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Three-dimensional (3D) vertical architecture transistors represent an important technological pursuit, which have dis-
tinct advantages in device integration density, operation speed, and power consumption. However, the fabrication processes
of such 3D devices are complex, especially in the interconnection of electrodes. In this paper, we present a novel method
which combines suspended electrodes and focused ion beam (FIB) technology to greatly simplify the electrodes intercon-
nection in 3D devices. Based on this method, we fabricate 3D vertical core-double shell structure transistors with ZnO
channel and Al,O3 gate-oxide both grown by atomic layer deposition. Suspended top electrodes of vertical architecture
could be directly connected to planar electrodes by FIB deposited Pt nanowires, which avoid cumbersome steps in the tradi-
tional 3D structure fabrication technology. Both single pillar and arrays devices show well behaved transfer characteristics
with an Ion /Lo current ratio greater than 10° and a low threshold voltage around 0 V. The ON-current of the 2 x 2 pillars
vertical channel transistor was 1.2 pA at the gate voltage of 3 V and drain voltage of 2 V, which can be also improved by
increasing the number of pillars. Our method for fabricating vertical architecture transistors can be promising for device
applications with high integration density and low power consumption.

Keywords: three-dimensional (3D) vertical ZnO transistor, focused ion beam (FIB), suspended electrodes, the

electrical inter-connection in 3D devices
PACS: 68.35.bg, 72.15.—v, 73.50.-h

1. Introduction

In recent years, with the rapid development of semi-
conductor technology, the device size is getting smaller and
smaller, which causes many technical challenges and prob-
lems, such as high off-state leakage current, the short-channel
effect, etc.!') To solve these challenges, many new materi-
als and architectures have been proposed.?) Channel materi-
als with high mobility such as GaAs, InGaAs and InAs, ex-
hibit outstanding electron transport properties, which are at
the heart of many high-speed and high-frequency electronic
systems.®! Gate oxide materials with high-k such as Al,O3
and HfO, grown by atomic layer deposition (ALD) possess
good interface quality and low gate leakage, which are bene-
ficial for low power consumption.*! Multi-gate architectures
such as fin field effect transistor (FinFET) and gate-all-around
(GAA) greatly improve electrostatic control ability over the
channel.D! Among these new architectures, three-dimensional
(3D) vertical devices provide a promising solution to over-
come the bottleneck of semiconductor technology and im-
prove the performance of traditional two-dimensional (2D) de-

vices. The 3D vertical architecture devices have plenty advan-
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tages for future electronic. Firstly, 3D vertical device archi-
tectures allow for higher packing density when the devices
sizes are the same.l%! Secondly, Yakimets et al. have pre-
dicted power savings of 10%—15% for a vertical device lay-
out as compared to a lateral geometry for the 7 nm technology
node.!”! Thirdly, the gate length of vertical transistors is no
longer determined by lithography, but rather by the thickness
of the gate metal film that can be controlled at the nanometer
scale during deposition at low cost.!®! There is no doubt that
3D architecture plays a key role in the future integrated cir-
cuits. Architectures such as 3D and GAA vertical transistors
present attractive approaches to achieving high-density assem-
bly of functional nanodevices. At present, the electrodes of
3D devices are separated by low k materials and connected by
contact holes.”) However, it is cumbersome to fabricate the
gate and top electrodes and manage the interconnect layout
so as to effectively fabricate 3D vertical devices.[!”] There-
fore, how to fabricate 3D devices quickly and efficiently is a
problem that researchers and manufacturers need to address.
Focused ion beam (FIB) technology has shown unique advan-

tages in 3D structure fabrication since it was invented.!!!] Tt
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can realize accurate structure fabrication at nanoscale, which
provides a powerful means for 3D devices fabrication.!?! For
example, Pt nanowires deposited by FIB can be used to real-
ize the interconnection between the planar electrode and the
3D top electrode, which greatly simplifies the fabrication pro-
cesses and shows the advantages of high-density integration of
vertical transistors.

