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Abstract

DPP-DTT (Poly [2,5-(2-octyldodecyl)-3, 6diketopyrrolopyrrole-
alt-5, 5-(2,5-di (thien-2-yl)thieno [3,2b]thiophene)]), a flexible 
and high mobility polymer, is used to fabricate Schottky barrier 
diode in air using aluminum as Schottky contact metal and gold 
as ohmic contact metal. Current-voltage (I-V) characteristics 
exhibited a non-linear response with exponential properties, 
indicating the rectification behavior. Furthermore, the charge 
conduction mechanism for DPP-DTT/Al-Schottky junction is 
studied. Specifically, a theoretical analysis of the measured 
I-V characteristic curve showed that the thermionic charge 
conduction mechanism is the dominant mechanism in these 
junctions. Device parameters, including saturation current 
density, Schottky barrier height, and ideality factor, are estimated 
from the device characterization process and results.
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Introduction

Rectifier diodes are the building block for RF to DC rectification. 
For supplying power to wearable devices, such diodes must 
be grown on a flexible substrate, and this problem represents 
the bottleneck for wireless powering of wearable devices. 
Recently, flexible diodes have been grown by using organic or 
by using a combination of organic and inorganic materials 1–3. 
These diodes have been investigated for their use for sensors, 
detectors, and RFID applications. Furthermore, solution-based 
processing and fabrication of flexible diodes has been noted 
recently due to advantages of low temperature processing and 
low cost for mass production [4].

A donor-acceptor (D-A) co-polymer system exhibits increased 
mobility, where the transport of electrons is favored by between 
electron rich and electron deficient molecules. In certain D-A 
co-polymeric systems, a π-π stacking is available, which further 
provides a strong intermolecular interaction [5] to form an 
ordered, lamellar polymer thin film. The D-A pair is also known 
to improves the carrier transport due to injection of carriers at 
the metal-semiconductor interface [6].

In prior works, DPP polymeric system has reported mobility 
between 0.1 cm2V−1s−1 to 2 cm2V−1s−1 with a typical value 
of 1 cm2V−1s−1. However, for the co-polymeric system of DPP 
and DTT, the mobility is consistently increased and reported 
between 1 and 3 cm2V−1s−1, where the films were grown 
by using low-cost spin coating processes 6–11. Therefore, 
a D-A type co-polymeric system of DPP-DTT offers features 
of solution processability, chemical stability and increased 
mobility. To build on these reporting, we investigate the air 
fabrication of Schottky barrier junctions of aluminum metal and 
DPP-DTT co-polymeric system, while realizing them on flexible 
substrates for wearable applications.

In related prior works, DPP-DTT has been used as an active 
layer material among field effect transistors [6], [12], photovoltaic 
cells [13], and Schottky diodes [14]. However, these reported 
devices are fabricated and tested in nitrogen box. From practical 
standpoint of daily use, here we report the performances of the 
Schottky diodes that are fabricated and tested in air. Such air-
made devices offer lower cost of fabrication but have not been 
given attention in the prior studies. Similarly, a detailed study of 
conduction mechanism for such Schottky diodes has not been 
reported.

Objective of the study is to determine the performance of 
Schottky diode that uses DPPDTT as the active material 
layer. Specifically, we study Schottky diode with Au/DPPDTT/
Al stack and an also conduct investigation into the carrier 
transport mechanisms to verify the measurement results. The 
aim is to understand the possible currents in the DPPDT based 
diodes for future RF applications. We also further estimate the 
diode parameters, such as barrier height, saturation current 
and ideality factor of the DPPDTT based Schottky diode. In 
section II, fabrication of the diodes in air is shown. In section 
III, the measurement results are presented and compared with 
analytical models. Our analysis shows that a charge conduction 
transport mechanism is the best suited theory to quantify the 
I-V characteristics exhibited by the diodes. Conclusions are 
presented in section IV.
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   Figure 1. Equilibrium energy band diagram of polymer      
   sandwiched between Au and Al electrodes

