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Toward Ultrahigh Red Light Responsive Organic
FETs Utilizing Neodymium Phthalocyanine
as Light Sensitive Material

Lei Sun, Yao Li, Qiang Ren, Wenli Lv, Jianping Zhang, Xiao Luo, Feiyu Zhao,
Zhen Chen, Zhanwei Wen, Junkang Zhong, Yingquan Peng, and Xingyuan Liu

Abstract—The performance of photoresponsive organic
FETs (photOFETSs) intimately depends on their optical absorp-
tion and charge carrier transport property. We report on red
light responsive photOFETs based on various device structures
utilizing neodymium phthalocyanine (NdPc;) as the light sensi-
tive material. PhotOFETs based on planar heterojunction, bulk
heterojunction (BHJ), and hybrid planar-BHJ (HPBHJ) with
NdPc; and Cgp on poly(vinyl alcohol) (PVA) and SiO, gate
dielectric were fabricated and characterized. Among various
device structures, HPBHJ-photOFET on PVA dielectric showed
the best performance. For the 650-nm-red light illumination,
an ultrahigh photoresponsivity of 108 A/W and a maximum

photosensitivity of 3.75 x 10* were obtained. The ultrahigh
enhancement of the photoresponsivity for HPBHJ-photOFET
is resulted from high absorption coefficient of NdPcp in the
red light region, high dissociation efficiency of the photogen-
erated excitons, and high electron mobility of Cg( layer grown
on PVA.

Index Terms— Gate dielectric, hybrid bulk-planar hetero-
junction, neodymium phthalocyanine (NdPc,), photorespon-
sive organic FET (photOFET), photoresponsivity, poly(vinyl
alcohol) (PVA), red light.

I. INTRODUCTION

RGANIC FETs (OFETs) are envisaged to be per-
vasive in the future generation electronic products
that have some wunconventional characteristics, such as
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low cost, light weight, mechanical flexibility, and large-
area coverage [1]-[3]. Among OFETs, the photoresponsive
OFET (photOFET), as an important component of pho-
todetectors, has aroused researchers’ enormous interests in
recent years [4]-[6]. Compared with photodiodes, photOFETSs
exhibit lower noise and higher light sensitivity [7]. The
performance of photOFETs intimately depends on the prop-
erties of organic photoelectric functional materials, i.e., the
coefficient for light absorption and the mobility for charge
carrier transport. For traditional single layer photOFETs, light
absorption and photocarrier transport are accomplished in a
single organic layer, which severely limits the device per-
formance due to the fact that the charge carrier mobility of
most photosensitive organic thin films is very low. Therefore,
organic heterostructure becomes an ideal strategy for realiz-
ing high-performance photoelectron devices, which has been
widely exploited in organic light-emitting diodes [8]-[10],
OFETs [11], [12], and organic solar cells (OSCs) [13]-[16].
In particular, a hybrid planar—bulk heterojunction (HPBHJ)
structure is favored, which is composed of a high mobility
channel transport layer (CTL) and a photosensitive layer
with highly efficient exciton dissociation efficiency that uses
a donor—acceptor (DA) BHJ structure [17]. Neodymium
phthalocyanine (NdPcj), as one of the rare earth phthalo-
cyanines, shows an outstanding red light absorption charac-
teristic [18], [19] and an excellent semiconductor property,
which can be used as the photosensitive material in red light
detectors. In addition, fullerene (Cgp), being a good electron
acceptor with a high electron mobility of 4.9 cm?/Vs [20], is
extensively applied in OFETs [21], [22] and OSCs [23]-[25].
Recently, we reported on a photOFET with a novel structure
of HPBHJ, which demonstrated superior performance com-
pared with that with a BHJ structure or a planar heterojunc-
tion (PHJ) structure [17]. Here, we fabricated an ultrahigh
red light responsive HPBHJ-photOFET utilizing NdPc, as
light absorption material and Cgo grown on poly(vinyl
alcohol) (PVA) as the CTL, which exhibited an ultrahigh
red light responsibility of 108 A/W and photosensitivity
of 3.75 x 10*, which are exceed or comparable with the record
values reported in [26]-[28].

