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Photovoltaic Properties of Metal-Merocyanine-Ti0 2 Sandwich Cells 

By 

Terje'Asbjorn Skotheim 

Abstract 

Photocurrent generation in thin films of merocyanine photosensi

tizing dyes sandwiched between an n-type semiconductor and a metal 

overlayer has been studied using photovoltaic techniques. In the sys

tem analyzed in detail T102 single crystal, doped n-type, was used as 

the semiconductor and a semitransparent Au film as a metal overlayer. 

A comprehensive theoretical model was developed to explain the 

observed photovoltaic properties. The model assumes that the principal 

route for the formation of charge carriers is via singlet excitons di 

fusing to the merocyanine-Ti02 interface followed by dissociation of 

the excitons into electron-hole pairs, the electrons being injected in-

to the Ti0 2 conduction band and the holes into the merocyanine. The 

model also incorporates field dependence of the quantum efficiency for 

charge generation and is strongly supported by a variety of steady 

state and kinetic measurements. An exciton diffusion length of 79 

angstroms was determined by analyzing the short circuit action spectra 

using the theoretical model developed. 

Dark current voltage measurements revealed that the current is 

space-charge limited at high current densities with an electron trap-

. d . t f . t 1 1017 -3 Th' d t . db' plng enSl y 0 approxlma e y cm. 1S was e ermlne y uSlng 

Ti0 2 as an electron injecting contact with the cell in the forward mode. 

Interpretation of the kinetics of rise and decay of the photo

current suggests that the mobility of holes, the majority carrier in 
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Chapter 1 

Introduction 

There have been a number of reports in the literature of studies 

of organic photoconductive compounds in the photovoltaic- mode1-11 . It 

typically involves sandwiching a thin (0.1 - l~m) layer of a p-type 

organic material between a high work function and a low work function 

metal. The high work function metal forms an ohmic or injecting elec

trode and the low work function metal forms a barrier contact. Fedorov 

and Benderskii investigated Mg-phthalocyanine films sandwiched between 

Al and Ag contacts. S They proposed a p-n junction model formed by re

placing Mg with Al in the dye-metal complex during heat treatment, They 

also reported dramatic changes in the photoconductive and photovoltaic 

properties when the films were doped with oxygen. The observed 

effi ci ency increases one to three orders of magnitude for doped cells. 

Ghosh et al. later reported studies of similar devices. 4 Their results 

indicated the formation of a Schottky barrier at the low work function 

metal. The same mechanism has been given support by the results of Tang 

and Albrecht: Merritt and Hovel,6 Kampas and Gouterman 9
8 and Fan and 

Faulkner9 working on sandwich devices incorporating Chlorophyll-a, 8-

hydroxysquarylium, porphyrin derivatives, and phthalocyanines respec

tively. Morel et a1. 10 and Ghosh and Feng 11 in sandwiching merocyanine 

films between Al and Ag electrodes found higher efficiencies for cells 

where the cells were exposed to air to enable an oxide layer to form 

prior to the deposition of a dye film. Their cells therefore had many 

characteristics of metal-oxide-semiconductor cells. 



The main advantages of using organic photoconductive compounds for 

solar cell materials are that these materials are readily available and 

potentially inexpensive and device fabrication is comparatively simple. 

The overwhelming barrier to successful deployment of such devices has 

been their poor conversion efficiencies even under the best laboratory 

conditions. The highest efficiencies achieved to date have been 0.7% 

under solar spectrum radiation for merocyanine cells.'l In general. 

these low power conversion efficiencies are attributable to low quantum 

2 

efficiencies for charge generation, low carrier mobilities. high bulk 

resistivities and trapping effects. Intentionally doping semiconductive 

materials to alter electronic properties is well known in inorganic solar 

cell technology. but this approach has rarely been pursued with organic 

~ompounds. Besides Fedorov and Benderskii's results with oxygen doping 

of phthalocyanines. the only other report in the literature was that of 

Merritt7 where, by doping squarylium dyes with bromine and a pyrazoline 

compound, he achieved an increase in the conversion efficiency of ap-

proximately a factor of five. 

Although the progress to date is encouraging for organic photo

voltaic materials, the question that still remains to be answered is 

whether the low efficiencies merely represent device limitations rather 

than fundamental limitations inherent in organic materials as a class. 

I have chosen a somewhat different approach in employing organic 

compounds in photovoltaic cells. It lies more in the tradition of 

photosensitization and the device could perhaps be called a dye-
, 

sensitized photovoltaic cell. Dye sensitization of semiconductors is 

well known from the photographic science literature.' 16 In recent 



years, a considerable amount of work has been done on photosensitiza-

tion of wide band gap semiconductors by organic dyes adsorbed to the 

surface of the semiconductor. 17 ,18 
The basic process of photosensitization we are concerned with in 

the present work consists of the generation of a photocurrent on absorp

tion of photons of energy less than the band gap energy of the semi

conductor by monolayers or multi layers of dyes adsorbed onto the surface, 

A dye molecule adsorbed onto the surface of a semiconductor such that 

its highest occupied molecular orbital (homo) lies somewhere in the band

gap of the semiconductor and the lowest unoccupied molecular orbital 

(lumo) lies somewhere above the bottom of the conduction band of the 

semiconductor, has the ability to photosensitize the semiconductor, This 

occurs via tunneling of an electron from the photoexcited dye molecule 

into the conduction band of the semiconductor, where it can be drawn away 

by an electric field (Fig. 1), If this process takes place in an 

el~ctrolyte a reducing agent can be provided to regenerate the photo

oxidized dye molecule. 

Alternatively, if the dye molecule has a homo below the top of the 

valence band and a lumo somewhere in the bandgap, the excited dye mole

cule can be reduced by the semiconductor by tunneling of an electron 

from the valence band into the vacancy in the homo~ which can be described 

as injection of a hole from the dye into the valence band of the semi

conductor, In an electrolyte acceptor molecules can be provided to 

oxidize the photoreduced dye molecule and thereby regenerate the molecule 

(Fig. 1), In both of these cases one may be able to observe a photo-

current in a spectral region where the dye absorbs and the semiconductor 

itself is transparent. In this manner one may be able to extend the 



Figure 1. Dye sensitized charge transfer at semiconductor electrodes. 

a) Photo-injection of electrons from the excited dye molecule 
into the conduction band of the semiconductor. 

b) Photo-injection of hole from the dye into the valence band 
of the semiconductor. 

4 



a K A 

r1 

hv 
r2 

~ 

_ .. ec in n sc e ______ _ 

h nnel 

p2 '" n2 an S ~ ;:'n1 

Sn2 < S 
Sp2:> 1 

: e~-n ... ~fo 

nr-t ffi~ prJ! S 

han r2: n EB~ 2 

2+e~nr? 51 
I.n 



photosensitivity of the semiconductor to longer wavelengths. If one 

then couples a semiconductor which absorbs in the blue end of the 

solar spectrum with a dye absorbing in the red end of the spectrum, one 

achieves an absorption covering a larger part of the solar spectrum with 

a system based on two energy levels. The main advantage of a two-level 

system for electricity generation lies in minimizing the thermal losses 

which inevitably occur with using a one-band gap semiconductor junction. 

Since the dye will be transparent in the region where the semiconductor 

absorbs, the light could impinge directly on the semiconductor-dye 

junction with no losses. One would thereby be able to utilize the high 

efficiency of the semiconductor depletion region as in a Schottky 

barrier cell. The effieincy of a solar energy converter composed of two 

photochemical systems is substantially increased over that of a single 

photochemical system,19-21 

I have chosen to investigate one such system~ a merocyanine dye 

sandwiched between a Ti0 2 single crystal doped n-type and a gold elec-

trode. Gold was chosen both because it is a high work function metal 

and therefore forms a Schottky barrier with the n-type Ti0 2, and be

cause it does not form oxide layers which would complicate the basic 

system. The goal was to investigate whether thin films of organic dyes 

could become efficient enough for charge generation to be serious candi-

dates for practical solar energy devices. It is hoped that the present 

work represents some progress towards that end. 

6 



Chapter 2 

, Experimenta 1 

2.1 Cell Fabrication 

The merocyanine dye used in these experiments (Fig. 2) was pur

chased from Gallard-Schlesinger Company, Carle Place, New York, and 

was used as purchased. The Ti0 2 rutile single crystals used as a sub

strate were purchased from Nakazumi Crystals of Osaka, Japan. The 

crystal came as a long boule grown along the c-axis. Slices 25~m 

with a cross section of about 1.5cm2 were cut with a string saw such 

that the (001) basal plane was exposed. The crystals were made semi

conductive by heating in a vacuum oven for two hours at 650°C and 

5 x 10-6 toor. This treatment creates oxygen vacancies which act as 

donors. The crystals were slightly grey in color and were found to 

have a conductivity of 0.8 ohm-'cm • With an electron mobility of 

1 cm2V-1sec-1,23 we obtain a carrier density of 5 x 1018cm-3 from the 

solution of cr = ney,24 where cr is the conductivity, n the carrier 

density~ e the electronic charge, and y the electron mobility. 

The sandwich cell used in these experiments is diagrammed in 

Fig. 3. The Ti0 2 crystals were polished with 1 micron alumina and 

etched 15 minutes in 50% sulfuric acid before the dye was deposited. 

This left a glassy smooth surface. The merocyanine and Au layers were 

sequentially deposited onto the Ti0 2 substrate by resistance heated 

thermal evaporation at a pressure of about 10-5 toor in a vacuum 

evaporator bell jar diagrammed in Fig. 4. The vacuum evaporator was 

model VEla made by Midros, Inc. of Portland, Oregon. The merocyanine 

dye was sublimed from a molybdenum basket heated by a tungsten wire 

7 



Figure 2. Chemical structure of the merocyanine dye used in making 
the photovoltaic cells. 
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Figure 3. Diagram of sandwich cell structure. 
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Figure 4. Vacuum sublimation apparatus used to prepare sandwich cells. 
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crucible heater. The sublimation rate was about 2 angstroms per 

second and was monitored with a Kronos model QM 311 quartz crystal 

oscillator which was calibrated with a Varian model 980-4020 A-scope 

multiple interferometer. The temperature of the merocyanine powder 

was maintained at about 200°C and was monitored with a chromel-alumel 

thermocouple. The temperature of the substrate could be maintained at 

room temperature or liquid nitrogen temperature by pumping liquid 

nitrogen into the substrate holder. A 200 angstrom gold film with 

approximately 50% transparency in the dye absorption region was evapo

rated on top of the merocyanine from a molybdenum boat (not shown in 

F . 3). The gold had a purity of 99.9%. A contact ring of 2000 

angstrom thickness was subsequently deposited with a circular mask of 

3mm diameter leaving a 7.1mm2 circular area as the effective cell area. 

The gold could be deposited on top of the merocyanine without breaking 

the vacuum, although in most cases the dye film was exposed to air for 

about five minutes before the Au was deposited. No substantial dif

ference in performance between the two types of cells were noticed. 

