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Fully inkjet-printed flexible
organic voltage inverters as a basic
component in digital NOT gates

Adam Luczak!™, KalyanY. Mitra*3, Reinhard R. Baumann?3, Ralf Zichner?,
Beata Luszczynska® & Jaroslaw Jung'**

In relation to conventional vacuum-based processing techniques inkjet printing enables upscaling
fabrication of basic electronic elements, such as transistors and diodes. We present the fully inkjet
printed flexible electronic circuits, including organic voltage inverter which can work as a NOT logic
gate. For this purpose the special ink compositions were formulated to preparation of gate dielectric
layer containing poly (4-vinylphenol) and of the semiconductor layer poly[2,5-(2-octyldodecyl)-3,6-
diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)]. A printed photoxidized poly
(3-hexyltiophene) semiconductor was used as the active layer of the resistors. The operation of the
printed inverters and NOT logic gates was analyzed based on the DC current-voltage characteristics
of the devices. The resistance of the devices to atmospheric air was also tested. Not encapsulated
samples stored for three years under ambient conditions. Followed by annealing to remove moisture
showed unchanged electrical parameters in comparison to freshly printed samples.

Inkjet printing is one of the most promising methods of manufacturing organic electronic devices. Because the
printed pattern can be changed easily, this method is perfectly suited to developing prototypes and small in-house
electronic devices. Similarly to 3D printers, inkjet printers can be used for manufacturing organic electronics
on an industrial scale, but also in homes and workshops to prepare small electronic projects. Inkjet printing
does not require high temperatures, a vacuum, lithography, or other costly subtractive methods!. Moreover,
electronic elements can be produced on flexible, transparent foils>*. First, however, the ink formula and printing
parameters must be optimized*-°.

All-inkjet printed organic thin film transistors (OTFT) have been manufactured for many years’"'2. Usually
the electrical parameters of printed OTFTs are generally worse than those of transistors produced by conven-
tional techniques. However, the main problem with long term stability over time remains unresolved'*!. This
is because inkjet printing provides less control over the morphology and material sophistication of the film'.
These problems must be resolved in the laboratory before commercialization and practical implementation of
inkjet printing can proceed in industrial and home applications. Printing more complicated electronic devices
requires very precise research on the process of printing layers on the surfaces of previously printed layers>!®17.

One of the simplest electronic elements that can perform a useful logic function is a voltage inverter operat-
ing as NOT logic gate. All-inkjet printed logic gates can be produced in two configurations: in circuits with a
complementary pair of p-type and n-type transistors operating simultaneously'®, or in a unipolar configuration
where one transistor and one resistor work in a single voltage inverter. A transistor with a shorted gate and source
electrodes is often used as a resistor'>?. In most previous research on printed logic gates, printing has been used
to apply only one layer or some of the layers—e.g. electrodes and semiconductors. Other layers, such as a dielec-
tric, have been deposited by other methods. The semiconducting layer is generally printed with commercially
available inks based on organic semiconductors or carbon nanotubes!®2?2, All-inkjet printed devices are still
rare, and one of the key reason is that inkjet printing technology is still insufficiently mastered. There are relatively
few reports in the literature of NOT gates in which all the components, such as electrodes, current-conducting
paths, and dielectric and semiconductor layers, were fabricated entirely using the inkjet printing technique. Fully
printed logic gates with layers of semiconductors applied to a substrate by inkjet printing with a TIPS-pentacene
solution are described in Refs.'**. The resistors in the logic gates were obtained by connecting the gate and the
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source electrodes of the transistors. For such logic gates to function properly, their resistance should be much
higher than the channel resistance in the on-state and much lower than the resistance of the transistor in the
off-state. Some reports show that printing resistors with high resistance is difficult. Jung et al.* described the
properties of resistors fabricated by inkjet printing using a mixture of poly (3,4-ethylene-1,4-dioxythiophene)
and sulfonated polystyrene called PEDOT:PSS. The resistors were printed in the form of a PEDOT:PSS line con-
necting two silver electrodes. This was achieved by reducing the concentration of the polymer and increasing the
spacing between the droplets in the printed layer (low thickness). Printing multiple layers on top of each other
allowed for a slight decrease in the resistance of the resulting resistor. These strategies made it possible to adjust
its resistance according to requirements.

Here, we investigate an all-inkjet printed inverter working as an element in NOT logic gates in the unipolar
configuration, with one transistor and one resistor in the structure. To produce paths and electrodes the com-
mercially available silver ink was used. New ink formulas based on semiconductor and dielectric materials were
elaborated in the laboratory. The ink compositions were optimized to simplify the printing process. Organic thin
film transistors were printed in the bottom gate bottom contacts (BGBC) architecture, with poly (4-vinylphenol)
as the gate dielectric and poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno
[3,2-b]thiophene)] (DPPDTT) as a semiconductor. Photoxidized poly (3-hexyltiophene) (P3HT) was used as
an active layer in the resistors. Photooxidation causes the transistors with poly (3-hexylthiophene) layers to lose
their properties, so they are no longer sensitive to the electric field formed in the dielectric layer by the gate
voltage?. The devices made with this photo-oxidized material showed ohmic current-voltage characteristics.
The polymer could therefore be used as a resistor. Resistors were printed in the same way as the transistors, but
without a gate electrode. To obtain a working inverter, the transistors and resistors were developed separately.
The printing parameters i.e., the area of printed semiconductor layer, the thickness of the dielectric film, the
dimensions of the transistor channel, etc. were optimized. On the basis of the DC current-voltage character-
istics of the separately printed resistor and transistor, we prepared a model of the reference inverter. Graphical
analysis of their operation was then performed. The parameters of the resistor and transistor were chosen to
produce fully printed inverters with the best properties. The fully printable inverters were tested and analyzed
to evaluate their performance.