II. FABRICATION AND EXPERIMENTS

A. Electrodes: Ohmic and Schottky Contacts

Mobility edge energy level separates the localized and delocalized 
states of carriers within the disordered (or imperfect) crystals. The 
position of mobility edge with respect to Fermi level of a metal 
determines the nature of metal contact, i.e. determines if the contact 
is ohmic or Schottky. An ohmic contact is formed between the metal 
and semiconductor if the Fermi level of the metal is close to the 
mobility edge of semiconductor [15]. For p-type semiconductor, high 
work function metal like gold, indium tin oxide (ITO), platinum is 
required to form ohmic contact. These metals allow proximity of the 
metal Fermi level with the valence band conduction edge (see Figure. 
1). Likewise, a low work function metal like calcium, aluminum, 
magnesium is needed to form Schottky contact. These metals allow 
barrier due to sufficient gap between the valence band mobility edge 
and metal Fermi level. For ohmic contact at anode, gold (work function 
φAu = 5.1 eV [16]) is chosen over platinum and ITO. Platinum is 
expensive and not readily available. ITO is difficult to deposit due 
to transparent characteristics, which does not allow visual feedback 
after deposition. For creating a Schottky barrier at cathode, aluminum 
(φAl = 4.3 eV [16]) is chosen over calcium and magnesium. Although 
calcium has lower work function, polymer-calcium junction degrades 
with diffusion of calcium ion into the polymer layer. Magnesium is 
difficult to deposit because of its reactivity [17]. 

DPP-DTT has band gap of 1.7 eV and electron affinity of 3.5 eV 
[12]. Energy diagram of Au/DPP-DTT/Al structure in equilibrium is 
shown in Figure. 1, where the polymer layer is sandwiched between 
our choice of metal contact. As shown, the structure allows for a Au/
DPP-DTT ohmic contact and Al/DPP-DTT Schottky barrier junction 
for intended diode like

Soft PET
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type semiconductor)

Au 65 nm
DPPDTT ~80-150 nm

Al 100 nm

Al Schottky contact

Au ohmic contact
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  Figure 2. Fabrication process of PET/Au/DPPDTT/Al Schottky         
  diode performance.

B.Fabrication of Schottky Diode

The device fabrication and characterization were done in atmosphere 
and in room temperature as opposed to inert environment in previous 
studies. DPP-DTT was obtained from Ossila in powdered form with 
number average molecular weight (Mn) of 183,332. Chloroform and 
O-Dichlorobenzene (DCB) solvents were obtained from Lab Alley 
and used in original form. DPP-DTT solution in chloroform and DCB 
was prepared. 250 mg of the polymer powder was added to 30 ml 
of chloroform and the solution was placed in a magnetic stirrer for 
6 hours. The resulting solution with DPPDTT in chloroform liquid 
was 8.3 mg/ml. Similarly, 8.3 mg/ml of DPP-DTT in DCB liquid 
was prepared. For the solution processing, the polymer concentration 
in the solvent is important. High polymer concentration results in 
a viscous solution, which prevents us from getting a uniform and 
thin film. On the other hand, low concentration may result in a film 
with pinholes. Therefore, the above solution concentrations were 
chosen after careful optimization and several attempts of creating the 
polymer films.

Figure. 2 shows the fabrication process of Schottky diode presented 
in this paper. Devices were deposited on flexible PET substrate. First, 
a fabrication recipe was optimized by using hard substrate of SiO2. 
On this substrate, chromium and gold, 20 nm and 45 nm respectively 
were deposited by e-beam evaporation at a rate of 2 Ao/s in vacuum. 
Chromium was used as an adhesion layer, as it forms alloy with 
gold and has an affinity to silicon substrate. Following this, organic 
polymer was spin coated on top of gold electrodes, at 2000 rpm for 
40 seconds, which gives about 100 nm thick and uniform polymer 
film. Each sample was annealed at 100 oC for 5 minutes to remove 
residual solvent. The samples were then kept in vacuum at pressure 
less than 10−6 torr for about 12 hours to remove unintentional water 
and oxygen doping from the surface of the polymer. These dopants 
could make the intended Schottky junction to behave as ohmic if the 
junction is highly doped 18, 19. The shadow mask evaporation of 
aluminum in vacuum was done to deposit 100 nm of aluminum at 
a rate of 0.7 Ao/s. Aluminum deposition was done as a last step of 
fabrication, to eliminate the possibility of alumina formation at the 
junction. The shadow masks for both gold and aluminum were created 
using laser cutting printer. Fig. 3 shows the schematic of fabricated 
devices, epitaxial stack of the device and a photo of realized diode on 
soft PET substrate.

