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High-Performance Ferroelectric Polymer Side-Gated CdS
Nanowire Ultraviolet Photodetectors

Dingshan Zheng, Hehai Fang, Peng Wang, Wenjin Luo, Fan Gong, Johnny C. Ho,
Xiaoshuang Chen, Wei Lu, Lei Liao,* Jianlu Wang,* and Weida Hu*

An efficient ferroelectric-enhanced side-gated single CdS nanowire (NW)
ultraviolet (UV) photodetector at room temperature is demonstrated. With
the ultrahigh electrostatic field from polarization of ferroelectric polymer, the
depletion of the intrinsic carriers in the CdS NW channel is achieved, which
significantly reduces the dark current and increases the sensitivity of the UV
photodetector even after the gate voltage is removed. Meanwhile, the low
frequency noise current power of the device reaches as low as 4.6 x 10728 A2
at a source-drain voltage V,s = 1 V. The single CdS NW UV photodetector
exhibits high photoconductive gain of 8.6 X 10, responsivity of 2.6 x 10° A W1,
and specific detectivity (D*) of 2.3 X 10'® Jones at a low power density of
0.01 mW cm2for A = 375 nm. In addition, the spatially resolved scanning
photocurrent mapping across the device shows strong photocurrent signals
near the metal contacts. This is promising for the design of a controllable,
high-performance, and low power consumption ultraviolet photodetector.

1. Introduction

In the past few decades, UV photodetectors have been widely
used in air and water sterilization, environmental monitoring,
optical imaging, flame sensing and fire detection, military, and
space, etc.l'3l UV photodetectors based on 1D semiconductor
nanostructures, for example, Zn0,53! Sn0,,* ZnS,’l and GaN,®
have already been fabricated. However, a large dark current
and a low g/ lqanc ratio are found in these devices, which
are mainly caused by the concentration of defect/trap induced
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carriers, resulting in lower specific detec-
tivity (D*).2! Although operating the device
at the OFF state by applying a large nega-
tive gate voltage brings out the advantage
of a reduced dark current, it would cause
a large power consumption.l”# Therefore,
in order to suppress the dark current of
the device, it is necessary to deplete those
defect/trap induced carriers through spe-
cial methods, such as designing a unique
device structure. Recently, Poly(vinylidene
fluoride-trifluoroethylene) [P(VDF-TrFE)]
ferroelectric polymer film has been
employed in various nanoelectronic and
optoelectronic devices due to its room tem-
perature ultrahigh ferroelectricity, large
remnant polarization, and stable reten-
tion characteristics.®13] An ultrahigh local
electrostatic field induced by the stable
remnant polarization of the P(VDF-TrFE)
ferroelectric polymer film is larger than that produced by the
gate voltage in traditional NW field-effect transistors (FETs).%1%
Thus, the depletion of the intrinsic carriers can be achieved by
the stable remnant polarization of the P(VDF-TrFE) ferroelec-
tric polymer even when the negative gate voltage is removed.

As a typical II-VI semiconductor with direct band gap
(2.4 eV), cadmium sulfide (CdS) nanowires (NWs), nanorods
(NRs), and nanobelts (NBs) have demonstrated great poten-
tial in electronic and optoelectronic applications, such as
lasers," light-emitting diodes,!"” optical switches,'® solar
cells,'”18 photodetectors,!'*?8] gas sensors,?**l and logic cir-
cuit.’% Among these applications, UV-visible photodetectors
based on CdS nanostructure materials have been widely inves-
tigated and exhibited potential applications due to their large
surface-to-volume ratio, rich surface state, remarkable optoelec-
tronic characteristics, and UV-visible light absorption.[20:21.28]
It has been reported that Schottky-gated CdS NW UV-visible
photodetectors show much higher detection sensitivity and
much shorter reset time than that of the ohmic contact based
devices,? and visible photodetectors based on CdS NB exhibit
ultrahigh responsivity of 7.3 x 10* A W~ and quantum effi-
ciency of 1.9 x 107%, but there is a large dark current that limits
its detectivity.l?”]

