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ABSTRACT We report the preparation of thickness-controlled

few-layer black phosphorus (BP) films through the modulated
plasma treatment of BP flakes. Not only does the plasma treatment
control the thickness of the BP film, it also removes the chemical
degradation of the exposed oxidized BP surface, which results in
enhanced field-effect transistor (FET) performance. Our fabricated BP
FETs were passivated with poly(methyl methacrylate) (PMMA)
immediately after the plasma etching process. With these techni-
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ques, a high field-effect mobility was achieved, 1150 an?/(V s), with an lon/l5 ratio of ~10° at room temperature. Furthermore, a fabricated FET with

plasma-treated few-layer BP that was passivated with PMMA was found to retain its /—V characteristics and thus to exhibit excellent environmental

stability over several weeks.
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wo-dimensional crystals have attracted
Tsigniﬁcant attention since the rise

in popularity of graphene. However,
graphene lacks a band gap,"? so a two-
dimensional gapped material with high mobi-
lity is highly sought.>~> Black phosphorus (BP)
has been studied for decades and is known
as a most stable allotrope of phosphorus with
its unique orthorhombic structure.®~® Recent
studies have shown that BP is an elemental
layered material, with strong in-plane bonds
and a weak van der Waals interlayer interaction
that make it possible to obtain layered struc-
tures through mechanical cleavage 348"
The energy band gap of BP is reported to
be 033 eV in the bulk and 1.8 eV for
a monolayer,*®"'"'% and unlike transition
metal dichalcogenides (TMD) such as MoS,
and WSe,, the energy band gap of BP retains
its direct band gap character when the layer
thickness varies.>*''~1* Moreover, the car-
rier mobility of BP can theoretically be as
high as 20000 cm?/(V s).° These fascinating
properties mean that layer-structured BP is a
promising semiconducting channel material
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for future nanoscale electronic devices and
suitable for near and mid-infrared region opto-
electronic device applications. However,
there are several technological obstacles that
must be overcome to enable the actual im-
plementation and integration of BP devices.
Although BP is known to be the most stable
phosphorus allotrope,® %56 recent experi-
ments have demonstrated that after expo-
sure to ambient conditions, BP exfoliated
from the bulk is not environmentally stable
because it reacts with oxygen and water
molecules and forms a rough surface con-
taining impurities,'””~2* which act as charge
trapping centers and carrier scattering cen-
ters. As a result, considerable degradation
of transistor performances, including de-
creases in mobility and threshold voltage
shifts have been observed.?*~%? A theoreti-
cal study has also indicated that the surface
of BP is hydrophilic due to its strong out
of plane dipole moment.®?° In addition, the
mechanical cleavage with tape of BP from
the bulk is not as easily realized as for
graphene and TMD materials, in that it

AT AN TS

* Address correspondence to
jhpark9@gmail.com,
leesj@skku.edu.

Received for review January 7, 2015
and accepted August 22, 2015.

Published online August 24, 2015
10.1021/acsnano.5b04265

©2015 American Chemical Society

8729

WWwWW.acsnano.org



re e
®e o
Ar* plasma o ®
a °® Plasma treatment

(thickness control,
defectremoval)

FET fabrication
(S/D patterning)

® P # Impurities

Plasma treatment &
PMMA passivation

@® PO,

15.90nm

&= As exfoliated
~#-24 hour storage |
«@=4 min plasma

-
N

-y
ot
Intensity (a.u.)
o
t
S
3

Thickness (nm)
s

o

=

Etched BP thickness (nm)

3 0 2 4
BP region

6 8 10 360 400 440 480
Plasma treated period (min)

Raman Shift (cm™1)

Figure 1. (a) Schematic diagram of the effects of the plasma treatment of a BP flake: thickness control, surface defect removal,
and device fabrication process. AFM mapping images of a BP flake: (b) as-exfoliated, (c) after 24 h of storage, and (d) after
plasma treatment for 4 min (scale bars: 2 um); (e) BP thicknesses in regions ®-®in panels b, ¢, and d; (f) etched BP thickness
as a function of the duration of the plasma treatment; (g) Raman spectra of BP films with various thicknesses.

is difficult to control the layer thickness of the exfo-
liated film.’

