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ABSTRACT: Organic photodetectors have attracted great
attention because of their promising applications in the fields
of imaging, optical communication, and biosensing. Although
the optical and electrical performances of the organic light-
emitting field effect transistors (OLEFETs) have improved
substantially in the past decade, the photodetection property
of the OLEFETs has rarely been studied. Here, we
investigated the photoresponse characteristics of the hetero-
structured OLEFETS, which unexpectedly shows performance
comparable to some organic phototransistor-only devices,
without sacrificing the light emission performance of the
device. The device shows photoresponse ability in a wide
visible light range and a maximum photon-to-electron
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efficiency of 45300% with millisecond-scale switching on and off time when under the illumination of 405 nm. It is found
that the photoresponse characteristics of the devices are mainly determined by the hole injection layer, as light absorption
happens mainly in this layer. Our study would provide some insights into further exploring the light detection potential for the
multifunctional OLEFETSs, which might meet the requirements for future high integration, low-weight, and low-cost

applications.

1. INTRODUCTION

Organic photodetectors have attracted great attention because
of their promising applications in the fields of imaging, optical
communication, and biosensing.l_3 Thereinto, organic photo-
transistors (OPTs) have shown great advantage in achieving
high photon-to-electron (p-to-e) efficiency because of the basic
structure of organic field effect transistors (OFETs), which
enables signal amplification (gain) without increasing the
noise.” For instance, remarkable performances have been
achieved for OPTs by employing a wide variety of active
materials including not only small molecules®” and polymers™’
but also hybrids with materials such as quantum dots,'~"*
two-dimensional materials,"”'* and the newly emerged perov-
skite,' "¢

Organic light-emitting field effect transistors (OLEFETs) are
a novel kind of multifunctional optoelectronic devices that
integrate both the switching function of OFETs and the
luminescence function of organic light-emitting diodes
(OLEDs),"” which have shown promising applications in the
fields of flat panel displays, integrated optical interconnection,
and optical communication.' *° In the past decade, the
optical [external quantum efficiency (EQE) and brightness]
and electrical (mobility and on—off ratio) performances of
OLEFETs have improved substantially as a result of the
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development of various kinds of novel materials”"** and device
architectures,”>° especially the multilayered heterostruc-
ture”>*® that enables much flexibility in incorporating an
emission layer with high emission efficiency and a charge-
transport layer with high carrier mobility simultaneously.
However, it is worth noting that few studies have been
reported on the photoresponse characteristics of the OLEFET's
up to now.

In principle, it is challenging to realize light detection and
light emission concurrently in a single OLEFET because of the
fact that the energy conversion between photons and electrons
is inverse for the two processes, which will inevitably result in
quite different requirements for the organic active materials as
well as for the device architectures. For instance, organic active
materials with high carrier mobility and good light absorption
are necessary for the OPTs,'**" whereas balanced carrier
transport and high photoluminescence quantum efhiciency are
more crucial for the OLEFETSs.>>*® Nevertheless, considering
the basic structure of OFETs, OLEFETs may still become a
good kind of OPT with high gain. Recently, we have reported
an OLEFET-based near-infrared (NIR)-to-visible upconver-
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Figure 1. (a) Schematic of the OLEFETs. The green and blue arrows indicate the output direction for light emission and the input direction of the
incident light for photodetection, respectively. (b) Absorption spectra of each active layer and the whole active layers (denoted as “All”). The
dashed line is the guidance for the position of 405 nm. (c) Molecular structures of the active materials.

sion device without sacrificing the light emission performance
of the device, demonstrating a promising light detection
potential for the OLEFETs.”

In this work, we focus on the photoresponse characteristics
of heterostructured OLEFETs. The devices exhibit notable
photodetection ability in a wide visible light range.
Surprisingly, a maximum p-to-e efficiency as high as 45
300%, which is comparable with some OPT-only devices, can
be obtained when under illumination of 405 nm with 1.06 mW
cm 2. Besides, the devices show good photoswitching
behaviors with millisecond-scale response time. It is revealed
that the photoresponse characteristics are mainly influenced by
the hole injection layer. Our study would provide some
insights into further exploring the light detection potential of
the OLEFETSs, which might meet the requirements for future
high integration, low-weight, and low-cost applications.

