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ABSTRACT: An ultrasensitive phototransistor was fabricated based hv

on K-intercalated MoOj; single nanowire. Devices with ultrafast

photoresponse rate, high responsivity, and broad spectral response S D
range were demonstrated. Detailed analysis of the charge transport in

the device revealed the coexistence of both thermal-activation and 0 e
photoactivation mechanisms. The promising results are expected to

promote the potential of this material in nano/micro-scaled

photoelectronic applications.

1. INTRODUCTION

Photoconductivity is one of the most studied phenomena in
nanowires (NWs) mainly due to their large surface to volume
ratio, nano-sized spatial constraints, and quantum confinement.
They facilitate the applications of the NWs as photo-
detectors,"”> photovoltaics,> ™ optical switches,® and optical
interconnects. Among these, phototransistors are one of the
basic building blocks for nanoelectronic circuits. Ever since the
concept of the phototransistor was first proposed by William
Shockley, great attention has been given to such device due to
its much higher sensitivity and lower noise than those of other
counterparts.”® However, previously reported phototransistors
either could not achieve saturated output current”'® or the
working voltage regluired is excessively high (>10 V) to achieve
the saturation."' ™" Furthermore, the relatively slow response
rate (ca. 100 Hz) is also an issue restraining the performance of
photoelectric devices.”'*™'® On the other hand, metal oxide
nanowires form an extremely important class of photo-
conductors. Molybdenum oxide (MoOs), a wide-band-gap
(3.2 eV) n-type semiconductor, has attracted great attention as
field emission devices (FED),”’18 photodetectors, batteries,'”*°
catalysts,”" sensors,”** and photochromic and electrochromic
materials.”**® Like other metal oxide nanowires, the main
applications of MoOj in photoelectronics are limited by its
wide bandgap. Its low electrical n-type conductivity (resistivity
~ 10" Q-m) always inhibits its practical implementation as
well.*® Impurity doping is one of the most common approach
to modify the electrical properties of the material and one
advantage about MoOj is its rich intercalation chemistry made
possible by its layered structure. However, due to the size
limitation of the gap between layers, only small ions such as
lithium have been successfully intercalated through immersing
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MoOj; nanostructure in LiCl solution.”” Recently, we reported
the feasibility in intercalating large ions such as potassium
without damaging the integrity of the layered structure of
Mo0O;.*®* We report here that with the intercalation of the
foreign atoms the electron donor levels become extremely
shallow, resulting in an ultrasensitive phototransistive process
yielding a sub-millisecond level photocurrent response along
with an extended response spectral range. Furthermore,
saturation for the light intensity gated output current was
achievable within 1 V which makes the device a promising
phototransistor. We analyzed the charge transport in both
negative and positive directions under different temperatures
and found that charge transport may be separated into a
unidirectional, thermal activated part together with a photo-
sensitive part. This work demonstrates the potential of K-
enriched MoO; nanowires in nano/micro-scaled photoelectric
applications.

2. EXPERIMENTAL SECTION

Nanowire Synthesis. The synthesis of K-intercalated
MoO; nanowire employed a simple and facile one-step vapor
deposition method. Briefly, a piece of molybdenum foil was
cleaned and loaded into the center of a horizontal tube furnace.
A muscovite mica sheet (K(AL)(Si;Al)O,o(OH),) was placed
on top of the molybdenum foil with a gap of ca. 1 mm. The
mica sheet not only acted as the substrate, it also provided the
source of potassium. The system was ramped to 600 °C and
dwelled for 6 h with controlled air flow into the chamber. Mo
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was evaporated from the surface of the foil and oxidized in air
flow. At the surface of the substrate, the oxidized Mo vapor
reacted with potassium squeezed out from the edges and grain
boundaries found on the mica and then intercalated into the
growing MoOj; nanowire simultaneously to form the quasi-one-
dimensional nanostructure.

Devise Fabrication. A single K.MoO; nanowire was
transferred to a silicon substrate coated with a 200 nm thick
Si3N, dielectric for device fabrication and subsequent electrical
characterization. A UV-laser lithography system (Heidelberg
Instruments uPG101) was employed to develop the device
architecture. The fabrication was completed by thermal
evaporating aluminum as the source-drain electrodes.

