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High Mobility Anisotropic Black Phosphorus Nanoribbon

Field-Effect Transistor

Xuewei Feng, Xin Huang, Li Chen, Wee Chong Tan, Lin Wang, and Kah-Wee Ang*

Achieving excellent electrostatic control and immunity to short channel effects
are the formidable challenges in ultrascaled devices. 3D device architectures,
such as nanoribbon, have successfully mitigated these problems by achieving
uniform top- and side-wall control of the channel. Here, by leveraging on the
merits of 3D structure, high-mobility black phosphorus nanoribbon field-
effect transistors (BPNR-FET) are demonstrated and the anisotropic transport
properties are systematically investigated. A simple top-down reactive

ion etching method is used to realize both armchair- and zigzag-oriented
nanoribbons with various widths down to 60 nm. The mobility of BPNR-FET
is found to be width- and thickness-dependent, with the highest hole mobility
of =862 cm? V™' s7! demonstrated in armchair-oriented device at room
temperature by combining high- k gate dielectric and hydrogen treatment to
reduce sidewall scattering. Furthermore, hydrogenation effectively passivates
the nanoribbon dangling bonds, leading to hysteresis and contact resistance

range makes it feasible for broadband
optical detection from the ultraviolet to the
infrared wavelengths. Some early reports
on BP photodetectors show its rich poten-
tial for optoelectronic applications®°! while
achieving compatibility with complex
photonic structures such as silicon wave-
guide and metallic nanoplasmonics.!'%!
Shaping 2D materials into low-
dimensional structures such as nanorib-
bons came into prominence as an ideal
configuration for the investigation of
dimensional-dependent fundamental prop-
erties and nanoscale application.''='* For
instance, graphene nanoribbons (GNRs)
were extensively researched to open up
bandgaps, achieve GNRs field effect tran-

improvement. This work unravels the superior electrical performance
underscore a conceptually new device based on BP nanoribbons, paving the
way toward the development of nonplanar devices on 2D materials platform.

1. Introduction

Black phosphorus has undergone a renaissance due to its
successful mechanical exfoliation from bulk crystal since the
synthesis by Bridgeman in 1914.1 Apart from graphene, it is
by far the other known monotypic atomically thin 2D mate-
rial. However, unlike gapless graphene, BP possesses tunable
direct bandgap properties as a function of layer thickness from
2.0 eV for monolayer to 0.3 eV in bulk. The presence of direct
bandgap enables the realization of BP transistors with excellent
switching speed (>10°) and ultrahigh hole field-effect mobility
(>1000 cm? V! s71),24 which bridges the gap in mobility and
on-off ratio among graphene and 2D transition metal dichal-
cogenides (TMDs).’7) Moreover, the wide bandgap tuning
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sistor, and plasmonic detection.!?'* To
date, numerous theoretical predictions
on the electronic structures and charge
mobilities of BP nanoribbons have been
reported.'>10 A flexible tunability in car-
rier mobility and bandgap is predicted.
Another advantage of BP beyond graphene is the strong intrinsic
in-plane anisotropy along the light (armchair) and heavy
(zigzag) effective mass direction as evidenced by the anisotropy
optical conductivity and DC conductance.”178 The realization
of a 200 nm wide nanoribbon structure provides a platform for
the study of anisotropic in-plane thermal transport in BP, which
shed light on thermal conductivity and phonon physics.'”) It was
also predicted that the inherent anisotropy enables BPNR to dis-
play polarization-dependent plasmonic response in mid-infrared
and far-infrared wavelength regime.?”! In one pioneering study,
lithography technologies have been developed to sculpture
single BP nanoribbon,?!l but large areas periodic nanoribbons
arrays are required for collective plasmonic excitations. Further-
more, the electrical properties of BP nanoribbons FET have yet
to be reported due to the lack of experimental demonstration.
Here, we report on high-performance anisotropic black
phosphorus nanoribbons field-effect transistor (BPNR-FET) via
reactive ion etching (RIE) method. The top-down RIE process
enables accurate positioning of BPNR and a precise control of
BPNR width down to 60 nm. The orientation-dependent study
demonstrates that armchair is a more favorable channel direc-
tion for electrical transport than the zigzag direction. We fur-
ther investigate the influence of nanoribbon width and channel
thickness on the electrostatic control, conductivity, field-effect
and intrinsic hole mobility. Finally, the hydrogen treatment is
evaluated to effectively improve the hysteresis, reduce the inter-
face states density (Dy), and improve the contact resistance
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Figure 1. a) The fabrication flow of the black phosphorus nanoribbons field-effect transistor (BPNR-FET). A 20 nm ALD Al,O; was grown at 120 °C
as the top gate dielectric. b) Atomic force microscope (AFM) image of the BPNR-FET along the armchair (AC) and zigzag (ZZ) orientations together
with the S/D electrodes and metal gate. An array of 60 nm wide nanoribbons is successfully formed. c) An enlarged AFM picture of the nanoribbons
array. d) SEM image showing the precise measurement of nanoribbon width of 60 nm. e) Polarized Raman spectra of BP flakes (inset). The AC and
ZZ orientations are determined by the variation of B,, and A% phonon modes. f) High-resolution transmission electron microscopy (HRTEM) image

