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Abstract

The objective of this work was to determine electric transport in the organic device based on a
planar  junction of electron donor and electron  acceptor  materials,  namely
ITO/Mo0O3/DBP/F16ZnPc/BCP/Ag. The analysis reported herein was based on direct current-voltage
measurements and small-signal admittance spectra in the dark and under illumination. Such analysis may
provide information on potential barriers, parasitic resistances and presence of space charge affecting the
electric current flow within the device. Therefore, this approach could be applied for determination of
physical processes related to electric charge transport within multilayer structures, such as photovoltaic
cells or photodetectors.

In the case of the investigated system, the parallel parasitic resistance, the resistance of electrodes,
and the geometric capacitance of 10 M(), 55 , and 1.6 nF respectively were found. It was also shown that
the direct current flowing from ITO to Ag was limited by charge carrier injection from electrodes, while in
the case of current flowing from Ag to ITO no essential barriers at electrodes were noticed.

Keywords: Organic planar heterojunction, Small signal admittance spectra, Charge transport, Photovoltaic
effect

1. Introduction

Solid photovoltaic systems operating on the basis of charge carrier separation at a single
heterojunction can be generally divided into inorganic and organic semiconductor devices. Operation
principles of inorganic solar cells are well known and efficiencies of particular processes occurring in
these systems, starting from absorption of photons and ending with charge carrier collection by
electrodes, can be estimated quite accurately. The resultant total efficiencies evaluated from efficiencies of
particular processes are in agreement with experiments and the most effective inorganic systems [1] have
almost reached the efficiency limit predicted by Shockley-Queisser theory [2]. In the case of organic
devices, the most effective systems reach power conversion efficiencies 3 times lower than their inorganic
counterparts [1] and processes involved in energy conversion do not seem to be well described. In
particular, electric properties of organic junctions raise many doubts. First of all, it is hard to confirm or to
rule out the development of space charge region near the junction. Moreover, if it does occur, we can put
the question if the width of the region is modified by external electric field, and eventually, if this region
provides proper conditions for charge separation. These issues are important for the operation of the
device in the dark as well as under illumination.

