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Organic optoelectronic integrated devices (OIDs) with ultraviolet (UV) photodetectivity and different color
emitting were constructed by using a thermally activated delayed fluorescence (TADF) material 4, 5-bis(carbazol-
9-yD)-1, 2-dicyanobenzene (2CzPN) as host. =~ The OIDs doping with typical red phosphorescent dye [tris(1-
phenylisoquinoline)iridium(II), Ir(piq)3], orange phosphorescent dye {bis[2-(4-tertbutylphenyl)benzothiazolato-N,
Czl]iridium (acetylacetonate), (tbt)Ir(acac)}, and blue phosphorescent dye [bis(2, 4-di-fluorophenylpyridinato)-tetrakis(1-
pyrazolyl)borate iridium(III), FIr6] were investigated and compared. The (tbt),Ir(acac)-doped orange device showed better
performance than those of red and blue devices, which was ascribed to more effective energy transfer. Meanwhile, at a low
dopant concentration of 3 wt.%, the (tbt),Ir(acac)-doped OIDs showed the maximum luminance, current efficiency, power
efficiency of 70786 cd/m?, 39.55 cd/A, and 23.92 Im/W, respectively, and a decent detectivity of 1.07 x 10'! Jones at a
bias of —2 V under the UV-350 nm illumination. This work may arouse widespread interest in constructing high efficiency
and luminance OIDs based on doping phosphorescent dye.
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1. Introduction

The research of organic photoelectronic devices has
made significant progress in recent years. Common organic
photoelectronic devices include organic light-emitting diodes
(OLEDs), 2] organic photovoltaic devices (OPVs), ! organic
photodetectors (OPDs),*31 and organic thin film transistors
(OTFTs). Among them, OLEDs have been widely used in
solid-state lighting and full-color flat-panel displays, which
are considered as the most ideal and potential display tech-
nology in the 21% century.®-%! Meanwhile, OPDs have drawn
wide interests due to their potential application in fields of
biological sensing, solar astronomy, smoke/fire monitoring,
and missile plume detection.”1%1 Nowadays, organic opto-
electronic integrated devices (OIDs) with OLED and ultravi-
olet OPD dual functions become an important part of organic
optoelectronics, since the integration of the two functions is
helpful to reduce the device size and simplify the fabrication
process.[!1-13]

OIDs have two working modes, as shown in Fig. 1. For
the OLED mode, under a forward voltage bias, the charge car-
riers are separately injected from the cathode and anode into
the active layer to form excitons, which then requires an ef-
ficient radiative recombination of the molecular excitons. In
terms of OPD mode, inversely, molecular excitons are formed
with optical absorption and dissociated into free charge carri-
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ers in the active layer, then collected by the electrodes under
a reverse bias. Obviously, the operating principle of OLED
is contrary to that of OPD and the contrary exciton move-
ment mechanisms make it hard to reach both high luminance
and detectivity in OIDs.!!*!3] Recently, much effort has been
put into finding a practicable way to improve the luminance
and detectivity of OIDs for practical application integrated de-
vice with UV photodetectivity and electroluminescence (EL)
properties. Ali et al. showed a multilayer integrated device
which gave a photoresponse of 77 mA/W at 390 nm and a
maximum current efficiency of 2.2 cd/A for a brightness of
2200 cd/m?.['% Zhou et al. reported an OID with a high de-
tectivity of 4.5 x 10'? Jones and a brightness of 7100 cd/m? us-
ing a two triplet—triplet annihilation featured material doping
system.!!”] Although OIDs have exhibited greatly enhanced
detection performance, the electroluminescent performance is
still low compared to the common OLED.

