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ABSTRACT: In this article, we propose a novel approach to demonstrate tunable
photoinduced carrier transport of a few-layered black phosphorus (BP) field-effect
transistor (FET) with extended air stability using a “light-sensitized ultrathin
encapsulated layer”. Titanium suboxide (TiO,) ultrathin film (approximately 3 nm),
which is an amorphous phase of crystalline TiO, and can be solution processed,
simultaneously exhibits the unique dual functions of passivation and photoinduced
doping on a BP FET. The photoinduced electron transfer at TiO,/BP interfaces
provides tunable n-type doping on BP through light illumination. Accordingly, the
intrinsic hole-dominated transport of BP can be gradually tuned to the electron-
dominated transport at a TiO,/BP FET using light modulation, with enhanced
electron mobility and extended air stability of the device. The novel device structure
consisting of a light-sensitized encapsulated layer with controllable and reversible
doping through light illumination on BP exhibits great potential for the future
development of stable BP-based semiconductor logic devices or optoelectronic
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lIthough graphene exhibits excellent carrier transport

because of unique two-dimensional (2D) energy dis-
persion, the absence of an intrinsic band gap of graphene
largely limits its application in semiconductor logic devices. The
2D-layered materials of transition-metal dichalcogenides
(TMDs) with inherent band gaps such as MoS, and WS,
have recently demonstrated great potential as the building
blocks for next-generation semiconductor logic devices by
enabling ultrathin high-quality semiconducting channels."”
Another emerging 2D material is black phosphorus (BP)—or
phosphorene—which consists of a one-atom-thick sheet of
phosphorus atoms, with each atom forming the puckered
orthorhombic structure, and is the second known 2D atomic
crystal other than graphene that is formed by a single chemical
element.”* Ultrathin few-layer or monolayer BP flakes have
been exfoliated successfully from a bulk BP crystal because of
weak interlayer van der Waals interactions.” Unlike semi-
conducting TMDs, BP has a direct band gap for all numbers of
layers, from 1.2 eV for the monolayer to 0.3 €V for a bulk BP.”
Ultrathin few-layer BP field-effect transistors (FETs) exhibiting
excellent semiconductor transport behavior with remarkably
high hole mobilities up to 1000 cm® V™' s™' and an on—off
ratio in the range 10°—10° at room temperature have been
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demonstrated recently,’ making them promising for semi-
conductor logic device applications. However, critical chal-
lenges remain for BP to be realized in the practical application
of 2D electronic devices. First, the low chemical stability of BP
has been widely reported, which undergoes fast degradation
after exposure to ambient air, because oxygen and moisture can
cause severe compositional and physical changes in the
material.° Several passivation techniques such as using the
atomic layer deposition (ALD) of AlO, overlayers’ or the
transfer of atomically thin graphene and hexagonal boron
nitride®” as capped layers have been developed to effectively
prevent deterioration in BP devices. In addition, the ambipolar
characteristics of BP FETs typically show strong asymmetric
electron and hole transport behaviors, with an electron mobility
in order of magnitudes lower than its hole mobility,””” so that
the task of obtaining a high-performance n-type BP FET is
generally more challenging than for its p-type counterpart.'’
Therefore, the solutions of these two critical issues in the search
for a stable and high-performance n-type BP FET will have a
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Figure 1. (a) Optical image of few-layer BP without/with coating the TiO, film before and after aging for 1 day. AFM images and line profiles of (b)
the pristine BP and (c) TiO,/BP samples after aging for 1 day. (d) Time-dependent evolution of surface roughness of BP with and without coating

with the TiO, film.

great impact in this emerging field for the future development
of BP-based complementary logic devices.

