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ABSTRACT

Black phosphorus (BP) has potential for fabricating p-type transistors in ultra-thin 2D-material complementary circuits. However, as the
synergetic effect of water and oxygen leads to performance degradation under an ambient atmosphere, it is urgent to develop a passivation
strategy for robust stability. Herein, a scalable superhydrophobic passivation layer is designed to improve the stability of BP transistors,
which consists of fluoroalkylsilane-coated titanium dioxide (TiO,) nanoparticles. Due to the superhydrophobic property of the passivation
layer, the BP transistors preserve intrinsic performance in extremely wet conditions, including humid air, water, HCl, and KOH. After
28 days in atmospheric conditions, the performance presents only 20% channel current degradation and the device can work even after
60 days. This work not only experimentally demonstrates robust stable BP transistors in harsh conditions but also provides a highly efficient
and damage-free strategy to suppress the influence of water adsorption in atmospheric conditions for highly stable 2D materials devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021335

Two-dimensional (2D) materials attract great interest for future
high-performance electronics due to their unique electrical properties
and atomically thin geometry. Black phosphorus (BP), with a
suitable energy bandgap (0.3~2.0eV) and relatively high mobility
(~1000 cm?/V-s),"” reveals an intrinsic p-type characteristic, which is
essential to build low-power complementary circuits, along with com-
mon n-type 2D materials.” > Nevertheless, the drastic oxidization of
BP in air results in unstable electrical performance, which can be
attributed to a synergetic effect of water and oxygen.”” Many effective
passivation strategies have been reported, including oxide layers via
film deposition,'*"'” hexagonal boron nitride (h-BN) coverage with
physical transfer,"”'" and organics encapsulation."””'” However, typi-
cal heterogeneous integration of film deposition processes, such as
atomic layer deposition (ALD) and electron beam evaporation (EBE),
usually lead to additional chemical disorders and defects in the inter-
face, which degrade the intrinsic electrical performance.“"m The

physical transfer of h-BN flakes is time-consuming and unscalable.
Moreover, although many previously reported works focus on the
organics encapsulation strategy for improved stability, charge trans-
fer is typically involved between the organic and channel layers,
resulting in a threshold voltage shift.'”'” Due to the lack of the
rational design of the organic encapsulated layer, the inevitable deg-
radation of the organics in long-term gives rise to the invalidation of
the encapsulated layer.'” Therefore, the previously reported passiv-
ation strategies are not scalable or interacting with the channel layer,
leading to degraded electrical performance. Moreover, the complex
water conditions, either acidic or alkaline solutions, are also harsh
for some cases. Therefore, a robust, scalable, and damage-free inte-
gration approach is essential for delivering high-performance BP
devices. '
Herein, we report BP field-effect transistors (FETs) with long-
term stability in harsh conditions (i.e., a relative humidity of 60%
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around 35°C), in which a superhydrophobic protection layer elimi-
nates the influence of moisture. The passivation layer consisting of
fluoroalkylsilane-coated TiO, nanoparticles is fabricated via the dip-
coating approach. Compared with conventional fabrication processes,
potentially aggressive for BP, the solution process is a low-energy and
harmless integration strategy, which does not degrade the BP surface.
The superhydrophobic passivation layer ensures improved stability of
BP transistors against water, hydrochloric acid (HCI), and KOH under
an ambient atmosphere. Moreover, the performance variation is below
20% after 28 days in moist air conditions, and the devices still work
even after 60 days of exposure in atmospheric conditions. Moreover,
this strategy offers a superhydrophobic protection layer for other
highly stable 2D material transistors against water-based harsh threats
and retains the device intrinsic electrical properties in ambient
conditions.

