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Abstract—Junctionless FinFETs with an array of ultra-high
aspect ratio (HAR) fins, enabled by inverse metal-assisted
chemical etching, are developed to achieve high on-current per fin.
The novel device fabrication process eliminates dry
etching-induced plasma damage, high energy ion implantation
damage, and high temperature annealing thermal budget,
ensuring interface quality between the high-k gate dielectric and
the HAR fin channel. Indium phosphide (InP) junctionless
FinFETsS, of record HAR (as high as 50:1) fins, are demonstrated
for the first time with excellent subthreshold slope (63 mV/dec)
and on/off ratio (3x10°).

Index Terms—FinFET, high aspect ratio, metal-assisted
chemical etching, junctionless, interface states, nanofabrication.

. INTRODUCTION

FinFET, which uses a double or tri-gate surrounding the fin
channel to enhance gate electrostatic control over the
channel, has become the mainstream technology for state-of-art
transistor scaling [1]. Significant challenges remain in meeting
the aggressively demanding dimensional and performance
requirements for future generations beyond the 14 or 10 nm
node using FinFETSs [2]. Dry etching-induced surface damage
and its non-vertical profile are some of the most serious
problems for multigate FinFETS, especially for post-Si CMOS
technologies using high  mobility 1lI-V  compound
semiconductors [3, 4]. In addition, in aggressively scaled
CMOS circuits, the effect of interconnections is getting more
and more pronounced since the transistor is getting smaller and
more crowded such that RC delay associated with the increased
number of interconnection layers increases [5]. Therefore, an
even stronger demand for high drive current per unit area is
required in order to compensate for the interconnection delay.
One can use multiple planar channels stacked in the vertical
direction [6, 7] or densely packed vertical nanowire channels [8]
to increase current density per chip surface area. Both of these
device geometries obviously require complicated growth or
process flows and faces poor uniformity issues. Ultra-high
aspect ratio (HAR) FinFET is a more straight forward way to
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boost current density for a given surface area. However, it is
extremely  challenging to  fabricate  conventional
inversion-mode FinFETSs of ultra-HARs. This is because deep
source and drain (S/D) doping profiles in ultra-HAR FinFETs
would require deep implantation that is normally achieved with
high energy ions and high temperature annealing. These steps
can potentially create severe crystal damage and high thermal
budget-related compatibility issues. In addition, doping
uniformity would be difficult to control over the entire depth.
Also, scaling the channel length while preventing S/D
punch-through throughout the depth direction is nearly
impossible due to the deep S/D junction. To avoid these
difficulties, the junctionless transistor structure [9-11] which
does not require lateral p-n junctions, should be used for
ultra-HAR FIinFETS.

In this paper, we demonstrate extremely HAR (as high as
50:1) junctionless InP FinFETs with near-ideal subthreshold
slope (63 mV/dec) and on/off current ratio of 3x10°, enabled by
a novel wet etching method, inverse metal-assisted chemical
etching (i-MacEtch) for the first time. This demonstration
confirms that, beyond channel length scaling, ultra-HAR
FinFETs are a feasible route to deliver high current while
maintaining excellent gate electrostatic control.

Il. DEVICE FABRICATION

Fig. 1 presents a schematic view of the process flow for
fabricating a HAR InP FinFET. A 600 nm thick InP epitaxial
layer (n type, Si-doped, 8 x 10" cm™) was first grown by
MOCVD on a semi-insulating InP substrate (Fig. 1(a)). The
device area was defined by e-beam lithography patterning into
parallel stripe openings, followed by a 30-nm Au layer
deposition by e-beam evaporation and subsequent lift-off
process to form the Au strips on top of the substrate (Fig. 1(b)).
This was followed by the i-MacEtch [12, 13] process to form
the InP fins in Fig. 1(c), where Au served as the catalyst to
initiate the local electrochemical etching of InP in the solution
of H,SO, and H,0,. In contrast to conventional forward
MacEtch [14, 15], Au was employed here as a catalytic mask to
induce material dissolution starting from the off-metal areas,
i.e. inverse MacEtch (i-MacEtch). In this manner,
time-controlled etching allowed for the formation of localized
nanofin array structures, predefined by the location of Au
catalyst patterns. The S/D region was intentionally made wider
than the channel region to reduce parasitic resistance by simply
modifying the metal pattern layout, which is an inherent merit
of i-MacEtch. After the doped epitaxial layer (600 nm) was
reached, an intentional over etching (100 nm) into the
insulating substrate was done to make sure that the fin channel
was fully isolated from the substrate. The etching process was
performed at room temperature effectively prohibited gold
from diffusion into InP. After etching, Au was removed (Fig.
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(a) n+inP MOCVD growth on SI InP

(b) Deposit Au fin etch template

(c) n+InP fin formation by MacEtch
(d) Remove Au and passivate
(e) Deposit gate oxide by ALD
(f) Deposit and anneal ohmic metal

(g) Deposit gate metal and test

Fig. 1: Schematic diagram and the corresponding description of the process flow (a)-(g) for the fabrication of an InP junctionless-MOSFET by i-MacEtch.
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Fig. 2 Structure characterization: (a) 45° tilted-view SEM image of an
array of InP fins. (b) Titled top-view SEM image of a fully-fabricated
device. (c) 52° tilted-view SEM image showing the cross-section of a 14
nm wide 700 nm tall InP fin with Al,O; high-k and Ti/Au metal gate. (d)
HR-TEM image showing the smooth sidewall after i-MacEtch.
1(d)) by standard Au etchants (TFA, Transene Co.) without
attacking InP.

