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UV illumination. The PDHEF interlayer can efficiently block the electrons, which | & 2 a \

provides low dark current as well as the reduced noise for devices. Furthermore, S0 N

the accumulation of photogenerated electrons causes the energy-band bending, 'g 10" \

leading to promoted gain of holes under UV illumination. The specific a o \ f \

detectivity of the device with the PDHF interlayer reaches 1.86 X 10'> cm Hz!/? 2 k& b N

W™, Moreover, the response and recovery speed have been upgraded due to the | @ 1'F v OO

improvement of the carrier transport mechanism. S 360 288 300, B30 540 380 380" 60
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1. INTRODUCTION

Highly sensitive ultraviolet (UV) photodetectors are needed in
wide fields such as light-wave communications, remote control,
environmental monitoring, and optoelectronic circuits.'™ To
date, various wide band gap inorganic semiconductors have
been utilized for the matrix materials of UV photodetectors
such as TiO,, ZnO, SnO,, and NiO, due to their intrinsic
visible-blindness and that they are environmental friendly and
thermally and chemically stable.""" Different n-type wide band
gap semiconductors have been applied in UV devices, and TiO,
drew a lot of attention and extensive investigation for the UV
sensing applications,”™'* especially employed to the device
with Schottky metal—semiconductor—metal (MSM) struc-
ture,">~"” which enjoys the positive properties of high working
repeatability and low dark current.'*™*° To satisfy the growing
demands of high performance photosensing devices, tremen-
dous efforts have been devoted to achieve remarkable devices
with low noise, high responsivity, and fast response speed. Yu
employed a MgO interlayer to modify the ZnO-based MSM
device, which is attributed to the impact ionization process
occurring in the MgO insulation layer, obtaining highly
improved responsivity.”"** As for the TiO, MSM UV
photodetector, although the dark current of the device can be
limited by the Schottky barrier, there is no efficient way to
further reduce the dark current and noise lower, so that the
cost-effective MSM structure device is obstructed to be applied
to high-precision UV detection. Furthermore, reducing the
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noise and improving the gain of the device simultaneously is
more difficult, which has become a research focus in UV
photodetectors based on MSM structure.

In recent years, conjugated polymers have attracted much
attention in science and technology.”” > There has been wide
interest in the properties of conjugated polymer thin films since
the first demonstrations of polymer light emitting film devices.
These materials have been used as an active medium in several
optoelectronic devices, such as field effect transistors, light
emitting diodes, and polymer solar cells.”*™*" The poly(9,9-
dihexylfluorene) (PDHF) is one kind of conjugated polymer,
which has superior performance of electro-luminescence or
single carrier conduction. Typically, the PDHF film is used for
hole conduction, which is determined by its energy level
position.” > In this study, the polyfluorene film is first applied
to the UV photodetector modifying the Schottky contact
between the TiO, film and Au electrodes, contributing to
improve the device performance both in the dark and under
UV illumination. The PDHEF interlayer provides a high electron
barrier, which avoids the generation of hot electron current;
thus, the dark current and noise current can be significantly
lowered. While under UV illumination, the PDHF closing to
the anode (called A-PDHF) can reduce the hole potential
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Figure 1. (a) Schematic of the UV photodetector with PDHF film. (b) Absorbance spectra of PDHF, TiO,, and TiO,/PDHEF. The insets are the
band gap of (i) PDHF film and (ii) TiO, film.
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Figure 2. AFM images of (a) bare TiO, film and PDHF films with spin speeds of (b) 5000, (c) 4000, (d) 3000, and (e) 2000 rmp. (f) The cross
section curves of PDHF films measured by AFM.

barrier and promote the hole injection, connecting to the a monochromator. The noise current was measured by an
cathode (called C-PDHF) acts as a hole extraction layer. Advantest R9211C fast Fourier transform (FFT) servo
Accordingly, this UV photodetector with PDHF interlayer analyzer. The time response characteristics were obtained by
represents a remarkable device with ultralow dark current and an oscilloscope.

high gain of holes, as well as improved response and recovery

speed. 3. RESULT AND DISCUSSION

We fabricated the devices with a PDHF interlayer, as shown in
Figure 1a, and the control device with a bare TiO, layer was

