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Photochromism has been investigated extensively during recent years. The large interest for information
storage in memory applications is associated with the bi-stable character of the photochromism
phenomena.
Here we first report the absorption spectra of solid-state films based on the blends consisting of PC
molecules, the spirooxazine
1,3-dihydro-1,3,3-trimethylspiro[2H-indole-2,3�-[3H]phenanthr[9,10-b](1,4)oxazine] (PIII,
Sigma-Aldrich, 32,256-3) and a polymer matrix host,
poly(2-methoxy-5(2�-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV).Thereafter, the electrical
performance of PC-polymer diodes is characterized and reported. 
The retention time of the diode�s electrical switching fits quite well with the absorption characteristics of
the blend films; this correspondence builds a good link between the film property and the device
behavior.  
we observed a two-trap system in the blend diodes from the I-V curves, and a model is proposed which
can explain the schematic concept of the trap-limited current modulation. 
We tested a novel device design based on a bi-layer of the PC and polymer materials, and the promising
result for future work is presented in the end.  
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Photochromic molecules in polymer switch diodes 
 

 

Abstract 
Photochromism has been investigated extensively during recent years. The large interest 

for information storage in memory applications is associated with the bi-stable character of the 

photochromism phenomena. In molecular photochromics, two isomers with different 

absorption spectrum can be obtained according to the specific wavelength of the light 

exposure. This reversible transformation process can be considered as optical writing/erasing 

step of a memory.  

Here we first report the absorption spectra of solid-state films based on the blends 

consisting of PC molecules, the spirooxazine 1,3-dihydro-1,3,3-trimethylspiro[2H-indole-2,3’-

[3H]phenanthr[9,10-b](1,4)oxazine] (PIII, Sigma-Aldrich, 32,256-3) and a polymer matrix 

host, poly(2-methoxy-5(2’-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV). The bi-

stability in conjugated polymer matrix is studied by following the time evolution of the optical 

properties of the blends.  

Thereafter, the electrical performance of PC-polymer diodes is characterized and reported. 

While the PIII molecules in the blend bulks are switched to their low energy gap state, 

forming external energy levels above the valence band of MEH-PPV, the injected charges 

(hole-dominated) will be trapped by the low energy gap isomer of PIII and that leads to 

current modulation. PIII molecules can be switched between two energy gap states upon the 

photo-stimulation, and the I-V characteristics of the device can also be controlled reversibly 

via the photoisomerization. The retention time of the diode’s electrical switching fits quite 

well with the absorption characteristics of the blend films; this correspondence builds a good 

link between the film property and the device behavior.   

Furthermore, we observed a two-trap system in the blend diodes from the I-V curves, and 

a model is proposed which can explain the schematic concept of the trap-limited current 

modulation. To combine the knowledge and information from the investigations above, we 

tested a novel device design based on a bi-layer of the PC and polymer materials, and the 

promising result for future work is presented in the end.   
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1 Introduction 

 

1.1 Background 

 

Organic semiconductors have been widely used in many electronic applications in recent 

years, and tremendous efforts have been devoted to develop organic-based electronic devices 

that can either compete with the traditional inorganic equivalents or add new functionalities 

for (opto)electronic devices. Organic electronics can be manufactured from solution 

processing, which has the potential to ensure inexpensive production costs [1]. In addition, 

soluble organic molecular and/or polymeric materials make it possible to combine material 

properties through solid-state blends or multilayered structures and achieve desired 

characteristics. For instance, blends of organic semiconductors have allowed for the 

improvement of electroluminescent quantum yield [2] and for improved control of bulk 

charge transport in polymer diodes [3].  

Among the new generation of “smart materials”, molecular switches are of increasing 

interest to functionalize (opto)electronic devices. During the last decade, molecular switches 

have been synthesized and employed into optoelectronic elements; for example memory cells 

[4] and sensors [5]. A molecular switch is a molecule that can be switched between different 

states with external stimulus, such as thermal energy, electrical stress, as well photon 

excitation. Photochromic (PC) molecules represent one class of such molecular switches that 

can be triggered by light irradiation. This kind of switching often relates to molecular 

geometric rearrangement occurring as a consequence of a reversibly chemical process. 

Photochromic molecules have been scrutinized for their potential applications in optical 

storage [6, 7], electrical switch devices [8, 9], and as molecular wire switches [10, 11]. In 

previous work, the device concept based on photochromic switch-diodes is presented; here 

we report a special focus given from photochromic molecules blended with conjugated 

polymers to build switchable diodes [12, 13]. 
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1.2 Photochromism and photochromic molecules 

 

A photochromic transition originates from the Greek words phos (light) and chroma 

(color). Photochromism can be defined as a transformation of a chemical species triggered by 

electromagnetic radiation. Photochromic materials are characterized by a reversible 

transformation upon photoexcitation between two forms, A and B, absorbing at different 

wavelengths of light (λA
max, λB

max). 

 

                                                       A                               B 

 

 

 

Moreover, reversibility is a property that typically characterizes the switching event of 

photochromic materials between different states by either light irradiation or thermal 

activation. PC molecules can be switched between low and high energy gap states; in normal 

cases, one of the isomers has a more delocalized π-electron cloud than the other form, and 

thus a lower optical energy gap. The associated optical absorption characteristics show that 

the two states generally absorb photons either in the UV or in the visible wavelength region, 

resulting in one transparent and one colored form. Common photochromic families include 

spiropyran, spirooxazine, fulgide, diarylethene, viologen, and azo compounds (see Fig. 1) 

[14]. Note that in spiro-compounds, the low energy gap isomers correspond to an open 

(colored) form, while they could correspond to a closed form for other PC molecules. 
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Spirooxazine: C26H22N2O (PIII) 
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Azo-benzene 
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      (a) Spiro form (colorless)                                                    (b) Planar form (color) 

 

Figure 1: Chemical structures of prototypical photochromic molecules. 

 

Typically, upon photoisomerization, the conjugated pathway (part of the molecule 

including an alternation between double and single carbon-carbon bond) in the molecule is 

modified. The longer the conjugated pathway, the smaller the HOMO-LUMO gap will be. 

The structural modification in PC molecules is accompanied by an energy shift of the highest 

occupied molecular orbital (HOMO) and/or of the lowest unoccupied molecular orbital 

(LUMO). The photoisomerization, like any other chemical reaction, is sensitive to the 

external conditions and the environment. Hence, the polarity of a matrix, its rigidity, and the 

temperature are expected to have strong effects to the switching performance of PC 

molecules. The most significant difference with respect to a liquid phase is that the 

photochromic transition is much slower in the solid state.  

 

Photochromic molecules are not yet commercially produced in optical storage or 

electronic-switch elements because of their limitations to the technical requirements of such 

devices:  

 

 Archive storage capability and (thermal) stability of both isomers 

 Low fatigue, i.e. the photochemical isomerization must be cycled many times 

 High sensitivity in a specific wavelength range and rapid response 

 Non-destructive readout capability 

 

Among those requirements, the most important are the thermal stability and the fatigue 

resistance. In general, photogenerated colored isomers are thermally unstable and return to 
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their initial structure spontaneously. Fatigue can be described as the loss of retention time, 

which is due to chemical degradation. This loss limits the number of photochromic cycles 

that the molecules can survive. The efficiency of the degradation routes depends on the 

structure of the PC molecules. These switching properties require a lot of effort in research in 

order to stabilize the metastable states [15]. To summarize this, most PC molecules can be 

reversibly switched between two isomeric states upon light irradiation of specific optical 

wavelengths. However, they can often be switched from their excited state by thermal 

activation, which forces the PC molecules back to their initial isomeric ground state in 

darkness and at room temperature, which is a crucial drawback in optoelectronic devices. 

This class of photochromic molecules is classified as thermo-reversible to distinguish them 

from the thermally stable but photo-reversible PC compounds. 

 

 

1.3 Conjugated polymers 

1.3.1   Basic structure 

In 1977, Heeger, MacDiarmid and Shirakawa discovered that polyacetylene doped with 

arsenic pentafluoride (AsF5) had its electrical conductivity increased up to the metallic 

regime. For this discovery and their tremendous work on conjugated polymers, they were 

awarded the Nobel Prize in chemistry. The π-conjugation in the polymer chain is due to the 

alternating single (σ-bond) and double (π-bond) carbon-carbon bonds along the backbone 

of the polymer chain. The 2pz atomic orbitals localized on each carbon overlap with 

neighboring 2pz orbitals to create delocalized π-molecular orbitals. Electrons in π-orbitals 

are delocalized over a certain spatial range. Due to the lack of intrinsic charge carriers, most 

organic conjugated polymers are doped to achieve higher conductivity. Doping can be 

either described by partial oxidation (p-doping) or partial reduction (n-doping). Such 

electrochemical processes create polarons (or bipolarons) which are defined as structural 

defects carrying the additional charges. Then these polarons or bipolarons are considered as 

localized charges and responsible for the charge transport in conjugated polymers while the 

quantum mechanical orbital overlapping is formed, as illustrated in the p-doping process in 

Fig. 2 below.     
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                                                                                 Neutral conjugated polymer chain                

 

                                                                                            

                                                                                     

An electron is removed: Formation 

of a positive polaron (radical cation) 

 

 

 

                                                   Another electron is removed: 

Formation of a positive bipolaron 

(dication) 

 

Figure 2: Doping process forming polarons and bipolarons in conjugated polymers. 

 

1.3.2   Electronic properties  

For instance, while the 2pz electrons on each carbon on an ethylene molecule (CH2=CH2) 

interact with each other, they yield a bonding state (π-orbital) and an anti-bonding state (π*-

orbital) in the energy distribution. The anti-bonding orbital is defined as the lowest 

unoccupied molecular orbital (LUMO), in contrast the bonding orbital is the highest 

occupied molecular orbital (HOMO). Upon increasing the size of the molecules by 

attaching additional acetylene molecules, trans-polyacetylene can be formed. Its electronic 

structure is composed of a valence band created from the interaction of the HOMO of 

ethylene in this long chain, while its conduction band is formed from the LUMO of the 

ethylene units. As a result, the electronic structure of a conjugated polymer chain can be 

seen as that of a one-dimensional semiconductor. This is also illustrated in Fig. 3. 