II. EXPERIMENTAL DETAIL

PVA (99% purity, low molecular weight) was purchased
from Alfa Aesar and Cgg (99.5% purity) from Lum. Tech. Ltd.,
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Fig. 1. Schematic of the device structure for (a) Device A, (b) Device B,
(¢) Device C, and (d) Device D.

both of which were used as received. NdPc, was synthesized
according to the method reported in [29] and purified by
vacuum sublimation before use. As shown in Fig. 1, five kinds
of photOFETs with the bottom-gate top-contact structure were
fabricated on either SiO, dielectric or PVA dielectric. Device
A is in the structure of nT-Si/Si0»/Cgo/NdPco/Au(S&D) with
the PHJ structure [Fig. 1(a)], Device B is in the struc-
ture of ITO/ PVA/Cgp:NdPcy/Au(S&D) with the BHJ struc-
ture [Fig. 1(c)], Device C is ITO/PVA/Cgo/NdPco/Au(S&D)
with the PHJ structure [Fig. 1(b)], and Device D is
ITO/PVA/Cgp/Cgo:NdPcr/Au(S&D) with the HPBHI structure
[Fig. 1(d)]. For comparison, Device E ITO/PVA/Cgo/Au(S&D)
was also fabricated. Herein, S&D denotes source and drain
electrodes.

For fabrication of Device A, a heavily n-doped Si substrate
with a resistivity of 0.03 Q-cm acts as the gate electrode
and substrate, and a thermally grown SiO, layer as the gate
dielectric for SiOj-based photOFETs. The SiO, substrates
were ultrasonically cleaned by acetone, ethanol, and deionized
water, and were dried with N, gas blowing and baked in
an oven with a temperature of 60 °C for 20 min. Then,
a 50-nm-thick Cgp film and a 15-nm NdPcp film were
sequencially deposited on the top of either SiO, at the rate
of 0.01 and 0.015 nm/s, respectively, at room temperature.
Au source—drain electrodes were thermally evaporated at the
rate of 0.095 nm/s through a shadow mask to define a channel
with a length (L)/a width (W) of 50 xm/2 mm.

For the fabrication of PVA dielectric-based photOFETs, ITO
glass substrates were coated with a tape partly and, then,
etched in HCI solutions (20 min) to form strip patterned gate
(5 mm x 30 mm) at room temperature, and then, were rinsed
with acetone, ethanol, and deionized water in an ultrasonic
bath, dried by blowing high-pure N> gas and baked in an
oven at 60 °C. Subsequently, PVA solution (20% in water)
was spun at 3000 r/min on the top of ITO substrates to form
around 1100-nm-thick PVA film with a capacitance per unit
area of 4.24 nF/cm?, and then the films were dried in a
vacuum oven at 80 °C for 2 h. To improve the property of
PVA dielectric, the PVA thin film on ITO substrates were
cross-linked at 200 °C for 2 h in a vacuum oven. For the
photOFET fabrication, at first, a 50-nm-thick Cgg film was
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Fig. 2. Optical absorption spectrum of thin films of Cgp (15 nm),
NdPcy (15 nm), Cgo/NdPcy (15/15 nm), and NdPcy:Cgo (30-nm weight
ratio 1:1) on the quartz glasses.

vacuum deposited on the top of PVA at the same rate of
0.01 nm/s; then, a 15-nm-thick NdPc, film (Device B) or
a 30-nm-thick NdPc,:Cgo (weight ratio 1:1, Device C) film
were vacuum deposited on the top of Cgo film at the rate of
0.01 nm/s. For comparison, a 50-nm-thick Cg film (Device E)
was directly deposited on the top of PVA (Device E) at the
same rate of 0.01 nm/s. The vacuum during deposition was
kept at 2.0 x 1073 Pa. Au source—drain electrodes were fabri-
cated as the same of Device A. The electrical characteristics
of devices were measured under the same conditions as the
previous experiment [34]. Top illumination was performed
using a red laser diode with a central wavelength of 650 nm,
and neutral density filters were used to adjust the light
intensity. The absorption spectra of the thin films on cleaned
quartz substrates were measured by the TU-1901 spectrometer.
All measurements were performed at room temperature.