In this work, we fabricated ferroelectric polymer side-gated
single CdS NW UV photodetector by a relatively simple man-
ufacturing process. The intrinsic carriers in the NW channel
can be fully depleted by the ultrahigh electrostatic field from
polarization of P(VDEF-TrFE) ferroelectric polymer with a pulsed
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gate bias of —20 V, which significantly reduces the dark current
and increases the detectivity of the photodetector. Even if the
gate voltage pulse is removed, the device can still keep the full-
depleted state induced by unchanged polarization, indicating
that our devices can work without additional negative gate
bias. Noise characteristics and noise equivalent power (NEP)
of the depleted CdS NW photodetectors are also measured
and analyzed. Utilizing this device structure, the CdS NW UV
photodetector exhibits high photoconductive gain of 8.6 x 10°,
responsivity of 2.6 x 10° A W', and specific detectivity (D*) up
to 2.3 x 10'® Jones at a low power density of 0.01 mW cm™2 for
A=375nm.

2. Results and Discussion

The single-crystalline CdS NWs with the lengths of tens of
micrometers and diameters of 50-300 nm were synthesized by
a chemical vapor deposition (CVD) method that was reported in
our previous work.2l The photoluminescence spectrum of CdS
NWs shows a strong and sharp peak around 505 nm (Figure S1,
Supporting Information), which is consistent with the previous
reports.'*1920] The schematic diagrams and scanning electron
microscope (SEM) image of our ferroelectric side-gated single
CdS NW photodetector are shown in Figure 1a—c, respectively.
A typical ferroelectric hysteresis loop of P(VDF-TrFE) capac-
itor was measured (Figure S2, Supporting
Information). The coercive voltage is about
11.5 V and the remnant polarization value
P, is about 6.2 uC cm2, indicating that the
ferroelectric polymer has remarkable polari-
zation properties.’! To further investigate
the photocurrent response of the CdS NW
photodetector, the photocurrent mapping
was performed by a scanning photocurrent
microscopy. Figure 1d shows the spatially
resolved mapping of the photocurrent across
the device under a 450 nm laser excitation
(90 uW), at source-drain voltage Vg, = 0.1 V.
The image clearly displays that strong photo-
current signals are generated at the metal
contacts, which are attributed to the efficient
separation of photon-generated electron-hole
pairs in CdS NW by local built-in electric
fields.B1=%] The relatively weak photocurrent
signals along the NW are due to the recom-
bination of photon-generated electron-hole
pairs before being collected by the source/
drain electrodes.323%]

The IV, transfer characteristics of the
CdS NW FET with P(VDE-TrFE) ferroelectric
polymer film were investigated at Vgg =1V,
as shown in Figure 2a. The device shows a
high I,,/Ioq ratio of >10° The low off cur-
rent of <1072 A is obtained when a negative
gate voltage V, of less than —13 V is applied.
When a negative Vs of —20 V with the pulse
width of 2 s is employed to gate electrode, the
polarization of the ferroelectric polymer film

(a)
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will be aligned to the gate electrode under the negative electro-
static field gradient. This ultrahigh electrostatic field induced
by polarization of P(VDF-TrFE) ferroelectric polymer results in
depletion of free electrons in the n-typed CdS NW channel, as
depicted in Figure 1b. In this scenario, the dark current is sup-
pressed and reduced to less than 1072 A due to the remnant
polarization of the P(VDF-TrFE) ferroelectric polymer, even
after the gate voltage is removed. In addition, the retention
properties of the device after depletion were measured (Figure
S2b, Supporting Information). The device demonstrates stable
retention characteristics (over 50 000 s) at room temperature.
The long-time stability indicates that our devices can work as a
two-terminal device. The ferroelectric hysteresis window of =9
V is caused by the remnant polarization of the ferroelectric pol-
ymer film. Notably, the ferroelectric remains polarized and the
on-state remains stable, when V,, sweeps range is taken from
+20 to —20 V. The polarizations of the ferroelectric dielectric start
to change sign with the negative V,, increases and I3 changes
from on-state to off-state. The side-gated NW device with ferro-
electric polymer film exhibits a counterclockwise hysteresis loop,
which is opposite to the clockwise hysteresis of back-gated NW
device (Figure S3, Supporting Information), demonstrating that
the transfer characteristics of the device are strongly influenced
by the polarization of P(VDF-TrFE) ferroelectric polymer.[t3]