showing the BP nanoribbons array, with a thin BP thickness of =3 nm.

simultaneously. This work demonstrates the potential of BPNR-
FET as a high-performance p-type transistor in addition to the
nanoribbon FET family which includes not only graphene and
transition metal dichalcogenides (TMDs), but also group-IV,
[II-V compounds, and some heterojunctions.

2. Results and Discussion
2.1. Fabrication of BPNR-FET

Figure 1a illustrates the fabrication flow for realizing BP nanor-
ibbons field-effect transistor at low process temperatures.
BP films were mechanically exfoliated onto SiO, (300 nm)/
Si substrate. Angle-resolved polarized Raman spectroscopy
was performed to determine the crystallographic orientation.
E-beam lithography (EBL) was then employed to pattern the
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designated nanoribbons along armchair and zigzag crystal
direction, respectively. After that, the exposed area was totally
etched away by applying CHF;/O, plasma to avoid the for-
mation of source/drain (S/D) leakage path. S/D was then
patterned using EBL and followed by 3/40 nm Ni/Au deposi-
tion using metal sputtering system. A 20 nm Al,O; top gate
dielectric was subsequently deposited by atomic layer depo-
sition (ALD) to passivate the device. Finally, metal gate was
sputtered with 3/40 nm Ni/Au. A detailed experiment pro-
cess is described in the Experimental Section. Figure 1b,c
shows the atomic force microscopy (AFM) image of the BP-
nanoribbons FET along the armchair and zigzag direction
together with the S/D electrodes and metal gate. A nanoribbon
width of 60 nm is measured using scanning electron micro-
scope (SEM) (Figure 1d). Polarized Raman spectra of the BP
flake under different sample rotation angles are depicted in
Figure le, which are collected using 532 nm laser excitation
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under parallel-polarization configuration (the polarization of
Raman scattered light is parallel to the incident light). Inset
shows the optical image of the corresponding BP flake. The
sample rotation angle is indicated by six arrowed lines sepa-
rated by 30°. Three characteristic phonon peaks at 362, 438,
and 466 cm™ corresponding to A, By, and Aj vibration modes
are shown. Tt can be seen that By, mode intensity varies with
a period of 90° and minimum intensity is found to be corre-
sponding to either armchair or zigzag orientation. The direction
could be further identified as the intensity of A2 mode is typi-
cally strongest along the armchair direction.'182223] A cross-
sectional high-resolution transmission electron microscopy
(HRTEM) image (Figure 1f, left) is taken across the nanoribbon
direction. The analysis further confirms that the crystallinity of

BP nanoribbons is preserved, showing no detrimental effects
due to reactive ion etching (Figure 1f, right).

