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Abstract— Two different Kelvin Probe Force Microscopy (KPFM) measurement configurations have been combined to
evaluate at the nanoscale the effects of an electrical stress on Organic Thin Film Transistors (OTFTs) properties. As an
example, Channel Hot Carrier (CHC) degradation has been induced to provoke some damage in the studied devices. The
results show that the use of the two KPFM configurations, together with their nanoscale resolution, provides additional
information about the damage in the different regions/materials of the devices, allowing to correlate device level characteristics
with the nanoscale material properties.

. INTRODUCTION

OTFTs are an interesting and promising alternative to Si-based technologies [1] in different applications such as wearable
electronics, flexible devices and circuits or low-cost sensors. This diversity of applications is possible thanks to the good
features they present, such as low fabrication complexity, mechanical flexibility, low-cost and/or higher compatibility with a
wide range of substrates. Due to these good characteristics, many studies in the literature are focused on the analysis of the
materials properties [2 - 4] or device performance [5] and have proposed electrical models for describing their behavior [6],
where the electrical properties of the organic material play a very important role. In spite of that, relatively few studies have
been performed on the reliability of OTFTs [2], which is one of the key points in order to make this technology viable for the
market. The electrical properties of the commonly used organic polymers are very sensitive to the environment conditions
(temperature and humidity), what clearly affects the reliability of these devices. Moreover, the usual large operating conditions
of the OTFTs can be also critical, due to the high voltages required (in the 10-30V range). In this sense, the effect of the
electrical stresses on the organic polymer and the device performance must be analyzed in detail. Moreover, the aging
mechanisms activated in the OTFTs during the stresses should be studied and compared with those in conventional CMOS
technologies to understand the role of the organic polymer in the device reliability. This task could be further complicated
because of the large number of semiconductor polymers available in the market, so different strategies are necessary to assess
the origin of the possible reliability issues.

In this regard, measurement techniques with nanoscale resolution, as Conductive Atomic Force Microscope (CAFM) and
Kelvin Probe Force Microscope (KPFM) have been shown to be very powerful to get topographical and electrical information
at the nanoscale of materials and devices. They can provide additional information about the causes of their degradation,
beyond the electrical 1-V curves obtained at device level. When the AFM tip is in contact with a given material, it plays the
role of the top electrode, with a contact area that corresponds to the contact region between the tip and the sample. Since this
area can be very small (~100 nm?, on dielectrics [7]), the technique allows the nanoscale electrical characterization with a
resolution of ~10 nm. CAFM and KPFM have been thoroughly used for the nanoscale electrical characterization of different
materials, as graphene [8 - 10], gate dielectrics [11 - 17] or organic materials [18]. For example, in [19], KPFM has been used
to study the effect of a Bias Temperature Instabilities (BTI) stress on OTFTs, obtaining information about the charge density
at the polymer/dielectric interface after the electrical stress. In this work, we extend the use of this technique to preliminary
analyze the impact of an electrical stress (in our case, a Channel Hot Carrier stress applied at device level) in both, the polymer
layer (channel) and the gate stack of the OTFT (polymer and dielectric), at the nanoscale. With this purpose, two different
KPFM measurement configurations have been used to obtain complementary information, which would allow to correlate
device level and nanoscale characteristics.

Il. EXPERIMENTAL DETAILS

The OTFTs were fabricated on a heavily doped silicon wafer (which plays the role of the gate electrode) with a 300 nm-thick
thermally grown SiO- dielectric layer on top (Fig. 1a). The substrate was cleaned sequentially with acetone, isopropyl alcohol
and deionized water in an ultrasonic bath, followed by blowing dry with nitrogen gas. On top of the gate dielectric, Au source-
drain electrodes (thickness of 30 nm, Fig. 1a and 1b) were defined by photolithography to get a channel length (L) of 20 pum
and channel width (W) of 15 mm. The organic channel was obtained by means a procedure based on solution processed organic
semiconductors. A semiconductor solution of DPP-DTT in 1,2-dichlorobenzene (10 mg mL—1) was then spin coated and
annealed at 80 °C for 10 min under nitrogen environment, resulting in an 80 nm thick P-type organic semiconductor. A cross-
section of the resulting device can be seen in Figure 1a. It is worth noting that the surface of the device is totally covered by
the DPP-DTT polymer, but the height profile mirrors the profile of the defined Au electrodes that are buried under the polymer
layer. Fig 1c correspond to a topographical image and profile along the line of an OTF channel between two Au electrodes.
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Fig. 1. (a) Cross-section and (b) top view of the OTFT under study. (c) shows the topographical image of the resulting DDP-DTT layer on two Au
electrodes in the area inside the red box of (b). The scale bar is 5um.
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Fig. 2. KPFM configurations corresponding to the (a) lateral KPFM (L-KPFM) and (b) vertical KPFM (V-KPFM). The red lines indicate the area (for
L-KPFM) or volume (for V-KPFM) analyzed.

