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ABSTRACT 

One year aged organic bilayer Al/PCTDA/CuPc/ITO structure prepared with ICB 
deposition method has been used to evaluate the influence of ionising radiation to electrical 
properties of the structure. Small sources of α, β and γ radiation were used for preliminary 
measurements. Capacitance and current measurements were performed on samples with and 
without presence of ionising radiation and results compared. Effect of β and γ radiation has 
not been confirmed due to the limited activity of available sources. Presence of α radiation 
has noticeably changed the capacitance of reversely biased structure and produced increase of 
current through the structure. We have tried to explain the capacitance properties using the 
model previously developed for the organic bilayer structures, but we did not manage to 
resolve all effects involved. 

1 INTRODUCTION 

Organic semiconductors are organic materials that share some properties with inorganic 
semiconductors, like silicon or germanium. Their discovery in eighties has initiated broad 
research activities aimed at the application of organic semiconductor as a substitute for classic 
semiconductors in many devices. The main advantage is the relative simplicity of 
technological implementation promising substantial economical effects and offering 
possibility for the new semiconductor products. The results of these efforts are already present 
in the form of the new computer displays and the new photovoltaic cells. 

The other promising fields of implementation of organic semiconductors are sensors 
and detectors. Due to the differences in chemical and physical properties, organic 
semiconductors could serve as a starting material for new and improved sensors and detectors. 
The first steps in this field were already taken, but just few [1, 2, 3] in the field of the use of 
organic semiconductors for the detection of ionizing radiations. The reason for this delay was 
related to low carrier mobility in organic semiconductors and sensitivity to radiation damage, 
that will probably put some serious constrains to general applicability of such devices. 
Nevertheless, it would be unwise to avoid this class of materials starting just from some 
general conclusion without further evaluation of processes and effects under the influence of 
different types of ionising radiation and investigation of possible comparative advantages for 
particular implementations. 
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Active sensors and detectors for ionising radiation nowadays belong either to gas 
detectors or broad class of semiconductor detectors where scintillation detectors are also 
included.  This last sub-class of semiconductor detectors, scintillation detectors, was in fact 
the first application where some organic materials with semiconducting properties were used 
for the detection of ionising radiation. But the source of information in these devices is the 
fluorescence process (also related to band structure of energy levels) and not the change in 
electrical properties due to the release of charge through primary ionisation as is common in 
“popular” semiconducting detectors.  

Some of the passive detectors used for dosimetry also rely on semiconducting properties 
of matter extending the applicability of semiconductors in general to the field where number 
of detectors in use is huge and applicability is often limited with price and technological 
capabilities to evaluate each detector. 

Although the name of organic semiconductors indicate the similarity and possibility to 
build similar structures and devices like with inorganic semiconductors, this is not completely 
true. In fact the basic microscopic picture of these materials is quite different and the 
mechanism behind the semiconducting properties of organics in question is the consequence 
of molecular properties, and not the consequence of properties of a crystal, like with inorganic 
semiconductors. 

In the past we have been working on the Ion Cluster Beam (ICB) deposition technology 
and evaluation of electric properties of Schottky junctions on silicon. We have tried to apply 
the same technology to organic semiconductors, but we learned that knowledge acquired on 
metal-inorganic semiconductor junctions is not adequate to be implemented on metal-organic 
semiconductors junctions without further investigation. The result of this investigation was 
the model of junction that was capable to describe qualitatively and quantitatively the data 
acquired from literature, as well as the data from the metal-organic semiconductor junctions 
produced in our lab. The results of this work were published [4, 5] and presented on some 
conferences [6-11]. 

Starting from these results, we have decided to evaluate the influence of ionising 
radiation on metal-organic semiconductor junctions and to verify the possibility to use these 
structures for detection and dosimetry of radiation. In this paper the results of first and 
preliminary experiments are presented and discussed using the model that was developed for 
metal-organic semiconductor junction. But prior to the presentation of our experimental and 
theoretical work, we will briefly describe some basic properties of organic semiconductors 
and the origin of their conductivity. 

2 ORGANIC SEMICONDUCTORS 

Although we usually do not connect organic materials with the electric current 
conduction, there are some organic compounds that have properties similar to inorganic 
semiconductors and conduct current. The common property of these compounds is that they 
consist of chains of connected carbon atoms, either as closed benzene rings (oligomers) or 
expanded chains (usually referred to as “backbone”) in polymers. In both cases the key to the 
charge conduction are π-bonds between adjacent carbon atoms.  

On Figure 1 a. orbitals of just two adjacent carbon atoms are presented. The results of 
sp2-hybridization in carbon atom are three bonds in horizontal plane: one of these connects 
the carbon atom through σ-bond to adjacent carbon atom. The electrons in pz orbitals create 
weaker π-bond that engages pz electrons from both carbon atoms. Energy levels of electrons 
in σ and π-bonds are presented on Figure 1 b. 