In this work we propose the fully printed voltage inverter with one OTFT and one organic resistor. The impor-
tant aspect of this devices is their thermal and time stability due to use of stable in air DPPDTT as the active
OTFT layer and photooxidised P3HT. In most articles the authors present resistors made by conductors®”%.
The high resistance is achieved by printing very small patterns or by incomplete sinterization of silver nanopar-
ticles ink. Additionally the used process of printing resistors is much more repeatable and faster than printing
of transistors so used in inverters instead of a resistor. There are several important problems associated with
this method of fabrication, as e.g.: a weak repeatability of the process—in case of very small patterns, even a
small printing error can significantly change the resistance value, low thermal stability—in resistors made of
incompletely cross-linked ink, the resistor will turn into a conductor above 100 Celsius degrees. Ink containing
P3HT are easily printed without the danger of nozzle clogging. Resistivity can be controlled through molecular
mass and the printing area of P3HT. High resistivity can be achieved in as little as 4 mm? (for a polymer with
Mw =30 kDa). The thermal and time stability of our devices is very high. Even after 3 years after the device has
been manufactured, the resistor and transistor are still working. You may notice an increased turn-off current
value in the OTFT, but after annealing process (in ambient atmosphere) the OTFT parameters were almost the
same as just after printing.

We present a complete report on the fabrication of fully printed inverters, starting from their digital design,
ink formulation based on selected chemical compounds, device construction, to the printing of stable and work-
ing devices. We also present a graphical analysis of the inverter, which is a novelty among organic electronic
devices, considering its structure and fabrication method.

Results and discussion

Designing and analyzing all-inkjet printed inverters. The most effective approach to designing and
testing the all-inkjet printed inverters was graphical analysis of their current-voltage characteristics. The graphi-
cal method requires experimental determination of the current-voltage output characteristics of the transistor
and resistor. Using Kirchhoft’s second law and the Ohm law, for the resistor in the electric circuit loop shown in
Fig. 1a we obtain:

Ups = U — IpsR (1)

Equation (1) defines the load line of the transistor. The load line passes through two characteristic points:
the first is the supply voltage U marked on the abscissa axis and the second is the short drain and source current
(I=UI/R) on the ordinate axis. The load line was plotted on the same graph as the transistor current-voltage
characteristic (see Fig. 1b).

The intersections of the load line with the OTFT output characteristic for Ugg=0V and Ugg= U correspond to
the currents Ipg,,;, and Ipg,.. Assuming that Upy= Ugsand Upyr= Ups, from Fig. 1a,b, and Eq. (1) it follows that

UOUT,l =U-— AUl for U[N,() =0V (2)
Uour,o = AU for Uny =U

where
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Figure 1. Schematic of the electrical circuit, including the tested voltage inverter (surrounded by dashed
lines), power supply (U) and input voltage source (Uyy) (a). Load line of the inverter with characteristic points
of crossing with the axis (straight line), drawn on the output characteristic curve of the transistors (dashed and
solid lines) (b). Dotted lines mark the maximum and minimum drain current (Ingu» Ipsma) in the inverter and
characteristic threshold voltages (AU,, AU and AU,).

c)

T
200m um

0.0 nm

Figure 2. AFM image of the surface topology for a printed Ag conductive pad (a) and PVP dielectric layer (b).
Optical microscope view of the semiconductor layers printed using optimized ink (the widths of the paths are
indicated in the white boxes) (c).

AU = IpsminR 3)
AUO =U- IDSmaxR

When the inverter is operating as a gate negator, we strive to ensure that the voltages AU, and AU, are as small
as possible (the ratio AU/U was close to 1). Otherwise, voltages corresponding logic states “1” (high voltage) and
“0” (low voltage) will not be sufficiently separated.

A number of processes were carried out to optimize the printing of individual layers of the device. Each layer
of the conductors, semiconductors, and insulators required the development a specially formulated ink and
optimization of the processes of printing and curing.

Silver electrodes and conductive pads. The processes of printing and depositing the electrodes and
conductive pads were optimized to provide a high-quality printed layer free of defects. Optimization involved
changing the printing rate and drop volume, as well as the substrate temperature and the number of active
nozzles in the printing head. The waveform controlling the piezoelectric element was tuned. As a result, geo-
metrically continuous conductive silver pads and electrodes were obtained. The most optimal parameters for
printing the devices were: 40 um drop space; 40 °C substrate temperature; three functionally active and stable
nozzles; 5 kHz jetting frequency. Analysis of the surface of the electrodes using the AFM technique showed that
the electrode roughness was around 30 nm, which is relatively high considering its role as a bottom gate for
OTFTs (Fig. 2a). For that reason, a dielectric layer printed on top of the gate electrode was required to provide
additional planarization.
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Dielectric layer. 'The PVP dielectric was printed with a 20 um drop space, on 25 °C substrate, using ten noz-
zles. It was finally obtained after printing two layers, wet-on-wet, with 5 kHz jetting frequency. The polymeric
films were around 1000 nm thick. Analysis by AFM showed two different types of defects on the film surface:
(1) agglomerates (large, light circles) and (2) pinholes (small, black circles) (see Fig. Sla in the supplementary
materials). To remove the particle agglomerates, three-fold filtration of the ink was applied. Defects the in form
of pinholes were considered as critical defects, because when printing S/D electrodes the Ag ink penetrated these
holes, causing short circuits. To remove such defects, the printing process was run twice, without any intermedi-
ate curing of the first film. The layers printed using this method had thicknesses of around 1 pm and roughness
of 1 nm (Fig. 2b). Thus, the high surface roughness of the Ag electrodes was not reproduced by the semiconduc-
tor layer. To check the dielectric properties of the printed films, Broadband Dielectric Spectroscopy was used.
The relative permittivity was measured as a function of the sample temperature and frequency of the signal.
Analysis of the real part of the permittivity (¢,) as a function of the signal frequency showed that the polymeric
films had stable permittivity of around 3 across a wide range of frequencies (see Fig. S1b in the supplementary
materials). This permittivity is typical for polymeric dielectrics. The dependence of ¢, on temperature shows that
the relative permittivity remained constant up to 100 °C. This was very advantageous, as the printed layers of
organic semiconductors could therefore be annealed at temperatures lower than 100 °C, avoiding deterioration
of the properties of the transistors.

