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Mono- (or few) layer black phosphorus (BP) is highly expected to be a next-generation two-dimensional
(2D) atom-thin semiconductor. Compared with other 2D atom-thin layers, BP has a significantly
anisotropic atomic structure, which can provide unique electronic, optical, and magnetic properties.
Herein, we report the observation of B?3 magnetic-field (B) dependence of the Hall resistance with
extremely small quantized levels in the low-B regime of the few-layer BP, which are associated with the
anisotropic electronic structure confirmed by largely anisotropic hole mobilities. One of the qualitative
interpretations for the B3 dependence is the possible presence of a uniaxial Dirac spectrum (arising
from a closed band gap caused by uniaxial stretch along the buckling armchair direction, which is
occasionally introduced by a process for cutting and wire-bonding samples, confirmed by Raman
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Accepted 11th April 2017 spectroscopy) and its hybridization with a Schrédinger spectrum existing along a zigzag direction. The
observed phenomena imply significant potential due to strong anisotropy of atom-thin (few-layer) BP,
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Introduction

Among the large family of 2D atom-thin materials, mono(few)-
layer BP has appeared as a 2D semiconductor with a substan-
tial energy band gap intermediating between the zero-gap gra-
phene and the large band-gap of the transition-metal
dichalcogenide family."?** High carrier mobilities, u, up to
~4000 cm® V' s at low temperatures and Shubnikov-de Haas
(SdH) oscillations have been demonstrated in few-layer BP with
improved crystal quality resulting from the removal of impuri-
ties.® Large edge-magnetism at room temperature has also been
predicted and actually observed in oxygen-terminated BP
nanoribbons and nanomeshes.*®

Highly in contrast to graphene, mono(few)-layer BP has
a unique anisotropic atomic structure (Fig. 1(a); i.e., a zigzag
structure within a monolayer along the y-axis and buckling
armchair formed over two layers along the x-axis), which results
in a puckered honeycomb lattice on a top view (Fig. 1(b)). It
yields anisotropic electronic structures (e.g., electron effective
mass m* and u), which are very important for innovative elec-
tronic and optical device*” applications. As shown in Fig. 1(a)
and (b), a puckered honeycomb lattice clearly provides the
hopping integrals ¢ # ¢ between the nearest neighbors because
t and ¢ for the in-plane zigzag and buckling armchair
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structures, respectively, are different. Indeed, |¢| = 1.220 eV for
the in-plane zigzag and ¢ = 3.665 eV for the buckling armchair,
with the m* several times lighter in the armchair than in the
zigzag direction, and a strong angular dependence of the
conductivity has been reported in mono(few)-layer Bp.*5*>27
This ¢ # ¢ yields unique B dependence of the Landau Levels
(LLs) in graphene, in which the energy levels around the band
center (E = 0) (with Dirac spectrum,' Fig. 1(c)) vary with B as
En(B) ~ £(NB)Y2, with a twofold valley degeneracy.’® This B>

(d)

(c)

Fig. 1 Schematic of (a) in-plane anisotropic atomic structure of BP
(i.e., zigzag within monolayer along the y-axis and buckling armchair
formed over two layers along the x-axis) and (b) a puckered honey-
comb lattice on a top view. t and t' are hopping integrals between
nearest neighbors, corresponding to P-atoms within in-plane zigzag
and buckling armchair over two layers, respectively. (c) and (d)
examples of low energy spectrum for (c) ' = t and (d) ' = 2t in
graphene.
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dependent spectrum is different from the well-known B
dependence of LLs; Ex(B) = (N + 1/2)eB/m* for electrons in
a quadratic band with m* (i.e., Schrodinger spectrum). On the
other hand, the novel B dependence of the LLs implying a power
law, a [(N + v)B]*® behaviour with y = 1/2 arising from
a hybridization of the Dirac and Schrodinger spectrum, has
been theoretically reported recently for the specified graphene
with t # ¢ (ie, ¢ = 2t; Fig. 1(d)) in the low B region of the
Hofstadter-Rammal spectrum.'**® The value vy = 1/2 results
from the cancellation of a Berry phase.