III. RESULTS AND DISCUSSION

As shown in Fig. 2, Cgp film (15 nm) has no obvious
absorption in the red light region (620-770 nm), and the
absorption spectra of NdPc; (15 nm), Ceo/NdPc; (50/15 nm),
and Cgo:NdPc, (30 nm) films are overlapped in the red region.
Owing to wideband gap (2.6 eV) of Cgo [30], its optical
absorption is mainly in the UV region, and thus, the optical
absorption of Cgo/NdPcy and Cgo:NdPc, films in the red
region mainly originates from NdPc;. In addition, the maxi-
mum absorption coefficient at Q-band of NdPc; film deposited
on a quartz substrate can reach up to 1.7 x 10° ecm™! [31],
which is greater than that of CuPc (valued 5.6 x 10* cm™!),
PbPc (valued 1.1 x 10° cm™!) [17], PdPc (valued
1.0 x 10° cm_l) [32], and pentacene (valued 5.2 X
10* cm_l) [33]. Thus, NdPc is a competitive candidate as
a light-sensitive material for red light detector.

A. PHJ-photOFET on SiO; Dielectric

Device A exhibits typical n-channel FET characteristics
[Fig. 3(a) and (b)]. From Table I, we can see that at
Va =50 V and V, = 100 V, the photoresponsivity (R) and
the maximum ratio of photocurrent to dark current (Ppax)
of Device A are 806 mA/W and 335 under an illumination
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Fig. 3. Output and transfer characteristics of Device A (PHJ-photOFET on SiO; dielectric): (a) and (b), the inset is under the dark; Device B (PHJ-photOFET
on PVA dielectric): (c) and (d); Device C (PHJ-photOFET on PVA dielectric): (e) and (f) Device D (HPBHJ- photOFET on PVA dielectric): (g) and (h).

intensity of 87.67 mW/cm?, respectively. Actually, both the
responsivity and the photocurrent to dark current ratio are
much less than those of Device C that is manufactured on
PVA dielectric.

B. BHJ-photOFET on PVA Dielectric

The output and transfer characteristics of Device B are
shown in Fig. 3(c) and (d), from which n-channel FET char-
acteristics were observed. In the dark, the drain current (1)
of Device A at drain voltage V; = 50 V and gate voltage

V, = 80 V was 2.03 nA, while under the illumination, the
1; value of Device A increased by a factor of 1.51-3.07 nA.
It can be seen from Fig. 3(d) that with increasing incident
light intensity, the I; value of Device B increases. Upon
illumination, NdPc; film absorbs photons to generate excitons,
a part of which reached the NdPc,/Cgp interface and are
dissociated there to become free holes and electrons. The free
holes transport to the source electrode and the free electrons
to the drain electrode under the influence of the electric field,
respectively.
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TABLE I

DEVICE PERFORMANCE DETAILS AT V; = 50 V. VALUES OF SATURATION MOBILITY AND THRESHOLD VOLTAGE WERE
EXTRACTED FROM THE TRANSFER CURVES BY USING (2) AND EXPERIMENTAL DATA

