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Black phosphorus (BP), a burgeoning elemental 2D semiconductor, has
aroused increasing scientific and technological interest, especially as a
channel material in field-effect transistors (FETs). However, the intrinsic insta-
bility of BP causes practical concern and the transistor performance must
also be improved. Here, the use of metal-ion modification to enhance both
the stability and transistor performance of BP sheets is described. Ag* spon-
taneously adsorbed on the BP surface via cation—7 interactions passivates the
lone-pair electrons of P thereby rendering BP more stable in air. Consequently,
the Ag*-modified BP FET shows greatly enhanced hole mobility from 796 to
1666 cm? V- s! and ON/OFF ratio from 5.9 x 10* to 2.6 X 10°. The mecha-
nisms pertaining to the enhanced stability and transistor performance are
discussed and the strategy can be extended to other metal ions such as Fe*,
Mg?*, and Hg?". Such stable and high-performance BP transistors are crucial
to electronic and optoelectronic devices. The stability and semiconducting
properties of BP sheets can be enhanced tremendously by this novel strategy.

structures and novel physical properties.
Although graphene shows extremely high
carrier mobility,l¥ the lack of a bandgap
makes it less favorable for transistor
switching.*l Transistors built on few-layer
MoS,, the most studied TMDs,>% are
the optimal forms of ultrathin body FETs
with an ideal structure to protect against
the short channel effects.’® However,
majority of the reported TMD transis-
tors have a much lower carrier mobility
performance over graphene or traditional
semiconductors.[*1%

Since 2014, black phosphorus (BP),
one of the latest members of 2D layered
semiconductors, has been rediscovered
from the perspective of 2D materials for
transistors with both high carrier mobility

For half a century, silicon (Si) has been used as the semicon-
ductor material to fabricate field-effect transistor (FET) which
is now an indispensable building block in almost all electronic
products. Today, the physical dimension of transistor is quickly
approaching its fundamental scaling limit and further tran-
sistor miniaturization is expected to encounter unprecedented
challenges.l!! Therefore, the semiconductor industry urgently
needs new innovation in materials and devices to replace
silicon with a more superior channel material. In recent years,
2D layered materials, such as graphenelll and transition-metal
dichalcogenides (TMDs),Zl have been regarded as hot candi-
dates for FET channel materials due to their specific layered

and ON/OFF current ratio.''!?] Different
from graphene and TMDs, BP has a thick-
ness-tunable direct bandgap that spans
from a bulk value of 0.3 eV to a monolayer value of =2.0 eV!!3l
in addition to highly anisotropic characteristics!"*'7] and spe-
cial optical-response properties.'*23] Due to these fascinating
properties, BP has demonstrated appealing potential for not
only building (opto)electronic devices, but also in many other
areas such as lithium ion batteries,?*29 solar cells,?’-29 sen-
sors, 393 thermoelectric devices,?*3® supercapacitors,?? and
phototherapy.[***3] However, a fundamental obstacle hindering
the application of BP is its lack of stability under ambient
conditions because BP is very reactive to oxygen and water
resulting in rapid degradation of its electronic and optical prop-
erties.*8 Very recently, some strategies including capping
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layer protection, #4849 covalent aryl diazonium functionaliza-
tion,P” and ligand surface coordinationP!l have been suggested
to improve the stability of BP. In spite of these progresses, the
fabrication of high-performance BP transistors is still very chal-
lenging due to the difficulties to simultaneously achieve the sta-
bility and high device performance such as carrier mobility and
ON/OFF current ratio.

