Research Article

APPL'ED&MATERIALS

INTERFACES

www.acsami.org

High-Performance Organic Small-Molecule Panchromatic

Photodetectors

Zisheng Su,*’Jr Fuhua Hou,'ME Xing Wang,Jr Yuan Gao,'ME Fangming _]in,HE Guang Zhang,*’T Yantao Li,Jr

Ligong Zhang,T Bei Chu,*’T and Wenlian Li'

"State Key Laboratory of Luminescence and Applications, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese

Academy of Sciences, Changchun 130033, P. R. China

J:University of Chinese Academy of Sciences, Beijing, 100039, P. R. China

© Supporting Information

ABSTRACT: High-performance panchromatic organic photo-
detectors (OPDs) containing small molecules lead phthalo-
cyanine (PbPc) and C,, fullerene as donor and acceptor,
respectively, were demonstrated. The OPDs had either a
PbPc/C,, planar heterojunction (PHJ) or a PbPc/PbPc:C,,/
Co hybrid planar-mixed molecular heterojunction (PM-H]J)
structure. Both the PHJ and the PM-HJ devices showed a
broad-band response that covered wavelengths from 300 to
1100 nm. An external quantum efficiency (EQE) higher than
10% and detectivity on the order of 10'* Jones were obtained
in the wavelength region from 400 to 900 nm for the PHJ
device. The EQE in the near-infrared region was enhanced by
using the PM-HJ device structure, and a maximum EQE of
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30.2% at 890 nm was observed for the optimized device with a 5% PbPc-doped C, layer. Such an EQE is the highest at this
wavelength of reported OPDs. The detectivity of the PM-H]J devices was also higher than that of the PHJ one, which is attributed
to the increased efficiency of exciton dissociation in bulk heterojunction structure, increased absorption efficiency caused by
formation of triclinic PbPc in the PbPc:C,, mixed film when it was deposited on a pristine PbPc layer, and high hole mobility of

the PbPc-doped C,, layer.
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1. INTRODUCTION

Organic photodetectors (OPDs) have been the subject of
extensive research because of their large-area detection, wide
selection of suitable materials, and compatibility with flexible
substrates."”” Numerous OPDs for ultraviolet (UV)—visible
(vis) to near-infrared (NIR) wavelengths have been demon-
strated.®™” Recently, panchromatic OPDs with sensitivity from
UV—vis to NIR wavelengths have attracted considerable
attention because of their potential applications in industry
and science, such as remote control, image sensing,
communication, environmental monitoring, day- and night-
time surveillance, chemical/biological sensing, and spectro-
scopic and medical instruments.'®~"® Gong et al.'® fabricated
panchromatic OPDs containing a small-band-gap polymer
poly(5,7-bis(4-decanyl-2-thienyl)-thieno(3,4-b)diathiazole-thio-
phene-2,5) blended with [6,6]-phenyl-C61-butyric acid meth-
ylester (PCBM) that showed a broad spectral response from
300 to 1450 nm and detectivity (D*) of greater than 10" Jones.
Hu and co-workers developed high-performance panchromatic
OPDs based on a donor (D)—acceptor (A) copolymer.'!
Hendriks et al.'” demonstrated a series of small-band-gap
polymers with high photoresponse at NIR wavelength.
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Although high-performance panchromatic OPDs based on
polymers have been demonstrated, it is difficult to achieve even
higher efficiency in polymer systems because of the lack of
precise control of their polydispersity index, regioregularity, and
molecular weight. These parameters have to be considered in
thin-film processing and are strongly correlated with the
detection performance of the OPD. Materials with low
molecular weight are an alternative to polymers for use in
panchromatic OPDs. Zimmerman et al.'®> developed a
panchromatic OPD based on a porphyrin-tape/Cgy, hetero-
junction that exhibited an external quantum efficiency (EQE)
of 6.5% at 1350 nm. The EQE of this OPD was enhanced to
13.5% at 1385 nm by adding 4,4'-bipyridyl to the porphyrin-
tape/PCBM mixture.'* Beverina and colleagues demonstrated a
panchromatic OPD based on a squaraine compound with an
EQE of about 5% at 700 nm.'> Li et al.'® fabricated a
panchromatic OPD based on a porphyrin derivative:PCBM
blend with an EQE of about 23% at 800 nm at —2 V and D* on
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the order of 10'* Jones. A panchromatic OPD based on a D—
A—D small molecule:PCBM blend with an EQE of about 10%
at 800 nm at —2 V and D* on the order of 10" Jones has also
been reported.'”” Menke et al.'® constructed a panchromatic
OPD by arranging three bulk heterojunctions (BHJs) in
tandem; this device achieved an EQE of about 10% at 900 nm
at zero bias and D* on the order of 10'* Jones. Although these
small-molecule panchromatic OPDs have been reported, their
EQEs and D* are still too low for practical application,
especially in the NIR region. Therefore, it is desirable to further
improve the performance of small-molecule OPDs.

