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ZnO nanowire based field effect transistor devices show the distinct performance depending on
whether comparably oxygen-rich or oxygen-poor conditions were used for nanowire growth. Higher
on-state current flows through the ZnO nanowire channel grown under oxygen-poor condition. A
possible origin of this characteristic is discussed based on a photoluminescence analysis of the
nanowire samples. The observed effect should be taken into account for ZnO nanowire based
devices and applications. © 2010 American Institute of Physics. �doi:10.1063/1.3372632�

Semiconductor nanowires has been of continuous inter-
est due to their potential use in electronic devices.1 Many
efforts to use nanowires as the active channels in field effect
transistors �FETs� have been made.2 To enhance the perfor-
mance of such FETs, nanowires with atomically abrupt
heterojunctions3 and core-shell structures4 were prepared. In
addition, alternative device configurations such as wrap-gate
field effect transistor5 are expected to reduce effectively the
short channel effects and enhance the gate coupling.

ZnO with its naturally n-type conductivity is an impor-
tant functional oxide material.6 Recently, a high performance
FET based on n-type ZnO nanowires, with performance
comparable to that of p-type carbon nanotube transistors has
been demonstrated.7 However, p-type doping is still difficult
to achieve even in the bulk due to the amphoteric nature of
compensating native defects.8 After external doping, the for-
mation energy of native donor defects is significantly re-
duced such that the acceptors may be fully compensated.
Thus, the question of how the density of native point defects
in ZnO nanowires is influenced by growth conditions is im-
portant to address.

In this work, the influence of relative content of a re-
sidual oxygen during ZnO nanowire growth on physical
properties were investigated by means of electrical transport
and photoluminescence measurements. ZnO nanowires
grown under comparably oxygen-poor �OP� or oxygen-rich
�OR� conditions showed a gate-source voltage dependence of
the current flowing through the channel. The FETs based on
ZnO nanowires-OP disclosed, however, a higher on-state
current in transfer characteristics. We discuss the origin of
this higher on-state current by taking into account the rela-
tively higher n-type defect density in the ZnO nanowires-OP,
which is attributed to the low formation energy of oxygen
vacancies. Furthermore, the relative carrier densities were
estimated by examining the intensity ratio between a surface
exciton �SX� emission band and a bound exciton emission
band.

ZnO nanowires were grown by physical vapor deposi-
tion method with Au as a nucleation agent. The quartz tube
used has an outer diameter of 55 mm and a length of 650
mm. A mixture of ZnO and graphite powder with 1:1 wt %

ratio was used as source material. The tube pressure was
maintained at 200 mbar under a constant Ar flow rate of 20
or 30 SCCM for wire growth. Due to the temperature gradi-
ent in our growth tube, the temperatures at the source and the
nanowire collecting substrates were 920 °C and �700 °C,
respectively. The substrates were placed 12 cm away from
the source boat, which was located at the center of the heat-
ing zone. Growth temperature was reached after about 25
min and maintained for 40 min. The relative content of oxy-
gen was controlled by adjusting the Ar flow rate instead of an
oxygen flow rate since wire growth events were stopped
even with low oxygen flow rates of about 2 SCCM along
with an Ar flow rate of 30 SCCM. This is partly due to
oxidation of the graphite powder prior to catalyzing the ZnO
power. Nevertheless, comparable oxygen content inside the
growth tube can be controlled by the relative Ar flow rate.
Wires-OP and wires-OR are used to denote ZnO nanowire
samples grown under a constant Ar flow rate of 30 SCCM
and 20 SCCM, respectively. It is worth noting that the flow
rate of Ar is a critical factor for the growth of ZnO nano-
wires. The growth was strongly suppressed when an Ar flow
rate of 50 SCCM was maintained. For fabrication of FETs,
ZnO nanowires were deposited onto heavily doped silicon
substrate capped with a 200 nm thick SiO2 layer. The wires
were located by AFM relative to predefined metal marks.
Source and drain contacts were then structured by electron-
beam lithography, development, thermal metal evaporation,
and lift-off. A standard polymethyl methacrylate electron
beam resist was used. Electrical measurements were per-
formed under ambient conditions at room temperature. PL
investigations were carried out in a liquid helium bath cry-
ostat with temperatures ranging from 300 to 5 K. A HeCd
laser with a wavelength of 325 nm and an excitation density
of 100 mW /cm2 was used.

