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Abstract. n-ZnO/p-PEDOT semitransparent inorganic-organic hybrid vertical
heterojunction thin film diodes have been fabricated with PEDOT and ZnO thin films
grown by electrodeposition and RF magnetron sputtering respectively, onto an
ITO/glass substrate. The diode exhibited an optical transmission of ~40% to ~50% in
the visible region between 450 and 700 nm. The current-voltage (I-V) characteristics of
the heterojunction show good rectifying diode characteristics, with a ratio of forward
current to the reverse current as high as 35 in the range -4 V to +4 V. The |-V
characteristic was examined in the framework of the thermionic emission model. The

ideality factor and barrier height were obtained as 4.0 and 0.88 eV respectively.

Keywords:  Semitransparent  heterojunction;  n-ZnO; PEDOT,;  sputtering;

electrodeposition.



1. INTRODUCTION

In the last years, transparent electronics (i.e.: transparent diodes, functional
windows, TFT, CMOQOS, etc.), becomes an important and emerging area of advanced
technology research [1]. However, although the n-type transparent conductive oxides
(TCOs) such as ZnO, In,03, SN0, and their doped versions are well-known and widely
used in many opto-electronic applications, transparent devices based on the transparent
p-n junctions are limited to the scarce existence of p-type TCOs [1-3]. On the other
hand, a p-type conducting polymer as the poly(3,4-ethylenedioxythipohene) (PEDOT)
doped with poly(styrenesulfonic acid) (PEDOT:PSS), has attracted considerable interest
in recent years because for its low-energy band gap (ca. 1.6-1.7) which makes it suitable
for electro-optical applications, its excellent electrical characteristics, inherent stability
and low oxidation potential [4]. In fact, PEDOT is being widely employed in organic
photovoltaic devices and organic light-emitting diodes (OLEDSs) as hole transporting
layer, because of its suitable work function and acceptable transparency in visible light
range [5-10]. Moreover, several pioneering studies showing the possibilities of
ZnO/PEDQOT:PSS based hybrid inorganic/organic heterostructures in optoelectronic and
photovoltaic devices such as diodes [9,11-14] and solar cells [5] have been emerged.
Hybrid inorganic/organic heterostructures have been shown to posses a great potential
in optoelectronic and photovoltaic devices [5,15-19]. In fact, the hybrid structures can
combine in one assembly the advantages of inorganic compounds such as a broad range
of light absorption, effective transport of charge carriers, firmness, hardness, and
thermo-stability, and advantages of organic polymer materials such as cheapness,
plasticity, flexibility, easy chemical modification, and solution processibility [5,16]. In
the case of ZnO/PEDOT:PSS based hybrid inorganic/organic heterostructures, different

ZnO architectures (planar single crystal [11], thin films [14] and nanowires [9,12,13]),



and several preparation techniques for both ZnO structures and PEDOT:PSS layers in
fabricating those mentioned heterostructured devices can be encountered in the
literature. In the PEDOT:PSS film preparation, as a general rule in all those cases above
mentioned, a spin coating technique has been used [9,11-14]. In the case of the literature
reported ZnO thin film/PEDOT:PSS heterojunction diode, the ZnO thin film has been

grown by an ultrasonically assisted chemical vapor deposition technique [14].

In this contribution, the fabrication of n-ZnO/p-PEDOT based hybrid
inorganic/organic semitransparent heterostructure diodes has been performed by using
an innovative combined physical magnetron sputtering growth method and a low-cost
electrochemical one. The first step consists of the growth of the PEDOT thin film by an
electrochemical route through the electropolymerization of EDOT monomer from an
organic electrolyte solution onto an ITO-coated glass substrate. In a second step a ZnO
thin film is deposited by magnetron sputtering method onto the previously
electrochemically grown PEDOT layer. Thus, producing through low temperature
processes a hybrid inorganic/organic heterostructure. It is noteworthy that the low
temperature processing may allow for preparing optoelectronic devices and solar cells
onto flexible plastic substrates [10], and then providing an opportunity to bring new
applications in wearable computers, flexible displays, e-papers, electronic textiles, and
solar cells. Moreover, in this research, the I-V diode characteristics of the n-ZnO/p-

PEDOT device have been investigated.

