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We report on optical characteristics as well as electron emission of hydrogen-plasma treated ZnO
nanoneedle arrays. The nanoneedle arrays were vertically grown on Si substrates using catalyst-free
metalorganic chemical vapor deposition and subsequently treated by hydrogen plasma at room
temperature. After hydrogen plasma treatment, the field emission characteristic curves of
nanoneedle arrays exhibited significantly reduced turn-on field and increased emission current
density, and the electrical conductivity was increased. In addition, low temperature
photoluminesence �PL� measurements indicate that a neutral-donor bound exciton PL peak intensity
was increased by the hydrogen- plasma treatment. These effects of the plasma treatment on the
physical properties may be explained in terms of hydrogen doping effect. © 2005 American Vacuum
Society. �DOI: 10.1116/1.2037667�

I. INTRODUCTION

Recently increasing attention has been paid to one-
dimensional �1D� semiconductor nanostructures such as
nanowires and nanorods. Due to possibilities of both band
gap and conductivity controls as well as their high aspect
ratios, 1D nanostructures offer great potential as building
blocks for nanoscale electronic and photonic device applica-
tions. Among many semiconductor nanostructures, ZnO 1D
nanostructures have attracted much interest due to their elec-
trical and optical properties besides attractive characteristics
of ZnO thin films.1–5 Especially, ZnO 1D nanostructures
have shown excellent and stable field emission characteris-
tics comparable to those of carbon nanotubes.6–12 However,
if the nanostructures are to be exploited for most nano-scale
semiconductor device applications, defect and doping con-
trols must be possible over a wide range since the effect of
defects on physical properties of nanomaterials increases
with decreasing dimension of material.13,14 As already
proven in microelectronics, impurity and native defects gen-
erate defect levels in a forbidden band gap of the host mate-
rial and even low defect concentrations significantly affect
electrical and optical properties of the material and device
characteristics. Nevertheless, dopings of 1D nanostructures
have rarely been investigated to date, presumably due to dif-
ficulty in preparation of high purity nanomaterials and lim-
ited doping methods.15 We recently demonstrated preparation
of high purity ZnO nanomaterials by catalyst-free metalor-
ganic chemical vapor deposition �MOCVD�.16 Here we re-
port on enhancement of electron emission characteristics of
hydrogen-plasma treated ZnO nanoneedles and changes in
electrical and optical properties of the nanomaterials.

II. EXPERIMENT

Both as-grown and hydrogen-plasma treated ZnO nanon-
eedle arrays were prepared on n-type Si substrates using the
MOCVD system. Diethylzinc and oxygen were the reactants
and their flow rates were in the range of 20–100 s and
0.5–5 sccm, respectively. Typical growth temperatures were
in the 400–500 °C range. No metal catalyst was coated on
the substrates during nanoneedle growth. Details of ZnO
nanoneedle growth are reported elsewhere.16,17 After the
growth, ZnO nanoneedle arrays were plasma treated under
hydrogen flow using a radio frequency �rf�-plasma generator
without additional heating. Two series of samples were pre-
pared at hydrogen flow rates of 100 and 200 sccm. Four
samples in each series were grown at the same time in the
same reactor and three of them were plasma treated at dif-
ferent plasma powers of 0–70 W.

Field emission characteristic curves of both as-grown and
plasma-treated nanoneedle arrays were measured with a two-
parallel-plate configuration. Before the measurements were
taken, Cu was evaporated on the backside of the samples for
a cathode-conducting layer and indium tin oxide �ITO�-
coated glass plate was used as an anode. The samples �ZnO
nanoneedle arrays grown on Si� and the ITO-coated glass
were separated using glass spacers with a 200 �m thickness.
The measured electron emission area was 0.3 cm2. The emis-
sion current was measured at various applied voltages from
0.1 to 2 kV with a sweep step of 10 V, and was monitored
using a picoammeter. All emission current measurements
were performed at room temperature in a high vacuum
chamber with a 1�10−7 Torr. Reproducible emission char-
acteristic curves were obtained after a high electric field of
2 kV was applied for 10 s in order to stabilize the emission
current. The emission characteristics of our samples were
reproducible during repeated sweeps over three times. To
characterize emission current stability, hydrogen plasma
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treated ZnO nanoneedle arrays with 30 W at a hydrogen flow
rate of 100 sccm were kept at applied voltage 1 kV in a high
vacuum chamber with a 5�10−7 Torr for 1 h.

