Applied Physics
Letters

Very high open-circuit voltage ultraviolet photovoltaic diode with its 1
application in optical encoder field
Guang Zhang, Wenlian Li, Bei Chu, Fei Yan, Jianzhuo Zhu et al.

Citation: Appl. Phys. Lett. 96, 073301 (2010); doi: 10.1063/1.3318438
View online: http://dx.doi.org/10.1063/1.3318438

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/V96/i7
Published by the American Institute of Physics.

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the_journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

HAVE YOU HEARD ?

Employers hiring scientists [mxgm

and engineers trust |&
physicstoday JOBS

http://careers.physicstoday.org/post.cfm

Downloaded 09 Sep 2012 to 159.226.165.151. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://careers.physicstoday.org/post.cfm
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Guang Zhang&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Wenlian Li&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Bei Chu&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Fei Yan&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Jianzhuo Zhu&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3318438?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v96/i7?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS 96, 073301 (2010)

Very high open-circuit voltage ultraviolet photovoltaic diode with its

application in optical encoder field

Guang Zhang, Wenlian Li,?’ Bei Chu,® Fei Yan, Jianzhuo Zhu, and Yiren Chen

Key Laboratory of Excited State Processes, Changchun Institute of Optics, Fine Mechanics, and Physics,
Chinese Academy of Sciences, 3888-Dong Nanhu Road, Changchun 130033, People’s Republic of

China and Graduate School of the Chinese Academy of Sciences, Beijing 100039, People’s Republic of China

(Received 13 January 2010; accepted 23 January 2010; published online 17 February 2010)

We demonstrate a very high voltage based organic photovoltaic (PV) diode by stacking two
ultraviolet (UV) sensitized organic PV diodes. It shows an open-circuit voltage (V,.) of 4.34 V
under 365 nm UV irradiation with intensity of 2 mW/cm?. Due to the especially high V,. the PV
diode device could be integrated in electronic logic device, as a result a high or a low potential states
can be harvested directly under the UV irradiation or not, respectively. The difference between high
and low potential states is great and the temporal response is fast, which make it an attractive and
promising candidate in application of optical encoder. © 2010 American Institute of Physics.

[doi:10.1063/1.3318438]

The field of organic electronics has gained tremendous
interest over the last ten years due to their potential applica-
tions in variety of organic electronic and optoelectronic de-
vices, such as field effect transistors,' organic light-emitting
diodes (OLEDs),? photovoltaic (PV) cells,”* memory
device,5 and photodetectors.6 In these devices the traditional
inorganic materials used as active elements are being re-
placed by organic materials due to their low manufacturing
cost, light-weight, and mechanical flexibility compared to
inorganic counterparts. Such devices could be advantaged
from the many attractive features of organic materials, in
particular, the possibility to tailor their synthesis to match
specific needs and the ease of processing thin films over
large area.

In the organic photodiode (PD) field, most of attention is
focused on the photocurrent response. Multilayer donor—
acceptor structure and a reverse bias voltage have been em-
ployed to harvest more photogenerated carriers and a high
signal-to-noise ratio’ but it also incurs a cockamamie fabri-
cated process. For a PD, a reverse bias also can boost the
extracted efficiency of photogenerated carriers and eventu-
ally increase in the responsivity.