In an attempt to resolve these two issues, we tested
in this study a plasma etching process in which the
thickness of the layered BP film can be controlled by
modulating the plasma etching time. During this plas-
ma etching process, the defects formed on the top
surface of the exfoliated BP are removed. Our atomic
force microscopy (AFM), scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS)
results show that the oxidants formed on the BP sur-
face are removed by the plasma etching process,
which results in a smooth surface morphology. It was
also shown that thickness-controlled BP maintains
excellent crystallinity after plasma etching, which was
confirmed with Raman spectroscopy and high-resolu-
tion transmission electron microscopy (TEM). By using
this method and the passivation of the fabricated
BP field-effect transistors (FETs) with poly(methyl
methacrylate) (PMMA), we achieved a hole mobility
of 1150 cm?/(V s) and an lo/lo ratio of 10° at room
temperature. These BP FETs also retain their |-V
characteristics over several weeks.

RESULTS AND DISCUSSION

Few-layer BP films were obtained by cleaving
bulk BP crystals with blue Nitto tape, followed by
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Ar+ plasma treatment of various durations to achieve
thickness-controlled BP films. Figure 1a shows a sche-
matic illustration of the plasma treatment BP layer
thinning process and the resulting removal of the
impurities on the top surface of a BP film. The morphol-
ogies and thicknesses of the BP layers were examined
by performing optical microscopy (OM), SEM, and AFM.
After examination of the BP flakes with OM, the ex-
foliated BP samples were transferred onto Si substrates
covered with thermally grown 285 nm SiO; layers for
further characterization and for fabrication of back-
gated BP FETs. As shown in Figure 1a, after patterning
of source/drain electrodes, the exposed BP films are
plasma-treated and passivated with PMMA. To find an
optimal plasma treatment condition with which the BP
thickness can be controlled by varying the plasma
treatment duration without inducing damages on
the morphology and crystal structure of the BP films,
we examined various plasma power conditions at
fixed pressure of 30 mTorr for 5 min. As can be seen
in Figure S9, in the case of the plasma power below
350 W, no significant OM contrast changes were ob-
served after plasma treatments. After plasma treatment
at 400 W, the OM contrast changed too much and the
surface became rough. Moderate OM contrast change
was observed after the plasma treatments at 350 W.
Further fine-tuning of plasma power was examined by
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monitoring the etched BP surface with AFM mapping.
Figure S10 shows the AFM mapping images of the BP
films after plasma treatments at 325, 350, and 375 W,
respectively. Considering uniform etching result on
BP films and damages induced on the BP surface, the
plasma treatment at 350 W was chosen and further
experiments were performed at fixed power and pres-
sure. Figure 1 panels b—d show AFM images of BP
flakes: as-exfoliated (Figure 1b), after 24 h of storage in
low vacuum (10~" Torr, Figure 1c), and after plasma
treatment for 4 min (Figure 1d). The thicknesses of the
as-exfoliated BP films vary in the range 4—50 nm, as
found for the regions @—® in Figures 1b—d. Even after
brief exposure to the atmosphere, a formation consist-
ing of uniformly distributed protuberances or defects is
evident on the top surface of the as-exfoliated BP film,
as shown in Figure 1b. These protuberances appear to
have grown from the top surface of the BP film rather
than the edges. The AFM image in Figure 1c shows the
same BP sample after storage for 24 h at 10" Torr. The
surface degradation has intensified, merging into wider
and taller bubbles with decreased density. Similar
results have recently been reported for BP flakes.'”~%?
The degradation of the BP surface after storage for 24 h
also manifests in an increase in the surface roughness
RMS value from 2.8 nm (as-exfoliated) to 4.7 nm. This
chemical instability of BP is probably related to the
electrostatics and structural buckling of its surface,??
and has a serious negative impact on the performances
of electronic devices, as discussed below. However,
a subsequent plasma treatment (Ar+, 350 W, 4 min)
of the same BP sample was found to completely
remove the bubbles from the BP top surface, as shown
in Figure 1d, producing a clean surface with a re-
duced surface RMS of less than 1 nm. The AFM height
profiles were measured from the red boxes marked in
Figure 1b—d. The line profiles in Figures Tb—d clearly
show surface roughness and thickness change after
the plasma treatments. Another important effect of the
plasma treatment is a uniform decrease in the BP layer
thickness. As shown in Figure 1e, the BP thicknesses in
the regions marked @—® of the as-exfoliated sample
(Figure 1b) decrease by ~6 nm after plasma treatment
for 4 min (Figure 1d). The decrease in the thickness after
24 h of storage is due to the conversion of the top
BP layer to the phosphorus oxide compounds, which
introduces significant roughness onto the top surface.
Figure S1 shows the degradation of the surface
morphology and the decreases in the Raman peak
intensities as the BP exposure time increases. We
further determined the variation with plasma treatment
duration in the BP thickness, that is, the decreases
in thickness with increases in the plasma treatment
period, as shown in Figure 1f. This figure shows that
by adjusting the plasma treatment duration, the BP
thickness can be controlled in a monotonic manner.
Figure 1g shows the Raman spectra of the BP samples
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with thicknesses ranging from 2 to 10 nm, which were
obtained by varying the plasma treatment duration.
In these spectra there are three prominent peaks at
366 cm~ ', 443 cm ™, and 471 cm™'. The spectra are
normalized to the Raman peak of the A2g peak at
471 cm™". These peaks are due to vibrations of the
crystalline lattice of BP and match the Raman shifts
attributed to the A'y, B,,, and A%, phonon modes
observed in bulk and exfoliated BP,”*** which indi-
cates that the BP films retain their crystalline structures
after plasma treatment, as also confirmed by the TEM
analysis presented below. The vibration directions of
the phosphorus atoms in the B,y and A%, modes
correspond to vibrational modes in which the atoms
oscillate within the layer plane; in the A’y mode the
phosphorus atoms vibrate out-of-plane.”?® While there
is no significant variation with thickness in the Raman
peaks of our BP films, the ratio of the intensities of
the A1g peak and the Si peak monotonically increases
from 0.02 to 1.69 as the BP thickness increases from
2to 10 nm (Figure S2), which suggests that this ratio can
be used as a gauge of BP film thickness.>?*

