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ABSTRACT We report the fabrication and characterization of Zn0 nanowire memory devices using a

ferroelectric Ph(Zr3Tiy ;)05 (PZT) film as the gate dielectric and the charge storage medium. With a comparison

to nanowire transistors based on Si0, gate oxide, the devices were evaluated in terms of their electric transport,

retention, and endurance performance. Memory effects are observed as characterized by an eminent

counterclockwise loop in /—V, curves, which is attributed to the switchable remnant polarization of PZT. The

single-nanowire device exhibits a high (up to 10%) on/off ratio at zero gate voltage. Our results give a proof-of-

principle demonstration of the memory application based on a combination of nanowires (as channels) and

ferroelectric films (as gate oxide).
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depletion

he application of semiconducting

nanowires (NWs) as nonvolatile

memory component (e.g., field ef-
fect transistor channel) is attractive due to
the intrinsic priorities of nanowires over
conventional film channels. For example,
with a high crystalline quality, NWs can
function as a superior carrier transportation
channel with an enhanced mobility. More-
over, the small dimension of NWs is desir-
able not only for increasing the area den-
sity of device cells but also for reducing the
operating voltage effectively so that the
write/erase power consumption can be
lowered to about several n). There have
been a few reports on NW-based memory
using self-assembled molecules,’? high-k
dielectrics,>* and ferroelectric films® as the
charge storage media. This brings a new
and exciting application to NWs in next-
generation nanoelectronics, in addition to
other demonstrated applications such as
nanoelectromechanical systems®’ and
biosensors.®~1°

Ferroelectric FET (FeFET) memory has

been extensively studied as an important
type of nonvolatile random access memory
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device, due to the switchable remnant po-
larization of the ferroelectric insulator.'™'?
By replacing the typical gate dielectric SiO,
with a high-k ferroelectric [lead zirconate ti-
tanate (PZT) has a dielectric constant about
100 times that of SiO,], the transconduc-
tance could be increased significantly and
the subthreshold swing reduced. A combi-
nation of high-mobility semiconducting
nanowires as the channel with ferroelectric
film as the gate dielectric is expected to
have enhanced memory performance (e.g.,
a higher on/off ratio) compared with the
conventional film FeFET."?

In this paper, we report the incorpora-
tion of PZT as the gate dielectric into ZnO
NW FET. The schematic diagram of the de-
vice and a SEM image of a single ZnO NW
FeFET are shown in Figure 1a,b, respec-
tively. ZnO is a wide direct band gap (3.37
eV at room temperature) semiconductor
with a large exciton binding energy (60
meV). ZnO NWs exhibit multifunctionality
such as optoelectronics devices,'* gas
sensing,’®"® and piezoelectricity.'”'® More-
over, ZnO is a natural n-type semiconduc-
tor due to the presence of intrinsic donor-
type defects such as oxygen vacancies and
Zn interstitials.'® Hence ZnO NWs can serve
as the n-channel of a FET without inten-
tional doping.®°

Our NW FeFET device shows an evident
las— Vg hysteresis with a current on/off ratio
of ~10% and an endurance up to 10° cycles
with little degradation. By comparing with
conventional SiO, back-gate device, we at-
tribute the memory effect to the reversible
carrier concentration in the ZnO NWs
modulated by remnant polarization switch-
ing of PZT. It is noted that similar memory
effects have also been constructed using
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carbon nanotubes (CNTs) as the channel material, al-
though the memory mechanism is under debate.
Operation Mechanism of FeFET. The operation principle
of the ZnO NW FeFET is proposed schematically in Fig-
ure 1¢,d. First of all, unlike the conventional MOSFET
that operates based on an inversion of the channel, our
NW FET works in a depletion/accumulation mode. It is
noted that among the large number of reported semi- (c) Off
conducting NW FET devices, including NWs of Si, llI-V,
and metal oxides,>*” 27 the NW channel is not inverted.
Instead, the operating principle is accumulation/deple-
tion of the NW as controlled by the gate potential. '
There have been only a few recent reports on inver- i 'H == el ikl N
sion mode Si NW FET devices.?®3° While it is expected
that a wrap-gate NW FET should be more similar to con- (d)
ventional MOSFET,?' the reported omega-shaped ZnO