Moreover, band gap closure resulting in the appearance of
a Dirac cone”® has been recently reported in potassium-doped
BP, exhibiting strong anisotropy (i.e., a Dirac semimetal state
with a linear band dispersion in the armchair direction and
a quadratic one in the zigzag direction),* as well as band gap
modulation caused by strain.'*** Therefore, it is crucial to
experimentally clarify how the anisotropic atomic structures
yield further unique physical characteristics, which contribute
to the applications for innovative electronic, optical, and
magnetic devices in mono(few)-layer BPs.

Results and discussion
Sample characterization

Fig. 2(a) and (b) show optical and atomic force microscope
images of a BP with top and cross sectional views, respectively.
The samples have been fabricated by mechanical exfoliation of
bulk BP (Smart Element Co.) on a clean SiO,/Si substrate, of
which the surface was thoroughly cleaned mechanically and
chemically (O, plasma cleaning) before forming the BP in order
to obtain high carrier mobility, following the Scotch tape
method. Typical sample area and thickness are ~400 pm” and
~4 nm, respectively.

After the mechanical exfoliation, the BP samples have been
preserved in high-vacuum in order to avoid heavy oxidation.
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Fig. 2 (a) Optical and (b) atomic force microscope images of a BP
flake on top and cross sectional views, respectively. Panel (b) has been
measured along red line shown in (a) (i.e., at a right edge of the flake).
(c) Typical Raman spectrum of the (a) sample corresponding to sample
Ain (d). Red curve is the spectrum before cutting the substrate, and the
blue curve is that after cutting the substrate into two individual
substrates each with one Hall pattern, thinning, mounting on pack-
ages, and wire-bonding to the package by Au wires. (d) Optical
microscope image of the sample with two Hall bar patterns with 90°
different directions (A and B) used for electrical measurements. White
dotted line between two regions is just a guide for the eyes. Each
sample direction is not intentionally aligned to crystal orientations (x, y)
shown in Fig. 1(a) and (b). As mentioned in (c), the substrate has been
cut into two individual substrates for electrical measurements.
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Fig. 2(d) shows an optical microscope image of the sample with
two Hall bar patterns used for electrical measurements. Two Hall
patterns have been fabricated on one BP substrate in different
directions within 90° (i.e., main bars of samples A and B) in order
to clarify the anisotropic electronic transport, although each
sample direction is not intentionally aligned to crystal orienta-
tions (x, y) shown in Fig. 1(a) and (b). After this initial formation,
the Si/SiO, substrate has been mechanically cut by dicing into two
individual substrates each with one Hall pattern. Then, the indi-
vidual Si/SiO, substrates have been thinned and mounted on
packages for electrical measurements, and electrode pads have
been bonded to the package by Au wires.

The red curve in Fig. 2(c) shows the Raman spectrum of the
sample shown in Fig. 2(a) (sample A in (d)) before cutting the
substrate, which agrees with that in few-layer BP. In contrast,
the blue curve demonstrates the Raman spectrum after cutting
this substrate into two individual substrates each with one
Hall pattern by hand thinning, mounting on packages, and
bonding to the package by Au wires (sample A in (d)). It implies
a large shift of Ay and A; peaks in opposite directions (i.e., 360
to 340 cm ™' (~—1/18) for Ay and 465 to 480 cm ' (~1/31) for
A3). Ref. 24 gives the quantitative information for changes of
Raman shift ratios caused by strain modulation (i.e., ~—1/12,
~1/22, and ~1/15 for Ag, By, and A, respectively). Our results
for Ay and A; peaks are qualitatively consistent with those
considering the opposite shift direction, although the shift
values are smaller than those in ref. 24. On the other hand, the
B; peak is almost unchanged in Fig. 2(c). This is also consis-
tent with the extremely small shift of the By peak against the
applied strain because B; mode originates from only lattice
vibration in parallel with the substrate. Therefore, Fig. 2(c)
suggests the introduction of a stretch mode (uniaxial strain)
into few-layer BP, which should result in a closed band gap
and subsequent appearance of the observed anisotropic Hall
resistance (i.e., B> dependence due to the closed band gap) as
shown later.