In this work we analyse electric transport in a planar bilayer organic device in the dark and under
illumination with light from the spectral range of strong absorption of both active materials. Our analysis
is based on direct current-voltage characteristics and small signal admittance spectra obtained within the
50 Hz - 1 MHz frequency range. Our reasoning regards simultaneous analysis of both components of
complex admittance and their relation to direct current-voltage curves collected in the dark and under
illumination. Although there are many articles that present the analysis of small signal admittance of
organic devices, such an analysis is usually carried out under the assumption of a certain process
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determining these spectra. As a result, these studies are often limited to consideration of only one
component of small signal admittance spectra. Assuming the presence of a depletion region near the
interface one may determine the width and capacity of this region, distribution of trapping states or the
height of a potential barrier on the basis of Mott-Schottky plots (e.g. [3]). Capacity of such a depletion
region should be independent of frequency and drop with the increase in reverse voltage. Another
example of the analysis regarding only one component of small signal spectra is the analysis of
susceptance used to determine mobility of free charge carriers whenever space charge limited current
flows through the investigated system. In this case we observe a modulation of the spectrum related to the
time of flight of free charge carriers. This method attracts considerable attention since it enables
determination of relatively low free charge carrier mobilities in thin organic layers (e.g [4,5]). Another
common example of small signal admittance analysis reported in literature is representation of the data in
the form of Cole-Cole type of graphs, usually as the negative reactance (-Z”) vs resistance (Z’) (e.g [6]).
This approach enables determination of elements of the equivalent circuit, namely the number of
capacitors and resistors necessary to model the device under study. Although it is possible to evaluate the
values of resistance, one cannot easily determine the values of capacity on the basis of such plots. The
latter are useful whenever changes in the values of chosen elements induced by external factors are the
matter of interest (e.g [7,8]). Nevertheless, to assess the values of all the elements the equivalent circuit is
comprised of one has to consider both components of frequency dependent small signal admittance.
Moreover, knowledge on the effect of DC voltage on small signal spectra is useful for attribution of these
elements to geometrical elements of studied system, such as resistance of electrodes or geometrical
capacity of the layers, and determination of processes related to charge transport. The correlation
between low frequency conductance and current-voltage dependence, as well as the influence of
illumination on small signal spectra are also worth studying. There are not many papers showing the
analysis of both components of small signal admittance spectra collected for photovoltaic cells under
different DC biases. Furthermore, the number of publications dealing with such spectra measured under
illumination and referring them to current-voltage characteristics is very limited. Herein, we present a
complete analysis of admittance spectra collected for our samples in the dark and under illumination,
relating these results to data acquired during DC experiments, and show the application of this approach
in the analysis of processes determining electric charge transport in similar systems.
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Fig. 1. Chemical structure of DBP on the left and F1sZnPc on the right (a). Energy levels of particular layers of our system on the left
and the architecture of the investigated photovoltaic device on the right (b). Energy diagram was drawn on the basis of data
presented in [12,21,22] for ITO, in [6,11,19] for M0Os, [10,11,12] for DBP, [13,23] for F16ZnPc, [13,16,17,24,25] for BCP, [26] for Ag.
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The system under study was the ITO/MoOs/DBP/FisZnPc/BCP/Ag cell, where ITO is indium tin
oxide, MoO3 is molybdenum trioxide, DBP is tetraphenyldibenzoperiflanthene, F16ZnPc is perfluorinated
zinc phthalocyanine and BCP is bathocuproine. DBP was applied as an electron donor [9,10] due to high
absorption coefficients of this material reaching over 4x105 cm-! [10-12], while F16ZnPc as an electron
acceptor [13,14] that absorbs light of longer wavelengths compared to DBP. Both of these materials form
homogeneous layers upon thermal evaporation [12,13]. Complementarity of their absorption spectra
should enable harvesting of light from the whole visible range, while the energetic offset between the
donor and acceptor layers, shown in Fig. 1, confirms proper conditions for exciton dissociation at the
DBP/F16ZnPc junction. We suppose that excitons with energies higher than the difference between LUMO
of F1sZnPc and HOMO of DBP can effectively dissociate at the DBP/F1sZnPc interface and as a result of this
process electrons populate F16ZnPc, while holes populate DBP. Thin layer of MoO3 was incorporated into
the cell to prevent exciton quenching at the ITO electrode and to enable better hole extraction from DBP to
ITO [9,15], while BCP played two roles, namely reduction of exciton quenching at Ag [9,10,13,16,17] and
protection of F16ZnPc layer from penetration of Ag atoms during evaporation of the latter. We have to add
here, that it is known that vacuum evaporation of MoO3 does not lead to pure MoOs layer but rather to the
growth of a MoOx film [18,19]. Although there are two different views on the energetic structure of such
films and mechanisms of electric conduction within these layers (see Fig. 1a), applicability of MoO3 as a
buffer layer has been confirmed by many experiments [9,15,6,20].

2. Experimental

Samples were fabricated under high vacuum of 5x10-¢ hPa (Auto 306 Turbo, Edwards).
Substrates were neither heated nor cooled during the process, and special shields for evaporation sources
were used to avoid cross contamination. Glass substrates partially covered with ITO were cleaned in
ultrasonic bath with isopropanol, blow-dried with hot air, and transferred into a vacuum chamber, where
the following layers were subsequently evaporated: MoOs3 (5 nm), DBP (17 nm), F16ZnPc (65 nm), BCP (15
nm), and Ag (50 nm). Organic materials and MoO3 were evaporated in one vacuum cycle. The rate of
evaporation of all the layers was equal to 0.2 nm/s. The active area of the samples was ca. 6 mm?2. The
experimental setup used to collect current-voltage characteristics and short-circuit current spectra was
reported in [13], while small signal admittance spectra were recorded by PM6306 FLUKE LCR meter. The
root mean square voltage of 50 mV was applied in the case of all small signal measurements, while all the
experiments involving illumination of the samples were run under monochromatic illumination through
ITO with light of intensity [o=1014 photons/(cm?s) and either variable wavelength from the 375 nm -
900 nm range (in the case of short-circuit current action spectra) or wavelength of 600 nm.