Further investigation of the surface morphologies
of the BP films was performed with SEM analysis.
Figure 2a—c show SEM images of BP films prepared
under identical conditions (thickness: 10—20 nm) to the
BP films in Figure 1b—d. Shortly after exposure to the
ambient atmosphere, small topographic protuberances
are evident on the BP surface (Figure 2a). After 24 h of
exposure, they have merged to form larger bubbles
(Figure 2b). However, after plasma treatment for 4 min,
the impurities formed on top of the BP surface have
been successfully removed (Figure 2c). These results
indicate that the optimized plasma treatment etches
the BP flake layer-by-layer so that the remaining layers
retain good morphology and a clean chemical structure.
To check for chemical modifications and the formation
of additional chemical bonds on the BP surface, XPS was
performed. Figure 2d displays the P 2p core XPS spectra
of the as-exfoliated BP flakes (thickness: 10—20 nm) after
20 min of exposure (black curve), after 3 days of ambient
exposure (red curve), and after 4 min of plasma treat-
ment (blue curve). All spectra were calibrated to the
binding energy of adventitious carbon (284.8 eV), and
we compensated for electrostatic charging by using
an Ar+ flood gun. The as-exfoliated BP produces a
single spin—orbit split doublet at ~130 eV, which is
consistent with previous XPS measurements for BP bulk
crystals,?’?® and there is an additional broad peak at
~135 eV. This feature is due to phosphate species, as
many oxidized phosphorus compounds exhibit peaks
near 134—136 eV.>>*” Wide oxidized phosphorus peaks
suggest oxide amorphization, with multiple P—O and
P=0 bonding states. Therefore, we assign the peaks to
POx, that is, oxidized phosphorus species. The intensity
of the broad POx peak is comparatively weak because
of the short time exposure and incomplete oxidation
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Figure 2. (a—c) SEM images of BP samples prepared under the same conditions as in Figures 1(b—d). Scale bars are 100 nm.
XPS spectra of the (d) P 2p and (e) O 1s cores of the BP samples in panels a—c.

