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High photoresponse inverted ultraviolet photodectectors consisting
of iridium phosphor doped into poly(N-vinylcarbazole) polymeric matrix

Xiao Wang, Jiang Huang, Shijiao Han, and Junsheng Yu®
State Key Laboratory of Electronic Thin Films and Integrated Devices, School of Optoelectronic Information,
University of Electronic Science and Technology of China (UESTC), Chengdu 610054, People’s Republic of China

(Received 17 January 2014; accepted 21 April 2014; published online 1 May 2014)

Highly sensitive inverted polymer ultraviolet (UV) photodectectors were fabricated by doping a
phosphorescent material of bis[2-(4-tertbutylphenyl)benzothiazolato-N,C2'] iridium(acetylacetonate)
[(t-bt),Ir(acac)] into poly(N-vinylcarbazole) (PVK) polymeric matrix. Under the UV-260nm
illumination with an intensity of 0.7 mW/cmz, the device achieved a photocurrent of 11.37 mA/cm?
at —3V, corresponding to a photoresponse of 15.97 A/W, which is 381% higher than the undoped
device. Detailed analysis of photoluminescence, charge carrier transportation and film morphologies
of PVK polymer active layers were carried out, and the enhanced UV absorption, formation of the
triplet excitons and better charge carrier transport are ascribed to the improved photodectector
performance. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4874610]

Recently, ultraviolet photodetectors (UV-PDs) are draw-
ing considerable attention owing to their wide application in
fields like solar astronomy, fire detection, biological sensing,
and so on."” Lots of work have been focused on inorganic
materials with wide energy band gap such as SiC and
GaN.*™ However, complex manufacturing processes and
high-cost effect hinder the inorganic UV-PDs from further
development. Nowadays, a rapid progress of ultraviolet or-
ganic photodetectors (UV-OPDs) is made due to their me-
chanical flexible, lightweight, large-scale power generation,
and low cost.”® Both organic small molecules”'' and
polymers'>'? are proved to be alternative candidates for
UV-OPDs. For instance, highly efficient UV-OPDs with a
response of 872mA/W at —12V was fabricated based on
m-MTDATA and Bphen heterojunction.'* Also, a solution-
processed UV-OPD with a poly(N-vinylcarbazole) PVK:ZnO
nanocomposite active layer significantly outperforms the inor-
ganic devices, showing a photocurrent of 70mA at a wave-
length of 360 nm and a maximum responsivity of 1001 A/W."
Although PVK is a good candidate for the absorption of UV
light due to its wide band gap of 3.4 eV, the charge carrier mo-
bility of 4.8 x 1077 cm?/Vs is relatively low leading to low
transport efficiency of carriers.'® Furthermore, the photon
absorption of PVK produces short-lived singlet excitons, of
which the diffusion length (Lp) is also typically as short as
9.1 nm."” Therefore, any attempt from these two aspects can
make the device performance further improved.

One promising approach to solve the above problem is
adopting long-lived triplet excitons due to their unique prop-
erties, including long lifetime, high exciton diffusivity, and
high degree of charge transfer.'™'? Also, phosphorescence
materials with triplet excitons are valuable to improve device
performances as active layers.20 However, the effect of phos-
phorescent iridium complex on UV-OPDs has not yet been
extensively studied. In our previous works, an iridium com-
plex of bis[2-(4-tertbutylphenyl) benzothiazolato-N,C2’]
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iridium (acetylacetonate) [(t-bt),Ir(acac)] was widely applied
in organic photovoltaic cells?'** and organic light-emitting
diodes.?® % The results showed that (t-bt),Ir(acac) possessed
excellent performances with favorable photophysical and
electrochemical stability, long exciton lifetime, and poten-
tially long exciton diffusion length. In addition, (t-bt),Ir(acac)
displays has stronger ultraviolet absorption than that in
visible range, indicating a potential application in fabricating
UV-OPDs.

Here, we present an inverted UV-OPD by doping (t-bt),
Ir(acac) phosphor into PVK polymer, which was rarely dis-
cussed before. The device shows a photoresponse as high as
15.97 A/W under 260 nm UV light. The superior performan-
ces of the device resulted from the UV light absorption effi-
ciency, high charge carrier mobility, and the triplet nature of
iridium phosphorescent material.

