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High efficiency organic small molecule near-infrared photodetectors (NIR-PDs) based on a
lead phthalocyanine/Cgo planar heterojunction are demonstrated. The NIR-PDs show a
broad-band response that extends to 1100 nm. The performance of the NIR-PDs is
improved by using Cul as anode buffer layer. The optimized NIR-PD exhibits a response
peak at about 900 nm with external quantum efficiencies (EQEs) of 19.7% at zero bias
and 35.1% at —6 V, which are higher than other small molecule NIR-PDs reported. Compa-
rable EQEs of 18.0% at zero bias and 33.2% at —6 V are found in the NIR-PD by further using
4,7-diphenyl-1,10-phenanthroline as cathode buffer layer. Meanwhile, the dark current is
significantly reduced, which results in a high detectivity of 2.34 x 10'! Jones at zero bias,
which is among the highest detectivities reported for organic small-molecule NIR-PDs.
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Besides, the NIR-PDs show a reliable stability in ambient condition.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Organic photodetectors (PDs) have been the subject of
extensive research because of their large-area detection,
wide selection of materials, and compatibility with flexible
substrates [1-7]. Organic PDs for ultraviolet (UV) to visible
wavelengths have been widely demonstrated. Near-infra-
red PDs (NIR-PDs) have tremendous potential in industrial
and scientific applications, such as remote control, night
vision, chemical/biological sensing, optical communica-
tion, and spectroscopic and medical instruments. Polymer
NIR-PDs have attracted considerable interest in recent
years [3,8-13]. Although high performance polymer NIR-
PDs have been demonstrated, the difficult aspect of achiev-
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ing even higher efficiency in polymer systems is the lack of
precise control of their polydispersity index, regioregulari-
ty, molecular weight, etc. These parameters have to be
taken into account in thin-film processing and have a
strong correlation to the final detection performance.
Materials with low molecular weight are an alternative
to polymers for use in NIR-PDs. Binda and coworkers [14]
reported a NIR-PD with an external quantum efficiency
(EQE) of 15% at 700 nm based on a squaraine dye: [6,6]-
phenyl-C61-butyric acid methylester (PCBM) blend. Wu
et al. [15] fabricated a NIR-PD based on the charge transfer
complexes formed in MoO3 doped N,N’-di(naphthalene-1-
y1)-N,N’-diphenyl-benzidine. We previously developed a
NIR-PD based on copper-phthalocyanine (CuPc) and hexa-
decafluoro-copper-phthalocyanine, which realized an EQE
0f 9.22% at 808 nm at —8 V [16]. Although some small mol-
ecule NIR-PDs have been reported, many of their responses
are only located shorter than 800 nm. Moreover, their EQE
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is low, which limits their application. Therefore it is
desired to extend the response of small molecule NIR-
PDs to longer wavelength and further increase their EQE.
Zimmerman et al. [17] developed a NIR-PD based on a por-
phyrin-tape/Cgo heterojunction that exhibited an EQE of
6.5% at 1350 nm. The EQE of this PD was enhanced to
13.5% at 1385 nm by adding 4,4’-bipyridyl into the porphy-
rin-tape/PCBM mixture [18]. Through a broad spectral
response and a high EQE at the longer wavelength were
demonstrated in these devices, the EQE at the region near
900 nm is low because of their lower absorption at this
region.

Lead phthalocyanine (PbPc) is a shuttlecock-shaped
molecule and has received attention recently in the field
of organic photovoltaic devices because of its high absorp-
tion coefficient at the NIR wavelength region [19-26].
However, PbPc has not yet been used in NIR-PDs. PbPc
films usually exhibit two absorption bands at NIR region.
The band at 740 nm is related to the amorphous or mono-
clinic phases, while that at 900 nm is related to the triclinic
phase. The formation of a triclinic phase is important to
extend the absorption toward the NIR region. The crystal
phase of a PbPc film is strongly related to the deposition
method and conditions. PbPc with a triclinic phase can
be obtained by controlling deposition conditions, such as
the evaporation rate, the substrate temperature, and
post-thermal annealing [19,20]. It can also be formed via
deposition on a templating layer like zinc phthalocyanine
[22], oxovanadium phthalocyanine [23], sexithiophene
[23], para-sexiphenylene [23], CuPc [24], pentacene [24],
or Cul [25,26]. In this study, PbPc is used as the NIR absor-
ber to construct NIR-PDs. The fabricated NIR-PDs exhibit a
broad-band response that extends to 1100 nm with a high
response peak at 900 nm.

