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Abstract—We report experimental demonstration of a
right-angle black phosphorus (BP) tunneling field effect transistor
(TFET). This device utilizes the effective mass anisotropy between
the armchair (AC) and zigzag (ZZ) crystal orientations in BP as a
means of inducing asymmetry between source and drain
tunneling. As a result of this asymmetry, the BP TFET displays a
higher Ion/Iorr ratio by 2 orders of magnitude and steeper SS
than BP TFETSs oriented along either the AC or ZZ direction only.

Index Terms—black phosphorus, tunneling, effective mass,
nanotechnology

[. INTRODUCTION

ISING power consumption in advanced CMOS
Rprocessors is a current limitation for the future of
technology scaling. One primary cause for the end of
traditional scaling is the inability to reduce the supply voltage
due to the transistor subthreshold slope (SS) limit of ~60
mV/decade at room temperature. Because of this limitation,
there have been extensive efforts to  explore
tunneling-field-effect-transistors (TFETs) due to their potential
for achieving SS < 60 mV/dec [1]. The turn-off mechanism in
TFETs involves gate modulation of band-to-band tunneling
which is inherently a non-thermionic mechanism. Despite this
promise, it has proven difficult to realize TFETs with steep
slope and high on-state performance [2]. In III-V materials,
staggered or broken-gap heterostructures [3],[4] are the main
method for overcoming this issue, where a small effective band
gap is created in the source to maximize lon while the drain
utilizes a wider band gap to suppress ambipolar current. TFETs
that utilize two-dimensional (2D) semiconductors [5],[6] have
potential advantages due to enhanced scalability and
electrostatic control, but using heterostructures to achieve the
necessary injection asymmetry can be difficult to achieve in
practice.
Black phosphorus (BP) has garnered significant attention for
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use in TFETs [7]-[10] due to its direct band gap, which is
tunable between 0.3 eV and 2.0 eV depending upon thickness
[11], as well as its light effective mass, which can be as low as
0.16mo (0.14myo) for electrons (holes) in the armchair (AC)
direction [12]. Moreover, BP has a highly anisotropic effective
mass with values of 1.18m (0.89my) for electrons (holes) in the
zigzag (ZZ) direction [12]. This latter property can be exploited
to create asymmetry between the source and drain tunneling
currents, and also improve scalability. In fact, [latikhameneh, et
al. [13] has proposed a device structure intended to exploit this
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FIG. 1. (a) Top-view optical micrograph of right-angle (RA) black
phosphorus (BP) TFET. The insets show the AFM line scans of the BP
near the source and drain tunneling regions, as well as the polarized Raman
characteristics. (b) Cross-sectional schematic diagram of BP TFET
showing electrostatic gating configuration.



property, and simulations show that BP TFETs can be scaled to
channel lengths of 2 nm while maintaining a Ion/Iorr above 10%,
This type of device is especially interesting because it can
achieve this desirable injection asymmetry without using
complex heterostructures. However, to date, this concept has
not been used experimentally to improve BP TFET
performance. In this work, we experimentally demonstrate a
right-angle (RA) BP TFET with source (drain) regions oriented
in the AC (ZZ) crystal directions. We show that this results in a
TFET with higher Ion/Iorr ratio by 2 orders of magnitude and
steeper SS than devices oriented along either the AC or ZZ
direction only.

II. DEVICE FABRICATION

To fabricate the RA BP-TFET we use a triple-gated device
structure similar to that previously reported in [8] and [14]
which enables reconfigurable, independent electrostatic doping
of the source, drain, and channel regions of the BP. In our
original triple-gated device structure, two sets of perpendicular
triple gates were utilized, where a single BP flake was aligned
such that the AC and ZZ directions were oriented perpendicular
to each set of gates. In our new device structure, shown in
FIG. 1(a), the source and drain gates are placed orthogonal to
each other and the channel gate is patterned as a large square
that overlaps the source and drain gates.