Semiconductor layers. Two self-formulated inks containing DPPDTT and P3HT semiconductors were
optimized to compare the electronic functionality of the samples. The viscosity of the ink was tuned with ref-
erence to its jetting behavior i.e., the shape and trajectory of the droplets generated by the DMC printhead of
the DMP-2831 printer. Another comparison was also made to a commercially available ink, FS0096 by Flexink
Ltd?. It was found that the use of toluene as a solvent in the P3HT- and DPPDTT-based inks did not allow
for high-quality prints, despite correct drop generation by the printhead. The layers were heterogeneous and
discontinuous, with many surface defects. The coffee stain effect was also very prominent (see Fig. S2 in the
supplementary materials). The coffee stain effect was caused by the accumulation of the polymer on the edges of
the drying droplets?”*%. To minimize this problem, O-dichlorobenzene was used to modify the ink composition,
as it boils at 180 °C, which is higher than the boiling point (111 °C) of the previously used toluene. For every
10 ml of o-dichlorobenzene, 60 pl of toluene was added to the solvent mixture. Ultimately, all the inks produced
contained a semiconductor dissolved in a solvent mixture (o-dichlorobenzene with toluene). The concentration
of the organic semiconductor in the solvent mixture was 2 mg/ml.

To inkjet print the semiconductor layer, certain parameters were kept constant. The substrate temperature
was 40 °C and the jetting frequency was 5 kHz. To deposit the semiconductor DPPDTT, a drop space of 20 pm
was used and the number of the active nozzles was set to 6. To deposit the P3HT layer, up to 10 active nozzles
were used and a drop space of 15 um was applied. The layers printed with the developed inks exhibited smooth
surfaces, with a slight accumulation of material at the center-to-bottom right of the layer, caused by the Maran-
goni effect (Fig. 2¢)%. In the selected BGBC architecture, the semiconductor layer was positioned as the last
layer at the very top. Since its surface therefore did not have to be perfectly flat, no further attempts were made
to compensate the unfavorable flow of ink inside the droplet. The thickness of the semiconductor was around
100 nm on the edges and 200 nm at the center. Charge transport occurs only in the first few nanometers of a
film, so differences in this range have no impact on charge transport™.

Resistor and transistor. Figure 3a shows a photo of an exemplary matrix of 154 printed transistors on an
elastic polymer substrate. The differences between the OTFTs within the array results from their size i.e., the
number of inter-comb source and drain electrodes, and hence the width (W) to length (L) ratio of transistor
channel (W/L ratio). Dimensions of the printed electrodes and transistors channel, were measured using opti-
cal microscopy. Figure 3b shows a schematic arrangement of the individual printed layers. When printing the
inter-digitated S/D patterns, it was very important to fix an optimal channel length, which serves as the both
functional area for the OTFTs and as the active zone of the resistor.

For channel length L =250 pm, the deviation was 15 pm, which is very typical for inkjet printing as the ink
possesses low viscosity and the substrate’s surface energy is relative high.

All-inkjet printed organic resistors were fabricated with the same inter-digitated electrodes that were used
in the transistors, printed directly on the PEN substrate. The active layer of the resistors was made of the P3HT
semiconductor. The printed resistors were kept in an ambient and daylight atmosphere for several days. Initially,
the shape of the measured DC characteristics was non-linear and changed slowly, but after one week the process
stopped. The characteristics reached an ohmic shape with a time-stable slope (Fig. 4a), caused by photo-induced
oxidation of the P3HT?'. The resistance calculated as a reciprocal of the slope of this line was dependent not
only on the area of the P3HT layer (Fig. 3c), but also on the molecular weight of the polymer. This enabled the
fabrication of a resistor with the desired resistance.

The output characteristics of an all-inkjet-printed OTFT made used DPPDTT and the dependence of
the square root of a drain current on its gate-drain voltage are presented in Fig. 4b. The electrical parameters
extracted from these characteristics are as follows: charge carrier mobility of 0.2 cm?V~! 57}, threshold voltage
of —9 V, On/Off ratio of around 10*. These electrical parameters are comparable with those obtained for OTFTs
made by spin-coating a semiconductor with a thermally evaporated gold source and drain electrodes, and are
better than in the case of recently reported all-inkjet-printed OTFTs!**2%,

The printing conditions were optimized to obtain resistor-transistor pairs that were characterized by the
smallest possible voltage ranges AU, and AU, (see Fig. 1b). Small values for AU, occurred in transistors with
low zero current (Ipg,, < <Ipsma). However, in order for AU, to be as small as possible, it was necessary to
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Figure 3. Photo of the elastic matrix of 154 printed transistors (a); images of the subsequent layers: Ag gate
electrodes, PVP dielectric, Ag inter-digitated S/D electrodes, semiconductor DPPDTT (b). Scheme of the
printed resistors with a P3HT layer, with different resistances resulting from varied layer geometry. From the left

side—small, medium, and high resistance values (c).

a) 3 RMQ] R b) 0- Ugs [VI=0V
R S o sy
-2 vV o
41 45 v/v/'/v ./' < 4]V
< % =1
3. =61 . =
~ | ] 2 (%) _6_
-8 o’ M,[kDa] S[mm? 9
-10] w7 —A— 30 8 8]
m —e— 30 25
-12{ 16 = —v— 100 8 -10
-14- —ma— 100 25 R Ty -2[0 Izt\)[ d0 0
. ) ) ' i '12 T T T T Gs' 1
25 20 15 10 -5 0 50 -40 -30 -20 -10 O
uiv Ups ! V

Figure 4. Electrical current-voltage output characteristic of the printed resistors (a), and characteristic of
the printed transistor (the inset shows the dependence of the square root of the drain current on a gate-drain
voltage) (b).

create resistor-transistor pairs in which the channel resistance of the transistor operating in the linear region
(the beginning of the output current-voltage characteristic of the transistor) was much lower than the resistance
of the resistor (Ipgq.~ U/R).