In 2D atomic-layered materials, because the entire surface is
exposed to its surroundings, the tunable electrical properties of
both n-type and p-type transport are attainable through the
chemical doping of either substitutional doping'' or surface
charge-transfer doping.'> Chemical doping based on surface
charge transfer by depositing a thin cesium carbonante
(Cs,CO;) layer has recently been used to modulate the
electron transport behavior of a few-layered BP FET with a
substantial increase in electron mobility by filling high
concentrations of electron traps of undoped BP."” The doping
concentrations of chemical doping are typically controlled
through the thickness or concentration of dopants.'"'> Another
promising approach to modulating the electrical properties of
graphene-'>"* or TMD-based'>'® transistors by using optical
excitation has been recently demonstrated. The unique
advantage of using photoinduced doping on modulating carrier
transport behaviors is that this technique is more controllable
and reversible than is chemical doping,ls_lé in which
photogenerated charges from a light-absorbing material can
be transferred to the surface of 2D atomic layer materials,
resulting in controllable p- or n-doping processes through light
illumination. This work demonstrates a novel approach for
fabricating a tunable photoinduced carrier trasnport of a few-
layer BP FET, with carrier concentrations and carrier transport
types to be controlled through light modulation. The
photoactive layer of an ultrathin titanium suboxide (TiO,)
film (approximately 3 nm), which is an amorphous phase of
crystalline TiO, and can be solution processed,’” simulta-
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neously exhibits the unique dual functions of passivation and
photoinduced n-type doping on a BP FET, as a result of trap-
state-mediated photoinudced charge transfer at the BP/TiO,
interface. Through light modulation on the BP FET using an
encapsulated photodoping layer of a TiO, ultrathin film, the
intrinsic hole-dominated transport of a BP FET can be tuned
gradually to an electron-dominated transport, accompanied by
enhanced electron mobility and extended air stability of the
device. To our knowledge, this is the first report of modulating
carrier transport behavior of a black phosphorus FET through
photoinduced doping.

B RESULTS AND DISCUSSION

The bulk BP single crystals were grown via a Snl, chemical
vapor transport (CVT) method in our lab, where a high-quality
BP single crystal with a large size of more than 0.7 cm was
obtained (see Supporting Information). The detailed synthesis
processes of growing single-crystal BP are described in the
Supporting Information. Few-layered BP was exfoliated from a
bulk BP crystal by using a conventional Scotch tape method
before it was transferred to a SiO,/Si substrate. Because of the
intrinsically unstable properties of few-layered BP, the surface
of as-exfoliated BP was degraded quickly through oxidation in
ambient air. The optical images in the top panel of Figure la
display the evolution of the as-exfoliated few-layered BP on
silica after exposure to the ambient atmosphere (25 °C, 50%
humidity) for 1 day. The initial uniform optical contrast of the
few-layered BP sample indicated that the as-cleaved surface was
smooth because of its layer structure. However, after exposure
to the ambient atmosphere for 1 day, the BP optical image
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Figure 2. (a) Schematic representation of a precoated TiO,/BP FET. (b) Gate-dependent conductivity of the TiO,/BP FET and the pristine BP
FET (inset). (c and d) Transport characteristics of source—drain voltage versus current of the electron and hole branches, respectively. (e and f)

Stability test of the TiO,/BP and pristine BP (inset) transistors.

became nonuniformly gray, and many particles formed on the
surface (Figure la, top right). The corresponding surface
morphology of BP was further analyzed using atomic force
microscopy (AFM), as shown in Figure 1b, where many
oxidized particles with sizes of 20—200 nm in width and 5-30
nm in height can be clearly observed. In this work, a sol—gel
TiO, thin film was used as an encapsulated layer by spin coating
to protect the intrinsic few-layered BP from degradation. A
detailed synthesis method of a TiO, thin film is described in the
Supporting Information. The amorphous TiO, thin film, with a
large band gap of >3 eV (Supporting Information), has been
widely used as an effective encapsulated layer'® or an electron-
transporting modified layer'”*® for enhancing the efficiencies of
polymer photovoltaics. Recently, it was also found to act as an
efficient electron-donating agent when fabricating stable n-type
graphene transistors because of its inherent oxygen vacancies.'”
Compared with the pristine unprotected BP, the uniform
optical contrast of TiO,/BP can still be maintained without any
noticeable surface changes after exposure in air for 1 day, as
shown in the bottom panel of Figure la. The corresponding
AFM image of the TiO,/BP sample was further analyzed, as
shown in Figure lc, where three distinct regions of TiO,/BP,
TiO,, and SiO, can be clearly resolved, which are subject to the
profiles of BP encapsulated with a TiO, thin film (TiO,/BP),
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the TiO, thin film on the surface of the SiO, substrate (TiO,),
and the pristine SiO,/Si substrate (SiO,), respectively. An
ultrathin TiO, film with a thickness of approximately 3 nm can
be uniformly deposited through spin coating. A considerably
smooth surface can be retained in the TiO,/BP sample without
the formation of any oxidized particles after exposure in
ambient air for 1 day. Figure 1d shows the evolution of the
average roughness of the pristine BP and TiO,/BP samples
after exposure in air for several days. The BP encapsulated with
a TiO, thin film exhibited good air stability with low surface
roughness (0.35 + 0.02 nm) compared with the pristine BP
sample, the roughness (6.50 + 0.51 nm) of which increased
dramatically after exposure in air for 5 days, implying that the
TiO, ultrathin film could act as an effective encapsulated layer
for BP. In contrast to the reported passivation techniques such
as the ALD of overlayers” or the transfer of atomically thin
graphene and hexagonal boron nitride as capped layers,”” the
simple solution-processable TiO, thin film has the unique
advantage of requiring less complicated procedures in the
fabrication of large-area electronic devices.