2. EXPERIMENTAL SECTION

TiO, was synthesized on a quartz substrate by the sol—gel also prepared in our experiments, named device A. In this work,
method, and the detailed preparation process has been PDHF was spin-coated onto TiO, film with different
provided in our previous reports.”> The thickness of TiO, thicknesses, fabricating four kinds of devices with spin speeds
film was about 100 nm. PDHF wused in this work was of 5000, 4000, 3000, and 2000 rmp, which were named devices
commercially available, and it was used without further B, C, D, and E, respectively. UV light irradiates from the side of
purification. The PDHF was dissolved in tetrahydrofuran with quartz. To make a realistic evaluation of the UV selectivity of
a concentration of 1000 ppm, then spin-coated on TiO, film at the TiO,/PDHF composite film and extract the optical band
a speed of 5000, 4000, 3000, and 2000 rpm, respectively, gaps of TiO, and PDHF, we measured the absorption spectra
followed by thermal annealing at 80 °C for 20 min. of TiO,, PDHF, and TiO,/PDHEF films within the wavelength
Subsequently, the Au interdigitated electrodes were spurted range 190—800 nm, shown in Figure 1b. TiO, film has
on PDHEF film. Both the finger width and the spacing were 20 remarkable absorption at wavelengths of less than 350 nm,
um, and the total effective area was 0.38 mm?> closing to the lower edge of the solar-blind region, and the
The absorption spectra were measured on a Shimadzu UV- PDHF (3000 rmp) film demonstrates a slight absorption peak
1700 Pharma Spec UV spectrophotometer. The surface at 390 nm. For the TiO,/PDHF composite film, the absorption
morphology was analyzed by a Bruker Dimension Icon Atomic edge is consistent with that of pristine TiO, film and valuably
Force Microscope (AFM). The energy levels were investigated enhanced light absorption from 190 to 250 nm can be
by ultraviolet photoelectron spectroscopy (UPS) with He I observed, which exhibits significant UV absorption and the
excitation. The -V characteristics and responsivity of devices property of solar-blinding. Seen from the inset of Figure 1b, the
were measured using a Keithley 2601 source meter together band gaps of TiO, and PDHEF fitted from the (ahv)'? — m**
with a UV power meter. A 30 W deuterium lamp was used as are 3.21 and 2.96 eV, respectively, which are approximate with

the light source, and the monochromatic light was provided by some previous references.’**
26104 DOI: 10.1021/acs.jpcc.6b07956
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Figure 3. [-V characteristics of all devices (a) in the dark and (b) under 280 nm UV illumination, measured in the range from 0 to 6 V.
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Figure 4. (a—c) The UPS spectra of TiO, and PDHF. The energy level diagrams of the device (d) in the dark and (e) under UV illumination.

The surface morphology and thickness of spin-coated film
are crucial factors for the charge transport and recombination,
significantly influencing the property of the UV photodetector.
Thus, to investigate the morphology of PDHF and characterize
the thickness of PDHF under different spin speeds, AFM
images were measured for bare TiO, film and PDHF films with
different spin speeds, shown in Figure 2a—e, and corresponding
cross section curves of PDHF films were exhibited in Figure 2f.
The average roughness (R,) can be calculated as the arithmetic
average of the absolute values of the surface height deviations,
which can be obtained by

N
R, = ) IAz//N
i (1)

where Az is the surface height deviation measured from the
mean surface plane and N is the total number of data points in
the scan.’””® For the TiO, film, R, is 0.579 nm and the TiO,
nanoparticles are evenly distributed with a uniform size of 20
nm attained by the magnified SEM image of TiO, film (inset of
Figure S2a, Supporting Information), contributing to a good
device performance. The R, values of PDHF films are 0.720,
0.895, 1.152, and 1.321 nm, suggesting that spin speed will
remarkably affect the roughness of the films and lower spin
speed is consistent with higher roughness, which can be well
proved by the roughness profiles of TiO, film and PDHF films
shown in Figure S1 (Supporting Information). To measure the
film thickness of different films, some intentional scratch was
drawn on the PDHF films to obtain the cross sections and
AFM images were measured near the cross section shown in
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Figure 2f. It shows that the thickness of PDHF films with spin
speeds of 5000, 4000, 3000, and 2000 rmp are 9.8, 12.4, 14.9,
and 17.0 nm, respectively. SEM images of TiO, film and
different PDHF films are shown in Figure S2 (Supporting
Information). We can find that TiO, film consists of
homogeneous particles. PDHF is a continuous film, made up
of uniform aggregate structures. With the decrease of the spin-
coated speed, film compactness gradually increases. X-ray
diffraction (XRD) measurements of TiO,/PDHF films cannot
give viable information, which is for the reason that the PDHF
film is too thin to demonstrate any specific reflection peaks.