In benzene ring on the Figure 2 a. six carbon atoms are connected through strong 
σ−bonds that define mutual position of atoms and the shape of the ring. π-bonds exist 
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between the pairs of atoms, but there are just three bonds between six atoms. But we are not 
able to define the position of these bonds: they are delocalized over the ring. Chemists 
usually refer to these forms as to π-conjugated oligomers. 
 

 
a. b. 

 

Figure 1: a. Orbitals of two connected carbon atoms. b. Energy levels of occupied and 
unoccupied levels for σ and π−bonds. [12] 

 

  
a. b. 

 

Figure 2: a. Benzene ring with delocalized system of π-bonds. b. Energy levels of 
s-bonds (18 electrons) and energy levels of delocalized π-bonds (6 electrons). 

Levels of π-bonds form two groups (“bands”) labelled HOMO and LUMO [12]. 

Energy levels associated with these bonds form groups that can contain numerous levels 
when more carbon atoms interact, like in more complex molecules or in polymer chains. 
Interactions between adjacent molecules can contribute to additional degeneration of energy 
levels, but this argument is valid only for low temperatures. The groups of levels resemble 
valence and conduction bands in inorganic semiconductors, but in organic semiconductors 
they are usually named HOMO (the Highest Occupied Molecular Orbit) and LUMO (the 
Lowest Unoccupied Molecular Orbit) since the structure is basically related to the molecular 
properties. Similarly as in inorganic semiconductors, charge carriers (i.e. electrons and holes) 
can “travel” through these bands resulting in current conduction.  

Depending on the molecular structure, the separation between HOMO and LUMO 
bands is 2,5 eV or more, which is significantly larger than in inorganic semiconductors. 
Consequently, the number of thermally excited electrons (and holes) is extremely low and for 
current conduction to occur some addition of mobile charges is required. This can be done 
with injection of charges from metallic electrodes or other materials, or with optical 
excitation, or as a consequence of doping. But these charges get localized over a single 
molecule (or polymer chain) until the additional mechanism, called “thermal hopping” [13], 
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enables transfer from one molecule to the other. This mechanism is not only highly 
temperature dependent, but also depends strongly on the coordination and interaction between 
molecules. As a consequence, the mobility of charges for some particular organic 
semiconductor is highly dependent on technology and parameters of processes involved in the 
production of the organic semiconductor structure. 

For the devices with conjugated polymers probably the most common production 
process is Spin Casting of polymer from solvent, while the conjugated oligomers are usually 
applied through Physical Vapour Deposition in vacuum which also provides clean 
environment without unwanted contamination and the possibility of controlled doping. Both 
these techniques were developed from the well established microelectronic technologies. 

 
2.1 Available data on the use of organic semiconductors for the detection of ionising 

radiation  

As we have mentioned before, the first attempts to evaluate the influence of ionizing 
radiation to organic semiconductors were delayed due to the predicted problems with 
radiation damage and low mobility of charge carriers. The first available reports [1, 2] 
concentrated on measurement of material properties, like charge transport in polymer 
polyacetilene, PPV (polyphenilen-vinylene), poly(3-phenylene)-acetilene and polyvinyl-
karbazol foils under the flux of α particles [1] and change of optical properties and related 
shift of HOMO and LUMO bands, change in conduction and capacitance under the influence 
of γ radiation in Ag/MnPC(60 μm)/Ag structure [2]. In the first case the authors were able to 
confirm and analyse the transport of charge released due to α irradiation in polyacetilene and 
PPV foils, but were not able to detect observable changes in other two materials mentioned. 
In second case the authors used extremely high γ-ray doses (up to 27 kGy!) and were able to 
confirm the change in optical properties, increase of bulk conductivity and decrease of 
capacitance with increasing dose to Ag/MnPC/Ag structure. 

 

3 SAMPLES AND MEASUREMENTS 

In our laboratory the Ion Cluster Beam (ICB) Method [14] was used for the metal thin 
film deposition on inorganic semiconductors in the past. The advantage of the ICB deposition 
over the simple Physical Vapour Deposition is that it provides some additional possibilities to 
control and stimulate the growth of thin film from deposited material. We have applied this 
technology also for the deposition of organic semiconductor and we successfully managed to 
produce Schottky junctions on organic semiconductors, as well as organic 
Al/PTCDA/CuPC/ITO bilayer structures that were originally used to investigate C-U 
characteristics of organic heterolayers.  