Reference inverter. The inverters were analyzed in various combinations of manufactured resistors and
transistors. Promising results were obtained for a transistor with a channel length of 150 pm and width of
30 mm. The resistor was printed with electrodes of the same dimensions.

The printed P3HT layer had an area of 0.5 mm? and the molecular weight of the polymer was 100 kDa**, The
resistance calculated on the basis of the current-voltage characteristic of the resistor was 170 M€, and the U/R
ratio was—2.35 1077 A for U= —40 V. Based on these parameters, the load line was obtained for the reference
inverter, designed with separately selected printed elements (Fig. 5).

The values of the currents I}y,,;, and I, and the value of the voltages AU, =0.4 V and AU,=6 V were taken
from Fig. 5a, and from Eq. (2) we obtained Uy, = —39.6 V and Upyry= —6 V. The inverter was characterized by
good performance. For gate-source voltage Ugs €(Uy,0 V), Up did not exceed —39 V. When Ugg e(—40 V,-30 V),
the Upg was in the range (U, 0 V). We assume that a U, range from -9 to 0 V is a logical zero, and the voltage
range from —40 to—30 V corresponds to a logical one. The lower value of the limit voltage for a logical one
(—40 V) is the supply voltage U of the system. The upper limit results from the intersection of the load line for
the voltage Uy, with the output characteristic of the transistor at Ugg= —30 V. In this case, a reference inverter
with the current-voltage characteristics shown in Fig. 5a will work as a NOT logic gate. The symbol of this a gate
is shown in Fig. 5b. The key properties of the gate are summarized in Table 1.
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Figure 5. Output curves of the transistor with the load line (straight black line). The voltages AU, AU}, and
AU, are marked under the upper scale. The ranges of the logic states are marked as gray areas. On the right
scale, the maximum and minimum currents are marked (a). Graphical symbol of the NOT logic gate (b). Serial
connection of NOT logic gates (c).

Un [V] Logic | Uour [V] Logic | AU/U | Ipgyad Ipsmin
—-40<Ug< -30 1 —-9<Ups<0 0

e e 084 | 110
—9<Ugs<0 0 —40<Ups< =39 |1

Table 1. Truth table for the modeled inverter.

A positive feature was the presence of a threshold voltage in the transistor for which the inequality |Uy,| > AU,
occurred. This ensured stable operation of the system, because after applying voltage to the input in the range
from —40 to —39 V the voltage at the gate output was — 6 V. After applying the voltage to the input in the range
from -9 to 0 V at the output, we obtained —40 V < Upg < — 39 V. Both values of the output voltages were far from
the limit values of the logical states.

The considered model of the NOT gate was characterized by resistance to disturbances resulting from acci-
dental voltage changes. This was because the voltage difference between the zero and logical one level was over
80% of the supply voltage value (AU/U=0.84). The relatively large value of the factor I,/ Ipsmin also protects
the device against interference from random noise causing accidental current fluctuations in the output circuit.
In relation to I, the transistor was characterized by a small leakage current (less than 1071° A). This facilitated
cascading of the devices, since the input current of the NOT gate does not cause a significant change in the cur-
rent flow in the output circuit of the preceding NOT gates. It should be noted that the possibility of connecting
NOT gates is desirable when building most logic circuits (for example, a ring oscillator®*).

The model NOT gate described in this work was not constructed in reality. Only the theoretical operation
of the device was analyzed. Based on the satisfactory results, it was decided that the ink formulas, geometry of
the electrodes, and parameters of the printing process used to create the reference inverter would be applied in
fully printed inverters.

Fully printed inverter. Figure 6a,b shows a six-layer stack of the printed inverters. The transistor and resis-
tor were printed in the same configuration as the separate devices. In the resistor part, the area and molecular
weight of the P3HT were matched to the characteristics of the transistor. The channel width of the transistor was
adjusted by changing the dimensions of the inter-comb source and drain electrodes.

Figure 6¢ shows a photograph of the printed device. The P3HT layer (resistor) has an area of 4 mm? The DPP-
DTT layer and interdigitated electrodes form a transistor channel with a width of 50 mm and a length of 150 pm.

The same procedure was used to produce the fully printed gates as for the production of the reference inverter.
However, different results were obtained. Currents Ipg,,;, and I, and the threshold voltage Uy, were unexpect-
edly different from those when the devices were printed separately. This was due to the additional printing and
annealing processes after printing the organic semiconductor. The already deposited semiconductor layer was
subjected to solvent vapor annealing, which changed its morphology and influenced the parameters of the organic
transistors. This effect was visible as a change in the color of the P3HT layer during printing of the DPPDTT film.
Despite the worse parameters of the transistors and resistors, it was possible to print inverters that were suitable
for the construction of NOT gates. An analysis of the operation of these devices is presented below.
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Figure 6. Schematic diagram of the NOT gate, showing successive printed layers: the gate electrode (blue
rectangle area); dielectric printed on the electrode surface (brown rectangle area); source and drain electrodes
printed on the dielectric with conducting paths (green color); printed resistor comb electrodes (red color):
semiconductor printed as the last layers of the DPPDTT (pink rectangle area); P3HT doped with water and
oxygen (yellow rectangle area) (a,b); Photo of the printed inverter. The resistor is located on the right-hand side
and the transistor on the left-hand side of the image (c).