reaction. After 3 days of ambient exposure, the intensity
of the P 2p spectra of BP decreases, which is character-
istic of increased oxidation that transforms phosphorus
from the elemental form into a compound. Further
oxidization results in POx spectra with higher intensity.
After 4 min of plasma treatment, the significant de-
crease in the intensity of POx and similar P 2p peak is
observed, which confirms that the plasma treatment
not only has a thinning effect but also a cleaning
function. Figure 2e shows the O 1s core XPS spectra
of the same samples. The same peak is present at
~533 eV for both the as-exfoliated (black curve) and
the plasma-treated samples (blue curve). The sharp
peak at ~534 eV for the sample after 3 days exposure
(red curve) also indicates that POx formation occurs on
the BP surface after exposure to the ambient atmo-
sphere, which is removed by the plasma treatment.
We employed TEM to further characterize the atomic
structures and crystallinity of the as-exfoliated and
plasma-treated as-exfoliated BP samples. Figure 3
panels a and c show high resolution TEM images of
the as-exfoliated (~50 nm) and plasma-treated (~5 nm)
BP films. Perfect and orderly atomic arrangements with-
out noticeable defects are evident for both samples.
Top view hexagonal structures are drawn on each
image (red ball-and-stick). The estimated lattice con-
stants area=2.13 A, b=1.33 A, and ¢ = 3.226 A, which
are consistent with the theoretical values and show
that the ideal atomic structure and crystallinity persist
during the plasma treatment.®® Figure 3 panels band d
show the SAED (selective area energy diffraction)
images corresponding to Figure 3 panels a and c. Single
crystal structures are evident for both samples. The
density of bright spots is higher in the SAED image of
the plasma-treated sample (Figure 4d), and the (101)
crystal orientation is prominent. The prominence of this
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orientation is due to the thinning of the BP sample by
the plasma treatment, which enhances the light lumi-
nance of the (101) crystal orientation.’

Back-gated FETs were fabricated on Si substrates
covered with thermally grown 285 nm SiO, layers, as
shown in Figure 1a. Figures 4 panels a—c show OM
images of FETs incorporating BP films with various
thicknesses, which were obtained by applying plasma
treatment to the same sample: as-exfoliated BP
(~30 nm), after 8 min of plasma treatment (~18 nm),
and after 13 min of plasma treatment (~10 nm). After
characterizing the as-exfoliated BP FET, plasma treat-
ments were applied to the BP channel for 8 and 5 min
to reduce the thickness. Figure 4d shows the I3—V,
characteristics (Vgs = 100 mV) of the resulting films,
which exhibit p-type dominant behaviors. A similar result
was reported from the experimental work,'® which is
consistent with theoretical predictions.'*?° However, the
ambipolar conductions were also reported.*3%*' Further
thorough investigations are required to clarify this. As
the duration of the plasma treatment period increases,
that is, the BP thickness decreases, enhanced transfer
characteristics are obtained: the mobility increases from
70cm? V' s (as-exfoliated) to 160 cm? V™' s~ (8 min
of plasma treatment) and 415 cm? V- s (13 min
of plasma treatment), the on—off ratio increases and
hysteresis decreases (Figure S7). These improvements
can be attributed to the combined effects of the reduc-
tion in thickness and the defect removal by the plasma
treatment. The contact between the metal electrodes
and the BP layers exhibited ohmic contact behavior,
as confirmed by the linear Iy—Vy4 curves with various
Vy (Figure S11). Here, the field-effect carrier mobility
was extracted from the equation u = do/(C4-dVy) =
(L/CgWVy,) - (dlgs/dVy), where 1 is the field-effect mobility,
L and W are the channel length and width, respectively,
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Figure 3. (a) TEM image and (b) SAED pattern for the as-exfoliated BP sample, and (c) TEM image and (d) SAED pattern for the

