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Abstract

Flexible organic and printed electronics has led in the last years to exciting applications, especially for what concerns devices
incorporating photosensitive materials. Among the latter, organic field-effect phototransistors are a promising technology
because of the high light-sensitivity and the possibility of being integrated within more complex systems. Nevertheless, their
optimization has not been thoroughly investigated and considerable variations are often observed in their behavior. In this
framework, the most critical aspect is represented by the interface formed between the organic semiconductor and the employed
dielectric layer. In our contribution, we have fabricated metal-insulator-semiconductor (MIS) structures based on the archetypal
photosensitive organic materials poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid methyl ester (PCs;BM) on
Silicon/SiO, substrates, exploiting their blend in a bulk heterojunction configuration. The MIS structures have been characterized
by means of admittance spectroscopy to study the properties of the trap distribution at the interface between the organic
semiconductors and the silicon oxide insulating layer. The complex behavior of the capacitance and loss diagrams has been
interpreted with a simple electrical model to extract the density of the traps at the interface between the insulator and the
semiconductor. It is shown that in the blend-based MIS device several peaks arise in the loss diagram with respect to the only
P3HT MIS device. This could be attributed to a different interaction between the single species in the bulk heterojunction and the
silicon oxide layer. Furthermore, the reported values of trap densities result in the range of those determined for analogous
structures and materials.
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1. Introduction

Over the last decade, organic electronics has shifted its focus from the study of basic material properties to the
exploitation of complex system architectures. In this regard, one promising technology concerns the realization of
optoelectronic devices, with particular consideration to the solution processing of the materials [1-5]. Focusing on
light-sensitive detectors [6], exciting applications have been successfully demonstrated exploiting the conformal
features and biocompatibility of photosensitive organic semiconductors, as the realization of near infrared detectors
[7] and of prosthetic apparel to restore sensitivity in the retina of blind rats [8]. Such multifaceted systems rely on the
exploitation of organic photodiodes and phototransistors, among which the latter have been proven to possess high
light-sensitivity and the design flexibility to be employed in a number of applications. For instance, organic
phototransistors with performance comparable or superior with respect to the conventional planar structures can be
realized in vertical fashion [9], which provides better process integration with other organic electronics devices.

Nevertheless, the realization of reliable systems to be employed in commercial applications is subordinate to a
full device optimization. In this regard, in organic field-effect phototransistors it is crucial to study the properties of
the insulator/semiconductor interface, since trap levels at this particular device site are often responsible for transport
degradation [10], which in turn negatively affects the photogenerated charge extraction [11-13]. In the
characterization of trap states and carrier lifetimes several transient and frequency domain techniques have been
employed, such as Open Circuit Voltage Decay (OCVD) [14], Deep Level Transient Spectroscopy (DLTS) [15] and
admittance spectroscopy [26-28].

In this work, the admittance spectroscopy method has been applied to investigate the interface properties of
organic field-effect phototransistors based on poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid
methyl ester (PC¢;BM), comparing a bulk heterojunction device [16,17] to a neat P3HT device. An analogous
technique have been applied in [18] to probe the increased photoresponse of P3HT:PC4,BM with respect to P3HT.
However, this method has not been applied to our knowledge to characterize the interface traps of bulk
heterojunction organic field-effect phototransistors.

In particular, we have measured the admittance of the devices at various electrical biases, for frequencies between
20 Hz and 2 MHz. The behavior of the real and imaginary part diagrams has been described with a simple electrical
model relying on a resistor-capacitor (RC) equivalent circuit. The interface behavior has been associated to a Fermi
level pinning regime and trap densities have been extracted, resulting in the order of 10'° cm2 eV-l. Moreover, the
loss diagram of the P3HT:PCyBM device shows an additional peak with respect to the neat P3HT device, which
could be allegedly associated to a different interaction between the single species in the bulk heterojunction and the
silicon oxide layer. These considerations are further supported by comparison with the admittance spectrum of a
plain PC¢;BM device, as discussed at the end of section 3.

