diffusiomrent region. (c) High injection region. (ii)
Photocurrent-voltage characteristics.

The typical LEDJ-V characteristics are shown in Fig. 2.8(i), whiclhtemns three parts. The
curve in the first part (a), from -1¥8 to 1.5V, is symmetric and represents the leakage
current. The second part (b) is the exponentidl pdrich appears linearly ibog-LinearJ-

V scale. Same as the traditional diodes, the outpuent exponentially changes with the
applied voltage:
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J ~ qu/nkBT

with n is the ideality factor. Note that in inorganic seomductors the ideality factor comes
from the tunneling current. At room temperature dod doping concentration the
tunneling current is insignificant and the idealfgctor is close to unity (ideal Schottky
Junction) [36]. For undoped organic semiconducttirs,ideality factor has to be set as a
number of 3 or 4, the origin of the ideality faci®still not clear.

In LEDs the work function of the cathode is muctvéo than that of the anode. Under low
bias, the diffusion current is dominant. From ataierapplied voltage the curve starts to
deviate from the straight line, suggesting thatdhg current becomes dominant. From this
critical point we can estimate the built-in voltage., the difference of the work functions
between the anode and the cathode.

(a) Low bias (b) Line up (c) High bias
 LUMO LUMO  Ba Lumo - Ba
Polymer | B2 Polymer Polymer
|
ITO
Homo — T Homo TO™ Homo

Figure 2.9: The energy band diagram under the eghpidltage: (aY<Vy;, (b) V=V, and (c)
V>V,

The third part (c) in Fig. 2.8(i) is the high-infem region. In this region the drift current is
dominant. Light output is detected by the photodi@gig. 2.8(ii)). The current densities of
devices with different device areas appear to Wbeerént at high bias, since they have
different series resistance from ITO. Under lowsbithe device resistance is more than
1000 , and the series resistance is around 3This effect is negligible. Under high bias,
the device resistances reduces to the same ortesaries resistances, therefore this effect
becomes significant. The bigger the area, the smtde series resistance and the higher the
output current at high bias. The energy band draghanging from low bias to high bias,
Is presented in Fig. 2.9.

No hysteresis is observed in LEDs as in EOs, switea large hole density existing in the
device, the trapped electrons will be releasedbyhbles in form of light.
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2.3.2 Modeling from Pasveer’'s model
Fig. 2.10 compares thkV characteristics of the HO, EO, and LED. The detiteknesses
are same. It shows that the single-carrier (halejenit in the HO device is in the same order
with the double-carrier (both electron and holejrent in LEDs. On the contrary the
electron current is several orders lower than t&® Ilcurrent since the electrons are easily
trapped in MEH-PPV as we discussed before. Thigestg that in MEH-PPV LEDs holes
are the dominant charge carrier.

= EO
e HO
LED

100

10

1

0.1

0.01

1E-3

J (A/m?)

1E-4

1E-5

1E-6

1E-7 — . , . , . , . — .

Figure 2.10: Current-voltage characteristics of EHQ and LED device. The thickness of
active layers are 155m, 165nmand 165 mrespectively.

As both the electron and hole transport propediesavailable, the LED-V characteristics
is fitted using Pasveer's model with exponentiaypped electrons and free holes (Fig.
2.11). All the fitting parameters are the same \hibse listed in Table 2.2 and Table 2.3.
The modeling gives diversions in the diffusion emtrregion.
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Figure: 2.11J-V characteristics MEH-PPV LED devices at differezmperatures: 29K,

255K and 215K with three different thicknesses: 8 130nm, 165nm The solid lines
represent the prediction of Pasveer's modal. (1.10). The break of the solid line in the
diffusion current region comes from the divergeat#e calculation program.
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Figure: 2.12 EL spectra of MEH-PPV. Top: the EL &pe measured at different
temperatures. All the curves are normalized tortimdegrated intensity. Bottom: the EL
spectra fitted using a Gaussian distribution.