During the production of heterolayers the layer of CuPC (copper phthalocyanine) with 
thickness 1,25 μm was deposited to ITO on glass substrate. In the following steps 0,8 μm 
layer of PTCDA (3,4,9,10-perylenetetracarboxylic dianhydride) was deposited, as well as 
0,75 μm top layer of Al. The layers were consecutively deposited through masks with 4,5 
mm, 2,5 mm and 1,5 mm openings. More details on the process of deposition, as well as 
results and discussion regarding the C-U measurements could be found in [9] and [10].  

 
3.1 Measurements 

The samples of organic of heterolayer structures used for C-U measurements were aged 
in air for a year and then used to evaluate the influence of ionising radiation. We exposed 
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samples to available sources of α, β, and γ radiation and tried to detect and measure the 
changes in current and capacitance properties of samples. 

The scheme presenting arrangement of sample and source in the case of irradiation with 
α particles is on the Figure 3. The source of α radiation was metal plate with 3 cm diameter 
and electroplated layer of 241Am with 90 kBq activity at the 1 cm distance from the measured 
structure. To eliminate the influence of metal plate to measured capacitance of the 
Al/PTCDA/CuPC/ITO structure, the measurement were taken with reversed plate (241Am 
layer up) and then with 241Am layer oriented towards the sample. The measurements with β 
and γ sources (90Sr/90Y for β and 137Cs for γ) were performed in the similar configuration, 
except that we used point sources with activity 37 kBq.  

All measurements of capacitance were taken at room temperature, with 10 kHz and 
100 mV amplitude probing signal with HIOKI 3522-50 LCR HiTESTER. Current 
measurements were also taken at room temperature with Keithley 236 Source Measure Unit. 
The same unit served as the bias source for HIOKI 3522-50 LCR HiTESTER. 
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Figure 3: Scheme of 241Am radioactive source and sample position during  
the C-U measurements 

4 RESULTS AND DISCUSSION 

4.1 Preliminary results of measurements with β and γ radiation 

Measurements with sources of β and γ radiation did not reveal any influence to current 
and capacitance properties of the structure. We were expecting this, since the quantity of 
charge released in our small test structure is extremely small comparing to the total number of 
charge carriers. For the source of β radiation the estimated number of electrons released inside 
the structure was just 10-20 per second, which is undetectable. The expected number of 
released electrons for γ source is even hundred times lower.  

The time of exposure of samples was just few minutes and the radiation damage, if it 
exists in this case, cannot be observed. Measurements in reference [2] were taken with 107 
times larger doses and therefore the results were not surprising. 

 
4.2 Preliminary results of measurements with α radiation 

In measurements with α radiation the number of electrons expected to be released inside 
the structure was few thousands per second, which equals the current of approximately 
10-15 As/s. Surprisingly, while exposing samples to α particles with the reverse biases of few 
volts and currents of few nA, we have detected increase in current of 0.01 to 0.03 nA (i.e. 
10-11 A). The same effect was observed with positive biases, suggesting that observed effects 



306.6 

Proceedings of the International Conference Nuclear Energy for New Europe, 2006 

were related to the change in bulk conduction. These were preliminary measurements and we 
have yet to confirm observed values, but the results of C-U measurements described in the 
continuation support the fact that the effect was observable in spite of small quantity of 
charge released through primary ionization.  

The results of preliminary room temperature C-U measurements are on the Figure 4. 
The capacitance in the reversely biased structure has measurably changed with the presence of 
α radiation, while we were not able to observe any effect for positive biases. These 
(preliminary) experimental data were fitted by the following expression for the differential 
capacitance, C, derived for the bilayer metal/organic1/organic2/metal structures [15]: 

 

C    =  εε0 S× 
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In the expression above the symbols have the following meaning: U is the external 

applied bias, αI = q Ni/εrε0, I = 1, 2, where q is the absolute value of the elementary charge, Ni 
is the (electrically active) trap density in the i-th layer of the organic semiconductor as 
measured from the cathode/organic contact (i.e. from the Al/PTCDA junction onwards), εr is 
the relative dielectric constant that is taken to be the same for both layers, τ(U) is the electric 
field due to the excess net charge density induced at the cathode and the first organic layer, 
and τ(U)´ denotes the derivative with respect to the bias U. The constant, N

LE
2
, denotes the 

electric field due to the charged traps of both organic layers evaluated at z = L2, i.e. at the end 
surface of the second organic/ITO junction. Here L2 is consequently the total thickness of 
both organic layers, while the thickness of the first organic is denoted by L measured from the 
interface of the cathode/first organic semiconductor (i.e. PTCDA) onwards. According to the 
assumption at the first organic/second organic interface the bias independent net charge 
density that is assumed spontaneously to occur at the contact region is giving rise to the 
interfacial electric field β, β = 02εεσΔ , where Δσ is the excess charge density presumably 
collected at the infinitely thin PTCDA/CuPc heterojunction, and similarly at this interface 
simultaneously induced bias independent electric dipole density are giving rise to the 
discontinuity Δp of the electric potential at this interface. The parameter 2l  denotes the 
expression 2l   =  L2 – L, i.e. the thickness of only the second organic semiconductor layer 
within the structure. 
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Figure 4: The results of C-U measurements of the one year aged sample of 
Al/PCTDA(0,8 μm)/CuPc(1,2 μm)/ITO bilayer structure under irradiation with α particles 

(boxes) and the results without the irradiation (stars). Both measurements were taken at room 
temperature. Full line is result of the model fitting for the sample under irradiation, and dotted 

line is the result of fitting to measurements without irradiation. 