A quartz dummy cell was positioned next to the Ti0 2 substrate in order 

record the absorption spectrum of the dye film for each cell. 

2,2 Measurement Apparatus 

The transmission and absorption spectra were measured with a 

Cary 118 spectrophotometer. The extinction coefficient for the dye 

films were determined by measuring the absorption of various thick

nesses of the dye films on quartz and assuming the same reflectivity 

for films of not too different thickness. The photoYoltaic measure

ments were carried out with the cell mounted on a plexiglass holder 

14 
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Figure 5. Block diagram of photovoltaic measurement apparatus. 
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in a Faraday cage as illustrated in Fig. 5, The cell could be rotated 

through 180 degrees such that the light could be incident on the semi

transparent metal or the Ti0 2 substrate, The light source was a 450 
-

watt Xenon high pressure arc lamp. A Bausch and lomb high intensity 

monochromator was used in conjunction with the Xenon lamp for recording 

action spectra. The band pass was 12nm. Neutral density filters were 

used in tandem with the monochromator to measure dependence on light 

intensity. Without neutral density filters the incident monochromatic 

light intensity was about 1014 photons cm-2sec-1. The light intensity 

was measured with a Hewlett Packard 8334A radiant flux detector in con-

junction with a Hewlett Packard 8330A radiant flux meter. The inten

sity of the lamp was monitored with a silicon photodetector whose out-

put was continuously recorded on a strip chart recorder. The dark 

current and photocurrent were measured with a Princeton Applied 

Research model 181 current sensitive preamplifier. Various load re-

sistors could be interposed between the cell and the preamplifier 

in order to measure the photocurrent and photovoltage under load and 

thereby the fill factor of the cell. The photovoltage was measured 

with a Keithly model 220 vacuum tube electrometer, To measure the 

dark current-voltage characteristics, a Princeton Applied Research 

model 175 Universal Programmer was en1ployed for the voltage scan. 

The PAR 175 was also sometimes employed to provide reverse bias to 

the cell to measure photocurrent as a function of applied voltage. 

The photocurrent as a function of reverse bias was usually measured 

using a Heath model EUW80A reference voltage source. The temperature 

of the cell could be varied by housing the ce-l in a styrofoam en

closure with a quartz window and an inlet for cooled nitrogen gas. 

17 



The temperature of the cell could thus be varied between +25°e and 

oooe, The temperature of the cell was monitored with a chromel-alumel 

thermocouple. 

The capacitance of the 1 was measured with a General Radio 1650-

A impedance bridge with a 1 kHz internal oscillator or coupled to a 

Hewlett Packard 3310A function generator if a different frequency was 

desired, The bias voltage for the capacitance measurements was applied 

with a Heath model EUW 16 A voltage reference source. 

18 



Chapter 3 

Results and Discussion 

3.' Absorption Characteristics of Merocyanine Films 

The absorption spectra of the merocyanine dye in acetone solution 

and vacuum deposited onto a quartz slide are shown in Fig. 6. The 

dilute (10- 5 molar) solution shows a monomer band at 515nm. The 

quartz substrate could be held at room temperature or cooled with 

liquid nitrogen. The films shown were both 1000 angstrom thick. The 

film deposited onto a cooled substrate had a closer resemblance to the 

solution spectrum than the one deposited onto a substrate held at room 

temperature. This is expected, since a cooled substrate would tend 

to promote a more amorphous and glassy structure with a spectrum more 

closely resembling the monomer spectrum. 7 The spectrum generated by a 

room temperature substrate shows additional structure. The peaks at 
~ 

480 and 560nm could be due to the formation of dimers and larger aggre

gates respectively.12,32 It could also be a dichroism effect on 

microcrystals with differing orientations. Dye films deposited onto 

room temperature substrates are usually microc'rystalline in nature'? 

The shoulder at 550nm in t he spectrum with cooled substrate might be 

the beginning of the formation of larger aggregates. 

Action spectra show that the dimer and monomer peaks are approxi

mately equally efficient in the generation of photocurrent, whereas 

the multiple aggregates are ineffective. The quantum efficiency, 

measured as the number of electrons produced per photons absorbed, 

were comparable for amorphous and microcrystalline films. We have 

chosen to work primarily with the amorphous films because of better 

19 



Figure 6, Absorption spectra of the merocyanine dye in acetone solu
tion and vacuum deposited onto quartz slides held at room 
temperature and liquid nitrogen temperature, 

20 
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reproducibility both in the spectral shape and tne quantum efficiency. 

The dye spectra tend to degrade when the films are stored on the shelf 

overnight. The shape is retained but the absorption is reduced by 

about 15% in a 24-hour period. This photo-oxidation 9 which is also 

noticed in the action spectra, would therefore necessitate careful en-

capsulation of any practical device. 

Figure 7 shows the absorption spectrum of merocyanine and Ti0 2 
superimposed on the solar spectrum. The dye intercepts about 15% of 

10 the solar spectrum for thicknesses of 1000 angstrom or more. In 

order to get an estimate of the maximum output efficiency one can 

expect from a device based on absorption by this dye alone, we assume 

a quantum yield for charge carrier formation of the order of 1 (which 

is the case for photosynthetic systems33) and an output voltage of 

0.75 Volts (photovoltages as high as 1.1 volts have been reported for 

metal-dye=metal structures. 10 We can then get an estimate for the 

engineering efficiency, 

Efficiency ~ 1 x (~:~f x 0.15% ~ 5% 

where the first term represents the quantum yield, the second term 

the voltage factor (photon energy = 2.4 eV), and the third term the 

fraction of the solar spectrum intercepted by the dye. 

It is clear that this dye must be augmented by other dyes or 

semiconductors absorbing in other regions of the solar spectrum in 

order to reach an efficiency of the order of 10% or more which must 

be attained if the cells are to be economically competitive as solar 

cells.1 Dye mixing and multiple layering of dyes as well as coupling 

dyes absorbing in the red region of the spectrum with semiconductor 



Figure 7. Absorption spectra of merocyanine and TiD? superimposed on 
the AMl solar spectrum filtered through aDsorption through 
one atmosphere. 
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substrates absorbing in the blue region (e.g. CdS thin films) appear 

promising. 

3.2 Dark Current-Voltage Characteristics 

Figure 8 shows the dark current-voltage characteristics of a cell 

with a 2000 angstrom thick dye layer. The cell showed some rectifying 

behavior with forward bias corresponding to a negative voltage applied 

to the TiOZ. At 0.4 volts the rectification ratio was about 6. Figure 

9 shows a semi-logarithmic plot of the forward current versus applied 

voltage revealing that the forward current increases exponentially 

with voltage at low voltages. Figure 10 shows that at higher vo1tages 

the current shows a power dependence on the voltage, i. e. ;J a: Vm. 

Between 0.5 volts and 1.3 volts m ~ 6 and above 1.3 volts m ~ 2. The 

square law dependence at higher voltages has been observed for lms 

of different thicknesses. but the exponent of the middle range varied 

from 5.6 to 7.5 with the lower range associated with thinner dye films 

(~ 1000 angstroms) and the upper range with thicker dye films (3000 

. angstroms). 

The exponential dependence at lower voltages may be attributed 

a junction formed between the n-type substrate and the merocyanine 

which has been shown to exhi bit p-type conduct-ivity.45 The power 

dependence at higher voltages suggests that the current is space

charge limited in the presence of deep traps.46.47 According to Rose 

46 and Mark and Helfrich47 the space-charge-limited current (SClC) 

for a solid with a trap distribution decreasing exponentially with 

increasing trap depth is given by (see Appendix): 



Figure 8, Dark current-voltage characteristics of a Au-merocyanine
TiD cell with a 2000 angstrom thick merocyanine film. 
The2arrows indicate the direction of the voltage scan. The 
voltage scan was lOmV per second. 
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Figure g, Semi-log plot of current versus applied forward bias for a 
cell with 2000 angstrom thickmerocyanine film. 
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Fi 10. Log-log plot of current versus applied forward bias for a 
cell with 2000 Angstrom merocyanine film. Vt _c represents 
the transition to trapfree Child's law behavior. 

30 



31 

-
'-10 I 

I 
I 

"--"" I -+-

I 
~ I ~ 

I -
10 I 

I 
I 
I 
I 
I 
I 

-7 
10 

I I 10 

• ( volt ) 10 

X 97- 0 



NO is the effective density of states in the conduction band or valence 

band, q is the elementary charge, EO is the permittivity of vacuum, 

is the merocyanine dielectric constant, d is the thickness of the 

film, H is the total trap densitY9 and ~ = TelT where Te is a charac

teristic temperature that describes the trap distribution. One assumes 

a model with a trap distribution given by 

where Ec represent the bottomf of the conduction band and Et the 

energy of the trapping level. The parameter Tc is a characteristic 

temperature used to approximate the rate at which the trap density 

nges with energy. Tc + 00 means a uniform distribution 1n energy. 

The model also assumes that the density of traps is considerably 

larger than the density of free carriers. If the converse were true, 

we can, of course, neglect the traps. An exponential trap distribu-

tion is common in imperfect crystals and thin amorphous films with a 

large density of defects, both for inorganic 55 and organic47 materials. 

The transition voltage to V2 behavior is indepdnent of ~ and :1 
and is given by the following equation. 47 

The dielectric constant for thin dye films typically lie in the range 

3 - 4,48,49 NO of the order of 1021 cm-3 is estimated for Cu-phthalo

nine49 and tetracene' films. With the value of ~ = 5 and Vt = 



1.3 volts from our data 9 and d = 2000 angstroms and assuming s = 3.5, 

bt · H '\; 1017 . -3 S h 1· .' t· th l' ' we 0 aln = em. uc a va ue lS conSlsten Wl lterature 

values which range from'\; 1015cm- 3 for lms of phthalocyanines.49~9a 

The trap density was found to increase with decreasing thickness of 

the dye film. This dependence on thickness indicates that a large 

fraction of the trapping states are associated with the interfaces 

between the dye and the semiconductor and/or the dye and the metal. 

The trap density determined by the SCLC in the forward biased mode 

(T10 2 negative) is the density for electron traps since the Ti0 2 is 

assumed to be an electron injecting contact as data presented below 

will show. 