.+     

++



 9

 
Figure 3: Energy band diagram formed from π-π interaction of conjugated polymers. 

 

Imagining that the polarons or bipolarons are carriers formed by charged defects, which 

have their energy levels inside the energy gap (see Fig. 4). Doping improves not only the 

electrical conductivity of conjugated polymers, but controls the optical properties since 

band structure is modified. The spectrum has a new feature at lower energy due to the 

appearance of the polaronic (bipolaronic) energy levels inside the band gap. Finally, the 

increase of doping levels brings the bipolarons closer to each other on the chain, such that 

when their wavefunctions start to overlap, a new bipolaronic band is formed. 

 

 
Figure 4: Polarons/bipolarons create new energy levels inside the forbidden gap 

 LUMO 
 

Forbidden energy gap 
 
 HOMO 

Polarons and bipolarons 

are formed via oxidation 

(p-doping) of the 

polymers. 

Further oxidation results in 

narrowing of the bipolaron 

energy levels inside the 

gap. 
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1.4 Polymer diodes 

1.4.1 Basic concept 

Organic diodes are basically based on an active polymer layer that is sandwiched 

between two electrodes in a vertical architecture. The nature of the electrode-semiconductor 

interface and the charge transport properties in the organic layer define the overall current 

density versus voltage (J-V) characteristics of the diode. A wide range of organic materials 

have been involved as the active layer in such diodes. A deep understanding of the J-V 

characteristics of organic diodes is necessary in order to create new concepts and novel 

organic devices. In polymer light emitting diodes, extensive attention has been devoted to 

poly(para-phenylenevinylene) (PPV) derivatives which have rather high external quantum 

efficiency (the number of emitted photons divided by the number of injected electrons) and 

show their promising potential for polymer-based displays.  

We illustrate the architecture and the energy diagram of PPV-based diodes in Fig. 5a 

and b.  

 

 
 

Figure 5a: Fabrication structure schema of PPV diodes (cross-section) 
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Figure 5b: Energy band structure of PPV diodes 

 

In the light emitting diodes, holes and electrons are injected into the conjugated polymer 

bulk from positively and negatively biased electrodes, respectively. Holes are injected from 

the positive electrode to the highest occupied molecular orbital (HOMO) energy level of the 

polymer. In contrast, electrons are injected to the lowest unoccupied molecular orbital 

(LUMO) from the negatively biased electrode. The applied potential allows the charges to 

migrate through the polymer film. The properties of the two injection interfaces, in 

combination with the charge transport features of the polymer, govern the resulting current 

density at each voltage (J-V curve). 

Varying the energy barriers arising from the band offset at the contact interfaces 

between the polymer and the electrodes permits to design three different types of diodes: 

Fig. 6 shows the first diode type with one low work function electrode (e.g. aluminum) and 

one high work function electrode (e.g. indium tin oxide, ITO). Electrons can be injected 

from the negatively biased aluminum electrode, while holes are injected from the positively 

biased ITO. Because electrons and holes are injected into the organic semiconductor, and 

excitons are possibly formed and light can be emitted from their recombination, which in 

turn results in light emitting diodes. The utilization of two high work function electrodes, 

such as ITO and gold, will build up a second diode type denoted as a hole-only device, 

since the injection barrier of electrons becomes very high at both the anode and the cathode. 

The third diode type consists of two low work function electrodes instead, which acts as an 

electron-only device.  

 

IP:   ionization potential 

Φ:   work function 

EA:  electron affinity 

ΔE:  injection barrier 
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An example of the J-V characteristics for the first type of diode, a light emitting diode, 

is illustrated in Fig. 6 This is a diode composed of a polymer bi-layer made of a poly(3,4-

ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) layer and of a 

semiconducting poly(2-methoxy-5(2’-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV) 

layer sandwiched between ITO and aluminum electrodes. The molecular structures of 

MEH-PPV and PEDOT:PSS are in the left side, while the current density versus voltage (J-

V curve) is shown to the right. Since aluminum is used as the negatively biased electrode, 

the diode is dominated by holes, i.e. holes are the majority carriers. The rectification ratio at 

voltages beyond 2 Volts is approximately 104 and the turn-on voltage occurs around 1.3 

Volts [16]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Chemical structures of MEH-PPV (active polymer bulk) and PEDOT:PSS (hole-

injection layer), device architecture and typical J-V characteristic. 
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1.4.2 Injection limited regime 

 

 In the reverse direction (i.e. ITO has a negative voltage), low currents are measured 

since charges are not easily injected from the electrodes due to the mismatch between the 

Fermi level of the ITO (Al) and the bottom of the conduction band (top of the valence band) 

at the metal/organic interface. In the forward direction, the current exhibits a quasi-ohmic 

behavior at low positive voltages. The current then becomes contact-limited and rises very 

steeply with an increasing bias. Note that in the Al/MEH-PPV/ITO diode (see Fig. 7), at 

low voltages, the current arises from holes only because the barrier for the electron injection 

is larger than the barrier for hole injection.  

Charge injection into the organic material conventionally occurs by Richardson-

Schottky thermionic emission or by Fowler-Nordheim tunneling. For very large barriers or 

at low temperatures, electron tunneling has been thought to dominate the injection process. 

Alternatively, if the injection is thermally activated at room temperature, then the 

thermionic emission over the energy barrier is used to describe the J-V characteristics. In the 

injection-limited regime, the net injected charge is relatively small such that the bulk of the 

organic semiconductor can transport smoothly those charges to the opposite electrode. The 

limiting phenomenon to the overall current is the injection of charge in this regime, and the 

electric field is nearly uniform, so space charge effects are not important. For this case the 

injection current and a backward flowing interface recombination current, which is the time-

reversed process, combine to establish a quasi-equilibrium carrier density. The quasi-

equilibrium current density is bias-dependent because of the image force lowering at the 

injection barrier. The net current is determined by the drift of these carriers in the nearly 

constant electric field. The net current is much smaller than either the thermionic emission 

or the interface recombination current which nearly cancel. At higher bias, injection is 

dominated by tunneling. The bias at which tunneling exceeds thermionic emission depends 

on the size of the Schottky energy barrier. When tunneling is the dominant injection 

mechanism, a combination of tunneling injection current and the backflowing interface 

recombination current combine to establish the carrier density instead [17].  
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1.4.3 Space charge limited regime 

 

For large positive voltages, a huge number of charges are injected into to the device and 

the current vs. voltage will tend to saturate. The current passing through the device becomes 

limited by the overall amount of space charges in the polymer bulk itself. If charge injection 

is efficient enough and mobility of migrating charges is low, then accumulation of charges 

at the interface occurs. The consequence of the space charge at the electrodes is the buildup 

of a field opposing further injection. The overall current passing through the diode is then 

limited by the mobility of the organic semiconductor. 

Being seen in Fig. 6 above, at higher voltages, a space charge limited current (SCLC) 

constrained by charge transport in the bulk is observed. In such hole-dominated devices 

employing MEH-PPV as the semiconductor, the hole current is known to follow a SCLC 

behavior with a field-dependent mobility [18]. For typical OLED device parameters, the 

current flow is space charge limited and the electric field in the structure is highly non-

uniform.  

In other words, J-V characteristics are dominated by the bulk conduction properties, and 

hole-current is space charge limited. Such a bulk limited property is expected for injection 

barriers smaller than 0.2 V. Especially in so called hole-only devices, the work function of 

both electrodes is close to the valence band of PPV, and the slope of the logJ-logV plots 

shows SCLC behavior [19] In the SCLC regime, the J-V characteristics follow the Mott-

Gurney equation: 

2

0 p 3

9 VJ=
8 Lγε ε µ  

Where ε0 and εγ is the permittivity of the polymer, µp is the hole mobility, L is the thickness 

of the semiconducting material, and V is the applied voltage. This equation allows 

establishing a criterion in order to determine if a device is in SCLC regime in a voltage 

range. Indeed, the current density should inversely follow the cube of the thickness L of the 

organic semiconductor (see Fig. 7 below). 
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Figure 7: The thickness dependence of the bulk-limited J-V characteristics in PPV diodes. 

                   The data are from P. W.M. Blom et al. J. Appl. Phys. Lett. 68, 23, 3 June 1996.      
   

Fig. 7 shows the typical SCLC behavior with respect to thickness in a hole-only device [19], 

where the injection barrier is smaller than 0.2 Volts and the thickness larger than 1000 Å. 

 

1.4.4 Trap filled limited regime 

 

Charge traps strongly affect the J-V characteristics, and this is particularly pronounced 

in disordered materials. Trapping levels are localized states present within the forbidden 

energy gap. The origins of charge carrier traps can be imperfection from structural defects 

and chemical impurities. The trap depth is discrete or distributed in energy in amorphous or 

polycrystalline materials. The influence of the energetic distribution of traps (e.g., 

exponential, Gaussian, uniform or discrete levels) has been examined extensively in the 

literature [20]. At low electric fields, charges are trapped and released in a dynamic process 

that gives a rise to an overall small current passing through the devices, see Fig. 8. The 

presence of traps gives rise to low charge mobility in the layer, which means that the current 

in the device is limited by the bulk of the semiconductors composed of those traps.  
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Figure 8: Two types of trap levels inside the polymer energy gap 

 

When the electric field is increased, the carriers will cross the charge trap energy levels 

and the traps are considered being filled. Further increment of the voltage results in injected 

charge carriers cannot fall into traps, which gives rise to a dramatic increase of the current 

level. This rapid transition in the J-V characteristic is defined as the trap-filled-limit (TFL) 

potential. Assuming that the traps are confined in single discrete energy levels, the Mott-

Gurney equation becomes:  

                 

2

SC 0 p 3

9 VJ =
8 Lγε ε µ     →    

2

0 p 3
eff

9 VJ=
8 Lγε ε µ θ      t= / ( + )θ ρ ρ ρ  

where Θ is the ratio between the density of free charge carrier density (ρ) and the sum of 

free and trapped carrier densities (ρ+ρ t). Note that Θ=1 in the trap-free case. The 

thickness is changed into an effective thickness Leff due to inhomogeneous spatial 

distribution of free and trapped carriers. After most traps are filled and the TFL is reached, a 

transition from trap-limited current to trap-free SCLC is observed as a rapid increase of the 

current level.  