3. RESULTS AND DISCUSSION

After synthesis, the nanowire was transferred to a piece of
silicon and the morphology of the product was identified by
scanning electron microscopy (SEM). A typical SEM image of a
single nanowire is shown in Figure la. The nanowire displays a
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Figure 1. (a) SEM image of an individual nanowire. Upper right inset
shows the EDX spectrum of the nanowire and bottom left inset shows
the low-magnification TEM image. (b) Raman spectra of K-
intercalated MoO; nanowire (red curve) and pure MoO; nanobelt
(black curve). (c) SAED pattern of K,MoOj5 on the (010) surface. (d)
SEM image of the individual nanowire device.

needle-like shape with the diameter reducing slightly along the
growth direction from the bottom (upper left of Figure 1a) to
the top (lower right of Figuer la); the measured average
diameter is about 800 nm with lengths in excess of 200 ym.
Energy-dispersive spectroscopy (EDX) was carried out on
selected spots of the nanowire, and the representative spectrum
is as shown in the inset of Figure la. The potassium peaks are
clearly demonstrated, which indicates that K atoms have been
intercalated into MoO; successfully. We denote the K-
intercalated MoO; nanowire as K,MoO;. The ratio of K/Mo
revealed by the EDX spectrum is 23:77. A diode laser (emission
wavelength centered at 532 nm) was employed as the excitation
source for the micro-Raman (Renishaw inVia) characterization.
The Raman spectra of pure MoO; (black line) and K,.MoO,
nanowire (red line) are shown in Figure 1b. Evidently, the
Raman shift of these two spectra are completely different,

which demonstrates the modification of the chemical bonds
and lattice vabrations by potassium intercalation.”® These
characterization results are highly suggestive of a diversification
in electrical properties of K.MoO; compared with pure MoO;.
Transmission electron microscopy (TEM) was carried out to
further investigate the crystalline lattice. Inset of Figure la
illustrates the low-magnification TEM image of a single wire,
and the corresponding selected area electron diffraction
(SAED) pattern of K,MoO; on the (010) surface is displayed
in Figure lc. Amazingly, a complicated but clear diffraction
pattern was exhibited. A typical rectangular pattern consisting
of large bright spots is clearly shown with five weaker spots
evenly distributed between two bright spots along one
direction. Through calculation, the bright spots indicate an
orthorhombic configuration with the calculated lattice con-
stants of a = 0.37 nm and ¢ = 0.40 nm. The [001] direction is
considered as the growth direction of K. MoO; nanowire. The
values are similar with our previously reported data of pure
MoO; nanobelts,” except that a value shrinks by about 0.02
nm while ¢ expands by about 0.03 nm compared with the
K,MoO; nanowire, which is attributed to the intercalation of
potassium along [100] direction. Considering the valence of
potassium and molybdenum, six K ions exchanging with one
Mo® ion from mica to nanowires can sustain the right chemical
stoichiometry, which gives rise to the observed superstructure.
The origin of the superstructure was detailed in our earlier
report.28

The SEM image of an individual nanowire device with four
electrodes is shown in Figure 1d. Both the electrode width and
the separation between two electrodes are designed to be 10
pum. The typical Ing—Vpg curve is displayed in Figure 2a, with
Vps ramping from —10 to 10 V. The blue curve indicates the
dark current which was carried out without any light
illumination. Different from common semiconductors, the
output current of K.MoO; nanowire exhibited an obvious
unidirectional property. The current was minimal with the
rising reverse bias while at forward bias, output current
increased dramatically with the voltage and almost a linear
relationship was shown in the high voltage region. This curve is
a typical I-V characteristic curve of a diode. The equivalent
circuit is diagrammed in the top inset of Figure 2a, which
indicates the current is only allowed to flow from positive to
negative electrode. The turn-on voltage (beyond which, the
output current displays a significant positive value) of K,MoO,
nanowire diode is measured as Vy,,) = 0.4 V, which is even
lower than that of silicon diode (Vy(n = 0.5-0.6 V). The
unidirectional output characteristic is attributed to the intrinsic
barrier in the nanowire device. Further investigation through
systematical EDX spectra along the K,.MoO; nanowire growth
direction was carried out. And as labeled in Figure 1d, three
representative spots were selected and the corresponding EDX
results are shown in Figure 2b. Evidently, from bottom to top
spot along the wire growth direction, the potassium
concentration decreases gradually (from Mo:K = 75:25 to
Mo:K = 81:19). Therefore, the formation of intrinsic barrier is
attributed to the nonuniform distribution of K composition
which favors the unidirectional fluxion of the electrons and
inhibits the reverse channel. This property demonstrates the
great potential of KMoO; nanowire as an intrinsic barrier
diode for nanoscale electronics application.