We investigated the effect of (t-bt),Ir(acac) doped in
PVK active layer, and the structure of UV-OPDs is ITO/ZnOy
(35nm)/PVK (120nm)/MoO; (15nm)/Ag (130nm) and ITO/
ZnO, (35 nm)/PVK:(t-bt),Ir(acac) (1:10 wt. %, 120nm)/MoO5
(15nm)/Ag (130 nm). The ZnO, layer was spin coated onto the
substrate, followed by annealing at 200°C in air for 1 h.*® The
active layer was spin-casted on top of ZnO, layer, and ther-
mally annealed at 80°C for 30 min. Then, a thin MoO; layer
and Ag electrode were vacuum deposited subsequently to form
a device area of 2 mm>.

The chemical structures of PVK and (t-bt),Ir(acac), de-
vice structure and energy band diagram of UV-OPDs are
shown in Figure 1. In the UV-OPDs, ITO and Ag act as the
cathode and anode, respectively. Under a negative bias,
ZnOy layer blocks holes from the ITO side in dark condition.
When illuminated under 260nm UV light source with a
power of 0.7 mW/cm? from Ag side, photogenerated elec-
trons and holes are transported through ZnO, and MoO;
layers and collected by ITO and Ag electrodes, respectively.

From UV-Vis absorption spectra in Figure 2(a), there are
three absorption peaks of PVK film at 295, 331, and 345 nm.
Meanwhile, the absorption spectrum of (t-bt),Ir(acac) film
exhibits two peaks at 276 nm and 333 nm. Therefore, the

© 2014 AIP Publishing LLC
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FIG. 1. Chemical structures of PVK and (t-bt),Ir(acac) (a) and schematic (b)
and energy band diagram (c) of UV-OPDs.

active layer mainly has ultraviolet sensitivity ranging from
250 to 350 nm. When doping (t-bt),Ir(acac) into PVK, the UV
absorption becomes stronger, leading to a higher photocurrent
particularly in 250-300 nm.

Figure 2(b) displays that the PL peak of PVK is at
425nm, and those of (t-bt),Ir(acac) film are at 560 and
600 nm. It is worth noting that the PL density of PVK in the
blend film is much weaker than that of (t-bt),Ir(acac) due to
the energy transforming process of excitons from the PVK
backbone to (t-bt),Ir(acac).

The photocurrent density-voltage (J-V) characteristics
of UV-OPDs with pure PVK and (t-bt),Ir(acac) doped PVK
layer are displayed in Figure 2(c). Under illumination, the
photocurrent of UV-OPDs is enhanced along with increasing
reverse bias. At —3 'V, the photocurrent density of UV-OPDs
without (t-bt),Ir(acac) is 2.48 mA/cm®.  When doping
(t-bt),Ir(acac) in PVK, 11.37mA/cm? is obtained, which is
4.5 times higher than the control device. It is noted that the
photocurrent density under UV light is much higher than that
of in dark, indicating that doping (t-bt),Ir(acac) phosphor into
PVK is an effective way to gain high photosensitive character-
istic for photodetector. Photoresponse (R) of UV-OPDs is
defined by R = (Jiignt — Jaar)/Pin, Where, Jjig, is the current
density under UV illumination, Jq, is the dark current den-
sity, and Py, is the input power of UV light. So the R value of
the device with (t-bt),Ir(acac) doped PVK active layer yields
15.97 A/W at —3V, which is 381% higher than the undoped,
indicating a remarkable improvement for the reported
UV-OPDs based on phosphor.””*® To further characterize
the response speed of our devices, the current density of
UV-OPDs as a function of time was recorded at —2 V, as plot-
ted in the inset of Figure 2(c). When UV light applied, current
density increases sharply, and decreases to the original value
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FIG. 2. (a) UV-Vis absorption spectra of PVK and (t-bt)Ir(acac)/PVK.
Inset: UV-Vis absorption spectrum of (t-bt),Ir(acac). (b) PL spectrum of
(t-bt),Ir(acac)/PVK. Inset: Normalized PL spectra of PVK and (t-bt),Ir(acac).
(c) J-V characteristics of UV-OPDs with and without (t-bt),Ir(acac) in dark
and under illumination. Inset: Photoresponse as a function of time obtained by
sudden application and removal of UV light at a bias of —2'V.

instantly upon the removal of light. Both the rise and the
fall time are less than 1s, representing rapid photocurrent
response.”®