NW FET gates are still depletion mode ones.?®

tial bends the channel’s bands up or down, which
brings the conduction band further away or closer to
the Fermi level of the metal contacts. For a n-type NW
such as ZnO, the energy bands are raised up when V, < Depletion Accumulation
0, causing a depletion of electrons in the NWs and

thus decrease the conductivity. Conversely, Vg > 0 will
8,27

Eg

N Ec

In the depletion mode, the gate electrostatic poten- Er S—= E—— L~
NwW NW

lower the bands and enhance the conductivity.
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Figure 1. ZnO nanowire FeFET device. (a) Schematics of the de-
vice configuration. (b) SEM image of a single device. (c) Idealized
field effect model of the ZnO nanowire FeFET device at “off”

Coming to the NW FeFET, the operation mechanism and “on” states, without considering surface and interface trap

charges. (d) Corresponding band diagram showing the gate

is similar to conventional thin-film FET'" except for a effect.

back-gate NW channel architecture. When a —V, pulse

is applied between the NW channel and the Pt gate (i.e.,  be identified together with two weaker peaks of (100)
writing), the polarizations of the ferroelectric film will and (002). The full width at half-maximum of the PZT
be aligned downward (Figure 1c). After the gate volt- (111) rocking curve is as small as 4°. Hence it is indicated
age pulse is removed, the remnant polarization of the  that the PZT film has a dominant orientation in <111>,
ferroelectrics introduces an effective negative field ef- which is a result of the well-known epitaxial growth of
fect, which induces an equal amount of positive space  pzT on the (111)-oriented Pt layer. The film surface has

charges within the NW. This depletes the elec-
trons in the channel (electron injection into the
metal contacts), corresponding to an upward
band bending at the NW/dielectric interface,
and thus reduction of the conductance of the
NW. This low conduction of the n-type ZnO NW
FeFET represents a binary “0” state of the
memory device. Reversely, when a +V; pulse
is applied, a binary “1” state is obtained due to
the enhanced conduction by electron accumu-
lation. Thus a one-bit ferroelectric memory
function is realized. A FeFET device allows non-
destructive memory readout since the signal is
read by detecting the conductance (or resis-
tance) of the channel at zero gate voltage. The
nonvolatile nature comes from the remnant po-
larization of the ferroelectric thin film, so that
reading does not destroy the memory state.
Electric Transport Properties. The ferroelectric
PZT film was characterized before device fabri-
cation. The XRD pattern in Figure 2a was from
the 200 nm thick film used in our study. A
strong peak corresponding to PZT (111) can
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Figure 2. Evaluation of the PZT film. (a) XRD pattern of the film on the Pt/Ti/SiO,/Si

substrate. (b) X-ray rocking curve of the (111) plane. (c) AFM image of the film sur-
face. (d) Typical P—E hysteresis loops of the capacitor structure based on Pt and Au

top electrodes.
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Figure 3. Electric transport properties of single ZnO nanowire FET devices
at ambient condition. (a) /y;—Vqs output characteristics and (b) Iy;—V, trans-
fer characteristics at V4 = 2 V of a NW FET device on the SiO,/Si substrate. (c)
las— Vs output characteristics and (d) lqs—V, transfer characteristics at Vg =
2V of a FeFET device based on a ferroelectric PZT gate oxide.

a root-mean-square roughness of 10 nm, as revealed
by the atomic force microscopic (AFM) image in Figure
2c. The polarization—electric field hysteresis loop of the
PZT film is shown in Figure 2d, from which a remnant
polarization (P,) of 20 wC/cm? and a coercive field (E.) of
100 kV/cm are determined. The PZT thin film exhibits a
dielectric permittivity of 400, measured as a capacitor
made by depositing the Pt top electrode on the PZT/Pt/
Ti/SiO,/Si substrate. Moreover, we also measured the
polarization of the Au/PZT/Pt structrure, from which a
remnant polarization (P,) of 18 wC/cm? and a coercive
field (E.) of 80 kV/cm were determined.>?

The overall device fabrication process involves (i) opti-
mized growth of ZnO NWs and sol—gel deposition of PZT
thin films, (i) transfer of ZnO NWs directly from the
growth substrate to the device substrate (PZT film or SiO»/
Si) via contact printing, and (i) NW contacting using con-
ventional sputtering, photolithography, and lift-off. Fig-
ure 1b gives a top view of a typical NW FeFET device.

For the electric properties, we start with a conven-
tional NW FET on a 200 nm SiO,/Si substrate as the back
gate. Figure 3a shows the I4s— Vs curves of a single NW
FET. The conductance of the NW increases monotoni-
cally as the gate potential increases, demonstrating an
n-channel ZnO NW FET. This is consistent with the natu-
ral n-type conductivity of ZnO due to the presence of in-
trinsic defects. Figure 3b plots the Iy,—V, curve of the
same NW FET on a SiO, layer by sweeping the gate volt-
age continuously from —10to 10V at a rate of 0.2 V/s (the
drain voltage is constant, V4, = 2 V). A clockwise hyster-
esis loop is clearly observed, with a conductance change
of about 3 times at zero V. The origin of such hysteresis is
mainly due to the trap charges (see also below).>?

