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We report on a high performance visible-blind Schottky ultraviolet photodiode composed of a ZnO
(0001) bulk single crystal and a transparent conducting polymer, poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate), fabricated with a simple spin-coating process at room temperature in air.
The quantum efficiency as high as unity in ultraviolet region and a visible rejection ratio of about
10° were achieved in the spectral response of the photodiode under zero-bias condition. The
normalized detectivity of the photodiode was evaluated to be 3.6 X 10" cm Hz"?/W at 370 nm.
© 2008 American Institute of Physics. [DOI: 10.1063/1.2989125]

Optoelectronic device application using wide-gap semi-
conductors is one of the important research fields in trans-
parent semiconductor technology. Zinc oxide (ZnO), which
has a direct band gap of 3.37 eV, is one of the promising
compounds for transparent oxide electronics. By exploiting
its unique optical and electrical functionalities, the demon-
strations have been reported on ZnO-based semiconductor
devices such as p-n junction ultraviolet (UV)-blue 11§ht-
emitting diodes and transparent thin film transistors.
addition, the observation of quantum Hall effect in
ZnO/Mg,Zn,_,0 heterostructures has opened an exotic field
in device physics based on complex oxide heterostructures.”®
On the other hand, ZnO-based photodetectors have been left
behind in development compared to those based on GaN and
related materials despite their great importance for UV light
detection.

There are various types of UV photodetectors: a simple
photoconductor, a p-n photodiode, a Schottky photodlode a
metal/semiconductor/metal photodiode, and so on.” Among
them, a Schottky photodiode has many advantages compared
to other photodetectors in the aspects of simplicity in fabri-
cation, high quantum efficiency, high response speed, low
dark current, high UV/visible contrast, and possible zero-bias
operation.L9 Although several attempts have been made at
fabricating a Schottky UV photodiode based on ZnO (Refs.
10-13), high performance was difficult to be achieved prob-
ably due to a difficulty in fabricating a good Schottky contact
with low leakage current on ZnO surface.'*™"’

We recently developed a high-quality Schottky contact
both on Zn- and O-polar ZnO surfaces by using a conducting
polymer, poly(3,4-ethylenedioxythiophene) ]l)olg styrene-
sulfonate) (PEDOT:PSS), as a metal electrode. Because
PEDOT:PSS thin film has an internal transmittance of nearly
100% in a wide wavelength range from 250 to 800 nm, in
addition to a resistivity of as low as 107> ) cm and a large
work function of 5.0 eV (Ref. 18), we can use this polymer
as a transparent Schottky contact on ZnO. Here, we report on
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a high performance ZnO-based UV photodiode using
PEDOT:PSS transparent Schottky contact.

A schematic device structure is shown in the inset of Fig.
1. PEDOT:PSS aqueous solution (H. C. Starck, Baytron
PHS500) was spin coated on top of a hydrothermally grown
Zn-polar ZnO (0001) single crystal substrate (Tokyo Denpa)
with a rotation speed of 4000 rpm, yielding in 50-nm-thick
transparent thin film. After baking of PEDOT:PSS thin film
at 200 °C for 30 min, 100-nm-thick Au contact pads
(350 um ¢ in diameter) were formed by thermal evapora-
tion through a shadow mask, followed by device isolation
into 500X 500 um?’ pieces. Ti/Au Ohmic contact was
formed at the backside of the substrate by electron-beam
evaporation. Current-voltage (I-V) and capacitance-voltage
(C-V) characteristics were measured with a semiconductor
parameter analyzer (Agilent Technologies, 4155C) and a
LCR meter (Agilent Technologies, 4284A), respectively.

10_ ' LI
L o e o 500uma_, [
\
10°F — | 1] - 350umo_ } |
| Au (100nm | | R
- PEDOT:PSS (50nm) ! c
5] | o
z 10 ZnO (0001) | %
= I | =
S 107 Au (100 @
o 10 e u (100nm) } | 2
3 I | 6 =
= 0-9 | } 110 §
L | T 8
107 } —10° =
n=1.02 \‘J .
- ¢,=1.1eV ;
10_13 |¢|b| | T T N M B B O 11 |_1010

-10 -8 -6 -4 -2 0 2
Voltage (V)