Nowadays, the thermally activated delayed fluorescence
(TADF) materials are not only widely adopted to fabricate
highly efficient OLEDs, but also used as the active layer to
realize high performance OIDs.[!318-211 Wang e al. reported
a TADF-based integrated device which gave a detectivity of
1.4 x 10'? Jones and a brightness of 26370 cd/m? by inserting
an exciton adjusting layer (EAL).!"5! In our previous works,
the importance of EAL- to TADF-based OIDs was analyzed.
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Great improvements in UV-detectivity (from 10° Jones to
10'2 Jones) and luminance (from 5000 cd/m? to 25000 cd/m?)
were achieved by changing the varieties and thickness of the
EAL materials.!?2] However, the research on the utilization of
the TADF-featured material as the host of phosphorescent dye
has not been carried out so far. As is known, the strong spin—
orbit coupling of electronic states induced by the heavy metal-
atom effect of phosphorescent dyes can realize radiative de-
cay of both singlet and triplet excitons for phosphorescence,
leading to the theoretical internal quantum efficiency (IQE) of
100%.123-231 However, phosphorescent dyes suffer from se-
rious concentration quenching effect, which is required to be
doped as a guest into the host material. [*°! It should be pointed
out that the singlet-triplet splits (AEsT) of a TADF material is
usually under 100 meV, lower than the conventional host ma-
terials, it is a kind of suitable host material for high-efficiency
and low roll-off phosphorescent OLEDs.!?”-?8] Furthermore,
the conversion of triplet excitons on TADF materials to singlet
excitons on phosphors can be realized via reverse inter-system
crossing (RISC) followed by long-radius Forster resonance en-
ergy transfer (FRET), so the OLEDs using TADF materials as
the host can achieve efficient host-guest energy transfer in a
low doping concentration.?®! Although it is an effective strat-
egy to overcome exciton quenching and improve the EL per-
formance of OLED by utilizing the model of energy transfer
between the host and dopant materials, there are few works
that apply this method for realizing high performance OIDs.
Thus, a study of doping system for the OIDs, correlating with
the energy transfer between the host and the dopant, is imper-
ative.

In this effect TADF-
featured host material of 2CzPN on the performance
of several typical phosphorescent dyes (including
tris(1-phenylisoquinoline)iridium(IIl)  [Ir(piq)s], bis[2-(4-
ter’[butylphenyl)benzothiazolato-N,Czl]iridium (acetylacet-
onate) [(tbt),Ir(acac)], bis(2, 4-di-fluorophenylpyridinato)-
tetrakis(1-pyrazolyl)borate iridium(IIl) [FIr6]) doped OIDs
is studied in detail. By changing the doping concentration,
we report high efficiency and luminance OIDs with decent
The (tbt);Ir(acac)-doped OID with a dopant
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concentration of 3 wt.% achieves a maximum luminance of
70786 cd/m?, which is three times brighter than pure 2CzPN-
based device (26454 cd/m?). To analyze the effect of the
phosphorescent doping concentration on the device, the mech-
anisms of spectral alterations, energy transfer, and UV-light
absorption of the doping system are also discussed.
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Fig. 1. (color online) (a) OIDs working in OLED mode under forward
bias. (b) OIDs working in OPD mode under reverse bias.

2. Experiment details

Indium tin oxide (ITO) coated glass substrates were
cleaned by detergent, deionized water, acetone, and ethanol
for 15 min at each ultrasonic step. Afterwards, the substrates
were dried with nitrogen gas flow and then they were treated
with O plasma in a vacuum chamber under a pressure of 25 Pa
for 5 min to clean the surface and increase the work function of
ITO. The organic functional layers and metallic cathode were
thermally evaporated in a vacuum under the pressures of Pa
and Pa, respectively, with a deposition rate of 0.5 A/s. Dur-
ing the deposition process, the film thickness and deposition
rate were monitored by an oscillating quartz crystal monitor.
Phosphorescent dye doped OIDs were fabricated with a struc-
ture of ITO/MoO3 (15 nm)/NPB (20 nm)/mCP (6 nm)/2CzPN:
phosphorescent dye (10 nm, 5 wt.%)/Bphen (30 nm)/Mg: Ag
(100 nm), as shown in Fig. 2(a), NPB and Bphen were used
as the hole and electron transporting layers, respectively, and
mCP was used as an exciton adjusting layer. Three typical
phosphorescent dyes of Ir(piq)s, (tbt),Ir(acac), and FIr6 were
selected for device A1, device A2, and device A3, respectively,
with a doping concentration of 5 wt.%, and non-doped device
A4 was used as a reference. The triplet energy level of the
emitting layer materials is shown in Fig. 2(b).