Two peaks appear in the spectrum of MEH-PPV (Fi$j2 20p). The lower peak at ~ 1e¥

originates from the vibronic progression, e.g., thkaxation of the excited state (exciton)
due to phonon coupling. With a decrease of temperad red shift of the emission peak is
observed. The emission peak can be nicely fittedheyGaussian distribution (Fig. 2.12
bottom), which confirmed our previous assumptioat tine energy level is distributed in a

Gaussian manner:

f(x,ms) :«/%s
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Chapter 3
Blue-emission polymer
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Figure: 3.1 Chemical structure (left) and the photonescence spectrum (right) of PFO

0
400

Poly(9,9-dioctylfluorene) (PFO) is a blue-emittipglymer with a band gap of 3elV. The
HOMO of PFO is around 5.8V, LUMO is 2.8eV. The chemical structure and spectrum of
PFO is shown in Fig. 3.1. It is hard to find a proplectrode material to fit the deep HOMO
of PFO. Therefore, up to now no working PFO HO dewhas been fabricated.
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3.1 Switching effect
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Figure: 3.2 (a))-V characteristics of PFO LED with a thicknesd.eBO nm The device is
switched on at 2.¥. (b) Hysteresis also appears on the photo cux@idge plot during
the first scan.

With a barium cathode and a PEDOT:PSS anode, PHGs ISBow a switching effect [37].
The J-V characteristics are presented in Fig. 3.2. Hysterappears in the first scan. The
reason is as follows. Under low bias no chargeaarare injected into the polymer. When
the applied voltage becomes larger than the huilteltage, electrons are injected into the
polymer. The injected electrons accumulate on tR@-PEDOT:PSS interface, building of
an large internal field, and this additional fieddsists the holes crossing the barrier [38].
After the device is switched on, the electrons welside on the interface for a long time
(around several hours) and the hysteresis disappe#re second scan.
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3.2 Impedance spectroscopy

We have tried to make PFO HO with a PEDOT:PSS aaodea gold cathode. Under low
bias no output current is detected; under high thiaselectrons start to go into the polymer
layer and facilitate the hole injection. The whd&vice becomes a LED since light output is
detected by the photo diode. In this case no us$efi@ transport data is obtained. However
with this “HO” device the impedance spectroscoi8) (6 measured. With a certddC bias
applied to the device the impedance is measuredrutitferent frequencies @C current
(from 20 Hz to 1 MHZ2). The real and imaginary part of the impedancelddted in a
Nyquist-diagram (Fig. 3.3). The device is treatega equivalenRC-circuits (see the insets
of Fig. 3.3) with the impedance of a resistance

Z. =R
and the impedance of a capacitor

- |
Z.=——
¢ 20C

R is the resistance s the imaginary unif; is the frequency of the applié&L current andC

is the capacitance. The fitting parameters aredigt Table 3.1Rs is the series resistance,
R and Cp are the resistance and capacitance of the PED@T:RS and Cp are the
resistance and capacitance of the device respBhctiliee capacitolCp represents the two
electrodes. The capacit@y originates from the charging effect on the PFO-BPHOPSS
interface, as discussed before. Under D@ bias the device resistand&y] is very large
and the resistance of the PEDOT:P&3 (s negligible, only one semi-circle appears oa th
Nyquist-plot (Fig. 3.3(a)). Under higibC bias the device resistanc&pf becomes
comparable with the resistance of the PEDOT:A&$dnd two semi-circles appear on the
Nyquist-plot (Fig. 3.3(b)). When th&C frequency is small botl, andCp can respond to
the AC signal. When the frequency becomes larger aneétaeg a certain poir@, vanishes
and onlyCp remains. With further increased frequer@y may also vanish. According to
this explanation the first semi-circle in Fig. &(comes formCp+Cp, the second one
comes solely fronCp. Note that normally the resistance of the PEDOE.FSvery small.
The largeRp probably comes from the energy barrier for thergbaarriers.

DC (V) Rs( ) Co (nF) Ro () Cp (NF) Re ()
3 36 4 3200 0 0
6 36 4 235 7000 110

Table 3.1: Fitting parameteRs, Cp, Rp, Cp, Rp of the IS measurements under different DC
bias: 3V and 6V.
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Figure 3.3: Impedance spectroscopy of a PFO HOcdewith a thickness dfi=80 nm at
room temperature. The device is measured undeasrdiit DC voltages: (&y=3 V and (b)

V=6V. The solid lines are fits from the equivalent aits (insets).