Electrical properties

Fig. 3 shows examples of typical electrical properties of two
samples. Fig. 3(a) shows the ohmic feature for a drain current (Ips)
as a function of drain voltage (Vps) of sample A, whereas sample B
shows much lower Ins. Interestingly, we find that field-effect
mobility for the hole (u), which is extracted from the line fit of
the transfer characteristics (i.e., relationships for normalized
conductance (G) vs. back gate voltage (Vyg)), has strong anisotropy
as shown in Fig. 3(b) (sample A) and 3(c) (sample B). In sample A,
un is estimated to be ~320 ecm® V' s™! at T = 300 K and ~3300
em® V' s at T = 1.5 K (from dotted lines in Fig. 3(b)), whereas
much smaller u;, of ~120 cm?> VvV~ s™! at T= 300 K is estimated in
sample B (Fig. 3(c)). This uy, of ~3300 cm> V™" s almost agrees
with that of previous reports of BP, with the best quality reported
in ref. 3, and it allows the possible observation of low-B (quantum)
Hall resistances (particularly R,,) at low temperatures. The
abovementioned surface cleaning of the Si/SiO, substrate and
a thickness of ~4 nm contribute to this high u;, of sample A, as
reported in ref. 8.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Drain current (Ips) as a function of drain voltage (Vps) of

sample A in Fig. 2(d). (b and c) Relationships for conductance (G) vs.
back gate voltage (Vy,g) normalized by channel length (L) and width (W)
of samples A (b) and B (c). Dotted lines are for extraction of field-effect
mobility. Inset of (b): expansion around V,,q = 0 of the main panel.

These results suggest strong anisotropy in electronic struc-
tures, possibly associated with the anisotropic atomic structure
of BP, when it is assumed that device orientations are occa-
sionally aligned to the crystal orientations (i.e., directions of the
main Hall bars (current channel) in samples A and B in Fig. 2(c)
are aligned to the x-axis and y-axis in Fig. 1(a), respectively).
Indeed, ¢ = 3t has been reported in BP nanoribbons as
mentioned above (e.g., |¢| = 1.220 eV for in-plane zigzag and ¢ =
3.665 eV for buckling armchair).® This is exactly consistent with
the observed anisotropic ratio of uy, of ~120/320 cm®> V" 's™ ' at
T = 300 K. The m* value, which is several times smaller in the
armchair direction and causes a larger u, to the armchair
direction, has actually been reported previously. The ratio of uy,
of ~120/320 cm® V' s is smaller than that of the angle-
dependent conductivity ratio of ~0.3/0.45 mS mm™" reported
in ref. 8. This also supports a stronger anisotropic electrical
property in our sample due to the exact alignment of the Hall
bar directions with the crystal directions as mentioned above.
Moreover, the band gap closes (i.e., parabolic-like V;,, depen-
dence) around V;,, = 0 in sample A, as observed in the inset of
Fig. 3(b). This should be associated with uniaxial stretch mode
as mentioned in later, although it is in contradiction to the
presence of the band gap in conventional BP and unlike that of
the Dirac point in graphene (i.e., linear V},, dependence for band
gap closing).