The deposition rate for the last metal layer also played an important 
role. If the deposition rates are too high, the metal penetrates the 
thin film organic layer and causes metal-polymer interface to 
behave as metal-metal contact [15]. This will degrade the diode I-V 
characteristic from exponential to linear. To retain the exponential 
diode behavior, the deposition rate less than
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   Figure 3. Schematic showing device fabrication with epitaxial stack    
  (left), realized device on flexible PET substrate (middle), I-V curve   
   showing the diode performance measured at different time (right)
   1 Ao/s was optimized in the fabrication.

C. Instrumentation

The polymer solution was prepared using Corning PC-320 magnetic 
stirrer. The masks for gold and aluminum were printed using laser 
cutting printer. Gold and aluminum were deposited using CHA 
Evaporator by electron beam evaporation technique. The thickness 
of deposited materials was measured using a profilometer and width 
of the metal contact was measured using an optical microscope. The 
output I-V measurements were carried out with Keithley 4200 SCS 
by applying bias voltage in the desired range and by measuring the 
resulting current.

III. RESULTS AND DISCUSSION

Device characterization was done within 2 hours of fabrication at 
room temperature and in atmosphere as opposed to inert environment. 
First, the diodes were fabricated with DPP-DTT in DCB solution 
which resulted in a non-uniform polymer film because of the high 
viscosity of the solvent. Then the diodes were fabricated with 
DPP-DTT in chloroform solvent; lower viscosity of chloroform as 
compared to DCB resulted in relatively uniform film thickness. Fig. 3 
shows the exponential nature of current with voltage for the fabricated 
devices. The knee voltage is approximately 10 volts which is quite 
high for the required low power operation for power rectification for 
wearables. Ideally the desired voltage value is under 1 volt. The knee 
voltage reported for other organic polymers like MEH-PPV, rr-P3HT, 
etc. (these polymers has lower mobility compared to DPP-DTT) is 
less than 1 volt; it is reasonable to assume that knee voltage was high 
for fabricated devices due to presence of non-idealities in our device. 
Interface states or metal oxide layer in polymer-metal interface as 
well as water induced impurities in bulk of organic semiconductor are 
possible non-idealities in the fabrication process [20].

The device performance is observed for 3 weeks. The devices were 
kept in the air after fabrication. Device characterization was done in 
1 week interval and the observed I-V performance is shown in Fig. 3 
(right). The current density decreased as the device aged. This is due 
to addition of aforementioned non-idealities while the device aged 
in air.

A. Theoretical Model

Theoretical models exist to quantitatively describe the charge 
conduction mechanism in semiconducting material used for Schottky 
diodes. For organic semiconductors, the nonlinear I-V behavior is 
explained using Poole-Frankel emission, or thermionic emission, 
or space charge limited conduction (SCLC) [21]. To determine the 
model applicable to explain electronic transport in our Schottky 
barrier junctions, we consider these analytical models to understand 
which fits the measured I-V curve the best. This further allows us 
to deduce material parameters of semiconductor used for Schottky 

diode.

Poole-Frenkel emission explains how electrical insulators can conduct 
electricity. Electrons trapped in localized states move to conduction 
band because of random thermal fluctuations, more frequently 
in presence of electric field and require less thermal energy, move 
to different location for brief time, and fall back to other localized 
state. The resulting current density as per Poole-Frenkel emission is 
expressed by [22]
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 and d is the thickness of the polymer.

SCLC conduction mechanism is dependent on trap states between 
metal and polymer interfacial layer [19]. The resulting current density 
because of SCLC is expressed by
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where µ denotes carrier mobility.

For thermionic conduction model, electrons cross the work function 
barrier because of thermal energy or applied electric field and move 
to the conduction band. The charge carriers then follow band transport 
mechanism. The resulting current density is expressed by 19, 23, 24
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The ideality factor, n, the ratio of width of band tail and temperature, 
approaches 1 for highly ordered semiconductor. Other processes, 
e.g. tunneling or recombination in the depletion region may also be 
involved and accounted for in the model by choosing a higher value of 
ideality factor. For organic semiconductors, n varies between 1.2 to 8 
whereas 1 to 1.6 for inorganic semiconductor. In the above equation, 
Jo is the saturation current in reverse bias of the diode; once known, 
Richardson equation can be used to calculate the barrier height (φb) 
[19], [23]
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where A* is Richardson constant. The value of A∗ is 120 A/cm2K2 
for free electron. Similarly, the value for ideality factor can be 
calculated as

  
 
  

(      )
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To determine the dominant charge transport mechanisms, we analyze 
the I-V curve. For Poole-Frenkel emission, ln(J/V ) vs V1/2 is linear. 
For thermionic emission, ln(J) vs V is linear. Finally, if ln(J) vs ln(V ) 
is linear, the conduction is due SCLC mechanism and expected slope 
is 2. These plots are shown in Fig. 4. The circle marker represents the 
values obtained from measurement, while the solid lines are the curve 
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fit using cubic spline interpolation on the measured data.