The BPNRs are patterned via a precisely controlled RIE
method. To date, reactive ion gas such as Ar?4 0,121 SF [20]
and other methods like ozone treatment,?”) reactive oxygen
and water rinse,?®l and laser treatment?’! have been reported
to control the BP thickness. In this work, CHF; with an added
oxygen (O,) component is employed as a feed gas for chem-
ical downstream etching of BP nanoribbons. The evolution of
optical microscope images as a function of plasma exposure
time in Figure 2a clearly indicates the reduction of the flake
thickness. The number of the remaining BP layers was accu-
rately measured by AFM as plotted in Figure S1 (Supporting
Information). The recipe achieves a constant etch rate of
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Figure 2. a) Optical images of the as-exfoliated BP flake, after 10 s CHF;/O, plasma treatment and after 20 s CHF;/O, plasma treatment, respectively.
b) BP thickness and c) surface roughness as a function of etch time using different feed gases such as CHF3/O,, pure CHF3, and SFe. d) Selectivity of
BP over PMMA in different feed gases. PMMA was used as the soft mask. XPS spectra of ) P 2p, f) F 1s, and g) C 1s signals of the pristine BP before
etch (bottom row), after CHF3/O, plasma treatment (middle row) and after CHF; plasma treatment (top row).
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0.6 nm s7!. As the interlayer spacing of BP is =0.53 nm," a
layer-by-layer thinning is expected. We also examined the etch
conditions of other fluorine-based plasma gas such as SFg
and pure CHFj;. The etch rate is shown to increase by several
times in SFg plasma due to the intensive reaction with S and F
(Figure 2b). Without the addition of O, in pure CHF; plasma,
the etching process becomes stagnant. Hence, SF; and CHF;
are deemed not the effective precursors for achieving atomic
layer etching of black phosphorus. A further investigation of
the surface morphology of BP films after plasma treatment is
shown in Figure 2c. Starting with a fresh surface root mean
square (RMS) of =0.25 nm, the BP surface remains clean and
smooth after CHF;/O, plasma treatment of 30 s. In addition to
a precisely controlled thinning down rate, a good selectivity of
BP over PMMA (1:5) is achieved (Figure 2d). Here, PMMA is
used as the soft mask while the exposed part of BP is removed
by plasma etching. The Raman spectra as shown in Figure S2
(Supporting Information) reveal that the pristine properties of
BP are preserved after the plasma treatment.

We further examine the chemical bonding states of BP before
and after plasma treatment by X-ray photoelectron spectroscopy
(XPS). Figure 2e—g shows the XPS spectra of P 2p (panel 2e),
F 1s (panel 2f), and C 1s (panel 2g) peaks of BP film before etch
(bottom), after CHF;/O, treatment (middle), and after pure
CHF; plasma treatment (top). The single spin—orbit split dou-
blet observed in the deconvolution of P 2p core level spectra at a
binding energy of =130 eV denotes the intrinsic crystallinity of
BP after the plasma treatment (panel 2e). The appearance of F
1s peak after plasma treatment indicates that fluorine radicals
mainly react with phosphorus (panel 2f). Phosphorus halides
like gaseous PF;, PFs, or POF; by-products are assumed to be
formed as their boiling point are low enough to be volatile at
room temperature (see Section S3, Supporting Information).ll
During oxygen-deficient discharges of pure CHF; plasma, a
fluorocarbon layer is expected to form on the BP surface that
inhibits the active species, F atoms, from reaching the BP sur-
face. This is confirmed by the high carbon concentration in
XPS (panel 2g, top) and ultraslow etch rate with pure CHF; gas
(Figure 2b). The introduction of small amount of oxygen would
suppress the formation of fluorocarbon layer and result in the
formation of carbon monoxide (CO) gas phase which allows
BP to be etched efficiently by F radicals. The nonappearance of
P,O, peaks at =133 eV after plasma treatment indicates that this
process differs from other etching techniques that utilize oxida-
tion of BP.[’l The absence of the pretreatment step to trans-
form BP into phosphoric acid makes CHF3/O, more favorable
because of its clean and controllable properties.

2.2. Electrical Properties of BPNR-FET

To study the effect of width scaling on the BPNR-FET perfor-
mance, we measure the transfer characteristic (I;—V,) of bulk
and nanoribbons with different widths of 200, 150, and 60 nm
along the armchair direction, as shown in Figure 3a. These
devices are fabricated on a large 12 nm thick BP flake. The
ON-state current density at V; = =6 V and the subthreshold
swing (SS) are summarized in Figure 3b. An increased ON-
state current density from 0.6 to 2.4 HA um™ and a sharp
decrease in SS from 2.69 V dec™! to 563 mV dec™ are clearly
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observed when the channel width is reduced from bulk
(4 um) to 60 nm wide nanoribbons. This implies that the top
gate offers an efficacious electrostatic control in nanoribbons
which accounts for the short channel effect improvement. In
Figure 3c, we further investigate the orientation-dependent
electrical performance by comparing the transfer curves along
armchair and zigzag crystalline direction. The AFM image of
this device is shown in Figure 1b with a BPNR thickness of
28 nm. The armchair-oriented BPNR-FET achieves a 3.2 times
higher maximum current as compared with zigzag direction at
a gate overdrive of —6 V. The linear output characteristic Ii—Vj
in Figure 3d implies high-quality Ohmic-like contacts which
has been formed between the metal electrodes and BPNR
channel in strong hole accumulation regime. From the transfer
characteristic of the BPNR-FET, we extract the field-effect
mobility and intrinsic mobility as plotted in Figure 3e. The
L1 dG

