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ABSTRACT
In this work, oxidized black phosphorus (BP) was trapped in the top and bottom interfaces of graphite thin film electrodes by hexagonal
boron nitride (hBN) encapsulation. Upon using partial encapsulation of hBN on BP, the oxidation of bare BP area led to the oxidation of hBN
encapsulated whole BP, and this oxidized BP could be confined in the hBN layer. Furthermore, by attaching graphite thin film electrodes on
and underneath the oxidized BP layer, charge carrier injection and extraction behavior from measuring the current tunneling was characterized
by applying a bias voltage between the top and the bottom graphite thin film electrodes. The electrical characteristics according to applied bias
voltage was confirmed with a double log plot. It was found that the ohmic current region exists in the low voltage state, and the space-chargelimited conduction region exists in the high voltage state.
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1. Introduction
Black phosphorus (BP), with its high charge carrier mobility (> ~
200 cm2 /Vs) and resulting bandgap (0.3–2.0 eV), has been favored in
atomically thin and high-speed semiconductor devices [1–8]. However, there are certain challenges with applying BP in optical and electrical devices, with the instability (i.e., oxidation) of BP in air being
a critical one. Since the oxidation period of BP in air in both singleand multi-layers is reported to be from 1 hour to 2 weeks, oxidation
on a thick BP surface and the disappearance of thin BP can be easily observed by optical microscopy [9–12]. Because of the instability
of BP in air, various methods to protect BP from oxygen have been
proposed. Although hexagonal boron nitride (hBN) has been widely
researched regarding its protective capability of BP [13, 14], BP without full hBN encapsulation still leads to oxidation, which is initiated
in the area exposed to air. It is difficult to avoid BP oxidation completely. However, if we change our point of view oppositively, an artificial oxidized layer is able to be generated in the interface between
two-dimensional layers. In this work, upon preparing partially encapsulated BP by hBN, an oxidized BP layer under hBN by initially oxidizing from bare BP was created. The current tunneling characterization
of this oxidized BP layer was investigated by using graphene-electrodes
sandwiched heterostructures. Because oxides can be applied to memory devices [15–19], the electrical characterization of an oxidized BP
layer will make a good reference for atomically thin memory device
applications.

2. Experimental details
In order to study the current transport behavior of oxidized BP,
we employed graphite thin film electrodes, as shown in Fig. 1. The

Figure 1. Schematic diagram of hBN/TG/BP/BG heterostructure fabrication.
(a) Mechanical exfoliation of BG on SiO2 /Si substrate. (b) Transfer of BP to
BG/SiO2 /Si substrate. (c) Transfer of TG to BP/BG/SiO2 /Si heterostructure. (d)
Encapsulation of hBN on TG/BP/BG/SiO2 /Si heterostructure. (e) Cr/Au electrodes contact with TG and BG and electrical characterization.

bottom graphite thin film (BG) on 280-nm-thick SiO2 substrate was
mechanically exfoliated [Fig. 1(a)] and the BP flake was transferred to
the BG [Fig. 1(b)]. The top graphite thin film (TG) was stacked on
the BP/BG/SiO2 area [Fig. 1(c)] for measuring the current tunneling
behavior; this TG/BP/BG/SiO2 heterostructure was encapsulated by
hBN, as shown in Fig. 1(d). This two-dimensional material stacking
process was performed using a micro-transferring system with polydimethylsiloxane (PDMS) stamping [14, 19, 20]. The TG and the BG
were then contacted using Cr/Au (10 nm / 100 nm) electrodes via normal e-beam lithography [see Fig. 1(e)]. Upon employing a semiconductor parameter analyzer (Keithley 4200), the charge carrier transport behavior of oxidized BP between the TG and the BG was characterized, as shown in Fig. 1(e).
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Figure 2. (a) Optical image of (left) BP layer (~ 40 nm thickness) on PDMS transferring polymer layer, and (right) hBN/TG/BP/BG/SiO2 /Si heterostructure with ~
10 nm thick hBN. (b) Optical image of (left) BP layer (~ 60 nm thickness) on PDMS
transferring polymer layer, and (right) hBN/TG/BP/BG/SiO2 /Si heterostructure
with ~ 90 nm thick hBN. Thicknesses of TG and BG are around 10 and 5 nm, respectively. (c) Optical image of hBN/TG/BP/BG/SiO2 /Si heterostructure (~ 10nm-thick hBN and ~ 40-nm-thick BP) after contact with Au top-electrode (TE)
and bottom-electrode (BE) on TG and BG, respectively. (d) Optical image of
hBN/TG/BP/BG/SiO2 /Si heterostructure (~ 90-nm-thick hBN and ~ 60-nm-thick
BP) after contact with Au TE and BE on TG and BG, respectively. The oxidized BP
disappears due to exposure to air during the Au electrode contact fabrication
process.