The experimental result for an electron only device with the structure Ca/PPV/Ca is 

reported in Fig. 9 [19]. The J-V characteristics shows severe charge trapping and this can be 

predicted by the trap model with exponentially distributed charge traps. A rapid increase of 

the current appeared at the TFL voltage. 
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Figure 9: Trap filled regime of electrons shown in an electron-only device. The  

                        transition appears at the TFL voltage. The data are from P. W.M. Blom et  

                        al. J. Appl. Phys. Lett. 68, 23, 3 June 1996. 

     

   

1.5 Photochromic switch diodes 

 

In the diodes made of switchable PC molecules blended into the conjugated polymer host, 

the PC molecules act as charge traps in one of its form (while no trap is formed in the other 

form), such that the J-V characteristics can be modulated by exposure of the device with 

either UV or visible light. The charge transport mechanism inside the polymer-PC bulk can 

be selectively controlled through the chemical configuration of the PC molecule since the 

reversible process of photochromic switching influences the electrical performance of the 

diodes. As it is apparently reported in previous research [12, 13], PC molecules can be 

switched also when they are dispersed in solid-state conjugated polymeric films, and act as 

charge traps (CT) for holes inside the energy gap of the polymer host. The beauty of such 

approach is that both the trap density and the trap depth (the energy level of the trap versus 

the top of the valence band in the conjugated polymer matrix) can be modulated by a proper 
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choice of the PC-polymer pair. The device architecture together with the PC compound 

utilized here can be seen in Fig. 10. 

      

      
                                             

Figure 10: (a) is the cross-section of the device architecture. (b) is the photoisomerization 

of PIII molecules, which corresponds to two energy states. The images are 

from P. Andersson et al., Adv. Mater., 2005, 17, 1798-1803. 

   

PIII is the acronym used for the PC molecule 1,3-dihydro-1,3,3-trimethylspiro[2H-indole-

2,3’-[3H]phenanthr[9,10-b](1,4)oxazine] (PIII, Sigma-Aldrich, 32,256-3). This PC molecule 

was used as the switching material inside a MEH-PPV polymer matrix, where the latter acts 

as the active diode material.  

 
 

Figure 11: Energy diagram of the solid-state blend consisting of PIII and MEH-PPV. The 

PIII can be switched between two energy levels when they are dispersed in 

MEH-PPV, which in one of the energy levels, provide the traps for the proposed 

device operation. The image is from P. Andersson et al., Adv. Mater., 2005, 17, 

1798-1803. 
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The proposed device mechanism is illustrated in Fig. 11. The main idea is to create the 

trap levels inside the energy gap of the MEH-PPV bulk by switching the PC molecules 

blended into the polymer. PIII has a high energy gap that absorbs at short wavelengths, 

typically in the ultra-violet (UV) region about 3.5 eV (denoted as state A). After UV light 

irradiation, PIII switches to its low energy gap state, 1.9 eV (state B). In such way the 

injected carriers start to fall down into those traps until the TFL potential is reached, which 

results in a transition of the current towards SCLC. Simply summarizing, the current through 

the device is adjusted via switching of PIII molecules between two states. Note that the lack 

of electron injection at low voltage prevents detection of electron traps in this device.  

 
 

                (a) Switchable J-V characteristics 

1: Pure MEH-PPV showing 

SCLC 

2, 4: 20% PIII blended in MEH-

PPV after exposure to visible 

light  

3: 20% PIII after UV light 

exposure showing a transition 

from charge trap limited current 

behavior (CTLC) to SCLC at the 

TFL potential 
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               (b) Modulation of current levels and TFL potentials versus the fraction.  

Figure 12a and b: (a) Modulation of J-V characteristics in blend diodes consisting of 20% 

PIII molecules in MEH-PPV. (b) The fraction of PIII in blends shows the 

dependence of the trap-filled-limit voltage. The data are from P. 

Andersson et al., Adv. Mater., 2005, 17, 1798-1803. 

 

Fig. 12a shows the J-V characteristics of switchable photochromic diodes based on the PIII 

and MEH-PPV blend sandwiched between ITO and Al electrodes. Typically the current is 

contact-limited at low forward bias, while at higher voltages the current is space-charge (SC) 

or charge-trap (CT) limited. As the applied voltage approaches the activation energy of the 

limiting transport mechanism, the current rapidly increases to the level of the next limiting 

mechanism. Switchable traps from PC molecules modulate the electrical properties of the 

PC-polymer diodes. Furthermore, in Fig. 12b, the inset shows the dependence of the trap-

filled-limit voltage versus the fraction of PIII, while the main figure shows the current 

density versus the fraction of PIII. After UV exposure, all the diodes with different fraction 

of PIII show roughly the same low current level, even though different voltages are applied 

as shown in the inset. Thus, higher fraction of PIII corresponds to larger current modulation. 

As mentioned above, the trap filled limit voltage is shifted upwards as the amount of PIII is 

increasing in the blends. 

Empty squares:  current 

densities of blend diodes before 

UV light exposure 

Black squares: current densities 

of blend diodes after UV light 

exposure 

Small graph: estimated TFL 

voltages 
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2 Materials and Goal 

This diploma work was carried out in order to further understand switchable charge traps 

in polymer diodes consisting of blends based on PC molecules and conjugated polymers, as 

presented in chapter 1.4. First of all, the basic properties and switching features of the 

photochromic material chosen here, PIII, are studied and reported.  

 

2.1 Photoisomerization 

PC molecules undergo chemical structural transformation, called photoisomerization, 

while irradiated to specific wavelengths. Spiropyran and spirooxazine derivatives can be 

switched between two states corresponding to different energy gaps shown in the absorption 

spectra. In this project, the spirooxazine 1,3-dihydro-1,3,3-trimethylspiro[2H-indole-2,3’-

[3H]phenanthr[9,10-b](1,4)oxazine] (PIII, Sigma-Aldrich, 32,256-3) is chosen as the 

switching material.  

                  
                 Spirooxazine                                                             Spiropyran 

 

 

Spiropyran and spirooxazine are well-known members in the spiro-family; spiro-compounds 

induce excellent coloration after irradiation to UV light and their flexible synthesis can yield 

a wide variety of colors. Spirooxazine has improved fatigue resistance since a nitrogen atom 

substitutes the carbon atom in the methine bridge. It attracts a lot of research interest because 

fatigue resistance is an important issue for photochromic compounds. In many features 

spirooxazine and spiropyran behave similarly, however the structure of their merocyanine 

form leads to differences. The keto form (see Fig. 13a) is usually more stable than the 

zwitterionic form (see Fig. 13b) for spirooxazine. However, in a polar surrounding, 

spiropyran compounds in the merocyanine state can have a significant amount of the 

zwitterionic form.  
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                (a) Keto form                                                       (b) Zwitterionic form  

 

Figure 13: Two isomers of spiro-compounds in the low energy gap state; the zwitterionic 

form is more polar than the keto form.  

 

The initial state of PIII has an orthogonal configuration that is colorless and referred to 

the closed form. In this ground state the π-electrons do not interact with one another. 

Therefore, upon UV light stimulation, heterocyclic cleavage of the spiro-carbon oxygen bond 

occurs, which is allowed by a rotation of the two moieties in the molecule resulting in the 

formation of a planar colored form. The colored form is a highly conjugated structure known 

as the merocyanine or open form, which absorbs in the visible light region. PIII has two 

forms of isomers shown in Fig. 13, and upon UV light irradiation, the PC-polymer blend is 

always composed of a mix of both isomers, with a ratio depending on the dose of light 

exposure. 
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Figure 14: Illustration of the bounding shapes (HOMO, LUMO) in closed and open forms of 

spiropyran, which corresponds to their energy states.  

 

The shape of the HOMO and LUMO levels in the closed and open forms as well as the 

corresponding optical absorption spectra for a spiro compound are reported in Fig.14, as 

calculated at the quantum-chemical level [21-23]. 

If PIII molecules are exposed to a wavelength coinciding with the absorption feature of 

state B, they will return back to state A, as well as that PIII molecules left in the ambient 

environment will switch back to A state spontaneously. Both thermal effects and 

photochemistry has an impact on the conversion rate, and the photochromic reaction is 

sensitive to the surroundings. 

Poly(2-methoxy-5(2’-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV) is chosen in 

this project as the host polymer matrix and, hence, the PC-polymer blend considered for the 

switch diodes is PIII/MEH-PPV. 
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2.2 Goal 

In general, the photochromic transition is extremely sensitive to the environment (solvent, 

temperature). On the other hand, the J-V characteristics of photochromic switch diodes are 

expected to depend on various device parameters (thickness of the active layer, amount of PC 

molecules in the blend). In this work, we aim at understanding the effect of various factors 

(solvent polarity, temperature, PC fraction, and film thickness). The polarity of the medium 

can change the equilibrium between two conformations by preferential stabilization. The 

temperature is another important factor, since PIII molecules can be switched thermally. In 

addition, temperature also affects the relaxation of the matrices [16]. The following factors 

are considered and their impacts have been investigated in this project:  

(i) Solvent effect by varying the polarity  

(ii) Annealing effect refers to temperature and solvent surplus inside the films 

(iii) Amount of PC molecules in the PC-polymer blend affects the trap system 

(iv) Thickness of the blend layer in the diodes, having influence on the J-V characteristics 

 

 

 

3 Experimental techniques 

 

3.1 Spincoating  

Spincoating is a common process step in the semiconductor industry in order to spread 

photoresist on silicon wafers. It is also an important technique in organic electronics since it 

provides thin and homogeneous solid-state films. Organic molecules and polymers have the 

advantage to be soluble in organic solvents. Consequently, low-cost solution processing steps 

in device manufacturing is possible in organic electronics. Spincoating offers a convenient 

and simple method based on rheology to obtain homogeneous films of various thicknesses. 