The photoresponse behaviors of CdS NW UV photodetector
were investigated at room temperature. Figure 2b presents the

(b)
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Figure 1. Structure, schematic diagram, and photocurrent image of ferroelectric side-gated
single CdS NW photodetector. a) A schematic illustration of ferroelectric side-gated single
CdS NW photodetector. b) The cross-sectional structure and schematic diagram of the
device operating in negative polarization state (depleted state). Electrons in the NW channel
will be depleted by a pulse Vs of =20 V and the pulse width of 2 s. ¢) SEM image of CdS NW
FET, the channel length (L) is 3.1 um, the NW diameter (d) is 110 nm, and the distance between
NW and gate electrode is 260 nm, respectively. The scale bar is 1 pum. d) Spatially resolved
photocurrent mapping of the device under a 450 nm laser excitation (90 pW), at Vgs = 0.1 V.
The outlines of the electrodes are shown as dotted lines. The scale bar is 1 um.
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Figure 2. Ferroelectric-enhanced photoresponse and energy band diagrams of the ferroelectric
side-gated single CdS NW UV photodetector. a) The 4V, transfer curves of CdS NW FET
with P(VDF-TrFE) ferroelectric polymer. The inset is the linear curve. b) I3—Vy, characteristics
of the UV photodetector in the dark and under UV illumination (375 nm, 18 mW cm~?), before
and after being depleted by ferroelectric polymer film. c,d) The corresponding energy band
diagrams of two different states under UV illumination at a drain—source bias, before and after
being depleted by ferroelectric polymer film. E¢ is the Fermi level energy, Ec is the minimum
conduction band energy, Ey is the maximum valence band energy, and @y is the Schottky barrier
height. Ec and Ey bend upward in the full-depleted state, respectively.

I4—Vys characteristics of the device in the dark and under UV
illumination (375 nm, 18 mW cm™2), before and after being
depleted by ferroelectric polymer film, without additional
gate voltage. Iy, is the original current before the device
was illuminated, and Ijg, is the current under UV illumina-
tion. The net photocurrent is defined as I, = |Ligne| — [Tgarkl-
Before being depleted, I, = 0.55 WA is obtained at Vgs =1 V.
The device shows a low I,/ Iga ratio (<1), which can be attrib-
uted to a large dark current. While after

being depleted, Iy, is reduced to =10712 A,

and the net photocurrent L, = 1.13 pA, (a)

expressed asl
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Ijare is reduced significantly after being
depleted, resulting in a high ratio of I,/ Igyn.

For the following investigations, the deple-
tion of the intrinsic carriers was pre-achieved
by a short Vi pulse of 20 V and the pulse
width of 2 s on the side gate. Figure 3a pre-
sents the I4—Vy, characteristics of ferroelec-
tric polymer film side-gated single CdS NW
UV photodetector for different UV intensi-
ties at a wavelength of 375 nm after being
depleted, without additional gate voltage.
The photocurrent under different UV inten-
sities was extracted and plotted in Figure 3b,
at Vg = 1 V. The relationship between the
photocurrent and UV intensity can be
expressed as>’3®!

I, =cP* (1)

where Iy, is the photocurrent, ¢ is a propor-
tionality constant, P is the incident power
density, and k is an empirical value. Through
the power function nonlinear fitting, we can
obtain k = 0.6, depending on the complex
processes of electron-hole generation, trap-
ping, and recombination.®!

