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ABSTRACT: An ultraviolet (UV) photodetector is fabricated
by sandwiching a nanocomposite active layer between charge-
selective semiconducting polymers. The nanocomposite active
layer composed of TiO, nanoparticles (NPs) blended with 1,3-
bis(N-carbazolyl)benzene (mCP), which acts as a “valve”
controller that enables hole injection into the device upon UV
illumination. The UV photodetector demonstrated a high
photocurrent to dark current ratio (~10%), a large linear
dynamic range of 60 dB, and a remarkable external quantum
efficiency (~8.5 X 10*%) for the UV light at 351 nm. In
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addition to discussing the performance of the UV photodetector, a general strategy for design and fabrication of high-
performance UV photodetectors with hole injection operation mode is suggested.
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1. INTRODUCTION

UV photodetectors have been investigated for a wide range of
applications, such as secure space-to-space communications,
pollution monitoring, water sterilization, flame sensing, and
early missile plume detection.'™ To date, most of the
commercial photodetectors are fabricated from single-crystal-
line silicon, silicon carbide, or gallium nitride p—n junction
photodiodes. However, the responsivity of these inorganic
photodetectors is low (<02 A/W), and their fabrication
process is usually complex.* UV photodetectors fabricated from
organic—inorganic composite materials may offer an inex-
pensive technology for manufacturing while at the same time
achieve comparable or even higher sensitivity.”~” In addition to
the excellent performance of these organic—inorganic hybrid
photodetectors, the energy band structures of organic—
inorganic hybrid material systems can be easily manipulated
by simply revising the molecule structure of the polymers,
providing us unmatchable design flexibility.* '* Keeping these
in mind, here we present a highly sensitive UV photodetector
fabricated by sandwiching a mCP—TiO, NPs nanocomposite
layer between charge-selective semiconducting polymers. The
mCP—-TiO, NPs nanocomposite layer acts as a “valve”
controller that enables hole injection into the device upon
UV illumination, which brings the UV photodetector with high
photocurrent to dark current ratio and high photoresponsivity.

2. EXPERIMENTAL METHODS

All chemical reagents were purchased from Sigma-Aldrich and used
without further purification. First, ammonium solution (8 wt %) was
added dropwise into titanium trichloride solution under vigorous
stirring until a white precipitate is obtained. The resulting suspension
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was maintained at room temperature for 3 h and then filtered and
thoroughly washed with deionized water and absolute ethanol several
times to remove the remaining ammonium and chloride ions. Then,
anatase TiO, NPs were obtained after transferring the wet as-prepared
precipitation to an autoclave at 200 °C for 20 h.

The UV photodetector was fabricated on ITO glass substrates after
cleaning by ultrasonication in acetone, detergent, water, and
isopropanol and treatment in ultraviolet/ozone to remove carbon
residues. First, a thin layer of MoO; with a thickness of approximate S
nm was deposited onto the precleaned ITO glass substrate using
thermal evaporation with a deposition rate at ~0.5 A/s. MoOj acts as a
hole transport/electron blocking layer."”'* The photoactive layers
were made of blends of TiO, NPs with mCP at a ratio of 3:1 by
weight. The mCP—TiO, NPs blends were dispersed in toluene solvent
(24 mg/mL) and spin coated on top of the MoOj layer to form the
active layer of the device. The mCP—TiO, NPs composite layer has a
thickness of around 300 nm. Afterward, a 20 nm thick bathocuproine
(BCP) layer was deposited on top of the mCP—TiO, NPs photoactive
layer using thermal evaporation. The BCP layer acts as an electron
transport/hole blocking layer.'>'* Then, a top Al contact layer with a
thickness of 175 nm was deposited via an electron beam evaporator
using a shadow mask. Finally, the photodetector was packaged and
wire bonded using Epo-Tek H20E conductive epoxy. Figure la shows
the schematic illustration of the hybrid UV photodetector and the
molecular structures of mCP and BCP. The energy band diagram of
the device is presented in Figure 1b.

The Raman spectrum of the as-prepared TiO, NPs was measured
using the Renishaw spectrometer with a laser wavelength of 514 nm
(Renishaw, Wotton-under-Edge, UK). The X-ray diffraction (XRD,
PANalytical) pattern was measured at room temperature with Cu Ka

Received: June 24, 2014
Accepted: July 2, 2014
Published: July 2, 2014

dx.doi.org/10.1021/am504090e | ACS Appl. Mater. Interfaces 2014, 6, 14690—14694


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

@

(b)

Vacuum Level

23 24 24

Energy (eV)

N O DN B W N =

8

~1.5

Figure 1. (a) Schematic illustration of the hybrid UV photodetector,
and molecular structures of mCP and BCP. (b) Energy band diagram
of the hybrid UV photodetector.

radiation (wavelength = 1.54 A). The absorption spectrum of the
mCP—TiO, composite layer was measured using a Shimadzu UV—vis
2550 spectrophotometer with a deuterium lamp (190—390 nm) and a
halogen lamp (280—1100 nm). The typical J-V characteristics and
transient response of the photodetector were measured using a
HP41SSB semiconductor parameter analyzer. The photoresponsivity
of the photodetector was measured using a Shimadzu UV—vis 2550

spectrophotometer in connection with a Newport 1928-C optical
power meter.