FIG. 1. (Color online) A typical current-voltage (I-V) characteristic of the
PEDOT:PSS/ZnO Schottky photodiode under dark condition. The ideality
factor (n) and the Schottky barrier height (¢,) are also shown. The inset
shows a schematic cross section of the PEDOT:PSS/ZnO Schottky photodi-
ode. The active device areas for measurements under dark and illuminated
conditions are 2.5 107> and 1.5X 107 cm?, respectively.
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FIG. 2. (Color online) The I-V (blue curve) and the 1/C>-V (blue open
circles) characteristics under dark condition and the I-V characteristic (red
curve) under illuminated condition (\=370 nm, Ps;y ,n=7 uW/cm?) of
the particular device for which photodiode characteristics were examined.
The measurement frequency (f) for C is 1 kHz. The dashed line denotes a
fitting to the 1/C2-V curve for evaluating the built-in potential (V;;), the
ionized donor concentration (Np), and the depletion layer width (W,) at
V=0 V.

Spectral response was examined using a monochromatized
Xe lamp as light source. Incident light power (P,) was cali-
brated by a conventional UV-enhanced Si p-i-n photodiode
(Hamamatsu S2281) and a UV power meter (Hamamatsu
C6080-03). As seen in the inset of Fig. 1, the active junction
area was 2.5X 107 cm? (Ag,) for measurements under
dark condition. Meanwhile, the active junction area was re-
duced to 1.5X 1073 cm? (Agp) for measurements of the pho-
todiode characteristics under illuminated condition due to the
presence of the opaque Au contact pad. These two areal pa-
rameters were used properly for analysis described below.
All the measurements were performed at room temperature
in air.

Figure 1 shows a typical I-V characteristic under dark
condition in a semilogarithmic scale. The corresponding cur-
rent density (J) normalized by Ay, is also shown in a right
axis. The junction showed excellent rectifying behavior
with a current rectification ratio of 10'° at =2 V and a leak-
age current as low as 10 pA up to —10 V. The ideality factor
(n) and the Schottky barrier height (¢,) were evaluated
within a framework of the thermionic emission model by
using the equation of J=J, exp(qV/nkgT), where q, kg, T,
and V are the elementary charge, Boltzmann’s constant,
the absolute temperature, and the applied voltage, respec-
tively, while J,=A*T? exp(=¢,/kzT) is the saturation current
density and A" is the effective Richardson constant with
A*=36 Acm? K™ for ZnO (m,=0.3 my, m, being the
effective electron mass). The obtained low n value of 1.02
and the high ¢, value of 1.1 eV imply a formation of a
defect-free abrupt metal/semiconductor interface. Those val-
ues are comparable to the best value recently reported in
ZnO-based Schottky junctions with silver oxide contact.”**!

Figure 2 shows an effect of UV irradiation on the I-V
characteristics. The blue and the red curves are the /-V char-
acteristics measured under dark and illuminated conditions,
respectively. A relatively larger background noise current
(~107'" A) was observed in the dark I-V curve than the one
(<107'2 A) in Fig. 1 because the former was measured with
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an electromagnetically unshielded measurement system
while the latter was obtained in a shielded prober system.
Upon irradiating UV light with a wavelength (\) of 370 nm
and a light power (P57 ) of 7 wW/cm?, an apparent pho-
todiode operation with a photovoltaic effect was observed as
a significant short-circuit current |Igc|=3.5X107 A at V
=0 V and an open-circuit voltage Vo-=0.36 V at I=0 A.
The obtained Vo was smaller than the built-in potential
(Vi=0.6 V), which was estimated from the C-V measure-
ment as explained below, because of the small incident light
power as the measurement condition for Fig. 2. After the
turn-off of UV light, the I-V curve immediately returned to
the identical one under dark (not shown), suggesting the neg-
ligible contribution of a persistent photoconductivity from
the bulk region of ZnO (Ref. 22).

The blue open circles in Fig. 2 show the 1/C2-V charac-
teristics measured with the frequency (f) of 1 kHz under
dark condition. The obtained data show an ideal relationship
expressed as 1/C?=2(Vy;—V)/qe,eNp, where C is the ca-
pacitance normalized by Ay, €, is the relative permittivity,
g¢ is the vacuum permittivity, and N, is the ionized donor
concentration in the depletion layer. By using &,=8 for ZnO,
Vi;=0.6 V and Np=2X10' cm™ were obtained. The
depletion layer width, W,=g,e,/ C, was evaluated to be W,
=160 nm at V=0 V. If we assume an absorption coefficient
of ZnO as 2 X 10° cm™' and a consequent penetration depth
of light as 50 nm in UV 1region,23 almost all of incident
photons were absorbed within the depletion layer.