The photoconductive gain (G), respon-
sivity (R), and specific detectivity (D*) are
the key parameters to evaluate the sensitivity
of the photodetectors.l'l The photoconduc-
tive gain is defined as the ratio between the
number of charges collected by the electrodes
per unit time and the number of photons

absorbed by the NW per unit time (G = N./Npy), which can be
2,3,39]

G = (In/e)/(PA[hv) (2)

where P is the incident power density, hv is the energy of an
incident photon, e is the electronic charge, and A is the effec-
tive irradiated area on the NW. To estimate the response of

leading to a much high ratio of I,/Iga ~10° 1.0} Intensity (mW/em?)
is obtained at Vg = 1 V. The photoresponse Dark 0.06
behaviors of UV photodetector can be 0.5} ——0.01 ——0.24

explained by the schematic energy band
diagrams, as shown in Figure 2¢,d. Before
being depleted, thermionic/tunneling cur-
rents induced by the intrinsic carriers and
photon-generated current induced by the
excited electron—hole pairs contribute to the

2 0.66 —9.35
—— 207 —13.71 R
——473——17.93 107 o

} o Experimental Data
10°F
Fitting Curve

V, =1V

channel current,”*¢ Ly = 1.46 pA. After 1.0 -05 0.0 0.5
being depleted, thermionic/tunneling cur- Ve V)
rents have no contribution to the channel

1.0 107 10" 10° 10’
UV intensity (mW/cm®)
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current, and the photon-generated current
dominants the channel current, thus g,
decreases slightly, Tigy = 1.13 UA. However,

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. Photoresponse properties of the ferroelectric side-gated single CdS NW UV photo-
detector. a) l4—Vys characteristics of the UV photodetector in the dark and under different UV
intensities (375 nm) after being depleted, without additional gate voltage. b) Dependence of
photocurrent on different UV intensities, at Vyo =1 V.
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L x 8, where P is the incident power density,
L is the channel length, and 0 is the absorp-
tion cross section. There are two absorption
peaks at least in Figure 4b. The absorption
peak at the wavelength shorter than 350 nm
and the absorption peak at 420 nm may be
mainly attributed to the intrinsic absorp-
tion as well as the resonance of the incident
light and antenna-like structure of the NW.
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Figure 4. Photoconductive gain and responsivity of the UV photodetector, and the simulation
of the absorption cross section of the NW. a) Dependence of photoconductive gain and respon-
sivity on different UV intensities, at V4, =1 V. b) Dependence of the absorption cross section &
of the CdS NW on illumination wavelengths. c) The optical energy and d) the Poynting vector
distribution when the incident light is perpendicular to the surface of the NW. The simulation

was carried out using the finite-difference time-domain (FDTD) method.

the photocurrent to the incident power, the responsivity of
a photodetector can be calculated according to the following
expression2404

R=1I,,/(PA) 3)

where I, is the photocurrent. Figure 4a presents the calculated
values of G and R at different UV intensities. The long photon-
generated electrons’ lifetime in the NW compared to the short
electrons’ transport time between the electrodes results in a
high photoconductive gain.’l Figure 4a shows that G and R
increase dramatically with the decreasing UV intensity, and the
G and Rare up to 8.6 X 10° and 2.6 x 10° A W~ at Vge=1V and
under the low UV intensity of 0.01 mW c¢cm™. Here, the cross-
sectional area of the NW, A = L X d, is considered as an estima-
tion of the effective irradiated area.>'?l The light absorption of
the NW was simulated using the finite-difference time-domain
(FDTD) methods. Based on the assumption that the NW is ideal
and has an infinite length, the total absorption cross section for
different illumination wavelengths was simulated and plotted
in Figure 4b. Due to the reflection and scattering of light and
antenna-like structure of the NW, the absorbed light energy is
not equal to the light energy irradiated on the cross section of
the NW. Figure 4c,d presents the optical energy and Poynting
vector distribution when the incident light is perpendicular to
the surface of the NW. Figure 4c shows that the optical energy
varies gradually over the cross section of the NW due to the
absorption and scattering of light. The absorption power of

Adv. Funct. Mater. 2016, 26, 7690-7696
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600 700  The absorption cross section § = 120 nm is
obtained at 375 nm, which is close to the
NW diameter d = 110 nm in the experiment.
Although the intrinsic absorption varies with
the incident wavelength, they have the same
order of magnitude. Thus, it is reasonable to
consider the cross-sectional area of the NW
(A = L x d) as the effective irradiated area of
the NW.
NEP and the specific detectivity (D*)
are also important parameters for a photo-
detector, which are limited mainly by three
g0 20 major noise sources, namely, flicker noise
(1/f noise), Johnson noise, and shot noise
from the dark current.*#?l Noise power den-
sity spectra of the CdS NW photodetectors
were measured after being depleted using
a noise spectrum analyzer. Figure 5a shows
that the low-frequency noise characteristics
of the device measured at 1 V bias and under
the dark condition is close to the background
signals measured at 0 V bias. The noise
power density Sy(f) can be fitted using Equation (4)[>*4