Reverse Breakdown. The large increase in conductance with ap

plied voltage in the reverse direction beyond the ibreakdown i voltage 

of about 0.7 volts (Fig. 8) is similar to that of a Zener diode40 for 

semiconductor devices. The reverse current does not increase exponen-
~ 

tial1y at low voltages. In semiconductor diodes, two distinct break-

down mechanisms are known to occur, avalanche breakdown and tunneling 

or Zener breakdown. The Zener tunneling in semiconductors is a band

to-band tunneling under reverse bias. 40 Tunneling can also be ob-

served in metal-insulator-semiconductor structures under reverse bias 

involving surfaces states at the semiconductor-insulator interface. 40 , 

51 A more common mechanism in semiconductor junction breakdown is 

avalanche multiplication or impact ionization. 40 ,52 When a sufficient

ly large reverse bias is applied to a p-n junction or a metal-semi

conductor junction electron-hole pairs will be generated by the 

electron impact with the lattice. In the strong electric field of 

the reverse biased junction region the electron-hole pair production 

33 



continues in an avalanche fashion. The two processes may be opera

tionally separated since the temperature coefficients of the breakdown 

voltages are of opposite sign in the two cases. For avalanche multi-
. 

plication the breakdown voltage increases at higher temperatures. A 

simple explanation for this increase is that the hot carriers passing 

through the high electric field in the junction region lose part of 

their kinetic energy to optical phonons. Since the mean free path of 

the optical phonon decreases with increasing temperature, the carriers 

would lose more energy to phonons along a given distance at constant 

field. The carriers would therefore need a greater potential difference 

to acquire the energy necessary for electron-hole pair production. 

Hence~ the breakdown voltage will increase with increasing tempera

ture. 53 

The breakdown voltage for tunneling, on the other hand, has a 

nega ve temperature coefficient, i.e. the voltage decreases with in

creasing temperature in most semiconductors because the energy band 

gap decreases with increasing temperature~40 

In Figure 11 we show the current-voltage curves taken at three 

different temperatures on a film of 2000 angstroms. The decrease of 

the breakdown voltage at higher temperatures suggests a tunneling 

mechanism. The curves can be retraced many times reproducibly. The 

current surge is therefore not a destructive breakdown. This phenome

non has also been observed in bimolecular lipid membranes with elec

trolytic contacts. 54 

3.3 Photoeffects 

3.31. Transient Response. The photocurrent and the photovoltage 

34 



Figure 11, Current-voltage curves recorded at three different tempera
tures with a cell with a 2000 ang$trom merocyanine film. 
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the Au-merocyanine-Ti02 1s exhibit a rather slow rise and decay 

time of the order of seconds (Figs, 12A and·12B), The rise time of 

Au-Ti02 Schottky barrier cells on the same time scale is only limited 

by the response of the recorder. The rise and decay times in the fol-

lowing discussion are therefore to be attributed to the merocyanine 

film, Although rise times of 10-5 - 10-6 sec have been observed with 

suitable experimental arrangements with metal-free and copper-phthalo

cyanines~56 long transient mes are known to occur for photoconductors 

with large densities of traps,57,45 

Most cells reach a steady state level in a few seconds and can 

generate a photocurrent for more than an hour with no appreciable 

decline, Some cells show a slightly more complicated behavior in 

~hat they exhibit a slow decrease in the photocurrent of approximately 

20% over about an hour after reaching a peak in a few seconds, The 

new level is stable for several hours. All cells exhibit long term 

decay, After being stored under ambient atmospheric conditions for 

2 - 3 days the photocurrent is usually lowered to about 60-70% of its 

initial value, The exact number varies from cell to cell and is 

dependent on the cell history, 

At high light intensities (greater than lOmW-cm- 2) the initial 

slow decay is faster but the long term history of the cell does not 

appear to be affected, The long term deterioration (of the order of 

days) therefore appears to be connected to oxygen effects rather than 

photocurrents. All our reported measurements are taken with low 

( 14 -2) monochromatic intensities ~ 0,1 mW-cm or ~ 10 photons cm sec 

and only steady state values are reported in this work, We made no 

attempt to study the system beyond 2-3 days storage or involving 



Figure 12A. Time behavior of the dark current transient and the short 
circuit photocurrent under monochromatic irradiation at 
520nm. 
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Figure 12B. Time behavior of the open circuit voltage under mono
chromatic irradiation at 520nm. 
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photovoltaic operation for more than a few hours. 

3.3.2 Kinetics of Photoconductivity. Upon bringing the photo

current to a steady state level there is a rapid initial rise followed 

by slow rise of the order of seconds (Fig. 12). When the light is 

turned off and the decay in the dark is followed. it is found that the 

initial rate of decay is high but that it decreases rapidly during the 

first few tenths of a second, becoming a constant for the remainder of 

the process. The decay is slower at a lower temperature (Fig. 13). 

The initial fast decay is of the first order. i.e. 

dn 
dt 'V om (3.1) 

where n is the density of carriers and a is the rate constant. Assum-

ing the photocurrent to be proportional to the density of carriers, we 

get (Fig. 14) 

j'V e=at 

For the slow decay process the current obeys the relation 

;j 'V t- 1 

(3. 

(3.3) 

This is the decay one would expect for a process involving the recom-

nation of oppositely charged carriers. In this case, we may write 

where n is the concentration of positively and negatively charged car-

, d k' th t t t (. . t f 3 - 1 . -1 ) rlers, an 1S e ra e cons an ln unl s 0 cm sec carrler . 

Upon integration we obtain 

1 - -n Kt + constant 

and for large t the constant can be ignored, Since the photocurrent 

is proportional to the concentration of carriers, we arrive at equa-

42 



F ure 13. Long time decay of the photocurrent upon turning off the 
light at two different temperatures. The decay constant 
is defined as the slope of the curves. 
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figure 14. Simi-log plot of the initial decay of the photocurrent upon 
turning off the light. 
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47 

tion (3.3). The rate constant, as measured by the slope of the ljJ 

-'---~-=-
t curve is essentially independent of the magnitude of the 

initial photo current for a reduction of about a factor of two (Fig. 15). 

It increases ightly for initial photocurrents reduced by an order 

magnitude or more . 
. ' 

3.3.3. Temperature Dependence of PhotoconductiYi!l. The steady 

state photocurrent rises with increasing temperature. The growth is 

given by the equation 

J photo'\, exp( -~Eph/kT) (3.5) 

Plotting the logarithm of the steady state current as a function of 

the reciprocal temperature gives a straight line (Fig. 16). Its slope 

yields the thermal activation energy of photoconductance ~Eph' The 

activation energy is found to be 0,11 eV and is the same for films of 

various thickness. As shown in Fig. 13 the decay constant of the 

,hotocurrent in the dark has a temperature dependence and increases 

with increasing temperature. If the logarithm of the decay constant, 

as measured by the slope of the decay curves for the slow decay is 

plotted versus liT the resul n9 straight line gives the activation 

energy 0.10 eV, close to the value found for the activation energy 

of the steady state photocurrent (Fig. 17). 

3.3.4. Interpretation of Temperature Dependence. The tempera-· 

ture and transient response characteristics of a photoconductor are 

intimately related to the trapping and release of carriers by trap

ping imperfections. In general, a photoconductor will have electron 

and hole traps distributed in energy in the band gap.46 Deep centers 

near the middle of the band gap become recombination centers where 



figure 15. Decay plots for a cell at 23°C showing the dependence of 
decay rate on initial photocurrent. 
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Figure 16, Temperature dependence of the steady state short circuit 
photocurrent. 
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Figure 17. Temperature dependence of the decay constant. 
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a captured electron will recombine with a free hole before it can be 

thermally re-excited to the conduction band~ and similarly for holes. 

The trapping states are characterized by the fact that a free electron 

of hole captured into an unoccupied trap will be thermally re-excited 

into the conduction or valence band respectively before capturing a 

54 

free charge of the opposite sign. The electron and hole trapping states 

are in thermal contact with the conduction or valence band~ respectively~ 

i.e. their occupancy is determined by the Boltzmann factor 

exp[-(Ec-Et)/kT] for electrons 

exp[-(Et-EvO/kT] for holes 
(3.6) 

where Ec represents the bottom of the conduction bnad 9 Ev the top of 

the valence band, and Et the trapping level. 

The dark current-voltage experiments revealed the existence of an 

exponential distribution of electron trapping states below the conduc

tion band. With forward bias, only electrons were injected into the 

dye from the T;02' No holes would be injected from the Au electrode 

since Au forms a blocking contact with T;02' The response of the photo

conductor was thus dominated by electrons. If both electrons and 

holes are generated, the response of a photoconductor will be dominated 

by the majority carriers, the carriers with the longest 1i ime. 

Since the merocyanine dyes are known to exhibit p-type conductivity,45 

it is reasonable to suggest that we can ignore the effect of the elec

tron traps in determining the effect of traps on photoconductivity. 

Using the relationships in (3.6.) we can then write 

(3,7) 



where Nt is the density of trapping states and Nv approximately the 

number of states in the top kT slice of the valence band. We can write 

this as 
Nv 

p = Pt~ exp(-6E t /kT) where 6E t = Et-Ev 
t 

(3.8) 

With increasing temperature, the number of holes in the traps decrease 

and the number of free holes in the valence band increases. The photo

current is proportional to the density of free holes in the valence 

band 

(3.9) 

For the traps to be effective, we must assume Pt »p. We can there

fore write for the photocurrent 

(3.10) 

where ACT) is a slowly varying function of temperature. Plotting the 

logarithm of Jph versus liT will therefore give the depth of the 

d~minant traps as an activation energy as seen in Fig. 16. 

The response time of the photoconductor will increase because of 

the 11ing of the traps. Following the argument of Rose,46 suppose 

we wish to double the number of free holes by increasing the light 

intensity. From equation (3.7) we see that we must also double the 

number of trapped holes. Hence, an addi anal time, (Pt/Phpo ' where 

lpO is the response time in the absence of traps, is required to ex-

te enough holes to double the number of trapped holes, and the total 

response time is therefore 
Pt 

lp = (1 + phpo (3.11) 

On interruption of light, the decay time will be determined by free 

holes captured by recombination centers as well as trapped holes emp-
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tied into the recombination centers via thermal excitation into the 

conduct i on band an"d subsequent capture, The trapped hal es do not 

normally recombine directly because the discrete states are localized 

and the trapping and recombination states are in general a few lattice 

spacings removed from each other, The decay time for the photocurrent 

will therefore be increased by the factor given in equation (3,11), 

As shown in Fig, 13~ the photocurrent decays according to a 

second order reaction for long times. This indicates that a bimolecular 

recombination determines the decay proce?s after the initial fast decay. 

The more rapid initial decay is a first order process, as shown in Fig, 

14. This separation can be qualitatively understood as follows: The 

carrier recombination takes place via recombination centers rather than 

direct electron-hole recombination,58,46 Trapping centers near the 

middle of the band gap are the most efficient channels for recombina

tion. Again we are concerned only with the trapping and recombination 

of holes since they are the majority carriers and dominate the photo

conductivity. Consider the recombination scheme in Fig. 18, where we 

have two separate channels dominating the electron-hole recombination. 

Channell has a smaller hole trapping cross section than channel 

2 and a larger electron trapping cross section, If there is a high 

concentration of Nr2 centers, they can dominate the recombination 

initially. Holes in the valence band and trapping centers Nt recom

bine with electrons in the Nr2 recombination center. As the Nr2 

centers become depleted of electrons, the Nrl channel becomes dominant 

and the recombination changes from first order to second order since 

the electron capture cross section of channell is assumed to be high. 