Lead phthalocyanine (PbPc) is a shuttlecock-shaped
molecule with a high absorption coefficient in the NIR
region.'”™>* We previously demonstrated highly efficient NIR
OPDs based on a simple PbPc/Cgy, planar heterojunction
(PHJ).*>** The EQE of these OPDs is low at vis wavelengths
because both PbPc and Cg, absorb poorly in this region. There
are two typical device structures for photodiodes, PHJ and BHJ.
Compared with a PHJ device, a BH] device shows a higher
photogenerated current, which results from the increased
probability of exciton dissociation caused by the decreased D—
A distance. Device performance can be further improved by
using a hybrid planar-mixed molecular heterojunction (PM-HJ)
structure that consists of a mixed layer of D and A molecules
sandwiched between homogeneous layers of the D and A
materials because this structure improves the efficiency of
charge carrier collection.”® C., fullerene absorbs long wave-
lengths more strongly than Cg, because of a relaxation of the
symmetry-forbidden transitions in Cy,.® This makes C,, more
suitable for use in panchromatic OPDs than Cg. In this paper,
PbPc and C,, are adopted as the D and A, respectively, to
construct panchromatic OPDs. Devices with PHJ and PM-HJ
structures are fabricated, and the effects of device structure on
performance are evaluated. Both structures of OPD exhibit a
broad-band response from 300 to 1100 nm with high EQE and
D*.

2. EXPERIMENTAL DETAILS

Devices were fabricated on patterned indium tin oxide (ITO) coated
glass substrates with a sheet resistance of 15 £2/sq. The substrates were
routinely cleaned followed by UV-ozone treatment for 10 min. The
optimized PHJ device has a structure of ITO/MoO; (2 nm)/Cul (2
nm)/PbPc (60 nm)/C,, (60 nm)/4,7-diphenyl-1,10-phenanthroline
(Bphen, 10 nm)/Al (100 nm), while the optimized PM-HJ device has
a structure of ITO/MoO; (2 nm)/Cul (2 nm)/PbPc (20 nm)/
PbPc:C,, (80 nm)/C;, (20 nm)/Bphen (10 nm)/Al (100 nm). The
structures of the devices, PbPc, and C;, are shown in Figure 1. The
weight ratio of PbPc:C,, in the PM-HJ devices was varied to
determine the optimum ratio. Layers were sequentially deposited onto
the substrates in sequence by thermal evaporation in a vacuum
chamber at a pressure of 5 X 107* Pa without breaking vacuum.
Deposition rate and layer thickness were monitored in situ using
oscillating quartz monitors. Evaporation rates were kept at 0.2 A/s for
MoO; and Cul, 1 A/s for the organic layers, and $ A/s for the Al
cathode. EQE spectra were obtained with a lock-in amplifier (Stanford
SR830) under monochromatic illumination at a chopping frequency of
130 Hz using a chopper (Stanford SR540). The dark currents of the
devices were measured with a source meter (Keithley 2400).
Absorption spectra were recorded on a spectrophotometer (Lambda
900). Grazing incidence X-ray diffraction (GIXRD) patterns were
measured with a diffractometer (Rigaku D/Max-2500) using Cu Ka
radiation (4 = 1.54056 A). Optical properties of the films were
measured by spectroscopic ellipsometry (AST SE200BM). All
measurements were performed under ambient conditions.

