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We investigated the passivation effects on the electrical characteristics of ZnO nanowire field effect
transistors (FETs) under the various oxygen environments of ambient air, dry O,, and vacuum.
When the ZnO nanowire FET was exposed to more oxygen, the current decreased and the threshold
voltage shifted to the positive gate bias direction, due to electrons trapping to the oxygen molecules
at the nanowire surface. On the contrary, the electrical properties of the nanowire FET remained
unchanged under different environments with passivation by a polymethyl methacrylate layer,
which demonstrates the importance of surface passivation for ZnO nanowire-based electronic
device applications. © 2008 American Institute of Physics. [DOI: 10.1063/1.2955512]

One-dimensional nanostructures have potential as build-
ing blocks for nanoelectronic device applications and are
currently the subject of intensive research. Because of this,
single-crystalline nanostructures of semiconducting metal
oxides such as ZnO, In,03, and SnO, have been extensively
studied.'” Among these, ZnO nanowires are important
materials for nanoscale devices, such as ultraviolet lasers,
light-emitting diodes, photodetectors, chemical sensors, and
solar cells, due to their direct wide bandgap (3.37 €V) semi-
conducting groperties, and large exciton binding energy
(60 meV).4_ In the mean time, semiconductor surfaces are
strongly affected by the chemical adsorption of ambient
gatses.9’10 Similarly, the electrical properties of semiconduct-
ing nanowires, including ZnO nanowires, are significantly
influenced by chemisorption of ambient gases, primarily
oxygen.1 =13 Particularly, the partial pressure of oxygen has a
significant influence on the electrical performance of ZnO
nanowire field effect transistors (FETs). This is due to the
change of conductivity caused by surface energy band bend-
ing, induced by O, molecule adsorption.14 The oxygen mol-
ecules absorbed at the defect sites of ZnO nanowires, such as
oxygen vacancies, act as electron acceptors and form oxygen
ions (O, 0%, or 02").'5‘16 Then, these chemisorbed oxygen
ions deplete the surface electrons and reduce the channel
conductivity.14 For this reason, surface passivation has been
employed to prevent oxygen molecules from being adsorbed
onto the nanowire. For example, Chang et al. reported that a
Si0,/Si;N, passivation improved the device performance of
ZnO nanowire FETs."

In this letter, we report on a detailed study of the passi-
vation effects on the ZnO nanowire FETs under different
oxygen environments of ambient air, dry O,, and a vacuum.
The FET devices were fabricated with ZnO nanowires grown
on a ZnO film coated sapphire substrate, and were passivated
with a polymethyl methacrylate (PMMA) layer. The electri-
cal properties of the ZnO nanowire FETs were investigated
and compared before and after the PMMA passivation under
different environments.

The ZnO nanowires used in this study were grown by a
vapor transport method on a ZnO film-coated sapphire sub-
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strate. The details of the growth method have been explained
elsewhere.'® The grown ZnO nanowires were characterized
using high resolution transmission electron microscopy
(HRTEM). Then, in order to fabricate the ZnO nanowire
FET devices, ZnO nanowires were first transferred from
the growth substrate to a silicon wafer with a 100-nm-thick
thermally grown oxide, by dropping a nanowire suspension
in ethanol on the silicon wafer. The silicon wafer is a highly
doped p-type silicon, which can be used as a back gate
electrode. Additionally, metal electrodes consisting of Ti
(100 nm)/Au (100 nm) were deposited by an electron beam
evaporator and defined as source and drain electrodes, by
photolithography and a lift-off process. The distance between
the source and drain electrodes was typically 3—4 wm. Then,
we measured the electrical characteristics of the ZnO nano-
wire FET devices under ambient air, dry O,, and vacuum
environments. After measurement, we performed a surface
passivation process on the nanowire FETs using PMMA to
prevent the effect of O, adsorption during air exposure. After
the passivation process, the nanowire FET devices were sub-
sequently characterized at the same environments; ambient
air, dry O,, and vacuum. The transistor characteristics of the
ZnO nanowire FETs were measured using a semiconductor
parameter analyzer (HP4145B).