" x10-3
I 5.8
4.9

3.9

3.0

“)

where K is a constant, I, is the dark current, fis the frequency,
and o and P are two fitting parameters. The fitting result shows
that oo = 1.06 is nearly uniform over the measured frequency
range, which indicates a typical 1/f noise behavior.'>* Note
that no Johnson and shot noise are evidently observed at low-
frequency range, which are mainly attributed to the lower dark
current of the device.l*+*! These two noises are independent of
the frequency, and they are white noise types. Therefore, the low-
frequency noise of the device is dominated by the 1/f noise. In
addition, low-frequency noise power spectra of CdS NW photo-
detector under different applied bias voltages were measured
(Figure S4, Supporting Information), which shows that the low-
frequency noise characteristics of the device measured at 0.1 V
bias are also close to the background signals measured at 0 V
bias. The total noise current power of the device can be estimated
by integrating S,(f) over the measured frequency rangel*3*’]

()= [} S, = [ soar + [0
=S, [In(B)+1]
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noise current, lead to detectivity of UV photo-
detector as high as 2.3 x 10'® Jones. The

devices show better performances compared
with those reported detectors based on CdS
nanostructure.21:26:27]

To further investigate the response speed

(b)
-28
107y * Noise spectrum w °
5 2 Background e [*)
107} S,
107}
1 0-30 Q
] 2
" 2
107 °
-32 ‘6
107 ) . = 10"k “
10° 10’ 10° 10° 10 10

Frequency (Hz)

UV intensity (mW/cm?)

¢ of the photodetector, time-resolved photore-
%9 sponse measurements were performed by
°°° periodically turning on and off the UV light

(375 nm). The photocurrent responses under

1"60 1"'01 UV illumination with different intensities

are shown in Figure 5S¢, after being depleted
and without additional gate voltage. A high

S| oo mWicm®  —e—4.73 mW/cm®
10°f ——024mWicm® —o—17.93 mW/cm’

Normalized Current (a.u.) o

speed oscilloscope was used to monitor the
fast-varying optical signal.*® The response
time (rise time 7;), defined as the time for the
photocurrent increasing from 10% to 90%
Iealo is 12.6 ms, and the recovery time (fall
time 7¢), defined as the time decreasing from
90% to 10% Iheqr, is 180 ms, respectively,
as shown in Figure 5d. The longer recovery
time may be related to the influence of the

0 10 20 30 40 50 60
Time (s)

Figure 5. Noise, detectivity, and time-response characterizations of the ferroelectric side-
gated single CdS NW UV photodetector. a) Noise power spectrum of the device at Vg =1 V.
The background noise was also measured for comparison. b) The specific detectivity of the
photodetector under different UV intensities, at Vys = 1 V. ¢) Photocurrent response of the
device under UV illumination with different intensities, the UV light is turned on/off at an
interval of 5's, at Vs = 1V, after being depleted and without additional gate voltage. d) Time-
resolved photoresponse of the device, the rise and fall of the photocurrent, and the fitted data

using exponential functions, at Vys=1 V.

where S, (f] in the bandwidth range from 0 to 1 is assumed to
be constant and equal to So[S,(f=1 Hz)]. B=1kHz is the band-
width. The total noise current power, i.e., the flicker noise cur-
rent power (in)’ is obtained to be ~4.6 x 10728 A2 The flicker
noise current is =2.1 x 107 A. Thus, the NEP and D* can be
calculated according to Equations (6) and (7)142~*!