Fig. 4(a) exhibits R,, observed in low-B Hall measurements in
sample A. As B increases from B = 1.5 T, R,, monotonically
increases but shows three plateaus. The background, in which
the mid B points of the individual plateaus are selected and
combined (red dotted curve), follows B** dependence rather
than the linear B dependence (blue linear line). This is more
evident in the inset, in which the x-axis corresponds to B*>. In
contrast, SAH oscillations are not evidently observed in R,, in
Fig. 4(a) owing to uy, being smaller than that of ref. 3 and having

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Observed results in low-B Hall measurements of sample A,
2R,y (blue curve) and R,, (red curve). N noted for R,, indicates the
number of the plateaus. Green and black dotted curves correspond to
data fit using B% and B dependence, respectively. (b) Results of Hall
measurements of sample A after heavy oxidation by exposing the
sample to air atmosphere for one-half of a day, after the Hall
measurements in (a). (c) Measurement result of V4 dependence of R,
and R, at a fixed high B (=30 T).

a low-B measurement, although several small oscillations cor-
responding to the B for the transition regions between the
plateaus in R,, are observable. Moreover, the quantized Ry,
values correspond to Rq (=h/e* = 25.8 kQ)/400-65 Q between
the N=1and N = 2 plateaus and Ry/200-130 Q between the N =
2 and N = 3 plateaus and also the N = 3 and N = 4 plateaus.
Such small quantization has also been observed in ref. 3. These
resistance behaviours have been entirely smeared out above T ~
10 K. After heavy oxidation by exposing the sample in air
atmosphere for one-half of a day, the R,, changes to an electron-
doped type, and the B*? relationship and these plateaus
disappear (Fig. 4(b)).

A measurement result of V3, dependence of R, and R,, at
a fixed high B (30 T) is shown in Fig. 4(c). It demonstrates that
our system can possess LLs and SdH at high B, whereas the
signature of the hybridization of Schrodinger and Dirac systems
cannot be confirmed in such a high B region.

Discussion

We discuss the B> dependence of R,y and quantized values Rq/
N (N = 200, 400) observed in Fig. 4(a). As mentioned in the
introduction, B** dependence of LL energy E has been pre-
dicted for the case of ¢ # t' under low B. It predicts the presence
of the E o« B relationship for each N value (node of edge
states), i.e., E o« [(N + 1/2)B]*". Under a fixed chemical potential
Ue (Le., fixed Vi,g; blue dotted line in Fig. 5), an increase in Ry,
with increasing B corresponds to a transition between N and (N
+1) LL modes in the E vs. [(N + 1/2)B]*” relationship (Fig. 5) and
subsequent appearance of individual R,, plateaus. Widths (i.e.,
period) of individual plateaus in Fig. 4(a) are determined by the
B values for this transition between N and (N + 1) LL mode,
which reflects the E vs. [(N + 1/2)B]*” relationship for individual

RSC Adv., 2017, 7, 23427-23431 | 23429
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N values (i.e., green curves along the B curves and red arrows

along E = 0 in Fig. 5). Consequently, these B values corre-
sponding to the distance between the mid B-points of individual
plateaus as mentioned above and quantized values Ro/N (N =
200, 400) on the y-axis qualitatively display the observed B**
dependence of Ry, in Fig. 4(a).

Quantitatively, LL energy E, = (2mec/8(m)"***[(NV + v)B*”
has been theoretically given in ref. 14, where c is the velocity of
light and 8 = 4.94, resulting in the order of E,, ~ 400[(N + 1/2)B]*".
Assuming a fixed E, = u determined by a fixed V},, the plateau
width should decrease with a ratio of (0.54/2.8) for (N = 1/N = 0)
following this relationship (Fig. 5). On the contrary, the width
ratio is almost half in Fig. 4(a), and the quantitative agreement
is poor. Moreover, the confirmed anisotropy in u;, as large as
~120/320 cm® V™' s ! at T = 300 K indicates the possibility for ¢
= 3t. For the case of ¢ > 2¢, ref. 14 predicts that a crossover
should appear between a quadratic and a quartic region.
Therefore, further experimental and theoretical investigations
are required for qualitative conclusion.