Spincoating is done in several steps: (a) deposition of a liquid drop on the substrate, (b) slow 

rotation of the substrate to spread the drop over the substrate, (c) ramp up the rotation speed 

to remove the excess of viscous material, (d) spin at high speed to dry the films and obtain 

homogeneous films. The schematic steps are shown in Fig. 15. 
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Figure 15: Various steps used in spin coating. Figure comes from B.D Washo, Rheology 

and Modeling of the Spin Coating Process. IBM J. Res. Develop. March, 1977, 

pp. 190-198.    

 

The resulting film thickness, assuming that solvent evaporation is not too fast, can be 

controlled via several parameters as illustrated in this time independent relation: 

   

1
3

2 2=KCv
R
νδ

ω
 
 
  [24]  

 

 

 

 

 

              More advanced models allow describing the thickness versus time according to: 

 

 

δ: dry coating thickness (after spin) 

Cv: volume fraction of solids in 

suspension 

ν: kinematic viscosity ( μ/ρ) 

ω: angular velocity 

R: sample radius 

K: constant  
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Spincoating can provide relatively uniform films if the viscosity and the solvent’s boiling 

point are appropriate. Except for the parameters mentioned above, there are other concerns 

that can influence the spincoating process. First is the compatibility of the materials in term 

of surface tension. Can the liquid and the substrate form a stable interface? How well does 

the solution wet the surface? The wettability of the drops on the substrate should be 

optimized. Secondly, the air and flow above the spinning substrate have a large impact on the 

films. Third, the temperature control of the substrate can be crucial in both the spin and bake 

steps.  

The cons should be noticed despite the fact that spincoating owns strong pros.  

 The loss of material is up to 99 percent, this situation can be improved if 

recycling is available 

 Evaporation rate can be a problem with solvents  having low boiling points 

 Edge-bead must be removed from the top and bottom surfaces of the 

substrate 

 Not suitable for very large substrates, because the variation in angular 

velocity between the center and the edge of the substrate increases with size 

 

 

3.2 Profilometer 

 

The Profilometer (Dektak) is an instrument used to measure the surface profile of 

samples, which comprises film thickness, roughness or other topographical features. Firstly, 

a scratch is done in the film. And then a stylus is applied for a contact force on the sample 

surface. The stylus is then laterally dragged along the surface to explore the profile of the 

scratch. The vertical displacement of stylus as a function of position can deflect the change in 

step height, and the vertical variation is ranged between 100 Å to 650,000 Å. The generated 
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signal from stylus movement is analyzed and displayed, and the scan speed and the scan 

length control the horizontal resolution. The stylus tracking force is initially set to 5-10 

milligrams. The radius of the diamond stylus is 12.5 microns. 

   

 

3.3 Absorption spectroscopy 

 

3.3.1    UV-Vis absorption spectroscopy 

A spectrometer analyzing the light reflected from the surface of a solid or passing 

through a liquid is functioning as the human eye; although white light composed of a broad 

range of wavelengths in the ultraviolet (UV), visible and near-infrared (NIR) portions of the 

spectrum can be detected. The visible light, which can be observed by human eyes, covers a 

range of wavelengths from approximately 400 to 780nm. The longest visible wavelength is 

red and the shortest is violet. From left to right, the colors shown in the spectrum 

correspond to increasing wavelengths in Fig. 16.  

 

 
 

Figure 16: The visible spectrum with color series of wavelengths. Image is from 

http://www.cem.msu.edu/~reusch/VirtualText/Spectrpy/UV-Vis/spectrum.htm  

 

The visible region of the spectrum includes photon energies from 36 to 72 kcal/mole, and 

the near ultraviolet region, outside 200 nm, extends this energy range to 143 kcal/mole. 

Generally, the electronic excitation occurs in organic molecules with the energies available 

in the 200 to 800 nm spectral range. Consequently, favored electron promotion is excited 

from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular 

orbital (LUMO), which results in excited states. When the molecule is exposed to light with 

• Violet:     400 - 420 nm  
• Indigo:    420 - 440 nm  
• Blue:       440 - 490 nm  
• Green:    490 - 570 nm  
• Yellow:   570 - 585 nm  
• Orange:  585 - 620 nm  
• Red:        620 - 780 nm 
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an energy matching a certain electronic transition, part of the light energy will be absorbed 

as the electron jumps to a higher energy orbital. The spectrometer records the wavelengths 

at which absorption occurs, in combination with the strength of absorption intensity at each 

wavelength. Usually the spectrum is plotted as a graph of absorbance (A) versus wavelength. 

The intensity of the reference beam, which should have little or no light absorption, is 

defined as I0, and the intensity of the sample beam is defined as I1. In addition, absorption 

can be presented either as transmittance (T = I1/I0) or absorbance (A= log I0/I1). If no 

absorption occurs, T = 1.0 and A= 0. The wavelength of maximum absorbance is a 

characteristic value, defined as λmax. 

The basic principle of the absorption spectroscopy is introduced from the Beer-Lambert 

Law. This law defines a linear relationship between absorbance (A), concentration (M) of 

absorbing molecules in the sample and the thickness of the sample crossed by the light. The 

ratio between the incident light intensity and the transmitted light intensity (for a specific 

wavelength) is exponentially dependent on the concentration c of absorbing molecules (at 

that specific wavelength) and the thickness of the sample crossed by the light. Beer-Lambert 

law is written as:  

                                           

1 0- log (I /I )=A= cα  

 

 

 
Figure 17: Illustration of Beer-Lambert Law.  

Image is from http://en.wikipedia.org/wiki/Beer-Lambert_law 

 

A is the optical absorbance  

I0 is the intensity of the incident 

light  

I1 is the intensity after passing 

through the sample 

l   is the sample thickness 

c  is the concentration of 

absorbing species in the 

sample 

α  is the absorption coefficient or 

the molar absorptivity of the 

absorber  

λ  is the wavelength of the light  
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The absorption coefficient α is wavelength-dependent and is specific to a molecule or a 

material. The variation of α versus the wavelength allows drawing the absorption spectrum 

of a material. 

 

Fig. 17 shows the absorption of light passing through a sample. However, the decreased 

intensity of the transmitted light can also be due to other effects such as surface reflectance 

and light scattering. The Beer-Lambert Law tends to break down at very high 

concentrations, especially if the sample scatters light heavily. When the light is intense, 

non-linear optical processes can also cause variances. The limit of the linear relation in 

Beer-Lambert Law contains: 

 Deviations in absorptivity coefficients at high concentrations (>0.01M) due to 

electrostatic interactions between molecules in close distance 

 Strong scattering of light in the sample 

 Fluorescence or phosphorescence of the sample 

 Changes in refractive index at high concentration 

 Shifts in chemical equilibriums as a function of concentration 

 Stray light 

 

3.3.2 Spectrometer operating principle 

The basic components of a typical double-beam spectrometer are shown in Fig. 18. 

 

 
               Figure 18: Simple schematic of the operating elements in the spectrometer.  

The image is from  

   http://www.shu.ac.uk/schools/sci/chem/tutorials/molspec/uvvisab1.htm 

 

Each monochromatic (single wavelength) beam in turn is split into two equal intensity 

beams when the source starts light generation. One beam will pass through the sample that 

is studied. The other beam will travel through the reference sample; in our case, the films 
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are spun on glass substrates, and thus the transparent glass slide is used as the reference. 

The intensities together with the wavelengths are then measured and recorded by the 

detectors and the analyzer. For our samples, the full spectrum is taken from the ultraviolet 

(UV) region, through the visible region, and to the near infrared region, 300 nm to 800 nm. 

Furthermore, when the PC switching effect is recorded, the scan range is shortened to the 

visible wavelengths 550nm to 660nm, since PIII molecules have colored form, which 

absorbs light corresponding to the wavelengths in the same range. 

As described in section 3.3.1, the absorbance is plotted versus wavelengths in the 

normal spectra. Either absorbance or transmittance can be used for characterizing the 

properties and electronic structures of molecules. The high accuracy of absorption   

measurement allows characterizing the switching process of photochromic molecules 

investigated in this project.    

 

 

3.4 Electrical measurements 

 

The electrical measurement reported in this project is focused on the I-V characteristics 

of the PC-polymer diodes. A semiconductor parameter analyzer HP 4155B is used to record 

the I-V curves. When the bias is applied to both electrodes of the PC-polymer diodes, the 

current passing through the bulk is recorded at each voltage; in such way the I-V 

characteristics can be observed and analyzed.        

 

 

 

4 Results and Discussion 

 

4.1 Photochromic molecules characterized by optical absorption 

measurements 

Before presenting the absorption spectra of thin films consisting of PIII molecules 

blended in a MEH-PPV matrix, we present the information that can be extracted from pure 
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PIII films. The pure PIII film is deposited on top of the glass substrate by spin-coating (spin 

speed of 1000 rpm at room temperature). The PIII molecules are dissolved in xylene at a 

concentration of 7.5mg/ml solvent. The absorption spectrum of pure PIII switched between 

state A and state B is shown in Fig. 19. The absorption spectra are recorded with a Perkin-

Elmer Lambda 900 UV-Vis-NIR absorption spectrometer. The spectrum of the initial A state 

is taken first and another spectrum is then recorded when the molecules have been switched 

to their B state upon exposure to UV light, for approximately 30 seconds by a Vilbur 

Lourmat VL-208BL Hg 2×8 W light source with an intensity of 20 mW/cm2 at 365nm.  
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Figure 19: The switching effect of pure PIII films in the absorption spectrum. The solid line 

is the initial curve under ambient light, and the dashed-dotted line is the 

spectrum after switching PIII to the B state with UV light exposure. 