NEP = <l—>2 (6)
R

D' = VAVB 7)
NEP

where R is the responsivity, A is the effective area of the
detector, B is the bandwidth. Figure 5b presents the calculated
values of D* at different UV intensities. It shows that the D*
is up to 2.3 x 10'° Jones at V, = 1 V, under the low UV inten-
sity of 0.01 mW cm™2. For a wider frequency range, the shot
noise from dark current at large bandwidth will be the major
contribution limiting the detectivity.>*% Overall, with the ultra-
high ferroelectric polarization field of P(VDF-TrFE) ferroelectric
polymer, we achieve the full depletion of the intrinsic carriers
in the NW channel, which significantly reduces the dark cur-
rent and increases the sensitivity of the photodetector. High
photoconductive gain and responsivity, low dark current, and

wileyonlinelibrary.com
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surface states and the crystal quality of CdS
NWs.”38] Furthermore, the recombination of
photogenerated electrons and holes may be
affected by the surface defect states of CdS
NW and the interface states between the CdS
NW and P(VDF-TrFE) ferroelectric polymer.®!
The time-resolved photoresponse measure-
ment of the device was performed before
being depleted (Figure S5a, Supporting
Information), which shows a low ratio of
Light/ lqark- In addition, the photoresponse of
the device was achieved under deep UV illu-
mination at a wavelength of 280 nm (=5 mW c¢m™2), after being
depleted and without additional gate voltage (Figure S5b, Sup-
porting Information), indicating that the ferroelectric-enhanced
side-gated CdS NW photodetector is also sensitive to the deep
UV light.

3. Conclusion

In summary, we have fabricated the ferroelectric polymer side-
gated CdS NW UV photodetectors. The dark current of the
device is reduced significantly after being depleted by the ultra-
high electrostatic field from polarization of ferroelectric polymer
with a short negative gate voltage pulse on the side gate. The
flicker noise (1/f noise) is the dominant noise source of the
detectors, and the flicker noise power is as low as =4.6 x 10728
A? at Vi =1 V. The ferroelectric polymer side-gated single CdS
NW UV photodetector exhibits an ultrahigh detection perfor-
mance with high photoconductive gain of 8.6 x 10°, respon-
sivity of 2.6 X 10> A W1, and specific detectivity of 2.3 x 106
Jones at a low power density of 0.01 mW cm™ for A = 375 nm,
which are higher than traditional FET UV photodetectors.
These results demonstrate that a new approach is established
to fabricate controllable, high-performance, and low power con-
sumption UV photodetector.

Adv. Funct. Mater. 2016, 26, 7690-7696
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4. Experimental Section

Nanowires Synthesis: The single-crystalline CdS NWs were synthesized
via a CVD method. CdS powder was placed onto a ceramic boat at the
center of a quartz tube, and silicon substrate coated with 1 nm thick of
Au catalyst was placed at the downstream of the carrier gas flow. After
the tube was pumped down to a pressure of 1 X 107> mbar, a mixture
gas (argon/hydrogen = 100:20) was introduced into the quartz tube at
a flow rate of 50 sccm (standard-state cubic centimeter per minute).
The CdS powder is heated to 700 °C and maintained for about 50 min
at a pressure of 100 mbar. After the system was cooled down to room
temperature, a large amount of CdS NWs was found on the surface of
the silicon substrate.

UV Photodetectors Fabrication and Characterization: The CdS NWs were
transferred onto the Si/SiO, (110 nm) substrate. Then the substrate
was spin-coated with MMA and PMMA, and electron-beam lithography
(JEOL 6510 with NPGS system) technique was employed to define
the drain, source, and side-gate patterns. The Cr/Au (15 nm/50 nm)
electrodes were fabricated by metal evaporation and lift-off processes. A
200 nm of P(VDF-TrFE) (70:30 in mol%) ferroelectric polymer film was
deposited on the NW channel by spin coating, followed by an annealing
step to improve its crystallinity at 130 °C for 2 h on a hot plate. The
optoelectronic measurements of fabricated NW photodetectors were
performed with the Lake Shore TTPX Probe Station and Keithley
4200 semiconductor characterization system. The photocurrent map
was acquired by scanning the sample under a focused laser beam
through a 100X Nikon lens. Noise power spectra of the photodetectors
were measured by a Noise Measurement System (Platform-DA, NC300).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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