(b)
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Fig. 2. (color online) (a) Schematic energy level diagram of the OIDs. (b) Triplet energy level of the emitting layer materials.
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The current density—voltage—luminance (/-V—-L) charac-
teristics and current density—voltage (J-V) characteristics in
the dark and under illumination were measured using Keithley
4200 semiconductor characterization system, and 350 nm UV
light source with a power of 1.0 mW/cm? was used as the illu-
mination source. The EL spectra of the devices were recorded
with an OPT-2000 spectrophotometer. UV-visible (UV-vis)
absorption spectra were obtained with a Shimadzu UV-1700
spectrophotometer. All the measurements were performed in
air at room temperature without encapsulation.

3. Results and discussion
3.1. Influence of phosphorescent dye varieties

In order to study the influence of phosphorescent dye vari-
eties on the OID performance, three typical emitting phospho-
rescent dyes are chosen as the dopant, which are red phospho-
rescent dye Ir(piq)3, orange phosphorescent dye (tbt),Ir(acac),

and blue phosphorescent dye FIr6. When the OIDs operate
in the OLED mode, holes travel from the ITO/MoQOs into the
active layer, while electrons transport from the Mg: Ag cath-
ode into the active layer, and finally the holes and electrons
combine in the active layer of 2CzPN.!">! The EL spectra of
these devices are displayed in Fig. 3(a). Only typical emitting
peaks from (tbt);Ir(acac) (562 nm, 600 nm) are observed in
device A2 without any signal of 2CzPN, this suggests that a
complete Forster energy transfer is ensured without any en-
ergy back transfer.[*”! In the case of device Al, the emission
spectrum still contains a component of 2CzPN host (520 nm),
resulting from the incomplete Forster energy transfer from the
host to the guest molecules. In contrast, the EL spectrum of
device A3 only exhibits the characteristic emission features of
2CzPN, this is probably due to the fact that the energy gap
(E; = [HOMO-LUMOJ) of FIr6 (3 eV) is higher than that
of 2CzPN (2.7 eV), so energy cannot transfer from 2CzPN
to FIr6.
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Fig. 3. (color online) (a) EL spectra of OIDs with different doping materials under 7 V forward bias. (b) Current density—voltage—
luminance curves. (c) Power efficiency—current density—current efficiency curves of OIDs.

Figure 3(b) presents the J-V—L characteristics of the de-
vices with and without doping phosphorescent dye, and their
detailed OLED parameters are summarized in Table 1. Device
A3 has a turn-on voltage of 2.7 V corresponding to 1 cd/m?,
while devices Al and A2 have much higher turn-on volt-
ages of 3.7 V and 3.6 V. In contrast to those of Ir(piq); and
(tbt),Ir(acac), the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) lev-

els of FIr6 are more adjacent to the HOMO level of mCP
and the LUMO level of Bphen, which facilitates the injec-
tion and transport of holes and electrons and leads to the low
turn-on voltage. The maximum brightnesses of 27083 cd/m?,
88774 cd/m?, 33186 cd/m?, and 26454 cd/m? are achieved for
devices Al, A2, A3, and A4, respectively. It is obvious that

device A2 has the highest luminance among these devices.

Table 1. EL properties of OIDs doped with three different phosphorescent materials. Vo, is the turn-on voltage, and Lyax, PEmax, and
LEmax are the maximum luminance, power efficiency, and current efficiency, respectively.