In this letter, we demonstrate a new tandem structure PD
device that is different from above PD based on the aim of
increase in photocurrent. It presents tandem PD comprises
two ultraviolet (UV) PV diodes. The subunit has a structure
of m-MTDATA/TPBi/Bphen, here m-MTDATA, TPBi,
and Bphen denote 1,3,5-tris(3-methylphenyl-phenylamino)-
triphenyamine, 1,3,5-tris-(N-phenyl-benzimidazol-2-yl) ben-
zene, and monobathophenanthroline, which act as electron
donor and acceptor as well exciton blocking layers, respec-
tively. It was found that such a structure device with similar
the unit structure exhibited an exclusive UV PV response.8
Herein, we only pay more attention to its open circuit voltage
(V,.) rather than photocurrent response. It is expected that if
the V,. is up to a high level of >2.4 V, the PD could be
recognized as on state in logical switch circuit, that is, a new
application field in the PD will be discovered.
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Generally, V,. of a PV diode is lower than 1 V, therefore,
a V,. over than 2 V could not be achieved in double-unit
tandem diode system. In order to get a higher voltage re-
sponse PD device, a high V,. PV diode must be constructed.
And then it was acted as a unit to fabricate a tandem struc-
ture PD diode. In our group, PV diode with a V,,. of over 2 V
has been obtained using the materials of m-MTDATA, TPBi,
and Bphen, respectively.8 The high V. should be attributed
to the large difference between the Fermi levels of the donor
and acceptor.7

All devices were fabricated on cleaned glass substrates
precoated with conducting indium-tin-oxide (ITO) anode
with a sheet resistance of 25 ()/sq, and the substrates were
treated by UV ozone in a chamber for 15 min after solvent
cleaning. The organic films were thermally evaporated in
high vacuum (<107® Torr) using previously calibrated
quartz crystal monitors to determine the deposition rate and
the film thickness. The organic layers were deposited at a
rate of 2 A/s. The connection layer between two subunits is
Ag/WOs, which were deposited by a rate of 0.5 A/s. The
evaporating rate of LiF and Al cathode were controlled to be
0.5 and 10 A/s with the thicknesses of 10 and 2000 A, re-
spectively. A 365 nm UV light with a power of 2 mW/cm?
was employed to illuminate both types of diodes. The curves
of response times of stacked PV diode were determined by a
system equipped with a TDS 3052 digital phosphor oscillo-
scope pulsed neodymium doped yttrium aluminum garnet
laser with a THG 355 nm output.

The structure of the tandem device (T-Device) and the
thicknesses of each layer are schematically shown in Fig.
1(a). The schematic energy level diagram of subunits (S-
Device) used in the T-Device is depicted in Fig. 1(b). Two
PV subcells were connected by Ag/WO; joint layer which
serves as the efficient recombination sites of the carriers gen-
erated from the two neighboring subcells.'”

Figure 2(a) depicts the I-V characteristic of T-Device
with the S-Device. It can be observed that the V,., Jgc, and
fill factor (FF) of T-Device and S-Device are 4.34 and 2.23
V, 54.6 and 159.8 ,uA/cmz, 49.6% and 37.4% as well yield-
ing power conversion efficiency (PCE) of 5.87% and 6.65%,
respectively. Note that V. of S-Device is nearly equal to the
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FIG. 1. The structure of the tandem device (a) and its schematic subunit
energy-level diagram (b). The HOMO level and the LUMO level which
were cited from literatures Refs. 4 and 9.

difference of the donor’s highest occupied molecular orbital
(HOMO) and the acceptor’s lowest unoccupied molecular
orbital (LUMO), which is accordant with Tang’s theory.’ The
V,. of T-Device is nearly twice of the individual cells, which
is followed from the alignment Fermi levels of both cells by
inserting the thin recombination layer. The tiny difference of
0.12 V implies that the Ag/WO; connection layer provides
an effective recombination site for generated-carriers coming
from adjacent two subunits in T-Device, which leads to the
drop of potential in the recombination layer neglected and
the connection of both front (nearest the ITO) and back
(nearest the cathode) subunit effective. As well known to us,
the photocurrent of tandem device is limited by the smaller
one. In our T-Device, both front and back subunits are com-
pletely same. Photons will be absorbed in front of subunit
partly and the incident optical power density in back subunit
will be smaller than front one, so the photocurrent will be
limited by the back subunit. This results in the lower photo-
current and PCE of T-Device than those of S-Device. In spite
of their spectrum response lying in UV zone, an enough high
V,. means that it presents a tremendous potential application
in optical encoder field, which will be described in detail
later.