In this article, we fabricate a 3D vertical core-double shell
structure transistor with ZnO channel and Al,O3 gate-oxide,
with top suspended electrode and bottom planar electrode in-
terconnected with a Pt nanowire deposited by FIB technol-
ogy. ZnO and Al,O3 are grown by atomic layer deposition
(ALD). The fabricated 3D vertical transistors show good elec-
trical characteristic, which indicates the superiority of our 3D
interconnect method. In particular, ALD appears very promis-
ing due to its atomic level thickness control, relatively low de-
position temperature, uniformity over large areas, and wonder-
ful conformality on the 3D structure.!'*! The gate oxide and
channel materials are not limited to Al,O3 and ZnO.

2. Experiments and methods

The detailed fabrication processes of the 3D vertical core-
double shell structure transistor are shown in Fig. 1. The heav-
ily boron doped p-type (100) silicon substrate was cleaned by
acetone, ethyl alcohol, and deionized water (DW) using an ul-
trasonic cleaner and dried on the hot plate (Fig. 1(a)). Firstly,
the electron beam lithography (EBL) and electron beam evap-
oration (EBE) techniques were used to prepare the Cr hard
mask. The diameter and thickness of the Cr mask were 200 nm
and 40 nm, respectively (Fig. 1(b)). The photoresist used in
this experiment was polymethyl methacrylate (PMMA), which
is a positive electron resist and has a high resolution. Sec-
ondly, the substrate was put into an inductively couple plasma
reactive ion etch system (ICP-RIE) for achieving single Si pil-
lar or arrays with the diameter of 200 nm and the height of
1 wm by a room temperature etching method (Fig. 1(c), RF
power: 100 W, ICP power: 1200 W, total pressure: 10 mTorr,
SF¢:C4Fg = 45 sccm:40 scem, etching time: 45 s). Then Cr
mask was removed by Cr etchant. Afterwards, 50 nm Al,O3
and 26 nm ZnO films were grown by ALD at 200 °C and
120 °C, respectively. Trimethylaluminum (TMA) and DW
were selected as the sources of aluminum and oxygen. The
thickness of Al,O3 deposited at 200 °C was 50 nm. After this,
180-cycles ZnO film was deposited by ALD as the active layer
and the process temperature was 120 °C. Diethylzinc (DEZn)
and DW were selected as the sources of zinc and oxygen. The
thickness of ZnO deposited at 120 °C was 26 nm (Fig. 1(d)).
In the next step, the second EBL process was performed to

define the active area, and PMMA as a mask was used to pro-

tect vertical channel ZnO. ZnO on other areas was removed
by diluted HCI (Fig. 1(e)). After this, the EBL and EBE tech-
niques were used again to fabricate planar source (Ti/Al thick-
ness: 10 nm/100 nm) and drain (Al thickness: 150 nm) elec-
trodes. For protecting the channel of ZnO device and forming
ohmic contact between ZnO and suspended top electrode, we
deposited 50 nm Ti by etch-back method. During this step, we
span coat 1.2 um photoresist on the sample, which could coat
the total pillar under photoresist. After this, a reactive ion etch
system (RIE) was used to thin the photoresist and exposed the
ZnO at the top of the pillars (RF power: 200 W, total pressure:
10 mTorr, Oy = 50 sccm, etching time: 90 s). Then, 50 nm Ti
was evaporated by the thermal evaporation system with tilt an-
gle 15°, which could form the suspended electrode on the top
of the silicon pillar arrays after lift-off (Fig. 1(f)). After that,
another 20 nm thickness TiO film was grown by ALD to pro-
tect the channel in the following fabrication step. Tetrabutyl
orthotitanate (TTIP) and DW were selected as the sources of
titanium and oxygen. Lastly, the 3D Pt nanowire was grown
on the planar drain electrode by FIB-CVD technology to di-
rectly connect the top suspended drain electrode. During Pt
nanowires growth, the substrate was adjusted at fixed rotation
angle and tilt angle to keep the FIB imaging to contain the
bottom planar electrode and the top suspended electrode in the
same direction. Then, the gas precursor molecules were in-
troduced through a gas nozzle and the FIB was operated in
“spot mode”, in which the ion beam deflection plates were
held at constant potential, the accelerated voltage was 16 keV,
the beam current was 1 pA, and the deposition time was 4 min.
Finally, single nanopillar or nanopillar arrays device was fab-