Figure 1(a) shows schematics of the BP transistors with 1H, 1H,
2H, 2H-perfluorooctyltriethoxysilane (PFOTES)-coated TiO, nano-
particles as the protection layer. The nanoparticles are first dispersed
in 3-ethoxy-1,1,1,2,3,4,4,5,5,6,6,6-dodeca.ﬂuoro~2~triﬂuoromethylhex-
ane (HFE-7500)," which is used as the precursor to fabricate the pro-
tection layer [Fig. 1(a-i)]. The BP flakes are mechanically exfoliated
and transferred onto p*-Si wafers with a 300 nn SiO, dielectric layer.
The channel length (Ly, = 3 pm) is defined by e-beam lithography and
the Cr/Au (15 nm/50 nm) electrodes are deposited by thermal evapo-
ration, as shown in Fig. 1(a-ii). The BP FET is finally coated by
the protection layer, which is assembled using a dip-coating
method [Fig. 1(a-iii)]. More fabrication details are provided in the
supplementary material. Compared with previously reported “high-
energy” deposition strategies, which usually involve atom or cluster
bombardment, the process presented here is simple, scalable, and
damage-free. The key functionality of this highly stable BP transistor is
derived from the superhydrophobic layer,"” which can isolate water
from BP, while the BP channel layer maintains its intrinsic property.
Raman spectra of the channel layer are shown in Figs. 1(b)-1(d) and

(a)
. PFOTES coated
! TiO, nanoparticles

—
=2
~

S1. The Raman peaks of BP (Alg ~ 362cm™, Byg ~ 439 em™?, and
A% ~ 467 cm™") are consistent with those of previous work,” ' and
the peaks show a neglectable shift when covered with the passivation
layer, indicating desirable interface quality between BP and the
PFOTES-coated TiO, film. Moreover, in Figs. 1(b)-1(d), the Raman
intensity and peak position of the protected BP channel layer remain
essentially unchanged for 28 days in air, demonstrating the feasibility
of the designed strategy. The detailed Raman spectra of Fig. 1(b) are
shown in Figs. S1(a) and S1(b). In contrast, when the BP flake is
exposed to the atmospheric conditions without the PFOTES-coated
TiO, film protection, no characteristic peaks can be observed after only
3 days, as shown in Fig, S1(c). Figures 1(c) and 1(d) present the evolu-
tion of the characteristic peak position and intensity of the Raman
spectra. The intrinsic BP displays a fast noticeable change in Raman
spectra, which is consistent with the optical images of bare BP in air
(Fig. S2). The protection layer covered BP apparently shows consider-
ably improved stability when compared with the intrinsic BP flakes.

In order to further evaluate the protection characteristic of the
TiO, layer, the surface coverages and hydrophobic experiments with
different concentrations of TiO, solution are investigated. 8%, 15%,
and 20% (weight percentage) solutions consist of 7.45 ml HFE-7500
and 1g, 2¢, or 3 g TiO, nanoparticles (average diameter of < 100 nm)
with the corresponding PFOTES, respectively. Figures 2(a), 2(b), and
S3(a) are the scanning electron microscopy (SEM) images with differ-
ent concentrations of PFOTES-coated TiO, nanoparticles on SiO, sur-
faces, respectively. When the concentration of nanoparticles is below
8 wt. %, a continuous compact passivation film cannot be formed and
many pinholes are present, as shown in Fig. 2(a). In contrast, a uni-
form film can be obtained as the nanoparticle concentrations are 15%
and 20%, as shown in Figs. $3(a) and 2(b). The TiO, nanoparticles
agglomerate and form micrometer-size islands [Fig. S3(b)], which will
further promote the agglomeration. A rough structure similar to the
lotus leaf surface™ is formed [Fig. S3(b)]. According to Cassie the-
ory,”"”* the droplets are partly lifted up by the surface roughness,

Protected BP FET

1 2 — ;.:1'2
28day |A, By A | E4r0l z e
G @
=3 A A I = B00—aa00—Pgy_o
é 19 day o §0.8 )
— |10da I l I = £
2 J — | 2460} ol
‘s | 1day l | L © <
] i & go4f ~-BP +TiO
£ | BP#TIO, | A | & P Tio, 8 2
S N U W P R : i
1 1 1 50.0 i 1 i
300 350 400 450 A 500 0 10 20 30z 0 10 20 30
Raman shift (cm™) Time (day) Time (day)