P, dependence of the |Isc| at A=370 nm is shown in the
inset of Fig. 3(a). The dashed straight line of 7=1 is also
indicated, where 7 is the quantum efficiency, that is, the
number of carriers generated per incident photon calculated
by the equation of 7=(|Isc|/gAsp)/ (Py/hv) at V=0 V (Ref.
7), where h is Plank’s constant and v is the frequency of
light. Around a low power region, a good linearity was ob-
served with the high # of about unity, while higher power
irradiation resulted in a slight deviation toward saturation,
possibly due to a contribution of a persistent photoconduc-
tivity from bulk ZnO region as observed in GaN-based
photodetectors.zz’24 In the evaluation of the spectral response
described below, the P, was kept within a low power region
to eliminate this undesirable effect.

The main panel of Fig. 3(a) shows the spectral response
of the photodiode; the zero-bias responsivity (R,), expressed
as Ry=|Isc|/AgP\=nq/hv (Ref. 7), is plotted against a
wavelength of an incident light. The line of =1 and the R,
of the Si p-i-n photodiode used in this study are also indi-
cated for comparison. The device attained a high R, and
consequently high 7 of about 0.3 A/W and unity at A
=370 nm, respectively, with an excellent UV/visible rejec-
tion ratio of about 10°. It is worth noting that the |Isc| in
visible region was of the order of 10™'! A, which is compa-
rable to the current detection limit of our photodiode charac-
terization system (see the dark I-V curve in Fig. 2). There-
fore, the given UV/visible rejection ratio is the lower bound
of the true value.

Figure 3(b) shows the transmission spectra of a sapphire,
a 50-nm-thick PEDOT:PSS thin film on a sapphire, and a
ZnO single crystal substrate, respectively. A PEDOT:PSS has
an internal transmittance of nearly 100% in a wide range
from 250 to 800 nm. In shorter wavelength than 250 nm,
however, a decrease in the transmittance was observed due to
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FIG. 3. (Color online) (a) The spectral response of the PEDOT:PSS/ZnO
Schottky photodiode at V=0 V and Ps7g yn=16 uwW/cm? That of the Si
p-i-n photodiode and a spectrum corresponding to a quantum efficiency (7)
of unity are also indicated for comparison. The inset shows the incident light
power (P,) dependence of the short-circuit current (Igc) at A=370 nm with
the dashed line representing =1. (b) Transmission spectra of a sapphire, a
50-nm-thick PEDOT:PSS thin film on a sapphire, and a ZnO single crystal
substrate.

an optical transition in PEDOT:PSS thin film. A large de-
crease in the transmittance for ZnO below 400 nm is attrib-
uted to a band-to-band transition, leading to the generation of
photocarriers. Consequently, almost all of incident photons
in UV region from 250 to 400 nm can pass through a
PEDOT:PSS layer with ignorable absorption and be ab-
sorbed within the depletion layer of ZnO, leading to the high
7. The shape of the spectral response depicted in Fig. 3(a)
shows an excellent correspondence with the transmission
spectra of the constituent layers.

As a final remark, the normalized detectivity (Dy),
which is a figure of merit commonly used for various types
of photodetectors, is evaluated by using the equation of D}
=R, (RyAqui/4kpT)"?, where RyAg. is a resistance area
product under dark condition expressed as RpAgak
=(kg/ qA*T)exp(¢,/ kzT) for a Schottky photodiode within
the thermionic emission model.*’ By adopting the values of
R370 amn=0.3 A/W and ¢,=1.1 eV of the present photodi-
ode, the RyAg, and the D} at A=370 nm (D}, ) were
evaluated to be 24X10' Qcm? and 3.6X10™ cm
Hz!2/W, respectively. The obtained D3, ., is relatively
high among those of conventional UV photodetectors,7 re-
flecting the high R3y, ,,, and the high RyA 4, Furthermore,
the D3¢y, O 2.4 X 10'* cm Hz"?/W | calculated using the
values of R,gy ,n=0.2 A/W, is comparable to the best value
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reported in a recent AlGaN-based p-i-n UV photodiode.25

In summary, we realized a high performance visible-
blind UV photodiode by employing a PEDOT:PSS/ZnO
Schottky junction. The excellent performance has become
possible due to a high transparency of PEDOT:PSS in UV
region and nearly ideal Schottky characteristics with negli-
gible leakage current. Because of the low-cost materials and
easy-to-make processes, the present device is promising for
the applications of highly sensitive UV light detection.
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