To obtain a high-performance BP FET, it is critical to protect
the BP surface from oxidation during fabrication processes, in
particular for an n-type device. Ozyilmaz et al. recently
demonstrated a substantially improved n-type charge transport
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Figure 3. (a) Schematic representation of a BP/TiO, transistor under illumination (1 = 365 nm, power = 3.5 X 10~* yW/um?). (b) Mechanism of
photoinduced charge transfer at the TiO,/BP interface. (c) Evolution of conductivity versus gate-voltage curves for the TiO,/BP FET with increased
irradiation time. The inset is the one for a pristine BP under the same illumination condition.

of a BP FET with passivation by atomically thin graphene or
BN layers using the mechanical exfoliation technique in an inert
atmosphere, without any prior exposure to air.” Here, we
propose a device structure as shown in Figure 2a where an
ultrathin TiO, film with a thickness of 3 nm was immediately
deposited on the surface of the exfoliated BP sample by a spin-
coating process, followed by the deposition of the source and
drain electrodes on top of a precoated TiO,/BP hetero-
structure. The precoated ultrathin TiO, film may protect the
BP film underneath from degradation during the fabrication of
contact electrodes. Another function for the ultrathin TiO, film
in this device structure is that it can also act as an electrode
modifier to enhance the electron injection efficiency as
described in the following section. Figure 2b shows the gate-
dependent current characteristic of the TiO,/BP FET. For
comparison, the transport behavior of the pristine unprotected
BP FET is also shown in the inset. First, the appearance of a
notable threshold of an electron branch in the positive bias
region of the TiO,/BP FET indicates considerable improve-
ments in the n-type transport behavior compared with that in
the pristine BP FET. The field-effect mobilities of this device (a
two-terminal device) were further calculated by eq 1:
L 1dG

Hee = 3y Cg dVg (1)
where Cg represents the back-gate capacitance and L, W, and G
are the length, width, and sheet conductance of the channel,
respectively. The pristine BP exhibited asymmetric transport
behavior with a predominant p-type carrier transport, with hole
and electron mobilities of 145 and 2 cm? V™' s/, respectively.
These values are consistent with previously reported data on
pristine BP FET's with a similar thickness.®'* The predominant
p-type transport of a pristine BP is mainly caused by oxidized
species on the unprotected BP surface, which may act as
effective electron traps in the conducting channel.” For the
TiO,/BP FET, because the number of electron traps in the
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conducting channel of BP is largely reduced due to the
deposition of the TiO, encapsulated layer to prevent the BP
surface from oxidizing, the electron current is enhanced and the
electron mobility of the TiO,/BP FET also increases 6-fold by
up to 12 ecm® V™' 57!, compared to those of the pristine BP
sample. Recently, Lee et al. demonstrated that the electron
mobility of an n-type BP FET can be largely improved through
contact-metal engineering by altering the transporting barriers
of electrons and holes, where n-type contact resistance was
improved while retaining suppressed hole transport.'’ The thin
TiO, film, which has been widely used in organic solar cells as
an effective electrode-modified layer for enhancing electron
injection and hole-blocking,'”~*" may also act as an electrode
modifier for improving electron transport due to its intrinsic
oxygen vacancies.””>*>’ The corresponding energy levels of the
TiO, thin film with respect to those of BP** and Ti/Au™
electrodes are shown in the Supporting Information. A large
energy difference in the valence band (VB) edges between the
Ti/Au metal electrode and the thin TiO, layer may lower the
hole injection efficiency, which accounts for the suppressed
hole current and the reduced effective hole mobility (~24 cm®
V™' s7!) of the TiO,/BP FET due to the hole-blocking nature
of TiO,. Accordingly, the insertion of an ultrathin TiO, film
between the BP conduction channel and metal contact
electrodes not only prevents the BP surface from oxidizing
but also leads to modification in the injection barriers of carriers
for the TiO,/BP FET. Figure 2c exhibits the enhanced source—
drain current of the electron branch with the insertion of the
TiO, ultrathin layer at the TiO,/BP FET, whereas Figure 2d
shows the decreased hole current at the TiO,/BP FET
compared to those in the pristine BP counterpart, mainly
attributed to the intrinsic nature of enhancing electron injection
and suppressing hole transport of the TiO, layer."”~*' The
TiO,/BP FET exhibited good stability with nearly unchanged
electron and hole mobilities after exposure for 72 h to ambient
air (Figure 2e and f). By contrast, the carrier mobilities of the
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Figure 4. (a) Source—drain IV characteristic (electron branch) of the TiO,/BP FET before and after photoinduced doping under gate voltages of
60 and 80 V. (b) Evolution of electron mobility versus photoinduced doping density and the shift of threshold voltage AV, for a TiO,/BP FET. (c)
Recovery process of photoinduced doping by applying a positive bias. Log-scale curve of the device after photodoping was given in the inset.