2. EXPERIMENTAL SECTION

The schematic of the device is shown in Figure la. Indium tin
oxide (ITO) on a glass substrate was used as the gate
electrode. Poly-4-vinylpenol (350 nm) and 30 nm polystyrene,
prepared by spin-coating in a method reported elsewhere,”
were used as the dielectric (capacitance C; & 7.5 nF cm™2).
Pentacene, N,N’-di(naphthalene-1-yl)-N,N’-diphenyl-benzi-
dine (NPB), 4,4'-bis(carbazol-9-yl)biphenyl:Fac-tris(2-
phenylpyridinato)iridium(III) (CBP:Ir(ppy);), and bathophe-
nanthroline (Bphen) act as the hole transport layer, hole
injection layer, emission layer, and electron injection layer,
respectively. The n/p/n interfacial layer, which consists of
1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile (HAT-CN)/
NPB/HAT-CN, plays the role of hole generation®' that could
facilitate the drain current (Ipg) and hole injection into the
emission layer and thereby greatly promote the brightness and
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EQE of the OLEFETsS. The molecular structures of the organic
materials are presented in Figure lc. Pentacene (12 nm),
HAT-CN (2 nm), NPB (¥ nm), HAT-CN (1 nm),
CBP:Ir(ppy); (25 nm, weight concentration of approximately
6%), and Bphen (14 nm) were successively evaporated at the
rates of 0.15, 0.05, 0.15, 0.05, 1.6, and 0.2 A/s, respectively. Al
(1 nm) was evaporated to further promote electron injection
before the 100 nm Ag source/drain electrodes with the
channel length and width of 45 and 3000 pm, respectively. The
devices were encapsulated in the glovebox (H,0, O, < 0.1
ppm) before the test. The light emission is collected from the
ITO side when the device is operating in the light emission
mode, whereas the incident light is illuminated from the ITO
side when the device is operating in the photodetection mode.

The electrical characteristics were performed by a Keithley
4200 SCS system at room temperature under ambient air. The
photocurrent (I,,) was recorded by a Hamamatsu S1336
photodiode. A high pass optical filter of 455 nm was put in
front of the photodiode to avoid scattering of the incident light
when measuring the light emission intensity under illumina-
tion. The image of light emission was captured by an Olympus
BXSITRF CCD microscope with a 20X objective lens. The
incident light sources for the photodetection test were four
different lasers (continuous wave) with wavelengths of 405,
457, 532, and 650 nm. The intensity of the light sources was
adjusted by a set of calibrated neutral density filters, whereas
the power was recorded using a Thorlabs PM320E optical
power and energy meter. The absorption spectra were
measured by a UV-3101PC ultraviolet (UV)—visible—NIR
spectrophotometer. The carrier mobility was calculated by the
formula for the saturation regime: Ing = uC(W/2L)(Vgs —
Vin)? (where p is the field-effect mobility, C; is the gate
dielectric capacitance density, Vi is the threshold voltage, and
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Figure 2. Photodetection mechanism of the device. (a) Schematic of the carrier transport. (b) Schematic of the energy level diagram for the

photogenerated carriers transporting under the source electrode.
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Figure 3. Photoresponse characteristics of the devices under the incident light of 405 nm. (a) Transfer curves and the corresponding p-to-e
efficiency at Vg = —80 V, with and without illumination. (b) Output curves with and without illumination. (c) Measured and fitted results of the
photocurrent at different incident light intensities and the corresponding p-to-e efficiency at Vg = —100 V and Vpg = —80 V.

W and L are the channel width and length, respectively). The
brightness was calculated by comparing the photocurrent with
a standard OLED of known brightness (1000 cdm™) and
emission area (3 mm X 1 mm) with the structure of ITO/
NPB/CBP:Ir(ppy)s/Bphen/LiF/Al. The EQE was calculated
from the brightness, the drain current, and the electro-
luminescent emission spectrum, assuming Lambertian emis-
sion. The detectivity was calculated by the formula,*** D* =

RJA /Sy = RVA/ J2qI,., (Sy is the current spectral noise

density, S\* is the sum of all noise power, and A is the device
area).

3. RESULTS AND DISCUSSION

Figure 1b shows the absorption spectra of each active layer as
well as the whole active layers (denoted as “All”). The
absorption of the whole active layers is mainly located below
450 nm, which is consistent with that for each active layer.
There is a weak absorption band around 670 nm for the whole
active layers, which should be originated from pentacene, as
only the film of pentacene shows distinguishable absorption in
this range. At the wavelength of 405 nm (wavelength of one of
the incident light sources), absorption can be observed only for
the film of NPB. Although additional absorption bands around
405 nm can also be aroused from the charge-transfer process
between HAT-CN and pentacene,21 considering the ultrathin
thickness of HAT-CN, we can roughly neglect the absorption
caused by HAT-CN. Therefore, when illuminated under the
light of 405 nm, the light absorption and thereby the

generation of excitons should happen mainly in the hole
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injection layer of NPB. Actually, NPB shows a relatively high
absorption coefficient of ~5 X 10* cm™ at 405 nm (calculated
from the absorbance, shown in Figure S1) and is believed to be
a promising photosensitive material,”>** in addition to the
wide usage in the OLEDs.