The fabrication process largely follows that in [8] and is
described briefly below. Starting with a Si/SiO, wafer, the
source-gate and drain-gate electrodes were patterned first and
consisted of 5 nm Ti /20 nm Pd. Next, atomic layer deposition
(ALD) was used to deposit 10-nm of HfO, as a gate dielectric
and 5-nm of A1,03 as a gate spacer, followed by patterning of
the channel-gate (consisting of 5 nm Ti /20 nm Pd) such that it
overlaps the source-gate and drain-gate. After etching the
A1,03 gate spacer in the regions not under the gate electrode,
ALD was again used to deposit 7 nm of HfO, as the gate oxide.
A single BP flake was then exfoliated from a bulk crystal and
aligned and transferred onto the gate structure and etched into
the RA geometry. Atomic force microscopy (AFM) (performed
after all device characterization had been competed) confirmed
that the BP flake had nearly identical thicknesses of 12.7 +
0.4 nm and 12.9 + 0.4 nm in the drain and source tunneling
regions, respectively. This result confirms that thickness
variations do not play a role in the asymmetric characteristics.

Angle-resolved polarized Raman spectroscopy was used to
identify the crystal orientation of the BP. Linearly polarized
light with wavelength of 532 nm and spot size of ~0.5 um was
focused onto the BP channel. The inset to FIG. 1(a) shows a
polar plot of the A,? peak intensity (normalized to the A,' peak
intensity) as a function of incident beam polarization angle. The
polar plot shows two fold symmetry [15], where the maximum
and minimum intensity correspond to armchair (AC) and
zigzag (ZZ) directions, respectively. While transmission
electron microscopy (TEM) was not performed on these
devices, we have previously confirmed that the orientation
determined from optical techniques is consistent with TEM
analysis [16].

The Raman characterization showed that the AC and ZZ
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FIG. 2. Temperature-dependent transfer characteristics of an AC-only
oriented TFET. Inset: Plot of SS vs. T showing freeze out of trap-assisted
transport around 150 K. The dashed line shows k7/g x In(10).

orientations were misaligned by 18° from the BP-TFET
transport directions. While this is larger than the 9°
misalignment in [8], it is still suitable for making an initial
assessment of the effectiveness of crystal anisotropy in
enhancing TFET performance. Finally, Ti/Au metallization
was patterned and lifted off next to make contact to the BP,
followed by a 20-nm-thick passivation layer of ALD-deposited
A1,03. A cross-sectional diagram of the device is shown in
FIG. 1(b).

III. RESULTS

We utilized reduced-temperature measurements to ensure
that tunneling, rather than trap-assisted, current is the dominant
transport mechanism in all devices tested. As an example, an
AC-only-oriented TFET [8] was measured at temperatures
ranging from 262 K to 77 K as shown in FIG. 2. Fitting the
temperature-dependent data for 150 K < 7< 262 K, gave an
activation energy of 0.19 eV in the subthreshold regime,
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FIG. 3. Ip vs. Vg plots for RA BP pTFET (black) and nTFET (red) with
symmetric relative source- and drain-gate bias voltages at V'p =-0.5 V and
+0.5 V, respectively, and 7'= 77 K. (The nTFET characteristic has been
shifted by -0.4 V for visual comparison).




indicating that higher-temperature transport is dominated by
Shockley-Read-Hall (SRH) generation. However, for 7'< 150
K, except for a slight threshold voltage shift, the subthreshold
transport is found to be independent of temperature. This trend
is summarized in the inset to FIG. 2, which shows SS is nearly
temperature independent below 7'= 150 K. This termination of
temperature dependence indicates that the traps have been
frozen out and tunneling is the primary transport mechanism in
the subthreshold regime. Therefore, all measurements for the
remainder of this paper were performed at 7= 77 K.