Besides the diode property, K.MoO; nanowire also exhibits
high sensitivity to light, even under weak light intensity. A
halogen lamp with the main spectrum ranging from 400 to
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Figure 2. (a) Typical Ing—Vpg curve of the single nanowire device in dark field. Insets show the schematic symbol of the potential applications
(diode and phototransistor). (b) EDX spectra measured at three different spots along the nanowire growth direction. (c) Typical Ins—Vpg curve
(pink curve) of the single nanowire device with white light illumination. Inset zoom in the dark field curve in Vpg < 0 region. (d) Output current
plotted as a function of light power intensity. (e) Ins—Vpg characteristics of the device under different power illumination at the Vg < 0 region. (f)
Zoom in the characteristics at the region of —4.5 V < Vg < 0. (g) Ips—Vpg characteristics of the device under different power illumination at the Vg
> 0 region. (h) Zoom in the characteristics at the region of 0 < Vg < 4.5 V.

1100 nm (the spectrum of the lamp was captured using a
spectrometer and the result is shown in the Supporting
Information Figure S1) was employed as white light to study
the photoresponse of the nanowire device during I-V
measurement. The pink curve shown in Figure 2c displays
the typical Ing—Vpg curve under 1 mW/cm® of broad beam
white light illumination. Obviously, the output current
increased sharply beyond 4 V (—4 V for backward) and
subsequently reached saturation before 5 V for both voltage
direction. A change in magnitude of 400 nA was registered in
this case. The rapid increase and saturation of the photorelated
current suggests the potential of KMoO; nanowire as a
ultrasensitive phototransistor. In Figure 2d, the magnitude of

22017

the current as a function of the power intensity of white light
was also recorded, in which case the voltage was kept at —10 V
(black square) and 10 V (red circle). The output current
increased with increasing light power intensity, and a linear
relationship is noted, with larger values of the current at +10 V
caused by higher dark currents in the positive voltage regime.
This typical illumination characteristic curve demonstrates the
good performance of K.MoO; single nanowire phototransistor.
Phototransistors are built on photorelated free carriers under
illumination. Hence, two working mechanisms may occur in
this phototransistor device. One is photovoltaic effect which
depends on the light absorption, exciton dissociation, electron
and hole diffusion, and electrode collections.” The other
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possible mechanism is photoconductive effect which results in a
huge increase of carrier density in the nanowire (6 = nqy,
where o is the conductivity, y is the carrier mobility of the
material, n is the carrier density, and g is the charge of
electron). In the present system, no photovoltage was observed
in the device despite the formation of a large photocurrent.
Hence, the photoconductive effect is more significant and can
be described by'>*°

Ipc = (‘Iﬂ”E)VVD = APpower (1)
where E is the electrical field in the nanowire, W is the gate
width, and D is the active layer thickness, while P, is the
incident light power and A is a fitting parameter. Evidently, the
experimental data in Figure 2d are well fitted with eq 1,
providing further credence to the theory that the photocurrent
of KMoO; single nanowire device was driven by photo-
conductive effect. For a fixed incident light power intensity, the
density of the excited free charge carriers was fixed, and thus
the magnitude of the photocurrent remained the same for
applied voltages that were larger than the threshold (as shown
in Figure 2¢).