Device Structure Ly dark Lain R P Hsat, dark Hsar,in” Vi dark Vi EQE
(nA) (nA) (A/W) (cm*/Vs) (cm?’/Vs) W) W) (%)
Device A Si/SiOy/ Cso/NdPc,/Au(S&D) 30 496 0.800° 1.65%10°¢ 7.4x107 2.88x1072° 64 60° 152.70
Device B ITO/PVA/ C60:NdPc, /Au (S&D) 2.03 3.07 0.175° 0.175° 1.37x10°  9.12x10°° 203 -51.1° 33.40
Device C  ITO/PVA/Ce/NdPc,/Au(S&D) 28 78 7.64° 331x10°Y  9.75x10*  1.35x107%° 509  41.6° 1458
Device D ITO/PVA/Cq/Cso:NdPc,/Au(S&D) 782 1293 108" 3.75x10%¢ 2.64x10°  2.65x10°° 276  -4.04° 20612
*The result was obtained under the illumination of 1.41mW/cm>.
® The result was obtained under the illumination of 5.92uW/cm?.
° The result was obtained at Vg= 34V under the illumination of 87.67mW/cm’.
¢ The result was obtained at Vg=-60V,-40V and 1V for Device B,C,D respectively under the illumination of 10.0mW/cm? .
An important parameter for photOFETsS is the photorespon- light
sivity, R, which is defined as the ratio of photocurrent Ipy
to the incident optical power Py, that is, R = Iyn/Popt =
Ipn/(APjn), where A is the channel area and Py is the optical
intensity. From the photoresponsivity, the external quantum Nr—
efficiency (EQE) can be expressed by [17] ?
interface
he
EQE = —R. (1)
ql C60

Here, 5, ¢, and g are the Planck constant, the velocity of light
in vacuum, and the elementary electric charge, respectively;
A is the wavelength of incident light. Another important
parameter for photOFETSs is photosensitivity P, which is
defined as the ratio of photocurrent Ipn to the dark drain
current g dark, that is, P = Ipn/lg dark- At V4 = 50 V and
V, = 80 V, an R of 0.175 A/W was achieved under the
5.92-,uW/cm2 illumination. From (1), an EQE of 33.40% was
calculated. Under the 10-mW/cm? illumination, a maximum
photosensitivity Ppax of 1.14x 10% was achieved at V; = 50 V
and V, = —60 V.

The charge transport ability of OFETs can be characterized
by the saturation region mobility (u,), which can be extracted
from

1 w
lo = S psaCi= (Vg = V) Va > (Vg = Van).
Here, Vi, is the threshold voltage, W and L are the channel
width and length, respectively, and C; is the capacitance
per unit area of gate dielectric. The ugc of Device C was
calculated to be 2.64 x 1073 cm?/Vs.

)

C. PHJ-photOFET on PVA Dielectric

The output and transfer characteristics of Device C
(PHJ structure) are shown in Fig. 3(e) and (f). Similar to
Device B, the typical n-type FET characteristics are observed.
Both the dark current (/4,dak) and the photocurrent (Zph) of
Device C are larger than those of Device B. The I gark value
of Device C at Vy = 50 V and V, = 80 V was 33.3 nA, which
is 16.3 times larger than that of Device B [2.03 nA, Fig. 3(a)].
As listed in Table I, at V; = 50 V and V, = 80V, the R value
of Device C is 7.64 A/W under the 5.92-xW/cm? illumination,
and Ppax is 3.31 x 10* under the 10- mW/cm? illumination,
which are 43.7 times and 290 times larger than those of Device
B, respectively. From (1), an EQE of 1488% was calculated
for Device C. The physical process occurring in Device C

® exciton © hole e electron

Fig. 4. Schematic of exciton diffusion in a PHJ by light illumination.

under the illumination can be described as follows [17]: when
illuminated, the NdPc; photosensitive layer absorbs incident
photons to generate excitons, and a part of which diffuse to
NdPc,/Cgp interface and dissociate into free holes in NdPc,
layer and free electrons in Cgo layer. Under the influence
of the electric field, the free electrons move in Cgo layer,
cross the Cgp/NdPc; interface into NdPc, layer, and finally,
reach the drain electrode, while the free holes move to source
electrode. Compared with BHJ photOFETs, PHJ photOFETSs
exhibit higher channel mobility, but lower exciton dissocia-
tion efficiency. We consider that the better performance of
Device C (PHJ-photOFET) than Device B (BHJ-photOFET)
may be the result that the positive effect of high mobility of
CTL overwhelms the negative effect of low exciton diffusion
efficiency of PHJ in Device C.