3. Analysis and discussion

The wavelength of illumination used in all subsequent measurements was selected due to the peak
value exhibited by the short-circuit current (Fig. 2a) and open-circuit voltage (Fig. 2b) action spectra
within the 600 - 610 nm range, in which both active materials show high absorption (normalized
absorbance of these materials, i.e. A/Amax where A stands for the absorbance of the layer, while Amax is the
maximum value of this parameter recorded in the 380-900 nm range, where shown in Fig. 2a and b for
the reference; values of A equal to 0.43 and 0.32 were recorded for the F16ZnPc layer at A = 635 nm and
the DBP layer at A = 608 nm, respectively). The direction of current flow and symbatic character of both
action spectra (i. e. the correspondence between the maxima of current or voltage and absorption of light
by active materials) within the whole investigated spectral range confirm that photovoltaic effect
observed in this system is driven by exciton dissociation at the DBP/F1sZnPc junction. After dissociation
holes are transported through DBP to ITO, while electrons reach Ag via Fi¢ZnPc. Moreover, symbatic
character of the short-circuit current action spectrum indicates that even excitons generated near the
MoO3 layer are capable of dissociation at DBP/F1¢ZnPc interface and contribute to current flow.
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Fig. 2. Short-circuit current (a) and open-circuit voltage (b) action spectra collected for the ITO/MoO3/DBP/F1sZnPc/BCP/Ag cell
illuminated through ITO with light of intensity 1o=10'¢ photons/(cm?s) (blue circles and triangles), along with normalized
absorbance of DBP (dashed line) and FisznPc (solid line). Current flows from Ag to ITO.

Fig. 3 shows current-voltage characteristics collected in the dark (solid squares) and under
illumination (circles). Positive voltage corresponds to higher potential at ITO. Solid circles show current
flowing from ITO to Ag, while open circles correspond to current flowing from Ag to ITO. At A = 600 nm
and under such relatively low light intensity the short-circuit current reaches ca. 0.8 pA/cm?, while the
open-circuit voltage yield 0.35 V. According to R. A. ]. Janssen and ]. Nelson [27] the offset between the
hole-transporting level of DBP and the electron-transporting level of FisZnPc of 0.9 eV should be sufficient
to provide the V,. of about 0.6 V under higher illumination intensities. The inset of Fig. 3 shows a semi-log
plot of the dark current-voltage curve that cannot be fitted to the modified diode equation characteristic
for semiconductor p-n junctions, since we would observe an increase in the diode ideality factor n
(extracted in the same manner as in [28]) from 1.4 at 0.1 V to 6.5 at 0.8 V, that cannot be explained within
the frame of Shockley equation [29]. Such a situation is quite common for organic solar cells.
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Fig. 3. Current-voltage characteristics of the ITO/MoOs/DBP/FisZnPc/BCP/Ag system in the dark (blue squares) and under
illumination with A=600 nm and lp=101* photons/(cm?s) from the ITO side (red circles). Solid and open symbols correspond to
current flowing from ITO to Ag and from Ag to ITO, respectively. Inset shows the semi-log plot of the dark current, while n stands for
the diode ideality factor.