Figure 2 illustrates the photodetection working mechanism
of the device. Because of the hole dominated property of
pentacene, the device is generally biased under a gate to source
voltage (Vgg) < 0 V and a drain to source voltage (Vpg) <0V
to ensure the hole accumulation mode. As shown in Figure 2a,
the incident light is mainly absorbed in NPB followed by the
generation of the photogenerated excitons. The photo-
generated excitons can be separated into electrons and holes
more efficiently near the source electrode because of the
vertical electric field. The electrons will move across CBP:Ir-
(ppy); and Bphen layers and accumulate under the source
electrode, where they can effectively lower the hole injection
barrier at the source electrode, resulting in an effective decrease
in the contact resistance and in a positive shift of Vi;***°
whereas the holes will move down to pentacene and
accumulate in the channel, followed by transporting along
the interface of dielectric/pentacene toward the drain electrode
because of the horizontal electric field effect, and finally be
collected by the drain electrode to form the photogenerated
current. Figure 2b shows the corresponding energy level
diagram under the source electrode. It is worth mentioning
that the separation of the photogenerated excitons will not
impact the radiative recombination of excitons in the emission
layer because the latter mainly occurs under the drain
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Figure 4. (a) p-to-e efficiency of the devices with different thicknesses of NPB at Vg = —80 V. (b) Detectivity of the devices with different
thicknesses of NPB. (c) Photoresponse characteristics of the device with 20 nm NPB at Vj,g = —80 V when illuminated under the incident light of
650, 532, and 457 nm (power density is 1 mW cm™2). (d) Comparison of the p-to-e efficiency and absorption spectra of the device with 20 nm

NPB.

electrode.”® In this way, light emission and photodetection can
be achieved concurrently in a single OLEFET.

Figure 3a shows the transfer curves of the device both in the
dark and under illumination as well as the corresponding p-to-e
efficiency at Vg = —80 V. The wavelength and power density
of the illuminated light was 405 nm and 1.06 mW cm™},
respectively. In the dark, the device exhibits a typical p-type
characteristic with a hole mobility of 0.65 cm® V™' s™', on—off
ratio > 10% and Vy = —33 V. When the device is under
illumination, the drain current changes significantly, indicating
that a large number of photogenerated excitons have been
produced and separated effectively, concurrent with a
positively shifted Viy of 14 V. The maximum ratio of the
drain current between under illumination and in the dark
(Iight/ Liart) Teaches about 2.1 X 10* around Vg = 10 V when
the device is in the off-state where the photocurrent is
dominated. To elucidate the photoresponse performance of
the devices, we calculated the p-to-e efficiency represented as 77
by the following formula®”

y = hep _ hely, — he(Tigy = iant)
94 kg, P (1)

where % is the photon energy, q is the electron charge, R is the

photoresponsivity, Iy, is the drain current under illumination,
Iy, is the drain current in the dark, and P, is the incident
light power on the channel area. As shown in Figure 3a, with
Vgs increasing negatively from 20 to —100 V, the p-to-e
efficiency increases first and tends to saturation after Vg
reaches —90 V. The saturation indicates that most photo-
generated excitons have been separated and collected under
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the high electric field. The maximum p-to-e efficiency of the
device reaches over 45 300%, which is comparable with some
OPT-only devices in the literature.”” The high p-to-e
efficiency can be attributed to the good combination of the
high absorbance of the photosensitive layer (NPB) and the
high mobility of the transporting layer (pentacene), which are
actually the key factors for efficient heterostructured OPT-only
devices."” The much higher than 100% of the p-to-e efficiency
also signifies the gain mechanism for the OFET-based device
structure.”’ Figure 3b gives the output characteristic of the
devices, which again shows a distinct increase of Ipg under
illumination than in the dark for the Vg range from —20 to
—100 V. Similarly, as Vpg increases negatively, the photo-
current improves remarkably, which is reasonable because the
increased horizontal electric field would accelerate the
transportation of the photogenerated holes in the channel, as
described in Figure 2a.