After dilute HF dipping, surface passivation was first
performed in diluted (NH,),S solution, then the samples were
immediately loaded into an ALD chamber for Al,O; gate
dielectric (~9 nm) deposition, followed by a 30 s RTA at 500
°C (Fig. 1(e)). In order to fully wrap the metal contacts over the
high-AR InP fins, tilted sputtering of Ge/Au/Ni/Au for
source/drain (S/D) pads (Fig. 1(f)), and Ti/Au (10 nm/100 nm)
for the gate metal (Fig. 1(g)) were employed. Before gate
deposition, the S/D contacts were annealed by RTA in N, at
400 °C for 30 s. Note that metal lift-off above the tall fins is
very challenging and for this work, only long channel devices
were realized.

Fig. 2 (a) shows the SEM images of an array of InP fins of
~20 nm in width and ~700 nm in height. Fig. 2 (b) shows the
corresponding titled top-view of a fully-fabricated InP FinFET
structure showing the gate is very well-aligned in the center
between source and drain contacts. Fig. 2(c) shows the
cross-sectional view of a single fin that is 14 nm wide at its
narrowest part and 700 nm tall (AR of 50:1), surrounded by 9
nm high-k Al,O3z and 10 nm Ti/100 nm Au gate metal. It can be
seen that the gate stack is conformal covering the entire fin, as a
result of the isotropic deposition (Al,O3) by atomic layer
deposition (ALD) and rotated sputtering of the metal layers
(Ti/Au). In addition to being free of ion-induced damages,

unique to this i-MacEtch technique, the resulting sidewall
etching profile is remarkably smooth and independent of the
metal pattern edge roughness; this is in contrast to forward
MacEtch where the etched sidewall morphology mirrors the
metal edge saw-tooth pattern [15]. This is crucial for fin to fin
uniformity, reducing performance variations due to interface
unevenness and line width fluctuations [16]. A high-resolution
transmission electron microscopy (HR-TEM) image of the
sidewall of an InP nanostructure fabricated by i-MacEtch is
shown in Fig. 2(d), confirms its atomically smooth surface [12].

I11. RESULTS AND DISCUSSION

Fig. 3(a) shows the measured transfer characteristics of an
InP FinFET with gate length L,=560 nm, fin width W;,=20 nm
and active fin height H;,=600 nm The drain current, Ip, is
plotted as a function of gate-source voltage, Vg, for
drain-source voltage, Vps 0f 0.1, 0.5 and 1.0 V. Fig. 3(b) shows
the output characteristics, where I is plotted as a function of
drain voltage Vps, for the same device. There are 14 fins in each
device. Ip was normalized by the total perimeters of all fins,
(number of fins) x (perimeter of a single fin). Note that the high
negative threshold voltage, V,, observed here probably results
from a combination of non-optimized gate metal work function,
relatively thick fin body (20 nm), and immobile trapped
charges in high-k Al,Os. Nonetheless, the device exhibits sharp
turn-on and well-behaved pinch-off characteristics with an
on/off ratio of ~ 3x10°.

We first discuss the off-state performance. The total device
leakage (~0.01 — 0.1 nA/um for Vpgs = 0.1 — 1 V) is at the same
level of the substrate leakage (measured on a bare substrate
across two contact pads). The off-state current remains constant
with Vg under all Vps, implying that the gate-induced barrier
lowering is negligible. The measured gate leakage is also quite
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Fig. 3 Measured transfer and output characteristics. (a) 1o-Vgs sSemi-log
curves and (b) Ip-Vgs curves, of a representative device with L;=560 nm,
Wrsin = 20 nm and Hg,=600 nm, showing abrupt turn on in the subthreshold
region. A sharp on/off switch and well-behaved l,, saturation is observed.
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small (~1pA/um?). This confirms that the main device leakage
comes from the semi-insulating substrate instead of the fin
channels, manifesting the excellent gate electrostatic control of
the structure. In addition, no hysteresis was observed in the
In/Vg curves when sweeping Vg in opposite directions,
implying few charge traps at the interface between InP and the
high-k dielectric.