In this paper, a simple metal-ion modification strategy was
established to enhance the stability and transistor performance
of BP sheets. BP has a well-known puckered honeycomb struc-
ture. Within each layer of BP, every phosphorus atom has five
outermost orbital electrons, which are three single electrons
and one lone pair electrons. Three single electrons were cova-
lently bonded to three other phosphorus atoms and a pair of
lone pair electrons is exposed. The lone pair electrons in BP
can readily react with oxygen to form P,0,/*! and occupation
of the lone pair electrons by other elements may prevent the
reaction between phosphorus and oxygen ultimately miti-
gating oxidation of BP.P%>! Here, metal ions such as Ag* were
employed to interact with BP forming Ag*-modified BP (desi-
gnated as BP,4(,)) to enhance their stability against oxidation
and degradation, and in the meanwhile, the enhancement of
the transistor performance of the corresponding BP g, FET
was investigated.

The BP sheets are produced by a mechanical exfoliation
method with scotch tape from bulk BP as reported previ-
ously.™12] The BP sheets are transferred to a Si wafer with
a 300 nm thick SiO, layer through a poly(dimethylsiloxane)
(PDMS) thin film as the medium (Figure S1, Supporting
Information). The samples are immersed in the N-methyl-
2-pyrrolidone (NMP) solution containing silver nitrate
(1 x 107 m) for 2 h, washed with NMP, and dried with argon
gas to produce BP,q, sheets on the wafer. NMP is chosen as
the solvent because it does not contain water and any chemical
groups such as —OH and —COOH which may react with BP.

Scheme 1a illustrates the adsorption mechanism of Ag* on
BP. In the BP structure, the lone pair electrons of the phos-
phorus atoms in each layer are evenly distributed on the
two sides of the layer and interact with each other forming a

Scheme 1. a) Schematic illustrating adsorption of Ag* on BP. b) Three different views of the

BPag) structure.
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conjugated & bond. It is known that metal ions such as Ag* can
interact with the conjugated 7 bond via the cation-n interac-
tion.P? In this case, the relationship between Ag* and phos-
phorus atoms is one to many, rather than one to one. The
detailed structure from different views of the BP ) is shown
in Scheme 1b. By conducting density-functional theory (DFT)
calculation, the combined energy between silver ions and BP is
—41.8 cal suggesting that free Ag* can adsorb on the BP surface
and the interaction between them is strong enough to obtain
stable BP pg).*
High-resolution X-ray photoelectron spectroscopy (HR-XPS)
is performed to examine adsorption of Ag* on BP. BP,4.
and bare BP sheets are exposed to air for 3 d before the P 2p
and Ag 3d spectra are acquired. As shown in Figure 1a, both
BP a4y and BP sheets exhibit two peaks at 130.0 eV originating
P 2p;), and P 2p;), consistent with previous reports.*#33 In
addition, BP shows a strong peak at 134.0 eV corresponding to
the P,O, complex indicating serious oxidization of BP during
exposure to air.[*#33 However, no P,O, peak can be observed
from BP,y, indicating better stability against oxidization and
the peak at 133.0 eV observed from BP,gq ) can be attributed to
the interaction between Ag* and BP. Because the electron with-
drawing ability of Ag* in BP 4, is much weaker than that of O
in P,O,, the binding energy of P 2p of P-Ag in BP 4, is 1 eV
less than that for P—O in BP. Furthermore, the intensity of the
P 2p peak for P—Ag is less than that of elemental P (=130 eV),
indicating that the P—Ag interaction occupies only a small por-
tion of the total P in BP ), as shown in Figure S2 (Supporting
Information). Another direct proof for the successful modifica-
tion of Ag* on BP g, surface is shown in Figure 1b. Different
from the bare BP, a Ag 3d5/2 peak at 367.8 eV is observed from
BP g4 and it is about 0.4 eV less than the standard Ag 3ds,
peak of metallic Ag at 368.2 eV. Hence, ionized Ag is attached
to BP resulting in a relatively weak interaction (cation—r inter-
action, which is much less than the covalent binding) with the
P atoms on the surface of BP 4,,. The absence of the loss peaks
of Ag (typical Ag metal peaks) from the spectrum of BP 4, also
demonstrates that Ag on the BP 5, surface is ionized. Further-
more, the fully XPS measurements on the bare BP and BP gy,
are shown in Figure S3 (Supporting Infor-
mation). The peak intensity of O element in
BP a4,y is much lower than that in bare BP,
confirming its low adsorbability to oxygen.
The Raman scattering spectra acquired
from BP,g) and bare BP are displayed in
Figure 1c. The three typical BP Raman peaks
at 360.9, 438.4, and 466.5 cm™! correspond to
the A; B,, and Ag vibrational modes of P
in BP. With regard to BP g, the A; peak is
selectively enhanced confirming attachment
of Ag" on the surface with the enhanced
susceptibility tensor of the A, mode. The
results also indicate that the out-of-plane
mode (Ag) is more sensitive to the surface
than in-plane modes (B,, and Aj). Figure 1d
shows a series of Raman spectra of BPyg,
obtained after immersing BP in the Ag*
NMP solution for different time durations.
The intensity of the A, peak at 360.9 cm™