2. EXPERIMENTAL
Synthesis of ZnO/PEDOT/ITO/glass heterojunction. The first step consists of the
growth of the PEDOT thin film by an electrochemical route through the

electropolymerization of the (3,4-ethylene dioxythiophene) (EDOT) monomer
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(SIGMA-ALDRICH), onto a tin-doped indium oxide (ITO)-coated glass substrate. A
typical three electrode electrochemical cell geometry has been used, comprising an ITO-
coated glass substrate (2.0 cm?), a Pt wire and a saturated calomel electrode (SCE)
(E=+0.25V vs. normal hydrogen electrode (NHE)), as working, counter and reference
electrodes, respectively. All the potentials reported in this study refer to this reference
electrode. The electrodeposition bath consisted of an aqueous solution of 3 mM EDOT
+ 0.2 M LiCIlO,. All solutions were prepared from analytical grade reagents and 18.3
MQ.cm Millipore water. The electrodeposition was performed at room temperature.
Nitrogen was flushed through the cell and the electrolyte prior to the experiments, and a
nitrogen flow was maintained over the solution during the electrodeposition process.
The substrates were first cleaned under ultrasonic, 5 min in acetone, 5 min in ethanol
and 5 min in DI water. The PEDOT thin film has been grown by a potential cycling
procedure between -0.8 to 2 V at 75mV/s, during 5 cycles, by using an Autolab
PGSTAT30 potentiostat/galvanostat. In a second step, a ZnO thin film has been grown
onto the previously electrodeposited PEDOT layer by RF magnetron sputtering, at room
temperature, for 30 minutes by using a Magnetron Sputtering System ORION-5-UHV
(AJA International). A ZnO tablet target (99.99% AJA International 2” diameter x
0.125” thickness) has been employed. During deposition, the chamber pressure and RF
power have been kept at 1.4x10 mbar and 150 W, respectively. The last step in the
fabrication of the hybrid heterojunction diode was the fabrication of a top metal contact
to the ZnO part of the hybrid junction. This ohmic contact was achieved by sputtering

an Al film through a mask on top of the fabricated device.

Characterization studies. The morphology of the different films has been investigated
with a SEM-FIB, FEI-Helios 650 at an acceleration voltage of 3kV. The X-ray

diffraction (XRD) of the sputtered ZnO thin film was recorded using Philips X’Pert



PRO MPD unit (with 45kV and 40mA, Cu Ko radiation with X=1.5406A). FT-IR
spectra of PEDOT thin films were obtained by using a VERTEX 70 spectrophotometer
with a Golden Gate Single Reflection Diamond ATR System from Specac. The optical
properties of the diode devices in the visible spectral region have been studied by a
Spectrometer Varian Cary 5000 (180 to 3300 nm) with an integrating Sphere and
variable angle. The thickness and roughness of the films have been determined by using
a mechanical profilometer DEKTAK 150 SURFACE PROFILER from Veeco. A
potentiostat/galvanostat Autolab PGSTAT30 was used to measure the -V
characteristics of the devices. All measurements were performed at room temperature

and in dark conditions.

3. RESULTS AND DISCUSSION

Properties of PEDOT and ZnO thin films

The PEDOT thin films onto the ITO substrate have been obtained through the
electropolymerization of the EDOT monomer in an aqueous LiClO,4 solution. The
electropolymerization has been carried out potentiodynamically by cycling the potential
from -0.8 to 2.0 V. After five cycles the as-deposited PEDOT thin films exhibited a
light blue color and good transparency, were uniform with no visible defects and they
had good adhesion to the ITO surface. The thickness of the electropolymerized PEDOT
layer can easily be controlled by the deposition time, which in the case of potential
cycling is number of cycles. After five cycles, a final PEDOT film thickness of about
200 nm has been obtained, as it was determined by profilometric analysis. Moreover,

this film thickness value is in accordance to the one (ca. 220 nm), obtained from the



polymerization charge and applying the Faraday’s law (assuming a 100% Faradaic

efficiency).

In order to quantitatively confirm that the electrodeposited thin films were
PEDOT, FTIR-ATR spectroscopy has been carried out onto those thin films. Figure 1
shows the FTIR-ATR spectrum in the wavenumber region 1600-800 cm™ of a typical
electrodeposited PEDOT thin film. In this FTIR-AR spectrum 11 peaks can be assigned
to PEDOT (see Table 1), showing conclusively that the electrodeposited thin films are
composed of PEDOT. Moreover, the presence of strong signal bands at ca. 1520 cm™
and at ca. 1360 cm™ demonstrates that the electrochemically grown PEDOT films are p-

doped [22].