The output characteristics under different intensities of
illumination at the negative voltage direction are shown in
Figure 2e. With the increase of incident light power intensity,
the drain current rose gradually. Actually, the drain current was
controlled by the optical power density, and the curves
displayed good transistor behavior, consisting of a rapidly
increasing linear regime and a fully saturated regime, which is
similar to the output characteristics of a traditional field effect
transistor modified by gate voltage, except here the light
intensity plays the role of voltage gating. The results suggest
that the incident light could be employed to replace the gate
voltage, Vg, as an additional terminal to control the output
level of the transistor, indicating an effective approach to
achieve current modification and signal magnification in a single
nanowire device for future low-cost, nanoscale photoelectric
integration. Under 4mW/cm” illumination, the I is measured
to be —5.6 pA at Vpg = —10 V with the electric conductivity
estimated to be about 3.3 S/m. The responsivity, R, an
important parameter of phototransistors, can be calculated by*'

-1
R = I,;h b item — Ipg 4an)S

fes F opt B (2)

where P, is the light power, Ipgjyy and Ipg g, are the drain-
source current under illumination and in dark, respectively, S is
the effective area of nanowire device, and P; . is power density
of the incident light. It is very attractive that the R, value of the
nanowire phototransistor could reach as high as 1.75 X 107
mA/W under white incident light with a wavelength centered
around 630 nm and a 6 V drain voltage bias. This value is much
higher than that of graphene (~1 mA/W),*> MoS, (7.5 mA/
W), and organic phototransistors (PPEs, 36 mA/W)." 1t is
even comsparable with those of the ZnO nanowires (1.29 X 107
mA/W)'® and vertially aligned Si nanowire arrays (~10° mA/
W).*® The high responsivity of the nanowire device enables a
large on/off ratio, indicating the potential applications of the
nanowire transistor in photoelectronic devices such as
retrosensors, optoisolators, 31 and photoamplifiers. The related
diagram and equivalent circuit of the K.MoOj; nanowire
transistor are illustrated in the right inset of Figure 2a, where R
is the intrinsic resistance of KMoO; nanowire. The output
characteristics of Ipg under illumination at positive Vpg

direction is shown in Figure 2g. Similarly, the device also
showed a good phototransistor behavior. The output current
was well controlled by incident light power, and saturation is
achieved at higher voltage regime. Again, the unidirectional
property of the existing current in KMoO; nanowire resulted
in the slightly higher output current compared with the
negative voltage region. Careful analysis of the output
characteristics could indicate more details about the photo-
transistor mechanism, as shown in Figure 2fh. The regions for
—4.5V < Vpg < 0and 0 < Vg £ 4.5V were zoomed in, and it
is clear that the photo-related current is only prominent when
the drain voltage is beyond 4 V (or —4 V). This is attributed to
the Schottky barrier formed by the connection of K .MoO;
nanowire and aluminum electrode (the work function of Al is
about 4.2 eV>*). The existing output curve under dark field was
further investigated. As shown in the inset of Figure 2¢, which is
the zoom in of the negative voltage regime of the dark
characteristics, a small current was detected at around —4 V and
increased with the increasing magnitude of the voltage
thereafter, which indicates a typical Schottky contact character-
istic curve. We should also note that there is also a small kink at
+4 V for the data shown in Figure 2a (indicated by black
arrow). Therefore, the whole output characteristic is attributed
to be a combination of two possible mechanisms: one is the
unidirectional output caused by intrinsic nonuniform potential
distribution (denoted as part 1), and the other is a normal
semiconductor output with Schottky contact (part II), as
shown in Figure 3. Since the magnitude of the output current
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Figure 3. Illustration of the proposal that the entire output
characteristic of the device comprises of unidirectional output caused
by intrinsic nonuniform potential distribution within the nanowire
(part I) and normal semiconductor output with Schottky contact (part
D).

related to part I is much higher than that of part II, part I
dominated the output characteristic curve in dark condition by
showing the unidirectional tendency of the entire output
current.

Although the output of part I showed little fluctuation with
incident light power intensity, it changed dramatically with
thermal variation. The output current was measured with
temperature varying from 77 to 330 K, and the corresponding
Ips curves were recorded. As shown in Figure 4a, the Vg values
were kept at 2, 3, and 4 V, at which region Ipg is hardly affected
by the incident light. An exponential behavior of the output
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(b) Typical Ing—Vpg characteristics of the device at different temperatures.
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Figure 5. (a) Photoresponse characteristics of K,MoOj; phototransistor at different optical power. (b) Photoswitching rate test of the device.

current with increasing temperature is demonstrated for various
applied bias. The electron movement almost came to a stop
below 100 K and increased rapidly with rising temperature from
200 to 330 K. The corresponding values of In(Ipg) display a
quasi-linear relationship with the increasing temperature, as
shown inset of Figure 4a. As expected, the current—temperature
depencslglsce of the nanowire follows the thermal activation
model™”