2. Experimental details

Devices were fabricated on patterned indium tin oxide
(ITO) coated glass substrates with a sheet resistance of
15 Q/sq. The substrates were routinely cleaned followed
by UV-ozone treatment for 10 min. The devices have a
structure of ITO/Cul/PbPc (60 nm)/Ceo (60 nm)/Al
(100 nm), here Cul, PbPc and Cg acted as the anode buffer
layer, donor, and acceptor, respectively. The thickness of
Cul varied from 0, 2, 4, to 6 nm (hereafter denoted as
Device A, B, C, and D, respectively). The organic layers
and Al cathode were sequentially deposited on the sub-
strates by thermal evaporation in a vacuum chamber at a
pressure of 5 x 10~4 Pa without breaking vacuum.

The dark currents of the devices were measured with a
source meter (Keithley 2400). EQE spectra were obtained
with a lock-in amplifier (Stanford SR803) under monochro-
matic illumination at a chopping frequency of 130 Hz by a
chopper (Stanford SR540). Absorption spectra were
recorded on a spectrophotometer (Lambda 950). X-ray dif-
fraction (XRD) patterns were measured with a diffractom-
eter (Rigaku D/Max-2500) using Cu Ko radiation
(%=1.54056 A). All measurements were carried out under
ambient conditions.

3. Results and discussion

The EQE and detectivity (D") of a PD are sensitive to the
thickness of the donor and/or acceptor layers in the device
[7,24]. Although a thin organic active layer results in a high
EQE [20,24], the resulting high dark current deteriorates
the D’. For example, the device ITO/PbPc (40 nm)/Cgo
(60 nm)/Al shows a high EQE of 15.6% at 900 nm but a
low D" of only 5.48 x 10° Jones at zero bias. Here, the thick-
ness of PbPc and Cgp was optimized at 60 nm each, which
resulted in a PD with moderate EQE and high D' Fig. 1
shows the EQE spectrum of Devices A-D. Device A shows
a broad-band response over the red to NIR wavelength
region with two peaks at about 660 and 900 nm, and the
EQE at 900 nm is 9.5%. Devices B-D exhibit EQE spectra
with a similar shape to that of Device A. However, the
EQE is dramatically enhanced, as listed in Table 1. Device
C with a 4 nm thick Cul layer shows an EQE of 19.7% at
900 nm under zero bias, which is more than double that
of Device A. This value is much higher than those of
reported small molecule NIR-PDs at the same wavelength
[14-16].

To understand the origin of the improved response of
the devices with a Cul buffer layer, the properties of PbPc
films on a Cul buffer layer were investigated. Fig. 2 shows
the XRD patterns of the films of 60 nm PbPc films with dif-
ferent thickness of Cul on an ITO substrate, for reference
XRD pattern of 4 nm Cul is also provided. PbPc with a tri-
clinic phase is formed during the later stage of growth
(>20 nm), whereas the monoclinic phase is formed during
the initial growth (<10nm) of a relatively thick film
[24,25]. A weak diffraction peak at 26 of about 6.9° is found
in the PbPc film, which can be assigned to the (200) reflec-
tion plane of monoclinic phase [23]. This diffraction peak
disappears in the PbPc films with a Cul buffer layer. Such
a result is not shown by Shim et al. [26]. In contrast, a dif-
fraction peak at 260 of about 12.5° is found in the Cul/PbPc
films. As there is no diffraction peak of Cul film in this
region, this peak could be assigned to the (111) reflection
plane of the triclinic phase or (320) of the monoclinic

30 —=— Device A
—e— Device B

25 Device C
—v— Device D

Device E

EQE (%)

0 1 1 1 1 1 1 1 ol
300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Fig. 1. EQE spectra of the devices ITO/Cul/PbPc(60 nm)/Cgo (60 nm)/Al
with Cul thickness of 0, 2, 4, and 6 nm (corresponding to Device A, B, C,
and D), respectively, and ITO/Cul (4 nm)/PbPc(60 nm)/Cgo (60 nm)/Bphen
(10 nm)/Al (Device E) at zero bias.
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Table 1
Performance of the NIR-PDs.

Device EQE at 0V (%) EQE at —6V (%) D" at 0V (Jones) D" at —6V (Jones)
A 9.5 20.6 6.01 x 10'° 412 x 10°
B 16.7 31.8 6.23 x 10'° 1.54 x 10"
C 19.7 35.1 6.60 x 10'° 3.19 x 10'°
D 15.1 309 6.38 x 10'° 3.13 x 10'°
E 18.0 33.2 234 x 10" 6.63 x 10'°

L. Cul (6 nm)/PbPc (60 nm)

L Cul (2 nm)/PbPc (60 nm)

Intensity (a.u.)
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Fig. 2. XRD patterns of the films of 4 nm Cul and 60 nm PbPc with
different thickness of Cul on an ITO substrate.

phase [26]. Because of their close peak positions, it is diffi-
cult to directly distinguish between the monoclinic and tri-
clinic phases. These findings indicate that the Cul buffer
layer may lead to the preferred growth of the PbPc film
with the (320) orientation and/or the formation of the tri-
clinic phase of PbPc.