Fig. 4(a) shows the minimal sub-threshold slope Ss at
Vps=0.1V (left y-axis) and extracted field effect mobility (right
y-axis) as a function of the fin width, Wg,. Ss decreases with
Wsin, @s a result of increased gate electrostatic coupling. At W,
of 20 nm, Ss is ~ 63 mV/dec, approaching the ideal value of 60
mV/dec. The estimated Dy is low at ~ 2.4x10 cmeV?, since
Ss=(1+gxAxD;/Cyy)x60 mV/dec (A, Cy is the total gate area
and gate capacitance respectively). The extracted low field
mobility values, estimated from the flat-band I-V equation [9],
are in the range of 600-1000 cm?/V/-s for these devices (Wri, of
20 - 60 nm), which is higher than the field effect mobility of InP
nanowires (200 — 500 cm?/V/-s for 100 nm diameter undoped
nanowires [17]) and approaching the measured bulk hall
mobility (1780 cm?/V-s). The excellent off-state performance is
direct indication of high interface quality with low mobile
charge or trap density between the fin channel surface and the
high-k dielectric [18, 19], which can be attributed the
atomically smooth and damage-free sidewall surface produced
by i-MacEtch.

We now discuss the on-state performance. The drive current
lon reaches 7.2 pA per fin or 6 pA/um when normalized by the
gate periphery (Fig. 3(a)), at Vps = Vgs-Vin = Vpp = 1.0V,
where Vgs =Vy, was defined when 15=0.1 pA/um. The peak
transconductance g, is 14.4 uS per fin or 12 uS/um by the same
normalization method. The 1,, value per fin achieved is
reasonable considering the long channel geometry and
un-optimized parasitic resistance especially from the S/D
extension region. In fact, it is much higher comparing with that
of low aspect ratio junctionless Si FInFETs (0.25 uA per fin at
Vpp=1.0 V) with gate lengths Ly;=1 pum [9] and similar to the
stacked Si nanowire channels with L;=250 nm (20 pA per stack
at Vpp=1.0 V) [7] and 14 nm node Si FinFET Lg=14 nm
technology (33.7 pA per fin at Vpp=0.8 V) [2]. The 3-stacked
Ing.53Gag 47As nanowire channel with L;=200 nm and Ly=1 pm,
has the highest I, [20] (480 pA per stack at Vpp=1.0 V),
although the trade-off was a passable Ss and super high
off-state leakage.

Due to the extraordinarily HAR of the fin structure, the
process challenge to shrink the channel length is significantly
increased. For example, a very thick photoresist layer was used
in order to cover the entire tall vertical fins, which makes it
difficult to scale the lateral dimension. As a result, one major

3

source of the parasitic resistance comes from the large gap
(~600 nm) between gate and S/D in our devices due to the
non-self-aligned process. Rgp should be around 2/3 of the total
on-state resistance R,, at flat-band condition since the ungated
fin length is almost 2X the channel length for the same fin
width (Fig. 2b). Fig. 4(b) plots R,,, which was extracted from
the linear region of the output curve, and threshold voltage V4,
as a function of Wy, Vi increases as Wy, decreases as
expected, due to conduction constriction. R,, suffers severely
from Wy, scaling, as the long ungated S/D extension region
also reduces. For the 20 nm Wy, device (Fig. 3), R,n=23.8
kQ-um, and the intrinsic drive current can be projected to reach
18 pA/um, or 21.6 pA per fin, at Vpp = 1.0 V after removing
the ungated S/D extension resistance (~ 2/3 of R,,). Note that
the contact resistance is negligible [21] because it is much
smaller than Rg.

Therefore, removing the huge parasitic resistance from the
ungated S/D extension is a critical issue to address in future
work for performance improvement. This can be done by
increasing the doping concentration in the S/D extension,
developing self-aligned process [22] and advanced 3D
patterning to shrink the source to drain distance and achieve
short channel devices.

Despite of the un-optimized geometry, it is clear that
increasing Hg, can indeed boost the absolute value of Ig,.
However, it also proportionally increases the gate intrinsic
capacitance Cgy, canceling the advantage of |y, increase on
circuit delay Ti=Ciota V! lon. The total capacitance ina CMOS
logic circuit, Cio, is comprised of multiple parts in parallel
connection, including interconnect wire lateral capacitance on
the same layer and area capacitance between wires on different
layers (Cuwire), parasitic fringing capacitance (Cringe), and Cgae.
In aggressively scaled CMOS circuits, the effect of
interconnect wires becomes more and more prominent, which
Cgate becomes less significant to C. Therefore, by increasing
Hsin (or aspect ratio for the same Wy,) while C, remains
constant, |y, increases faster than Cyq, thus the total delay Ty iS
reduced. The larger Cyir is relative to Cgye, the sharper the
decrease is in Ty Note that Cyre/Cgae ratio goes up as the
technology node scales down, therefore, the benefit of
increasing AR in FinFETs should become more pronounced.

IV. CONCLUSION

We have reported the design, fabrication, device
performance of ultra-HAR junctionless FinFETs. The device
structure was consisted of a uniformly doped extremely-tall fin
body as the channel and S/D without p-n junctions. An
unconventional wet etching method, i-MacEtch, enabled the
fabrication of InP junctionless FInNFETs with ultra-high ARs
(~50:1). This novel method eliminates the need for dry etching,
ion implantation, and minimizes thermal budgets and
ion-induced damage, crucial to maintaining high quality
surfaces and interfaces. The fabricated devices exhibited high
drive current per fin, a near-ideal subthreshold slope, and low
leakage current. HAR junctionless FinFETs presented here
provide a viable route to achieve high I, transistors and fast
delay high speed circuits.
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