To investigate the impact of the PDHF interlayer on the
electrical properties, the typical I-V characteristics of devices
A—E in the dark and under UV illumination with a light power
of 15 yW cm™ at 280 nm were measured in Figure 3a and b.
First, devices B—E exhibit a lower dark current compared with
device A without PDHF, and with increased thickness of the
PDHEF, dark current will reduce sequentially. At 6 V bias, the
dark current of device A and device E is 3.32 (+0.01) nA and
0.18 (£0.01) nA; that of the others is located between these
two values. Different from the dark current, the variation
tendency of the photocurrent first increases and then decreases
with the increase of the PHDF thickness, obtaining the
maximum photocurrent for device C. Seen from Figure 3b, the
photocurrents at 6 V bias for devices A—E are 1.70, 2.65, 29.34,
24.82, and 4.91 uA, respectively. The effect on the I-V
characteristics of devices due to the incorporation of the PDHF
will be analyzed through energy level diagrams in the following
discussion.

In order to well explain the work mechanism of PDHF
devices, we will investigate the energy levels of TiO, and PDHF
by UPS, shown in Figure 4a—c. Figure 4a shows the UPS
spectra in view of the high binding energy region, which reveal
the work function of TiO, (4.72 eV) and PDHF (3.70 eV).
According to the low binding energy region of the TiO,
spectrum in Figure 4b, the value of the valence band maximum
(Vpy) is located at 2.90 eV below the Fermi level. For the
PDHF (Figure 4c), the highest occupied states of the Vg, is
located at 1.82 eV lower than the Fermi level. Associating with
the optical absorption band gaps got above, energy levels of
TiO, and PDHF can be attained and then energy level
diagrams of device with PDHF interlayer in dark and under
illumination could be draw up, shown in Figure 4d and e. In the
dark, the barrier located between Au and TiO, would increase
from q¢p; (ca. 0.7 eV) to g, (ca. 2.5 eV) due to the existence
of the C-PDHF, which will more efficiently block the hot
electron injection. At the same time, A-PDHF can also
successfully block the electron transport from TiO, to the
anode. Thus, the dark current of the device with PDHF is
reduced compared with the control device due to the limitation
of the hot electron current. In addition, with the increase of the
PDHEF film thickness, the capacity of blocking the electrons will
be enhanced, leading to lower dark current, just as the variation
tendency of dark current in Figure 3a. Under UV illumination,
photogenerated electrons and holes are produced in the TiO,
layer. PDHF possesses an excellent capacity of hole transport,
which contributes to the transfer of photogenerated holes from
TiO, to the cathode. While photogenerated electrons are
prevented by A-PDHF, the transport of photogenerated
electrons will be restricted. Therefore, a large number of
electrons accumulate in the TiO, layer closing to the anode,
leading to the energy-band bending, which decreases the hole
barrier and thus enhances the hole injection to provide gain of

the photodetector. The PDHF interlayer mainly plays two roles
for the enhancement of the device property: one is the barrier-
blocking electron transport, and the other is the light-inducing
hole injection. With the increase of the thickness of PDHF, the
blocking capacity of A-PDHF is gradually improved, but the
hole transport ability is decreased by degrees. Thus, at a certain
thickness of the PDHF, photocurrent (hole current) achieves
the maximum value, perfectly illustrating the reason that device
C possesses optimal photocurrent, higher than that of other
devices.

In order to prove the photocurrent of the device with PDHF
is the hole gain current analyzed above, we did some
comparative experiments. On the basis of device D, a TiO,
layer is prepared by the magnetron sputtering method between
the PDHEF layer and Au electrodes. The new TiO, interlayer in
a thickness of ca. 10 nm could transfer electrons and block
holes. The schematic of this control device (device D,) is
shown in inset a of Figure 5. Figure 5 shows the comparison of
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Figure S. Comparison of the photocurrent between device D and
device D. The insets show (a) the schematic and (b) the energy level
diagram of device D,.

the photocurrent of device D and device D in the same as the
previous test conditions. Compared with device D, the
photocurrent of device D, is significantly decreased by about
4 orders of magnitude. Inset b is the energy level diagram at the
anode side of device D, It can be found that the hole injection
is blocked due to the high hole barrier. At this time, neither
electrons nor holes can be smoothly transferred through the
device, leading to significant reduction of the photocurrent.