2530

(@)

ﬁ/

J

Al Bphen
Bphen Cao
Cono PbPc:Cyy
PbPc
Cul Cul
MoOs MoOs
1ITO ITO

Figure 1. Structures of (a) PHJ OPD, (b) PM-HJ OPD, (c) PbPc, and

(d) Cro

3. RESULTS AND DISCUSSION

Figure 2 shows the EQE spectrum of the PHJ device at zero
bias. This device exhibits a broad-band response that covers the
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Figure 2. EQE spectra of the PHJ device ITO/MoO; (2 nm)/Cul (2
nm)/PbPc (60 nm)/C,, (60 nm)/Bphen (10 nm)/Al (100 nm), PM-
HJ S device ITO/MoO; (2 nm)/Cul (2 nm)/PbPc (20 nm)/
PbPc:C,, (80 nm, 5%:95%)/C,, (20 nm)/Bphen (10 nm)/Al (100
nm), and reference device ITO/MoOj; (2 nm)/Cul (2 nm)/PbPc (20
nm)/Cy, (100 nm)/Bphen (10 nm)/Al (100 nm).

wavelength range from 300 to 1100 nm. The EQE of this
device in the wavelength region from 400 to 900 nm exceeds
10% with a maximum of 20.0% at 484 nm. The C,, film has a
strong absorption band in the vis region with a peak at about
530 nm, as shown in Figure 3. The PbPc film has a strong
absorption band in the NIR region with two peaks at about 730
and 900 nm that are related to the amorphous or monoclinic
phases and triclinic phase, respectively. Thus, the response of
the PHJ device can be ascribed to the dissociation of the
excitons of both PbPc and C,,.

The performance of the PM-H]J devices is closely related to
the weight ratio of D:A in the mixed layers, so it is important to
clarify this relationship. PM-HJ devices containing different
doping concentrations of PbPc in C,, (0, 5%, 10%, 20%, 25%,
50%, and 75%, hereafter denoted as reference, PM-HJ S, PM-
HJ 10, PM-HJ 20, PM-HJ 25, PM-HJ 50, and PM-HJ 75
devices, respectively) in the mixed layer were fabricated.
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Figure 3. Absorption spectra of PbPc (20 nm)/C,, (80 nm), PbPc (20
nm)/PbPc:C, (80 nm, 5%:95%), and PbPc (20 nm) films on an
ITO/MoO; (2 nm)/Cul (2 nm) substrate and C-, (80 nm) film on an
ITO substrate.

Compared with the PHJ device, the reference device has PbPc
and C,, layers of different thickness but the same total
thickness. The reference device shows a smaller response in the
vis region but larger response in the NIR region compared with
the PHJ device, and the maximum EQE of the reference device
is 17.6% at 890 nm, as shown in Figure 2. The internal optical
electric field distribution of a device can be calculated from the
complex indices of refraction and layer thickness of the
materials determined by spectroscopic ellipsometry.”” Figures
S1 and S2, Supporting Information, compare the calculated
internal optical electric field distributions of the PHJ and
reference devices. The squared optical electric field strength at
the PbPc/C,, interface of the reference device is significantly
higher than that of the PHJ device for a wavelength of 900 nm.
This results in the larger response of the reference device in the
NIR region. Although the reference device also exhibits a higher
squared optical electric field strength at the PbPc/C,, interface
for a wavelength of 450 nm, the thick C,, layer may lead to a
higher recombination probability of charge carriers in the bulk
of C,, layer and hence the smaller response in the vis region.
Figure S3, Supporting Information, presents the EQE spectra of
the PM-HJ devices at zero bias. Similar to the PHJ and
reference devices, the PM-H]J devices also exhibit a broad-band
response as expected. Moreover, the response of the PM-H]J
devices decreases with increasing doping concentration of
PbPc. The PM-HJ S device has the highest response of those
examined, which indicates that loading C,, with just 5% PbPc
can provide efficient ways for exciton dissociation and charge
carrier transport in the PbPc:C;, mixed layer. A similar
phenomenon has been found in small-molecule organic solar
cells.”* 737 Compared with the reference device, the response of
the PM-HJ S device is smaller in the vis region and larger in the
NIR region. The maximum EQE of the PM-HJ 5 device is
30.2% at 890 nm, which is about 3 times larger than that of the
PHJ device, 1.7 times that of the reference device, and higher
than those of other OPDs at the same wavelength.'®™'®

