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Black phosphorus is a layered material stacked together by weak van der Waals force with a direct
bandgap and highly anisotropic electrical characteristics. Most of the previous reports focus on the
low-field mobility of transistors based on SiO2 back gate dielectrics. Recently, black phosphorus transistors encapsulated with hexagonal boron nitride have been demonstrated with greatly improved
mobility at low temperatures. However, this approach requires multiple dry transfer methods using
both black phosphorus and boron nitride flakes, which are only available in small crystal sizes. Here,
we demonstrated high performance black phosphorus transistors using atomic layer deposited high-j
HfO2 as a back gate dielectric. The maximum drain current density reaches 480 lA/lm at 300 K and
a record high drain current 906 lA/lm at 20 K in a short channel 100 nm device based on HfO2,
exhibiting excellent current-carrying capability and high field strength. Moreover, a side-by-side
comparison on important figures-of-merit is carried out systematically for transistors based on HfO2
with those based on conventional SiO2, showing more than 50% performance improvement in mobility and over 8 times reduction in interface trap density. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4982033]

Black phosphorus (BP) is a layered material stacked
together by weak van der Waals force, and recent experiments show that few layer BP can be obtained by mechanical
exfoliation for next generation electronic and optical applications.1–4 It was found that the bandgap strongly depends
on the number of layers changing from 0.3 eV in the bulk
to 2 eV in the monolayer and remains to be the direct
bandgap.5–7 This wide span of bandgap is appealing because
it fills the energy spectrum gap between zero-bandgap graphene and relatively large-bandgap transition metal dichalcogenides (TMDs), covering from the visible to infrared
range suitable for optoelectronics.8–12 Moreover, BP is very
attractive for electronic applications such as in field effect
transistors (FETs) because of its high mobility ranging from
102 to 104 cm2/Vs, which is larger than that of most of the
TMD materials, making it a strong candidate for future thin
film transistors and flexible analog and logic devices.13–17
Recently, black phosphorus transistors encapsulated with
hexagonal boron nitride have been demonstrated with greatly
improved mobility at low temperatures. However, this
approach require multiple dry transfer methods using both
black phosphorus and boron nitride flakes, which are only
available in small crystals.18–20 It has been shown experimentally that the presence of high-j dielectrics in TMD
devices can improve the device performance, and similar
results have also been reported in BP FETs.21–27 Despite the
tremendous research efforts on BP electronic devices in the
past few years, the high field transport and current carrying
capability of BP devices are still largely missing. In this letter, we perform a comprehensive study on the most important figures-of-merit such as on-state current, mobility, and
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interface trap density of BP FETs based on high-j HfO2
dielectrics in comparison to SiO2 and push their high field
transport much further beyond the current status.
BP FETs on heavily p-doped silicon (pþþ Si) wafers
covered with 90 nm SiO2 and 25 nm HfO2 are shown in
the schematic views of Fig. 1(a). 25 nm HfO2 was grown by
atomic layer deposition (ALD) with a dielectric constant of
around 13. Few layer BP flakes were mechanically exfoliated
and then transferred onto the substrate. The BP flakes used

FIG. 1. (a) Schematic view of BP FETs. The back gate dielectrics are 90 nm
SiO2 (Top) and 25 nm HfO2 (Bottom) for two types of device configuration,
respectively. (b) The AFM image of a typical transistor array for exfoliated
back gate BP devices. Scale bar: 2 lm. (c) The measured height along the
blue dashed line in panel (b) is about 15 nm, and the inset shows the corresponding optical image of the device array. (d) SEM image of the 100 nm
and 200 nm channel device. Scale bar: 200 nm.
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for both types of device fabrication were carefully chosen
to be the same thickness of around 15 nm, which are verified
by atomic force microscopy (AFM) as shown in Figs. 1(b)
and 1(c). E-beam lithography was used to pattern the source/
drain electrodes, and 15 nm Ni/40 nm Au was deposited
by e-beam evaporation to form the source/drain contact, as
shown in the inset of Fig. 1(c). Fig. 1(d) shows a scanning
electron microscopy image of the device with a channel
length down to 100 nm.
The transfer characteristics of BP FETs on SiO2 and
HfO2 at various temperatures are shown in Figs. 2(a) and
2(b), respectively. The channel length is 500 nm with Vds
¼ 0.05 V. Both BP FETs show nearly a similar on/off ratio
of 102 at 300 K and 103 at 70 K, which further confirms
the identical thickness of the two BP flakes. The improvement in the on/off ratio at low temperature is mainly due to
the reduction in carrier density in the off-state. In comparison to the BP FET on the SiO2 device, the device on HfO2
shows a steeper subthreshold slope (SS). This is a clear indication that high-j dielectrics have advantages of smaller
equivalent oxide thickness (EOT), and as a result, they can
achieve much tighter electrostatic control by the back gate.
Besides, the gate voltage of the minimum current Vbg,min for
BP on SiO2 shifted greatly from 35 V to 20 V as the temperature decreases from 300 K to 70 K, while it changes little for
BP on HfO2. The huge difference in this shift of the minimum current point can be better seen from the comparison in
Fig. 2(c), where the y-axis range of the two types of oxide
scales with the gate capacitance to make a fair comparison.
The temperature dependent minimum current point shift is
mainly due to the frozen trap charges at the oxide/BP interface at low temperatures. It is clear that trap charges located
at the SiO2/BP interface are much larger than those of the
HfO2/BP interface, which start to freeze out below 220 K.
We use the minimum current point at 70 K as a reference
point, and the trap charge density at 300 K is estimated to
be around 3.3  1012/cm2 for SiO2/BP using the equation
ntrap ¼ Cox DVbg;min =q and approximately 3.9  1011/cm2 for