Assuming that Lambert-Beer’s law holds for light
absorption in the organic film, and let Iy be the incident light
intensity, then the light intensity at position x in the NdPc film
(Fig. 4) can be expressed by the following equation:

I = I,e **.

3)

Here, a is the absorption coefficient. Under the illumination,
the excitons were photogenerated in the NdPc, layer. Then,
the excitons diffused to the DA interface, i.e., NdPc,/Cgo
interface as schematically shown in Fig. 4. In Fig. 4, dp is
the thickness of NdPc;, layer, and Lp is the diffusion length
of the exciton. Under the light illumination, the number of
photons absorbed in NdPc; is (1, — Ioe_"‘dD)/hv, where hv is
photo energy. If one absorbed photon can generate one exciton,
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then the number of excitons that can reach the DA interface
by diffusion is 0.5(l,e~*@>=Lp) _ ] =D} /py. In general,
the photogenerated excitons will diffuse in all directions. Here,
we assume that the excitons diffuse only in the up and down
direction due to the thin NdPc, layer of only 15 nm. Then,
the exciton diffusion efficiency # can be obtained

(Ioe_“(dD_LD) — Ioe_"’LD)/hv e?Lp

21,(e* — 1)/ hv T 2(e%dp — 1)

n= “)
Organic semiconductors with high charge carrier mobility
have, in general, large exciton diffusion lengths. The hole
mobility and exciton diffusion length of CuPc were reported
to be 1.59 x 1073 cm?/Vs [35] and 8 nm [36], respectively.
As the hole mobility of NdPc, is 7.5 x 107> c¢cm?/Vs [31],
which is around one order of magnitude smaller than that of
CuPc, we speculate that the exciton diffusion length of NdPc,
should be less than that of CuPc, that is, less than 8 nm.
With Lp < 8 nm, a diffusion efficiency of less than 25% is
calculated for our PHJ device (Device C). This value should be
much smaller than that of BHJ devices like Device B, which is
usually up to 80%-90%, even 100% [37]-[39]. Therefore, the
reason that the performance of the PHJ device is better than
that of the BHJ device is due to the fact that the positive effect
of high mobility of CTL overwhelms the negative effect of low
exciton diffusion efficiency in PHJ devices like Device C.

D. HPBHJ- photOFET on PVA Dielectric

As shown in Fig. 3(g) and (h), the device exhibits typical
n-channel FET characteristics. For a given drain voltage and
gate voltage, the I gark and Iy i values of Device D are larger
than those of Device B or C, respectively. For example, the
Ig,dark value of Device D at V; = 50 V and V, = 80 V
is 620 nA, which is 18.6 times larger than that of Device C
(33.3 nA, Fig. 3) and 305 times larger than that of Device B
(2.03 nA, Fig. 3), respectively. In fact, the ugy value of
Device D is determined to be 2.64 x 10~3 cm?/Vs, which
is indeed 2.71 times larger than that of Device C.

As listed in Table I, the R value of Device D is as high
as 108 A/W at V, 50 V and V, = 80 V under the
5.92-uW/cm? illumination, which is 14.1 times larger than
that of Device C. Under the 10-mW/cm? illumination, a Ppax
of 3.75 x 10* was achieved at V; = 50 V and V, = 1V,
which is comparable with that of Device C. This higher
photoresponsivity of Device D in comparison with Device C
originates from the higher exciton dissociation efficiency of
NdPc:Cgy BHJ than that of NdPc/Cgo PHIJ. From (1), an EQE
of 20612% was calculated for Device D, which is much larger
than those of Device B and Device C. Meanwhile, the EQE
of Device C and Device D being greater than 100% under the
illumination indicates that the photomultiplication effectively
takes place as a result of conceivable charge trapping effect
and a photoinduced drop of injection barrier [40]-[42].