To determine the origin of the dependence of the EQE
spectrum on device structure, the absorption spectra of various
films were measured, as shown in Figure 3. The PbPc (20 nm)/
PbPc:Cy, (5%:95%, 80 nm) film showed considerably stronger
absorption at 730 nm and slightly stronger absorption at 900
nm compared with that of the PbPc (20 nm)/C-, (80 nm) film.
This indicates that both amorphous or monoclinic and triclinic
phases of PbPc are formatted in the PbPc:C,, film when it was
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deposited on ITO/MoQO;/Cul/PbPc. The formation of triclinic
PbPc is important to increase the response of the device in the
NIR region. We further assume that the formation of the
triclinic phase results from the molecular interaction between
the PbPc molecules in the underling pristine PbPc layer and
PbPc:C;, mixed layer. This interaction was confirmed by
considering the EQE spectrum of a device with the structure of
ITO/MoO; (2 nm)/Cul (2 nm)/PbPc:C,, (100 nm,
5%:95%)/C, (20 nm)/Bphen (10 nm)/Al (100 nm). This
device had no response at about 900 nm because it did not
contain a pristine PbPc layer between the Cul and the
PbPc:C,, mixed layers, as shown in Figure S4, Supporting
Information. The EQE spectrum of the PM-HJ S device is
more strongly enhanced at 900 nm than that of the reference
device, which is opposite behavior to the absorption spectra of
these devcies. This can be well understood by the fact that the
triclinic phases predominantly functioned as carrier generation
sites, while the amorphous or monoclinic phases acted as hole
transporting channels.*® Figure S5, Supporting Information,
shows the absorption spectra of the ITO/MoO; (2 nm)/Cul
(2 nm)/PbPc (20 nm)/PbPc:C,, (80 nm) films containing
different doping concentrations of PbPc in C,. The absorption
in the vis region decreases with increasing doping concentration
of PbPc, which would result in the decrease of the EQE in this
region, as shown in Figures 2 and S3, Supporting Information.
On the other hand, the absorption in the NIR region increases
with doping concentration of PbPc, which is contrary to the
trend found in the EQE spectra of the PM-HJ devices. This
indicates that there remain other factors that limit the EQE
spectra of the PM-H]J devices beyond absorption.

Figure 4 shows the dark currents of the PHJ and PM-HJ 5
devices. Both devices exhibit a rectification ratio on the order of
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Figure 4. Dark currents of the PHJ device ITO/MoO, (2 nm)/Cul (2
nm)/PbPc (60 nm)/C5, (60 nm)/Bphen (10 nm)/Al (100 nm) and
PM-HJ $ device ITO/MoO; (2 nm)/Cul (2 nm)/PbPc (20 nm)/
PbPc:C,, (80 nm, 5%:95%)/C, (20 nm)/Bphen (10 nm)/Al (100
nm).