The photocurrent and p-to-e efficiency as functions of the
incident light power density are shown in Figure 3c. For OPT-
only devices, the drain current under the on-state (IVggl > |
Viyl) is mainly governed by the photovoltaic effect, and the

relationshiop between I,, and P,  can expressed by the
formula®*
AKT AP,
Ljon =8 AVp = — ln[l + M)
q Idarkhc (2)

where g, = dIpg/dVg represents the transconductance of the
devices, A is a proportionality parameter, k is the Boltzmann
constant, T is the operating temperature, 4 is the wavelength of
the incident light, # is the p-to-e efficiency, & denotes Planck’s
constant, and P, is the incident light power. The experimental

DOI: 10.1021/acs.jpcc.8b04320
J. Phys. Chem. C 2018, 122, 15190—-15197


http://dx.doi.org/10.1021/acs.jpcc.8b04320

The Journal of Physical Chemistry C

Table 1. Summary of the Photoresponse and Light Emission Characteristics of the Devices

photoresponse characteristic

light emission characteristic

devices NPB incident light max p-to-e efficiency max photoresg;onsivity max max brigkltness EQE at max brightness
(nm) (nm) (%) Aw) photosensitivity (cdm™2) (%)

0 405 4620 15§ £ 038 120 + 10 299 + SO 140 £ 0.1

10 405 34510 113+ 5 1400 + 100 8337 + 300 477 £ 03

20 40S 45300 148 £ 5 2100 =+ 200 6324 + 300 5.65 £ 0.3

40 405 49 990 163 + 10 2360 + 200 2730 + 200 6.40 + 0.3

20 457 7670 282+ 1 740 + 80

20 532 4640 198 £1 130 + 10

20 650 2365 123 £ 0.8 40+ 5

data of the device can be well-fitted with the above
relationship, which implies that the photodetection of
OLEFETs also follows photovoltaic effect when under the
on-state.

The photoresponse characteristics of OPTs can also be
characterized by the photoresponsivity (R) and photo-
sensitivity (P) Wlth R = (Ilight - Idark)/Pinc and P = (Ilight -
Ijan) /I The R and P curves versus Vg derived from Figure
3a are shown in Figure S2. The maximum R and P reaches 148
AW and 2.1 X 10°. Although the value of R is high enough,
the value of P has a big room to improve, especially at the
region where R reaches the maximum. This might be viable by
decreasing the dark current through methods such as
introducing a hole block layer.**

We further investigated the influence of the thickness of the
NPB layer on the photoresponse characteristics of the devices.
Figure 4a shows the p-to-e efficiency with different thicknesses
(0, 10, 20, and 40 nm) of NPB. The p-to-e efficiency improves
from 4620 to 49 990% with the increase in the thickness of
NPB, which means a substantial promotion of the population
of the photogenerated excitons. The devices without NPB also
exhibit a certain extent of photoresponse characteristic, which
implies that light absorption can happen not merely in the
NPB layer. Nevertheless, the more than 1 order of magnitude
promotion of the p-to-e efficiency firmly manifests the crucial
role of NPB in the photoelectric conversion process. Figure 4b
shows that the detectivity (D*) of devices with different
thicknesses of NPB is on the order of 10" Jones and increases
with the increase in the thickness of NPB. It should be
mentioned that the thickness of NPB will also obviously
influence the light emission characteristics of the devices as a
result of the change of the carrier balance. As listed in Table 1,
the EQE improves from 4.77 to 6.4%, with the thickness of the
NPB layer increasing from 10 to 40 nm, whereas the
corresponding brightness declines from 8330 to 2700 cdm™.
The detailed light emission characteristics with different
thicknesses of NPB are presented in Figure S3.

An interesting phenomenon is that the device also exhibits
moderate photoresponse performance in the wavelength
region of beyond 450 nm despite weak light absorption.
Figure 4c shows the transfer curves and the corresponding p-
to-e efficiency of the device with 20 nm NPB illuminated under
650, 532, and 457 nm (the power density is about 1 mW
cm™2). Vyy shifts positively for 2, S, and 8 V. The maximum p-
to-e efficiencies are 2360, 4640, and 7670% and the
corresponding maximum R and P values are 12.3 A W' and
40, 19.8 A W' and 130, and 282 A W' and 740 for
illuminations of 650, 532, and 457 nm, respectively (Figure S4
and Table 1). The wavelength dependence of the p-to-e
efficiency is in agreement qualitatively with the absorption