2. Materials and methods

The phototransistors were realized in a bottom-gate top-contact configuration on thermally oxidized p-type
Silicon substrates (electrical resistivity of 0.001 Q cm), with nominal Silicon Oxide thickness of 300 nm (Ossila).
The substrates, onto which the semiconductors were spin-coated, served as gate contact and insulator. The source
and drain electrodes were realized in Au by thermal evaporation deposition through a shadow mask. The channel
geometry was interdigitated with form factor W/L of 360 and the total contact area (source plus drain) was of
2.5 mm?.

The device processing was performed in a class 100 clean room. Prior to semiconductor deposition, the substrates
were cleaned with a standard procedure comprising ultrasonic cleaning in Isopropyl alcohol and Acetone. In
addition, an UV-Oj sterilization was performed before the last Isopropyl alcohol cleansing step. The P3HT and
P3HT:PC¢;BM (Sigma-Aldrich) solutions were prepared in ortho-Dichlorobenzene with concentrations of
1:100 %wt and 1:1:100 %wt, respectively. The solutions were stirred for 2 hours on a hot plate at 60° C and filtered
before utilization. The deposition of the semiconductors occurred on the cleaned substrates at 2000 rpm for 60
seconds, with an acceleration ramp of 5 seconds.

Morphology analysis of the resulting films were performed with a stylus profilometer (KLA-Tencor P-6). The
resultant thicknesses were of 30£3 nm for P3HT and 6946 nm for P3HT:PC¢ BM bulk heterojunction. In addition,
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the average roughness and waviness were around 27+5 A and 6+2 A respectively, as measured on a scan domain of
400 pm. The devices were completed by the deposition of the source and drain contacts from a base pressure of
4-10"7 mbar at an evaporation rate of 0.15 nm s*'. The resulting Au thickness was of 46 nm. The samples were held
in vacuum until the electrical characterization was performed.

The admittance of the metal-insulator-semiconductor (MIS) diode formed between the gate and the source
contacts was evaluated with an LCR meter (Agilent 4980A) for gate biases between -40 V and 40 V, considering a
sinusoidal excitation of 100 mV. All measurements were performed at ambient temperature, in ambient air and
under dark conditions.

3. Results and discussion

Admittance spectroscopy consists in measuring the small-signal steady-state parallel admittance of a given device
varying the excitation frequency. The admittance Yp is often expressed in terms of the capacitance Cp and loss Lp
functions, as in Equation (1), where w is the angular frequency (27zf) and i is the imaginary unit. The capacitance and
loss functions for a Maxwell-Wagner relaxation process with time constant 7, are reported in Equation (2) [19],
where ¢ is the elementary charge, 4 the device area and Dy is the involved density of states per unit area and energy.

Y.(0) = oL, (0)+ioC,(w) 6]
1
Cp(@) = gAD, ———, L,() = gADy — 0 @
+(w1,) 1+(w1,)

According to Equation (2), the loss function appears to possess a peak located at wzy=1/ with magnitude L,
which coincides with the capacitance value at the same radial frequency. In addition, the capacitance is subject to an
inflection point at the frequency in which loss has its maximum.

The admittance spectra as measured in the P3HT and P3HT:PC4,BM MIS diodes are shown in Figure 1 (scatter).
A multiple peak behavior can be observed in the loss diagrams, where each peak can be associated to a particular
relaxation process. The first peak of the P3HT diode is shown to depend in both frequency and magnitude on the
applied gate bias, while the second possesses a voltage independent frequency and a magnitude with minor
polarization effects.

The latter peak has been attributed to the parasitic contact resistance arising from the measurement setup and will
not be taken into further consideration in the analysis of the device. Similarly, in the P3HT:PC¢BM diode two peaks
and a weak shoulder (peak #3) are visible. The low and middle frequencies peaks show a similar frequency and
magnitude behavior on gate bias, while the shoulder moves below the middle peak for voltage going from positive to
negative.