plasma-treated BP sample.
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Figure 4. (a—c) OM images of the fabricated back-gated FETs incorporating the following BP films: as-exfoliated, after 8 min
of plasma treatment, and after 13 min of plasma treatment, respectively. Scale bars are 10 um. (d) I4—V, transfer
characteristics of the three FETs; (e) the /,,/lo ratio and field-effect mobility as functions of BP film thickness; (f) I4—Vq
transfer characteristics of the 12 nm thickness BP FET which exhibits the highest mobility; (g) the temperature dependence of

the field-effect mobility.

G, is the gate capacitance of the SiO, dielectric, and Iy,
is the drain current. The variations with thickness in the
field-effect mobility and the I,/ ratio were investi-
gated by preparing BP films with various thicknesses
by applying plasma treatment for different periods. A
four-terminal measurement was also conducted on the
fabricated BP FETSs. A similar mobility value was obtained,
as shown in Figure S12. The variation with thickness
in the field-effect mobilities of the BP FETs (Figure 4e)
exhibits a characteristic behavior found for other layered
materials,>*** which is due to two mechanisms: the

JIAET AL.

carrier scattering induced by charge impurities at the
interface between the BP channel and the SiO, substrate
and the increases in the interlayer resistance with in-
creases in the layer thickness. A thinner BP channel
is more susceptible to potential variations in the sub-
strate due to the formation of traps at the interface.
The mobility increases monotonically in the thickness
range 4—12 nm because charge screening by induced
charge is enhanced as the BP film thickness increases.
However, further increases in channel thickness will
result in increases in the interlayer resistance of the BP
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films, and thus in decreases in carrier conduction from
the electrical contacts formed on the top surfaces of the
BP films. The degradation of the /,./ls ratio could be
also related to the incomplete removal of the defects on
the BP surface. A peak mobility of 1150 cm? V=" s~ " was
obtained at a BP thickness of ~12 nm (Ilq—V, character-
istics of this device is shown in Figure 4f). Although this
result is lower than the theoretically predicted mobility
(20000 cm? V=" s7")? and the recently reported mobility
from the h-BN/BP/h-BN stacked structure® it is the
highest BP FET mobility observed so far fabricated on
SiO, substrate at room temperature.

Recent experimental studies have shown that
chemical instability in the BP surface results in the
degradation of BP FET performance.’° 22 The stabili-
ties of the FETs with plasma-treated BP films fabricated
in this study are shown in Figure S3. The as-fabricated
FET with a plasma-treated BP film (~8 nm) yields
an initial lon/lo ratio ~10° with a field-effect mobility
of 100 cm? V™' s™'. However, after 5 h of ambient
exposure, the on current decreased by a factor of
~10 and the threshold voltage shifted to ~50 V, which
is due to the formation of PO, species on the top
surface and p-type doping by the adsorbates. Further
exposures of 20 and 40 h were found to result in the
complete degradation of the transfer characteristics, as
shown in Figure S3a. To overcome this problem, some
works have been reported such as PMMA, ALD grown
Al,O;, and h-BN encapsulation.'®*3*3> |n our work,
the PMMA-passivation was used to protect the pre-
pared BP films from water and oxygen molecules in air.
As shown in Figure S4, the PMMA-passivated BP film
(~8 nm) maintains its good morphology and surface
roughness even after a long exposure to air, and
exhibits excellent Raman spectra. Further, this passiva-
tion capability is confirmed by the OM and AFM images
taken after 15 days exposure as shown in Figure S5.
A BP FET prepared identically to that shown in
Figure S3a was passivated with a ~ 300 nm thick film

EXPERIMENTAL SECTION

Materials and Methods. Few-layer BP was obtained by cleaving
commercially available bulk BP crystals with blue Nitto tape.
After exfoliation, for further thickness control, an inductively
coupled plasma (ICP) was used to treat the BP flakes. Ar gas was
used to maintain the pressure at 30 mTorr, and 350 W rf power
delivered at 13.56 MHz was applied to a four-turn spiral coil
to discharge the high density plasma. For the passivation of
the BP film, we directly coated it after plasma treatment with
PMMA (495, A5) by using a spin coater with a rotation speed of
5000 rpm for 50 s.