unprotected pristine BP FET degraded dramatically (the insets
of Figure 2e and f). Because the main purpose of this work is to
demonstrate tunable photoinduced n-type doping on a TiO,/
BP FET, the enhanced electron current and mobility of the
TiO,/BP FET with extended stability after the insertion of the
ultrathin TiO, layer are more crucial, although the hole current
and mobility of the device are inevitably suppressed due to the
hole-blocking effect of the thin TiO, layer. It is worth noting
that we also fabricated a postcoated TiO,/BP FET by
depositing the TiO, film after the source and drain electrodes
were deposited for the purpose of comparison. However,
oxidized particles were still formed on the surface of BP during
our processes of fabricating the metal electrodes so that the
postcoated TiO,/BP FET does not have a comparable device
performance to the precoated TiO,/BP counterpart (see the
Supporting Information). Therefore, the deposition of a
precoated TiO, thin film to protect the BP conduction channel
before the fabrication of metal electrodes as shown in Figure 2a
is thus essential to be compatible with our device fabrication
procedures to obtain an enhanced n-type transport of the
TiO,/BP device with extended stability.

Next, photoinduced n-type doping by modulating electron
transport behavior of the TiO,/BP FET through light
illumination was demonstrated. Photoinduced doping caused
by light—matter interaction at graphene— or TMD—hetero-
structure interfaces has recently exhibited unique physical
phenomena'*™'® and device functionality,'*® where photo-
generated charges from a light-absorbing material are trans-
ferred to these 2D materials, resulting in the modulation of the
electronic properties of the device through light illumination.
The TiO, thin film, which has a large energy gap of >3 eV, was
recently used as an efficient photoinduced electron-donating
agent to graphene due to trap-state-mediated photoinudced
charge transfer.'® Here, we used a 365 nm light-emitting diode
(LED) source for exciting the photocarriers of the ultrathin
TiO, film to modulate the transport behavior of a TiO,/BP
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FET (Figure 3a). Photoexcited electron—hole pairs are
generated and separated at the TiO,/BP interfaces, as the
incident photon energies are larger than the band gap of TiO,.
The nonstoichiometric TiO, thin film consists of a large
number of oxygen vacancies that typically act as effective hole-
trapping centers in the gap states.'””’ Under light illumination,
the holes are trapped in the gap states, whereas electrons in the
conduction band (CB) of the TiO, film are free to move and
are thus transferred to BP, according to the band alignment as
shown schematically in Figure 3b. Because of the trapped holes
in the TiO, layer as the TiO,/BP device is under photo-
excitation, the barrier height between the Fermi level of BP and
the conduction band minimum (CBM) of TiO, prevents the
electrons in BP from being transferred back to TiO, (Figure 3b,
right). As the UV light is switched off, a nearly unchanged gate-
dependent current—voltage characteristic curve was observed as
a result of trap-state-mediated photoinudced charge transfer at
the BP/TiO, interface. Therefore, photoinduced electron
doping for a TiO,/BP FET with a controllable doping
concentration can be achieved by carefully adjusting the
illumination intensity and time (dose = power X time). Figure
3c shows the evolution of the gate-dependent conductivity
curves of the TiO,/BP FET in the dark and under different
doses of UV light illumination. The power intensity was kept at
a low power of 3.5 X 10™* yW/um? with a gradual increase at
the irradiation time up to 1500 s. The initial transfer
characteristic curve (solid black-dotted line) of the TiO,/BP
FET before light illumination exhibited typical hole-dominated
transport behavior. With the gradual increase of the illuminated
time of the incident light, an intriguing evolution of the gate-
dependent conductivity curves of the TiO,/BP FET was
observed. The hole current at the negative sweeping voltage
direction is gradually suppressed, accompanied by an increased
threshold voltage as the incident photon dose is increased
(solid line). By contrast, the current at the electron branch (the
positive voltage direction) is gradually enhanced, accompanied
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by a decreased threshold voltage. These processes reach
saturation as the trapped states at TiO, are completely filled
(solid pink-dotted line), where the device exhibits an electron-
dominated n-type transport behavior. The corresponding
photoinduced n-type doping concentration (illuminated by
3.5 X 107* yW/um?, 1500 s) can be estimated as high as 3 X
10" cm™ according to An = a X AVy, where a is the
calculated capacitance values at zero gate bias and AV} is the
shift of the threshold voltage. The ultrathin TiO, film not only
acts as an encapsulated layer to prevent the BP surface from
oxidizing but also acts as a light-sensitized photodoping layer.
Due to the intrinsic nature of enhancing electron injection or
hole-blocking of the ultrathin TiO, film, the photogenerated
electrons are able to transfer to the conduction channel of BP
and inject into the collecting electrodes, whereas holes are
largely blocked, resulting in enhanced electron current and
suppressed hole current of the device. Accordingly, tunable
photoinduced n-type transport of a BP FET with extended
stability can be achieved using the light-sensitized encapsulated
ultrathin TiO, layer. For comparison, we also fabricated a
pristine BP FET without including the TiO, thin film to
measure the response of the electrical transport behavior under
the same illumination condition (3.5 X 10™* yW/um?, 1500 s),
where no obvious change after a long-term illumination has
been observed (inset of Figure 3c).

