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nanoparticles have been adopted to fabri-
cate light-detection devices, which dem-
onstrate ultrahigh photocurrent gain, 
nonetheless, these devices are accompa-
nied by high operation voltage, low on/off 
ratio, and slow response time. [ 9 ]  

 Different from conventional inor-
ganic UV PDs, UV PDs utilizing organic 
semiconductors with fl exible bandgap 
engineering, less restricted substrates, 
and simple fabrication offer a promising 
pathway for low-cost, large-area, and fl ex-
ible UV PDs. [ 10 ]  The majority of previ-
ously reported UV organic PDs (OPDs) 
achieved high effi ciency comparable with 
inorganic counterparts. Although some 
OPDs had external quantum effi ciency 
(EQE) over unity, a large dark current den-
sity was obtained simultaneously. Hence, 
low on/off ratio near or less than 10 3  was 
observed when these OPDs were operated 
at a monochromatic light with the wave-
length of 365 nm and intensity of about 
1 mW.cm −2 . [ 4,11–13 ]  For example, hybrid 

planar-bulk-heterojunction UV OPDs consisted of 4,4′,4′′-tri-
(2-methylphenyl phenylamino) triphenylaine (m-MTDATA)/m-
MTDATA:aluminum (III) bis(2-methyl-8-quinolinato)4-phenyl-
phenolate (BAlq)/BAlq were demonstrated with a high EQE 
of 175% at a reverse voltage of 7 V, whereas the on/off ratio 
was approximately 1.9 × 10 3  when the intensity of 365 nm 
incident light was about 1.2 mW.cm −2 . [ 11 ]  Bilayer UV OPDs of 
poly(9,9-dihexylfl uorene-2,2-diyl) (PFH)/a silane-containing 
triazine derivative (NSN) with a high responsivity of 0.696 
A/W (corresponding EQE is 236.5%) at a large voltage of –12 V 
were reported that the on/off ratio was about 5 × 10 2  when the 
devices were illuminated by a monochromatic light of 365 nm 
with an intensity of 1 mW.cm −2 . [ 13 ]  These high-effi ciency UV 
OPDs are operated at a large reverse voltage, which can effec-
tively increase electric fi eld within OPDs, reduce the probability 
of excitons recombination and raise the effi ciency of excitons 
dissociation, thereby boosting EQE. [ 14,15 ]  Nevertheless, large 
dark current due to the large reverse bias will also be obtained. 
Electron/hole blocking layers have been proposed to suppress 
dark current in OPDs and nanocrystal infrared PDs, dark cur-
rent still remained 10 −6  to 10 −7  A/cm 2  when these devices were 
operated at a large reverse bias. [ 16 ]  

 Up to now, photovoltaic mode (i.e., self-powered or zero-
bias operation mode) PDs were mainly reported in inorganic 
PDs, [ 15,17 ]  but not systematically investigated in UV OPDs. 
Without the need of external driving circuit, photovoltaic mode 
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 Ultraviolet (UV) organic photodetectors (OPDs) operated in the photovoltaic 
mode, achieving a very high on/off ratio of 10 5  and a fast response time of 
20 ns (a decay time of 888 ns), are demonstrated in this work. Light-induced 
tuning of the barrier height at the two interfaces of the carrier-extraction layer 
and light-induced tuning of series resistance are proposed to obtain the high 
on/off ratio. Fast response of the device is demonstrated through the ultrafast 
trap fi lling process. The high on/off ratio and fast response are simultane-
ously realized by introducing TiO 2  nanocrystals as the electron-extraction 
layer of OPDs. In addition, the good on/off ratio can be maintained in a wide 
concentration range of 2,2′-(1,3-phenylene)bis[5-(4-tert-butylphenyl)-1,3,4-
oxadiazole] (OXD-7) from 25% to 3.75% in the  N,N′ -bis(naphthalen-1-yl)-
 N,N′ -bis(phenyl)benzidine (NPB):OXD-7 active layer and the corresponding 
OPDs can also achieve a fast response time simultaneously, good for its 
practical application. With the optimized device structure, a large detectivity 
of over 10 12  Jones covering the UV-A region (320–400 nm) and a high linear 
dynamic range of 100 dB are obtained. Additionally, stability of TiO 2 -based 
OPDs, which is not well studied but an important parameter for OPDs, is 
experimentally investigated. 