WG A0, oy
where L and W are the length and width of the BPNR channel,
respectively, and C,, is the capacitance per unit area. Hole field-
effect mobilities of 394 cm? V™! s7! along the armchair direction
and 144 cm? V7! s7! along the zigzag direction are achieved.
To decouple the effect of contact resistance, we extract the
L 0l A
B9 A high

field-effect mobility is estimated using g =

intrinsic mobility b =
Y Ko = e WCoRa(V, — V)

intrinsic peak mobility of 703 and 242 cm? V! s7! along the
armchair and zigzag directions is clearly seen. This confirms
that the superior hole transport properties along the armchair
orientation because of a lighter hole effective mass of 0.15 m,
than the zigzag direction (1.54 m,).BY Figure S3 (Supporting
Information) presents an anisotropic bulk BP-FET with the
same channel thickness of 28 nm to make a direct comparison
with BPNR-FET (see Section S4, Supporting Information for
details). The field-effect mobility of bulk BP-FET along the AC
direction is extracted to be =70 cm? V™' s71, which is comparable
to previously reported value in top-gated transistor with Al,0,
gate dielectric,[®? but is six times smaller than the mobility seen
in BPNR-FET. We further compute the conductivity o which is
calculated from the relationship between carrier concentration
and mobility, that is, 0 = nyqugg, as shown in Figure 3f. The
carrier concentration is estimated based on parallel-capacitor
model®® (see Section S5, Supporting Information). The con-
ductivity of BPNR is shown to increase by almost an order
of magnitude higher than the bulk BP. We believe that the
improved channel conductivity is primarily due to an improved
electrostatic gate control. Inset in Figure 3f shows the sche-
matic drawing of the top- and sidewall-gated BPNRs. Here, the
effective width W.g is increased to W + 2h (h is the thickness
of BP films), thus the conduction channel is adequately gated
which effectively removes the influence of interlayer resistance
and charge screening effect typically seen in bulk BP-FET.%3l
This has led to an improved channel conductivity and the
achievement of a high hole mobility up to 703 cm? V! 7!
in a 28 nm thick BPNR-FET.

We further explore the BP thickness dependence which is
mostly based on the armchair direction due to its better per-
formance. Figure 4a shows three representative transfer char-
acteristics of BPNR-FET with different channel thickness
ranging from 4 to 28 nm. For a 4 nm thick BPNR, the on/off
current ratio is increased to =10% and a field-effect mobility
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Figure 3. a) I~V curves for a bulk BP-FET and BPNR-FET with width of 200, 150, and 60 nm, respectively. The devices are fabricated together in
one large 12 nm thick BP flake. b) The on-state current at V, = -6 V and SS of four devices mentioned in (a). c) The I4-V; curves and d) the output
characteristic I4—V4 curves of a 28 nm thick, 60 nm wide, and 2 um long BPNR-FET with transport direction along the armchair (red) and zigzag (blue)
orientations. e) The field-effect and intrinsic mobility of BPNR-FET versus gate overdrive. The FE mobility is computed to be 394 cm? V=' s7! (AC) and
144 cm? V™1 s71 (ZZ), respectively. The hole peak intrinsic mobility is 703 cm? V™' s7' (AC) and 242 cm? V™' 571 (ZZ). f) The calculated conductivity ¢ as
a function of gate voltage V, for the 28 nm thick BPNR-FET and bulk BP-FET described in Figure S3 (Supporting Information). An increase in effective
width corresponding to nanoribbon width (w) and height (h), that is, w + 2*h, is schematically shown in the inset.