Characterization. The surface morphologies of the samples
were examined with AFM (Veeco Icon) and SEM (JEOL JSM-
7401F). AFM images were acquired in air cantilevers operated
in tapping mode. Raman spectroscopy was performed with
a laser micro-Raman spectrometer (Kaiser Optical Systems
RAMANRXNT1, at an excitation wavelength of 532 nm). For the
TEM (JEOL JEM 2100F) measurements, the BP samples were
transferred onto a copper grid with carbon mesh. TEM imaging
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of spin-coated PMMA immediately after fabrication
and plasma treatment. The passivated device exhibits
an initial hole mobility of 150 cm?V ' s~ " and an Ion/logs
ratio of 10%. More importantly, it maintains excellent
ls—Vy transfer characteristics over several weeks
(Figure S3b), that is, excellent environmental stability.
The temperature dependence of the carrier mobilities
of the BP FETs is shown in Figure 4g. Note that the
carrier mobility saturates at low temperature and
decreases when the temperature is increased from
170 to 300 K. The decay of the mobility in this tem-
perature range follows a power law, 4 ~ T with y =
0.4. This exponent of the power law dependence is
much lower than the theoretically predicted value of
y = 2.6 for a semiconducting layered structure.>® This
exponent of the power law dependence is slightly
lower than the reported value of y = 0.5 for a BP FET
which has similar device structure.'®*”38 The real cause
of these discrepancies is not clear at this moment;
further thorough theoretical and experimental studies
are needed for complete understanding of the mec-
hanism of carrier transport in BP FETSs.

CONCLUSION

We have demonstrated that the thickness of
exfoliated BP films can be controlled by performing
an optimized plasma etching process on the top sur-
face of the BP film. Our AFM, SEM, and TEM results
showed that the plasma treatment successfully re-
moves the POx species formed on the BP surface and
that the remaining few-layer BP films exhibit excellent
morphology and crystalline structure. The chemical
instability of the exposed BP film was resolved by
passivation with PMMA. The plasma-treated thick-
ness-controlled BP films and their passivation with
PMMA were used to fabricate an FET with a high
field-effect mobility of 1150 cm?/(V s), an lon/lofs ratio
of ~10° at room temperature, and excellent environ-
mental stability.

was carried out at an acceleration voltage of 300 kV. The
chemical configurations were determined with X-ray photo-
electron spectroscopy (XPS, ESCA2000). The XPS measurements
were performed with an Al Ka. and Mg Ka X-ray source. The spot
sizes of the XPS measurements are 1 cm.

FET Fabrication. For the fabrication of the plasma-treated BP
FETs, we first exfoliated BP onto a SiO, substrate, followed by
~10 min of plasma treatment to produce thinner BP flakes. After
the plasma treatment, we directly coated PMMA onto the films.
OM was used to find a BP flake with a thickness of <20 nm and
a suitable size, then electron-beam lithography was used to
fabricate back-gated FETs and Cr/Pd (5 nm/50 nm) was depos-
ited with an e-beam evaporator, followed by a lift off process.
Then we again applied plasma treatment to the BP FET to
prepare a BP film with the required thickness by controlling
the treatment duration and removing the oxides at the same
time. Finally, PMMA was coated onto the BP film right after
the plasma treatment so as to isolate the BP FET from the
ambient atmosphere. The fabricated back-gated transistors

VOL.9 = NO.9 = 8729-8736 = 2015 K@}Nﬁ@i{\j

WWwWW.acsnano.org

8734



were characterized by using a Keithley 4200 parameter analyzer
at the pressure of 1072 Torr.
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