Figure 2 shows FE-SEM images of a typical PEDOT layer electrochemically
grown under the experimental conditions described above. Figure 2a depicts a
continuous and homogenous film, without cracks or pinholes. With a higher
magnification, Fig. 2b shows a rough granular layer of round-shaped particles about 250
nm in diameter. The layer is dense with a relatively low roughness of ca. 10 nm as
determined by profilometry. Despite high surface area the roughness stays on the level

of 10 nm, preventing electrical pinning [23].

As has been said above in a second step a ZnO thin film has been deposited onto
the previously electrochemically grown PEDOT layer by RF magnetron sputtering. The
ZnO film thickness was of about 700 A. The ZnO film surface was smooth,
homogenous and without cracks. In order to study the structural properties of the ZnO
films, i.e.: to investigate the crystallographic phase, the overall crystalline quality, and
the possible texture of those ZnO grown thin films, X-ray diffraction experiments have

been carried out. Figure 3 shows a typical XRD pattern for sputtered ZnO thin films,



and for comparison its respective JCPDS pattern is also included [24]. The
diffractogram revealed a number of diffraction peaks arising from ZnO thin film and
ITO substrate layer. The presence of only one diffraction peak corresponding to the
(0002) plane of the ZnO wurzite structure can be appreciated, indicating that these films
are single-phase with an excellent preferential crystallographic orientation in the c-axis
direction. On the other hand, the low intensity of the ZnO diffraction peak compared to
the ITO ones is an indication of the low thickness of the films and/or a very low

crystalline character.

Optical properties of n-ZnO/p-PEDOT heterojunction diode

In order to investigate the transparency properties of the hybrid heterojunction
diode optical transmittance measurements have been done. Figure 4 shows the
cumulative  optical  transmittance  versus  wavelength  spectra  of the
ZnO/PEDOT/ITO/glass heterojunction thin film diode. Curve (a) and curve (b)
represents the transmission spectra of glass and 1TO/glass substrate respectively,
showing each of them almost 90% and 80% visible transmittance, respectively. The
cumulative optical transmittance after depositing each multilayer shows 54% for
PEDOT onto ITO/glass substrate (curve (c)), and the final cumulative transmittance of
the diode reveals 45% at 550 nm (curve (d)), respectively. Moreover, curve (d) shows
an optical transmission of ~40% to ~50% in the visible region between 450 and 700 nm.
This compares to an optical transmission in the visible of ca. 30%-60% reported by Lee
et al. [25] for their thin film based pentacene/ZnO p-n heterojunction diode and 10% to
55%  transmittance  reported by Zhou et al. [26] for their

glass/PH1000/ZnO/P3HT:PCgBM/CPP-PEDOT/PH1000 hybrid organic/inorganic



heterojunction diodes in the visible region. As far as other transparent diodes are
concerned, Wang et al. [27] obtained 10% to 70% visible transmittance for n-ZnO/p-
type diamond thin films heterojunction diodes, Banerjee et al. [2] reported ca. 60%
visible transmittance in a n-Zn;xAlO/p-CuAlO,.« heterojunction diode, and Hoffman
et al. [28] obtained 35% to ca. 65% for their CuYO,:Ca/ZnO:Al/ITO p-i-n

heterojunction diode.

Electrical properties of n-ZnO/p-PEDOT diode

The device structure is illustrated in Fig. 5a. It is a ZnO/PEDOT vertical n-p
junction diode with ITO and aluminum (Al) metal as the bottom and top electrodes,
respectively. The junction properties were examined by current-voltage (I-V)
measurements at room temperature in air under dark conditions. Prior to examining the
rectifying properties of the heterojunction diode, it is necessary to confirm ohmic
behaviors of the electrodes. Figure 5b depicts an energy band diagram of the n-ZnO/p-
PEDOT device constructed in the basis of work function values, PEDOT HOMO and
LUMO positions and ZnO data reported in literature [14,15,25, 29-31]. As has been said
above and illustrated in the schematic of the device structure (see Fig. 5a), the ITO
electrode is used as ohmic contact for p-type PEDOT layer and the Al electrode is used
for the ohmic contact for n-type ZnO thin film. The work function of ITO (@10 = 4.8
eV) and PEDOT (®pgpot = 5.0 €V) are similar, leading to the formation of an ohmic
contact. In fact, the linearity of the 1-V characteristic of the ITO/PEDOT structure
shown in the inset of Fig. 6a, indicates and confirms the ohmic behavior between the
ITO/PEDOT. Concerning the Al/ZnO contact, there is also not much difference in the

work function of Al (®a = 4.3 eV) and the electron affinity of ZnO (yzno = 4.5 eV),