  1.     Introduction 

 Ultraviolet (UV) photodetectors (PDs) have drawn wide interest 
in the past decades due to broad applications in scientifi c, 
industrial, medical, and astronomical fi elds. [ 1–6 ]  These practical 
uses, including biological/chemical sensing, ozone detection, 
smoke/fi re monitoring, and missile warning, require that UV 
PDs exhibit high on/off ratio (i.e., photocurrent over dark cur-
rent), fast response time, and a long lifetime, etc. [ 2,4,6 ]  Previ-
ously, much efforts have been paid to fabricate inorganic UV 
PDs, such as gallium nitride, diamond, and aluminum gal-
lium nitride, etc. [ 7 ]  Although excellent performance has been 
achieved by these inorganic devices, expensive substrates, chal-
lenges of growing high-quality large-bandgap p/n type semicon-
ductors (bandgap > 3.0 eV), complicated fabricated methods, 
and requirements of substrates will impede their further 
development in low-cost, large-area, and fl exible UV detection 
devices. [ 8 ]  Recently, solution-process inorganic semiconductor 
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OPDs can reduce the cost and most importantly achieve dark 
current at a minimum. However, small photocurrent response 
may be achieved due to the weak electric fi eld compared with 
those devices worked under a large reverse bias. Hence, one 
of the challenges for photovoltaic mode UV OPDs is to raise 
photocurrent response, thereby increasing the on/off ratio. 
Furthermore, to achieve the high on/off ratio, we conceived a 
tunable concept of contact impedance. A good contact should 
satisfy the following conditions in PDs: (1) under dark current 
condition, carrier-extraction layer-metal interface forms high-
impedance contact or Schottky contact to block charges injec-
tion into the device; and (2) under light illumination, the inter-
face forms low-impedance contact or Ohmic contact to facilitate 
the collection of photogenerated carriers at electrodes. With this 
consideration, we introduce TiO 2  material into our structures to 
realize these requirements. Most importantly, the tunable con-
tact impedance concept could be extended to other light-sensi-
tive carrier-extraction materials. 

 In this work, through exploring ultrafast response of trap 
fi lling process (<500 ps) [ 18 ]  and reduction of effective carrier 
transport barrier induced by UV-activated TiO 2  nanocrystal 
electron-extraction layer, we proposed and demonstrated 
excellent repeatable UV OPDs operated at the photovoltaic 
mode. A high on/off ratio of over 10 5  under the illumination 
of 350 nm monochromatic light at an intensity of 1 mW.cm −2  
and a fast rise time of 20 ns (a decay time of 888 ns) are suc-
cessfully demonstrated. Long-term stability (photocurrent and 
on/off ratio versus operated time) has also been investigated. 
For the device structures, our results show that the maximum 
on/off ratio can be maintained when the concentration of 

2,2′-(1,3-Phenylene)bis[5-(4-tert-butylphenyl)-1,3,4-oxadia-
zole] (OXD-7) in the mixed N,N′-bis(naphthalen-1-yl)-N,N′-
bis(phenyl)benzidine (NPB):OXD-7 active layer changes from 
25% to 3.75%, and the corresponding OPDs can also achieve 
fast response time simultaneously. Consequently, the OPDs 
with high on/off ratio and fast response time can be easily real-
ized for practical applications.  