The admittance behavior of the two devices has been modeled with simple equivalent electrical circuits formed
by RC branches, as shown in the insets of Figure 1c and Figure 1d. Each RC branch is associated to a peak in the
loss diagram and the circuit time constant is chosen to match with the considered peak frequency (RC=ty). In this
context, the dispersion relations for the capacitance and loss spectra reported in Equation (2) arise from a series-
parallel transformation of the RC branch. The admittance model curves are also visible in Figure 1 (solid lines) and
the values of the electrical parameters used in their generation are listed in Table 1, for the various gate biases.

The parameters have been chosen to fit the peaks occurring in the loss diagrams and some discrepancies arise due
to the model simplification. In particular, the low frequency dispersion of the curves is believed to be originated by
parasitic effects due to a non-structured semiconductor layer [20]. Furthermore, the peak fit in the loss diagrams is
inaccurate between consecutive peaks. This can be associated to a multiple time constant relaxation process, which
is failed to be described by a Maxwell-Wagner relationship due to the broadening of the peaks [19].
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Fig. 1. Loss spectra of the (a) P3HT device and (b) P3HT:PC¢ BM device; capacitance spectra of the (¢) P3HT device and (d) P3HT:PC4,BM
device, with the equivalent circuit reported in the inset. The data are normalized over a pad area of 1.25 mm?, with both experimental (scatter)
and electrical model (solid) curves shown. The different peaks are also highlighted in the loss spectra.

Table 1. The values of electrical parameters employed in the generation of the electrical model curves. The parameters not reported in the
table have been considered constants. In particular, for PZHT C; has been fixed to 50 pF (base capacitance at high frequencies), while for the
bulk heterojunction values of R, = 56.2 Q and C, = 177 pF (base capacitance at high frequencies) have been employed.

P3HT P3HT:PCsBM

vt R IMQ]  C[pF] R [kQ]  C[pF] R MQ] G pF]  R[MQ]  GI[pF] R [kQ] G [pF]
-30 4.8 485 4.1 138 9.2 525 0.30 48.0 56.9 215
-10 9.0 47.8 4.0 139 15.8 52.5 0.47 48.0 58.9 225
+10 1.6 47.0 4.2 133 27.1 52.5 0.74 47.8 79.7 222
+30 2.3 46.5 4.4 127 472 513 1.41 47.0 176.4 22.0

Despite its simplicity, the RC circuit approach allows the estimation of some important material-related
parameters. To this extent, the model has been used to extract the relaxation times 7, for each peak in both devices.
The results are reported against gate bias in (natural) logarithmic scale in Figure 2 (left axis). The peak #3 in the bulk
heterojunction device can be attributed to the capacitance associated with the bulk of the semiconducting region
[25], and will be of no further consideration in the insulator/semiconductor interface properties analysis. An
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analogous peak is likely to occur in the P3HT device, but it does not appear in the loss spectrum due to the screening
from the parasitic peak #2. On the other hand, the first peak of the P3HT MIS, as well as the first and second peaks
of the P3HT:PC¢,BM, are shown to follow an exponential law. This is likely to be related to a thermalization process
such as charge trapping in energy gap states [21].
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Fig. 2. Trap parameters for the (a) P3HT device and (b) P3HT:PC4BM device. The relaxation times (In scale) are calculated as the inverse of the
peak angular frequency. Except for peak #3, the peaks exponential relation upon voltage can be associated to a thermalization process. The
relaxation times of the P3HT:PCy;BM device are normalized to 3.2 ms (#1), 99.5 us (#2) and 15.9 us (#3). Trap density are reported for both
single level (SL) and distribution (D), resulting in the order of 10!’ cm™ eV-'.

In this regard, it is worth noting that the slope of the 7, curves is positive, indicating that the distance from the trap
level to the conduction level is increasing with voltage. This is consistent to the picture of a valence band shifting
down with respect to the Fermi level at the interface consequently to the application of a positive gate polarization
(Figure 3). A fitting parameter o has been considered when taking into account the relationship between the band
bending at the interface and the applied voltage (4E=aVs), since only part of the gate bias is responsible for the
shift of the relative Fermi level position. The resulting values of a are very small (in the order of 10-%), indicating that
only a minor part of the gate voltage is applied to the semiconductor interface, with a relative shift in the Fermi level
energy in the order of meV. This could be ascribable to a Fermi level pinning regime, which is likely to be originated
from the trapping effect at the interface [22,23].