Spectra of small signal conductance and capacitance collected for the investigated system in the
dark and under illumination are presented in Figs. 4 and 5 respectively in the form of conductance (Y’), i.e.
a real part of admittance, and the real part of capacitance (C’). Firstly, it is worth noticing that the
spectrum of C’ does not depend on applied steady voltage nor illumination. In this spectrum we
distinguish two nF capacitances independent of frequency in a wide range of frequencies. Thus, spectrum
of capacitance seems to be determined by two ideal capacitors. Situation changes in the case of
conductance - for higher frequencies (just above ca. 6-103 Hz) the curves are practically independent of
steady voltage, while for lower frequencies a clear effect of steady voltage is seen. Looking from lower to
higher frequencies we can generally notice three steps of the curves. The lowest one depends on steady
voltage and is explicitly noticeable at V = 0.8 V. The middle one does not depend on steady voltage and is
seen at around 10 kHz. The existence of the highest step can be deduced from the continuous increase in
the logarithm of conductance with logarithm of frequency observed for the frequencies above 100 kHz.
Taking into account the above consideration we can propose the equivalent circuit of the investigated
device consisting of 5 ideal elements, namely two capacitors and three resistors, that could be connected
as shown in Fig. 6. Assuming this kind of a connection, we may easily distinguish the resistance of
electrodes and a geometric capacitance. By resistance of electrodes we mean an ohmic resistance resulting
mainly from the thickness of the top electrode (the issue was discussed in [30]). By geometric capacitance
we, like many others (e.g [31]), mean capacitance of the system composed of regarded layers (with no free
charge carriers) sandwiched between parallel electrodes. Geometric capacitance results from dielectric
polarizability, so it is determined by the permittivity of sandwiched layers and their thickness. In the
proposed equivalent system, Ro could be the resistance of electrodes, while C1C,/(C1+C) the geometric
capacitance.
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Fig. 4. Small-signal conductance (solid symbols) and capacitance (open symbols) spectra collected in the dark for various values of
steady voltage at higher potential on ITO.
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Fig. 5. Small-signal conductance (solid symbols) and capacitance (open symbols) spectra under illumination through ITO with light

of wavelength of 600 nm and intensity of 101* photons/(cm?s) collected for various values of steady voltage at higher potential
onITO.

Fig. 6. Equivalent circuit proposed for interpretation of experimental results.
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To verify the choice of the equivalent circuit and to evaluate the values of resistances and capacities
of particular elements of that circuit we fitted the experimental results of admittance spectra (Figs. 7
and 8) with simulated curves, separately for each value of steady voltage. As it is seen, good correlation
between simulated curves (lines) and experimental data (symbols) was obtained for higher values of
steady voltage (for I higher than ca. 0.4 V).
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Fig. 7. Small signal conductance (Y") and susceptance (Y”) spectra obtained in the dark at selected values of steady voltage with the
ITO at higher potential: symbols - experimental results, lines - simulated curves for the equivalent circuit presented in Fig. 6. Inset
presents parameters of all five elements of the equivalent circuit (symbols) obtained from the best fit versus steady voltage.
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Fig. 8. Small signal conductance (Y’) and susceptance (Y”) spectra under illumination with light of 600 nm and 1014 photons/(cm?2s)
from the ITO side at selected values of steady voltage with the ITO at higher potential: symbols - experimental results, lines -
simulated curves obtained for the equivalent circuit presented in Fig. 6.
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The next step was to analyse the relation between low frequency conductance defined as

Y r=limp Y (1)
and differential direct current conductance defined as
di
Gdc = E [2)
since for small signal admittance the following condition should be satisfied:
Y'p = Gac (3)

Fig. 9 shows differential direct current conductance (Ggq, lines) calculated from the data shown in
Fig. 3, along with small signal conductance taken from experimental spectra (Figs. 7 and 8) at a frequency
equal to 100 Hz (Y'100, symbols). The values of these parameters are consistent with each other for higher
values of steady voltage both in the dark and under illumination. On the other hand, for lower values of
steady voltage the dark Y'1oo differs from the dark Gq but the former correlates well with the Gq. under
illumination. It is worth noticing, that within this range of steady voltage the Y'10o is of the same order of
magnitude in the dark and under illumination (10-7 S and 5x10-7 S respectively) much greater than the
dark Ggc. Furthermore, the Y'100 in the dark and under illumination is almost independent of steady
voltage within the lower range of voltages. The increase in the Y'100 is observed for voltages higher than
ca. 0.4 V, where the Y’100 conductance follows Ggc.
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Fig. 9. Differential direct current conductance (Gqd.) in the dark (blue line) and under illumination (red line) as well as the
conductance (Y’100) in the dark (blue circles) and under illumination (red squares) versus steady voltage.