Before and after the electrical stress, 1-V curves at device level (i.e. Ic-Vs and, Ip-Ve) and the nanoscale properties of the
channel and gate stack were measured with a Semiconductor Parameter Analyzer (SPA) and with a KPFM, respectively. The
1-V curves were measured with the Keithley 4200 SPA, which was also used to apply the electrical stress. The stress was a -
30V constant voltage applied at the Gate and Drain Terminals during 6000s. The nanoscale properties of the OTFT were
investigated with a Nano-Observer KPFM from Concept Scientific Instruments, with which it is possible to measure,
simultaneously to the topography, the Contact Potential Difference (CPD) between the tip and the sample. In our case, KPFM
images have been obtained in air, using Si tips from AppNano. Since the CPD data correspond to the difference between the
Work Functions (WF) of the tip and the sample, assuming a constant value of the tip WF during the experiment, the measured
CPD variations are related to the WF fluctuations of the sample. Therefore, the CPD image provides information on the local
value of the WF of the structure under analysis. However, since the tip WF is not known and absolute values of WF are also
very sensitive to ambient conditions and can change between different measurements, only WF relative variations in a given
image will be considered. The setup allows bimodal single pass Amplitude Modulation KPFM (AM-KPFM) measurements
[20]. Fig. 2a and b show the two KPFM measurement configurations used in this work. In the first one (Fig. 2a), the KPFM
measurements are performed between the Organic channel and the electrodes (called from now on Lateral KPFM
configuration, L-KPFM), as the ground of the microscope is connected to one of the metal electrodes. In the second one (Fig.
2b), ground is connected to the gate electrode so, the measurements are performed between the organic channel and the
substrate (called from now on Vertical KPFM, V-KPFM). Therefore, each configuration will provide details of the properties
of different layers/stacks of the device.

I1l. RESULTS

First, we have investigated the electrical properties of the OTFTs before the application of the electrical stress. A pristine
OTFT, which will be considered as reference, has been analyzed at device level and at the nanoscale with the L-KPFM and
V-KPFM configurations. Fig. 3 shows, for the L-KPFM configuration, the topography (a) and CPD (b) images of a region
overlapping the channel and one of the electrodes, and Fig. 3c profiles along the lines drawn in the images. Fig. 3d-f correspond
to the topography and CPD maps and the corresponding profiles (Fig. 3f), for the V-KPFM case.
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Figure 3. (aand d) Topographical and (b and e) corresponding KPFM images of a region that overlaps the channel and electrode areas, for the L-KPFM
(a and b) and V-KPFM (d and e) configuration. A profile along the lines on the images in the topography/CPD maps is shown in (c) and (f). The CPD
is approx. constant over the two regions except at the step between the channel and electrode (grey area in the profiles), related to measurement artifacts.
The scale har is 2 11m.




In both cases, in the topography image (and its corresponding profile), a step is detected between the electrode (highest region)
and channel (lowest region). This step is detected in the V-KPFM image as an artifact due to the crosstalk effect, in which a
sudden change in the topography may induce an instantaneous change in the CPD [21]. This phenomenon can be seen at the
center of the V-KPFM image (Fig. 3.f). However, leaving aside this artifact, the images and the profiles indicate no relevant
differences between the CPDs of both regions (channel and electrode), as expected, since the tip is always contacting the as-
deposited organic material and the devices have not been subjected to any electrical stress. The device electrical characteristics
measured with the SPA is shown in Fig. 4b. There, the black curve corresponds to the Ip-V¢ curve measured before the stress,
which will be the reference to which the curves measured after the stress (red dots) will be compared.