Additionally, the detectivity D* can be expressed as
D* = R/(2quark)'/ 2, where q is the electron charge. The sensi-
tivity of (t-bt),Ir(acac) doped device is 6.3 x 10'° cm Hz>/W
at —3V, comparable to some inorganic UV-PDs.”
However, despite of the high gain in R, D* is relatively less
than the reported UV-OPDs mainly due to the high dark cur-
rent density. From the energy band diagram in Figure 1(c),
we can see that the electron barrier of 1.4eV between the
work function of Ag and the lowest unoccupied molecular
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FIG. 3. Normalized J-V characteristics of hole only devices. Inset: Exciton
relaxation pathways for (t-bt),Ir(acac)/PVK systems. S; and S are the low-
est excited singlet states and singlet ground states, respectively; T; is the
lowest excited triplet states in (t-bt),Ir(acac)/PVK system. Blue and red
circles are the diffusion of singlet and triplet excitons, respectively.

orbital level of (t-bt),Ir(acac) is much lower than the hole
barrier of 2.7¢eV between the work function of ITO and the
valence band of ZnOy. The high dark current was expected
to be from electron injection since MoO; layer plays little
effect on the electron blocking owing to the deep-lying con-
duction band edge.*® Moreover, it reported that the defects
and impurities induced during metallic electrode deposition
could also cause high dark current. This problem can be
solved by improving the electron blocking layer between
active layer and electrode.>*?

The reasons of high photoresponse for our UV-OPDs
can be elucidated from the improved absorption of UV light
and enhanced utilization efficiency of excitons. As shown in
Figure 2(a), when doping (t-bt),Ir(acac) into PVK,
(t-bt),Ir(acac) phosphor can also absorb the UV light to

Appl. Phys. Lett. 104, 173304 (2014)

generate both singlet and triplet excitons, and contribute to
the photocurrent. After absorbing the UV light by the PVK
layer, short-lived singlet excitons with typically Lp about
several nanometers are generated. Since the Lp is much
smaller than the thickness ~120 nm of active layer, a large
number of excitons are dissipated before transported to the
PVK/ZnO, interface. When doping (t-bt),Ir(acac) into PVK
(shown in the inset of Figure 3), additional triplet excitons
can be obtained from the light absorption of (t-bt),Ir(acac)
and energy transfer from PVK to (t-bt),Ir(acac). As the long
exciton lifetime of triplet excitons can effectively suppress
the detrimental recombination of hole and electron, triplet
excitons of (t-bt),Ir(acac) have higher probability to be dis-
sociated into charge carriers than the singlet excitons of
PVK.

To further analyze the reason of high photoresponse, we
used the hole only carrier method to characterize the charge
carrier transportation ability of active layers. It is known as
Mott-Gurney laws: > J= —egouV/d, where ¢ and ¢, are the
permittivity of the vacuum and polymer, respectively. u is
the charge carrier mobility, and d is the thickness of active
layer.* Hole only devices were fabricated with a structure of
ITO/MoOs/organic layer/MoOs/Ag. The normalized J-V
characteristics are presented in Figure 3. The hole mobility
of (t-bt),Ir(acac) doped PVK film is significantly enhanced.
Thus, phosphorescent material doped into polymer can
improve the hole mobility and transportation of charge
carrier.

Moreover, the atomic force microscopy (AFM) height-
mode images of PVK films without/with (t-bt),Ir(acac) dop-
ing are presented in Figures 4(a) and 4(b). It can be seen that
a rougher film surface is obtained in the blend film. This
change ensures larger contact area and stronger interaction
between the active layer and electrode,®* resulting in a

FIG. 4. Tapping-mode AFM images of
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higher photocurrent. Furthermore, the rough film surface of
(t-bt),Ir(acac) doped PVK film can also increase light scat-
tering, resulting in the strong absorption of UV light com-
pared with the pristine PVK film. The phase-mode images of
PVK films without/with (t-bt)Ir(acac) are presented in
Figures 4(c) and 4(d). Compared with the pristine PVK film,
there is an obvious phase separation in (t-bt),Ir(acac) doped
PVK film beneficial for constituting better discontinuous net-
work instead of isolated domains and facilitating charge
transporting to electrodes,® resulting in higher hole mobility
and photocurrent.

We demonstrated a highly efficient inverted UV-OPDs
by doping (t-bt),Ir(acac) phosphor into PVK as the photoac-
tive layer. A high photoresponse of 15.97 A/W under a
260nm UV light was obtained. The excellent performance
of our UV-OPDs is attributed to the strong UV light absorp-
tion, the triplet nature of (t-bt),Ir(acac) phosphor and
improved charge carrier transport. It is believed that intro-
ducing phosphorescent material with strong ultraviolet
absorption is a promising alternative method to improve pho-
toresponse and fabricate low cost UV-OPDs.

This work was supported by the National Science
Foundation of China via Grant No. 61177032.
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