We selected the two inverters (INV1 and INV2) with the best parameters of resistor characterized by relatively
high resistance compared to the channel resistance of the transistor operating in the linear voltage range (low
value AU,). The current-voltage characteristics of the transistors and resistors were detected separately (Fig. S3
in the supplementary materials).

Resistors showed linear characteristics in the range of voltages needed for polarization of the inverters. For
INV1 it was the range from — 50 to 0 V, and for INV2 from — 40 to 0 V. The resistor area and the transistor chan-
nel width in INV2 were much larger than in the transistor in INV1, which contributed to the threefold lower
resistance of the resistor (R;yy; =1.1 GQ and R}y, =250 MQ) and a drain current higher in INV2 than in INV1
(Ipgmaxny2=156 nA and Rpy,,anv2= 38 nA). Due to the fulfillment of the condition of a small value for AU,, the
range of the drain current of the transistors in both devices did not exceed 200 nA (gray rectangles on the output
characteristics of the transistors (Fig. S3a,b). The transistor in INV1 had a threshold voltage of -9 V. In INV2,
the threshold voltage in the transistor was 0 V, and the channel resistance was much lower in the “off state” than
in the transistor in INV1 (the lower the channel resistance in the off state, the more significantly the transistor
off-current increases with higher Up voltage).

Figure 7a,c show load lines plotted with the current-voltage characteristics of the transistors for both inverters
which the voltage ranges of the transistor AU, were determined. They were much lower than the voltage ranges
AU,. This was a result of the relatively large values of the zero currents and the low resistance of the transistor
channels in the linear range. The voltage ranges AU; = 11 V for INV1 and AU, = 16.7 V for INV2 were lower than
the absolute values of the threshold voltage |Uy,|. The AU/ U ratios 0.64 and 0.54, as well as the Ig,.q./Ipsmin Current
ratios 3.8and 2.8 for INV1 and INV2, respectively, were less favorable than for the reference inverter (see Table 1).

Figure 7b,d show the transfer characteristics Uqy;(Upy) of the fabricated inverters.

The U,.., threshold voltages of the two inverters were determined that corresponded to the condition of
equalizing the output voltage and the input voltage of the inverter (Uyyr= Uyy). The voltage U,..; corresponds
to the limit value of the input and output voltages of the NOT gate, above and below which we have to deal with
the logic states zero and one, respectively. Applying the voltage Upy> U,.,, to the input of the system caused the
appearance of the voltage Uyyr < Uy.,; on the output. Conversely, when Uy < U,.., the voltage Uyyr < Uy.,; was
registered at the output.

In the case of several cascaded interconnected inverters, as shown in Fig. 5c, the input and output voltage
levels in consecutive devices approach the set values of U, and U, as the number of interconnected inverters
increases (trace the gray dashed lines and arrows in Fig. 7b,d). For example, consider inverters connected in
a series with electrical properties similar to INV1. Applying 0 V to the input of the first inverter causes—41 V
to appear on its output, which will also be the input voltage for the second inverter. A voltage of —9.2 V will
appear at the output of the second inverter, and the input of the third inverter, activated with this voltage, will
give the output a voltage of about—31 V. At the output of the next inverter, the voltage will be—10 V. Adding
more inverters does not change the voltage states much (the black dotted-dashed lines and arrows in Fig. 7b).
The voltages U, and U, on the input and output of every second inverter will be the same. It will also be noticed
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Figure 7. Load line for the fully-printed inverter INV1 with a transistor with a layer of DPPDTT and a resistor
with a layer of P3HT, molecular weight 30 kDa, area 2 mm?, supplied by —50 V (a); and for INV2 where the
drain current was enhanced in relation to INV1 by increasing the channel width of the transistor and the
dimensions of the P3HT resistor to 6 mm? (c). Transfer characteristics of INV1 (b) and INV2 (d). Gray dashed
lines with arrows indicate the directions of changes in the input and output voltages of successive inverters. The
light gray lines and arrows show the voltage evolution after applying the smallest voltage in the circuit (logical
1) to the input of the first inverter. The dark gray lines and arrows show the voltage evolution after applying a
voltage higher than the threshold voltage U,<>, (logical zero). The black dashed-dotted lines and black arrows
show a closed cycle of voltages on the inputs and outputs of three (or more) inverters connected in series (b,d).

that the voltage U, at the output of three or more interconnected inverters will appear with any input voltage
in the range from — 50 to— 16 V (logical one). Similarly, the voltage U, appears when the input voltage is in the
range from— 16 to 0 V (logical zero). Consequently, it is enough to connect at least 3 inverters in series to obtain
a NOT gate with well-defined logical states. Figure 8a shows a schematic diagram of a gate consisting of three
inverters connected in series. The transfer characteristics of the NOT1 and NOT2 gates are shown in Fig. 8b.
Their parameters are summarized in Table 2.

Analysis of the production and performance of the fully printed NOT gates containing three or more serially
connected inverters is beyond the scope of the present study. However, if three or four inverters are printed close
to each other, there is a strong chance that the resulting NOT gate will work properly.