In past years, Noh et al. [26] reported a red light
(650 nm) responsivity of 0.15-0.45 A/W for pentacene
photOFET. Afterward, Noh and Kim [27] reported a high
red light responsivity of 1 A/W for pentacene photOFET.
After that, Zhang et al. [28] reported a red light responsivity
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Fig. 6. Time response of Device D to the light pulses of the 650-nm
wavelength and the 10-mW/cm? illumination.

of 266.2 mA/W for a vertical structure photOFET based on
copper phthalocyanine. Here, the R value of our fabricated
HPBHJ photOFET reached a high value of 108 A/W, which
is several orders of magnitude higher than that reported in
the most publications and much larger than that of S1223-01
Si photodiodes (0.45 A/W, Hamamatsu Photonics K. K.), and
is close to the record value of [33].

The physical process occurring in an HPBHJ photOFET
can be described as follows [17]: upon illumination, NdPc,
molecules in Cgp:NdPc, layer absorb incident photons to
generate excitons, which dissociate into free holes and elec-
trons with nearly 100% efficiency. Under the influence of the
electric field, the free holes move to the source electrode
contacting with the BHJ layer, while the free electrons first
cross the BHJ/Cgg interface and enter Cgp channel layer, and
then transport along the channel and reach the drain electrode.
Fig. 5 shows the dependence of R and P on Pop of Device C.
The P value of Device C increases with Piy, while the value
of R decreases with Pjy.

The time response of Device D was also measured under
the 5.92-xW/cm? illumination at Vy; = 50 V and V, = 50 V.
A square-wave light signal is provided by the red laser diode
of 650 nm and a light chopper with a frequency of 224 Hz.
From Fig. 6, we can see that when the diode is turned ON, the
current sharply increases to a certain value and keeps stable
until the light is turned OFF. The rise time (from 10% to 90%
of the maximum) and fall time (from 90% to 10% of the
maximum) were approximately 0.6 and 1.8 ms, respectively.
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Fig. 7. Dependences of R under the illumination of 5.92 ,uW/cm2
and ftgar dark on the storage time of Device D (HPBHJ-photOFET on
PVA dielectric).

To characterize the long term stability, the dependences of
device performances on the time of storage of the device in
a rough vacuum (~100 Pa) were measured. Fig. 7 shows the
dependences of R and usa,dark On the storage time. R decayed
with the storage time, which exhibited a storage lifetime
of 4.5 days (the storage time after which the photoresponsivity
decays to the half of the initial value).

The decay of ptsar,dark With storage time is much weaker
than that of R and a storage lifetime larger than 7 days was
obtained.

IV. CONCLUSION

In conclusion, PhotOFETSs based on PHJ, BHJ, and HPBHJ
composed of NdPc; and Cgp on PVA and SiO; gate dielectric
were fabricated and characterized. Among various device
structures, HPBHJ-photOFET on PVA dielectric showed the
best performance. For the 650-nm red light illumination of
5.92 uW/cm?, an ultrahigh photoresponsivity of 108 A/W
was obtained at V, = 80 V and Vy; = 50 V. For the light
illumination of 10- mW/cm?, a maximum photosensitivity of
3.75 x 10* was achieved at V; = 50 V and V, = 1 V.
The achieved ultrahigh responsivity not only surpasses that
of the commercial Si photodiodes, but also is several times
larger than that of photOFETs reported in most literatures.
The ultrahigh enhancement of photoresponsivity is resulted
from the high absorption coefficient of NdPc; in the red light
region, the high dissociation efficiency of the photo generated
excitons in NdPc,:Cgp BHJ, and the high electron mobility of
Ceo film grown on PVA.
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