Let us now take into account all properties mentioned above. Firstly, we shall consider the range of
voltages where good correlation between direct current and small signal responses occurs, i. e. steady
voltage > 0.4 V. Since good correlation between simulations and small signal spectra is observed in this
range, and simultaneously the relation given by Eq. (3) is valid, we can say that our equivalent circuit is
complete. It means that we do not need any additional elements to explain small signal spectra, or in other
words, no other element can be deduced from small signal spectra even if frequencies lower than these
applied herein are used. Let us now analyse the values of parameters obtained for particular elements
from simulations. The inset of Fig. 7 presents these parameters as a function of steady voltage. As it is
clearly seen, only one parameter, namely R; explicitly depends on voltage, while the others are practically
constant. Such behavior can suggest that these four parameters, namely Ry, Ry, Ci, C;, origin from
geometry of the system under study. C; = 4.3 nF and C; = 2.5 nF may be attributed to geometric
capacitances of DBP and Fi6ZnPc layers respectively. However, taking into account the thickness, active
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area, and permittivity of each layer we would expect a bit higher values of capacitances. Therefore, we can
suppose that C; is not a pure geometric capacitance of DBP film but it can be a geometric capacitance of
DBP and MoOs layers connected in series. Analogically, C, could be regarded as a geometric capacitance of
the F16ZnPc/BCP bilayer. Moreover, in contrast to the semiconductor p-n junctions, no effect of space
charge at electron donor/electron acceptor interface is noticeable, since in the case of p-n junctions the
capacitance of space charge region explicitly depends on steady voltage.

If we assume that C; and C; connected in series account for the geometric capacitance of
MoO3/DBP/F1sZnPc/BCP then Ro can be regarded as the resistance of electrodes. Such resistance
obviously does not depend on steady voltage and the value of 55 () obtained for the investigated system is
rather typical for the electrode resistance in organic devices [30,32-34].

To interpret Ry and R; it is worth noticing that R; is in parallel configuration to C; and R; is in
parallel configuration with C; (see Fig. 5). So, R1 can be roughly related to the resistance of BDP and R; can
be roughly related to the resistance of FisZnPc. Moreover, we see that R1 is much lower than R; and
independent of steady voltage. As Ri << Rz and the thickness of DBP layer is only twice lower than F1sZnPc
we can suppose that conductivity of DBP is much higher than conductivity of F1sZnPc. It is not a surprising
result, since generally in the case of organic materials a hole-transporting layer usually conducts electric
current much better than an electron-transporting layer. Moreover, as R; does not depend on steady
voltage we can say there is no barrier for holes entering DBP from ITO via MoOs. Different situation is
observed for Rz, which decreases with increasing voltage. As the current is flowing from ITO to Ag and
F16ZnPc is an organic material of acceptor properties, we can relate R; to the transport of electrons from
Ag to Fi¢ZnPc /DBP junction. Therefore, the effect of voltage on R, could result from either injection of
electrons from Ag to FisZnPc via BCP or transport of electrons in FisZnPc, or recombination of electrons
with holes at F1¢ZnPc /DBP. In our opinion the most probable process determining voltage dependence of
R2 seems to be the first case, namely electron injection from Ag into Fi¢ZnPc. We think so, because R; is
connected in parallel with geometric capacitance of F1sZnPc/BCP layers. Moreover, we would not observe
a pure geometric capacitance in the case of space charge limited current, since then a time of flight
modulates small-signal-capacitance spectra [35,36]. We would not observe it also in the presence of space
charge at a p-n junction since in this case the measured capacitance is much higher than the geometric one
and voltage-dependent [29].