 

The solid line in Fig. 19 is the spectrum of PIII in the initial state A, which corresponds to 

a high energy gap that absorbs photon energy in the UV region, i.e. at wavelengths smaller 

than 400 nm, and the film looks transparent. The dash-dotted line is the spectrum of PIII in 

state B taken after 30 seconds of UV light exposure. The switching effect is clearly observed 

when the two spectra are compared, as well as by the human eye since the color turns from 

transparent to dark blue when PIII is transformed from state A to state B. Note that the 
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absorption intensity at 600 nm of the initial state A in the spectrum indicates that there exists 

a small fraction of PIII molecules in the B state before irradiation of UV light.             

  

Fig. 20 shows the absorption spectra of MEH-PPV and PIII. The MEH-PPV peak appears at 

a wavelength of roughly 500 nm, which results in an orange color. By comparing the 

absorption spectra of MEH-PPV and PIII, we expect that the presence of PIII switching 

intensity in a matrix of MEH-PPV will be perceptible at the wavelength about 600 nm after 

exposure to UV light.   

 
Figure 20: The spectra of pure MEH-PPV and PIII molecules in their two energy states. 

The dashed line is the spectrum curve of PIII in its low energy gap (B) state 

while the dotted line corresponds to the high energy gap (A) state.  

 

Fig. 21 shows the absorption spectra of a solid-state blend where the PIII molecules are 

switched between two states. The blend consists of 20 wt.-% PIII dispersed in MEH-PPV, 

and both solutions have a concentration of 7.5 mg/ml chloroform. The solutions were spin-

coated with spin speed 1000 rpm at room temperature here as well. The switching effect of 

PIII from state A to state B upon UV light exposure contributes, as expected from the 

previous analysis, to a new absorption feature arising around 600nm. Initially, i.e. with 
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visible light exposure, the blend shows hardly any absorption intensity at this specific 

wavelength, since the PIII molecules are assumed to be in their A state.  
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Figure 21: The switching effect in a blend consisting of PIII molecules and MEH-PPV. The 

solid and dashed lines are the spectra after exposed to visible and UV light, 

respectively.  

 

 

4.2 Time-dependent absorption spectra of the blends 

 

As explained in the previous section, the state of the photochromic molecules can be 

probed even if the PIII molecules are blended into MEH-PPV. Based on that observation, we 

investigate the time-dependence of the absorption spectra and measure how long the PIII 

molecules stay in the B state (after UV exposure) in the polymer matrix. The retention time is 

defined as the time needed to loose 90% of the absorbance feature at 600 nm after UV light 

exposure. The retention time of PIII in blends relates to the stability of two isomers at the low 

energy gap state B. Note that exposing several times alternatively to UV and visible light 

could add information about fatigue. Importantly, the retention time measured in this work is 

not an absolute value since it is strongly affected by the way the measurements are performed. 
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Indeed, to characterize the stability of the low energy gap isomer, visible light needs to be 

irradiated onto the sample in order to detect the state. However, visible light switches back 

the PIII molecules to the high energy gap isomer. Hence, to avoid artificial diminution of the 

retention time estimation, the measurements are performed as follows: the wavelength range 

considered is shortened to 550-660 nm for the recording of the time-dependent intensity 

decay with the absorption spectrometer since this set-up results in faster scan cycles. In 

addition, we have tested that PIII does not switch by the intensity provided by the light beam 

from the spectrometer, thus indicating the photoisomerization is negligible when running the 

optical absorption measurements. In this manner, we can compare the retention time for 

various blends and samples.  

 

Fig. 22 shows absorption scans versus time. From the previous spectra of blends, the 

wavelength peak value of PIII switched to the B state locates about 600 nm. The time-

dependent switching behavior of PIII can be determined by following the absorbance at 600 

nm.  

580 600 620 640
0.02

0.04

0.06

0.08

0.10

0.12

ab
so

rb
an

ce

wavelength (nm)

initial

after UV

60 sec. after UV

160sec. after UV

1000sec. after UV

 
Figure 22: The intensity of the absorbance from a blend film after switching by UV light 

decays in the order of increasing time.               

  

In Fig. 22 there is a vertical line marked at the wavelength 600 nm, where the PIII molecules 

show their B state absorption peak intensity. The line most to the left is the initial absorbance 



 35

before UV exposure. After UV light exposure the curves are recorded versus time and are 

displayed in the order of decreasing absorbance intensities. The peak values at 600 nm are 

then used to obtain the graph that determines the retention time in Fig. 23. 
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Figure 23: The time-dependent switching intensity of a blend film. The fitting curve is the 

second order of exponential decay (see bi-exponential model following).     

  

The curve in Fig. 23 is plotted from the absorbance values at 600 nm in the different scans 

shown in Fig. 22. The five points that were chosen to plot this curve correspond to 0, 20, 60, 

160 and 480 seconds after UV light exposure of the sample. The samples were stored in 

darkness (without movement of the samples inside the chamber of the spectrometer) during 

the measurements in order to prevent visible light exposure. Note that the intensity values are 

normalized with the initial intensity before switching with UV light, which is considered to 

be zero. These five points are fitted with the second order exponential decay modeling, which 

strongly suggests that the switching event of PIII from state B to state A is thermally 

activated, since the samples are kept in darkness during the measurement. In general, the 

kinetics is multi-exponential in solid-state matrices [25]; many models have been accurately 

proposed to predict the photoisomerization of spiro-compounds. The bi-exponential model is 

the most common function used for photochromic transformation [26]. Here we employed 

the equation of bi-exponential fitting to attract the decay rate constants.  



 36

[ ]0 1 1 2 2D=D exp(-k t)+ exp(-k t)α α  

Where the D and D0 are the current and initial optical densities of the merocyanine form, k1 

and k2 are the decay rate constants and α 1 and α 2 are the contributions of the 

corresponding terms in absorption. Note that the bi-exponential model should only be 

regarded as empirical rather than a mechanistic approach. 

 

4.2.1 The solvent influence on photochromic switching 

 

The polarity of the solvent is the first factor taken into consideration when various 

solvents are compared. The influence that the polarity of the solvent has on the 

photoisomerization reaction of PC molecules has been studied and reported previously [15]. 

In general, it is known that a polar environment can help to stabilize PC molecules in the 

zwitterionic form of their low energy gap state B (see Fig. 13, section 2.1); especially for 

spiropyran derivatives. Moreover, it has been suggested that most isomers of spirooxazine 

in the open form exist in the keto form even in a polar solvent. Thus, a polar environment 

typically stabilizes the zwitterionic form of the spirooxazine less efficiently compared to the 

spiropyran.  

The two solvents chosen here have different polarities: xylene has a polarity index of 

2.5 and chloroform has a polarity index of 4.1, which indicates that chloroform is more 

polar than xylene. Both solvents can dissolve PIII in seconds, and the solvatochromism is 

apparently seen at the same time. As observed by the human eye, the color of the solution 

from PIII dissolved in xylene is violet, and the color of the chloroform solution is indigo.  

 

In dry films made of PC-polymer blends, the solvent is not expected to have a direct 

influence on the isomerization reaction since their amount is likely very small. In contrast, 

the solvent is expected to affect the morphology of the blend. Indeed, phase separation 

between PIII domains and the MEH-PPV matrix is likely sensitive to the nature of the 

solvent (polarity, boiling point). As a result, the contact area between the PIII domains and 

the polymer matrix might affect the kinetics of the photoisomerization. The presence of 

remaining solvent in the blends, in case of high boiling point solvent, might also influence 
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the kinetic of the isomerization reaction characterized by the retention time (see section 

4.2.2).  

 

Fig. 24a and b show the absorption spectra versus time from the blend of PIII/MEH-PPV in 

xylene and chloroform. The concentration in both solutions is 7.5 mg/ml, and 20 wt.-% PIII 

is mixed into the MEH-PPV polymer host. The films are spun on the glass substrates with 

spin speed 1000 rpm during 20 seconds at room temperature. In Fig. 24a, the initial state 

corresponds to the spectrum after visible light exposure. In that case, most of the PIII 

molecules are in the high energy gap state A. However, one can observe that few PIII 

molecules remain in the low energy gap state B and contribute to a weak absorbance around 

600 nm. After 60 seconds of UV light exposure, the absorption spectrum is recorded and 

characterized in the blend films where most of the PIII molecules now are switched to their 

low energy gap state B. The kinetics of the thermally reversible isomerization is monitored 

by the absorption spectrum versus time. The intensity goes down as the PIII molecules 

spontaneously switch back from the B state to the A state, as shown in Fig. 24a and b.  

 

As indicated by these results, there is hardly any difference in retention time for the 

blends obtained from the two different solvents. By comparing Fig. 24a and b, the PIII 

molecules switch back in about four minutes. This indicates that if there are residual solvent 

molecules in the films, their nature (xylene vs. chloroform) have a negligible influence of 

the kinetics of the thermally reversible isomerization.  
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(a) Absorption spectrum of a xylene-based blend films 
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(b) Absorption spectrum of a chloroform-based blend films 
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Figure 24: The absorption spectra of blends consisting of 20% PIII dispersed in MEH-PPV. 

(a) and (b) show the switching intensity versus time recorded for two different 

solvents: xylene and chloroform, respectively.  

 

4.2.2 Annealing 

 

Annealing treatment is an important step in solid-state device fabrication. The annealing 

temperature and time of the blends formed from a xylene solution are 80℃ and 5 minutes. 