Next, the transfer characteristics of the RA BP-TFET were
measured and compared to those of the AC- and ZZ-only
devices. In order to make a “fair” comparison, the values of the
source- and drain-gate voltages had to be adjusted to ensure that
the electrostatic doping on the source and drain sides were
equal, thus ensuring that any remaining asymmetry could be
attributed to the crystal orientation. To do this, /p was measured
in a p-MOSFET configuration where the source-gate was swept
and the other gates were set at large negative voltages (ensuring
the transistor was in the on-state) in order to determine the
value at which the minimum current, /yvn, was obtained. Based
upon this knowledge, for the TFET measurements, the source-
and drain-gate voltages were set such that they had equal values
with respect to the voltage corresponding to /v, and so we
utilize the terminology Vsg’ and Vpg' to represent source- and
drain-gate voltages relative to the /yn point.
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FIG. 4. (a) Ip vs. Vgs characteristics for AC-only (red), ZZ-only (black) and
RA (blue) nTFETs under symmetric relative source- and drain-gate bias
conditions at V', =+1.5 V and 7= 77 K (b) Subthreshold slope comparison
for same devices in (a).

Vp=+1.5V

FIG. 3 shows the characteristics of the RA device, measured
in both the nTFET and pTFET configurations. When measured
as an n'TFET, Vsg'=-3 Vand Vpg' = +3 V, while in the pTFET
configuration, Vs’ = +3 V and Vpg' = -3 V. The nTFET and
pTFET were measured at Vp = +0.5 V and Vp = -0.5 V,
respectively, and configured so that the source tunneling
occurred in the AC direction and the drain tunneling was in the
77 direction. Examining the two curves at Vg =+1V and Vg =
—1V we can compare the tunneling current in the AC and ZZ
direction at bias conditions of equivalent magnitude. This
reveals an anisotropy of ~10? between the two directions.

To further explore the asymmetry, FIG. 4(a) shows the
transfer characteristics of the RA BP nTFET alongside the
isotropic AC- and ZZ-only nTFETs [8] at V'p=+1.5 V. The RA
BP-TFET has Ion roughly equal to that of the AC BP-TFET.
However, in the AC BP-TFET, Iv is limited to ~1 nA/um by
ambipolar carrier injection, while in the current in the
right-angle BP decreases to below 1 pA/um, which is roughly
equivalent to /yun for the ZZ BP-TFET. We further characterize
the device improvement by plotting SS vs. Ip for the three
TFETs (FIG. 4(b)) and see that the right-angle device has a SS
twice as steep as the ZZ BP-TFET and four times as steep as the
AC BP-TFET. This is because ambipolar carrier injection also
degrades SS primarily by preventing the device from reaching
the true off-state current (where tunneling at the source is
turned off by tuning the channel potential). The RA BP-TFET
is protected against this type of degradation due to effective
mass anisotropy. Table I shows a summary of key metrics for
all three devices based upon the data in FIG 4. We attribute the
relatively low Jon to the non-planar device geometry, which can
increase the tunneling distance due to BP “bridging” at the
boundary between the central gate and source- and drain-gates
[8]. Improvements in SS can be made by reducing the gate
dielectric thickness and fabricating the devices under more
controlled environmental conditions. Therefore, substantial
improvements in the TFET performance should be possible.

TABLE I. Comparison of BP nTFET performance.

Device lon (NA/pm) | lonflope | SSyy (MV/dec)
AC nTFET 23 43x10" | 406 @ 2 nA/um
ZZ nTFET 0.18 1.4x 103 | 240 @ 0.9 pA/um
RANTFET 24 1.6 x 105 | 107 @ 20 pA/um

IV. CONCLUSION

In conclusion, we have demonstrated a BP TFET with
enhanced improved Ion/lorr ratio and improved SS over
symmetric BP TFETs. We achieved this by fabricating a
right-angle device that utilizes the anisotropic effective mass in
BP by ensuring source tunneling occurs along the low mass,
AC crystal axis and drain tunneling occurs along the high mass,
77 crystal axis. This experimental demonstration is an
important step towards realizing TFETs with 2D materials that
can achieve SS < 60 mV/dec with high Jow.
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