  2.     Results and Discussions 

  2.1.     Device Structure and Optimization 

 NPB and OXD-7 are utilized as the electron donor and acceptor, 
respectively. Their corresponding molecular structures are 
shown in  Figure    1  (a). NPB has been successfully adopted as 
the electron donor in previously reported OPDs. [ 19 ]  Although 
acceptor OXD-7 has been widely utilized as the electron-trans-
port layer in organic light-emitting diodes, [ 20 ]  its excellent elec-
trical property and the strong UV absorption, which may be 
benefi cial for UV detection, has not introduced to UV OPDs 
yet. In our proposed OPDs, the optimized device structure is 
indium tin oxide (ITO)/TiO 2  (∼20 nm)/NPB:OXD-7 (40 nm and 
the OXD-7 concentration of 12.5%)/MoO 3  (6 nm)/Al (120 nm), 
as shown in Figure  1 (b). The absorbance spectra of thin fi lms 
of pristine NPB, OXD-7, and the bulk NPB:OXD-7 are shown 
in Figure  1 (c). The bulk NPB:OXD-7 fi lm reveals a absorption 
superposition of pristine NPB and OXD-7 fi lm, indicating no 
ground state charge-transfer interaction [ 21 ]  between donor 
NPB and acceptor OXD-7. Interestingly, the bulk fi lm achieves 
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 Figure 1.    a) Molecular structures of donor NPB and acceptor OXD-7. b) Schematic diagram of device structure consisted of glass/ITO/TiO 2 /
NPB:OXD-7/MoO 3 /Al. c) Absorbance spectra of thin fi lms of pristine NPB, OXD-7, and bulk NPB:OXD-7. Thin fi lms are evaporated on the clean 
quartz substrates. d) Performance (dark current, photocurrent and on/off ratio) versus various concentrations of OXD-7 acceptor in the active layer.
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a strong absorption in the UV range, which is very useful for 
UV detectors. It should be noted that in the discussion below, 
unless specify, the testing light source for studying the OPDs is 
the monochromatic light with the wavelength of 350 nm and 
intensity of 1 mW.cm −2 .  

 In optimizing our devices, the concentration of OXD-7 
acceptor in the active layer, the thickness of active layer and 
the thickness of TiO 2  layer have been investigated. The larger 
photocurrent density has been achieved by reducing OXD-7 
concentration in the active layer, as shown in Figure  1 (d), 
originating from the increased absorption of the bulk fi lm 
in the UV-A (320–400 nm) region (See Supporting Informa-
tion Figure S1). Remarkably, OPDs can achieve maximum 
on/off ratio in a wide concentration range of OXD-7 from 
25% to 3.75%. It is because the photocurrent density main-
tains at its highest values when OXD-7 concentration is less 
than 25% and the dark current density is at its lowest value 
simultaneously. Consequently, there is a large window of 
OXD-7 concentration to make high performance OPDs (i.e., 
robust for practical applications). In addition, these OPDs 
can achieve fast response time simultaneously as described 
in Section 2.2. 

 Regarding the thickness of active layer (See Supporting 
Information Figure S2), photocurrent density and on/off ratio 
reach the highest value at the thickness of 40 nm. Concerning 
the effects of TiO 2  (See Supporting Information Figure S3), 
the best performance can be achieved at the 20 nm thick TiO 2 , 
thicker TiO 2  with imperfect lattice will reduce photocurrent 
response and increase dark current density. [ 22 ]  Consequently, 
the architecture of our devices is optimized as ITO/TiO 2  
(∼20 nm)/NPB:OXD-7 (40 nm and the OXD-7 concentration of 
12.5%)/MoO 3 /Al.  

  2.2.     Device Performance 

 We fi rstly investigate the current density versus applied voltage 
measured in the dark and under the UV illumination. For 
the case without TiO 2  electron-extraction layer, OPDs have no 
obvious p-n junction characteristics (See Supporting Informa-
tion Figure S4) and the on/off ratio of near 10 4  at the photo-
voltaic mode is obtained. Differently, by incorporating the TiO 2  
electron-extraction layer, a clear dark current rectifi cation ratio 
of approximately 10 at ±1 V is achieved as shown in  Figure    2  (a). 
There is a manifest different feature between photocurrent 
and dark current and the on/off ratio of 1.6 × 10 5  at the photo-
voltaic mode is achieved due to the fact that the photocurrent 
harvested from TiO 2  based OPDs is more than one order of 
magnitude larger than that of the OPDs without TiO 2  electron-
extraction layer (See Supporting Information Figure S4). By 
applying a reverse bias to the TiO 2  based OPDs, dark current 
increases dramatically. For instance, at reverse bias of 1 V, dark 
current density shoots up three orders of magnitude (as com-
pared to that of the photovoltaic mode), while photocurrent 
grows less than one order of magnitude. Therefore, the value 
of on/off ratio is only 7 × 10 2  at a voltage of −1 V. Consequently, 
after the introduction of TiO 2  electron-extraction layer, the UV 
OPDs with the on/off ratio as high as 10 5  at the photovoltaic 
mode has been achieved.  