Another very important issue is the long-term stability of devices operating under ambient conditions. A
potential solution is to encapsulate the devices, which would prevent degradation of the semiconductors and
electrodes by oxygen and water. The printed resistors, transistors, and inverters maintained their electrical prop-
erties, despite the fact that they were fabricated under ambient conditions and not encapsulated. Figure S$4 in the
supporting materials shows the current-voltage characteristics of the printed resistor and transistor immediately
after their manufacture (Fig. S4a) and after three years of storage in air, at room temperature (Fig. S4b). The
characteristics of the devices do not show significant changes. Only the zero current of the transistor increased.
Analyzing the electrical properties of the reference inverter and the inverters INV1 and INV2 shown in Figs. 5
and 7, it can be seen that the zero current of the transistor has a key influence on the properties of the inverters.
The higher the current, the worse the parameters of the devices. It is worth noting that the zero current of the
transistor stored for three years decreased significantly after heating in an oven at 150 °C (Fig. S4c). The other
properties of the resistor and the transistor did not change, indicating that annealing effectively removed the
water from the semiconductor film, preventing the water doping effect. Therefore, the printed inverters do not
have to be encapsulated, but only regenerated from time to time at an increased temperature. Encapsulation
could even be disadvantageous, because as water and oxygen molecules slowly penetrated the barrier they would
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Figure 8. Electrical scheme of the NOT logic gate with three printed inverters connected in series (a) and
predicted transfer characteristics of the gate constructed using three identical inverters: INV1 (up) or INV2
(down) (b).

Gate U [V] Logic | Upyr [V] Logic | U[V]
-50<Ug—16 1 Ups=-10 0

NOT1 @ s -50
~16< Ugs<0 0 Ups=-31 |1
—40<Ug<-45 |1 Up=-21 |0

NOT2 @ b —40
—45<Ugk<0 |0 Ups=-8 |1

Table 2. Truth table for the inverters.

also be impeded from escaping the structure. Eventually, the device would be inoperable because the water and
oxygen would prevent temperature regeneration.

Conclusion

This paper has presented a method of manufacturing voltage inverters that can be used as components in fully
printed NOT logic gates. The devices were printed with ink containing conductors (silver nanoparticles), organic
semiconductors (DPPDTT and P3HT), and an insulator (PVPh). The process of printing organic transistors
and resistors separately on different flexible PEN foils was found to be highly repeatable. The process of printing
inverters on one PEN sheet, where the transistor and resistors were connected by a printed conductive path, was
much more complicated than printing the separate devices. The organic semiconductors were very sensitive to
solvents. Printing the semiconductor on top of another semiconductor caused solvent vapor contact with the
printed film. In the annealing process, the solvent vapor changed the morphology of the already printed semi-
conductor. In the case of P3HT, crystallization of the macromolecules caused an increase in the conductivity of
the film. After contact with the solvent vapor, the DPPDTT film was dopped by oxygen molecules, which caused
an increase in the transistor off current and shifted the threshold voltage toward positive values. However, these
difficulties were overcome and working voltage inverters were printed. It was not possible to build a gate with
a single inverter.

The results obtained for a single inverter allowed us to analyze the behavior of more than one inverter con-
nected in series to form a NOT logic gate. Theoretical analysis of a series of the same inverters showed that
when three inverters were connected the logic states were precisely defined. This enables the creation of complex
electronic devices, based on the described inverters.

For practical applications, large numbers of interconnected gates with similar electrical properties should
be printed on large surfaces. This is much more difficult than printing single inverters and requires additional
research and testing. The main challenge is to determine the acceptable morphological differences when printing
is carried out under normal atmospheric conditions. The printing technology should be developed in such a way
that the differences between the parameters of the NOT gates do not exceed the established ranges.

Experimental section

Materials and equipment. A semiconductor Poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-
5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)] DPPDTT with Mw=290,668 kg/mol and polydispersity
index PDI=2.03, poly(3-hexylthiophene-2,5-diyl) P3HT with Mw=94,100 kg/mol and polydispersity index
PDI=1.90 and with Mw = 34,100 kg/mol and polydispersity index PDI=1.75 was purchased from Ossila com-
pany. The solvent ethyl lactate with HPLC grade, polymer poly (4-vinylphenol) (PVPh), and cross-linking agent
poly (melamine-co-formaldehyde) (PMF) were procured from Sigma-Aldrich.
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All these compounds and solvents were used as received, without additional treatment. The nano-particle-
based silver ink UTDAgIJ was purchased from UT Dots Inc. An acrylic coated 125-um thick polyethylene
naphthalate (PEN) based Teonex® substrate Q65FA was bought from DuPont Teijin Films. To facilitate the depo-
sition of the functional layers, a Drop-on-Demand (piezoelectric actuation) lab-scale printer was used (Dimatix
Material Printer DMP-2831 from Fujifilm Dimatix Inc. with 10 pL based DMC printheads). The printheads offer
up to 3 mL of ink carrying capability, along with variable printing resolution—i.e. 5 pm (5080 dots per inch) to
254 um (100 dots per inch) drop spacings.

Printing the individual layers of the device. Electrodes and conductive pads were printed using
UTDAgI] nano-particle based silver ink. The average size of the silver nanoparticles was around 10 nm, yielding
a high conductivity of 10° S/cm?. The piezoelectric printhead was tuned to a 10 pL DMC cartridge. The sintering
temperature for the PEN Teonex® Q65FA substrate film was set to 150 °C. To print the dielectric layer, a jettable
ink was formulated with 0.9 g of PVPh polymer and 0.78 g of PMF cross-linker dissolved in 70 ml of ethyl lactate.
The ink was prepared in the laboratory, just before the printing process. For deposition of the dielectric layer, the
following printing parameters were implemented: 25 um drop space (digital printing resolution 1016 dpi); up to
10 actively printing nozzles; 1 mm printhead to substrate distance; 5 kHz jetting printing frequency; substrate at
room temperature. A polymeric p-type semiconductor, Poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-
5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)] (DPPDTT), was selected to print the active layer in the organic
transistor. The printable ink contained DPPDTT with a concentration of 2 mg/ml, dissolved in a combination
of 1,2-dichlorobenzene and toluene in 1/0.006 proportion. The addition of a small amount of toluene to the
ink caused a reduction in the coffee stain effect (Fig. S1 in the supplementary materials), due to an increase in
Marangoni flow in the drying film*".