Structural characterization of the ZnO nanowires grown
under a different oxygen partial pressure was performed us-
ing a high-resolution transmission electron microscopy �HR-
TEM�. Figure 1 shows representative HRTEM images of a
wire-OP �Fig. 1�a�� and a wire-OR �Fig. 1�b�� with clearly
resolved lattice planes along the �0002� direction. Both,
wires-OP and OR, are single crystalline without the presence
of stacking faults and lattice deformations. Further, an esti-
mated lattice distance along the �0002� direction was the
same for both of wires with a value of about 0.26 nm. Ina�Electronic mail: dskim@mpi-halle.de.
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order to evaluate the conductivity of the respective wires,
FETs were fabricated. A schematic of device geometry and
an atomic force microscopy �AFM� image of a ZnO nano-
wire FET is shown in Figs. 2�a� and 2�b�, respectively.

Figure 3 shows the electrical characteristics of the FETs
fabricated with wires-OP �Fig. 3�a�� and wires-OR �Fig.
3�b��. The transfer characteristics indicate that both types of
wires can be used for FETs devices, in that, they both show
a dependence of the drain current on the gate-source voltage.
However, the modulation ratio of drain current �ON/OFF ra-
tio� for the FET based on the wire-OP is 107, and 104 in the
FET based on the wire-OR. The FET based on the wire-OP
has a transconductance of 0.7 �S and a subthreshold swing
of 200 mV /dec. It is noticeable, that while the current of the
FET-OP at a drain-source voltage of 2 V and a gate-source
voltage of 8 V �estimated from the output curve shown in
Fig. 3�a�, right� is about 0.6 �A, it is only about 0.02 �A at
the same VDS and VGS in the wire-OR �Fig. 3�b��. Note that
further measurements from three other wire-OP devices and
a wire-OR device showed similar trends in transfer charac-
teristics as those described above. Higher on-state current
and an ON/OFF ratio of 107 were observed from the FET-OP
devices but in the case of FET-OR device, only a few tens of
on-state current �nanoampere� and an ON/OFF ratio of 103

were measured. Also note that the transfer characteristic of
FET-OP devices measured after 54 days disclosed a large
shift of the threshold voltage as well as the hysteresis.

The observed higher on-state current in the wire-OP
could have multiple origins. One possible explanation for the
higher on-current in the wires-OP devices with respect to that
of wires-OR devices could be due to the higher density of
free carriers in wires-OP.9 However, it is not possible to de-
termine the doping density in wires from two-terminal mea-
surements reliably. Thus an alternative approach was de-

duced, using results from the photoluminescence �PL�
measurements.

Recently, an enhanced SX emission in PL spectra of
ZnO nanowires coated with a polymer and Al2O3 layers was
reported.10,11 The coated layers act as an effective dielectric
medium and screen the surface states of ZnO nanowires.
This leads to a lowered effective band bending. The reduced
band bending results in a high probability of forming exci-
tons near the surface and increases the relative intensity of
the SX emission with respect to the donor-bound exciton
�D0X� emission. The higher carrier concentration in ZnO
nanowires may lead to a similar trend �i.e., enhanced inten-
sity of SX compared to that of D0X� in the PL spectra. The
overlap probability of electron and hole wave functions in
the vicinity of the surface should be enhanced due to the
decreased extension of the depletion space charge layer,
which is given by w= �2�sV /eND�1/2. ND is the ionized donor
concentration and �s is the static dielectric constant of the
semiconductor. The bias V depends on the built-in potential
Vbi, externally applied voltage Vext and kT /e.12