56 



Figure 18. Electron-hole recombination scheme dominated by two sepa
rate channels. 
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3.4. 

3.4. L light I ity Dependence of g. 1 9 shows 

dependence on incident light intensity of the short circuit photo-

(J sc) and the open circuit photovoltage (Voc) for a 1 with a 

angstrom thick merocyanine film. It shows that the photocurrent 

varies linearly with the light i ity at least up to intensities of 

L 

1014 photons sec-'cm or about 0.' mWcm- 2. For thi cells 

1 

m of the photocurrent assumes the form J sc ~ L 9 

intensi 1ig exponent from uni to 

o. for 2000 angstrom thick films. This ionship can ained 

using a simple physical picture involving traps and recombi on 

i 

1 

"''''""0,,,,<:,.46 As light intensi is i the quasi 1 evel 

through trapping states located between the fermi 1 a the 

ence band and converts them to recombination centers. As light 

ty is increased 9 more and more of the trapping s are con-

into recombination centers. As the density of the recombination 

increases, the lifetime of charge carriers decreases. This 

t in a sublinear the light 

very n d across the dye 1 is 

on more ~ less i u-

by and recombination 

9 20 shows that the open rcuit voltage (Voc) increases loga-

thmi 1y with the intensity, and also with J sc . The be-

or lows that expected for an junction,40 

'"" q 1 n(J 

m is an ~mpi cal 

+ 1) 
o 

cient which is equal to 1 for an i 



Figure 19. Light intensity dependence of short circuit current and 
open circuit voltage. 
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Figure 20. Semi-log plot of the light intensity dependence of the open 
circuit voltage. 
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junction and greater than 1 for non-ideal junctions with interface 

states, and Jo is the reverse, saturation current. For a 500 angstrom 

merocyanine cell, m = 1,71, 

3,4.2, Photovoltage-Photocurrent Characteristics, The sign of 

the photovoltage of the Au-merocyanine-Ti0 2 cells is such that the Ti0 2 
is always negative, Fig. 21 shows the current-voltage characteristics 

of a cell with a 500 angstrom thick dye film in the photovoltaic mode. 

The curve is obtained by varying the load resistance at a constant light 

intensity. The wavelength of the irradiation is 520nm. The maximum 

power that can be extracted from a photovoltaic device is at the point 

for which the largest rectangle can be inscribed into the current vol

tage curve. The maximum power output from this particular cell occurs 

with a load resistance of about 5 x 106 ohms and is about 5 x 10-9 W. 

The incident light power on the active cell area is about 5 x 10-6 W, 

corrected for the 0.0. of the Ti0 2 crystal. The power conversion ef

ficiency at this light level is therefore about 10-3 or 0.1%. 

The fill factor is defined as the ration of maximum output power 

to the product of Voe and Jsc and gives a measure of how close the cell 

is to an ideal solar cell. The fill factor for this cell is 0.35 com

pared to 0.75 - 0.8 for Si and GaAs solar ce11s. 38 .The low 11 

tor is probably due to two separate effects. High series resistance 

will lower the fill factor by lowering the output voltage for a given 

output current. 39 In addition, the field dependence of the photocur

rent would lead to a lowering of the output current for a given output 

voltage, since the photovoltage would work against the built-in charge 

separating fi d. At low quantum yields the second effect is probably 

d . t 11 omlnan . 
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Figure 21. Ph6tocurrent-photovoltage characteristics for a cell with 
500 angstrom merocyanine film. 
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3.5. Capacitance-Voltage Measurements 

Associated with a depletion layer in a p-n junction or a Schottky 

barrier there is a capacitance varying with the voltage applied across 

the junction. Applying a reverse bias across the junction increases 

the width of the junction and therefore decreases the capacitance. The 

dependence of the capacitance on applied voltage is obtained by solving 

Poisson's equation and takes the following form: 40 

(A 2 2 
C) = qSE N (VB - V) 

o 

where N is the donor or acceptor density, A the surface area, E the 

semiconductor permittivity, So the permittivity of free space~ q the 

electronic charge, VB the barrier height and V the applied voltage. 

If we are deal i ng with a heterojuncti on formed between tltJO semi

conductors having different energy band gaps we obtain40 

where NOl is the donor density in semiconductor 1 and NA2 is the accep

tor density in semiconductor 2. If one plots the experimentally obtained 

values of 1/C2 versus reverse bias we would expect a straight line 

where the slope and the intercept on the abscissa determine the dopant 

density and the barrier height respectively. Fig. 22 shows the varia-

on of capacitance with reverse bias measured with an impedance bridge 

coupled to an external oscillator at 200Hz. The capacitance is inde

pendent of applied voltage up to and beyond 0.8 volts. This means 

that the junction region is completely depleted of mobile charges and 

the cell behaves as a simple capacitor with the dye as a dielectric. 

Measurements with 1 kHz oscillator frequency produce similar results. 



Figure 22. Capacitance as a function of reverse bias for a cell with 
1000 angstrom merocyanine film. The oscillation frequency 
was 200Hz. 
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This result favors a model where all of the built-in voltage falls 

across the dye film and there is a virtual absence of band bending in 

the Ti0 2 crystal as well. However, capacitance measurements at low 

frequencies, down to la-1Hz, on tetracene~ Mg-phthalocyanine, and mero-

cyanine indicate that there might be some b~nd bending in the merocya

nine due to a higher density of trapped charges near the interface,41 ,11 

Our dark J-V characteristics seem to support this model with a higher 

trap density near the interface than in the bulk but our bridge method 

did not allow us to measure the capacitance at sufficiently low fre-

quencies, 

3.6, Photovoltaic Action Spectrum 

Fig, 23 shows the absorption spectrum of a 1000 angstrom merocya

nine dye film on quartz and the photovoltaic action spectrum of a Au

merocyanine-Ti02 cell with a 1000 angstrom film. For the action spec

trum the light was incident on the Ti02 crystal, The value of the 

photocurrent has been normalized by the relative photon flux at each 

wavelength and corrected for the optical density of the crystal, It 

can be seen that the photocurrent action spectrum essentially matches 

the absorption spectrum of the film. 

Fig, 24 shows the absorption and photocurrent action spectra for 

a cell with a 2000 angstrom film of merocyanine with light incident on 

the Au overlayer, The spectrum has been corrected for incident photon 

flux, Illumination through the gold generates peaks in the action 

spectrum at wavelengths on the shoulders of the absorption spectrum, 

In addition the quantum yield is more than 2 orders of magnitude less 

than with illumination through the Ti02, The polarity of the cell is 



L. 

Figure 23. Short-circuit photocurrent, normalized to incident photon 
flux, for light incident on the TiD, and absorption 
spectrum of the merocyanine, The t~ickness of the merocya
nine film was 1000 angstroms. 
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'figure 24, Short-c'i"rcuit photocurrent and'absorpti on spectrum with 
light incident through the Au electrode, The photocurrent 
was normalized to incident photon flux. The thickness of 
the merocyanine film was 2000 angstroms, 
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the same regardless of which ~ide is being illuminated. Such photo

current action spectra where the action spectrum agrees with the ab

sorption spectrum for light incident only through one electrode and 

with a local minimum near the peak of absorption for light incident 

through the opposite electrode have been observed for a number of or

ganic s!ys~ems.l,2,4,9,1l This effect is not seen for very thin films 
r, 

where the absorption is essentially uniform throughout the dye layer. 

Fig, 25 shows the absorption spectrum and the action spectrum with 

light incident on the Au as well as the action spectrum with light in

,cident on the Ti0 2 for a cell with a 100 angstrom thick merocyanine 

film. As can be seen, they both essentially match the absorption 

spectrum of the merocyanine film. The absorbance was about 0.1 at the 

peak of the spectrum. 

These results are in accord with a theory of the photoconducti 

vity process, which will be elaborated below, where 'the photovol~aic 

activity is a surface effect. The photoconductivity is assumed to 

result from singlet excit~ns diffu~ng to the merocyanine/Ti02 inter

face where they dissociate into electron-hole pairs which separate in 

the electric field across the dye layer in competition with geminate 

recomb; nati on. Only those excitonswhi ch mi grate to the merocyani ne/ 

Ti0 2 interface contribute to the photocurrent. 

For light incident on the Au electrode, the higher the absorp

tion constant the closer to the metal surface the excitons will be 

generated on the average where the quenching of the excitation is very 

efficient. For light with lower absorption constant, away from the 

peak of absorption, the excitons will be on the average generated 

closer to the merocyanine/Ti0 2 interface where the charge separation 
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Figure 25. Absorption of merocyanine film. ~ - short circuit 
photocurrent with light incident through the Au electrode. 
o - Short-circuit photocurrent with light incident through 
the Ti02. The thickness of the merocyanine film was 100 
angstroms. The two photocurrent action spectra were nor
malized to incident photon flux. 
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takes place~ and consequently a larger photocurrent results. A weak 

photovoltaic response is also seen for wavelengths of weak absorption 

because the penetrating light is not effective. 

3.7. Photoconductivity of Merocyanines 

3.7.1. Theory of Exciton Transport. In most inorganic semicon

ductors the generation of photocarriers is a simple process whereby 

the absorbed photon with energy greater than the band gap excites an 

electron-hole pair directly. In molecular crystals the generation is 

more complex. In general the photoconduction action spectrum is iden

tical to the absorption spectrum. The absorption spectra of organic 

molecular solids can be understood in terms of Frenkel excitons which 

are described in the tight binding approximation. 25 The Frenkel exci

ton is an excited state of the molecular solid which closely resembles 

the molecular excited state. It can be a delocalized combination of 
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states or a localized excitation characterized by hopping or Hdiffusion ' 

from site to site. The main characteristic of the Frenkel exciton is 

its correspondence with some molecular state as seen directly in a 

comparison of absorption and action spectra. 

The size of the Frenkel exciton is comparable to lattice constants 

and is expected to have low mobility. This is what one typically 

finds in molecular solids where the mobility is usually less than 1 

cm 2V- 1sec-1. Because they are localized they also interact with 

molecular vibrations as well as lattice vibrations. The original exci

ton can produce charge carriers via several mechanisms,26 The possible 

mechanisms include exciton-exciton interactions, interaction of 

excitons with free and trapped charges and defect states, and exciton-



surface proc~sses. In addition charges resul{'from direct production 

electron-hole pairs. 

A. Direct Process 

The direct production of electron-hole pairs can be distinguished 

experimentally by the following properties!26 (a) the photocurrent 

~p~ctral tesponse should not have the same general shape and a~sorp-

on spectrum; (b) the quantum efficiencies for generation of electrons 
" . 

and holes should be equal and should be independent of electrodes and 

,surface preparation. Our spectr~l r~sponie data rule out this. process. 