10* at +5 V. Moreover, the PM-HJ S device has a higher
current density than the PHJ device in both the positive and the
negative voltage regions, indicating that the PM-H]J S device has
higher conductivity than the PHJ one. This can be further
verified by considering the current density—voltage (J—V)
characteristics of the related hole- and electron-only devices.
Figure S compares the currents of the hole- and electron-only
devices with structures of ITO/organic layers/N,N’-diphenyl-
N,N’-bis(1-naphthyl)-(1,1’-benzidine)-4,4’-diamine (NPB, 20
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Figure S. J=V curves of hole- and electron-only devices.

nm)/Ag (100 nm) and ITO/Bphen (10 nm)/organic layers/
Bphen (20 nm)/Al (100 nm), respectively, where the organic
layers were MoO; (2 nm)/Cul (2 nm)/PbPc (100 nm)
(Device H1), MoO; (2 nm)/Cul (2 nm)/PbPc (20 nm)/Cs,
(80 nm) (Device H2), or MoO; (2 nm)/Cul (2 nm)/PbPc (20
nm)/PbPc:C,, (80 nm, 5%:95%) (Device H3) for hole-only
devices and MoO; (2 nm)/Cul (2 nm)/PbPc (20 nm)/C,, (80
nm) (Device E1) or MoO; (2 nm)/Cul (2 nm)/PbPc (20
nm)/PbPc:C,, (80 nm, 5%:95%) (Device E2) for electron-only
devices. The NPB layer next to the Ag electrode in the hole-
only devices restricts the injection of electrons, while the Bphen
layer next to the ITO electrode in the electron-only devices
restricts the injection of holes. The current density of Device
H1 is about 1 order of magnitude higher than that of Device
H3 at low voltage, and this difference decreases to only several
times at high voltage; for example, it is about 2.8 times at 1.8 V.
Although we have not obtained the accurate hole mobility of
the mixed films, this result means that the PbPc-doped C, film
has a high hole mobility even when the concentration of PbPc
is only 5%. Such a behavior is crucial to transport photo-
generated holes outside the mixed layer. The current densities
of Device H1 and H3 are more than 1 order of magnitude
higher than that of Device H2. In contrast, Devices E1 and E2
have almost the similar current densities, suggesting that the
PbPc-doped C,, film still retains a high electron mobility.
These findings indicate that the increased dark current of the
PM-HJ § device compared with that of the PHJ device can be
attributed to doping with PbPc markedly increasing the hole
mobility of the C,, film. The hole mobility of the C,, film may
further increase with increasing doping concentration of PbPc
and an opposite trend for the electron mobility.”**® The
decreased electron mobility would induce serious bimolucular
recombination because electrons cannot escape the blend films
easily without meeting with their counterparts.” This may
result in the decrease of the EQE of the PM-H]J devices with
higher doping concentration of PbPc.

Generally, mixing D and A in the organic active layer in a
BH]J device decreases the D—A distance, which increases the
probability of exciotn dissociation of both D and A. This will
increase the response from both D and A even when a small
amount of D is present.*® However, the response of our PM-HJ
device in the vis region is decreased compared with the
reference device. This means that the dissociation efficiency of
C,, excitons is reduced, which is contrary to our expectation.
Figure 6 shows the GIXRD patterns of MoO; (2 nm)/Cul (2
nm)/PbPc (20 nm), C,y (60 nm), and MoO; (2 nm)/Cul (2
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Figure 6. GIXRD patterns of MoO; (2 nm)/Cul (2 nm)/PbPc (20
nm), C,, (60 nm), and MoO; (2 nm)/Cul (2 nm)/PbPc (20 nm)/
PbPc:C,, (80 nm, 5%:95%) films on ITO substrates.

nm)/PbPc (20 nm)/PbPc:C, (80 nm, 5%:95%) films on ITO
substrates. The C,, film exhibits a weak diffraction peak at
about 17.3° that can be assigned to crystals of C;, in the neat
film.*> However, this diffraction peak is not observed for the
PbPc:C,, film, indicating that the formation of C,, crystals is
disrupted by addition of PbPc. This decrease of crystallinity
may decrease the exciton diffusion length and electron mobility
of the C,, film.** This effect may become more serious with
higher doping concentration of PbPc. As a result, the responses
of both C,, and PbPc in the PM-H]J devices decrease with
increasing doping concentration of PbPc.