From the IS measurements the dielectric constantbea calculated with the following

function:
CL

e =—
e A

whereA is the area of the device. For PRGs calculated to be around 2.3.
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3.3 Modeling of PFO LED and EO devices

Figure 3.4.J-V characteristics of a 128nthick PFO LED and a 14%mthick PFO EO
The output current in PFO LEDs is more than 2 ardiggher than in the EO (Fig. 3.4). The

hysteresis appearing in EBV characteristics suggests that the electrons sanba trapped
in PFO.
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Figure 3.5: The modeling aoJ-V characteristics of (a) PFO LEDs and (b) PFO EOs at
different temperatures: 296 and 255K. The device thicknesses are @@ and 128m for

the LEDs, 145 m, 250nmand 362nmfor the EOs. The solid lines represent the prealicti

of the exponential trappinde@. 1.13) model with constant mobility.

Because no hole transport properties are availdbke,electron trap density is roughly
estimated according to the following procedure:

The J-V characteristics of PFO LEDs are fitted using tkeomential trapping model
with constant mobility (Fig. 3.5(a)). Here the midiis temperature dependent. The
number of the traphl, is estimated to be #(for both the electrons and holes) and
will not change with temperature. As we did befdres electron and hole mobility
are assumed to be the same.

With the value of the mobility obtained above, th& characteristics of PFO EO
devices are fitted using the same model (Fig. J)5{his time the more accurate
trap densitied; are obtained and will change with the temperature.

TemperatureK) 0 (10° NIV N; (107
295 3.5 7.5
255 15 6

Table 3.2: Fit parametep, N; .ep andN; go from the exponential trapping modé&d. 1.13)
under different temperature: 285and 25%K.

The fitting parameters ar@;=540K, “=1.6nm ;=1.6-16 S/m T=1465K andV,=0.6V

for both EOs and LEDs. The other fitting parametare presented in Table 3.2. The
diffusion current is also taken into account.
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Chapter 4
The blend

4.1 Bulk heterojunctions and Energy transfer

Figure 4.1: Energy-band diagram of a white emitluiD with the emission layer made up
of polymer blends.

To generate white light we blend a red polymer (MEPV) with a blue host polymer
(PFO) (Fig. 4.1). MEH-PPV and PFO are dissolved amxkd in toluene. Optically, the

blend appears to be uniform and no phase separeiorie observed. After spincoating a
film from this mixture solution, a bulk heterojuati will form between the two polymers.

Figure 4.2: Forster and Dexter energy transfer.
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In the blend two different kinds of non-radiativeeegy transfer may occur: Forster energy
transfer and Dexter energy transfer (Fig. 4.2) AByster energy transfer the recombination
of one exciton can create another exciton througble-dipole interaction [39], which is a
long-rang interaction of 3 to 1@m Electroluminescent organic materials exhibit 25%
singlet states and 75% triplet states becauseedtfith spin states of the electrons [40, 41].
Only singlet-to-singlet energy transition is allahi@ Forster energy transfer.

The Dexter energy transfer is caused by the difusif the charge carriers: the dissociation
of one exciton creates another exciton nearby. diffesion length is around &@m In
Dexter energy transfer both singlet-to-singlet @mplet-to-triplet energy transition may
occur [42].

Beside these two mechanisms, energy transfer nsy aicur by luminescence and re-
absorption, or exciton diffusion to lower energytss.

Fig. 4.3(top) shows the donor emission (blue) arwkptor absorption (red) spectra. A large
spectral overlap of donor emission (blue) and aoceceabsorption (red) spectra suggests that
part of the excitons can diffuse from the blueh® ted polymer in a blend. With such a low
concentration red polymer in the blend this endrgysfer process is dominated by the
incomplete Forster energy transfer because two Spegipear in the EL spectra (Fig.
4.3(bottom)): the peak at 5%0n comes from the red polymer and the other peald@nh
comes from the blue polymer. Compared to the padepolymer, the red emission peak is
shifted towards higher wavelength due to the alsef@aggregation [43, 44]. For a blend
with a red polymer concentration larger than 100%th Forster and Dexter energy transfer
may occur. By changing the ratio of the polymersemission spectrum of the blend can be
tuned. With 0.25% MEH-PPV in PFO, the LEDs emit t&hlight [45, 46]. However the
lack of the green emission results in a low coésrdering index and limits this technique in
full color display applications.
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Figure 4.3: Top: Spectral overlapping between emisef the donor and absorption of the
acceptor. Bottom: The EL spectra of the blend witferent amounts of MEH-PPV in PFO.
The curves are normalized to the red emission peak.
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4.2 Current-voltage measurements of HO and EO devices