FIG. 2. Transfer characteristics of a 500 nm device for BP on SiO2 (a) and
HfO2 (b) at different temperatures; Vds ¼ 0.05 V. (c) The gate voltage point
of the minimum current Vbg,min versus temperature. The inset shows trap
charge density for both types of transistors. (d) Intrinsic field-effect mobility
versus temperature for both types of transistors.
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HfO2/BP, which shows a reduction in trap density for more
than eight times, as shown in the inset of Fig. 2(c).
Moreover, field-effect mobility can be extracted from
the transfer characteristics in the linear region using the
equation lFE ¼ gm Lch =WCox Vds , where gm is the peak transconductance extracted from the Ids-Vbg curve, Lch and W are
the channel length and width, respectively, Cox is the back
gate capacitance, and Vds is the drain-to-source voltage. To
eliminate the parasitic effects from contact resistance, the
effective Vgs, Vds, and intrinsic transconductance are given
0
0
by Vgs
¼ Vgs  Ids RC , Vds
¼ Vds  2Ids RC , and g0m  gm =
28
ð1  RC gm Þ, respectively, where RC is the contact resistance extracted by the transfer length method. Fig. 2(d)
shows the intrinsic mobility versus temperature of a 500 nm
device. A hole mobility of 200 cm2/Vs has been achieved in
BP FETs on HfO2 at 300 K, a 100% enhancement when
compared with that on SiO2. The mobility is always >1.5
times higher on HfO2 than that on SiO2 in the entire temperature range, which can be attributed to the effective screening
of trap charge scattering and reduction in trap density due
to the presence of the HfO2 dielectric.23,29,30 The output
characteristics of the BP FETs with a channel length of
500 nm on SiO2 and HfO2 at room temperature are shown
in Fig. 3(a). The on-state current (Ion) for BP on SiO2 is
244 lA/lm, while Ion for BP on HfO2 is 348 lA/lm, a 43%
enhancement. Note here that the back gate voltage applied
on the device scales with the back gate capacitance ratio
(CHfO2/CSiO2 ¼ 12), so as to make sure that the carrier density in the channel is almost the same for a fair comparison
where the main contributing factor is mobility at the low
field. Fig. 3(b) shows the output characteristics for both devices at 70 K, where the Ion increases to 300 lA/lm for BP on
SiO2 and to 450 lA/lm for BP on HfO2, which shows a similar improvement of more than 50% for the HfO2 device.
Although the drain current starts to show non-linear behavior
due to the Schottky barrier effect at low temperatures, the
on-state current still increases for more than 25% compared
to room temperature, which can be attributed to greatly
increased mobility.
In order to evaluate the current carrying capacity, shorter
channel devices should be characterized where the electric
field in the channel can be enhanced. The temperature dependent Ion for two 100 nm devices is summarized in Fig. 4(a),
showing a monotonic increase in current with decreasing temperature for both types of devices. This improvement can be
attributed to the increasing mobility due to the reduced scatterings from both interface traps and surface phonons at low

FIG. 3. Output characteristics of a 500 nm device for BP on SiO2 and HfO2
at 300 K (a) and 70 K (b). Vbg varies from 30 V to 30 V with a step of
5 V for BP on SiO2, and Vbg varies from 1 V to 4 V with a step of 0.5 V
for BP on HfO2.
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FIG. 4. (a) On-state current (Ion) versus temperature with Lch ¼ 100 nm at
Vds ¼ 2 V. (b) On-state current versus channel lengths at 300 K and 70 K.
(c) Statistics data of the on-state current as a function of channel length at
300 K. (d) Output characteristics of the 100 nm device on HfO2 at 20 K, and
Vbg varies from 1 V to 6 V with a step of 0.5 V.

temperatures. The on-state currents of 480 lA/lm of the
100 nm HfO2 device at 300 K and 623 lA/lm at 70 K can be
achieved with Vds ¼ 2 V. Fig. 4(b) shows the systematic
study of Ion with different channel lengths at 300 K and 70 K,
where the on-state current increases as the channel length
scales down, and it is always higher for the HfO2 device
than that for the SiO2 device. This behavior shows great
potential for performance improvement in BP devices with
further interface optimization and channel length scaling
down. Fig. 4(c) shows the statistics data of Ion as a function
of channel length for both types of devices at 300 K. The
overall performance of HfO2 devices is better than that of the
SiO2 devices. To further push the current carrying capability,
we increase the drain voltage to 4 V at a lower temperature
of 20 K. An output current of 906 lA/lm was obtained as
shown in Fig. 4(d), the largest drive current achieved in BP
FETs to date.31–33
In summary, we have fabricated BP FETs using atomic
layer deposited HfO2 as a gate dielectric, and key figures-ofmerit such as mobility and interface qualities have been studied systematically for a wide temperature range, exhibiting
greatly improved device performance in comparison to the
BP FETs on conventional SiO2. A record high drain current
of 906 lA/lm at 20 K has been achieved for a 100 nm device
on HfO2, demonstrating excellent current-carrying capability
of BP as a channel material. These results provide insights
into important device characteristics of BP based transistors
and show great potential for future high performance electronic devices based on two dimensional materials.
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