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Abstract

Highly sensitive nanowire backward diodes (NW
BWDs) with 2.2 MV/W, which are more advanced than
conventional well-designed Schottky barrier diodes, were
developed using a p-GaAso.sSbo.c/n-InAs tunnel junction
structure for low-power microwave harvesting at zero
bias. A large dynamic range of values in detected voltage
was obtained when a side face of the top region of NW-
BWD contacted to an anode. Device simulations clarified
that carrier depletion improved the forward breakdown
voltage (BV) of the NW BWDs.

1. Introduction

Batteryless systems are required to solve the demand for
maintenance-free Internet of things (IoT) sensors. Some types
of ambient energy harvesting technologies have been planned
to supply DC power to operate [oT sensors. The ambient RF
energy harvesting is an efficient candidate because RF power
can be obtained anywhere using wireless radio communica-
tions, such as wireless local area networks (LANs). Schottky
barrier diodes (SBDs) are generally used as RF-to-DC energy
converters in ambient RF energy harvesting. The conven-
tional SBDs are not efficient to rectify the low input of RF
power (Pi,), which is less than 1 pW, owing to their low sen-
sitivity at around zero bias. To solve this problem, the use of
backward diodes (BWDs), which are based on the sharp rec-
tification provided by interband tunneling, has been proposed
[1]. As scaling of the junction should improve the sensitivity,
nanowire (NW) structure was introduced to form a small
junction of less than 200 nm [2]. In this study, although the
Py, was much less than 1 puW, the sensitivity of the p-
GaAsSb/n-InAs NW BWD was extended up to 2.2 MV/W,
which is more than that of the conventional SBDs, at 2.4 GHz
under a zero bias. Moreover, the dynamic range in the Ve
was improved by adopting a carrier-depletion structure at the
top of the NW BWD.

2. Device Fabrication
For the NW BWD growth, the selective-area epitaxial
growth and vapor—liquid—solid (VLS) growth methods were

applied. Each NW position was defined by an electron-beam
lithographic technique followed by the formation of Au cata-
lysts in a SiN dielectric film. The p-GaAsy 4Sbo¢/n-InAs NW-
BWD segments were grown by the VLS growth method using
Au catalysts. The energy band diagram of NW BWD under
equilibrium condition is shown in Fig. 1(a). An n-GaAs epi-
taxial layer was formed to stabilize the NW growth on a 3-
inch semi-insulated GaAs(111)B substrate prior to NW BWD
growth. A cross-sectional diagram of the fabricated p-
GaAsSb/n-InAs NW BWD is shown in Fig. 1(b). The surface
was fully passivated with a thin 14 nm AlOy film by atomic
layer deposition after the growth of the NW BWDs. The NW
BWDs were embedded in a 1.5 pm-thick spin coated benzo-
cyclobutene (BCB) to form the interlayer film. A Pt-based an-
ode was formed on the top of the GaAsSb segments. In this
study, a design of reduction in parasitic capacitance that is
brought by the interconnection layout, was employed to ob-
tain high frequency operations. A small anode pad of area 20
x 50 pm? was introduced.
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Fig. 1 (a) Energy band diagram of a p-GaAso4Sbo.s/n-InAs NW
BWD under equilibrium condition, and (b) cross-sectional diagram
of the NW BWD after an interconnection.

3. Experimental Results

A SEM image of the grown NW BWDs is shown in Fig.
2(a). Figure 2(b) shows the normalized /-V characteristics of
the fabricated NW BWDs when a single nanowire number
was performed. Although the reverse current was almost
identical, two types of /- characteristics were obtained as
different forward break down voltage (BV). The device sim-
ulation was performed to clarify the difference in VBs. Figure
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3(a) shows that two types of BWD structures were used in the
simulations. The main difference between them was extended
anode length. Type A has an anode just on the top of the NW.
Type B has an extended anode, consisting of an metal-oxide-
semiconductor (MOS) structure, with a length (L) of 0.4 pm
at the side face of the NW in addition to the top contact. De-

vice simulations were performed using these structure models.

Although the reverse current was identical for the calculated
I-V characteristics, different forward current was obtained as
shown in Fig. 3(b). The BWD with higher BV (type 2 in Fig.
2) had an extended anode structure like type B BWD. As a
result, forward current decreased due to the formation of de-
pletion layer in the NWs [3]. Meanwhile, the anode of the
other BWD (type 1 in Fig. 2) contacted only the top of the
NW, as shown in type A of Fig. 3.
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Fig. 2 (a) A SEM image of NW BWDs. (b) Two types of normalized
logarithmic /-V characteristics of the fabricated NW BWDs. Inset
shows the linear /-V characteristics.
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Fig. 3 (a) Device structures adopted for device simulation. Extended
anode length on the side face of the NW is different. (b) The -V
characteristics that were calculated by using a device simulator.

The microwave-detection measurements under low mi-
crowave input power were performed using two types of NW
BWDs. Figure 4 shows the detected voltage (Vae) and imped-
ance-matched voltage sensitivity (8y.op) as a function of input
power (Piy) at 2.4 GHz under zero bias. Both NW BWDs dis-
played dependence on linear Vg even though Pi, was as low
as —50 dBm. Type 2 NW BWD has large dynamic range than
type 1 because type 2 NW BWD has a large forward BV. Al-
ternatively, dynamic range of type 1| NW BWD was limited
from —70 dBm to —50 dBm due to a small forward BV. Both

NW BWDs showed much higher sensitivities than the sensi-
tivity of 62 kV/W for SBDs [4]. Especially, the type-1 NW
BWD achieved a large fyop 0f 2.2 MV/W and it was three
times higher than the previous reports [5]. The high sensitiv-
ity was primarily due to the low capacitance by employing
the NW structure and the small anode pad. Since, obtaining
high sensitivity is more effective to obtain high power con-
version efficiency (PCE) from environmental microwave,
highly sensitive nanowire BWDs are considered to be very
effective for ambient RF energy harvesting. The slightly
lower sensitivity of type-2 NW BWD was considered to be
caused by higher series resistance from enhanced carrier de-
pletion in p-GaAsSb segment. The realization of high BV and
low series resistance will improve both dynamic range and
sensitivity of the NW BWDs.
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Fig. 4 Detected voltage and impedance-matched voltage sensitivities
for type 1 and type 2 NW BWDs as a function of the input power at
2.4 GHz under zero bias.

4. Conclusions

A large microwave sensitivity of 2.2 MV/W, which ex-
ceeded that of well-designed SBDs, was achieved using p-
GaAs4Sbos/n-InAs NW BWD for ambient RF energy har-
vesting at zero bias. When an extended anode contacts to a
side face of the NW BWD to form an MOS structure, a large
dynamic range of values in detected voltage was obtained.
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