The HOMO level of PFO (5.8V) is 0.7eV higher than the HOMO level of MEH-PPV (5.2
eV) (Fig. 4.4). MEH-PPV molecules are therefore agtas hole traps in the blend. The
current densities of blend HO devices will decreageen the MEH-PPV concentration
increases (Fig. 4.5(a)).

Figure 4.4: Energy-band diagram of the blend. la BFO matrix MEH-PPV shows a
trapping effect for the holes but not for the elexs.

The LUMO levels of PFO and MEH-PPV are almost ia same level (~2.8V) (Fig. 4.4).

In this case the electron trapping effect of MEHYPRB not significant. The estimated
mobility of the electrons in PFO is two orders heglthan in MEH-PPV. The electron
current in MEH-PPV is smaller than in PFO and ia tilend (in Fig. 4.5(b), because the
layer thickness of MEH-PPV EO (1%#n) is thinner than the other two device2%0nm)).
The difference of the device current between PFDend is small.

41



White Polymer Light-Emitting Devices

Figure 4.5: (a)J-V characteristics of HO devices: pure MEH-PPV, 0.2&88d 1% MEH-
PPV in PFO, all with a thickness of &in (b) J-V characteristics of EO devices: pure PFO
with a thickness of 258m pure MEH-PPV with a thickness of 18&and 1% MEH-PPV

in PFO with a thickness of 27#0n
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4.3 Current-voltage measurements of LEDs

Figure 4.6: (a)J-V characteristics of the blend with 0.25% MEH-PPVWPIRO. Hysteresis
appears in the first scan. The device thickne&®1m (b) The photo current-voltage plot
of the same devices.

Similar with PFO LEDs, the LEDs of blends with 2MEH-PPV in PFO show hysteresis
in the firstJ-V scan (Fig. 4.6). However no hysteresis appearth®d-V plot of the blend
with 1% MEH-PPV in PFO, suggesting that the contpmiblem between PFO and
PEDOT:PSS is largely improved by the high conceioineof MEH-PPV.
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4.4 Quantum efficiency

Figure 4.7: (a)-V characteristics of LEDs: MEH-PPV, PFO and blendhwwo different
ratios: 0.25% and 1% MEH-PPV in PFO. The thicknefseach device is 8Gm (b) The
photo current-voltage plots are from the same dmsvic

A decrease of the device current can be observedeirblend compared to the blue host
polymer because of the hole trapping effect (Fig(a)). Since the decrease of the light
output is smaller than the decrease of the dewiceet, an improvement of the quantum
efficiency compared to PFO is achieved in the 1&tnt) as shown in Fig. 4.8.

PFO LEDs have a much lower efficiency than the m@theecause the hole injection barrier
restrains the charge balance in the device and sintlee electrons may go through the
polymer layer without recombination. In blends theantum efficiency will increase when

the MEH-PPV concentration increase from zero ta @me possible explanation is that the
contact problem between PFO and anode is improyedBH-PPV.
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Figure 4.8: Quantum efficiencies of the LEDs: MERMR PFO, 1% and 0.25%.
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4.5 Blends - measurements from a different system

Figure 4.9: Top: Spectral overlapping between emsef the donor and absorption of the
acceptor. Bottom: The EL spectra of the blend wiififerent amounts of red in blue. The
curves are normalized to the red emission peakurfeg from a different blend system
(CB0O0 and PDO).

Beside using MEH-PPV and PFO, we also tried anatistem: PDO and CB00. CBOO is
the blue host polymer and PDO is a PPV derivatmnilarly, a large spectral overlap of
donor emission (blue) and acceptor absorption @pdttra is observed (Fig. 4.9(top)) and
incomplete Forster energy transfer occurs in teadlFig. 4.9(bottom)). With 1% PDO in
CBO00, the LEDs emit white light.
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Figure 5.0: Energy-band diagram of the blend. ;m@B00 matrix PDO shows a trapping
effect for the electrons but not for the holes.