spectrum of the device, as shown in Figure 4d. We have not
performed the measurement for the UV region because of the
test limitation, however, it can be anticipated that much better
performance can be obtained as described for most OPTs in
the literature,>*** owing to the higher absorbance of the active
layers in the region. It is noteworthy that the utilization of NPB
is not mandatory in the current device structure. Song et al.
have reported efficient OLEFETs based on several different
charge generation layers.”” Therefore, it is possible to further
improve the photoresponse performance and extend the
photoresponse wavelength range by adopting hole injection
layers with higher absorbance and wider absorption range.
Figure S shows the photoswitching behaviors of the device
with 20 nm NPB under the incident light of 405 nm. The drain
current changes promptly with the light on and off under
different bias conditions. When under different Vpg (Figure
Sa), the switching on and off time (from 10 to 90% of the drain
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Figure S. Photoswitching behaviors of the device. (a) Switching on
and off property at Vg = —10, —30, and —50 V with fixed Vg =10 V.
(b) Switching on and off property at Vg = —10, 0, and 10 V with
fixed Vg = —30 V. (c) Multicycle property at Vg = 10 V and Vg =
—50 V. The power density of the illuminated light for (a—c) is fixed at
1.06 mW cm™ (d) Switching on and off property for different
incident light intensities at Vg5 = 10 V and Vpg = —10 V.
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current) at Vgg = 10 V is 66 and 202 ms, respectively, and
shows no dependence on the biased Vjg. When Vi is fixed,
the switching on and off time is also in the range of tens to
hundreds of milliseconds for different Vg values (Figure Sb).
However, it gets longer as Vg increases positively, which can
be attributed to the lower drift and diffusion rates of the
photogenerated holes as the hole potential at the gate electrode
raises.”* Meanwhile, the persistent photocurrent (drain current
when the illumination is off) is negligible for the device,
indicating a relatively low concentration of trap states in the
active layer.¥** Figure Sc presents the photoswitching
behaviors over a long period of time for Vg = 10 V and
Vps = =50 V. No degradation except for a small fluctuation at
the moment when light is on can be observed. Figure 5d shows
the switching on and off characteristic for different incident
light intensities at Vgg = 10 V and Vg = —10 V. Almost no
variation of the rise and fall time is found, indicating rather
good environmental operation stability for the device. The
above photoswitching performance implies that the separation
and collection of the photogenerated excitons have hardly been
influenced by the multilayer structure, thus offering much
flexibility for optimization of the device architecture in the
future.

To further investigate the effect of light exposure on the light
emission characteristics of the device, Figure 6 presents the
optical transfer curves of the device both under illumination
(405 nm) and in the dark. When under the illumination of
1.06 mW cm > (Figure 6a), the brightness increases, and a
maximum brightness of 7190 cdm™ can be reached compared
to that of 6320 cdm™ in the dark. The corresponding EQE at
higher gate voltages (e.g., Vs < —40 V) is slightly decreased.
The increased brightness can be mainly attributed to the
increase of the carrier density originated from the photo-
generated excitons, as described previously. The decrease of
EQE at high gate voltages probably results from the
overbalance between holes and electrons at a high drain
current. The higher EQE under illumination than that in the
dark at lower gate voltages is likely to be caused by the
photoluminescence, which can be dominated when there is
little electroluminescence. However, the intensity of the
photoluminescence is relatively weak, with a brightness of
less than 10 cdm™> estimated from the corresponding
photocurrent of the photodiode. Figure 6b presents the
brightness and EQE at different power densities of the incident
light. As the incident light power density increases to 5.62 mW
cm™?, the brightness increases from 6320 to 8060 cdm™?,
whereas the corresponding EQE decreases slightly from 5.65 to
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5.03%, which again indicates a compromise between the carrier
density and balance transportation. Figure S5 presents the
optical images of a working device with and without
illumination under different bias conditions, from which a
brighter emission can be seen for those with the illumination,
however, with a relatively low contrast. Therefore, further
studies are necessary to improve the photosensitivity of the
device.

4. CONCLUSIONS

In conclusion, we have investigated the photoresponse
characteristics of the multilayer heterostructured OLEFETs.
It has been demonstrated that both good photodetection and
light emission can be obtained in a single OLEFET. The device
shows stronger emission when illuminated while the
corresponding EQE suffers a slight decline as the illumination
intensity increases. The hole injection layer of NPB plays an
important role in determining the comprehensive performance
of the devices, as the light absorption happens mainly in this
layer. A maximum p-to-e efficiency of 45300% and the
switching on and off time within millisecond-scale range have
been obtained when under the illumination of 405 nm. Further
improvement of the performance as well as the reveal of the
working mechanism are highly desired to boost the
applications in fields such as multifunctional sensing and
highly integrated optical interconnection for such devices.
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