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) HR-XPS spectra of P 2p. b) HR-XPS spectra of Ag 3d. c) Raman spectra of a BP sheet before and after Ag* modification. d) Series of Raman
spectra of a BP sheet after Ag" modification for 0 to 120 min. The intensity scale bar is shown on the right.

is enhanced gradually up to 60 min and then stabilizes due to
saturated adsorption of Ag" on BP, whereas the intensity of the
By, and A; peaks are the same, suggesting the Ag* modifica-
tion strategy through cation-7 interaction is easy to control.
Consequently, an excessive amount of Ag* can be used and
the reaction ceases spontaneously after the BPs have been fully
modified. This scheme is thus more preferable and flexible
than other chemical modification methods.

The Raman map on the BP sheet with different layer num-
bers on different parts is shown in Figure S4a and S3b in the
Supporting Information. The intensity of each point in the
Raman map agrees well with the thickness of the BP sheet,
which can be roughly identified by the color of each part of the
BP sheet.’ The thicker the BP sheet, the higher is the Raman
intensity at that location. After the surface of the BP sheet is
adsorbed with Ag®, the Raman intensity of all the points of
the sheet increases (see Figure S4c, Supporting Information).
Moreover, the intensity at the edge of the sheet is larger than
that at the center, suggesting that the edge of the BP sheet
has higher binding affinity for Ag". The result is consistent
with chemical modification in which edge features have been
observed after chemical modification for 3 h.B¥

Atomic force microscopy (AFM) is conducted to compare the
ambient stability of BP and BP,g4), as shown in Figure 2. The
BP (=8.2 nm) and BP 4, (<9.5 nm) sheets on the Si/SiO, wafer

Adv. Mater. 2017, 29, 1703811 1703811

are kept in air at a relative humidity of 95% and room tempera-
ture for 5 d. Both BP and BP,g4,) show perfectly clean and flat
surfaces after the first day. After 2 d, bubbles appear from the
bare BP due to the formation of P,O, by the reaction with the
oxygen and water in air.*#4648l After exposure for 5 d, the size
of the bubbles increases and some parts of the bare BP sheets
vanish. It has been reported that such degradation seriously
affects the electronic transport properties thereby hindering
its use in electronic devices. In this respect, the surface mor-
phology of BP g, is preserved and no obvious bubbles, corro-
sion, or degradation can be observed after 5 d. Figure 2i shows
the histogram of the surface roughness of BP and BPyy). It
also indicates that only BP 4,y can maintain the surface rough-
ness similar to that of the pristine state during exposure to
humid air for 5 d. The stability of thinner BP 4, sheet is fur-
ther tested. As shown in Figure S5 (Supporting Information),
the thinner BP a4, sheet (=3.7 nm) also exhibits good stability
as the thicker one. These results demonstrate that the Ag*
modification can protect BP from degradation for several days
in air with a relative humidity as high as 95%. Further experi-
ments find that if the BP 4,y products are placed in a drying
oven, they can be stable at least for 3 weeks. It should be noted
that all the experiments were conducted under room tempera-
ture. If the parameters such as temperature and concentration
were further optimized, a better stability of the BP 5,4,y could be