Figure 4a shows the source—drain current versus the voltage
characteristics of a TiO,/BP FET under gate voltages of 60 and
80 V before and after light illumination, where the current at
the electron branch increased under light illumination. The
enhanced electron concentrations resulting from photoinduced
charge transfer at TiO,/BP interfaces suggests that the carrier
transport behavior of a BP device can be controlled and tuned
through light modulation. Figure 4b shows the relationship
between the electron mobility and photoinduced doping
concentration An and the shift of the threshold voltage AV,
The TiO,/BP FET exhibited improved electron mobilities of
~1S5 to 17 cm® V! s7! with various photoinduced doping
concentrations up to 3 X 10'> cm ™. Typically, increased carrier
concentrations may result in degraded carrier mobility because
of enhanced scattering.”” The TiO,/BP FET preserves nearly
constant electron mobility as the photoinduced doping
concentration is increased without increasing Columbic
scattering from space charges. The result is the typical signature
of defect-state-mediated photoinduced charge transfer as
reported at a graphene/h-BN heterostructure,”® where the
dopants are separated from the conducting channel arising
from defect states in the bulk photoactive material, similar to
the conventional modulation doping in the high-electron-
mobility-transistor (HEMT) technique.”” The inset logarithmic
plot of Figure 4c shows the I, /I ¢ ratio of the TiO,/BP FET to
be ~10* under photoinduced doping. As mentioned above, a
nearly unchanged gate-dependent n-type transport character-
istic curve of the TiO,/BP FET was observed as the illuminated
light was switched off (purple curve of Figure 4c). The recovery
process of the TiO,/BP FET can be achieved by applying an
electric bias. The original hole-dominated transfer characteristic
curve of the device before light illumination (black curve of
Figure 4c) can be recovered once a positive electric bias (+100
V) is applied to the back gate of the device (red-dotted curves
of Figure 4c), where electrons at the BP FET were injected
back into the conduction band of TiO,, followed by
recombination with trapped holes in the gap states of TiO,.
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Bl CONCLUSION

In summary, tunable photoinduced carrier transport of a few-
layered BP FET with extended stability using a light-sensitized
ultrathin encapsulated layer was demonstrated. The insertion of
a solution-processable ultrathin TiO, film between BP and
contact electrodes not only protects the BP surface from
oxidation but also acts as an efficient photoactive electron-
donating agent. By controlling the dose of UV illumination, the
initial hole-dominant transport of a TiO,/BP FET can be
gradually tuned into an electron-dominant transport, accom-
panied by enhanced electron mobility and extended air stability.
Because the carrier transport types of the TiO,/BP device can
be controlled through light illumination, an interesting concept
of a proposed device structure with light illumination on a
selective area to create a BP p—n junction could be feasible, as
shown in the Supporting Information, which may facilitate the
future development of BP-based semiconductor logic devices or
optoelectronic devices such as detectors or sensors.
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