After the pre-stress characterization, a CHC stress has been applied to the OTFT with the SPA. Fig. 4a shows a schematic of
the device biasing. While the source was grounded, a voltage of -30V was applied to the Drain and Back Gate of the device.
Note that, with this configuration, positive carriers flow from Source to Drain, getting the maximum energy near the Drain
and, therefore, damaging that region. On the other hand, since Vp=Vg at the Drain area, vertical electric fields are negligible
near the Drain and, therefore, NBTI damage (if any), should appear near the Source region only.
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Fig. 4. (a) Scheme of the connections and biasing for the CHC stress (VD=-30V, VG=-30V and VS=0V for 6000s). (b) I-V curves of the OTFT before
(black) and after (red) the CHC stress.

After the stress, the Ip-V characteristics has been measured (red curve in Fig. 4b). A large current reduction in the Ip-Vg
characteristics is observed after the CHC stress, caused by a strong mobility reduction with negligible threshold voltage (V1h)
variation. Since BTI degradation is mostly related to Vr variations and CHC degradation to mobility reductions, these results
suggest that CHC degradation drives the device degradation while BTI seems to be negligible [22].
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Fig. 5. L-KPFM (a/b/c/d) and V-KPFM (e/f/g/h) images of the channel/drain (C/D) and channel/source (C/S) overlapping regions. The scale bar is 0.5
um. In general, the changes in CPD values match the changes in topography, except in the drain region when measured using the VV-KPFM configuration
(eff). In this case, an additional CPD signal appears along the drain electrode, that is enclosed by the red box.

To investigate the effects of the stress on the properties of the different regions/materials of the device, L-KPFM and V-KPFM
measurements were performed along the channel (close to Source and Drain electrodes). Fig. 5 shows L-KPFM (a-d) and V-
KPFM (e-h) images of the channel/drain (C/D) and channel/source (C/S) overlapping regions. The top/down images
correspond to topography/CPD maps. In the Source/Channel region (Fig. 5¢/d/g/h), negligible differences are observed in the
CPD image between the electrode and channel region, independently of the measurement mode, as was also observed in the
fresh device (Fig. 3). Only some observable differences in the CPD values are measured in Fig. 5h, which can be related to
measurement artifacts associated to the topographical changes observed in Fig. 5g. Although they could be related to some
kind of contamination of the sample, their origin is not clear and further studies are required to investigate their origin. In any
case, the results suggest that the stress has not induced visible NBTI changes neither in the channel nor in the gate stack close
to the Source. Since NBTI effects (see Fig. 4a) (if any) in this CHC stress are expected to be located at that region, extending
into the channel region, the results suggest that NBTI has little impact in this kind of devices, as also pointed out by the device
level characterization (Fig. 4). In the Drain/Channel region, the CPD L-KPFM image (Fig. 5d) did not show remarkable
changes in the CPD between the drain electrode and channel regions, being similar to that measured in pristine OTFTs (Fig
3b). This suggests that there is a negligible damage on the surface of the OTFTs channel. However, the V-KPFM images (Fig.
5e/f) suggest the presence of an additional difference in the KPFM signal, not previously observed, close to the step. This
difference, which is the main modification of the CPD observed, can be seen as a line that follows the Drain/Channel interface



4

(enclosed in a red box in Fig. 5f), ~90 nm wide into the channel region and with an increase of the CPD of ~60mV. This CPD
signal is not related to any topographical feature near the step between the Drain/Channel interface. As it is observed in the
channel region and with L-KPFM no damage is observed at the surface, this could be indicative of local damage at the dielectric
and/or at the gate oxide/channel interface. These results, though preliminary, are compatible with the CHC degradation
observed at device level (Fig. 4b), whose damage is expected to be concentrated close to the Drain.

IV. CONCLUSIONS

In this work, two KPFM measurement configurations have been combined with device level tests to evaluate the impact of an
electrical stress (in this case, a CHC stress) on OTFTs electrical properties. The results show that the use of the L-KPFM and
V-KPFM configuration can provide complementary information to device level tests on the nanoscale damage of the different
materials/regions of the device. Because of the particular structure of these devices, destructive sample preparation is not
required, so that measurement-stress-measurement sequences can alternate device level and nanoscale tests, allowing a time-
dependent analysis of the device properties at both scales.
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