Devices Von/V Lmax /(cd/m?) CEmax/(cd/A) CEP/(cd/A) PEnax/(IM/W) PEY/(Im/W)
Al 3.3 26454 9.27 9.19 6.91 6.58
A2 3.7 27083 9.31 9.06 5.50 5.10
A3 3.6 88774 42.18 41.01 25.16 22.39
A4 2.7 33186 10.57 11.82 8.18 8.40

aRecorded at 1 cd/m?. PRecorded at 100 cd/m?.

Figure 3(c) shows the power efficiency—current density—
current efficiency (PE-J—CE) characteristics of these devices,
and their detailed OLED parameters are summarized in Ta-
ble 1. The maximum CEs are 9.31 cd/A for device Al,
42.18 cd/A for device A2, 10.57 cd/A for device A3, and

9.27 cd/A for device A4, while the maximum PEs of the de-
Device A2
shows the highest efficiency, this probably can be attributed

vices follow the same trend as that of the CEs.

to the efficient energy transfer from 2CzPN to (tbt),Ir(acac).
As shown in Fig. 2(a), the LUMO level of Ir(piq); is higher
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than that of (tbt),Ir(acac), leading to more trapping electrons,
which then decrease the performance of device Al. For de-
vice A3, energy cannot transfer from 2CzPN to FIr6, so the
characteristic of the phosphorescent dye does not show.

When a reverse bias is applied, the device functions as
a UV-PD. Excitons are generated initially in the 2CzPN layer
under 350 nm UV light illumination with an incident power
of 1 mW/cm?. When transporting to nearby mCP/2CzPN in-
terface, the excitons are dissociated into holes and electrons,
which are collected by the electrodes under the reverse volt-
age bias.!'¥ The current density—voltage (J-V) characteristics
of the four devices in the dark and under 1 mA/cm? UV light
are depicted in Fig. 4(a). At —2 V, the dark current densi-
ties (Jgark) are 9.39 x 1077 mA/cm?, 6.09 x 10~7 mA/cm?,
1.10 x 107% mA/em?, and 2.17 x 10~ mA/cm? for devices
Al, A2, A3, and A4, respectively. When doping phospho-
rescent dye into 2CzPN, the light current density Jjen, also
decreases. For all devices, the photocurrent density Jjjgn; is
drastically enhanced with increasing reverse bias under the il-
lumination of 350 nm UV light.
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Fig. 4. (color online) (a) Light and dark current density characteris-
tics of the OIDs measured under UV-350 nm light and in dark. (b) UV
detectivity as a function of the reverse bias.

Detectivity D* is introduced as the figure-of-merit for ex-
hibiting the performance of UV-OPDs, which is widely em-
ployed to characterize the sensitivity of a photodetector and
can be calculated as follows:

D* = R/(2¢Jaar) "> = (Jiight — Jaark/P) | CqJaar) ' *, (1)

where R is the responsivity, ¢ is the electron charge, and P is
the power efficiency of the ultraviolet source.**! Figure 4(b)
presents the detectivity characteristics at different applied volt-
ages for the four OIDs. It is obvious that device A4 has
the best detectivity of 7.15 x 10'! Jones, while devices Al,
A2, and A3 have similar detectivity of 3.79 x 10'9 Jones,
2.52 x 10'° Jones, and 2.43 x 10'° Jones, respectively. As
expected, doping phosphorescent dye into 2CzPN will reduce
the detectivity, and the performance of devices doped differ-
ent phosphorescent dyes is similar. It should be pointed out
that 2CzPN has the charge transfer feature because of spatially
separated donor and acceptor moieties. Thus, charge transfer
excitons generated in the 2CzPN layer can be directly dissoci-
ated into holes and electrons and finally collected by the cor-
responding electrodes under a reverse bias. When doping a
phosphorescent dye into 2CzPN, the heavy metal ions of the
phosphorescent dye may trap the dissociated carriers, then de-
crease the performance of the OPD.