For blends obtained from chloroform solution, the annealing temperature and time are 50  ℃

and 3 minutes, respectively. Xylene has much higher boiling point (135-145 ) compared ℃

to chloroform (60-65 ), which explains the more drastic annealin℃ g conditions for xylene 

(increased annealing temperature and time). We annealed the samples for a certain time at a 

temperature below the boiling point of the particular solvent used during the film formation. 

The main purpose of the annealing treatment is to get rid of the solvent from the films after 

the spincoating process. In addition, annealing has a quite obvious effect to the kinetics and 

relates to many mechanisms that also could control the properties of the films. For instance, 

when the sample is annealed, it gains heat energy and may affect the aggregation of 

molecules, or the interface/phase of the blend might be modified.  

 

Fig. 25b shows the time evolution of the absorbance at 600 nm for the blends formed 

from the chloroform solution before annealing and after annealing. After annealing, the 

retention time is 2.4 times longer. For samples based on xylene (see Fig. 25a), the annealing 

treatment increases the retention time by a factor of three. The first observation is that the 

annealing treatment improved the retention time of all samples. This is tentatively explained 

by the presence of residual solvent molecules in the non-annealed films, which facilitates 

the thermoreversible isomerization. The removal of residual solvent thus increases the 

retention time. In other words, after annealing, the solvent has evaporated from the samples 

and the surrounding environment of the PIII molecules is more suitable for allowing the PIII 

molecules to stay in the B state.  

 

Another interesting observation is related to the switching ratio. The switching ratio is 

defined as the difference between the absorbance at 600 nm just after UV light exposure 

divided by the absorbance at 600 nm after an infinite time. The switching ratio after 
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annealing decreases by 35% in films based on xylene, an effect that does not show up in 

films obtained from chloroform solution. Hence, PIII in films made of xylene has more 

difficulties to switch upon UV exposure. This might be explained by a higher degree of 

crystallization in the PIII domains within the MEH-PPV matrix. PIII is known to crystallize 

better in non-polar environments [15], which we also observed in pure PIII films obtained 

from xylene (see section 5.1).  
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                  (a) Time-dependent intensity decay of the switching effect in blends from xylene. 

The curve indicated with circles is the unannealed sample, and the curve with 

triangles is the annealed sample.  
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(b) Time-dependent intensity decay of the switching effect in blends from      

chloroform. The curve indicated with circles is the unannealed sample, 

while the curve with triangles is the annealed sample. 

Figure 25: Time-dependence of the switching intensity in blend films based on either 

xylene or chloroform. The fitting curve shows exponential decay of the second 

order (see section 4.2).   

 

4.2.3 Thickness dependence 

 

Here, we establish the profile of absorbance or transmittance of the light of wavelength 

600 nm through the PIII/MEH-PPV blend. The transmittance is recorded for various film 

thicknesses using the same incident intensity. The Beer-Lambert law is I=I0 exp (-F×d), 

where d is the thickness and F=ln 10×[PC]×α, where [PC] is the concentration of PIII 

molecules in the blend and α is the molar absorption coefficient of the PC at 600 nm. Hence, 

the transmission recorded for various thicknesses of the PIII-MEH-PPV blend should 

follow T=I/I0=exp (-F×d).  

Fig. 26 displays the exponential decay of transmittance. For the fraction of PIII used (20%) 

in the blend, one can observe that 12.4 % of the light intensity is absorbed for films with a 
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thickness of 320 nm. The devices using blends will have a thickness between 18 nm and 

320 nm. For this thickness range, the light can easily switch all PC molecules present in the 

film.  
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Figure 26: Thickness dependence of the blend films recorded as transmittance versus           

various thicknesses. For the constant UV light intensity, the exponential 

relationship should fit with Beer-Lambert law. 

 

 

4.3  Switch diodes 

After collecting data and features from absorption spectra of the PC-polymer blend films, 

we used those films as active layers in an electronic device. In this section, we aim not only 

at reproducing switchable diodes based on photochromic molecules, but also to further 

characterize them. Two subjects of importance are to see the influence of the thickness of the 

PIII/MEH-PPV blends on the I-V characteristics and to observe if switching occurs also at 

low voltages, likely in the injection limited regime of the devices. In order to achieve these 

goals, we would first like to understand the reproduced data from the literature related to the 

MEH-PPV diodes. 
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4.3.1 Basic understanding of MEH-PPV diodes 

The polymer diodes based on MEH-PPV have been introduced in chapter 1.3. In this 

section, the pure MEH-PPV diodes are used as a reference available for comparison with 

the blend diodes. To get four different thicknesses, four concentrations of the solutions in 

chloroform are spun on ITO substrates that are pre-covered by the conducting polymer 

poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS, 70% Baytron P 

from Bayer AG mixed with isopropanol) in order to ensure efficient hole injection from the 

positive electrode. The spin speed is 1000 rpm with the time is 20 seconds and the process 

is done at room temperature. To complete the device, a 2000 Å thick layer of aluminum is 

deposited as the top electrode. 
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Figure 27: Influence of the thickness on the current-voltage characteristics in pure MEH-

PPV diodes plotted in the high electrical field region under the assumption of 

SCLC behavior.    

 

Fig. 27 shows the thickness dependence of pure MEH-PPV diodes in I-V characteristics. 

The thicknesses are measured by a DekTak Profilometer and marked at each corresponding 

I-V curve. The variation in film thickness is obtained from tuning the concentration of the 

solution. According to the project run previously [27], the spin time and solution 

temperature have small influence, even negligible, on the thickness of MEH-PPV layer spun 
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from chloroform solution. The concentration represents 95% of the thickness dependence, 

and only 5% comes from the spin-speed. 

In the space charge limited current (SCLC) regime: the relation between current density 

and the thickness of hole-only diodes fits Child’s law: J =c* V2/L3 as observed for MEH-

PPV diodes by Blom et. al.[19]. In an ITO/MEH-PPV/Au, hole only devices, they observed 

that the interface-limited injection did not dominate the J-V characteristics even at low 

voltages. In our project, the device chosen is different, since a layer of PEDOT:PSS is used 

between ITO and MEH-PPV. Note also that the device considered is not a hole-only device 

because aluminum is deposited as the top electrode instead of gold, and consequently 

electrons are injected from the negative electrode at a certain higher voltage. This is 

demonstrated by weak light coming out from the diodes that we made, which would not be 

the case in a hole-only device. However, at low voltage region, there are very few electrons 

injected and holes are the main charge carriers in the devices. 
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Figure 28: Bulk-limited model fitting with pure MEH-PPV diodes in the high voltage range 

(4 V). The linear relationship should follow Child’s Law: J =c* V2/L3, which 

indicates that the current density is proportional to the inverse of the cubed 

thickness. See reference [19]. 
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In Fig. 28, the simplified linear relation of J versus 1/L3 is plotted. The values of the current 

density at 4 V in each diode are plotted versus the inverse cubed thickness. The line 

interpolated through the four points indicates that the MEH-PPV diodes are operating in the 

SCLC regime at 4 V, which is in good agreement with the data in the literature [19]. 

However, at lower voltages (2 V), the relation of J versus 1/L3 is not linear anymore, which 

refers to that the devices did not yet reach the SCLC regime. The current stays the same 

whatever the thickness of the devices (Fig. 29), which suggests that the current passing 

through the devices is charge injection-limited. 
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Figure 29: I-V curves of the thickness dependence in pure MEH-PPV diodes. The vertical 

line is the constant voltage for the bulk-limited model, and the horizontal line is 

the constant current for the injection-limited model.  

 

On the other hand, we have tested the model based on exponentially distributed charge traps 

to our diodes, since the electrons may be trapped and the holes are not completely trap-free. 

However this determination suggested by Kumar et. al.[28]did not work in our case. So 

instead we model the injection-limited condition as reported by Baldo et. al.[29] in order to 

see which mechanism that dominates the I-V characteristics in our devices. The voltage for 
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each thickness is plotted at a specific current level of 20µA, see the horizontal line in Fig. 

30. The linear thickness dependence should demonstrate that the current is limited by the 

injection of charge carriers in the devices at low voltages. This is in good agreement with 

the expected behavior since the onset voltage of the diodes is constant for different film 

thicknesses. 
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Figure 30: Injection-limited model fitting with pure MEH-PPV diodes in the low voltage 

range (current level 20 µA). The linear relationship of voltage versus thickness 

is valid here.   

 

We conclude that these diodes are injection-limited in the low electrical field region and 

finally end up into the space charge-limited regime at higher applied voltages. The 

transition between the two regimes is not easy to establish, but the results are in agreement 

with other studies showing that MEH-PPV diodes work in the SCLC regime at higher 

voltages. 
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Figure 31: Bulk-limited model failed at low electrical field. The same current level that was 

plotted in Fig. 30 is used here for the squared voltage versus the cubed 

thickness.   

 

4.3.2 The PIII/MEH-PPV switchable diodes 

 

4.3.2.1 Typical I-V characteristics 

The J-V characteristics of the PIII/MEH-PPV blend diodes have been previously 

reported by Andersson P. [12, 13] and described in section 1.4. The authors showed that 

switchable charge traps (CT) could control the J-V characteristics of MEH-PPV diodes 

through the reversible photoisomerization of PIII molecules. Fig 12 in Chapter 1.5 displays 

the J-V characteristics of PIII/MEH-PPV blend diodes as well as a sketch of the device. 