Interesting situation occurs for steady voltage lower than 0.4 V. The steady dark current still seems
to be determined by electron injection from Ag into FisZnPc, as Gqc decreases with decreasing voltage
(blue line Fig. 9), however the dark Y'100 (blue circles) does not follow Ggc. The Y'100 Stays at the level of
10-7 S, that is much higher than Gq for the dark current. Hence, we can predict that for frequencies lower
than investigated the small-signal conductance will drop to the values correlating to the dc curve. We can
say that within this range of steady voltage, our equivalent circuit is not complete. Interesting is also the
fact, that the level of 10-7 S correlates to Gg. of the photovoltaic curve (red line in Fig. 9). A constant level
of Ggc within the photovoltaic range generally results from parasitic resistance and when this conductance
is observed nearby the short-circuit of photovoltaic cell it usually origins from parallel parasitic resistance
[37]. For our device the parallel parasitic resistance is also seen in small signal response, since the Y'100
both in the dark and under illumination follows Gg. within photovoltaic region. So we come to conclusion
that under low steady bias small signal conductance in the dark and under illumination is determined by
parallel parasitic resistance of our photovoltaic cell.

Let us look at experimental data at steady voltage below 0.4 V regarding that 107 Q is just a parallel
parasitic resistance. As we mentioned previously, the presence of this resistance is noticeable in the dark
small signal spectra, however the dark direct current is determined by much higher resistance that has to
be connected in series to the parasitic resistance. On the other hand, this much higher resistance does not
affect the photovoltaic current. We think that such behavior can be related to the direction of the current
flow. The photovoltaic current flows from Ag to ITO, while the dark current flows from ITO to Ag. In the
photovoltaic regime we do not see any effective resistance connected in series, so we can say that holes
generated at the DBP/F16ZnPc junction can easily enter ITO from DBP via MoO3 and electrons generated at
the DBP/F16ZnPc junction can easily enter Ag from FisZnPc via BCP. In the dark there must be however a
barrier for injection of either electrons from Ag via BCP to F16ZnPc or holes from ITO via MoO3 to DBP.
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We think that the presence of the former barrier is more probable, since greater resistance, i.e. Ry, is
connected to C; in our equivalent circuit.

The statement that the injection of free charge carriers from the electrode determines the dark
current flow is also supported by experimental results obtained under bias greater than 0.4 V. Namely, the
increase in the current injected from electrodes at higher electric fields can account for the increase in Gqc
over 10-7 S observed under this bias.

4., Conclusions

Simultaneous analysis of both components of complex admittance and their relation to direct
current-voltage curves collected in the dark and under illumination proposed herein can be a valuable tool
for determination of physical processes related to electric charge transport within multilayer structures,
such as photovoltaic cells or photodetectors. Such an analysis may provide information on potential
barriers, parasitic resistances and presence of space charge affecting the electric current flow through the
device. Moreover, the analysis of small signal spectra may be applied as an easy method of evaluation of
electrode resistance and of geometric capacitance of the investigated system.

Using this approach for the investigated ITO/Mo0O3/DBP/F1sZnPc/BCP/Ag structure, we managed
to propose equivalent circuits of the investigated system, i.e. capacities, resistances and the type of their
connection, and to relate these elements to physical processes taking place within this system subjected to
external bias. We came to a conclusion that processes determining charge transport depend on the
direction of current flow. The dark direct current-voltage curve is determined by electrode injection of
free charge carriers, most probably by electron injection from Ag into Fi¢ZnPc via BCP. Nevertheless, there
are no potential barriers for collection of free holes and electrons photogenerated at the donor/acceptor
interface, i.e. for the extraction of holes from DBP into ITO via a thin layer of MoOs nor for electrons
flowing from F16ZnPc to Ag via a thin film of BCP.
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