IDS _ 0_0 VDSScross e—AE/KBT (3)
where W is the width of the transistor channel, S is the
cross-sectional area of the K MoO; nanowire, kg is the
Boltzmann constant, and AE is activation energy. The fitted
results of the phototransistor at various applied bias were
shown as solid lines in Figure 4a. The activation energy was
found to be AE ~ 0.69 eV. Evidently, all the output current at
Vps below 4 V region were fitted well with the thermal
activation model, indicating the thermal activation characteristic
of K.MoO; nanowire in part I rather than optoactivation. On
the other hand, Figure 4b exhibits the typical characteristic
curves under 3 mW/cm? illumination at different temperature
(where we recorded the total outputs and deducted the dark
field curve). Obviously, the photocurrent also shows an obvious
dependence on temperature, indicating that both photo-
activated thermal-activated processes in part II (at high voltage
bias) under illumination conditions. The obvious thermal- and
photoactivation process demonstrated the potential of K,.MoOj;
nanowires in both thermal-electronic and photoelectronic
applications dependent on different bias applied.

22019

The promising phototransistor performance is also sup-
ported by the ultrafast photoresponse of the K. MoO; nanowire
to light. The time responses of the transistor have been
investigated under applied bias Vg = 10 V with light power
densities of 0.1, 1, 2, 3, and 4 mW/cm® The light source was
turned on and off for S s. As shown in Figure Sa, the device
presented a rapid on/off switching behavior. Each photo-
response cycle consists of three distinct stages: a sharp rise, a
steady state, and a sharp decay process to original state with an
on/off current ratio of about 10* under 4 mW/cm?
illumination. Five single nanowire devices have been tested
and the on/off ratio ranges from 1 X 10* to 5.6 x 10%
Photoresponse behavior of another device fabricated and
studied is shown in the Supporting Information Figure S2. As
shown in Figure 5b, both the response and recovery process
were completed rapidly. The rapid response time (ca. S ms)
was tested by an oscilloscope (DSO-X 30244, 200 MHz)
associated with an electronic chopper. As shown in the inset of
Figure Sb, the recovery rate was tested to be as short as 0.3 ms,
which is even faster than the rising response process, 5 ms.
These values (3.3 and 0.2 kHz) are much faster than that of the
reported organic (F16CuPc, 50 and 100 Hz, and TA-PPE) and
inorganic (ZnO) phototransistors or photoswitches.”'>'® The
device also exhibited high stability and reproducibility. Almost
no degradation of the current was observed after several tens of
cycles of continuous work, as shown in the Supporting
Information Figure S3. Moreover, the phototransistor is
demonstrated to respond to full spectrum regime. The
photoresponse characteristics were further investigated with
the help of a series of filters with wavelength selection centered
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at 488, 500, 514, 532, 550, 570, 600, and 633 nm and lasers
with wavelengths of 325, 532, 808, and 1064 nm. The
representative results and photocurrent as a function of
wavelength are shown in the Supporting Information Figures
S4 and SS. Evidently, the K,MoO; nanowire device is much
more sensitive for the visible spectrum regime which promotes
this kind of devices toward a myriad of applications in daily life.

4. CONCLUSION

In summary, we managed to synthesize the K-intercalated
MoOj; nanowire through a simple but effective one-step vapor
deposition method. EDX analysis confirmed the decreasing
trend of K concentration along the nanowire growth direction
which enables the unidirectional, diode-like behavior of the
dark current. This part of current is found to be irresponsive to
the change of light intensity, but it is responsive to changes in
temperature. The extreme shallow donor created by the
intercalation of K enables an ultrasensitive and submillisecond
photocurrent response. On top of this, fabrication and
characterization of the single-wire device demonstrated that
the saturation of the output current can be achieved within a
voltage window of 1 V (from 4 to S V), and light was able to
serve as a reliable control over the current level with the on/off
ratio as high as 10*, which confirms the application of the
devices as promising phototransistors and light sensors.
Moreover, the high responsivity and broad spectral response
further illustrate the potential of this material in the nanosized,
photoelectronic applications of communications, sensing, and
imaging.
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Spectrum of light source, typical Ig—Vpg curve and photo-
response of another representative device, long time trace of
photoresponse and photoresponse under different wavelength
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