Figure 4 shows the normalized near band-edge spectra of
the wires-OP and the wire-OR at 9 K. The spectra of
wires-OR and wire-OP are dominated not only by a sharp
D0X emission line at 3.356 eV but also show a SX band at
about 3.365 eV.13 In addition, a broad peak at about 3.31 eV
is observed. This peak noticed in phosphorus doped ZnO
nanowires14 and undoped ZnO powder samples.15 Appar-
ently, the relative intensity of the SX emission is stronger in
the wires-OP compared to that of the wires-OR. Thus, one
can argue that the relative carrier density in the wires-OP is
higher than that in the wires-OR although quantitative values
for both wires are unknown.

In ZnO, a large O-deficient nonstoichiometry is present
regardless of the growth conditions.16 Such deficiency has
been attributed to either an O vacancies or Zn interstitials.

FIG. 2. �Color online� �a� Schematic depiction of the FET device and �b�
AFM image of a ZnO nanowire-FET. Al was used as source and drain
electrode. The electrical characteristics of the wire are shown in Fig. 3�b�.FIG. 1. HRTEM image of a wire grown under relative oxygen poor �a� and

oxygen rich �b� condition. Both wires show uniform surface roughness. The
scale bar is 5 nm in both �a� and �b�.

FIG. 3. �a� Representative transfer �left� and output �right� characteristics of a wire-OP. A nanowire channel in the FET has a length of L�2.2 �m and a
diameter of 54 nm. �b� Representative transfer characteristics of a wire-OR with a channel length of L�0.8 �m and diameter of 86 nm. Both wires were
contacted with 80 nm of aluminum and measured under ambient conditions. Arrows indicate sweep directions.
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Based on calculations from first-principles, however, it was
predicted that the intrinsic defects only lead to moderate car-
rier concentrations ��1014 cm−3� due to the deep level na-
ture of the O vacancies and insufficient density of the Zn
interstitials.17 Thus free carrier densities in the order of
1017–1019 cm−3, which are typically observed in ZnO, can-
not be directly attributed to the intrinsic point defects.18

Alternatively, persistent photoconductivity caused by the O
vacancy through the optical Vo→Vo

++e and Vo
+→Vo

2++e ex-
citation was suggested to account for the high carrier con-
centration in ZnO.17 Since oxygen vacancies can be present
in concentrations of about 1020 cm−3 under equilibrium con-
ditions the above proposed model is likely to account for the
observed free carrier concentration in ZnO. The density of O
vacancies can be varied by the growth conditions. For in-
stance, the calculated defect formation energy of O vacancies
is lower under oxygen-poor conditions.17 Thus, it is expected
that the density of O vacancies is higher in wires-OP. In
other words, the free carrier concentration in wires-OP is
supposed to be higher than that in wires-OR �since typically
no effort has been made to avoid visible light illumination
during sample handling�. It was also experimentally shown
that the oxygen partial pressure during growth enables to
modulate the free carrier density in ZnO films by more than
three orders of magnitudes.19

We have showed that point defect concentrations in ZnO
nanowires can be modified depending on growth conditions
without any intentional doping. ZnO nanowires with a higher
density of O vacancies showed higher on-state current in
FET devices for which one possible explanation is the higher
carrier concentration in the wires. Such modulation of the
carrier concentration was monitored in PL spectra at low
temperatures, in which the SX emission has a relative high
intensity with respect to the D0X emission. Our results indi-
cate that the doping density can be tuned depending on
growth conditions and such effects have to be considered for
ZnO nanowire-based electronic and optoelectronic applica-
tions.
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FIG. 4. Photoluminescence of ZnO nanowires grown under comparably
oxygen-poor �solid� and oxygen-rich �dot� condition. The spectra have been
normalized to their respective D0X peak intensity at 3.356 eV.
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