B., Exciton-Exciton Interaction 
;'::" 

'j 

Carrier ,generation by exciton-exciton 'annihilation 1 eads to a 
'f,,, 

\' .<, 

photocurrent varying as the square of the light intensity since the 

probability of carrier production increases with the square of the 

"exciton concentration. This has been observed by Silver et al. for 

anthracene. 29 The light intensity data rule out such a process for 

. m'erocyanine cells. 

C. Interaction with Trapp~d Charges and Defects 

In films which have been exposed to the atmosphere. oxygen will 

playa dominant role as an electron trap. 02 molecules diffusing in 

primarily through defects in the films. form 02- electron traps. The 
\t' 

mechanism by which the 02 molecule traps the electron is presumably one 
,,) " 

'Jof dir:,::~, contact between the exciton and the 02 molecule leading to 

dissociation of the exciton and subsequent trapping of the electron by 

the 02 and freeing the hole. This mechanism has been used to explain 

the increased photoconductivity of phthalocyanine films doped with 
:,,:' i . 30 
oxygen. In addition to the 02 chemical traps. charges can also be 



trapped at defect centers which are known to be abundant in molecular 

solids~31 and contribute to exciton dissociation upon collision, 

D. Exciton Surface Processes, 

For merocyanine films, we have found that only excitons reaching 

merocyanine/Ti0 2 interface contribute to the photocurrent, In 

this section we review the theory of exciton surface processes, Ex

perimental results for the Au-merocyanjne-Ti0 2 cells will be presented 

below, 

Excitons can diffuse to the surface and dissociate upon collision 

with adsorbed oxygen, impurities, defects, and/or electrodes, The 

photocurrent resulting from the exciton dissociation will be linear in 

the light intensity since the process is monomolecular in nature, An 

analysis of exciton diffusion and surface interaction was carried out 

by Stekette and deJonge 27 and Mulder28 for anthracene crystals and by 

Ghosh and Feng 11 for merocyanine, 

One can obtain a quantitative relationship between the steady 

state photocurrent and the absorption coefficient by calculating the 

probability of an exciton reaching the surface by diffusion, It is 

assumed that the exciton has a certain mean lifetime (due to fluores

cence and non-radiative transitions) and that its motion can be des

cribed as a free diffusion process, The exciton transport can then be 

described by the diffusion equation which in this system is essentially 

(3.7,1) 

for the stationary state, Here n is the number of excitons at a 

distance x from the illuminated surface, 0 is the diffusivity, T is 
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the mean lifetime of an exciton~ a is the absqrption constant~ and 10 

the photon intensity of the incident light. The second term on the 

right represents recombination due to all processes and the third term 

generation of excitons. If we assume that all the excitons reaching 

the surface dissociate there, the brundary conditions become n(O) '" 0 

and n(d) '" 0 where d is the thickness of the film. Solving equation 

(3.7.1) with these boundary conditions, we obtain27 

n(x) '" IO~T !exp(-ax) + 
l-a DT 

exp 

where L ~~ is the diffusion length of the exciton. 

(3.7.2) 

The details of the interaction between the excitons and the sur-

face electrode determines whether the exciton dissociation at the sur-

face will lead to charge separation and a photocurrent. At the charge 

separating ectrode, we assume that the photocurrent is directly pro

portional to the exciton flux at the surface, i.e. the quantum effi

ciency for charge generation is assumed constant, 

'" A an(O) 
ax (3.7.3) 

where the proportionality constant A depends on the nature of the 

electrode. 

If we make the further assumption that d > l, then exp(d/L) » 

exp{-d/L} and we obtain for the photocurrent 

J A 10 
'" IT l/al + 1 (3.7.4) 

or 
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~ l/j (1 + l/aL) ~ 1/1 (1 + 0.434/£L) (3.7.5) 
00 00 

where E is the extinction coefficient defined by Ix ~ 10 10-Ex. 

From equation (3.7.5) we see that a pl~t of l/J versus l/a should 

give a straight line. 

3.7.2. Experimental Results. In Fig. 26 the reciprocal photo

current, which has been normalized by the relative photon flux at each 

wavelength, is plotted versus the reciprocal absorption constant for 

wavelengths greater than 420nm. The thickness of the merocyanine film 

was 2000 angstroms. As can be seen, using a least squares approxima

tion, a well-fitting straight line can be drawn. Using equation 

(3.7.5) the slope of the line and the intercept on the ordinate yield 

an exciton diffusion length of 79 angstroms. This is in fair agree

ment with Ghosh and Feng 11 who calculated a diffusion length of 60 

angstroms. 

If a similar calculation is performed on merocyanine films de-

posited on room temperature substrates yielding a photocurrent action 

spectrum corresponding to the absorption spectrum in Fig. 6, the data 
, 

do not give a good fit to a strdight line. A least squares calcula-

on gives a negative intercept and therefore is of no value for the 

diffusion length. An explanation can be given in terms of the micro

crystalline nature of such films. The microcrystalline interfaces 

can act as sinks for the excitons and the dissociation therefore 

generates charges in the bulk of the film. The built-in field which 

exists across the merocyanine film prevents complete geminate recom-

bination of the electron-hole pair. 



Figure 26. l/J versus l/a plot of short-circuit photocurrent for 
wavelengths greater than 420nm. The photocurrent has 
been normalized by the relative photon flux at each 
wavelength. The thickness of the merocyanine film was 
2000 angstroms. 
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3.8. Field Dependence of the Quantum Efficiency 

Fig. 27 shows the dependence of the photocurrent on an applied 

ectric field. The cell is reverse biased, i.e. a positive potential 

is applied to the Ti0 2, The dark current has been subtracted from 

the total current, The curve exhibits a knee followed by a sharp in

crease at about 0.75 volts for this particular sample with a 500 ang

strom thick dye film. The voltage of the transition increases for in-

creasing film thickness. The photocurrent at the knee corresonds to 

a quantum yield of about 15% where the quantum yield is defined as 

the number of charges generated per'photon absorbed by the merocyanine 

film. With 1 volt or more applied bias, the quantum yield increases 

to more than 100%. The sudden increase in photocurrent must therefore 

be due to secondary charges injected by the electrodes. For thicker 

films a larger applied voltage would be required to produce the same 

internal electric field. 

Our data support the theory that only excitons that reach the 

merocyanine/Ti0 2 interface, produce free charge carriers. The absence 

of charge generation at the merocyanine/Au interface can be the result 

of a combination of two different processes. Excited dye molecules 

in the immediate vicinity of a metal surface can be quenched very 

effectively via radiative and non-radiative interactions with the 

metal. 72-75 Secondly, the excitons which do dissociate will be lost 

to geminate recombination since the dissociation would not be at the 

surface itself but removed a certain distance corresponding to the 

effectiveness of the quenching. 75 

Fig. 28 shows the quantum yield as a function of the thickness of 
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Figure 27. Photocurrent versus applied reverse bias for a cell with 
a 500 angstrom merocyanine film under 520nm monochromatic 
illumination. The polarity of the Ti02 was positive. 
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figure 28. The quantum yield, measured as the number of electrons per 
photon absorbed by the merocyanine, is plotted as a func
tion of the thickness of the merocyanine. The quantum 
yield was measured with monochromatic illumination at 520 
nm in the short circuit mode. 
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the merocyanine film. The measurements are recorded at the peak of 

the photocurrent action spectrum with light incident on the Ti0 2. The 

decrease in quantum yield for thicker films is mainly due to the de

crease of the electric field across the merocyanine as the film thick

ness increases. The decrease in efficiency· when the film is less than 

about 350 angstroms we believe is due to the quenching of the dye exci-

tation via interaction with the metal ·surface. This quenching effect 

takes place over distances typically of the order of 200-300 angstroms 

and is influenced by the introduction of a second partially reflecting 

mirror, in this case the merocyanine/Ti02 interface. 75 

The field dependence of the photocurrent can be understood by 

application of a one-dimensional solution to the Onsager theory for 

geminate recombination as applied by Singh and Baessler to the Al

anthracene interface. 34 The Onsager theory considers the brownian 

motion of a charged partical under the combined action of an external 

electric field and the coulombic field of its counter charge. 35 In 

the Au-merocyanine-Ti0 2 ce!ls, the dissociation of excitons at the 

merocyanine/Ti0 2 interface results in the injection of a free hole 

into the merocyanine with a negative image charge in the Ti0 2 conduc

tion band. In the course of correlated brownian motion both charges 

can either recombine or become separated. The orientation of the 

charge-image charge dipole is in this case always parallel to the 

direction of the applied field which is the built-in field due to 

the original difference in fermi levels in addition to any applied 

bias. 

These results also suggest that one way to increase the effi-



clency of cells of this type would be to choose metal-semiconductor 

combinations with larger differences between the electrochemical po-

tentials than is the case for Au and T10 2. 

3.9. Open Circuit Voltage 

The total potential drop across the junction region is determined 

by the difference between the work functi ons of the Au and the semi

conductor. If the work function of Au is taken. as 4.85 eV 37 and the 

work function of T102 as 4.33 eV,36 we get a built-in voltage, VD, of 

0.52 eV. We take the work function of the T102 to be the same as the 

electron affinity of the crystal since the donor density is high (10'8 

cm ) and the fermi level consequently lies close to the conduction 

band. In principle Voc should approach VD under conditions of intense 

illumination. The highest open circuit voltage measured under mono

chromatic irradiation was 375 mV. The incident light intensity was 

about 0.1 mW-cm- 2. 

The action spectrum of the open circuit voltage follows the 

absorption specturm of the merocyanine. Fig. 29 shows the open cir

cuit voltage with monochromatic radiation at 520nm plotted as a func

tion of the thickness of the merocyanine film. The figure also shows 

the equivalent curve for the short circuit current. As can be seen, 

the peak of the Voc curve is reached for a larger thickness of the 

merocyanine film than is the case for the photocurrent. 

The open circuit photovoltage is fixed at the point where the 

dark current caused by the forward biasing photovoltage exactly off

sets the photocurrent, Unless some additional barrier against the 

flow of the dark current is introduced, one would expect the Voc curve 
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figure 29, Open circuit voltage with monochromatic illumination at 
520 nm as a function of the thickness of the merocyanine 
film. The normalized short circuit current spectrum is 
retraced from Fig, 28 for comparison, 
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to follow the photocurrent curve. The shift to larger thicknesses 

we believe is due to a barrier against the dark current formed by 

the introduction of the merocyanine film. 

3.10. Energy level Representation of Au-Merocyanine-Ti0 2 Cells 
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Based on our data and using values for "work functions and electron 

affinities in the literature, we can make a model of the Au-merocyanine 

-Ti02 cell as shown in Fig. 30. The work function of Au is taken as 

4.85 eV~37 the electron affinity of the T;02 as 4.33 eV~36 the ioniza

tion energy of the merocyanine film as 5.6-5.8 eV45 and the electron 

affinity as 3.3-3.5 eV 45 corresponding to a 'band gap' of about 23 eV 

roughly equal to the energy of the absorption band in the visible end 

of the spectrum. 