Printing the resistors and transistors. The OTFTs were printed as multilayers stacked on polymeric
PEN substrate in the BGBC configuration. First, a silver (Ag) gate electrode was printed on PEN Teonex® Q65FA.
The foil was then placed inside a convection oven, where the printed layer was sintered at 150 °C for 20 min. The
PEN substrate along with the conductive pads were again moved to the inkjet printer, and two consecutive lay-
ers of PVP dielectric were printed (wet-on-wet). The dielectric was again thermally cured in the oven at 150 °C
for 45 min. The source (S) and drain (D) electrodes were printed on the cured dielectric layer using the same Ag
ink, and finally subjected to a sintering process at a temperature of 150 °C for 30 min. Finally, the DPPDTT was
printed as a semiconductor film and the device was annealed at 80 °C for 20 min. The resistors were printed in a
similar way to the transistors, but without the deposition of the gate electrode and dielectric layers.

Characterization. The device was characterized under ambient conditions, using a Keithley 2634B Source
Meter connected to a needle-probe station. A schematic of the electrical circuit, including the tested voltage
inverter and the source-meter instruments, is shown in Fig. la. The transfer and output characteristics of the
OTFTs were measured within a voltage regime from 0 to—70 V. The mobility of charge carriers (4zzr) and the
threshold voltage (Uy,) were determined by a standard method based on analysis of the dependence of the square
root of the drain current (Ijy,,) on the voltage prevailing between the gate and the source (Ug;) in the saturation
regime®®. The topographical scans of the printed layers and their surfaces were characterized using a Nanosurf
Flex atomic force microscope. The data were processed using Gwyddion software®.

Data availability
The data generated during the experiments are available from the corresponding author on reasonable request.

Received: 1 April 2022; Accepted: 13 June 2022
Published online: 28 June 2022

References
1. Ramon, E. ef al. Large-scale fabrication of all-inkjet-printed resistors and WORM memories on flexible polymer films with high
yield and stability. Flexible Print. Electron. 6, 15003 (2021).
2. Marszalek, T. et al. Role of geometry, substrate and atmosphere on performance of OFETs based on TTF derivatives. Org. Electron.
13,121-128 (2012).
3. Deng, W. et al. Aligned nanowire arrays on thin flexible substrates for organic transistors with high bending stability. J. Mater.
Chem. C 2, 1314-1320 (2014).
4. Kwon, J., Baek, S., Lee, Y., Tokito, S. & Jung, S. Layout-to-bitmap conversion and design rules for inkjet-printed large-scale inte-
grated circuits. Langmuir 37, 10692-10701 (2021).
5. Kwon, J. et al. Three-dimensional monolithic integration in flexible printed organic transistors. Nat. Commun. 10, 54 (2019).
6. Jung, S. et al. Compact modelling and SPICE simulation for three-dimensional, inkjet-printed organic transistors, inverters and
ring oscillators. J. Phys. D Appl. Phys. 52, (2019).
7. Castro, H. E. et al. All-inkjet-printed low-pass filters with adjustable cutoff frequency consisting of resistors, inductors and transis-
tors for sensor applications. Org. Electron. 38, 205-212 (2016).
8. Mitra, K. Y. et al. Fully inkjet-printed thin-film transistor array manufactured on paper substrate for cheap electronic applications.
Adv. Electron. Mater. 3, 1700275 (2017).
9. Correia, V. et al. Design and fabrication of multilayer inkjet-printed passive components for printed electronics circuit develop-
ment. J. Manuf. Process. 31, 364-371 (2018).
10. Sowade, E. et al. Up-scaling of the manufacturing of all-inkjet-printed organic thin-film transistors: Device performance and
manufacturing yield of transistor arrays. Org. Electron. 30, 237-246 (2016).
11. Gomes, H. L. et al. All-inkjet printed organic transistors: Dielectric surface passivation techniques for improved operational stability
and lifetime. Microelectron. Reliab. 55,1192-1195 (2015).

Scientific Reports |

(2022) 12:10887 | https://doi.org/10.1038/s41598-022-14797-4 nature portfolio



www.nature.com/scientificreports/

12. Sowade, E. et al. All-inkjet-printed thin-film transistors: manufacturing process reliability by root cause analysis. Sci. Rep. 6, 33490
(2016).

13. Ashimine, T, Yasuda, T., Saito, M., Nakamura, H. & Tsutsui, T. Air stability of p-channel organic field-effect transistors based on
oligo-p-phenylenevinylene derivatives. Jpn. J. Appl. Phys. 47, 1760-1762 (2008).

14. Wang, H. et al. Ambipolar organic field-effect transistors with air stability, high mobility, and balanced transport. Appl. Phys. Lett.
88, 133508 (2006).

15. Zhang, J. et al. High-resolution organic field-effect transistors manufactured by electrohydrodynamic inkjet printing of doped
electrodes. J. Mater. Chem. C 8, 15219-15223 (2020).

16. Park,].S., Kim, J. P, Song, C. & Lee, M. Control of inkjet printed profiles by solvent-vapor annealing. Displays 31, 164-167 (2010).

17. Baek, S. et al. Spatiotemporal measurement of arterial pulse waves enabled by wearable active-matrix pressure sensor arrays. ACS
Nano 16, 368-377 (2022).

18. Baeg, K. et al. Flexible complementary logic gates using inkjet-printed polymer field-effect transistors. IEEE Electron Dev. Lett. 34,
126-128 (2013).

19. Chung, S., Kim, S. O., Kwon, S., Lee, C. & Hong, Y. All-inkjet-printed organic thin-film transistor inverter on flexible plastic
substrate. IEEE Electron Device Lett. 32, 1134-1136 (2011).

20. Singh, S., Takeda, Y., Matsui, H. & Tokito, S. Flexible inkjet-printed dual-gate organic thin film transistors and PMOS inverters:
Noise margin control by top gate. Org. Electron. 85, 105847 (2020).