3.2. Influence of phosphorescent doping concentration

As the (tbt);Ir(acac) doped device shows the highest
OLED performances among the three phosphorescent dyes,
four different doping concentrations of 1 wt.%, 3 wt.%,
5 wt.%, and 7 wt.% are chosen to analyze the influence of
the (tbt),Ir(acac) doping concentration on the OLED and UV-
OPD performance. The notations of devices B1 (1 wt.%), B2
(3 wt.%), B3 (5 wt.%), and B4 (7 wt.%) are used to denote
the corresponding devices. Figure 5(a) exhibits the UV-vis
absorption and PL spectra of the neat films. The singlet and
triplet metal to ligand charge transfer (' MLCT and MLCT)
bands for (tbt);Ir(acac) fall at 450 nm and 485 nm, respec-
tively, while the other absorption features at higher energies
(300350 nm) are assigned mostly to 3(7 — 7*) transitions
of ligand-centered states (LC).[!) There is a spectral over-
lap between the PL spectrum of 2CzPN and the 'MLCT ab-
sorption band of (tbt),Ir(acac), indicating efficient FRET from
2CzPN to (tbt),Ir(acac). The normalized EL spectra of these
devices are shown in Fig. 5(b). All the EL spectra show typi-
cal (tbt),Ir(acac) emission with a peak of 564 nm and a shoul-
der of 602 nm, while device B1 also contains a component of
2CzPN host as the doping concentration is too low to harvest
triplet excitons in the emitting layer without any energy back
transfer. Besides, the almost overlapped EL spectra of device
B2 at different voltages (inset in Fig. 4(b)) indicate that the de-
vice configuration with well-designed energy level alignment
prevents leakage current.

The J-V-L characteristics of the devices with stepped
dopant concentrations of 1-7 wt.% are shown in Fig. 5(c).
It is obvious that the current density is almost independent
of the (tbt),Ir(acac) concentration from 1 wt.% to 7 wt.%.
As we know, there are two major EL mechanisms in doped
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OLED, i.e., direct exciton formation on the dopant and host-
guest energy transfer. As for the direct exciton formation,
the dopant will trap charge carriers and change the charge
density, resulting in a dependence of the J-V characteristics
on the doping concentration. In case of host—guest energy
transfer, the current density is insensitive to the guest dop-
ing concentration.?®! Therefore, the independence of the J—
V curves on the dye doping concentration reveals that host—
guest energy transfer dominates the EL process. From the L-V
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curves, it is discernible that the turn-on voltage decreases with
increasing dopant concentration, which are 3.9 V and 3.45 V
for devices B1 and B4, respectively. Device B3 yields the
highest maximum luminance of 88744 cd/m> among the four
devices, while devices B1, B2, and B4 show lower maximum
luminance of 63113 cd/m?, 70786 cd/m?, and 77804 cd/m?,
respectively. It is obvious that all the devices doped with
(tbt)sIr(acac) achieve much higher maximum luminance than
the pure 2CzPN-based device.
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Fig. 5. (color online) (a) PL spectra and normalized UV-vis absorption spectra of (tbt);Ir(acac) and 2CzPN neat films. (b) Normalized
EL spectra of OIDs with stepped dopant concentrations. Inset: normalized EL spectra of device B2 at a driving voltage ranged from
7 V to 11 V. (c) Current density—voltage—luminance curves. (d) Power efficiency—current density—current efficiency curves of OIDs

with stepped dopant concentrations.

Figure 5(d) displays the concentration-dependent PE—J—
CE characteristics of the OIDs, while detailed OLED perfor-
mance parameters are summarized in Table 2. The maxi-
mum CEs are 30.08 cd/A for device B1, 39.55 cd/A for de-
vice B2, 42.18 cd/A for device B3, and 41.10 cd/A for de-
vice B4. The highest power efficiency is obtained from the de-
vice with 5% doping concentration in the host 2CzPN, lower
than the doping concentration of 7 wt% giving the highest
efficiency in most phosphorescent OLEDs.*3 As we know,

the triplet excitons of the traditional conventional host mate-
rials [including N,N’-dicarbazolyl-4-4’-biphenyl (CBP), 3,5’-
N,N’-dicarbazole-benzene (mCP), and p-bis(triphenylsilyl)-
benzene (UGH2)] are utilized by host—guest energy transfer
via short-radius Dexter type. To realize efficient Dexter energy
transfer, the dopant concentrations should be much higher than
those of the TADF material, resulting in high cost due to the

high price of rare metals in phosphors.