Fig. 3 illustrates the absorption spectra of the films of
4 nm Cul and 60 nm PbPc with different thickness of Cul
on a quartz substrate. The absorption spectrum of PbPc
film without Cul shows a peak at about 730 nm with a
shoulder at about 900 nm. The former results from the
absorption of the amorphous or monoclinic phases, while
the latter is from the triclinic phase [20]. This absorption
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Fig. 3. Absorption spectra of the films of 4 nm Cul and 60 nm PbPc with
different thickness of Cul on an ITO substrate.

profile differs from the EQE spectrum of Device A, which
shows comparable intensity of these two peaks. The exci-
tons are predominantly dissociated at the donor/accepter
interface in a planar heterojunction photovoltaic device,
so only the excitons that formation near this interface
can efficiently dissociate into free charge carriers. We can
deduce that the photocurrent generated in PbPc is mostly
formed from excitons in the upper part of the PbPc film
where there is a high content of triclinic phase. A similar
result has also been found by Zhao et al. [24]. Interestingly,
the absorption of the PbPc films increases upon inserting of
a Cul buffer layer, especially at the region near 900 nm,
which leads to a dramatic increase of absorption in the
NIR wavelength region. Meanwhile, the thickness of the
Cul layer has little effect on the absorption of the PbPc
films. Thus the different EQE of the NIR-PDs with the thick-
ness of Cul buffer layer cannot be attributed to their differ-
ent absorption but to the hole extraction efficiency and
which is optimized at 4 nm. The Cul film hardly absorbs
in the NIR region, which indicates that the increase of
NIR absorption can be attributed to the increased content
of triclinic phase in the PbPc film [25,26]. Therefore the dif-
fraction peak at 12.5° found in Fig. 2 may primary result
from the formation of triclinic phase of PbPc when it is
deposited on a Cul template layer. Such an increase of
absorption is favorable to enhance the NIR response of
PDs. It should be noted that the high energy peak was
located at about 730 nm in the absorption spectra, and
shifted to 660 nm in the EQE spectra. As only the excitons
from the upper part of a PbPc film can efficiently dissociate
into free charge carriers, the monoclinic phase of PbPc that
dominates the lower part of the PbPc film has a small con-
tribution to the photocurrent, which results in a dip at
about 730 nm in the EQE spectra.

Another factor that determines the photocurrent of a
device is the charge carrier collection efficiency. Cheng
et al. [27] demonstrated that electron transfer will take
place from ITO to Cul by investigating the UV and X-ray
photoelectron spectroscopy, which induces a dipole layer
formation at the ITO/Cul interface. This dipole layer raises
the workfunction of the ITO surface by about 0.7 eV.
According to these findings, the hole collection barrier of
the PDs will be reduced by including a thin Cul buffer layer.

It has been reported that inserting a hole blocking layer
between the organic active layer and cathode can enhance
the response of the organic PDs [3]. This enhancement is
attributed to reduced exciton quenching by the cathode
and improved electron extraction efficiency. A hole
blocking layer can also reduce the dark current of a device
[28]. To validate these effects, another device with the
structure of ITO/Cul (4 nm)/PbPc (60 nm)/Cgo (60 nm)/
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4,7-diphenyl-1,10-phenanthroline  (Bphen, 10 nm)/Al
(Device E) was fabricated. Device E did not exhibit an obvi-
ous increase of EQE in the NIR region (Fig. 1). This indicates
that inserting a Bphen layer cannot improve exciton har-
vesting and the electron extraction efficiencies of our
devices. Fig. 4 presents the EQE of Devices A, C, and E at
900 nm as a function of applied reverse voltage. The EQE
of the devices increases with reverse voltage and reaches
20.6%, 35.1%, and 33.2% for Devices A, C, and E, respec-
tively, at a reverse voltage of —6 V.