Undoped dyes are known to be insulators with resistivities of 

the order of 109 - 1013 ohm-cm. 45 Since the Ti02 crystals have resis

tivities of the order of 1 ohm-em we would expect that almost th~ en

tire voltage drop due to the difference in electrochemical potential 

(fermi levels) to fall across the merocyanine film. There would thus 

be a virtual absence of a depletion layer in the Ti0 2 crystal. This 

is supported by our capacitance-voltage data which show that the cell 

acts as a simple capacitor with the merocyanine as a dielectric, 

Other workers, however, have found a certain bandbending in unr 

doped organic thin films due to higher density of trapped charges near 

the interfaces by performing capacitance-voltage measurements at low 
41 frequencies, down to O.lHz. Although our dark current-voltage 

measurements indicate the presence of a larger density of electron 

traps near one of the interfaces, we cannot point conclusively to any 

evidence of "band bending ll in the merocyanine phase, 
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Using this "band model ll where the dye is' pictured as an insulator 

depleted of mobile charge carriers 5 we can get some understanding of 

why the open circuit voltage as a function of the thickness of the 

merocyanine film increases beyond the point where the photocurrent 

begins to decrease, ~Ec represents an energy barrier against the 

forward biases dark current (Fig. 30). The electrons flowing from 

the Ti0 2 conduction band due to the forward biasing of the photo

voltaic mode, will have to surmount that barrier. There is also the 

possibility of electron transport via states in the merocyanine "band 

gap" possibly associated with the triplet level of the dye molecules. 

As the thickness of the dye film increases, the barrier would become 

more effective and the open circuit voltage wi 11 increase. The com

peting tendencies of decreasing photocurrent generation which will 

lead to a lower output voltage, and increasing dye resistance to the 

dark current which will result in a higher output voltage, produces 

a maximum beyond which the photon voltage begins to decrease. 

3.11. Relevance of Band Model 

We have been working with the assumption that band theory is at 

least approximately applicable to organic semiconductors. Although 

energy "bands" may not exist in a strict sense, numerous results in 

the literature attest to the usefulness of an analysis based on narrow 

conduction and valence bands for describing photoelectric devices 

b d . l'd 1-11 ase on organlc so 1 s. Our analysis of the Au-merocyanine-Ti0 2 
cells is not dependent on there being actual energy bands present. 

For an analysis of the data we have presented the bands can be thought 

of as a way to represent the internal electric field in the merocyanine 



Figure 30. Energy level representation of a Au-merocyanine-Ti0 2 cell 
before (a) and after (b) contact respectively, 
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phase. 

The band widths of organic solids~ where the overlap integrals 

are determined by Van der Waals interaction, are so small ( of the 

order of kT) that when specimens are polycrystal1ine or amorphous the 

overall transport process will be that appropriate to a localized car-

rier treatment. A covalently bonded semiconductor can be viewed as 

one large lIextended" molecule. A molecular solid represents almost 
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the opposite limit of a small unit in a weakly interacting aggregate. 

The overlap integrals of the wavefunctions are small and the bands are 

consequently narrow and susceptible to internal potential fluctuations. 

The hopping model of conductivity considers carrier motion proceeding 

directly from one localized state to another based on the quantum 

mechanical transition rates between localized sites. 43 In molecular 

solids the excitation tends to remain localized. Therefore, the 

generation of free carriers involves both external electric fields and 

internal attractive coulomb fields. 

The necessity for considering hopping as a mechanism for charge 

carrier motion arises from considerations of the mean free path in 

organic solids. A carrier of effective mass m and mobility ~ has a 

mean free path L given, at ordinary temperatures, by the approximate 

1 t · 44 re a 10n 

2 -1 -1 where ~ is the mobility in units of cm volt sec and mO the free 

electron mass. In most molecular solids values of ~ are generally 

less than 5 cm2volt-'sec- 1 so that the mean free path, calculated from 

mobility data, is then of the order of 0.1 to 1 angstrom. This is 



appreciably less than the lattice spacing in a molecular crystal. It 

then becomes questionable whether the band theory notion of a mean 

velocity of the carriers can be applied. 

The idea that band theory may be applied to organic materials in 

the form of pure single crystals is, however, supported by data present

ly available,26 although its applicability to polycrystalline and amor

phous molecular solids remains questionable. 



Chapter 4 

Doping of Merocyanine Films with Iodine 

4.1. Introduction 

The investigation into the effect of doping the merocyanine film 

with iodine, which is a strong electron acceptor, was initiated be

cause of two considerations. 
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As the capacitance-voltage measurements show. the high resistance 

in the merocyanine film precludes any band bending in the semiconduc

tor substrate. This is supported by data on photocarrier generation 

using UV light strongly absorbed by the T10 2. The quantum yield for 

photocarrier generation, as measured by the number of charge carriers 

per incident photon, was about 1%. In a Schottky barrier configuration, 

with band bending in the semiconductor providing a charge separating 

field. the quantum yield can be expected to be close to 100%. This 

lack of an electric field inside the semiconductor can also be expec

ted to adversely affect the charge separation in that the electron 

i oj ected into the semi conductor conduction band has 1 ess probabil ity 

of being swept away to prevent geminate recombination. In a device 

relying on charge carrier generation in the semiconductor as well, it 

becomes necessary to increase the conductivity of the dye phase so as 

to allow an electric field across a semiconductor depletion region, 

The second source of motivation comes from numerous reports in 

the literature of sharp increases of photoconductivity as well as dark 

conductivity of organic solids doped with electron acceptors. 53 -66 

Intentionally doping semiconductor materials with trace impurities in 

order to alter photoelectronic properties is used extensively and is 
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well understood in inorganic solar cell technology. For organic sys

tems, on the other hand, the complex relationships between dopant types 

and concentrations and photoelectronic properties are just beginning 

to be studied. Dramatic changes in the photoconductive properties of 

type organic solids have been reported. As much as four orders of 

magnitude increases in the photoconductivity of phthalocyanine surface 

cells with a layer of iodine added has' been reported. 64 

The original work on doping with electron acceptors used a sur

face cell technique whereby the conductivity of a two-layer system 

with a layer of the acceptor species deposited on top of the material 

be investigated, was measured along the film. 63-66 There was no 

attempt made to determine whether the acceptor species diffused into 

the substrate or whether the effect was purely a surface effect. 

4.2. Experimental 

Because of the high vapor pressure of iodine, its employment in 

high vacuum necessitates the deposition on cooled substrates. Iodine 

films deposited onto room temperature substrates come off under high 

vacuum in a matter of a few minutes. Since iodine doping of dye films 

is a reversible reaction, the iodine can be completely removed by 

pumping in vacuum, it becomes necessary to cool the dye film to pre-

vent the iodine from escaping while the cell is being prepared. 

The best results to date have been achieved with the following 

technique: prior to the sublimation of the iodine, the Ti02 crystal 

is exposed to iodine vapor at room temperature and atmospheric pres

sure for about 15 minutes. This leaves a visibly brown 1m on the 

surface. The crystal is then quickly cooled to liquid nitrogen tempera

ture with the substrate cooling system as the vacuum is being pumped 



down to prevent moisture in the air from condensing on the surface. 

The brown iodine film will remain on the surface in a vacuum of 10-5 

torr for as long as is necessary to prepare the cell. The merocya

nine is then sublimed on top of the iodine film at at rate of about 

2 angstroms per second from a crucible held ·at approximately 220°C. 

The substrate could then be heated to room temperature followed by 

deposition of the Au film or heated after the Au film was deposited. 

Standard photovoltaic measurements were then made on the cell. The 

cell was subsequently placed in vacuum and heated to 60°C for 30 

minutes followed by photovoltaic measurements. This was repeated 

several times until a maximum value was reached for the photovoltaic 

response. The idea was to use the increased diffusivity of iodine 

at elevated temperatures to attempt to diffuse the I2 throughout the 

dye film. 

4.3. Results and Discussion 
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4.3.1. Transient Response. Fig. 31 shows the short circuit 

current and open circuit v'oltage transients for a typical iodine doped 

cell. The J sc transient is dramatically different from that of the un

doped cells. The rise time as well as the decay time are now limited 

solely by the response of the recorder whereas the rise time of un

doped cells is typically of the order of tens of seconds reaching a 

steady state. This is sometimes followed by a slow decay to a level 

about 20% lower than the peak with a time constant of the order of an 

hour. The slow decay for doped cells is always present and has a time 

constant of the order of minutes also resulting in a level approximate~ 

ly 20% lower than the peak transient. The exact numbers vary slightly 



gure 31, Short-circuit current and open circuit voltage transients 
for a cell with a 500 angstrom merocyanine film doped with 
iodine, The light was incident through the Ti0 2, 
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from cell to cell depending upon its history, On switching off the 

light the decay results in a small reverse current indicating the 

presence of capacitive charging effects, 

the open circuit voltage also exhibits a faster rise and decay 

time for the doped cells, the change being less dramatic because the 

response in this case is limited by the large time constant of the 
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measuring circuit~ the resistance in the open circuit mode being about 

1014 ohms, 

4,3,2, Action Spectra, The action spectrum of the short circuit 

photocurrent is shown in Fig, 32 for a cell with a 500 angstrom thick 

merocyanine film doped with iodine with the technique described below, 

The cell had been heat treated in vacuum for 1 1/2 hours, With fur-

ther heat treatment in vacuum the cell reverts to undoped behavior, 

This indicates that the vacuum treatment indeed does make the iodine 

diffuse through the merocyanine film and also through the 200 angstrom 

thick Au film, 

As can be seen~ the shape of the action spectrum changes only 

slightly upon doping. The quantum efficiency increased by approxi~ 

mately a factor of 3~ from 4% to about 12%, Increases by as much as a 

factor of five have been noticed on some films. The open circuit 

voltage increased usually by much less; the best result represents 

an increase by a factor of 1,8 with a 500 angstrom merocyanine film. 