FIG. 1. Fabrication processes and Raman stability characterization. (a) Schematic illustrations of the BP transistor with PFOTES-coated TiO, nanoparticles as the protection
layer. (b) Raman spectrum of the PFOTES-coated TiO, nanoparticle encapsulated BP in ambient conditions. The Raman shift (c) and the normalized peak intensity (d) of Ag
at different ageing times. Black points represent PFOTES-coated TiO, nanoparticle encapsulated BP. Red points represent bare BP.
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FIG. 2. Hydrophobicity characterization of PFOTES-coated TiO, layers. (a) and (b)
SEM images for different concentration solutions with (a) 8% and (b) 20%
PFOTES-coated TiO, nanoparticles on the SiO, surface. (¢) XPS analysis of the
PFOTES-coated TiO, layer. (d) and (e) Optical images of the water contact angle
on (d) BP on SiO; and (e) 20% PFOTES-coated TiO, layer. (f) The change of the
water contact angle on different layers. The water droplet is 10 pl. 15 nm represents
the 15nm TiO, film deposited by EBE.
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which traps some air and forms a contact composite between solid,
liquid, and gas. As a bit of air is trapped underneath the liquid, the
contact area between droplets and the micrometer islands is reduced.
Thus, the water cannot completely enter the gaps between the islands
in the film, leading to enhanced hydrophobicity. As shown in Fig. 2(c),
the chemical composition of TiO, nanoparticles after PFOTES modifi-
cation is analyzed by x-ray photoelectron spectroscopy (XPS). Besides
the Ti and O peaks of TiO,, the F 1s peak is obviously observed, which
indicates that the TiO, nanoparticles are coated with PEOTES."”***!
PFOTES reduces the surface energy of TiO,, leading to low affinity for
water.'”***>~*’ Due to the combined action of the rough surface and
the low surface energy, the protection layer acquires a superhydropho-
bicity.”® Thus, the water contact angle test shows that the PFOTES-
coated TiO, film is more hydrophobic than the intrinsic BP on SiO,.
The water contact angles of the PFOTES-coated TiO, film are
all > 150° and the maximum can reach 159°, whereas the intrinsic BP
shows a water contact angle of 66° [Figs. 2(d)-2(f) and S4(a)-S4(c)].
In contrast, without the combined action of the rough surface and the
low surface energy, the 15nm TiO, film deposited by EBE exhibits a
low contact angle of 88°. The results indicate that the protection
layer composed of PFOTES-coated TiO, nanoparticles can effectively
protect BP from extremely wet conditions.

The superhydrophobic film composed of the PFOTES-coated
TiO, nanoparticles is ideal for surface passivation of BP flakes, and the
influence of the protection layer on the stability of BP transistors is
investigated in Figs. 3(a)-3(f). The 20% solution is used to form a pro-
tection layer. The transfer characteristics (I4-Vy) are measured at a
fixed drain voltage (V4) of —0.1V. The BP transistors are directly
exposed to atmospheric conditions with a relative humidity of 60%
around 35 °C. In Fig. 3(a), the intrinsic BP transistor quickly does not
work after 3 days, which can be attributed to the oxidation of the BP
flake. In contrast, the BP transistors with the protection layer present
desirable stability against the corrosion of atmosphere, and so the
I4-V, curves indicate a negligible change, as shown in Fig. 3(b). The
on-state current (Iy,), on-off ratio (Ion/log), threshold voltage (Vi)
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FIG. 3. Electrical stability measurements of PFOTES-coated TiO, nanoparticle
encapsulated BP transistors. (a) Transfer curves for a bare BP transistor exposed
to ambient air for different durations. (b) Transfer curves for a protected BP transis-
tor exposed to moist air vs time. (c) Transfer curves of a bare BP transistor before
and after exposure to HCl and KOH. (d) Transfer curves of a protected BP transis-
tor with the PFOTES-coated TiO, nanoparticle layer before and after exposure to
H,0, HC, and KOH for 10 s. (€) Output curves of BP transistors before and after
protection. (f) Output curves of a BP transistor protected with the PFOTES-coated
TiO, nanoparticle layer after exposure to H,0, HCI, and KOH for 10 s (Vg =20V to
—50V in steps of —10V).