The switch diodes can either let pass a low current in the trap filling regime (PIII is in the 

low energy gap state) or a high current in the SCLC regime (PIII is in the high energy gap 

state and does not act as a trap). Our first goal is to reproduce those results and to 

investigate the influence from the thickness-dependence of the PIII/MEH-PPV blend on 

the I-V characteristics. The diodes that consist of 20% PIII in MEH-PPV dissolved in 
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chloroform can be switched in a stable manner. The solutions used for the blends have 

various concentrations (from 2.5 mg/ml up to 10 mg/ml), and the films are spun on ITO 

glass substrates pre-covered by spin-coated PEDOT:PSS. The spin speed is 1000 rpm for 

the spin time 20 seconds, and all the samples are processed at room temperature. The I-V 

curves were recorded by a HP 4155B parameter analyzer, and the switching is done via 60 

seconds of UV light exposure through the backside of the samples while nitrogen was 

flowing on the sample surfaces in order to prevent photo-oxidation and chemical 

degradation of the organic materials. The electrical performance of the devices is 

measured in darkness.  
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Figure 32: Typical I-V characteristics of blend diodes while PIII switches between the initial 

state and the low energy gap state, which results in current modulation. The 

trap-filled-limit potential appears in the high voltage range, and then the two 

curves perfectly fit in the SCLC regime.  

 

Those two curves are nice and clearly show how the trap-limited and the space charge 

limited currents, SCLC are separated. The solid curve is with visible light exposure, while 

the dash-dotted curve is after UV light exposure. We succeeded to reproduce similar 

results as Andersson et al [12, 13]. Indeed, one can observe a clear increase of the current 
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level in the dashed curve at about 4.5 V, which corresponds to the trap-filled limit voltage 

VC. At voltages lower than Vc, the current is lower than before the UV light exposure 

because of the presence of traps created by the HOMO of the PIII molecules that is higher 

in energy compared to the top of the valence band of MEH-PPV (see Fig. 11 in chapter 

1.4). Above VC, all traps are filled and the current rises up to reach the trap-free SCLC 

regime. The two curves are perfectly fitting in this region indicating the absence of traps. 

Interestingly, there is another reversible phenomenon that was not observed by 

Andersson et al. The onset of injection is shifted to a higher threshold voltage (1.5 V after 

UV exposure instead of 1 V after visible light exposure). This feature is going to be 

discussed in the forthcoming sections.  

 

4.3.2.2   Reversibility of the switch diodes 

Figs. 33a and b show three different regions in I-V characteristics of the blend diodes 

(20% PIII blended into MEH-PPV dissolved in chloroform and xylene, with the 

concentration 7.5mg/ml)). In Fig. 33a, the initial curve (with visible light exposure) is the 

solid line very similar to the characteristics of pure MEH-PPV diodes. After UV light 

exposure, the current drops down by more than one order of magnitude (dashed line, 10 

times lower at 3 V). The dotted line is the characteristics of the diode after waiting a long 

time in darkness (10 min). The fact that it is very similar to the initial curve indicates that 

the process is unstable as was extensively discussed in the previous section. Indeed, PIII 

photochromic molecules are thermoreversible and come back to their high energy gap 

isomers in about 10 minutes in the blends (see section 4.2 about time evolution of the 

absorption spectra). In Fig. 33b, we show an intermediate situation, where the PIII 

molecules are not all back to their initial state. In reality, the dotted line is after 4 minutes 

in darkness. One can observe that the I-V characteristic starts to come back to its initial 

shape, which suggests that the amount of traps decreases with time. Obviously, in term of 

applications, if thermoreversible PC molecules need to be used, one needs to find ways to 

tune and increase the retention time. 



 50

-2 0 2 4 6 8 10 12 14

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

 initial
 after UV
 10min after UV

cu
rr

en
t (

A
)

voltage (V)

reversibility of blend 
diodes switching

 
(a) Reversible switching of PC-polymer blend diodes from chloroform 
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 (b) Different transition regimes shown in the I-V curves of blend diodes from xylene 
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 Figure 33: Typical I-V characteristics of blend diodes consisting of PIII/MEH-PPV. (a) 

Shows the reversible switching effect, where the current modulation occurs 

upon photoisomerization of PIII. (b) The behavior of the I-V characteristics 

reflects the transition mechanism in each region. From these features the two-

trap system model is proposed in section 4.3.2.3. 

 

In addition, this is our first observation of the interesting I-V behavior in the low 

voltage region. The injection current is constrained after UV light exposure, forming a 

saturation regime at a current level of about 1µA. When the threshold voltage is reached at 

around 3 V, the current rises rapidly. The follow-up is also attractive: after that the device 

has been kept in darkness about 10 min, the constrained saturation disappears. In contrast, 

the current does not go back completely to the initial current level in the high voltage 

range, which can be explained by the retention of some traps inside the bulk of blend. In 

order to prove this phenomenon, we involve the thickness dependence to propose a 

possible model.   

 

4.3.2.3 Thickness dependence for PIII/MEH-PPV 

In this section, we investigate the thickness-dependence of the blend diode I-V 

characteristics. The blend films based on PIII/MEH-PPV are spun at a spin-speed of 1000 

rpm for 20 seconds in room temperature, and the dependence of the film thickness related 

to solution concentration is displayed in following data graphs.  

Fig. 34 shows the I-V curves obtained for various thicknesses (18 nm, 48 nm, 150 nm, 

320 nm) when the PIII molecules are in their high energy gap isomers. PIII molecules do 

not act as traps and the behavior of the blend diodes under the influence of visible light is 

similar to pure MEH-PPV diodes. At the onset voltages of the diodes, at about 1-1.5 V, the 

current stays at a certain level whatever the thickness is of the devices, which is a good 

indication to claim that the current is injection-limited in the low voltage region. As a 

conclusion, there is hole-injection at about 1-1.5 V from ITO/PEDOT:PSS to MEH-PPV 

for all PIII/MEH-PPV blend thicknesses considered here. 
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Figure 34: Thickness-dependence of the blend diodes in the initial state (with visible light 

exposure). A constant current level of 20 µA is used for the injection-limited 

model in the low voltage region. 

    

Fig. 35 displays the I-V feature of the blend switch diodes after UV light exposure, i.e. 

when PIII molecules are switched to the low energy gap state B. As hinted in section 

4.3.2.2, there is a systematically knee in the low voltage region, together with an increase 

of the slope at higher voltages. The high voltage knee corresponds to a trap-filled-limit, 

TFL voltage (labeled here as Vc2) previously reported by Andersson et al [12, 13]. 

Although it is not easy to determine Vc2, it increases with the thickness of the blend layer. 

We now focus on the phenomenon occurring at low potentials. After UV light exposure, 

the current stays low and constant over a larger range of potentials. Compared with Fig. 34, 

we can see that the injection onset is about 1-1.5 V initially, but after UV light exposure, 

the injection current stays around 1µA until it reaches a certain threshold voltage, Vc1, 

depending on the thickness (see Fig. 35). The threshold voltage Vc1 increases with the 

thickness (2.05 V for d = 18 nm, 2.9 V for d = 48 nm, 4.2 V for d = 150 nm, and 5.7 V for 

d = 320 nm). 
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Figure 35: Thickness-dependence of the blend diodes after UV light exposure, where the 

PIII molecules act as charge traps inside the film bulks. The arrow line crosses 

the plateau in the low electric field region, marking the deep traps, while the 

second region that appears at higher voltages corresponds to shallow traps.  

 

From the operational curves of blend diodes in their initial state, we know that holes 

can be injected at 1.5 V into MEH-PPV. Hence, when the devices are exposed to UV light, 

holes are also likely injected into MEH-PPV about 1- 1.5 V. However, the current stays 

low and form a plateau until the threshold voltage Vc1 is reached, and then it rises rapidly. 

We believe that the current in the plateau is bulk-limited and not injection-limited. In order 

to further support this hypothesis, the voltage corresponding to a current of 20µA versus 

the thickness of the blend films is reported in Fig. 36. The linear relationship found for the 

initial state, i.e. the most stable high energy gap PIII isomeric state, indicates a charge 

injection-limited regime at low voltages. In contrast, there is no nice linear relationship (at 

a current level of 4.6 µA) found after exposure to UV light, which indicates that the 

current is not charge injection-limited in that region. Thus, we have to explain the knee in 

the I-V curves at Vc1 by a bulk transport phenomenon.  
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 Figure 36: Injection-limited modeling for blend diodes in two states: the linear relationship 

is kept in the initial state (with visible light exposure), while the model fails after 

UV light exposure. 

 

In order to explain the presence of two knees in the I-V characteristics shown in Fig. 

35, we propose a model consisting of a two-trap system for the blends: deep traps (site 1) 

and shallow traps (site 2). The holes that are injected first will fall down into the deep traps, 

and then lead to the first current plateau. At the trap-filled-limit voltage Vc1, the deep traps 

are filled and the current rises up dramatically. However, the holes injected into blend bulk 

see the shallow traps, such that the slope of the current is still lower than the trap free 

SCLC regime (as measured before UV light exposure). At the second trap-filled-limit 

voltage Vc2, the current slope increases and eventually reaches the trap free space-charge-

limited current regime. The thickness dependence is observed for each region, which can 

support the assumption that the interface is not too critical for the I-V characteristics, but 

the bulk transport properties play an important role instead.      
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Figure 37: Illustration of the two-trap model of the blends. The sites available for charge 

trapping are distributed in energy levels.   

 

The energy levels of the two traps are located as two distinct energy distributions that 

are attributed to the two isomers of the low band gap isomers: the keto form (shallow trap) 

and the zwitterionic form (deep trap). While the amount of the zwitterionic form is 

expected to be low in a neutral environment such as MEH-PPV matrix, the zwitterionic 

form can be more stabilized in a polar environment such as at the interface with rich 

PEDOT:PSS, since PSS is a very polar matrix known to be present at the surface of 

PEDOT:PSS films [30].  

 

4.3.2.4 Variation of the PIII fraction (20, 40%) in the MEH-PPV host polymer 

Andersson et al. [12, 13] have shown that the switching factor (current ratio before and 

after UV light exposure at the TFL potential VC) can be adjusted by the composition of the 

blends. Their general conclusion regarding the influence on the PIII fraction is the 

following: high fraction of PIII in the blends provides more charge traps, which in turn 

switches the onset of the trap-filled-limit regime to a higher voltage (See Fig. 12 in chapter 

1.5). After UV light exposure, all the diodes with different fraction of PIII show roughly 

the same low current level, even though different voltages are applied. Thus higher 

fraction of PIII corresponds to larger current modulation since the number of traps inside 

the blends is increased. 
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Figure 38: The PIII fraction effect on the device switching properties. The blend diodes that 

contain 40% PIII dispersed in MEH-PPV has higher trap-filled-limit voltage and 

steeper slope due to higher trap density and the difference in trap distribution, 

respectively. 