Transport properties of ZnO NW FeFETs are shown
in Figure 3c,d. On the basis of the I4s—Vys output char-

A‘“ﬁ%\@ VOL.3 = NO.3 = LIAO ET AL

acteristics in Figure 3¢, the conductance of the nano-
wire increased significantly as V, varied from —1 to 2.0
V. Figure 3d shows the l4s—Vj transfer characteristic
(scanning rate = 0.1 V/s, V4 = 2 V). The threshold volt-
age varies from —5 to 2 V as the gate voltage sweeps
upward and downward, respectively. The counterclock-
wise hysteresis loop is consistent with the expected
memory effect of the ferroelectric film. A wide memory
window of up to 7 V ensures its practical application
potential.

Analogous to MOSFET, the transconductance (g,)
and the field effect electron mobility () can be deter-
mined from the l4s— Vgs and Iys— V4 curves according
t034

diy
Im = d_\/SVg:o M
]
1L
= Im Cox Vds (2)

which were first introduced to carbon nanotube (CNT)

FET devices®* and have also been commonly used for

back-gated NW FETs.>*~ 27 C,, is the gate oxide capaci-

tance of a cylindrical wire on a planar substrate
2meye L

Cox=——7—— 3)
cosh™ '[(r + t,,)/r]

where g, is the relative dielectric constant (e, = 3.9 for
SiO, and ~400 for the PZT used here), t, is the thick-
ness of gate oxide layer (200 nm), L is the channel
length (3 wm), and r is the radius of the nanowire (50
nm). For NW FETs on the SiO,/Si substrate, the thresh-
old voltage V4, = 4V and g, = 1 nS can be extrapolated
from the linear region of the lqs—V, curve in Figure 4b.
The mobility is pe =~ 20 cm?/V-s at V5 = 0 V. In case of
the NW FeFET, similar calculation revealed that the dif-
ferential conductance at Vg, = 2 V increased from 0.47
nSatVy, = —1Vto 100 nS at V; = 2.0 V, and the mobil-
ity is about ~72 cm?V - s at V5 = 0V, with only a slight
variation between different batches of the /4;—V, loop
measurements.

Furthermore, a significant difference of the sub-
threshold swing (S), defined as S = In(10)[dVy/d(In )] be-
tween the ZnO NW FET and FeFET is noted. With 200
nm SiO, gate dielectric, the NW FET exhibits a swing of
S = 5V/dec. In contrast, with the 200 nm PZT dielectric,
the NW FeFET shows S = 1 V/dec. As an important pa-
rameter of FET, subthreshold swing is desired to be
small for low power operation. In this regard, the ZnO
NW transistor with the PZT dielectric performs better
than that with SiO,.

The hysteresis in the =V, curve allows us to define
two states (denoted states “1” and “0”) at V; = 0 for
the memory operation, as shown in Figure 3d. The rem-
nant polarization difference is estimated to be AP =
36 wC/cm?. The remnant polarization induces equal
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pulse of =5V, the off-state drain cur-
rent was measured at an initial value
of about 0.01 nA. It gradually reaches
f 0.5 nA after 200 cycles, partly due to

the well-known fatigue problem of

! - 10" PZT. Based on Figure 6, the current
10 Lot ; .
e . on/off ratio remains ~200 after 300
6 4 2 0 2 4 6 40 5 0 5 10 i
readings.
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For comparison, the memory en-

Figure 4. Transfer characteristics of the field effect devices measured at 150 °C 4, ;rance of the ZnO NW FET on Si0,/Si
(Vgs = 2 V). (a) Single ZnO nanowire FeFET. (b) Conventional FET on the SiO,/Si

substrate.

amounts of charges per unit area in the NW channel,
and hence the difference in the charge density between
state “1” and “0” is AQ; = AP = 36 wC/cm?. Based on
this, we can estimate the drain current in the low Vg re-
gime of output operation (neglecting the influence of
interface states or contact resistance)>®

s = LAQV W/L (4)

where W is the effective channel width (78.5 nm).> The
calculated /4 at Vys = 2 V is about 130 nA, larger than
the experimental value of ~80 nA.

To exclude the possible effect by adsorption of a wa-
ter liquid layer, we measured the /—V, curves at 150 °C
(see Figure 4). By comparison to Figure 3, the hysteresis
behavior of ZnO FeFET on the ferroelectric substrate
shows little difference from that measured at room tem-
perature, whereas the loop of FET on the SiO, sub-
strate nearly vanishes.