In electronic logic circuit, a logic level is generally rep-
resented by a voltage or current, which depends on the type
of electronic logic mode used. Each logic gate requires
power so that it uses source and sink currents to realize the
correct output voltage. It is well known that the voltage lev-
els that is lower than 0.6 V and higher than 2.4 V are iden-
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FIG. 2. (Color online) (a) I-V characteristics of the T-Device and its subunit
(S-Device) under 365 nm irradiation at an incident optical power density of
2.0 mW/cm?. (b) Schematically working mechanism of optical encoder.
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FIG. 3. The dependences of V,. on the incident light intensity for T-Device
and S-Device, respectively.

tified with low and high levels in logic circuit, respectively.11
Due to its high V. over 4 V, our T-device could be integrated
directly into a novel PV system so as to the conventional
conversion circuit and power will be no-longer needed. The
great difference between high and low potentials makes the
translation form “open” and “close” states optical signal to
“high” and “low” states electronic signal easily to be distin-
guished. This implies that the optical signals of “open” and
“close” states could be directly transformed into correspond-
ing electronic signals of “on” and “off” states, even into the
electrical logical signals “1” and “0,” respectively. Therefore,
a potential and attractive application in optical encoder field
could be achieved. As shown in Fig. 2(b), an optical encoder
consists of a rotating disk, a light source and a PD. The disk
that is mounted around the rotating shaft has coded patterns
of opaque and transparent sectors. As the disk rotates, these
patterns would interrupt the UV light illumination onto the
PD, so a digital or pulse signal output was harvested. The
output signals in optical encoder present only two discrete
values, i.e., a low and a high values in optical encoder sys-
tem. These values are usually named as 0 or 1, or “false” and
“true,” respectively. A high or a low electrical signal will be
harvested when the PD works under presence or absence of
UV illumination in optical encoder. In general case, the elec-
trical signal denotes the current signal and then it is trans-
formed into a rectangle-wave signal by the posterior
circuit.'? Herein, a high or low state can directly be harvested
when the UV illumination locates at open and close state,
respectively.

Because the T-Device can directly transform the optical
signal into high voltage level, the relationship between V.
and the incident optical power density would be a key pa-
rameter for the detection. Figure 3 shows the relation of V.
as a function of the incident power intensity under illumina-
tion of a 365 nm UV light for T-Device and S-Device, re-
spectively. It can be seen that the V,,. rapidly increases with
the illumination intensity. The low voltage level (0.6 V) and
high voltage level (2.4 V) were harvested as the UV illumi-
nation intensities are 23 and 80 wW/cm?, respectively, and
when the intensity up to 781 uW/cm? the V,. reached to
4 V.

Finally, we investigated the temporal response of the de-
tector. Figure 4 shows typical temporal response curves of
the detector which was measured under an irradiation of 355
nm laser chopped at 10 Hz. It can seen that T-Device per-
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FIG. 4. (Color online) Temporal response of two detectors under irradia-
tions of 355 nm pulse laser.

forms a fast temporal response curves that is well fitted to
monoexponential curves, whose time constant is deduced to
be 1.5 ms. The long tails in curves can be due to the dis-
charge effect of the capacitance, and it could be shortened if
the area of the device (10 mm?) will be decreased. Because
of the Gaussian line shape of the excited light source (Fig.
4), the charging process of the PD cannot be distinguished in
our oscilloscope. But according to the report of other organic
PD (Ref. 13) or OLEDs (Ref. 14) the response time of this
type of device should lie at magnitude with nanosecond
level, which is very advantageous for the application of such
a photodetector.

In conclusion, we presented a high V,. UV organic PD
by directly stacking two unit PV diodes. The V,. was

Appl. Phys. Lett. 96, 073301 (2010)

doubled and the photogenerated current was decreased due
to the increase in the series resistance. Owing to the high V.
difference and the quick response time of our T-device, it
could be integrated directly into a novel PD system so as to
the conventional conversion circuit and power will be no-
longer needed. Furthermore, the high V. makes it promising
in integrating the PV device into silicon logic circuit directly.
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