of 145 cm? V7! s7! is achieved. The transconductance peak in
Figure 4b increases from 0.62 to 1.24 uS pm" and further to
3.95 uS um™ for a V3 =—100 mV as the thickness is increased
from 4 to 28 nm, implying an increasing trend of hole mobility.
Figure 4c plots the nonmonotonic variation of the intrinsic hole
mobility as a function of channel thickness along the armchair
and zigzag orientations. Two competing phenomena would
account for the observed trend. First, as the BP flake is thinned
to sub-5 nm, the charge impurity at the BP/SiO, interface
causes the mobility to decrease. This explains the increasing
trend in hole mobility as the thicker BPNRs are less suscep-
tible to the influence of charge impurities at the BPNR/SiO,
interface. Second, the edge defects play a detrimental role as the
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BP thickness is increased further. This is because thick BPNR
suffers from longer etch time and is expected to have much
more edge defects. Hence, more of its carriers is being scat-
tered and thus its mobility would start to decrease. Figure 4d
benchmarks the state-of-the-art research on nanoribbon formed
using different materials, synthesis techniques, and electrical
performance (see Section S5, Supporting Information). We
summarize some prominent work on nanoribbon field-effect
transistor including p-type graphene nanoribbon,'* n-type
transition metal dichalcogenides (TMDs) such as MoS,,?
CdSe,? CdS,1*¥ tri-chalcogenides TiS3,”) 111-V compound
like boron nitride,®® and even superlattice such as AlGaN/
GaN heterojunctions.?”! Compared with graphene nanoribbon,
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Figure 4. a) Transfer curve, |-V, of the BPNR-FET with different channel thicknes of 4, 24, and 28 nm. A nanoribbon width of 60 nm is patterned
along the armchair direction. b) The corresponding transconductance curve of the devices in panel (a). The increasing trend of g, indicates enhanced
carrier mobility as the thickness increases. c)The p-type intrinsic mobility as a function of BP thickness. The nonmonotonic variation of mobility implies
different scattering mechanism as shown in the inset of panel (c). The green and blue lines are drawn as an eye guide to show the mobility trend versus
BPNR thickness. d) The mobility versus nanoribbon width of BPNR-FET in this work and the comparison to reference values reported in the literature.
The nanoribbon width in ref.' is 1.5-3.5 nm, here we use an average value of 2.5 nm as the representation. A detailed description of the systhesis
technique and electronic behavior is listed in Table S2 (Supporting Information).

the BPNR-FET achieves a high hole mobility at the same time
simplifies the fabrication complexity needed to open up the
bandgap in graphene. The mobility of 862 cm? V~! s7! (AC) and
310 cm? V' 57! (ZZ) shown in Figure 4d is based on the 28 nm
thick device after hydrogen anneal to improve the interface
properties.

2.3. Interface Engineering via Hydrogen Treatment

Hydrogenation has been an effective interface engineering tech-
nique to passivate the possible dangling bonds. The BPNR-FET
was annealed in a vacuum furnace at 200 °C for 20 min under
forming gas ambient with a mixture of 5% hydrogen and 95%
Ar. Figure 5a,b shows the transfer curves of BPNR-FET along
the armchair and zigzag crystal directions before and after
hydrogen treatment. The hysteresis, AV, is defined as the gate
voltage difference corresponding to a specific current density
when the gate bias is swept in two opposite directions. Appar-
ently, the as-fabricated device shows a larger hysteresis with
AVr of 1.28 and 2.78 V along the armchair and zigzag direc-
tions, respectively. The Vy-instability is believed to be attrib-
uted to charge traps impurities located at the BPNR/high-x
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gate dielectric and metal/BP interfaces.*) The forming gas
annealing (FGA) treatment largely reduces the charge traps in
both interfaces, resulting in a smaller hysteresis of 0.83 and
0.85 V for AC- and ZZ-direction, respectively. The hysteresis
is observed to be comparable to bulk BP-FET featuring Al,O;
gate dielectric and scandium (Sc) contact.! This implies the
effectiveness of FGA in removing the moisture at interface and
healing the defects induced by dry etch. We further examine
the interface state density Dy as calculated using Dy = —C°"AVT.
When subjected to hydrogen treatment, it is observed that
the D; along AC and ZZ directions is decreased by 35 and
69%, respectively, as shown in Figure 5c. The consequen-
tial reduction in Dy confirms the effectiveness of hydrogen
in passivating the dangling bonds at the interface. A quan-
titative analysis of the contact resistance between BP and
S/D metal is further conducted. We extract and plot the
contact resistance before and after FGA in Figure 5d.
The total resistance in a field-effect transistor is the summa-
tion of channel resistance (Ranne) and S/D resistance (2R).
At infinitely negative V;, the total resistance would reduce to
2R, as the channel resistance becomes negligible due to high
inversion carrier density. A polynomial curve is used to fit the
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current density of the as-fabricated device and after H, annealing at 200 °C for 20 min. c) Hysteresis (blue) and corresponding trap density D;; (red)
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the forward and backward V, sweeps. d) The contact resistance extracted from BPNR-FET before and after H, anneal. Insets are the schematic plots

showing the Fermi-level pinning and depinning effect.