21. Kim, B., Geier, M. L., Hersam, M. C. & Dodabalapur, A. Inkjet printed circuits on flexible and rigid substrates based on ambipolar
carbon nanotubes with high operational stability. ACS Appl. Mater. Interfaces. 7, 27654-27660 (2015).

22. Baeg, K.-J., Caironi, M. & Noh, Y.-Y. Toward printed integrated circuits based on unipolar or ambipolar polymer semiconductors.
Adv. Mater. 25, 4210-4244 (2013).

23. Kelley, T. W. et al. Recent progress in organic electronics: materials, devices, and processes. Chem. Mater. 16, 4413-4422 (2004).

24. Jung, S., Sou, A, Gili, E. & Sirringhaus, H. Inkjet-printed resistors with a wide resistance range for printed read-only memory
applications. Org. Electron. 14, 699-702 (2013).

25. Hintz, H., Peisert, H., Egelhaaf, H. J. & Chasse, T. Reversible and irreversible light-induced p-doping of p3ht by oxygen studied
by photoelectron spectroscopy (XPS/UPS). J. Phys. Chem. C 115, 1337313376 (2011).

26. http://www.flexink.co.uk/Default.aspx.

27. Sun, J., Bao, B, He, M., Zhou, H. & Song, Y. Recent advances in controlling the depositing morphologies of inkjet droplets. ACS
Appl. Mater. Interfaces. 7, 28086-28099 (2015).

28. Still, T., Yunker, P. J. & Yodh, A. G. Surfactant-induced marangoni eddies alter the coffee-rings of evaporating colloidal drops.
Langmuir 28, 4984-4988 (2012).

29. Sempels, W,, De Dier, R., Mizuno, H., Hofkens, J. & Vermant, J. Auto-production of biosurfactants reverses the coffee ring effect
in a bacterial system. Nat. Commun. 4, 1757 (2013).

30. Janasz, L. et al. Improved charge carrier transport in ultrathin poly(3-hexylthiophene) films via solution aggregation. J. Mater.
Chem. C 4, 11488-11498 (2016).

31. Luczak, A., Jung, J. & Ulanski, J. Elastyczny, drukowany, organiczny rezystor stabilny w powietrzu. (2021).

32. Park, H., Yoo, S., Won, J. C. & Kim, Y. H. Room-temperature, printed, low-voltage, flexible organic field-effect transistors using
soluble polyimide gate dielectrics. APL Mater. 8, 11112 (2020).

33. Lei, Y., Wu, B,, Chan, W.-K.E,, Zhu, E. & Ong, B. S. Engineering gate dielectric surface properties for enhanced polymer field-effect
transistor performance. J. Mater. Chem. C 3, 12267-12272 (2015).

34. www.ossila.com. https://www.ossila.com/products/p3ht?_pos=1&_sid=021ae94d3&_ss=r.

35. Yoo, B. et al. High-mobility bottom-contact n-channel organic transistors and their use in complementary ring oscillators. Appl.
Phys. Lett. 88, 82104 (2006).

36. Lukdcs, P. & Pietrikova, A. Nano-ink drops’ behavior on the polymeric substrates’ surfaces. Period. Polytech. Electrical Eng. Comput.
Sci. 60, 206-210 (2016).

37. Hu, H. & Larson, R. G. Analysis of the effects of marangoni stresses on the microflow in an evaporating sessile droplet. Langmuir
21, 3972-3980 (2005).

38. Tszydel, I. et al. High-mobility and low turn-on voltage n-channel OTFTs based on a solution-processable derivative of naphthalene
bisimide. Adv. Funct. Mater. 22, 3840-3844 (2012).

39. Necas, D. & Klapetek, P. Gwyddion: An open-source software for SPM data analysis. Open Phys. 10, 181-188 (2012).

Acknowledgements

The authors are grateful for the financial support as well as knowledge and facilities made available within the
German BMBF funded MOEL-SOEL project PELWNC agreement no. 01DS17006, Fraunhofer internal pro-
ject BioElektron agreement no. MAVO 831301, and National Science Centre, Poland grants UMO-2014/14/A/
ST5/00204 and UMO-2020/37/B/ST5/03929. The authors would also like to thank Mr. Sunil Kapadia for his
assistance in R&D activities, including manufacturing and characterizing OTFTs.

Author contributions
R.R.B,]JJ.,, A.L,K.Y.M,, B.L. and R.Z. planned the experiments and article concept. A.L., K.Y.M. carried out the
experiments. All Authors contributed to the interpretation of the results and reviewed the manuscript.

Funding

This article was funded by Narodowe Centrum Nauki (UMO-2014/14/A/ST5/00204, UMO-2020/37/B/
ST5/03929), Bundesministerium fiir Bildung und Forschung (01DS17006) and Fraunhofer internal project
BioElektron (MAVO 831301).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-14797-4.

Correspondence and requests for materials should be addressed to A.L. or J.J.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2022) 12:10887 | https://doi.org/10.1038/s41598-022-14797-4 nature portfolio


http://www.flexink.co.uk/Default.aspx
http://www.ossila.com
https://www.ossila.com/products/p3ht?_pos=1&_sid=021ae94d3&_ss=r
https://doi.org/10.1038/s41598-022-14797-4
https://doi.org/10.1038/s41598-022-14797-4
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022)12:10887 | https://doi.org/10.1038/s41598-022-14797-4 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Fully inkjet-printed flexible organic voltage inverters as a basic component in digital NOT gates
	Results and discussion
	Designing and analyzing all-inkjet printed inverters. 
	Silver electrodes and conductive pads. 
	Dielectric layer. 
	Semiconductor layers. 
	Resistor and transistor. 
	Reference inverter. 
	Fully printed inverter. 

	Conclusion
	Experimental section
	Materials and equipment. 
	Printing the individual layers of the device. 
	Printing the resistors and transistors. 
	Characterization. 

	References
	Acknowledgements