The effect of the doping was more pronounced for thinner films (500 

angstroms and less) than for thicker films (1000 angstroms and thicker), 

The results, however, were difficult to reproduce better than to 

within a factor of two, 
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figure 32. Short circuit photocurrent action spectrum for a ce1l with 
a 500 angstrom merocyanine film doped with iodine and a 
cell with a 500 angstrom undoped film. Also shown is the 
absorption spectrum of the undoped film. 
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In order to investigate the hypothesis of charge carrier 

generation via exciton-surface processes, we have plotted the recipro

cal short circuit photocurrent, normalized to incident photon flux, 

~~~ 
the reciprocal absorption constant for a cell with a 2000 ang-

strom thick merocyanine film in Fig. 33. On the same graph is also 

shown the results for an undoped cell, As can be seen, the values do 

not give a good fit to a striaght lin~, An attempt to obtain a least 

squares fit for a straight line yields an exciton diffusion length of 

2300 angstroms, This is an unreasonable number 9 since the diffusion 

length in very pure anthracene crystals is about 600 angstroms,28 

This indicates that a different charge carrier mechanism may be opera-

tive. 

The increased dark conductivity of doped films would be expected 

to result in a larger degree of band bending in the semiconductor sub

strate and therefore more efficient charge generation by intrinsic 

absorption of photons with energy larger than the band gap. This has 

indeed been noticed and increases by about a factor of three were 

observed on some cells. 

The improved efficiencY9 however~ degraded slowly with time. 

The doped films 9 on standing overnight under ambient atmospheric con-

ditions. reverted to their undoped behavior. 

The vacuum heat treatment shows that there is an optimum dopant 

concentration, When the cells are too heavily doped the photovol

taic properties were completely degraded, The exact amount of doping 

or the doping profile in the merocyanine films was not measureable, 

4,3,3. Photovoltage-Photocurrent Characteristics. Fig. 34 
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Figure 33. l/J versus l/a plot of short circuit photocurrent for 
a cell with a 2000 angstrom iodine doped merocyanine 
film. Also shown is the plot for an equivalent cell 
with an undoped film, retraced from Fig. 26. 
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Figure 34. Photovoltage-photocurrent characteristics for a cell with 
a 500 angstrom merocyanine film doped with iodine and a 
cell with a 500 angstrom undoped film. 
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shows the J-V characteristics in the photovoltaic mode of a Au

merocyanine-Ti02 cell with a 500 angstrom 12 doped film. The J-V 

curve for an undoped film is also shown for comparison. The curve 

is obtained by varying the load resistance at a constant light inten-

sity at 520nm. 

Besides the increases in J sc and Voc the curvature of the cell 

also changes. This leads to an increase in the fill factor from 0.35 

for an undoped cell to 0.44 for the I2 doped cell. The maximum power 

output from this cell occurs with a load resistance of about 5 x 106 

ohms and is about 2 x 10-8w• The incident light power on the active 

cell area was about 5 x 10-6W. This yields a monochromatic power con-

version efficiency of about 0.4% which is an increase by a factor of 

four relative to undoped cells. 

4.3.4. Discussion. The improved response of cells with better 

conducting merocyanine films was demonstrated with the iodine doping 

experiments. Increases in the photocurrent response by as much as 

a factor of five with monochromatic irradiation were observed. The 

doping with iodine had the potnetial for both enhancing the conducti

vity of the films by introducing partial charge transfer or mixed 

valence states and for providing favorable surface state band bending 

which could lead to higher output voltage, The concept of partial 

charge transfer has been used to explain doping effects in molecular 

conductors 65-69 and in conductive polymers. 70 ,71 Raman studies of 

iodine doped polyacetylene70 and phthalocyanines 66 have identified the 

presence of 13- as the dominant species resulting in charge transfer 

from the organic state to the iodine as an acceptor. The charge 

transfer need not be complete. The resulting hole is weakly bound 
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to the acceptor ions by the coulombic potential, forming acceptor 

states in the gap. Thermal activation out of the bound states results 

in carriers for transport. PHotocarriers in doped films could result 

from collision of singlet excitons with acceptor-hole complexes re

sulting in activation out of the bound states and recombination of 

the exciton. The charge carrier generation therefore changes to a 

bulk process. 

The greatly decreased rise and decay time constants of the photo

current and photovoltage response indicate that the iodine presence 

fundamentally changes the nature and concentration of trapping states 

in the merocyanine. The continued presence of the slow decay with a 

decreased time constant of the photocurrent to a level about 20% lower 

than the peak value indicate that it may be a surface controlled 

capacitive charging effect. The absence of a reverse current upon 

turning off the light in the case of the undoped films can be explained 

by the large time constant of the decay dominating the reverse capa

citive discharge, the two being separate processes, 

Despite the preliminary nature of these experiments, it is clear 

that increases in efficiency of at least five fold can readily be ob

tained. It is hoped that a better understanding of donor-acceptor 

complexes and other dopants could result in even higher potential ef

ficiency increases. 
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Chapter 5 

Quenching of Dye Excitation at the Metal Surface 

5.1. Introduction 

In section 3.8. we discussed the quenching of an excited dye 

molecule in the immediate vicinity of a metal surface. We showed that 

the quantum efficiency for photocarrier generation drops for thick

nesses of the merocyanine films less than about 350 angstroms (Fig, 

28). We now proceed to investigate this effect in more detail, 

The influence of a metalic mirror on an excited molecule in its 

vicinity has been extensively studied during the past few years. 

Drexhage et al ,72-74 performed extensive measurements of the lifetime 

of a molecular emitter as a function of its distance from the mirror. 

Using fatty-acid monolayer assembly techniques they measured the 

fluorescence lifetime of Europium complexes using Au~ Cu, and Ag 

mirrors. Chance et al ,75 developed a general model for energy trans

fer between a molecular emitter and a metallic absorber which is 

exact within the classical . framework. Based on Sommerfeld1s early 

work on radio wave propagation near the surface of the earth,76,77 

they calculated the magnitude of the Poynting vector in the dielectric 

surrounding the dipole. 

They found that for large distances (greater than about 2000 

angstroms) from the metal surface the fluorescence lifetime oscil

lated as a function of the distance while for small distances (less 

than 200-300 angstroms) the lifetime went monotonically to zero. The 

oscillations are expressed quantitatively as arising from the inter

ference between the reflected wave and the initial wave, The decrease 
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at small distances is due to non-radiative energy transfer to the 

metal. The states of the metal that accept the energy are the surface

plasmon modes of the metal-diel~ctric interface. 75 ,78 The nature of 

the oscillations and the energy transfer at intermediate distances 

vary from metal to metal. For Au the lifetime increases monotonically 

up to about 2000 angstroms. Killesreiter81 studied the sensitized 

charge transfer efficiency of an excit€d oxacarbocyanine dye adsorbed 

on the surface of a molecular crystal of p-chloranil with Al as an 

evaporated counter electrode. By sandwiching arachidic acid monolayers 

between the dye and the aluminum electrode he was able to determine 

the photocurrent response as a function of the distance between the 

dye and the metal surface and found a quenching effect for separations 

less than about 200 angstroms. 

We decided to investigate this quenching effect on the merocyanine 

1m by i ntroduci ng a II spacer" of vary; ng thi ckness between the mero-

cyanine and the Au electrode. The spacer would necessarily have to be 

a hold conductor for the photogenerated hole carriers in the merocya-

nine film. Perylene was chosen because it is known to be a p-type 

conductor with an ionization energy of 5.33 eV82 which is sufficiently 

less than the ionization energy of the merocyanine, 5.6-5.8 eV. 45 

A model of the energy level diagram can then be schematically repre

sented as in Fig. 35. 

If instead of perylene we substitute a dielectric with a high 

ionization energy, we would expect a blocking contact against the 

flow of charge carriers to result. Since the ionization energy in

creases with the decrease in the number of ring systems of the 



Figure 35. Energy level representation of a Au-perylene-merocyanine
Ti0 2 ce1l under short circuit current condition. 
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molecule~45 di-tert. Butyl Hydroquinone was chosen. A compound with 

hydrocarbon chains was chosen because of its lower vapor pressure as 

compared to the unsubstituted molecular species. 

5.2. Experimental 

Perylene was purchased from Aldrich Chemical Company and 2~5 di

tert. Butyl Hydroquinone (BQH) from Eastman Kodak Company. Both were 
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used without further purification. The chemical structure of the two 

compounds is shown in Fig. 36. The cells were made by sequential sub

limation from molybdenum boats in a vacuum of about lO-Storr. The 

temperature of the perylene powder was held at about l80e e and the 

BQH at about 110°C. The deposition rates were 2 angstroms per second. 

BQH, because of its high vapor pressure, required the substrate to 

be cooled to liquid nitrogen temperatures. The perylene films were 

deposited onto room temperature substrates. The thicknesses of the 

films were measured with a quartz crystal monitor which was calibrated 

with a multiple interference microscope. 

5.3. Results 

The perylene films were smooth and glassy in appearance and 

were transparent in the visible when deposited onto room temperature 

substrates (Fig. 37). The characteristic absorption bands of the 

free molecule in solution disappears in t~e film. This was also ob

served by Kamura et al. 83 and attributed to a dichroism effect on 

microcrystals with a preferred orientation. 

Fig. 38 shows the effect of the perylene layer on the photo-

current response for a cell with a 200 angstrom merocyanine film. 



Figure 36. The chemical structure of perylene and 2~5 di-tert. Butyl 
Hydroquinone used in making the photovoltaic cells. 
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Figure 37. Absorption spectrum of perylene in benzene solution and a 
perylene film on quartz. 
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gure 38. Quantum yield for a Au-perylene-merocyanine-TiO? cell 
plotted as a function of the thickness of the perylene 
layer. The thickness of the merocyanine was 200 angstroms. 
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The quantum yield. measured as the number of electron per photon 

absorbed by the merocyanine. is plotted as a function of the thick

ness of the perylene layer for one particular Ti0 2 crystal. As can 

be seen. the quantum yield increases approximately five fold to about 

% for a perylene layer of 750 angstroms. The slight decrease for 
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a thickness of 1500 angstroms could perhaps be attributed to the oscil

latory nature of the excitation lifetimes at larger distances or to 

the decreasing strength of the electric field across the dye layer 

with increasing thickness. The increases in quantum yield are even 

more striking conSidering the fact that the electric field at the junc

tion decreases with increase in perylene thickness (see Fig. 28). If 

BQH is substituted for the perylene the efficiency drops dramatically 

and for a thickness of 600 angstroms is reduced by over two orders of 

magnitude. confirming the hypothesis of 8QH being a blocking contact 

for holes from the merocyanine. 

5.4. Properties of the Perylene-Merocyanine Junction 

In order to determine.the charge separating properties of the 

perylene-merocyanine interface we compared the action spectrum of a 

cell having a 1000 angstrom perylene film between a 2000 angstrom 

merocyanine film and the Au electrode with a similar cell without the 

perylene but with the same thickness of the merocyanine. With an 

absorbance of 2.0 and an exciton diffusion length of less than 100 

angstroms, the charge carrier generation will be that due to exciton 

dissociation at the perylene-merocyanine interface. Fig. 39 shows 

the action spectra for the two cells recorded with light incident on 

the Au surface. Although the action spectra are similar in shape the 

local minimum near the peak of the absorption as well as the peaks on 