leading to ohmic contact at this interface. Furthermore, aluminum has been extensively
proved and reported as an ohmic contact material for n-ZnO [32]. Figure 6a shows the
current-voltage (I-V) characteristic of a typical n-ZnO/p-PEDOT heterostructure diode.
The current increases non-linearly with the forward bias which confirms a diode-like
behavior due to difference in energy levels of PEDOT and ZnO thin films [14]. The
device shows a low turn-on voltage of approximately 0.5 V under forward bias, in line
with the one reported for a PEDOT:PSS/ZnO thin film based diode by Sharma et al.
[14]. On the other hand, this turn-on voltage (Vo,) value is better than those reported for
Ga-doped ZnO/PEDOT:PSS (Vor=1.3 V) [33] and ZnO/PEDOT:PSS (Von=1.0 V) [34]
heterojunction diodes. Moreover, the junction shows a good diode rectifying behavior:
the DC rectification ratio |I(4 V)| /| I1(-4 V)| is ca. 35. A rectification factor that is
comparable to that exhibited by other hybrid inorganic/organic diodes, i.e.: 3.8 at 5 V
for a n-ZnO nanorod arrays/p-PEDOT:PSS heterojunction [16], 50 at +3 V for a Ga-
doped ZnO/PEDOT:PSS device [33], 25 at 5 V for a ZnO nanowire
arrays/PEDOT:PSS diode device [13] and 16 at £+ 5 V for a ZnO/polyaniline

heterostructure [15].

The diode-like behavior of the n-ZnO/p-PEDOT heterojunction was examined
using thermionic emission model [35]. According to this model, the junction under

forward bias has the I-V relation as:

I=Is[exp(%j—l} V >3k,T/q), )

where V is the applied bias voltage (in V), I is the measured current, Is is the saturation
current, q is the absolute value of the electronic charge (in C), k and T are Boltzmann’s

constant and absolute temperature, respectively, n is the ideality factor (in the ideal case
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n=1, if the transport mechanism is not governed exclusively by a thermionic emission

process, n>1). The saturation current Is is expressed as:

lg = AAT? exp(— %} )

where A is the junction area, A* is the effective Richardson constant and @y is the
barrier height at the ZnO/PEDOT interface. The slope and the intercept from the linear
fit to the semilog plot of the I-V curve depicted in Fig. 6b yield the ideality factor,
n=4.0, and the barrier height, ®,=0.88 eV. The resultant ideality factor value is similar
to the reported n value (3.8), for a CVD deposited ZnO/spin coated PEDOT:PSS n-p
thin film based diode [14]. This ideality factor is expected to be 1.0 and 2.0 at low and
higher voltage, respectively, as per the classic Sah-Noyce-Shockley model [36]. The
high n value elucidates that the behavior of the ZnO/PEDOT junction diode deviates
from the ideal one. This may be due to the presence of surfaces states in ZnO as has
been suggested by several authors [14,34], and interface states at the inorganic/polymer

heterostructure interface [34, 37].

4. CONCLUSIONS
n-ZnO/p-PEDOT semitransparent inorganic-organic hybrid vertical heterojunction thin
film diodes have been fabricated with PEDOT and ZnO thin films grown by
electrodeposition and RF magnetron sputtering respectively, onto an ITO/glass
substrate. The diode exhibited an optical transmission of ~40% to ~50% in the visible
region between 450 and 700 nm. The current-voltage (I-V) characteristics of the
heterojunction show good rectifying diode characteristics, with a ratio of forward

current to the reverse current as high as 35 in the range -4 V to +4 V. The I-V
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characteristic was examined in the framework of the thermionic emission model. The
ideality factor and barrier height were obtained as 4.0 and 0.88 eV respectively. A
moderate transparency and low turn-on voltage of the n-ZnO/p-PEDOT transparent

diode indicates its potential application in “transparent” or “invisible electronics”.
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FIGURE CAPTIONS.

Figure 1. FTIR-AT absorption spectra for an electropolymerized PEDOT layer onto an
ITO/glass substrate from a 3 mM EDOT + 0.2 M LiCIO,4 aqueous solution, by potential

cycling from -0.8 to 2 V. Scan rate: 75mV/s and during 5 cycles.

Figure 2. FE-SEM images of PEDOT films grown under the experimental conditions

given in Figure 1.

Figure 3. X-ray diffraction pattern of a typical RF magnetron sputtered ZnO thin film
onto a PEDOT/ITO substrate. Hexagonal wurtzite ZnO JCPDS pattern is also shown for

comparison (black lines). (*, indicates the peaks originated from the ITO substrate).