total resistance versus gate voltage V, curve in which the total
resistance plateaus off to reach 2R, at infinite V,.*?l A represent-
ative methodology to extract the contact resistance is shown in
Section S7 (Supporting Information). The contact resistance dif-
ference with relation to the as-fabricated BP device is attributed
to the different Fermi-level pinning at the metal/BP interface.
It is worthy to note that the Schottky barrier height (SBH) at
the zigzag-oriented interface is higher due to a stronger Fermi
level pinning by the interface defects, as schematically illus-
trated in Figure 5d inset. Fortunately, the Fermi level pinning
could be modulated by annealing in forming gas ambient. After
the hydrogen treatment, the contact resistance at ZZ interface
reduces from 3.59 to 1.48 Q mm, which approaches the AC-
oriented contact resistance of 1.38  mm. Moreover, this value
is comparable to bulk BP-FET with palladium (Pd) contact (1.05
Q mm) after Pd-H alloy formation!®! and even smaller than
previously reported thermally evaporated Ni contact resistance
of 3.15 and 3.73 Q mm.**] By physically sputtering the S/D
area and treating the Ni contact with forming gas, the Ni con-
tact resistance has been reduced to a record low value.

3. Conclusion

In summary, we have realized a first-of-its-kind black phos-
phorus nanoribbon field-effect transistor and conducted a
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systematic study to investigate its performance dependence on
crystal orientation, nanoribbon width, and channel thickness.
BPNR-FET with 60 nm ribbon width has been demonstrated
via a layer-by-layer dry etching technique. The adoption of
3D device structure effectively improves the electrostatic gate
control over the channel, leading to a high hole mobility of
862 cm? V! 57! at room temperature. Moreover, hydrogenation
anneal effectively improves the hysteresis, reduces the contact
resistance down to 1.38 Q mm, and simultaneously enhances
the hole mobility. This work provides a pathway toward the
development of nonplanar 2D devices based on BP nanorib-
bons and methods for further performance enhancement.

4. Experimental Section

Device Fabrication: Few-layer black phosphorus was mechanically
exfoliated from a bulk BP crystal (purity 99.998%, Smart Element)
and then transferred onto a 300 nm SiO, substrate. The exfoliation
was performed inside an argon-filled glove box with O, and H,O
concentration <1 ppm. After the exfoliation, the sample was immediately
spin-coated with PMMA (495, A4) used as soft mask with a rotation
speed of 4000 rpm for 70 s. Optical microscope was then used to quickly
find the flakes of interest. A nanoribbons array with 60 nm width was
patterned by Jeol EBL (JBX-6300FS). The exposed areas were etched away
by deep reactive ion etching (Oxford Plasma Pro100). The sample was
then bathed in acetone for few hours during which, PMMA will be lifted

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

off from the sample, leaving the BP nanoribbons only. The source/drain
was patterned with EBL again and Au/Ni (40 nm/3 nm) metals were
deposited by sputtering (AJA ATC-2200 UHV Sputter). After the second
lift-off process, the wafer was quickly transferred into the atomic layer
deposition (Savannah ALD) chamber and Al,O5 gate dielectric (20 nm)
was grown on the device at a low substrate temperature of 120 °C with
TMA (pulsed at 15 ms) and water (pulsed at 15 ms) as the precursors.
The process took 200 cycles (=4 h) of pulsing and purging of TMA and
water. Before unloading the sample, the ALD chamber is increased to
200 °C and subsequently cooled to room temperature. This step lasted
=1 h to thermally anneal the sample which would promote the formation
of Ni,P alloy. The top gate was finally formed with Au/Ni (40 nm/3 nm)
metals deposition by sputtering. The sample was then bathe in acetone
for the third time to lift off the unwanted metals.

Reactive lon Etching: The reactive ion etching process was developed
using Oxford Plasma Pro Cobra 100 Deep RIE system. The dry etch was
performed at 40 W with a 45/5 sccm CHF;/O, flow rate.

XPS: Core level spectra were collected using a monochromatic Al Ker
X-ray source (hv =1486.69 eV). The binding energies of all spectra were
referenced to Cls which is set to 285 eV.

Supporting Information

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