Figure 1(a) shows the typical HRTEM image of a ZnO
nanowire grown on a ZnO film coated sapphire substrate.
The inset of Fig. 1(a) is the fast Fourier transform pattern of

FIG. 1. (Color online) (a) HRTEM image of the ZnO nanowires grown on a
ZnO film coated sapphire substrate. Inset is the fast Fourier transform pat-
tern. (b) Schematic of a ZnO nanowire FET device structure (top) and
FESEM image of a single ZnO nanowire connected between source and
drain electrodes in a FET device (bottom).
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FIG. 2. (Color online) Output characteristics (Ipg-Vpg) for different gate
biases (from 6 to 10 V, with a step of 2 V) for the ZnO nanowire FET,
acquired under ambient air, dry O,, and vacuum conditions (a) before and
(b) after passivation.

the ZnO nanowire. These results indicate that the ZnO nano-
wire is single crystal with a preferred growth direction of
[0001]. Figure 1(b) shows a schematic of a ZnO nanowire
FET device structure (top) and the field emission scanning
electron microscopy image of a single ZnO nanowire con-
nected between the source and drain electrodes in a FET
device (bottom).

Figure 2 shows a series of the source-drain current ver-
sus voltage (Ips-Vpg) curves measured at different gate volt-
ages (from 6 to 10 V with a step of 2 V) under various en-
vironments of ambient air (20% O,), dry O,, and vacuum
(~1073 Torr). Figures 2(a) and 2(b) display the Ipg-Vpg
characteristics for a ZnO nanowire FET before and after pas-
sivation, respectively. As shown in Fig. 2(a), the current level
was significantly affected by the environmental condition
with O, molecules. The currents decreased significantly
when the ZnO nanowire FET was exposed to dry O,, as
compared to the case in ambient air. When the oxygen was
evacuated, the currents increased again. These phenomena
can be explained by oxygen effects. As mentioned previ-
ously, the ambient oxygen partial pressure has a considerable
effect on the electrical properties of ZnO nanowire FETs.'"*
Particularly, the adsorbed oxygen molecules deplete the elec-
trons in the ZnO nanowire and form oxygen ions (O, 0%,
or 02_).16 Then, the electrons in the ZnO nanowires are
trapped by the adsorbed oxygen molecules, and thus the sur-
face depletion region of ZnO nanowire can be formed, lead-
ing to current reduction and threshold voltage shift to the
positive gate bias direction [Fig. 3(a)]. As the oxygen pres-
sure is raised, more electrons are captured by the oxygen
molecules at the nanowire surface. As a result, the depletion
region is widened and the carrier density in the ZnO nano-
wire is decreased even more. On the contrary, the Ipg-Vpg
curves in Fig. 2(b) indicate that after passivation there is a
negligible effect on the ZnO nanowire FET by oxygen mol-
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FIG. 3. (Color online) Transfer characteristics (Ipg-Vg) at Vpg=0.1 V for
the ZnO nanowire FET, acquired under ambient air, dry O,, and vacuum
conditions (a) before and (b) after passivation. The insets show the semi-
logarithmic plot of the Ipg-V; curves.
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ecules in different oxygen environments. This is because the
PMMA passivation layer prevents oxygen molecules from
being adsorbed onto the nanowire. One can also notice that
the ZnO nanowire FETs after passivation have a better elec-
trical performance in terms of well-defined linear and satu-
ration regions in Ing-Vpg curves [Fig. 2(b)]. It has been re-
ported that the passivation can improve the FET performance
by enhancing the gate coupling effect.'”?

This passivation effect is more prominent in transfer
characteristics (Ipg-Vg curves), as summarized in Fig. 3. A
series of plots in Fig. 3 show the Ing-Vg curves measured at
a fixed source-drain voltage, Vpg=0.1 V under the same dif-
ferent environments of ambient air (20% O,), dry O,, and
vacuum (~ 1072 Torr). Figures 3(a) and 3(b) present the
Ips-Vg curves for the ZnO nanowire FET before and after
passivation, respectively. The Ipg-Vg plots in the semiloga-
rithmic scale (insets of Fig. 3) show an on/off current ratio as
large as 10*—103 for both before and after passivation.