 The on/off ratio at a given illumination intensity can be 
examined to compare different PDs sensitivities. [ 3 ]  In this work, 
the high on/off ratio of 10 5  is two orders of magnitude larger 
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 Figure 2.    a) Current density-voltage curves of NPB:OXD-7 bulk hetero-
junction OPDs are obtained at dark room and under the testing light, 
respectively. b) Linear photocurrent response plot as a function of inci-
dent light intensity at the photovoltaic mode. The solid circle stands 
for experimental data, corresponding fi t line is present as well. c) The 
spectra of responsivity and detectivity versus different wavelength at the 
photovoltaic mode, where responsivity is calculated by the photocurrent 
density over incident light intensity, detectivity is determined according 
to the thermal noise as the dominant noise as detailed in Supporting 
Information.
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than previously reported UV OPDs operated at a large reverse 
bias, [ 4,11–13,23 ]  and emerging inorganic nanostructured UV 
PDs. [ 15,24 ]  The physical origin of such high on/off ratio of TiO 2  
based OPDs will be discussed in the next section in detail. 

 One important parameter of PDs is the linear dynamic range 
(LDR) (typically quoted in dB), which can be expressed by 

20 log( / )LDR J J dBph dark ( )= , where  J ph   is the photocurrent den-
sity, measured at the incident light intensity of 1 mW.cm −2 , and 
 J dark   is the dark current density. When OPDs are operated at 
the photovoltaic mode, the LDR reaches 100 dB, which is the 
highest value in UV OPDs, and among the highest reported 
LDR for inorganic PDs. [ 5,25 ]  Figure  2 (b) shows the photocur-
rent density as a function of various incident light intensity 
of 350 nm monochromatic light. Photocurrent density  J ph   and 
incident light intensity  P light   satisfy the relationship  J ph   ∝ P light  

α  . 
By fi tting the experimental data,  α  = 1.003 is obtained for our 
OPDs. The linear response of photocurrent versus the incident 
light intensity (i.e., α close to 1) suggests that the absence of 
bimolecular recombination and space-limited charges [ 26 ]  are 
achieved in our OPDs. 

 The  responsivity , the ratio of photocurrent density to incident 
light intensity of UV OPDs operated at the photovoltaic mode, 
is presented in Figure  2 (c). The peak responsivity of 22.6 mA/W 
is obtained at the wavelength of 350 nm, which is consistent 
with the maximum absorption peak of the bulk NPB:OXD-7 
active layer as shown in Figure  1 (c). Without TiO 2  layer, the 
peak responsivity at the photovoltaic mode is only 2 mA/W (See 
Supporting Information Figure S4), suggesting that TiO 2  layer 
can effectively improve the effi ciency of electrons extraction to 
electrodes. Meanwhile, the  detectivity  of OPDs at the photovol-
taic mode (thermal noise makes a major contribution to the 
noise current) is shown in Figure  2 (c). The optimized OPD 
reveals a high detectivity with a value of 10 12  Jones in the UV-A 
range (320–400 nm), which is also among the highest value in 
reported UV OPDs. [ 6,11,27 ]  