Mono (few)-layer BP has conventionally no Dirac cones
(Dirac spectrum), whereas the closed band gap and subsequent
appearance of the Dirac cone have been recently reported in
potassium-doped BP, as mentioned above.>' It exhibited strong
anisotropy (i.e., a Dirac semimetal state with a linear band
dispersion in the armchair direction (for the Dirac spectrum)
and a quadratic one in the zigzag direction (for the Schrédinger
spectrum)). Moreover, under strong strain (stress, bending) and
high electrical fields, similar band gap modulations have been
reported.” "> In the present case, introduction of strain has
been confirmed by the Raman spectrum (Fig. 2(c)). The
observed shift of A; and A} peaks corresponds to those in
uniaxial stretch mode with ~0.1¢ along the armchair direction
in BP.** It is well known that cutting the SiO,/Si substrate and
bonding the wafer of thinned substrates introduce such
uniaxial strains (stress).'** On the other hand, closed band gap
in BP is predicted by applying a uniaxial strain along the
armchair direction (e.g., 0.1-0.16¢)."* The observed uniaxial
stretch mode with ~0.1¢ along the armchair direction corre-
sponds to this value, and thus, it implies the possibility of
closed band gap along the armchair direction and subsequent
emergence of a Dirac spectrum. It is approximately consistent
with the closed band gap around V},; = 0 shown in the inset of
Fig. 3(b).
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The observed quantized R,, values ~Rq/200 (or 400) are
extremely small and the origin is not clear at this moment.
These are attributed to neither quantum Hall effect (as
mentioned above) nor universal conductance fluctuation (UCF),
in which the root-mean-square (rms) amplitude of the fluctua-
tion 3G reaches the universal value ~¢*/k, when the sample size
L < both Ly, (phase coherence length) and Ly (thermal length).
When either Ly or Ly becomes smaller than L, the shorter of
these governs the amplitude of fluctuations. The former corre-
sponds to our case because of a small BP flake. In contrast, the
observed small R,, step is not fluctuation, and 3G (ie.,
conductance peak) cannot be defined. Even if we assume the R,,
step ~Rq/200 as 1/3G, 3G becomes ~200 x (1/Rq). This value
cannot be explained by the universal value ~¢’/h = 1/Rq.

Possibilities of similar ¢ # ¢ relationship and subsequent
appearance of B*® dependence of LLs in other systems have also
been reported in the above-mentioned graphene within uniaxial
stress (bending),"” 2D organic conductors,* and cold atoms in
a laser-beam induced optical lattice.”® Strong anisotropic
atomic structure of BP with ¢ # ¢ may be favored to yield B*?
dependence of LLs compared with these systems because of the
presence of the ¢ # ¢ relationship.

Conclusions

In conclusion, we have reported the observation of B** depen-

dence of R, with extremely small quantized levels, which are
related to anisotropic electronic structure confirmed by strongly
anisotropic u;, in few-layer BP. Hybridization of a possible Dirac
spectrum (arising from a closed band gap introduced by the
uniaxial stretch along the armchair direction, which was
confirmed by the Raman spectrum) and Schrodinger spectrum
along the zigzag direction is one of the possible qualitative
interpretations for the B dependence. We have found such
unique characteristics only in a few samples to date, in which
the current channel direction was occasionally aligned to the
exact armchair direction and also the closed band gap was
accidentally realized by uniaxial stretch mode through the Si/
SiO, substrate cutting and wire-bonding processes. Therefore,
intentional fabrication of such samples as well as confirmation
of the uniaxial Dirac spectrum and the values of ¢ and ¢ in
oxidized BP is indispensable. Investigation of the case for
mono-layer BP is also indispensable using a hBN substrate.
Nevertheless, the observed phenomena are robust and imply
significant potential due to strong and unique anisotropy of
atom-thin (few-layer) BP, which is highly expected to open doors
to novel physics and applications for innovative 2D atom-thin
devices.
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