The current rentention was also evaluated by moni-
toring the off- and on-state currents as a function of
time after the gate programming. The drain currents
were continuously monitored by measuring /s at a fixed
V4s = 2V when the gate V; = £5 V was switched off (re-
call that the coercive voltage for the 200 nm PZT film
is =2 V). As shown in Figure 53, for a device on the PZT
film, the on-state current can stay at ~100 nA for about
200 s, and the persistence of the off state was about
120 s for PZT film. In contrast, both the on and off cur-
rents for the FET on the SiO, substrate start to relax af-
ter 5 s (Figure 5b). Although the retention time of our
NW FeFET is still much shorter than the thin-film FeFET
and other CNT-based FET memory devices (which are in
the order of weeks), this is a proof-of-principle
demonstration of the nonvolatile memory func- (a)

The endurance of the device is carried out

tionality of the ZnO NW FeRAM. 1021—_-_.*_\\'

by testing the drain current stability as a func- 10'

tion of cycles. Both the off- and on-state cur- E
rents were measured at a fixed Vys = 2 Vin the  =*

pause between gate voltage steps (i.e., after 10"

each 1 s writing pulse by Vy = =5 V). Each cycle

is shown in Figure 6b. The pulsed
measurement was conducted at Vi

= 5V between the gate voltage pauses (the NW FET is
“switched” by a gate voltage V; = =10 V). In contrast to
the NW FeFET, the decrease in the on current and in-
crease in the off current are more significant. The hys-
teresis degrades and completely disappears after 200
cycles. This indicates that the charge traps at the NW/
SiO, interface are unstable during the cycling test.
Among other reasons, water-related charge traps such
as water molecules might be removed by thermal effect
introduced by cycling /—V measurement in a dry atmo-
sphere.3®

Discussion on Memory Effect. Depending on the material
selection and interface quality, trap charges can be the
main factor in the conductance hysteresis which has
been observed in CNT FET?” 3 and Si NW FET*® with
SiO,/Si back gates. The common types of charge traps
include (1) SiO,/Si interface trapped charges due to im-
mobile oxide charges; (2) mobile ionic charge due to al-
kaline ion (e.g., Na*) contaminants that can be manipu-
lated by bias-temperature aging; and (3) oxide-trapped
space charge associated with defects in SiO,. For ex-
ample, Paruch et al. observed a pronounced hysteresis
of CNT-based FeFET, which was attributed to charge in-
jection into surface states of the ferroelectric BaTiO3.2
Similarly, in a recent article (published after the submis-
sion of the present paper) by Rinkio et al.,* surround-
deposited HfO, was used as the gate dielectric of the
CNT-based memory FETs, in which the stationary
charge traps within HfO, dominate the hysteresis. In
the thin-film FeFET based on a SnO, channel evaluated
by Titkov et al.,*° the density of trap charges is far higher
than that of surface charge density in the channel, so

+—On -
<
=R = —— Off

0 50 100 150 200 250 300 0 10 20 30 40

lasts for 20 s. From results shown in Figure 6a, Time (5) Time (s)

the on-state drain current is initially about 100 . . . . .

d stabili f h Figure 5. Time evolution of the drain currents of the ZnO nanowire-based FET de-
nA and stabilizes at 80 nA after more than 100 vices. (a) FeFET. (b) Conventional FET on SiO,/Si substrate; V4, = 2 V. The gate pulse
pulse cycles. When the device was poled witha  was %5 V for (a) and =10 V for (b).
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(@) (b) 10, pendent*®). The /—V, hysteresis behavior of our
> e NW FeFET measured at 150 °C shows little differ-
10 O O CC—— o I - .

] Z 10°] ence, indicating the water liquid layer, if present,
&0 - & is not the main contribution. Finally, the increased
5%, 10°3 > - - conductance modulation compared to that of nor-
- - W«M - mal NW FETs with SiO,/Si (see Figure 3) and the

; pes S . L -

D © o , improved retention time (see Figure 5) also sup-

» 10° 10" 10 o 10° 10" 10? port that the ferroelectric field effect is the domi-
Reading Cycle Reading Cycle

nating source for the memory behavior.