 Another important parameter of UV OPDs is their photocur-
rent response time, which has been scarcely investigated in pre-
vious UV OPDs. [ 6 ]  By using a 355 nm picosecond pulse laser, 
the transient photocurrent response of our OPDs was meas-
ured. As shown in  Figure    3  , at the photovoltaic mode, a rise 
time (defi ned as photocurrent reaching from 10% to 90% of 
the maximum photocurrent) of 20 ns and a decay time (defi ned 
as photocurrent reducing from 90% to 10% of the maximum 
photocurrent) of 888 ns are achieved. The response time is 
three orders of magnitude faster than previously reported UV 
OPDs. [ 6,28 ]  Noticeably, the rise time is shorter than the corre-
sponding decay time, which will infl uence empirical applica-
tions. This large decay time can be reduced to 380 ns when 
the thickness of active layer raises to 140 nm, as shown in 
Figure S5. Such fast response time makes our UV OPDs suit-
able for promising applications in missile warning, biological/
chemical sensing, smoke/fi re monitoring, and high-speed 
UV imaging. It should be mentioned that rise time and decay 
time are a function of the intensity of incident light. From our 
results, both the rise time and decay time fall with increasing 
the intensity of indicent light, and then tend to saturate at the 
high light intensity, as shown in Figure S6. This reduction of 
rise time and decay time with increasing intensity of incident 
light could be ascribed to varying-concentration-distribution 

induced traps in the bandgap. [ 29 ]  Meanwhile, it is interesting to 
note that the OPDs which maintain the maximum on/off ratio 
in a wide OXD-7 concentration range (from 25% to 3.75%) as 
described in Section 2.1, can also achieve fast response time 
shown in Figure S7 simultaneously, which might be attributed 
to little mobility change in low OXD-7 concentration doped 
NPB. Thus, it is desirable for practical applications to obtain 
high on/off ratio and fast response time simultaneously under 
the low requirement of OXD-7 concentration.  

 Stability is of importance for the practical applications of 
UV OPDs. However, this issue has not commonly studied to 
date in the most of the reported UV OPDs. [ 13,19,23,25,27,28,30 ]  One 
report stated that UV OPDs with m-MTDATA donor could keep 
67% of the maximum photocurrent after continuous UV illu-
mination up to roughly 1000 minutes. [ 11 ]  Very recently, the bulk 
fi lm of organic layers in UV OPDs has presented no detectable 
changes in photophysical features under prolonged UV irradia-
tion, indicating the possibility of realizing UV OPDs with the 
long stability. [ 31 ]  The testing light was used to illuminate contin-
uously on NPB:OXD-7 based OPDs to study the stability of pho-
tocurrent and on/off ratio, shown in  Figure    4  . The photocurrent 
of our OPDs increases gradually to its peak after an initial stage 
of illumination. The underlying physics will be discussed in the 
next section. After that, the photocurrent maintains stably at its 
peak value with less than 5% drop after continuous illumina-
tion up to roughly 660 min, indicating the excellent stability of 
NPB:OXD-7 based UV OPDs. The prolonged stability of our 
UV OPDs, compared with m-MTDATA based devices, should 
be ascribed to two reasons. One reason is that the hole-trans-
port material NPB is more UV-stable than m-MTDATA. [ 31 ]  The 
other reason is that the direct contact between organic semicon-
ductors and electrodes will degrade the stability of m-MTDATA 
based OPDs. [ 31,32 ]  In our UV OPDs, fi rstly NPB donor is UV 
stable. Secondly, the use of interface layers of TiO 2  and MoO 3  
contributes to not only improving contact extraction but also 
avoiding the direct contact of NPB:OXD-7 and electrodes. Con-
sequently, apart from improving the electrical properties, the 
insertion of interface layers (TiO 2  and MoO 3 ) also ensure the 
stability of our UV OPDs.  

Adv. Optical Mater. 2014, 
DOI: 10.1002/adom.201400227

 Figure 3.    Transient photocurrent response of OPDs operated at the pho-
tovoltaic mode.
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 At the same time, as shown in Figure  4 , the on/off ratio 
reaches a large value of 4.8 × 10 5  at the very beginning. After 
the illumination of the testing light, the on/off ratio stabilizes 
1.7 × 10 5 . The higher on/off ratio at the beginning is due to 
the ultralow dark current density of 5.48 × 10 −11  A.cm −2 . After 
reaching the saturation stage, although the dark current density 
increases to 1.66 × 10 −10  A.cm −2 , the value is still three orders of 
magnitude lower than previously reported UV OPDs. [ 11–13,23,27 ]  
With the very stable and enhanced photocurrent as shown in 
Figure  4 , the stable on/off ratio of 1.7 × 10 5  has been achieved.  