(3 of 8) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a—d) AFM images of a bare BP sheet exposed to air for 1d (a), 3 d (b), and 5 d (c), and corresponding height profile (d). e-h) AFM images
(e-g) of @ BPyg(y sheet exposed to air for 1d (e), 3 d (f), and 5 d (g), and corresponding height profile (h). i) Changes in the surface roughness of the
BPpg(+) and bared BP sheets with exposure time.

obtained. However, the BP 4, here obtained under room tem-  The typical structure and microscopy image of the few-layer
perature exhibits satisfactory stability as a building block for the =~ BP FET device are shown in Figure 3a. The two electrodes are
fabrication of optical and electronic devices. attached across the BP sheet with a 3 um channel length for the

The BP FET devices are fabricated by traditional micro-nano  source and drain electrodes and the other electrode is attached
machining based on electron-beam lithography and the three-  to the Si substrate serving as the backgate electrode. The room-
electrode system is utilized to assess the transport performance.  temperature switching behavior of the BP FET before and after

Figure 3. a) Microscopy image (top) and structure schematic of a BP FET device on the silicon substrate with a 300 nm SiO,. b) Current (logarithmic
scale) to gate voltage curve obtained from the BP FET at room temperature after Ag* modification for 0, 0.5, 1, and 2 h. ¢) Hole mobility and ON/OFF
ratio of the FET device as a function of Ag" modification time. d) Current to bias voltage characteristics at V, from —60 to 60 V at a step of 20 V for
the BPpg(y) FET after Ag™ modification for 2 h.
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Ag" modification is determined in vacuum (1 x 10~ mbar). By
sweeping the backgate voltage V, on the degenerated doped
silicon, the current between the source and drain probed across
the BP conductive channel is monitored at a bias Vg, of 1 V.
The variation in the I4—V, curve of the BP FET with Ag* modi-
fication time is presented in Figure 3b. As the backgate voltage
is swept from —60 to 60 V, the channels on the bare BP and
BP g4y (modification time of 0.5 h) switch from the “on” state
to the “oft” state and then to the “on” state again, indicating
the ambipolar transport behavior.”>! As the Ag* modification
time is extended from 0.5 to 2 h, the initial current increases
gradually and the “off” state current is smaller, while the cur-
rent from the “off” state to the right-side “on” state becomes
weak. It means that the original ambipolar transport behavior
of BP changes to a more p-type transport as Ag" gradually
adsorbs onto the surface. Figure 3c shows the variation in the
hole mobility and ON/OFF ratio of the BP FET after Ag* modi-
fication. After modification for 1 h, the hole mobility increases
from 796 to 1593 cm? V! 57! and the ON/OFF ratio changes
from 5.9 x 10* to 2.5 x 10° After modification for 2 h, the
hole mobility and ON/OFF ratio increase slightly. Owing to
saturated adsorption of Ag®, the modification process ceases
automatically after 1 h consistent with the Raman results. The
slightly enhanced performance observed in the second hour
during modification can be attributed to the rearrangement
process of Ag" on the BP surface reaching a more stable state
(Figure S6, Supporting Information). To exclude the influence
of NMP, control experiments in which BP is treated with NMP
without Ag" are performed. Figure S7 (Supporting Informa-
tion) reveals no transport enhancement thereby confirming
the effect of Ag* on the enhanced device performance. Finally,
the hole mobility of the BP,g,) FET reaches 1666 cm? V! s7*,
that is more than 2 times higher than that of the original bare
BP device, and the ON/OFF ratio reaches 2.6 x 10° which is
44 times of the original value. Figure 3d and Figure S8 (Sup-
porting Information) show the output behavior of the BPyg4,
FET after modification for 2 h disclosing a linear relationship
between Iy, and Vy, at low Vyg and saturated Iy at high V.
Although the linear relationship between Iy and Vj, indicates
good Ohmic contact between the BP 54,y and Cr/Au electrodes,

www.advmat.de

Schottky barrier (SB) may still exist because for ultrathin body
devices tunneling through SB also results in a linear I-V curve
at room temperature.l’® The saturation observed from Iy, sug-
gests that carrier transportation can be controlled by the back-
gate voltage.