The internal optical electric field distribution inside a device
is an important factor that determines the profile of its EQE
spectrum. Figure S6, Supporting Information, compares the
amplitude ratio and phase difference of C,; and PbPc:C,,
(5%:95%) films with a thickness of 80 nm on ITO/MoO; (2
nm)/Cul (2 nm)/PbPc (20 nm) substrates measured with a
spectroscopic ellipsometry. Both the amplitude ratio and the
phase difference of these two films are similar at about 890 nm.
This suggests that doping a C,, film with 5% PbPc does not
alter its optical parameters at 890 nm, which means the internal
optical electric field distribution does not contribute to the
increased response of the PM-HJ S device in the NIR region
compared with that of the reference device.

D* is another important parameter for a photodetector,
which can be calculated using the equation

D* = RA /Sy (1)

where R is responsivity, A is area, and Sy is current spectral
noise density. Sy’ is the sum of all noise powers (e.g., thermal,
shot, and excess noise). Under zero bias, thermal noise
dominates other types of noise. In this situation, D* can be
calculated as follows*!

D* = R-\JA-Rp/ (4kyT) ©)

where Ry, is the zero-bias differential resistance of the device, kg
is the Boltzmann constant, and T is temperature. D* of the PH]J
and PM-HJ 5 devices are shown in Figure 7. D* of the PHJ
device is on the order of 10" Jones in the range from 400 to
1000 nm and 2.7 X 10** Jones at 890 nm. This is among the
highest detectivities reported for small-molecule OPDs, >~ *®
which makes it favorable for application in panchromatic
photodetector. D* of the PM-HJ 5 device reaches 4.2 X 10"
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Figure 7. D* of PHJ device ITO/MoO; (2 nm)/Cul (2 nm)/PbPc
(60 nm)/C,, (60 nm)/Bphen (10 nm)/Al (100 nm) and PM-HJ 5
device ITO/MoOj; (2 nm)/Cul (2 nm)/PbPc (20 nm)/PbPc:C,, (80
nm, 5%:95%)/C, (20 nm)/Bphen (10 nm)/Al (100 nm).

Jones at 890 nm because its EQE is markedly higher compared
with that of the PHJ device.

4. CONCLUSION

In summary, high response and D* panchromatic OPDs with
PbPc and C,; as the D and A, respectively, were demonstrated
with PHJ and PM-H]J structures. Both the PHJ and the PM-H]J
devices showed broad-band responses from 300 to 1100 nm.
An EQE exceeding 10% was obtained for the wavelength region
from 400 to 900 nm for the PHJ device. The EQE in the NIR
region was enhanced by using the PM-H]J device structure, and
a maximum EQE of 30.2% at 890 nm was obtained for the
optimized device containing a C,, layer doped with 5% PbPc,
which is the highest of the reported OPDs at this wavelength.
Triclinic PbPc can be formed in the PbPc:C,, mixed film when
it was deposited onto a pristine PbPc layer, which increased the
absorption of the device in the NIR region. Moreover, the
PbPc:C;, film showed a high hole mobility even with a low
PbPc doping concentration of 5%, which facilitated the
transport of photogenerated holes outside the mixed layer.
These factors, combined with the increased exciton dissociation
efficiency in the mixed layer, resulted in the enhanced response
in the NIR region of the devices. The PHJ device showed a
high D* in the order of 10'* Jones from vis to NIR regions,
which is among the highest detectivities reported for organic
small-molecule OPDs. D* in the NIR region was further
increased in the PM-HJ device because of the increased
response of this structure compared with the PHJ one. Our
findings indicate that the performance of OPDs can be
manipulated simply by adjusting device structure.
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