3. RESULTS AND DISCUSSION

Figure 2a shows the Raman spectrum of the TiO, NPs. The
Raman peaks at 142, 195, 394, 514, and 636 cm™! can be
assigned as E,, E,, By, Ajg, and E; modes of the anatase phase,
respectively. The XRD pattern of the as-prepared TiO, NPs is
shown in Figure 2b, in which nine peaks from the anatase
structured TiO, can be well observed, confirming that the TiO,
NPs is crystallized in the anatase structure. The UV-—vis
absorption spectrum of the mCP—TiO, active layer is shown in
Figure 2c. It is clear from Figure 2c that the absorption
spectrum of the mCP—TiO, active layer has two absorption
edges located at around 330 and 370 nm, which are attributed
to the absorption in TiO, NPs and mCP, respectively.

The typical =V characteristics of this photodetector were
measured in the dark and with 335 nm UV illumination, as
shown in Figure 3. The dark current of the photodetector
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Figure 3. Typical ]—V characteristics of the hybrid UV photodetector
measured in the dark and with 335 nm UV illumination.

displayed a significant rectification characteristic with a
rectification ratio of 292 when biased at +5 V. The rectification
characteristic of the photodetector under dark environment can
be understood by referring to the energy band diagram in
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Figure 2. (2 and b) Raman spectrum and XRD pattern of the as-prepared TiO, NPs, respectively. (c) Absorption spectrum of the mCP—TiO,

composite layer.
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Figure 4a. Under reverse bias condition, the BCP’s hole
blocking ability together with the large valence band offset
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Figure 4. (2 and b) Energy band diagram and carrier transport process
of the hybrid UV photodetector in the dark and with UV illumination,
respectively.

between BCP and Al can effectively impede hole injection from
the Al contact. Similarly, electron injection from the ITO can
be greatly suppressed due to MoOj’s electron blocking ability
together with the large conduction band offset between ITO
and MoOj. On the contrary, under forward bias condition, the
electrons and holes can be injected from Al to BCP and from
ITO to MoOj, leading to higher dark current as compared to
the reverse biased condition. Upon UV illumination, the
photogenerated current is more than 4 orders of magnitude
higher than the dark current when reverse biased. Such a high
photocurrent to dark current ratio under reverse bias condition
is due to injection of a large amount of holes from the top Al
contact into the device. As illustrated in Figure 4b, both the
TiO, NPs and mCP absorb incident photons and generate
electron—hole pairs under UV illumination. The photo-
generated holes in TiO, NPs can be transported through
mCP and MoO; and finally be collected from ITO under
external bias voltage. On the contrary, the photogenerated
electrons remain trapped in the nanoparticles due to the lack of
a percolation network for electrons and the strong quantum
confinement effect of the mCP—TiO, NPs composite structure.
The trapped electrons quickly shift the lowest unoccupied
molecular orbital (LUMO) of the mCP downward and align
the Fermi energy of the nanocomposite with that of the Al
Therefore, the hole-injection barrier on the Al side becomes
very thin, and the holes can easily tunnel through it with a small
reverse bias. Accordingly, the AlI-BCP interface acts as a “valve”
for hole injection that is controlled by the mCP-TiO,
composite layer, and incident photons can switch on this
“valve”.

As the operation of this UV photodetector strongly depends
on the electron trapping and hole injection in the mCP—TiO,
layer, it is necessary to verify the electron-trapping capability
and hole transport properties of the mCP-TiO, layer.
Therefore, we fabricated and tested hole-only and electron-
only devices. The electron-only and hole-only devices have
structures of ITO/Cs,CO;/ mCP—TiO, /BCP/Al and ITO/
MoO;/ mCP-TiO,/MoQO;/A], respectively. For the electron
device, both the Cs,COj layer and the BCP layer are electron
transport layers with the capability of blocking holes; therefore,
only electrons can be injected. Similarly, MoO; has been
demonstrated as an effective hole injection layer with good

capability of blocking electrons; therefore, only holes can be
injected into the hole-only device. The results are shown in
Figure 5, from which we can see that the current density in the
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Figure 5. J—V curves of the electron-only and hole-only devices
measured for verification of the carrier transport properties of the
mCP-TiO, NPs composite.

hole-only device is more than 2 orders of magnitude higher
than that of the electron-only device. This verifies that electrons
can hardly move in the active layer due to the electron-trapping
centers formed by TiO, NPs, while the holes can freely move in
the device structure.

The room-temperature photoresponsivity spectra of the
hybrid photodetector measured with varying external bias
voltage is shown in Figure 6. A maximum photoresponsivity of
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Figure 6. Photoresponsivity spectra of the hybrid UV photodetector

measured with varying bias voltages. (Inset) Calculated EQE of the
hybrid UV photodetector.