The mechanism of the Ag" induced hole-transport enhance-
ment of the BP FET is analyzed. It is known that when an
electron deficient medium is introduced to an ambipolar trans-
port system, the hole transport part is affected.””l When Ag* is
adsorbed on the surface of BP, it brings more holes into the
FET device, which in turn enhances the hole transportation
and hinders the electron transportation. In order to interpret
the mechanism based on the band theory, theoretical simula-
tion based on first-principles calculation is performed with DFT
implemented in the Vienna ab initio simulation package. The
simulated band structures of the intrinsic monolayer BP and
monolayer BP ., are shown in Figure S9a (Supporting Infor-
mation). There is no new impurity energy level in the band
structures after Ag" modification. In this case, the transport
behavior in the transistor fabricated on BP and BP,gy, can
be divided into three stages, namely hole transport, switching
point, and electron transport, as shown in Figure S9b (Sup-
porting Information). After Ag* is adsorbed onto the surface
of BP, it brings in an electron deficient medium. It elevates
both of the valence band (E,) and conduction band (E.) of BP
and in turn, induces a relatively lower metal Fermi level (Ey)
in the metal-semiconductor system of BP and electrodes. The
relatively lower metal Fermi level results in a weak energy bar-
rier for tunneling of carriers in the hole transport stage and a
strong energy barrier in the electron transport stage. Therefore,
Ag" modification enhances the initial current of the hole-trans-
port side, lowers the off-state current, enhances the ON/OFF
current ratio, and suppresses the electron transport behavior.

The stability of the BP s,y FET is further examined by expo-
sure to air with a relative humidity of 95% at room temperature.
The transport properties of the device are determined every 12 h.
As shown in Figure 4a and Figure S10 (Supporting Informa-
tion), the transport properties of the BP g4, device are main-
tained in the first 60 h and only a slight decline is observed in
the sixth 12 h. By contrast, the transport properties of the FET

Figure 4. a) Current to gate voltage curve obtained from a BPyg(,) FET device after air exposure for 0~72 h. b) Current to gate voltage curve obtained

from a BP FET device after air exposure for 0-24 h for comparison.
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device fabricated on bare BP decline significantly during the
first 12 h and the device becomes nonconducting after 24 h,
as shown in Figure 4b. The decline in the transport proper-
ties of the device stems from oxidization of BP in an atmos-
phere containing O, and H,O. For the BP,4, device, owing
to the protection rendered by Ag*, the transport performance
is preserved for nearly 3 d in air with a humidity as high as
95%. Furthermore, a two-cycle transport-behavior-monitoring
experiment is preformed to test the stability of the BP,,(,) FET
device at different temperatures. As shown in Figure S11 (Sup-
porting Information), the stability of the BP,4,) FET device
can be preserved when the temperature is changed from 298 K
(room temperature) to 253 K and 323 K, although its transport
behavior is changed with the temperature.