and field-effect mobility (u) closely coincide before and after expo-
sure to moisture air for 5 days. To further ensure that the PFOTES-
coated TiO, protection layer could be an alternative strategy to
improve the electrical reliability of BP transistors against water-
based threats, the evolution of the electrical performance of the BP
transistors with and without the protection layer is investigated
before and after exposure to various corrosive solutions, including
H,0 (PH 6.7), HCI (PH 1.0), and KOH (PH 13.0). Figure 3(c)
shows the drastic degradation of the intrinsic BP transistors after
soaking in HCI solution for 10 s. Although I, is increased, the on/
off ratio is sharply reduced and Vy, exhibits a remarkable positive
shift. Meanwhile, after immersing into KOH solution for 10 s, Iy,
is below ~1 pA and the BP flake almost disappears (Fig. S5). The
BP device is completely damaged before exposure to water, while
the electrical characteristics of protected BP transistors are greatly
maintained when they are exposed to various corrosive solutions
[Figs. 3(d)-3(1)]. In Fig. 3(d), all electrical characteristics, such as
Tom Ion/Tofts Vins and p, do not have significant degradation. Figures
3(e) and f are the corresponding output characteristics (I4-Vq) of
Fig. 3(d). The output characteristic curves are measured by sweep-
ing gate voltage (Vg) from 20V to —50 V with an increment of
—10V. It is noted that the output curves of the BP transistor
coated by TiO, after H,O, HCl, and KOH immersion coincide
with that of the original BP transistor, which excellently demon-
strates the reliability of PFOTES-coated TiO, acting as the protec-
tion layer.

To further confirm the long-time electrical reliability of BP tran-
sistors in extremely wet conditions (ie., relative humidity of 60%
around 35 °C), on-state current and field-effect mobility are extracted
to show changes over time [Figs. 4(a)-4(c) and S6(a) and S6(b)].
On-state current variation is exhibited by black points corresponding
to the left Y-axis, and field-effect mobility variation is represented by
red points corresponding to the right Y-axis. Serious performance

Appl. Phys. Lett. 117, 111602 (2020); doi: 10.1063/5.0021335
Published under license by AIP Publishing

117, 111602-3



\gscitationmg/joumal/apl

(a) . ®) ;9 :
100 10 10° 10 10
10°F :::\ Bk 99000~ 8% TiO, ¥ Wil st o
— B [9333%9:0:0.9.9.0.0:9:9:0:0~g0 4 102£
I 20%T0,|
e (w
I e
i 1105
=
1 -14 1 L 1 1 1 P 105 10" 1 'y L ' 1 i 10" 104 1 1 1 1 1 1 104
) 2 3 4 5 5 10 15 20 25 0 5 10 15 20 25 30
(d) Time (day) (e) Time (day) (f Time (day)

-60 -40 20 0 20 40 60
v, V)

107} — MoS, with
—~ 20% TiO,
< 10°
- - — 4 day
- — 10 day
10"} — 15 day
— 19 day
N . o N . A 23 day
-60 -40 -20 0 20 40 60
V (V)

FIG. 4. Electrical stability measurements of bare and protected BP transistors. (a)-(c) The on-state current and mobility of BP transistors (a) without protection layer and with
(b) 8% or (c) 20% PFOTES-coated TiO, nanoparticle encapsulation layers as a function of time at Vq=—0.1V. The insets are optical images of the device taken at “day 0"
and day 5, respectively. The scale bar is 9 um. (d) A schematic of a BP transistor with 15nm TiO, deposited by EBE. (e) Transfer curves for a BP transistor with the 15nm
TiO, EBE layer exposed to ambient air for different durations (Vg=—0.1V). (f) Transfer curves for a MoS; transistor with the 20% PFOTES-coated TiO, nanoparticle layer

exposed to ambient air vs time (V4= 0.1V).