Figure 5.1.J-V characteristics of HO devices: 0.5%, 1% and 3% RDOBOO, all with a
thickness of 8Gim

The HOMO levels of CB00 and PDO are similar (Fifd)5In this system the red polymer
molecules do not act as traps for holes anymoredF@rent concentration of PDO in the
blends, the output current of HO devices are coaipar(Fig. 5.1). On the other hand, the
LUMO level of PDO is higher than that of CB00, deatrons can be trapped by the PDO
molecules in the blends (Fig. 5.0). A decreasehefdurrent density of the blend LEDs is
observed with increasing PDO concentration in fead (Fig. 5.2).
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Figure 5.2: (a))-V characteristics of LEDs: 0.5%, 1% and 3% PDO in @BIhe thickness
of each device is 8@m (b) The photo current-voltage plots are fromshee devices.
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Figure 5.3:J-V characteristics of CBOO EO, HO , LED and the bled® and LED (with
0.5% PDO in CBO00). The thickness of each devi@9ism

Similarly the hystersis appears in the fisrt schia €B00 EO device (Fig. 5.3). Although

electrons can be trapped in CBO0O, the output ctsrehthe EO and HO devices are in the
similar order. Both electrons and holes are equaflyortant in the charge thransport of
pure CBOO LEDs.

From Fig. 5.4, one can clearly see that the moeegeh carriers being injected into the
device, the smaller percentage of charge carriglssthg to the PDO molecules.
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Figure 5.4: The EL spectra of the blend with 0.5%CPin CB0O0. (a) measured under
different current. (b) measured under differenttagé. The curves are normalized to the
intensity at 430hm (the blue emission peak). Similar effect can &lsseen in 1% and 3%

blends.

Similar with pure red polymer, when temperaturereases, a red shift of the red emission
peak is observed on the spectrum of the blendmy&tey. 5.5). Under low temperature, the
mobility of charge carriers is lower than at rooemperature, the chance for one exciton
finding a red polymer molecule (PDO) is smaller &énerefore a larger part of the excitons
will recombine on blue polymer molecules (CBO0O0).

Figure 5.5: The EL spectra (without normalizatiarf)the blend with 1% PDO in CB0OO
under different temperature. The applied curredt¥mA Similar effect can also be seen

in 0.5% and 3% blends.
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Conclusion

The aim of this project is to achieve white liglytlidending a red polymer (MEH-PPV) with
a blue host polymer (PFO). Pure red polymer ana golwe polymer are studied at the
beginning. The hole and electron transport progerire obtained from the modeling of the
HO and EO devices respectively. After both red dohde polymer charge transport
properties are available, the blends with diffenemting ratios are fabricated and studied.
The conclusions are summarized below:

MEH-PPV is a good hole conductor and a poor electonductor. The intrinsic

electron mobility is in the same order with the ehohobility, while electrons are

easily trap in the MEH-PPV. In this case the HOidevs modeled using the density
dependent mobility model and the EO is modeled gudhre density dependent
mobility model combined with the exponential trappimodel. The full transport

properties of MEH-PPV are obtained.

PFO has a very deep HOMO level and therefore n&iwgrHO device is fabricated
up to now. Hysteresis appears on the fiestscan of PFO LEDs because of the hole
injection barrier between the PEDOT:PSS anode ardHOMO of the polymer.
From the impedance spectroscopy, two semi-cirgggearing on the Nyquist-plot
confirming the existence of this barrier. The PF@D0s have poor efficiencies
because the hole injection barrier restrains thergsh balance in the device. The
hysteresis in the EQ-V plots suggests that PFO also has electron tramgdfegt. In
PFO the measured electron mobility is two ordeghéi than in MEH-PPV.

In blends the MEH-PPV molecules are acting as tfapsioles while they do not
have much influence on the electrons. Because tieegg difference between the
LUMO levels of PFO and MEH-PPV is small, the enedifjerence between their
HOMO levels is quite large. The contact problemP&0O can be improved by the
MEH-PPV molecules in the blend. With a MEH-PPV cemication higher than 1%,
the device quantum efficiency is in the same legethat of a normal device. With
0.25% MEH-PPV in PFO broadband white light is achok
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