240 A/W at 351 nm was observed when reverse biased at —10
V, which is more than 3 orders of magnitude higher than those
of commercial GaN or SiC photodetectors (<0.2 A/W).* The
inset of Figure 6 shows the EQE of the photodetector
calculated using the equation EQE = R X hv/q, where hv is the
energy of the incident photon in electronvolts, g is the electron
charge, and R is the photoresponsivity of the hybrid
photodetector. A maximum EQE as high as ~8.5 X 10%% has
been achieved for the UV light (351 nm). The high EQE is
mainly attributed to the hole injection from the top contact that
is controlled by the electron traps in the active region (mCP—
TiO,) of the hybrid UV photodetector. This operation
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mechanism enables injection and collection of multiple holes by
the electrode following a single electron—hole photogeneration
in the active layer, leading to a high EQE.

In practical applications, a constant responsivity from strong
light all the way down to weak light is important so that a
photodetector can be applied for weak light sensing. Every
photodetector only has a finite range of linear response and is
characterized by linear dynamic range, in which the responsivity
keeps constant. The linear dynamic range and photo-
responsivities of the hybrid UV photodetector were charac-
terized by measuring the photocurrent with varying light
intensity from 1 X 1072 to 1 X 107 W/cm?, as shown in Figure
7 and the inset, respectively. The hybrid photodetector shows a
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Figure 7. Linear dynamic range of the hybrid UV photodetector.
(Inset) Photoresponsivities under different illumination intensities.

linear response within the incident light intensity range from 1
X 107 to 1 X 107® W/cm?, corresponding to a linear dynamic
range of ~60 dB. This is comparable to those of many
inorganic photodetectors, such as GaN (50 dB) and InGaAs
(66 dB), but still lower than that of silicon photodetectors (120
dB).1516

The specific detectivity (D*) of the photodetector can be
expressed by the following formula

R A X Af

In

D* =

where the i, is the noise current in units of A/Hz"? Af is
operating bandwidth in hertz, and A is the area of the device in
cm®'® On the assumption that the noise-current is dominated
by a shot noise component in the dark current (i, = ig., =
(2qigcAf)'/?), D* can be expressed as'”'®

D* = R(A/2giy)"?

where g is the electron charge and iy is the dark current of the
device. A specific detectivity of 3.72 X 10'* Jones can be
obtained at 351 nm for the photodetector when biased —10 V,
which is 2—3 orders of magnitude larger than those of silicon
and GaN ultraviolet photodetectors.

Response speed is another important parameter of photo-
detectors. The transient response of the hybrid photodetector
was measured by turning on and off an UV LED with a center
peak wavelength at 335 nm, as shown in Figure 8. The rise time
(measured from 10% to 90%) and fall time (from 90% to 10%)
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Figure 8. Transient response of the hybrid UV photodetector
measured by turning on and off an UV LED with center peak
wavelength at 335 nm.

were measured to be around 21 and 23 ms, respectively. This is
at least 3 orders of magnitude faster than UV photodetectors
that fabricated from wide band gap metal oxides such as ZnO,
TiO,, and WO;, though they can also achieve high photo-
responsivity and high EQE."*~*' Such a fast transient response
is very desirable for its practical applications in high-frequency
or high-speed devices, such as light-wave communications or
optoelectronic switches.

Lastly, it is worth mentioning that the conception of the UV
photodetector presented in this work can be extended for
design and fabrication of many other high-performance UV
photodetectors that operate under hole injection mode. For
example, we replaced the active layer (mCP—TiO, NPs) of the
UV photodetector presented in this work with PVK—ZnO NPs
or mCP—ZnO NPs composites, and the UV photodetectors
with revised structures achieved similar high performance. The
photoresponsivity spectra and EQE of the two UV photo-
detectors are presented in Figure 9. Therefore, it is reasonable
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Figure 9. Photoresponsivity spectra of hybrid UV photodetectors

using PVK—ZnO NPs or mCP—ZnO NPs composites as active layers.
(Inset) Calculated EQE of the two hybrid UV photodetectors.

to conclude that the active layer of the UV photodetectors with
hole injection operation mode may be replaced by many other
composites consisting of wide band-gap semiconductor NPs
and hole conductive polymers, such as PVK—WO; NPs, mCP—
WO; NPs, mCP—SnO, NPs, etc.
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4. CONCLUSIONS

A novel and high-performance UV photodetector is fabricated
by sandwiching a mCP—-TiO, NPs nanocomposite layer
between charge-selective semiconducting polymers. The
mCP—-TiO, NPs nanocomposite layer acts as a “valve”
controller that enables hole injection into the device upon
UV illumination. The UV photodetector demonstrated a high
photocurrent to dark current ratio (~10*), a large linear
dynamic range of 60 dB, and a remarkable external quantum
efficiency (~8.5 X 10*%) for the UV light at 351 nm that is
significantly higher than commercial inorganic photodetectors.
In addition to the high performance of the UV photodetector,
the device structure conception presented in this work may be
extended for design and fabrication of many other high-
performance UV photodetectors. Further investigation in this

route is highly desirable.
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