The possible effects of other metal ions on the stability and
transistor properties of BP are investigated. The combined
energy between BP and commonly used metal ions is calcu-
lated by DFT simulation (see Figure S12, Supporting Infor-
mation). Although the binding energies are different, they
are all negative demonstrating the possibility of spontaneous
adsorption on the BP surface through cation—r interaction.>?
However, not all salts containing the desired metal can be dis-
solved in NMP to produce free metal ions. Our solubility test
reveals that four salts containing Ag*, Mg?*, Fe’", and Hg?,
respectively, have good solubility in NMP. Based on the afore-
mentioned detailed investigation on Ag*, the influence of the
three metal ions, namely Mg?*, Fe3*, and Hg?", is studied fur-
ther. The XPS results in Figure S13 (Supporting Information)
illustrate successful adsorption of these three metal ions on
the BP surface. The AFM images in Figure S14 (Supporting
Information) show BPyg(54), BPpe(34), and BPygp4) sheets after
exposure to air with a humidity of 95% for different time
durations. Like Ag*, all three metal ions enhance the sta-
bility of BP and the BP sheets after modification is stable for
at least 3 d in moist air. The influences of these metal ions
on the transport properties of BP FETs were also investigated
(see Figure S15, Supporting Information). Like Ag®, all the
three metal ions play electron deficient medium roles in the
BP FETs. In particular, after modification for 2 h with Fe3*,
the original ambipolar transport behavior of BP changes to a
p-type one probably due to the more positive charges of Fe".
Nonetheless, although all three metal ions improve the trans-
port performance of BP FETs, the performance rendered by
Ag* is the best.

In conclusion, metal-ion modification is implemented to
enhance the stability and transistor performance of BP. The
free Ag* adsorbs spontaneously on the BP surface by cation-7
interaction to passivate the lone-pair electrons of the P atoms to
make BP more stable in air. The Ag*-modified BP FET shows
hole mobility of 1666 cm? V™! s7! that is more than 2 times
higher than that of bare BP and ON/OFF ratio to 2.6 x 10°
which is 44 times higher than that of bare BP. Compared to
other surface modification strategies, the ion concentration and
modification time can be controlled and this methodology can
be extended to other metal ions such as Fe’*, Mg?, and Hg?".
Our results suggest a simple and effective means to enhance
both the stability and transistor performance of BP and the
stable BP FET described here has large potential in electronic
and optoelectronic devices.
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Experimental Section

Materials: The BP crystals were purchased from Smart-Elements and
stored in a dark Ar glovebox. NMP (99.5%, anhydrous) was obtained
from Aladdin Reagents and silver nitrate was purchased from Sigma-
Aldrich (Santa Barbara, CA, USA). The chemicals used in this study were
analytical reagent grade and used without further purification.

Metal-lon Modification of BP Sheets: The few-layer BP sheets were
prepared by mechanical exfoliation of bulk BP with scotch tape and
transferred to a Si/SiO, (300 nm) wafer with a PDMS thin film as the
medium. The wafer with attached BP sheets were immersed in the
NMP solution containing the metal ions for different time durations.
Afterward, the wafer was taken out, washed with pure NMP, and dried
with N,.

Characterization: XPS was conducted on the Thermo Fisher ESCALAB
250Xi XPS with an Al K, X-ray source. The sampling depth was less
than 10 nm. The XPS peaks were calibrated by the standard C 1s peak
at 284.8 eV according to the Thermo SCIENTIFIC XPS Knowledge Base.
Raman scattering was performed on the Horiba Jobin—Yvon LabRam
HR-VIS high-resolution confocal Raman microscope equipped with
a 633 nm laser as the excitation source at room temperature and a
XYZ motorized sample stage controlled by LabSpec software. A 50x
objective lens with a numerical aperture of 0. 90 was used to reduce
the spot size of the 633 nm laser to about 1 um. AFM was performed
on the Bruker Dimension Icon AFM system in the standard tapping
mode. To minimize sample degradation in air, AFM was carried out
immediately after the samples were prepared. The BP sheets on the Si/
SiO, (300 nm) wafer were spin-coated with methyl methacrylate (MMA)
and poly(methyl methacrylate) (PMMA) and electron-beam lithography
(JEOL 6510 with NPGS system) was employed to define the drain and
source patterns. The Cr/Au (15 nm/50 nm) electrodes were fabricated by
metal evaporation and the lift-off process. The BP FETs were evaluated
on the Lake Shore TTPX Probe Station in vacuum (1 X 107> mbar) as well
as Keithley 4200 semiconductor characterization system.