Er E;
Er. : T *exp(@/kT'AE)) ‘ T 7eXp(q/kT-AE;)>1y,
WEF e
Ve | )HOMO WF_ {
V>V, HOMO

a) b)

Fig. 3. The energy diagram at the insulator/semiconductor interface. In b) a higher gate voltage is applied with respect to a), which results in a
higher relaxation lifetime. Here, E is the Fermi level, Er the interface trap level (donor states) and WF is the gate workfunction. The conduction
level is the HOMO (red line), of which the interface level has been quoted.
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The interface trap densities related to the first peak of the P3HT device and the first and second peaks of the
P3HT:PC4;BM device are also reported in Figure 2. These have been inferred after Nicollian and co-workers
[24,25], who have given a thorough discussion on how to employ admittance spectroscopy to probe interface trap
states in MIS structures. They show that in the case of a trap states energy distribution, the Maxwell-Wagner
relationship of Equation (2) are modified as in Equation (3), where L, is located at wr,=1.98.

, - tan” (w7,) g*AD, In [14'(“”0 )2}
Cp(a)) =4 ADS - > LP(a)) = > 3)
T, 2 T,
2B8L
DS — ﬂz max (4)
q A

For both single level and distribution, the loss peak can be directly related to the trap density as in Equation (4),
where the f factor is equal to 1 for a single trap level and 1.24 for an energy distribution. In both cases, the values
reported in Figure 2 have been calculated using the latter relationship. The trap state density have resulted in the
order of 10'° cm? eV-!, which is consistent with the range reported in literature for several organic/organic and
inorganic/organic interfaces [26-30]. In addition, it can be observed that trap densities are approximately constant
with gate bias, which can be a further evidence of a Fermi level pinning regime, i.e. the trap distribution is probed
only in a very thin interval of energies.
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Fig. 4. Admittance spectrum of PC¢;BM devices. The peak arising at 10* Hz can be considered of the same nature of peak #3 in the bulk
heterojunction device.

The results previously reported show that an additional trap distribution is arising in the bulk heterojunction
device with respect to the neat P3HT device, with trap states density comparable with that of the latter. This
consideration is further supported by the admittance measurement of a plain PC¢;BM, which is reported in Figure 4.
As can be seen, a peak in the loss spectrum arise around 10* Hz, similarly to peak #2 in the P3HT:PC¢ BM device,
further confirming the presence of an additional trap distribution at the interface. The latter could be attributed to a
different chemical interaction between the single species in the blend and the silicon oxide layer. Schafferans et al.
[31] have experimentally reported that in P3HT:PCy;BM solar cells an additional deep trap distribution arises with
respect to the only-P3HT case. Furthermore, the P3HT:PC¢BM traps are shown to increase in concentration upon
oxygen exposure much faster than in neat P3HT. Their results can be explained considering that trap states
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introduced by fullerene derivatives are preferential site for oxygen reactions to happen, as proposed recently [32].
The same mechanisms can be operative in devices such as bulk heterojunction phototransistors, considering the
interface as preferential reaction site.

4. Conclusions

In this work, the admittance spectroscopy method has been applied to investigate the interface properties of
organic field-effect phototransistors based on P3HT and PCs BM. A comparison has been made between a bulk
heterojunction device and an only-P3HT device. The admittance of the phototransistors has been characterized at
various electrical biases and the behavior of the real and imaginary part diagrams has been described with an
equivalent RC circuit. From the analysis of the peaks in the loss diagrams, the interface behavior has been associated
to a Fermi level pinning regime and trap densities have been extracted, resulting in the order of 10'° cm eV-!. The
additional low-frequency peak arising in the loss diagram of the bulk heterojunction device has been associated to a
different interaction between the single species in the bulk heterojunction and the silicon oxide layer. In particular,
the trap states introduced by PC4;BM could be preferential sites to oxygen reactions to happen, which is consistent
with other reports on the subject.
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