Fig. 5 compares the dark currents of Devices A, C, and E
under reverse voltage. The dark current of the devices is
reduced after the insertion of Cul and/or Bphen buffer lay-
ers, and this effect is more pronounced at higher reverse
voltage. The dark current of Device E at -6V is
0.041 mA/cm?, which is two orders of magnitude lower
than that of Device A. The highest occupied molecular orbi-
tal levels of Cgg and Bphen are 6.2 and 6.4 eV, respectively
[29]. This indicates that hole injection barrier from the Al
cathode is increased by the presence of a Bphen buffer
layer. Moreover, the shifts of the energy levels at the Cgo/
Bphen and Bphen/Al interfaces may also increase the hole
injection barrier [30,31]. Combined with the fact that there
is a 0.7 eV increase of the workfunction at the ITO/Cul
interface [27], the reduced dark current at reverse voltage
for the device with both Bphen and Cul layers can be
attributed to the simultaneously increased hole and elec-
tron injection barriers at respective electrodes. It can be
noted that the dark currents of these NIR-PDs are still
higher than the state-of-the-art organic PDs [3,14,17].
The dark current of an organic photodiode is determined
by the charge carriers injection from the contacts into
the organic semiconductors, the charge carriers transport
in the organic semiconductors, and the thermal generated
charge carriers in the bulk and donor/acceptor interface
[2]. Thus a lower dark current can be further expected by
insertion of suitable self-assembling molecules or buffer
layers between organic layer and metal electrode to sup-
press charge carriers injection [2,3,28,32].

The D" of a PD can be calculated with the equation:

40
=— Device A
—e— Device C g
Device E e
30
- 2
. /,.o""/
x P
w 20F o —"
g —
i —
L ——
10 - ./
0 1 1 1 1 1 1 1
0 -1 2 -3 -4 5 -6
Voltage (V)

Fig. 4. EQE at 900 nm of ITO/PbPc(60 nm)/Cgo (60 nm)/Al (Device A), ITO/
Cul (4 nm)/PbPc(60 nm)/Cgo (60 nm)/Al (Device C), and ITO/Cul (4 nm)/
PbPc(60 nm)/Cgp (60 nm)/Bphen (10 nm)/Al (Device E) as a function of
applied reverse voltage.
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Fig. 5. Dark current of ITO/PbPc(60 nm)/Cgp (60 nm)/Al (Device A), ITO/
Cul (4 nm)/PbPc(60 nm)/Cso (60 nm)/Al (Device C), and ITO/Cul (4 nm)/
PbPc(60 nm)/Cso (60 nm)/Bphen (10 nm)/Al (Device E).

D" =R-VA/Sy 1)

where R is responsivity, A is the area, and Sy is the current
spectral noise density. S is the sum of all noise powers
(e.g. thermal, shot, and excess noise). Under zero bias,
the thermal noise dominates. In this situation, D" can be
calculated with the equation [33]:

D’ =R-\/A-Rp/(4ksT) 2)

where Rp is the zero-bias differential resistance of the
device, kg is the Boltzmann constant, and T is the temper-
ature. D° of Devices A, C, and E at zero bias are
6.01 x 10'°, 6.60 x 10'°, and 2.34 x 10'! Jones, respec-
tively, as listed in Table 1. Such D" are comparable with
those of other reported high performance small molecule
NIR-PDs [14,17,18]. At high voltage, the shot noise from
the dark current is the major contributor to the noise cur-
rent. Then D" can be expressed as [3]:

D" =R/\/2q, 3)

where q is absolute electron charge and J, is dark current
density. With increasing applied reverse voltage, D" of the
devices decreases, and it is only 4.12 x 10° Jones for Device
A at —6 V. However, D" of Device E reaches 6.63 x 10'° -
Jones because of it dramatically increased EQE and reduced
dark current compared with those of Device A. As a result,
D’ of Device E is more than one order of magnitude higher
than that of Device A, which makes it more reliable for
practical applications.

The stability is another important factor that limited
the application of the NIR-PDs. Fig. 6 shows the depen-
dence of EQE on storage time in ambient condition of
Device E. It can be found that as the EQE falls to 50% of
its initial intensity, the lifetime is about 190 h. This indi-
cates that the NIR-PD has a reliable stability in ambient
condition, and a longer lifetime can be expected with
encapsulation.
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Fig. 6. Dependence of EQE on storage time in ambient condition of Device
E ITO/Cul (4 nm)/PbPc(60 nm)/Cep (60 nm)/Bphen (10 nm)/Al

4. Conclusion

In conclusion, a high efficiency organic NIR-PD based on
a PbPc/Cgp planar heterojunction was developed. The PD
shows a broad-band response over the NIR wavelength
region and its EQE at 900 nm reaches 9.5% at zero bias.
The EQE of this device was further improved by using Cul
and Bphen as anode and cathode buffer layers, respectively.
The optimized device exhibits an EQE and D" of 18.0% and
2.34 x 10" Jones, respectively, at zero bias. When the
applied reverse voltage was increased to —6V, its EQE
reached 33.2% with D" of 6.63 x 10'° Jones. Such perfor-
mance exceeds that reported for other small molecule
NIR-PDs and is comparable to that of polymer counterparts.
Besides, the NIR-PDs show a reliable stability in ambient
condition. This work provides a route to design and fabri-
cate simple high efficiency small molecule NIR-PDs.
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