   

In order to check if similar trends are found for the first trap-filled limit voltage (VC1) 

and the second trap-filled limit voltage (VC2), two fractions of PIII are considered: 20% 

and 40% (see Fig. 38). If the low voltage transition is indeed due to a deeper trap, then we 

should also be able to obtain various degrees of modulation of the current levels. By 

increasing the amount of PIII from 20% to 40%, VC1 shifts towards higher voltage (from 

2.5 V to 2.9 V) as expected for a trap-filled-limit voltage [13]. In the second TFL regime, 

the slope of the I-V curve from 40% PIII is steeper than for the 20% PIII diode (note that 

the second trap-filled-limit voltage (VC2) for the blend with 20% PIII is not easily 

estimated). This trend agrees with previous work [13] and the steeper slopes in 

combination with the shift of the TFL potential after UV light exposure give a hint that a 

higher charge trap density exists when the PIII molecules are switched to their B state.  

An important parameter that characterizes those devices is the ratio between the 

current levels at the trap-filled-limit potentials Vc1 and Vc2 before and after UV light 

exposure. For 20% PIII, the current ratio is 24 at Vc1 and 5.7 at Vc2. For 40% PIII, the 
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current ratio is 18 at Vc1 and 13.2 at Vc2. At Vc1, the current ratio is larger in 20% PIII 

than in 40% PIII, while at Vc2, the current ratio is larger for 40% PIII.  

 

 

 

5 First steps towards a new architecture for the switch diodes 

 

The motivations for future works are threefold: (i) extend the retention time, (ii) 

maximize the switching ratio, and (iii) design a new architecture for the switch diodes. In 

order to achieve the first two goals, the PIII molecule is not the ideal candidate. As already 

mentioned, PIII belongs to the class of thermoreversible photochromic compounds. They 

have the property to switch back to the high energy gap state spontaneously in darkness via 

thermally activated processes. Therefore, they are not appropriate for memories that require 

long retention time. Instead, photoreversible molecules should be considered. This class of 

photochromic molecules requires light stimulation (of a specific wavelength) in order to be 

triggered, but they do not switch back at room temperature. Thus, the PIII molecule can be 

used as a tool to see if new device architectures can be created.  

 

In this section, we make the first step towards the design of a bi-layered switch diode 

composed of a layer of PIII and another layer of MEH-PPV. We will first characterize the 

optical properties and the retention time of the bi-layered films. 

 

5.1 Absorption of PIII layer on top of MEH-PPV 

 

Fig. 39 shows the optical absorption spectra of PIII in free-standing films (pure PIII in the 

solutions) spincoated from xylene (left panel) and chloroform (right panel). In both graphs, 

the solid lines are from their initial state, and the dashed lines are after UV light exposure, 

and then the dotted lines are recorded after sample stored in darkness for 24 hours. As seen in 

the figure, the differences due to the solvent are that the switching ratio is higher in xylene 

films, but the retention time is longer in chloroform. Similar trends have been also observed 

in blends. This is attributed to a more crystalline structure in the films obtained with xylene 

[15]. 
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Figure 39: Absorption spectra of free-standing films of PIII dissolved in two solvents. The 

                 retention time is increased to more than 24 hours, which is larger than a factor 

of 10 compared with the blend films. 

 

However, the major difference is the retention time when films based on blends and free-

standing PIII are compared. We annealed the pure PIII films made from xylene and then 

recorded the decay of the switching intensity versus time (see Fig. 40). The retention time of 

free-standing PIII films is more than 24 hours, (note for easily comparing the decay versus 

time, in Fig. 40 the time is plotted until 800 sec. only) as well as for films based on 

chloroform, while the retention time ratio is less than a factor of 10 when compared with 

blended films based on xylene.  
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 Figure 40: Time-dependent intensity decay of the switching in free-standing PIII films with 

annealing effect. The curve indicated with circles is the unannealed sample based 

on chloroform, while the curve with triangles and squares are the 

annealed/unannealed samples based on xylene. 

 

If the I-V characteristics can be modulated in the diodes by switching the PIII layer, the 

longer retention time observed in the free-standing PIII films compared to the blends might 

also result in a longer retention time in the electrical characteristics of the switch diodes. In 

other words, free-standing PIII in combination with pure MEH-PPV, in two separated layers, 

could yield longer retention time, stable diode performance, and maximized current 

modulation.  

 

The free-standing film of PIII is spun on the top of the MEH-PPV film. Both PIII and 

MEH-PPV are dissolved in chloroform in this case. Fig. 41 shows the optical absorption 

spectra for this bi-layered film as well as those of the PIII/MEH-PPV blends studied 

previously. The switching ratio is much higher in the separated layers compared to the blends. 

Here we report that the retention time of the separated layers in the absorption spectra is 

about 1.5 hour, which is 6 times of magnitude longer compared to the blends. Note that the 



 60

interface between MEH-PPV and the top PIII layer is likely not well defined, and rather 

results in a blend with a gradient of the PIII fraction. This is due to that the solvent used for 

the PIII solution also dissolves MEH-PPV to some extent during the spincoating step of PIII. 
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Figure 41: Absorption spectra of blends and bi-layered films. The highest switching ratio is 

obtained for the bi-layered film, while the lowest ratio is observed for the blend 

consisting of 40% PIII.  The retention time of this bi-layered film is a factor of 6. 

 

When we record the absorption spectra from the bi-layered samples, the incident light beam 

shined through the PIII layer first, and then traveled through the MEH-PPV layer, while the 

MEH-PPV itself remains unaffected upon UV light exposure.    

 

 

5.2 First device data 

 

In the following we fabricate a new device based on the bi-layered active films. The bi-

layered films consisting of free-standing PIII molecules and pure MEH-PPV, both spin-

coated from chloroform solutions, are used as the active layers in the diodes. In order to 
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achieve effective injection of holes, nickel, which has a work function of 5 eV, is deposited 

as the top electrode instead of aluminum. Thus, the device architecture from the bottom is 

ITO/PEDOT:PSS/MEH-PPV/PIII/Ni. In this diode, holes are injected from the ITO electrode 

(Ni electrode) in backward (forward) bias. The first device data is shown in Fig. 42.  
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Figure 42: I-V characteristics of the bi-layered device. The current modulation ratio 

between the two states (initially visible light exposure and after UV light exposure, 

respectively) is a factor of 1000. 

 

The initial I-V curve (solid line in Fig. 41) corresponds to the most stable high energy 

gap isomer of the PIII molecules. The current level of the hole injection from the ITO 

(negative bias in Fig. 41) is higher compared to hole injection from Ni when the device is 

positively biased. This is thought to be due to the lower work function of ITO, compared to 

the high energy gap state of PIII serving as an injection barrier at the Ni side, which results in 

a lower hole injection barrier at the ITO side.  When switching the PIII layer to its low 

energy gap state B (dashed line), the current level decreases 1000 times at 2 V and –2 V. 

Additionally, the injection condition seems inversed. After waiting for 15 minutes, or 

exposing the devices to visible light, the I-V characteristics in the dotted line is very similar 

to the initial curve, which indicates that this current modulation effect is reversible and likely 
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due to reversible switch of the photochromic layer. Since the low current is observed in both 

forward and backward bias, after UV light exposure, it is not defined that the current 

modulation originates from control of the hole-injection. Hence, we believe that this 

mechanism is possible due to bulk transport again, maybe at the interface between PIII and 

MEH-PPV, or as a combination of injection control and introduction of charge traps in the 

bulk. More efforts are needed in order to understand this mechanism, but the results are 

promising since the current ratio in the two states of the device is one or even two orders of 

magnitude larger than for the switch diodes using PIII/MEH-PPV blends. 

 

 

 

6  Conclusions 

A lot of research efforts have been invested in exploring the predictive, applicable and 

general models of the switching in photochromic spiro-compounds. The factors that control 

photochromic switching are all important and will continue to attract the researchers’ 

attention in their strive towards novel achievements in this research field.  

In this project photochromic molecules are blended in a conjugated polymer matrix 

(MEH-PPV). The annealing of the polymer blend appears to increase the retention time of 

the low energy gap isomer of a factor 3. This is attributed to the fact that residual solvent 

molecules facilitate the photoisomerization back to the high energy gap form of the 

photochromic molecules. Similar observation is done in free-standing films.  

Thereafter we moved on to the devices, where the I-V characteristics of the blend diodes 

give valuable information and empirical data for proposing a new model. The concept of 

switchable charge traps in blend diodes was reproduced according to the work reported 

previously [13].  Furthermore, the retention time is consistent when the absorption features of 

the blend films and the I-V characteristics of the switch diodes are compared, and this 

comparison has proven to be an efficient method in order to analyze the behavior for 

different materials and device concepts.  

A model involving a two-trap system is proposed to explain the complex electrical 

characteristics and modulation of the devices upon visible or ultraviolet light exposure. The 

thickness-dependence of the electrical characteristics point out that the charge transport is 

switched between injection-limited and bulk-limited upon UV light exposure in the low 
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voltage region. The diodes are operating in two different regimes upon irradiation to light of 

either visible or UV wavelengths, which results in the reversible current modulation. Finally, 

we designed a new device based on a bi-layered PC-polymer vertical stack serving as the 

active films. The more pronounced switching effect in free-standing PIII films, together with 

the stable semiconducting MEH-PPV films, provide a desired operating characteristic of the 

devices. A higher switching ratio between the I-V curves in the two states has been achieved, 

compared to the system based on blend films, which offers a promising possibility for future 

work. 
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