ricated as shown in Fig. 2.
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Fig. 1. The fabrication processes of the vertical device. (a) The cleaned
silicon substrate. (b) Cr mask after EBL and EBE. (c) Silicon pillars
fabricated by ICP etching. (d) Al,O3 and ZnO deposited by ALD. (e)
Removing the unnecessary ZnO. (f) Suspended top electrode and elec-
trodes interconnection.
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Fig. 2. SEM images of the core-double shell transistors. Side view
SEM image of single pillar device (a) and pillar arrays device (b). Top
view of single pillar device (c) and pillar arrays device (d).

3. Results and discussion

The performances of 3D vertical devices have been mea-
sured with Keithley 4200SCS at room temperature in the dark
under air environment. Electrical characterizations of 3D ver-
tical core-double shell transistors with diameter 200 nm and
height 1 pm pillar are studied below.

Figure 3 shows the source-to-drain current (ys) as a func-
tion of the source-to-drain voltage (Vys) for different source-
to-gate voltage (Vgs) of ZnO 3D transistors with grown tem-
peratures at 120 °C. Both the single and arrays core-double
shell ZnO devices exhibit typical field-effect transistor char-
acteristics. The channel conductance clearly increases as Vg
increases under positive Vs, which indicates ZnO grown by
ALD is n-type semiconductor, agreeing with all previous stud-
ies on ZnO grown by ALD.!"#! These devices exhibit a clear
pinch-off and saturation, as shown in Fig. 3 implying that the
ZnO channel can be depleted of free electrons by applying
a negative voltage on gate. The carrier concentration of the
channel layer influences the conductivity. Therefore, by in-
creasing the grown temperature or annealing device at high
temperature, the devices will exhibit a high output current as
the conductivity of the channel increases.!'>! As we can see
from Fig. 2, for the single pillar transistor, the channel width
at the planar source side is 1.3 pm and the channel width at
the top drain side is 950 nm (of the circumference of a circle
with a diameter of 300 nm). For the 2 x 2 pillar arrays transis-
tor, the channel width at the planar source side is 2.1 pm, and
the channel width at the top drain side is the circumference of
four 300 nm diameter circles, 3.8 um. The active region area
of the single device is 1.6 um? without the vertical pillar and
2.27 um? with a single vertical pillar, the area of the active re-
gion is increased by 41%. For the 2 x 2 pillar arrays device, the
area of the active region is increased by 57% from 4.66 pum?
without vertical pillars to 7.33 um? with four pillars. With the
increase of pillars number, the vertical active region area will