Figure 39. Short circuit photocurrent action spectrum with light 
incident through the Au electrode for a cell with a 1000 
angstrom perylene layer and a cell with no perylene. The 
action spectra were normalized to incident photon flux 
at each wavelength. The thickness of the merocyanine was 
2000 angstroms. 
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the shoulders are less pronounced in the cell 'with perylene. The lo~ 

cal minimum was attributed to a quenching of the excitation near the 

Au-merocyanine interface. The quenching effect remaining at the 

perylene-merocyanine interface is probably due to the lack of an 

electric field at the interface strong enough to substantially over

come the coulombic forces resulting in geminate recombination. This 

effect appears to be independent of the ability of the interface to 

transmit photoproduced holes from the merocyanine phase. 
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This could have important implications for the concept of extend

ing the absorption range of organic systems by employing multilayers 

of dye films. Unless by doping and other methods one is able to 

initiate charge separation in the bulk of the dye phase, the inter

faces between the layers may well be too inefficient for serving that 

purpose. Dye mixing as well as doping may turn out to be the more 

fruitful approach. 



Chapter 6 

Conclusions 

The experimental results presented in the preceding sections 

suggest that there are ways to utilize in photoelectric devices very 

thin films of organic pigments having a high electron transfer 

efficiency. 

from the correspondence between the absorption spectra and the 

spectral response of photoconduction it is concluded that the primary 

step is the formation of singlet excitons by the absorption of light. 

This excitation energy may migrate through the film as an exciton, 

travelling an average distance of about 80 angstroms before it dis

sociates or is quenched. Only excitons reaching the merocyanine

Ti0 2 interface actually result in charge carriers. The dissociation 

of the exciton leads to an electron being injected into the conduc

tion band of the Ti02 and a hole injected into the merocyanine. The 

hole then travels through the merocyanine to the Au electrode. 
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The charge carrier generation is presumed to result from a compe

tition between the electric field at the interface and the coulombic 

attraction between the electron and the hole. The mechanism, we be

lieve, is therefore the one described by Onsager's theory of geminate 

recombination adapted to the present one-dimensional system. 

The Au-merocyanine interface is ineffective for charge carrier 

generation due to a quenching of the excitons in the immediate vicini

ty of the metal surface and possibly a reduced internal electric 

field near the interface. 

As the current-voltage data and the temperature dependence of 



the photoresponse and decay constant show, the films have a high 

density of both electron and hole traps in addition to recombination 

centers near the middle of the IIband gap.1i 
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The capacitance-voltage data show that the junction region is 

depleted of mobile charge carriers. This implies that there is a vir

tual absence of band bending in the semiconductor and that the cell 

acts as a simple capacitor with the me.rocyanine as a dielectric. 

If the semiconductor substrate is to be used as a separate ab

sorber generating mobile charges by intrinsic excitation, the dark 

conductivity fo the dye phase must be increased to semiconductor 

conductivities in order to generate a depletion region in the semi

conductor. This can be achieved by introducing the concepts of doping 

and charge transfer complexes. Our experiments with doping of the 

merocyanine with iodine show that in addition to this effect the photo

conductivity of the merocyanine was increased as well. The accompany

ing increase in photovoltage is probably a result of larger photo

current. Increases in photocurrent generation by as much as five fold 

relative to the undoped cells were recorded, 

The mechanism of photocurrent generation appears to change upon 

doping with iodine. Analyses of the spectral response of photocon

duction revealed a poor correspondence with the theory of exciton

surface processes, The concept of partial charge transfer has been 

used to explain doping effects in molecular solids and conductive 

polymers. Raman studies of iodine doped polyacetylene and phthalo

cyanines indicate the presence of 13 resulting in charge transfer.· 

Photocarriers in doped films may result from collisions between 
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singlet excitons and the acceptor-hole complexes resulting in acti-

vation out of the bound states formed by the charge-transfer complex. 

Obviously, more thorough and controlled doping studies are necessary 

in order to establish the identity of the species and the nature of 

the mechanisms involved in doping of dye films. 

Very thin films would be expected to be the most efficient for 

charge injection both because of the limitations on the exciton dif

fusion length in the case of undoped films and the increase in the 

electric field as the electrochemical potential difference is distri

buted over a shorter distance. For films of a few hundred angstroms, 

however, the excitation is partially quenched by the proxlmity of the 

metal surface. This quenching effect was investigated by sandwiching 

perylene layers of varying thickness between the merocyanine and the 

Au for cells with a 200 angstrom merocyanine film, We found a 

dramatic improvement in the photoconductive response as the merocya

nine was removed from the metal surface resulting in increases of as 

much as five fold for a perylene thickness of 750 angstroms, This 

increase is even more remarkable as the electric field across the dye 

layer decreases sharply as the thickness of the perylene is increased. 

What are the advantages of a cell of this type? The present 

goal of most attempts at overcoming the excessive costs of manufac

turing solar cells is to convert to thin film processing. From a 

manufacturing point of view, organic materials seem to have a distinct 

advantage in that they are potentially cheap and relatively easy to 

apply in the form of thin films. They can have very high absorption 

coefficients, greater than 105cm-l for some pigments versus 103_104 
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fore lower materials requirements. 

A practical cell for solar energy conversion employing cells of 

the type discussed above would likely use as a substrate a semiconduc

tor suitable for thin film production. e.g. 'CdS with intrinsic ~bsorp

tion in the high energy region of the solar spectrum. If this is 

coupled with a dye which absorbs in the red, one can cover essentially 

the whole solar spectrum. Since the dye will be transparent in the 

region where the semiconductor absorbs, light can be incident directly 

on the semiconductor depletion region without losses, resulting in 

highly efficient charge generation. Ring substitutions can produce 

dyes with wider absorption bands than the merocyanine centered any 

place in the spectrum that is required for optimum absorption. Some 

squarylium dyes are known to absorb as much as 50% of the solar spec

trum. 10 

The advantages of a two- or multilevel system lie primarily in 

minimizing the thermal losses which inevitably result in one-band gap 

semiconductor junction devices. Additionally, as the above data show, 

there is also the possibility of manipulating energy levels in order 

to decrease the back current and thereby achieve higher output vol

tages. Open circuit voltages of as much as 1,1 volts have been 

achieved in some organic photovoltaic devices.'l 

There may also be other photoelectric device applications where 

narrow absorption and action spectra situated in various regions of 

the spectrum would be desirable. 

Long term stability under ambient atmospheric conditions is an 

1 



important ques on which 

on organic solids. 

to be addres when constructing devices 

research not been concerned with 

long stability beyond days 9 a lthough the merocya nine fil ms 

did degrade over such a period. Careful encapsulation as well as 

employing polymerized compounds may be able produce devices with 

the necessary longevity. 

Our research to date shows that there are ways to utilize the 

optoelectronic properites of very thin organic films with a high proba

lity of charge generation. It seems likelY9 therefore 9 that the 

low yields achieved to data for organic photovol ic systems may be 

more due to device limitations 

materials as a class. 

limitations intrinsic to organic 
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Appendix 

Theory of Space-Charge-Limited Currents 

Following Rose46 and Mark and Helfrich47 we derive the equations 

describing space-charge limited current flow in an insulator, When a 

sufficiently high voltage is applied across a specimen, the currents 

are no longer ohmic and no longer determined by carrier densities 

that were present in the absence of the applied voltage, The currents 

at sufficiently high fields are limited by a space charge of excess 

carriers injected by the electrode, We limit the present discussion 

to electron flow but the formalism is equally valid for hole currents, 

We assume that the mobility of the electrons ;s independent of 

the electric field and that the density of trapping states per unit 

energy range below the conduction band can be described by a distribu-

tion of the following form. 

(An 

where E is the energy measJred downward from the bottom of the con-

duction band. H is the total trap density. and Tc is a characteristic 

temperature of the distribution. We assume for the moment that the 

temperature T = 0 and that all traps are filled to the quasi-fermi 

level Efo We can then write for the negative space-charge at the 

position x from the cathode, 
00 

dx) :: q f (H{kTc)eXP(-E/kTc) :: qHexp( f(x)/kT c) (A2) 
EfCx 

where q is the elementary charge. The upper limit of the integral 

has been extended to infinity by assuming that the quasi-fermi level 

is sufficiently far removed from the fermi level of the neutral crys-



1. If we now raise the temperature and assume a quasi-equilibrium 

injected electrons has been established, then the new electron 

quas i-fermi 1 eve 1 will not be s ig nificant ly different from that de

ned by equation (A2) as long as Tc > T and ~(x» ~f(x), the density 

of free charge in the conduction band, i.e. 
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(A3) 

where Nc is the effective density of states in the conduction band. 

From (A2) and (A3) we obtain 

~f(x) ~ Ncql-~H-~[~(X)]~ (A4) 

where ~ = Tc/T. The charge distribution is determined by Poisson's 

equation 

dC;(x) ::: llU (A5) 
~x ~£O 

where ~ is the electric field strength and €€o the permittivity of 

the dielectric and free space respectively. 

the total current density is given by 

jt :: ll(;f{x)t,;(x) (A6) 

where II is the electron mobility. We show below that the diffusion 

current can be neglected in this case. Substituting (A4) and (A6) in 

(A5) we obtain 

~ :: R[~{x)J I~ 

where R = (H/£€o)q(~-1)/~(1t/Ncll)1/~. With the boundary condition 

being ~(o) ::: 0 at the cathode. the solution to (A7) is 

~(x) ::: (~+lR)~/(~+l)x~/(~+l) 
~ 

(A7) 

(A8) 

Integrating (A8) from x ::: 0, the charge injecting electrode, to x = d, 

the thickness of the solid, we obtain for the potential across the 



specimen 

(A9) 

(A10) 

as given in the text. If no traps are present the problem is limited 

to solving 

and 

.Q1 _ sf(x} 
dx - EEO 

(All) 

(A 12) 

which gives Child1s Law for the current density in a trap free solid, 

rf . V2 
Jc = (9/8)~EEO ~ 

d 
(A 13) 

By setting jc = jt we obtain the transition voltage where all the 

traps are filled and the current assumes the Child1s Law behavior. 

Solving for the transition voltage we obtain 

(A14) 

Diffusion Current 

In deriving equation (A7) we ignored the diffusion current in 

writing equation (A6) for the total current. We now demonstrate that 

the assumption of negligible diffusion current is valid in our particu-

lar example. Consider the following expressions for the two current 

components, 
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where jfield is the field driven current, jdiff. the diffusion con

trolled current, and D the diffusivity for e'lectron. Using the 

Einstein relation, 0 ~ ~kT/q we obtain the ratio: 

~diff. _ kT 1 d~f 
Jfield - q~ l;;f <IX 

From equations (A4), (A5), (An, and (AB) we find that 

'flX) ~ x-~/(~+l) 

We then have 

and 

1 dl;;f 
'f(x)dx ~ 

j diff. _ kT 
J field - q~ 

~ 1 
~+1 x 

We see that the diffusion current dominates in the vicinity of the 

cathode. Using our data fr.om the dark current-voltage measurements, 
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we can get an estimate of the range of the diffusion dominated current. 

For an applied voltage of 
-3 0-1 strength of ~ ~ 10 V-A 

Jdiff. 25 

jfield ~ x(R) 

1 volt over 1000 angstroms. or a field 

or about 105V- cm-l, we find 

i.e. beyond about 25 angstroms from the cathode the current is field 

dominated and neglecting the diffusion current is justified. 
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