Table 2. EL properties of OIDs with stepped dopant concentrations.

Devices Von?IV Lmax/(cd/m?) CEax/(cd/A) CEP/(cd/A) PEmax/(Im/W) PEY/(Im/W)
B1 3.9 63113 30.08 29.93 16.49 14.80
B2 3.8 70786 39.55 39.41 23.92 20.97
B3 3.6 88774 42.18 41.01 25.16 22.39
B4 35 77804 41.10 36.78 23.25 19.40

2Recorded at 1 cd/m?. PRecorded at 100 cd/m?.
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According to the independence of the J—V characteristics 2CzPN transfer to (tbt),Ir(acac) dopant via FRET process (iii).

on the (tbt),Ir(acac) doping concentration, it is obvious that  Fijnally, the singlet excitons on (tbt),Ir(acac) undergo intersys-

host—guest energy transfer dominates the EL process. There- ., crossing (ISC) (iv) and radiative decay for phosphores-

f(.)re, the creation and .evolutlon f)f excited states in orjange de- cence (v).13* It should be noted that the efficient utilization
vice B2 can be described by Fig. 6, and the dynamical pro-

. . . . of triplet excitons in 2CzPN for phosphorescence is respon-
cess of the excited states in the devices can be explained as p phosp p

follows. Singlet and triplet excitons mainly form on 2CzPN sible for the superior performance. Moreover, all excitons of
host (i), and the triplet excitons convert to singlet ones viare-  the host and dopant materials can contribute to light emission,

verse inter-system crossing (ii). Then, the singlet excitons on  leading to the theoretical internal quantum efficiency of 100%.
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Fig. 6. (color online) Schematic diagram of emission process in the 2CzPN:(tbt),Ir(acac)-based OIDs.

104 efficient of 2CzPN ensures the productivity of photo-generated

O'IE charges under UV light illumination.[**) The J-V character-
<<<') 10-6 istics of the OIDs operating in UV-OPD mode are displayed
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Lo Veltage/V cent dye will influence the transfer of the carriers, resulting in

T ————— nearly no OPD characteristics for the OIDs. However, when
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emitting color, are chosen as the doped materials. It is proved
Fig. 7. (color online) (a) Light and dark current density as a function of
the applied voltage of OIDs with four different concentrations. (b) UV .
detectivity as a function of the reverse bias. lower turn-on voltage under OLED mode, and through doping

(tbt)sIr(acac) into the TADF host, the OLED mode achieves

In a reverse bias, 2CzPN is an intramolecular charge  the maximum current efficiency, power efficiency, and lumi-
transfer complex so as to dissociate photo-induced excitons nance of 42.18 cd/A, 25.16 Im/W, and 88774 cd/m?, respec-
directly. Moreover, as Fig. 5(a) shows, the high absorption co-  tively, significantly improving the performance of OLED. In

that a deeper HOMO of phosphorescent contributes to a
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contrast, all devices doped with phosphorescent have similar
lower detectivity than the pure 2CzPN-based device. More-
over, the device with 3 wt.% doped (tbt)Ir(acac) shows the
maximum current efficiency, power efficiency, and luminance
of 39.55 cd/A, 23.92 Im/W, and 70786 cd/m?, respectively.
Under a reverse bias, the device achieves a detectivity of
1.07 x 10! Jones. It is obvious that the device not only shows
high luminance and efficiency, but also has decent OPD per-
formance. According to the schematic diagram of the emission
process, the efficient utilization of triplet excitons in 2CzPN
for phosphorescence is responsible for the superior perfor-
mance. The results suggest the high potential of phosphores-
cent materials as guests to realize OIDs with high efficiency.
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