B. Measured Results

For the device characterized within 2 hour after fabrication, log(J/V 
) vs V 1/2 is non-linear, as shown in Fig. 4a. Hence it removes the 
possibility of Poole-Frenkel conduction mechanism. Moreover, ln(J) 
vs ln(V ) is nonlinear as shown in Fig. 4b and the slope when fitted 
is 4 for the whole plot and 8 for the high voltage region, while the 
required slope is 2 for SCLC. Hence this observation eliminates the 
SCLC transport mechanism. ln(J) vs V is linear as in Fig. 4c, which 
suggests that thermionic emission mechanism is the dominant charge 
conduction mechanism in the fabricated DPP-DTT/Al Schottky 
diode.

 

 

  

   Figure 4.  (a) ln(J/V) vs V1/2 for Poole-Frankel mechanism; (b)     
   ln(J) vs ln(V) for SCLC mechanism; (c) ln(J) vs V for Thermionic  
   mechanism

ln(J) vs V plot when fitted to a straight line using linear regression (see 
dotted line in Fig. 4c), the value of y intercept and slope of the straight 
line gives saturation current and ideality factor of diode, respectively. 
Using saturation current, we find the barrier height using equation 4. 
The calculated saturation current, barrier height and ideality factor 
are Jo = 1.55 x 10−7 A/cm2, φb = 0.8 eV, and n = 30 respectively.

One of the most widely used organic polymer, MEHPPV is reported 
to have maximum current density of 0.01 A/cm2 [25], and an ideality 
factor of 10.7. Although our proposed devices show higher current, 
the ideality factor is also high. This high value of ideality factor 
arises from the interface states in the active layer, formation of oxide 
layer at the polymer-metal interface as well a from the water induced 
impurity states in the bulk of organic semiconductor. These non-
idealities deviate the device performance from an ideal exponential 
type I-V characteristic. High ideality-factor is also the reason for the 
diode to show a high knee-voltage when compared to other polymers.

Prior made DPPDTT Schottky diode in nitrogen chamber [14]  has 
shown current densities less than 0.01 A/cm2. Comparison of our air 
made DPPDTT Schottky shows that the active layer is rather robust 
to fabrication steps. Nevertheless, it is known that the DPPDTT 
layer is susceptible to moisture [14]. We also notice a higher knee 
voltage in the device due to non-uniformity in the barrier height. 
Because of aforementioned non-idealities, the structure of polymer-
metal interface is disordered; the effective environment for all metal 
atoms are different, resulting in Gaussian barrier height distribution 
[26]. This implies an inhomogeneity at the interface of organic 
semiconductor. In future work, this inhomogeneity should be reduced 
to obtain device with a lower knee voltage. A potential approach is 
use of additives in organic semiconductors to blend with solution 
processable organic semiconductors. The resulting hybrid material 
has demonstrated crystal growth that can be controlled [27]. The 
additive could be small molecule additives, polymer additives, or 

nanoparticles. This is known to improve material crystallization, 
enhance uniformity, and improve charge transport. Additives will be 
blended in DPPDTT polymer in future work achieve improve device 
performance in terms of ideality factor and maximum current density.

IV. CONCLUSION

Air made DPP-DTT Schottky diode was fabricated using gold 
as ohmic contact and aluminum as Schottky contact. The diode 
is explored to reduce production costs and make the fabrication 
process simpler as compared to fabrication inside nitrogen chamber. 
Current-voltage characteristics and charge transport methods were 
studied, and conclusion was made that the thermionic emission is 
the dominant mechanism in DPP-DTT/Al barrier junction diodes. 
Electronic parameters including barrier height, ideality factor and 
reverse saturation current are calculated to be φb = 0.8 eV, n = 30, and 
Jo = 1.55 x 10−7 A/cm2 respectively. The DPPDTT Schottky diode 
presented here is fabricated on PET substrate for proof of concept, 
but it can also be fabricated in other substrates such as PEN tape 
and transferred to clothing materials, which makes it appealing for 
possible wearable applications.
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