The threshold voltage is defined as the gate voltage ob-
tained by extrapolating the linear portion of the Ig-V curve
from the point of maximum slope to zero drain current, in
which the point of maximum slope is the point where trans-
conductance (dIpg/dV) is at a maximum. ! Before passiva-
tion [Fig. 3(a)], the threshold voltages of ZnO nanowire FET
shifted from —1.73 V (in ambient air) to 6.05 V (in dry O,)
in the positive gate bias direction. This is because more elec-
trons are captured by the oxygen as the oxygen pressure is
raised. As a result, the depletion layer is widened and the
carrier density in the ZnO nanowire is decreased when the
FET is exposed to dry O, environment. Since the charge
density is reduced after being exposed to dry O,, more posi-
tive gate bias is needed to make currents flow in the nano-
wire channel, thus the threshold voltage shifts to the positive
gate bias direction. When oxygen gas was evacuated to a
vacuum level of 1073 Torr, the threshold voltages of the
nanowire FET shifted back from 6.05V (in dry O,) to
—0.10 V (in a vacuum) in the negative gate bias direction, as
compared when they were exposed to a dry O, environment.
This is due to reduction of the trapping effects of oxygen in
a vacuum. On the contrary, when the FET was passivated
with PMMA, the threshold voltages were ~6 V and shifted
very little under different oxygen environments, as shown in
Fig. 3(b). Although the threshold voltages of the passivated
ZnO nanowire FET look similar to that of unpassivated
nanowire in dry O, (Fig. 3), the carrier concentration, mo-
bility, subthreshold swing [SS=d(V)/d(log Ipng)] values are
different (Fig. 4). For example, we obtained the SS values of
~1570, ~490, and ~440 mV/decade for the unpassivated
ZnO nanowire FET measured in ambient air, dry O,, and in
vacuum, respectively. After the passivation, the SS improved
as it decreased to ~380 mV/decade for all the three cases of
different environments, which is due to the enhancement of
gate coupling effect by embedment of nanowire between the
gate oxide and the passivation layer. Note that although the
ambient air is intermediate between dry O, and vacuum in
terms of oxygen concentration, we have not observed that
the transistor parameters of the ZnO nanowire FET follow
the oxygen concentration. For example, the mobility and SS
swing was the worst for the unpassivated nanowire FET
measured in ambient air among the three different environ-
mental cases [Fig. 4(b)]. Other factors such as nanowire mor-
phology, dimension, and interfacial effect between nanowire
and insulating layers would also affect the nanowire devices.
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Recently, we have observed the surface roughness of ZnO
nanowire can significantly influence its electronic transport
properties.22

The threshold voltages can be used to estimate the car-
rier concentration from the total charge, Q,,=C,|Vg—Vy| in
the nanowire, where C, is the gate capacitance and Vy, is the
threshold voltage required to deplete the nanowire. ¥ The
gate capacitance C, can be estimated using a model of a
cylinder on an infinite metal platte,ls‘23

C 2
S L R (1)
L _1(r+h>
cosh
’

where r is the nanowire radius (~42.5 nm), L is the nano-
wire channel length (~4 wm), h is the SiO, thickness
(100 nm), g is the permittivity of free space, and ¢ is the
dielectric constant of SiO, (3.9). Thus, the carrier concentra-
tion, n,=Q\/emr*L, can be determined at a gate bias of 7 V
for the ZnO nanowire FET in ambient air, dry O,, and
vacuum before and after passivation, as summarized in Fig.
4(a). Here, 7V was arbitrarily chosen because the ZnO
nanowire is on-current state for all the cases at this voltage
(Fig. 3). Before passivation, the carrier concentration in the
ZnO nanowire was estimated as ~1.1 X 10'® cm™ in ambi-
ent air, and was then decreased to ~1.2 X 10'7 cm™3, when
the FET is exposed to the dry O, environment. This is be-
cause more electrons are captured by the oxygen molecules
in the dry O, environment. Then, when oxygen gas was
evacuated to a vacuum level of ~1073 Torr, the carrier con-
centration was increased to ~9.0X 10'7 cm™. After passiva-
tion, the carrier concentration is nearly 1.6 X 107 em™3, re-
gardless of the different oxygen environments. The carrier
mobility (u,) and the SS values of the ZnO nanowire FET
are also plotted in Fig. 4(b). The carrier mobility in the low
field region can be calculated by

_dlps _L*

= , 2
o= 0ve VosC, (2)

Through this calculation, we obtained u, of ~39 cm?/V s
(air), 46 cm?/V s (dry O,), and 49 cm?/V s (vacuum) before
passivation and ~60 cm?/V s regardless of the different
oxygen environments after passivation, indicating that the
carrier mobility of ZnO nanowire FET was slightly improved
after passivation.

In summary, we have fabricated FET devices using ZnO
nanowires, grown by the vapor transport method on a ZnO
film-coated sapphire substrate, and have characterized their
electrical properties under the various oxygen environments,
before and after passivation by the PMMA. With more oxy-
gen environments, the unpassivated ZnO nanowires FETSs

were significantly influenced in terms of carrier concentra-
tion, carrier mobility, and threshold voltage. However, passi-
vation protects ZnO nanowire FETs from oxygen exposure
and maintains their electrical characteristics under different
environments. This study facilitates recognizing the impor-
tance of surface passivation or protection of ZnO nanowire
based electronic devices or other materials and devices.
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