  2.3.     Understanding the Effects of the TiO 2  Layer and Working 
Principles of Devices 

 To understand the high on/off ratio of TiO 2  based OPDs, we 
not only experimentally study the work function change of 
TiO 2  layer due to UV irradiation but also theoretically investi-
gate the electrical properties by rigorously solving the Maxwell’s 
equations and organic semiconductor equations. [ 33 ]  Generally, 
there are trap states in unactivated TiO 2 , which will lead into 
an effective extraction barrier between the active layer and TiO 2  
and the effective injection barrier between TiO 2  and electrode 
(high-impedance contact). [ 34,35 ]  After UV irradiation, trap fi lling 
is realized by electrons generated in TiO 2  layer, which would 
effectively lower the barriers (low-impedance contact). As 
shown in Figure S8, the work function of TiO 2  layer gradually 
reduces under UV irradiation, indicating the graduate increase 
of carrier density within TiO 2  layer (induced by trap fi lling), 
which can explain the gradually increased photocurrent when 
our OPDs were UV irradiated at the very beginning, shown 
in Figure  4 . As a result, the conductivity of TiO 2  will increase 
under continuous UV illumination and tend to be saturated. [ 34 ]  
Therefore, in our theoretical model, high barriers (0.5 eV) are 
employed to simulate trap states of unactivated TiO 2  layer, 
while low barriers of 0.2 eV are used to describe the state of 
UV-activated TiO 2 . The distribution of electron density with 
respect to two different barriers is shown in  Figure    5  (a). For 
unactivated TiO 2  incorporated devices, due to the large barriers, 

electrons cannot transport effectively through the TiO 2  layer 
(i.e., low dark current). However, for OPDs with UV-activated 
TiO 2  layer due to the effectively low barriers, photocurrent can 

   Figure 5.    a) The distribution of electron density of the UV OPDs at high 
and low barrier heights, respectively. The device architecture is cathode/
TiO 2  (20 nm)/active layer (40 nm)/MoO 3  (6 nm)/anode. Cathode is 
located at x = 0. b) Photocurrent density obtained at the photovoltaic 
mode as a function of various barriers. c) Photocurrent density obtained 
at the photovoltaic mode as a function of various conductivity of TiO 2 . 

Adv. Optical Mater. 2014, 
DOI: 10.1002/adom.201400227

 Figure 4.    The plot of normalized photocurrent (open circles) and on/off 
ratio (solid circles) versus continuous operated time.
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be easily extracted to the electrode. The photocurrent as a func-
tion of the barrier height is presented in Figure  5 (b). The sig-
nifi cant increase of photocurrent can be observed with reduced 
barrier height. Most importantly, due to the unsaturated trap 
fi lling by electron leakage from TiO 2  to cathode, the barrier 
height will go up and down respectively when the UV light is 
off and on, which increases the on/off ratio to a great extent. 
In addition, the photocurrent enhancement is also related 
to the improved conductivity of UV-activated TiO 2 , as shown 
in Figure  5 (c). Similarly, as UV light turns on and off repeat-
edly, the oscillating electron density in the TiO 2  layer induces 
oscillating conductivity with alternatively low and high series 
resistances. This also enhances the on/off ratio of OPDs. This 
light-induced tuning of barrier height and series resistances is 
clearly observed in different work function responses of TiO 2  
with/without UV-activation, shown in Figure S8. Consequently, 
the physical origin of the large on/off ratio lies at light-induced 
tuning of barrier height between TiO 2  and active layer and 
light-induced tuning of series resistance of TiO 2  layer.  