Figure 6a is the responsivity (R) as a function of wavelength
from 250 to 400 nm under a bias of 6 V, which can be obtained
by
R= 2

PxS (2)

where L, is the photocurrent (the current directly measured at
different wavelengths), P is the light power density, and S is the
effective area of the device. We can find that the R of all devices
reaches the peak value at 270 or 280 nm, and the maximum
spectral R observed is 514.8 A/W at a wavelength of 280 nm for
device C. Under the same condition, the value of R is
determined by the photocurrent. It can be seen from Figure 6a
that the devices with PDHF present a higher R than that of the
control device in the range 250—350 nm, but the R values of all
devices demonstrate a downward trend surpassing 280 nm due
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at different wavelengths.

to the decreased absorption of the TiO, film. At high
wavelength, R of the devices with PDHF is lower than that
of the control device, which can be explained by the fact that, in
the range 370—400 nm, the device working state approximated
dark conditions; thus, R depends on the dark current variation.

At the same time, the external quantum efficiency (EQE) can
be calculated by

EQE = R X hv 3)

where hv is the energy of the incident photon in electronvolts.
Figure 6b shows the EQE spectra from 250 to 350 nm of device
D under different biases (1—6 V). At a bias of 6 V, the peak
value of the EQE exceeds 1900%. Though the value of EQE
reduces with the decrease of the applied bias, it is still higher
than 100% when the bias is 1 V, suggesting that the hole gain
exists in a low bias operating condition.

Noise current seriously affects the photodetector property;
thus, the total noise currents (I,) of all devices were measured
within a frequency range from 1 Hz to 1 kHz, shown in Figure
7a. The tested results suggested that noise currents obtained
from all devices act as white noise, which consists of shot noise
and some other possible noise, such as flicker noise and thermal
noise. Compared with others, the shot noise dominates the
3949 The devices with PDHF possess a lower
noise than that of device A, and it continuously decreases with
the increase of the PDHF thickness. This is because the total
noise current characteristics of all devices are dominated by the
shot noise, and the shot noise limit is given by the following*'

main white noise.

26107

—1/2
i = J2elAf (4)

where inzl/2 is the shot noise limit, e is the electron charge, I is
the dark current of the device, and Af is the frequency internal
over which the noise is measured. Thus, the variation of noise
current is similar to that of the dark current. Moreover, the
specific detectivity (D*) of the UV photodetector is given by
the following42

_ (AAf)'?R
S )

D*

where A is the effective area of the device and R is the
responsivity. D* can be calculated at different wavelengths with
the measured I, and R at 6 V bias. The comparison of spectral
D* from 250 to 400 nm is shown in Figure 7b. Device D has
the highest D* in the UV region from 250 to 320 nm, and the
peak value reaches 1.86 X 10'* cm Hz!> W~ at 280 nm.
Time response characteristics are important for the high
quality UV photodetector; therefore, the time response was
also measured for devices A and D shown in Figure 8. Usually,
the response and recovery time of the MSM UV ghotodetector
vary in the range of seconds to tens of seconds.”’~** However,
in our study, for device A, the raise time (from 10 to 90% of the
peak value) and the decay time (from 90 to 10% of the peak
value) are 638 ms and 2.92 s, and the device with PDHF
exhibits a quicker response and recovery speed of 417 ms and
1.37 s for the raise and decay time. The enhanced time
response characteristics due to the inset of the PDHF interlayer
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devices A and D.

will be attributed to the changed carrier transport mechanism.
It can be obviously noted that the decay time of device D can
be divided into two parts including 74, and 74, compared with
the control device, depicted in Figure 8. We deduce that 74, and
74, correspond to two stages of the device working process: the
T4, stage arises from the recombination of excess carriers
accumulating near the anode and recovery of the hole barrier
height after the UV illumination switching off, which is a softly
decaying process. The 74, stage is attributed to the restriction of
the hole injection from the anode, as well as the hole extraction
by the cathode, causing a sharp reduction of the decay time.
Moreover, contrary to the 74, stage, the photogeneration of
carriers is relatively fast, leading to the formation of hole gain in
a short time after UV switching on. Thus, the improved carrier
transport mechanism plays a vital role in improving the
response and recovery speed.

4. CONCLUSION

In summary, a high performance UV photodetector has been
constructed on the basis of the MSM structure. PDHF film is
employed to modify the Schottky contact between TiO, film
and Au electrodes, leading to improved performance of the
device both in dark and under UV illumination. Due to the high
electron barrier provided by the PDHF layer, the dark current
and noise current have been significantly reduced. Moreover,
the photogenerated electrons can also be limited in TiO, by
PDHF, thus resulting in the energy-band bending, which
contributes to the gain of holes and the enhanced photocurrent.
The specific detectivity of device D reaches 1.86 X 10" cm
Hz'”> W™'. Owing to the change of the carrier transport
mechanism, the response and recovery speed of the device with
PDHEF has been increased, further improving the performance
of the UV photodetector.
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