3. Results and discussion
Figure 2 shows the hBN/TG/BP/BG heterostructure with a thickness of ~ 5 and ~ 10 nm for the BG and TG, respectively. The hBN
and BP had different thicknesses: thin hBN (~ 10 nm), BP (~ 40 nm)
for Fig. 2(a); and thick hBN (~ 90 nm), BP (~ 60 nm) for Fig. 2(b).
While the BP layers in Figs. 2(a) and 2(b) can be clearly observed by
optical microscopy when the process of stacking was just completed
for the hBN/TG/BP/BG heterostructures, the disappearing BP layers
in the heterostructures appeared during the Au electrode contact fabrication process [see Figs. 2(c) and 2(d)]. This behavior is well known
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Figure 3. (a) Optical image of hBN/TG/BP/BG/SiO2 /Si heterostructure (~ 10-nmthick hBN and ~ 40-nm-thick BP) after contact with Au electrodes on TG and BG.
Schematic diagram of tunneling current from applying a bias voltage between TG
and BG electrodes. (b) Current (I) as a function of bias voltage (VB ) between TG
(TE) and BG (BE) electrodes. The red and black lines represent forward (+) and
backward (-) sweep.

as the oxidation of BP in air [9–12]. A period of ~ 1 week was given
for the Au electrode contact fabrication on the TG and BG. This was a
sufficient length of time to see the BP layer disappear due to oxidation
in air.
According to this phenomenon, thin BP (~ 40 nm) encapsulated
by thin hBN (~ 10 nm) in hBN/TG/BP/BG heterostructures exhibits
an almost linear current curve (I) as a function of the bias voltage (VB )
between TG and BG, as shown in Fig. 3. As confirmation of the oxidized BP in the hBN/TG/BP/BG heterostructures in Fig. 3(a), we did
not observe even oxidized BP layer in overlapped by TG and BG area.
The I-VB curve for the hBN/TG/BP/BG heterostructure exhibited a
tunnel resistance of ~ 5 kΩ, and this value could be corresponded to
only contact resistance between TG and BG electrodes without a tunnel barrier [21].
Meanwhile, for thick BP (~ 60 nm) encapsulated by thick hBN (~
90 nm) in the hBN/TG/BP/BG heterostructure, slightly bright areas
[marked by the red dashed boxes and arrows in Fig. 4(a)] were observed in the overlapping TG and BG area. The hysteresis of the cur-

Figure 4. (a) Optical image of hBN/TG/BP/BG/SiO2 /Si heterostructure (~ 90-nm-thick hBN and ~ 60-nm-thick BP) after contact with Au electrodes on TG and BG.
Schematic diagram of tunneling current from applying bias voltage between TG and BG electrodes. (b) Current (I) as a function of bias voltage (VB ) between TG (TE)
and BG (BE) electrodes. The double logarithmic scale plots of (c) positive and (d) negative voltage sweep region for (b) I-VB curve. (e) Linear scale (I) as a function of
VB between TG (TE) and BG (BE) electrodes. (f) Enlarged I-VB curve of (b). The red and blue lines represent -2.0 and -2.5 V dual sweep, respectively.
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rent curve could be seen for the forward and backward sweep of VB
[marked by arrows and numbers 1–4 in Fig. 4(b)]. By employing a logarithmic scale of both I and VB values for positive and negative voltage
sweep regions, as shown in Figs. 4(c) and 4(d), respectively, the ohmic
and space-charge-limited conductance regions with I-VB curve slops
as ~ 1 and ~ 2, respectively, could be characterized [22–24]. This indicates that the potential barrier of oxidized BP resulting in ohmic behavior under low VB ~ 0.1 V is suppressed by charge carrier injection
on oxidized BP, leading to space-charge-limited conductance behavior
for positive and negative VB sweep larger than ± 0.1 V, respectively.
As a result, the I-VB exhibited a general tunneling behavior with a
threshold voltage (Vth ) of ~ ± 0.6 V, as shown in Fig. 4(e). This indicates that there is oxidized BP between the TG and the BG electrodes,
and the storing and releasing charge carrier on oxidized BP between
TG and BG for the forward and backward sweep of VB gave rise to
a current ratio of 10 for the hysteresis area at VB = -0.3 V, as shown
in Fig. 4(f). Thus, we confirmed that the oxidized BP was confined
in the heterojunction with thick hBN (≥ 90 nm) encapsulation. As a
result, although the current ratio of ~ 10 was not particularly large, it
nonetheless suggested the potential for oxidized BP layer utilization
for memory application.
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4. Conclusions
In this work, an oxidized black phosphorus (BP) layer in the interface between graphite thin film electrodes with hexagonal boron
nitride (hBN) encapsulation was examined. For thick hBN (> 90 nm)
encapsulation, the oxidized BP layer can be locked in the hBN layer,
with the charge carrier storing or releasing on this oxide layer with a
forward (+) and backward (-) sweep of a bias voltage between the top
and bottom graphite thin film electrodes. Although the current ratio
and memory window is not especially large, the potential for oxidized
BP layer application in memory devices remains meaningful.
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