 Apart from studying the light-induced tuning of barrier 
heights and series resistance on the on/off ratio of OPDs, we 
also explore ultrafast response feature of trap fi lling process tai-
loring to fast response time requirement for OPDs. This ultra-
fast response feature has been strongly confi rmed by femto-
second transient absorption spectroscopy. [ 18 ]  At the generation 
process, immediately after photo-excitation (∼200 fs), some of 
generated free electrons are trapped at surface sites and the rest 
are trapped in the bulk. Electrons will migrate between surface 
trap sites and shallow bulk trap sites, which are in equilibrium. 
At the relaxation processes, shallow trapped electrons relax into 
deeper sites with a time constant of 500 ps through a hopping 
process. As the occupation of deep trapping sites increases, 
the proportion of shallow trapped carriers becomes dominant, 
resulting in an enhanced mobile charge carriers and their 
mobility. [ 36 ]  This effect is known as trap fi lling. In sum, the total 
time scale of generation and relaxation processes, i.e., response 
time of trap fi lling process, is smaller than 1 ns, which enables 
a fast response speed of OPDs. 

 With the study of the effects of TiO 2  layer, we can understand 
the working mechanism of the OPDs as shown in  Figure    6  . 

Under dark room condition (see Figure  6 (a)), an effective 
extraction barrier between the active layer and TiO 2  as well 
as the effective injection barrier between TiO 2  and electrode 
induced by trap states in unactivated TiO 2  will form high-
impedance contact at carrier-extraction layer-metal interface, 
which impedes charges injection into the device [ 37 ]  and thus 
very low dark current can be obtained. After UV radiation, part 
of photogenerated free electrons are trapped at surface sites and 
the rest are trapped in the bulk. [ 18 ]  Since these two species of 
trap states are energetically equivalent and probably very close 
to the conduction band edge, electrons are capable of migrating 
between surface trap sites and shallow bulk trap sites when are 
in equilibrium stage. [ 18 ]  At the relaxation processes, shallow 
bulk trapped electrons relax into deeper bulk sites through a 
hopping process (see Figure  6 (b)). As the occupation of deep 
trapping sites increases, the proportion of shallow trapped 
carriers becomes dominant, resulting in an increased mobile 
charge carriers and their mobility. [ 36,38 ]  The increased mobile 
charge carriers will make the Fermi level rise up and reduce the 
work function of TiO 2 . Meanwhile, the increased conductivity 
induced by increased mobile charge carriers and their mobility 
and reduced work function will lower the effective barriers at 
the TiO 2  interfaces. Hence, after UV photo-excitation, carrier-
extraction layer-metal interface forms low-impedance contact to 
facilitate the collection of photogenerated carriers at electrodes 
(see Figure  6 (c)).    

  3.     Conclusion 

 We have developed a photovoltaic mode UV OPD, utilizing 
the bulk heterojunction consisting of an NPB donor and 
OXD-7 acceptor. Incorporating the electron-extraction layer of 
TiO 2 , our devices can achieve a repeatable on/off ratio of 10 5 , 
a large detectivity of over 10 12  jones covering the UV-A region 
(320–400 nm), and a high LDR of 100 dB. A fast rise time of 
20 ns and a decay time of 888 ns were demonstrated for our 
OPDs without external bias. The OPDs can achieve this good 
on/off ratio and response time for a wide concentration range 
of OXD-7 from 25% to 3.75% in the NPB:OXD-7 active layer 

   Figure 6.    Schematic diagram showing the working mechanism of the OPDs. a) Under dark room condition, trap states in bulk TiO 2  fi lm induce high-
impedance contact to block charges injection into the device. b) After UV photo-excitation (∼200 fs), some photogenerated free electrons are trapped 
at surface sites and the rest are trapped in the bulk. Shallow bulk trapped electrons relax into deeper bulk sites with a time constant of 500 ps through 
a hopping process, [ 18 ]  shown as the red down arrow. c) As the occupation of deep trapping sites increases, the proportion of shallow trapped carriers 
becomes dominant, resulting in an increased mobile charge carriers and their mobility. [ 36,38 ]  Consequently, after UV photo-excitation, reduced work 
function and increased conductivity of TiO 2  fi lm will induce low-impedance contact at carrier-extraction layer-metal interface, which facilitate the col-
lection of photogenerated carriers at electrodes. 
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(i.e., robust for device fabrication). The long-term stability (pho-
tocurrent and on/off ratio versus operated time) is carefully 
investigated: photocurrent fi rstly increases moderately to its 
peak and then maintains its peak value with less than a 5% drop 
after continuous illumination up to several hours. As a result, 
the on/off ratio stabilizes at 1.7 × 10 5 . The experimental and 
theoretical studies show that such a high on/off ratio results 
from light-induced tuning of the injection and extraction bar-
riers as well as series resistance of the TiO 2  layer. Consequently, 
our results show that TiO 2 -based NPB:OXD-7 UV OPDs can 
offer a promising alternative to fabricate stable UV-detection 
devices and for high-speed UV imaging.  