damage is obviously seen in the intrinsic BP transistor, as shown in
Fig. 4(a). The insets are optical images of the BP device taken on
“0day” and after 5days, respectively. After 8% TiO, protection, the
BP transistor can retain its electrical properties up to 25days.
However, due to the discontinuous protection film, the performance
slowly reduces as time goes on [Fig. 4(b)]. When the protection film is
uniform and compact for increasing TiO, concentrations, the electrical
variations can almost display a horizontal linear trend. The horizontal
tendency of Fig. 4(c) indicates that the performance variation over
time is negligible and ignorable. The good electrical properties of I, ~
79 pA and p ~ 572cm?/V-s are retained at more than 80% after
28 days, revealing the electrical stability of BP transistors with the TiO,
protection layer. Although BP is sensitive to water for its large surface
area, the PFOTES-coated TiO, nanoparticles prevent BP from oxidiza-
tion thanks to the superhydrophobicity. The best BP transistors with
15% TiO, can be maintained up to 50 days, and the best record of 20%
TiO, protected BP transistors is 60days [Fig. S6(a) and S6(b)].
Compared with this damage-free method, typical processes, such as
EBE, are aggressive and devastating. Figure 4(d) is the schematic of a
BP transistor with the 15nm TiO, film deposited by EBE. From the
transfer curves shown in Fig. 4(e), the performance of the latter BP
transistor is completely changed by the deposition process. Although
this EBE TiO; film is useful for maintaining the electrical characteris-
tics for a long period and although the unchanged electrical properties
of the BP transistor after 15nm TiO, deposition can be retained for
14 days, the EBE deposition is a high-energy assembly method that
creates defects in the BP channel so that the device has better conduc-
tivity and loses its intrinsic on/off ratio.'” Compared with this conven-
tional aggressive fabrication process, the damage-free solution process
is a physical transfer approach that could gently integrate PFOTES-
coated TiO, on the BP surface without the creation of defects. Thus,

the BP transistors with protection layers formed by PFOTES-coated
TiO, can work with long-term stability in harsh conditions (i.e., a rela-
tive humidity of 60% around 35°C).

A similar stability improvement is also observed in complemen-
tary MoS, n-type devices. Figure S6(c) and Fig. 4(f) show the back-
gated transfer characteristics of MoS, transistors with a 3 um channel
length before and after PFOTES-coated TiO, encapsulation, respec-
tively. The drain voltage is 0.1V and the solution concentration is
20%. MoS,; is a stable 2D material, which will not react with anything
in air. Nonetheless, water and oxygen molecules can be adsorbed on
the surface, leading to a right shift of threshold voltage and a reduction
of on-state current of the unprotected device [Fig. S6(c)]. After 23 days
of exposure in air, the on-state current is reduced from 4.54 A to 0.83
1A and the field-effect mobility is depressed by 30%. The threshold
voltage shifts by ~10V to the right. These electrical variations confirm
that the surface absorbate has a significant influence on intrinsic char-
acteristics of MoS, transistors. Thus, MoS, materials also need surface
passivation. In contrast to Fig. S6(c), the transfer curves of Fig. 4(f)
show that the threshold voltages are little changed after a few days and
on-state current change is neglected. The PFOTES-coated TiO, pro-
tection layer prevents water and oxygen molecules from adsorption on
the surface of MoS,, which enhances the performance stability of
MoS, transistors allowing complementary logic operation with BP
FETs.

In summary, we focused on increasing the long-term stability of
BP transistors in extremely wet conditions, by introducing PFOTES-
coated TiO, nanoparticles as a superhydrophobic protection layer,
which eliminates the influence of moisture on the performance of BP
transistors in the short and long terms. Compared with conventional
aggressive fabrication processes, the BP channel is simply covered with
the superhydrophobic protection layer with the dip-coating method.
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Thus, the defect-free strategy and the superhydrophobic protection
layer enable improved stability of BP transistors against water, HCI,
and KOH. In addition, the performance variation is below 20% after
28days in extremely wet conditions (ie., relative humidity of 60%
around 35 °C) and the devices still operate after 60 days. This method
can also be utilized for other highly stable 2D materials such as MoS,
to prevent channel materials from adsorbing moisture molecules and
suppress the defects on channel surface. Therefore, the protection layer
presented here allows 2D transistors' >’ to stably operate under
ambient conditions for practical applications.

See the supplementary material for the detailed Raman spectra,
optical images, SEM images, and detailed water contact angle images;
and additional electronic properties are available in the online version
of this article.
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