Carrier Mobility Calculation: The carrier mobility was extracted from
the gating characteristics lgo—lgs at constant Vg = 1 V as shown in
Figure 3b according to the following equation:

1 Ldlg 1
H=Cwav, Vs

1

where C; is the capacitance per unit area between the conducting channel
and the back gate (C; = gg,/d; € = 3.9 for SiOy; d is the thickness of
insulating layer SiO,, 300 nm), L is the channel length (=3 um), and W is
the channel width (1-3 um for different devices).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. Microphotographs of typical BP sheets on the surface of the Si/SiO, (300 nm)

wafer.



Figure S2. Schematic of the XPS measurement area on a BPag) sample.



a

Intensity (a.u.)

120000 4 —BP
100000 -
80000+

60000 -

40000 4
20000 i “l\‘ M

0

Agl+

0 200 400 600 800 1000 1200
Binding energy (eV)

b

Intensity (a.u.)

120000+

100000 -

80000

60000 4

40000+

20000 -

0

e B

N

0

200 400 600 800 1000 1200
Binding energy (eV)

Figure S3. XPS spectra of (a) BPag+) and (b) bare BP sheets after exposure to air for 3 days.

The sharp peak at 532 in both spectra arises from O and the intensity of the O peak in (b) is

larger than that in (a), indicating that there is more O in the bare BP sample than BP ay(+).



Figure S4 (a) Micrograph of a BP sheet and (b, ¢) Raman mapping images of the same BP

sheet before (b) and after (c) Ag* modification based on the Raman peak of 360.9 cm™.



Figure S5. AFM images of a 3.7 nm BPag(+) Sheet exposed to air for 1 day, 3 days, and 5 days.
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Figure S6. Schematic showing the rearrangement of metal ions on the surface of BP.
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Figure S7. Current (logarithmic scale) to gate voltage curve obtained from the BP FET device

on a silicon substrate with a 300 nm thick SiO, at room temperature and the same

measurement of the device after treatment with pure NMP for 2 h.
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Figure S8. (a) Partial output behavior of the BP aq(+) device at Vg from -60 to 60 V at a step of

20 V and (b) full output behavior of the BP a¢+) device at Vg from -60 to -40 V at a step of 2 V.



Figure S9. (a) Simulated band structure of the Ag*-modified monolayer BP with E; being the
Fermi level of the system; (b) Schematic showing the evolution of the contact energy-level

diagram of BPay(+) and electrode.
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Figure S10. The plot of hole mobility of the FET devices built on BPag+) and BP as a

function of exposure time.
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Figure S11. Current (logarithmic scale) to gate voltage curves obtained from a BPag+) FET
device under 253 K, 298 K and 323 K. The device was in turn stored at 298 K (room
temperature), 253 K and 323 K for one day before its transport behavior was tested at the

corresponding temperature. Then, another cycle of above experiment was taken on the same

device.
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Figure S12. Combined energy of commonly used metal ions with BP calculated by DFT with
the VASP package. Hundreds of phosphorus atoms are used to optimize the structure of BP
and four typical consecutive phosphorus atoms are chosen as a supercell to simulate the

interaction between BP and metal ions.
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Figure S13. XPS spectra of (a) Mg 1s, (b) Fe 2p, and (c) Hg 4f on BPwmg(2+), BPre(s+), and

BPHg(2+), respectively.
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N Mg 1 day.

Figure S14. (a-c) AFM images of BPwg2+) Sheets exposed to air for (a) 1 day, (b) 3 days, and
(c) 5 days; (d-f) AFM images of BPge(3+) Sheets exposed to air for (d) 1 day, (e) 3 days, and (f)

5 (f) days; (g-h) AFM images of BPug2+) Sheets exposed to air for (g) 1 day and (h) 3 days.
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Figure S15. Current (logarithmic scale) to gate voltage curve obtained from the FET devices
fabricated on BP sheets on silicon with 300 nm SiO, modified by (a) Mg**, (b) Fe**, and (c)

Hg?* at room temperature for different time.
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