  4.     Experimental Section 
  Synthesis and Device Fabrication : Anatase phase TiO 2  nanocrystals 

were synthesized by a non-aqueous method described elsewhere, [ 39 ]  and 
well-synthesize nanocrystals were dissolved in ethanol. The UV OPDs 
were fabricated on the clean conductive ITO coated glass substrates 
(square resistance of ∼20 Ω/sq.), which were previously cleaned 
in ultrasonic bath in detergent, deionized water, acetone, ethanol, 
subsequently. After dried by nitrogen gas, substrates were processed by 
UV-Ozone treatment for 10 min. The electron-extraction layer TiO 2  of 
∼20 nm was spin-coated and annealed at 150 °C for 10 min in ambient 
atmosphere. For thicker TiO 2 , spin-coating original TiO 2  solution layer 
and layer was employed. After that, a blend NPB:OXD-7 layer was 
deposited by thermal evaporation at the evaporation rate of 0.04 nm/sec. 
MoO 3  (6 nm) and Al cathode (120 nm) were evaporated in sequence 
onto the organic active layer to complete the UV OPDs. The evaporation 
rate and the fi nal thickness of the active layer were controlled by in situ 
quartz monitors. The fi lm thickness of TiO 2  was measured with AMBIOS 
XP-2 stylus profi lometer. The OPDs were encapsulated in nitrogen-fi lled 
glove box. All of the materials we utilized in this work were commercially 
available and used without further purifi cation. 

  Device Characterization : The optical transmittance of pristine NPB, 
OXD-7 and bulk NPB:OXD-7 fi lm was measured by ellipsometer. 
Absorbance spectrum was determined from the optical transmittance. 

 Current density as a function of operated voltage (J–V curves) and of 
different wavelength (responsivity) was measured by combining Keithley 
2635 source meter and a light source setup of 1000 W Xenon Arc lamp 
integrated with a monochromator. The intensity of monochromatic 
light was measured by facility calibrated (Newport) Si photodetectors. 
Detectivity was calculated according to thermal noise at the photovoltaic 
mode as the dominant noise. Dynamic range measurement was 
performed by changing different intensity of monochromatic light using 
various neutral fi lters. The transient photocurrent measurement by using 
a 355 nm picosecond-pulse laser integrated with an optical chopper 
and a high speed oscilloscope. Different work function of TiO 2  electron-
extraction layer with/without UV-activation was measured by the Kelvin 
probe system and the 365 nm LED with the intensity of ∼1 mW.cm −2  was 
utilized as the excited light sources. All the measurements were carried 
out at room temperature in the ambient condition. 

  Simulation Theory : The multiphysics theoretical model of OPDs 
is governed by Maxwell’s equations and semiconductor equations 
(Poisson, continuity, and drift-diffusion equations). [ 33 ]  The unifi ed fi nite-
difference (FD) approach was adopted to model the electrical properties 
of our OPDs. To consider the effective carrier injection and extraction 
barriers owing to the insertion of TiO 2  layer, the internal electric fi elds, 
which strongly affect the drift current, can be given by
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 where  E n   and  E p   are internal E-fi elds for electrons and holes, respectively. 
 χ  is the electron affi nity and  E g   is the band gap. Moreover,  N c   and  N v   are 
effective density of states (DOS) for electrons and holes, respectively. 
The extraction barrier can be formed by the jumping of the electron 
affi nity and effective DOS at the interface between buffer and active layer.  
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