In summary, ferroelectric FET devices using a
semiconducting ZnO nanowire as the n-type
channel have been fabricated and evaluated with

Figure 6. Endurance tests by measuring the off- and on-state drain current at a
fixed V4 = 2V as a function of programming cycles of the ZnO nanowire-based
FET devices. (a) FeFET. (b) Conventional FET on SiO./Si substrate. Circles and
squares denote the current after the device is switched on and off, respectively.

that the former played the dominating role in the ob-
served conduction hysteresis over the latter. Moreover,
water charge traps have also been observed in MOS ca-
pacitances and tunnel diodes with hydrated SiO, gate
insulators.364142

We argue that the memory function of our NW
FeFET originates mainly from the nature of the PZT fer-
roelectrics. First, the counterclockwise hysteresis for
continuous V, sweeps (Figure 3d) and the current lev-
els by the pulsed measurement (i.e., “on” current after
positive V,, whereas “off” current after negative V,; see
Figure 4a) are consistent with what would be expected
for a ferroelectric field-effect modulation of an n-type
channel. A hysteresis due to interface trap charges will
be in the clockwise direction, as verified in this study
(see Figure 3b). Second, ex situ deposition of NWs or
CNTs on free surfaces of ferroelectrics (or other high-k
oxides) and the measurements in ambient conditions
are usually accompanied by non-negligible effects due
to surface molecule adsorption (it has been shown that
the adsorption can be ferroelectric polarization de-

METHODS

The Pb(Zrg3Tip7)Os thin films were deposited via a sol—gel
route,*® assisted by spin coating. The precursor was pre-
pared from Pb(CH;C0O0),3H,0, Zr[OCH(CHs),],4, and Ti[O-
CH(CH3),l4. The starting materials were dissolved in a sol-
vent mixture consisting of ethylene glycol monomethyl ether
(C3HgO,) and acetic acid (solvent volume ratio = 5/1.3). The
concentration of the sol solution was controlled at 0.4 M. The
PZ3,T,0 precursor solution was first spin-coated on the Pt/Ti/
SiO,/Si substrate at 3000 rpm for 30 s to form the first layer,
followed by drying at 300 °C for 5 min on a hot plate, and
baking at 500 °C for 5 min. The PZT films were annealed at
a temperature in the range of 600—700 °C for 1 h in a quartz
furnace to realize the wanted perovskite structure.

The ZnO nanowires were grown by a catalyst-assisted vapor
transport method.*” ZnO (99.99%, Alfa Aesar) and graphite
(99.99%, Aldrich) powders (1:1 wt % ratio) were mixed and used
as source. Si (111) substrates were precoated with a 2 nm Au
films as catalyst. The source was placed in the center of a hori-
zontal tube furnace maintained at 950 °C, and the substrate was
placed at a temperature zone of 550 °C for collecting ZnO NWs.
The microstructures and morphologies of ZnO NWs were charac-
terized by X-ray diffraction (XRD, D8 Advanced), scanning elec-
tron microscopy (SEM, JEOL JSM-6700F), and transmission elec-
tron microscopy (TEM, 200kV JEOL 2010F).

a comparison to conventional SiO, back-gated NW

FETs. The transistors exhibit enhanced electric
transport properties compared to transistors using
SiO, gate oxide, as a result of the high dielectric con-
stant of the PZT thin film. In addition, a memory effect
is demonstrated with a current on/off ratio at zero gate
voltage up to 10° and a memory window of ~7 V. We
argue that the memory property is associated with the
bistable permanent polarization of the ferroelectric PZT,
which modulates the carrier concentration, and hence
the conductance, of the ZnO nanowires reversibly.

While our result implies that such a NW channel

FeFET device is promising for RAM applications, it still
has large room for improvement. Prospectively, if the
sol—gel polycrystalline PZT is replaced by the higher-
quality epitaxial single-crystalline PZT films,** it is ex-
pected that the performance would be further en-
hanced in terms of retention and fatigue. Further, a
lateral homogeneous modulation is possible if the fer-
roelectric dielectric layer can be deposited around the
nanowires in core/shell geometry, together with a
wrap-around gate.*?

The as-grown ZnO NWs were removed by sonication from
the substrates and dispersed in ethanol. The solution was
dripped on SiO,/Si (i.e., 200 nm insulated SiO, film over Si sub-
strate) and PZT/Pt/Ti/SiO,/Si substrates, and then Au contact
pads of 100 nm thick were fabricated by photolithography and
rf-sputtering. Finally, the devices were annealed at 350 °C in
vacuum for producing good contacts. The surface morphology
of the PZT film was characterized by atomic force microscopy
(AFM, Veeco, Nanoscope V). The electrical transport properties
were measured by Suss probe station with Keithley 4200 SCS.
Their ferroelectric and dielectric properties were characterized
using a ferroelectric analyzer (Radiant Technologies) and imped-
ance analyzer (Solartron SI 1260, UK).
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