For the bias dependent electric field τ(U), assumed to exist on account of the induced 
net charge density at the metal cathode/the first organic, i.e. Al/PCTDA junction, the 
following expression has been shown [5] to be the most appropriate one, 
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where the parameters B, U0 and K are to be determined in the fitting to the experimental data.  

It has to be specifically emphasized that according to our previous experience [5, 15] 
the series resistance, Rs, crucially affects the calculated C-U line shapes. This term comes into 
consideration on account of the charge transport through the structure, known to exist even in 
C-U measurements, which may be sufficiently well described in terms of the trap charge 
limited current with filled traps, I = const × U2, where U is the applied bias and the constant is 
an otherwise well known expression [8]. The series resistance effect is consequently taken 
into account by the following transformation,  

 
U ⇒  U – I Rs. ⇒ U - κ U2,        (3) 
 

and the parameter, κ is to be also determined in the fitting. The choice of the quadratic bias 
dependence for the trap limited current was taken on account of the previous findings that 
only such a functional dependence is able adequately to describe the room temperature C-U 
data as obtained on either monolayer or bilayer metal/organic/metal structures. The bias 
transformation Eq. (3) is inserted into the Eq. (1) only after the derivation of the expression 
(2) has been taken. 

The results of the fit are for both cases presented on Figure 4, for the following values 
of parameters: S = 1,2 × 10-6 m-2, ε = 3,5, N1 = - 8,5, N2 = - 9,5 (in units of 1022 m-3), 
Δσ = 1,32 × 10-2 As/m2, B = - 0,11 × 10-4 As/m2, U0 = 4,5 V, K = -1,35, Δp = 10 V, κ = 
0,027 V-1, and NE0 = - 1,35 × 106 V/m for the irradiated sample and N1 = - 8,0, N2 = - 9,3 (in 
units of 1022 m-3), Δσ = 1,32 × 10-2 As/m2, B = - 0,14 × 10-4 As/m2, U0 = 4,8 V, K = -1,2, 
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Δp = 0 V, κ = 0,027 V-1, and NE0 = - 1,36 × 106 V/m for the aged one. The differences in the 
obtained parameters are obviously too small to warrant any definite conclusion apart from the 
fact that it appears the effect of the irradiation to be significant in the reverse direction of bias 
for our sample. These results, however, offer a strong support to our expectations, that under 
the suitable condition, the bilayer metal/organic structures, deposited by the ionized cluster 
beam method, may offer the possibility to be used as simple and useful devices also for the 
ionizing particle detection.  

Parameters obtained from C-U measurement were also used to calculate the electric 
field inside Al/PCTDA(0,8 μm)/CuPc(1,2 μm)/ITO structure. It is obvious that the significant 
electric field is present in the whole structure, which probably explains observed changes in 
current under α irradiation. It seems that the field is high enough to induce multiplication of 
primary charges producing unexpectedly high changes of currents in biased structure due to α 
irradiation. 

 

 
Figure 5: Electric field vs. depth for the reversely biased 

Al/PCTDA(0,8 μm)/CuPc(1,2 μm)/ITO bilayer structure as calculated from the parameters 
obtained from C-U measurements. Full line is for the sample in the presence of α radiation, 

and dotted line for the sample when α radiation was not present. 

5 CONCLUSION 

Preliminary measurements of the ICB deposited samples of Al/PCTDA/CuPc/ITO 
organic bilayer structure have shown that the exposure to α radiation has modified 
capacitance and current properties of reversely biased structures, but at the moment we are not 
able to satisfactory explain all processes and describe the structure modified by irradiation. 
Although the additional investigation and experiments will be needed to clarify the effects, 
the results strongly support the assumption that these and similar structures can be used for 
detection and dosimetry of ionizing radiation, α radiation in particular. We were not able to 
confirm similar effects with β and γ radiation, but this was not unexpected due to the limited 
activities of our sources. 

At the moment, we are not able to verify the effect of neutron radiation, as well as to 
confirm probable radiation damage to our samples. It is our intention to use radiation fields of 
TRIGA Mk II reactor to evaluate both these effects and to study possible use of organic 
semiconductor structures as passive detectors for ionising radiation. 
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