be larger. In an optimal situation, when the cylinder radius is
R and the height is H, the cylinder plane area is 7£R?, the side
area is 27R - H, and the area increase ratio is (2H —R)/R. If
the height is 1 pm and the radius is 150 nm, the ideal increase
ratio is 1233%, which shows the great advantage of high in-
tegration of 3D vertical transistors. From Fig. 3, ON-current
of the device with 2 x 2 pillar arrays device is 4.5 times larger
than that of the device with single pillar. For the 2 x 2 pillar
arrays device, the channel width at the planar source side is
2.1 wm, which is 1.6 times larger than that of the single pillar
device, the channel width at the top drain side is 3.8 um which
is 4 times larger than that of the single pillar device, however
the out-put current of the 2 x 2 pillar arrays device is 4.5 times
larger than that of the single pillar device. In other words, by
increasing the number of pillars high out-put current can be
achieved, which is beneficial for high density integrated and
large ON-current devices.
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Fig. 3. The I4s—Vys characteristics for ZnO-channel 3D transistor with
single pillar (a) and 2 x 2 pillar arrays (b); Vg steps up from —1 V to
3 Vin 1V increments.
Transistors will show “current crowding” behavior at low
V4s when the device has a nonohmic source/drain contact, this
may be caused by wrong metal contact with active material,
or high bulk density of states (DOS).I'®! Figure 4 shows the
linear region (Vs from 0 to 0.5 V) output characteristics of the
ZnO 3D device deposited at 120 °C and there is no nonlinear
drain current phenomenon. The source/drain contact’s qual-
ity of the ZnO 3D device is better evaluated by depicting the
derivative of the output curves (dlys/dVys) at low Vg region
(Vgs < 0.5 V), which is also shown in Fig. 4. This good be-
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havior demonstrates the high quality of contact between our
source/drain electrodes between ZnO. Pt nanowires deposited
by FIB could have a good ohmic contact between Al and Ti
electrodes, indicating suitability for electrodes interconnec-

tion.
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Fig. 4. Linear region (Vg5 from 0 to 0.5 V) output characteristics (solid
curves) of ZnO 3D devices grown at 120 °C. The derivative of I35 versus
Vys (dashed curves) is also shown.
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Fig. 5. The I3~V characteristics for ZnO 3D devices with single pillar
(a) and 2 x 2 pillar arrays (b); Vys is constant at 1 V.

The transfer characteristics of ZnO 3D devices are exhib-
ited in Fig. 5. V4, can be extracted by linear fitting for (;b/ 2—Vgs

curves based on 10% and 90% of the maximum Ig.!'”! The
subthreshold swing (SS) can be calculated using the following

gg_ ((dlog () ™"
dVys

The SS values of 3D core-double shell devices are 300 mV/dec
and 340 mV/dec for single pillar device and 2 x 2 pillar arrays

equation:

device, respectively. With the increase of pillars, the gate con-

trol ability slightly decreases. From Fig. 5, the V4, of the single

pillar device is 0.76 V. As for the 2 x 2 pillar arrays device, the
Vin 18 0.61 V which is smaller than that of the single pillar de-
vice. In thin film transistor, with the decrease of the channel
width, carriers in the channel are easier to be captured, which
makes the concentration of carriers less under the same Vg and
results in higher Vy,.!'®! This could explain the decrease of V.
The results show the benefit of 3D vertical architecture transis-
tor, higher channel width and shorter channel length for high
integration density and low power consumption.!'”! Both de-
vices have large on—off ratio over 10°. The representative Ig—
Vis hysteresis characteristics of the ZnO 3D devices are shown
in Fig. 5. The devices show clockwise hysteresis window with
0.15 V for single pillar device and 0.22 V for 2 x 2 pillar ar-
rays device. This low hysteresis window in both devices indi-
cates that the quantity of traps at ZnO/Al, O3 interface or/and
within the ZnO channel is small.’?°! In other words, during
Pt nanowires deposition, gallium ion implantation and dam-
age are negligible by using 1 pA beam current and passivation

layer.

4. Conclusion

We present a novel method to fabricate 3D vertical ar-
chitecture devices. Based on this method, 3D vertical core-
double shell structure transistors were fabricated and charac-
terized. The I-V properties showed significant applied gate
voltage dependence, the drain current Iy increased as the gate
voltage and the number of pillars increased. It also confirmed
that electrode contact between the Pt nanowire deposited by
FIB and the metal was ohmic contact which would not have
adverse impact on the device performance. In addition, during
Pt nanowire fabrication, the ion beam did not scan the channel
directly so that the current of the ion beam was kept at 1 pA,
which made no implantation and damage to the channel mate-
rial. This new method could simplify the fabrication process
for 3D vertical devices whilst maintain the advantages of such
devices, i.e., high integration density, low power consumption,

and so on.
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