Figure 4. Cumulative optical transmittance spectra of a typical n-ZnO/p-PEDOT
heterojunction diode onto an ITO/glass substrate. (a) glass; (b) ITO/glass; (c)
PEDOT/ITO/glass and (d) ZnO/PEDOT/ITO/glass. The inset shows a photograph of a

ZnO/PEDOT/ITO/glass diode device to illustrate its level of transparency.

Figure 5. (a) Schematic diagram of vertical n-ZnO/p-PEDOT heterojunction device. (b)

The energy band diagram of the n-ZnO/p-PEDQOT device and ITO and Al contacts.

Figure 6. (a) Current-voltage (1-V) characteristics of a typical n-ZnO/p-PEDOT hybrid
heterojunction diode. The inset shows I-V characteristics of ITO/p-PEDOT ohmic

contact. (b) I-V characteristics of the n-ZnO/p-PEDOT diode device in semilog form.
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Tables (if any)

TABLE 1. Band assignments for the FTIR-AT absorption spectra of a PEDOT thin film

shown in Figure 1.

Peak, (cm™) Assigment and literature Reference
reported peak (cm™)
1523 v(C=C) (1515) 20
1475 v(C-C)+v(C=C)  (1450) 21
1412 v(C-C) (1388) 21
1363 v(C-C) (1334) 20
1221 v(C-0O-C) (1202) 20
1145 v(C-0O-C) (11412) 20
1095 v(C-0O-C) (1090) 20
1054 v(C-0O-C) (1050) 20
985 v(C-S) (979) 20
937 v(C-S) (945) 20

844 v(C-S) (844) 20




Figurel
Click here to download high resolution image

Absorbance (arb.units)

™

1600 1400 1200 1000 800
Wavenumber (cm'1)


http://ees.elsevier.com/tsf/download.aspx?id=871791&guid=a489a0f6-b5e2-4001-bb87-6bb4a62df92d&scheme=1

Figure2
Click here to download Figures (if any): Figure2.pdf

16/ 2 dwell
1:32:25PM | 30 ps

dwell H mod WD mag EH —_— m
30 ps | 10.00 kv | Custom | 4.0 mm | 10 000 x Helios Malaga


http://ees.elsevier.com/tsf/download.aspx?id=873073&guid=30776c02-909b-4595-8169-4cde0b0640b4&scheme=1

Figure3
Click here to download high resolution image

200

150

100 |

O,
o
!

Intensity (arb.units)

2 theta (degrees)


http://ees.elsevier.com/tsf/download.aspx?id=873074&guid=43d6f16c-6dae-427a-a640-842e1a132730&scheme=1

Figure4
Click here to download high resolution image

100 - | 550 n'm

y - , R A
\0 |
< 80- [ l T g
S ; (b)
§ 60 - :
g 40 - :
= |
(o ' :
= 204 :

O | » : | 9 | "

200 400 600 800 1000

Wavelength (nm)


http://ees.elsevier.com/tsf/download.aspx?id=873072&guid=6840dd14-f33b-44bb-986c-5cd2b4b3d1cb&scheme=1

Figure5a
Click here to download high resolution image

—
——
-
—
/’--
-
—
>



http://ees.elsevier.com/tsf/download.aspx?id=873075&guid=934da6a9-4576-4701-9ef4-e9e4d04bf9f1&scheme=1

Figure5b
Click here to download high resolution image

(b)

Al

ITO 43

Energy level (eV)
o
A
(00



http://ees.elsevier.com/tsf/download.aspx?id=873076&guid=06957a5b-671d-4999-901b-98ea9b544364&scheme=1

Figure6a
Click here to download high resolution image

20-2 -
o
é ¢ 0
2 4 0 .
- 154® o O
< T o
o 14 g 4 o ;
~— &)
10 : . '
> 3 0 3
:%' Voltage (V)
=
O 5-
)
=
0- —

Voltage (V)



http://ees.elsevier.com/tsf/download.aspx?id=873077&guid=0241aadc-786b-4752-a8ff-d6528569ef48&scheme=1

Figure6b
Click here to download high resolution image

1E-4

(b)
1E-5

1E-6

(A)

> 1E-7

1E-8

Intensit

1E-9

1E-10

1E-11 4 : : ; : : , . :

Voltage (V)


http://ees.elsevier.com/tsf/download.aspx?id=873078&guid=0563f888-c259-4395-90b0-d79cc2e691fe&scheme=1