Tip morphology change of ZnO nanoneedles after hydro-
gen plasma treatment was investigated using high resolution
transmission electron microscope �HRTEM� in order to elu-
cidate the origin of increase in field enhancement factor for
hydrogen-plasma treated ZnO nanoneedles.

Changes in electrical and optical properties of ZnO
nanoneedles by the hydrogen-plasma treatment were investi-
gated measuring current-voltage �I-V� characteristic curves
and photoluminescence �PL� spectra of the samples. Ti/Au
contacts were formed on ZnO nanoneedle tips with a thermal
evaporator in order to make ohmic contacts for electrical
characterization. I-V characteristic curves of the samples
were measured at bias voltages applied between the conduct-
ing tip and a contact layer in the 0-4 V range with a sweep
step of 10 mV. In addition, the PL measurements were per-
formed at 10 K with an optical resolution of 0.05 nm, and
the 325 nm line of a continuous wave He–Cd laser was used
as the excitation source. Details of PL measurement have
been reported previously.18

III. RESULTS AND DISCUSSION

Electron microscopy images have revealed the general
morphology of vertically well-aligned ZnO nanoneedle ar-
rays before and after the plasma treatment. Figure 1 shows
the scanning electron microscopy �SEM� images of as-grown
and plasma-treated ZnO nanoneedle arrays at applied rf pow-
ers of 20, 30, and 50 W and a pressure of 65 mTorr with a
hydrogen flow rate of 200 sccm. As shown in Figs.
1�a�–1�c�, no significant change was observed in ZnO nanon-
eedle array morphology following hydrogen plasma treat-
ment for the applied rf power below 30 W. However, Fig.
1�d� shows that most ZnO nanoneedles were etched by

hydrogen-plasma treatment at 50 W, which resulted in de-
struction of nanoneedle form and deterioration of the vertical
alignment of the nanoneedle array. Similar behavior was also
observed for samples plasma treated at a pressure of
45 mTorr at a hydrogen flow rate of 100 sccm although the
etching occurred at hydrogen plasma powers above 70 W.

An effect of hydrogen-plasma treatment on the electrical
characteristics of ZnO nanoneedle arrays was investigated by
measuring I-V characteristic curves. Figure 2 shows I-V
curves of as-grown and hydrogen-plasma treated ZnO
nanoneedle arrays, indicating increase in the current density
of ZnO nanoneedle arrays by the hydrogen-plasma treat-
ment. In addition, the resistivity of each ZnO nanoneedle
decreased from 6 to 0.6 and 0.3 � cm after the hydrogen-
plasma treatments at the rf powers of 20 and 30 W,
respectively.

Field emission characteristics of as-grown and plasma-
treated ZnO nanoneedles were investigated measuring cur-
rent density emitted at various applied electric fields. Figure
3 shows the emission current characteristic curves of as-
grown and hydrogen-plasma treated ZnO nanoneedle arrays
at a hydrogen flow rate of 200 sccm. The as-grown ZnO
nanoneedle array exhibited a low emission current of
0.02–0.05 �A/cm2 at 10 V/�m, and the turn-on field was
not observed up to 10 V/�m. For ZnO nanoneedle arrays
plasma-treated at 20 W, however, the turn-on field decreased
to 9 V/�m and the emission current at 10 V/�m increased
to 0.18 �A/cm2. The field emission characteristic was fur-
ther enhanced for ZnO nanoneedle arrays plasma treated at
30 W: the turn-on voltage and emission current were
3 V/�m and 15 �A/cm2, respectively.

Similar behavior was also observed for samples plasma
treated at a hydrogen flow rate of 100 sccm. After plasma
treatment, sample emission currents were significantly in-
creased and the turn-on field was reduced. As summarized in

FIG. 1. Electron microscopy images of �a� as-grown and plasma-treated ZnO
nanoneedle arrays at a hydrogen flow rate of 200 sccm and rf plasma power
of �b� 20, �c� 30, and �d� 50 W. After hydrogen-plasma treatment for the
applied plasma power below 30 W, no significant change in morphology of
ZnO nanoneedle arrays was observed. For the plasma power higher than
50 W, however, most of the ZnO nanoneedles were etched by hydrogen-
plasma treatment.

FIG. 2. I-V characteristic curves of as-grown and plasma-treated ZnO nanon-
eedle arrays. The I-V characteristic curves show that nanoneedle resistance
decreases with increasing plasma power, presumably due to n-type carrier
concentration.
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Table I, the turn-on field decreased to 11 and 5.2 V/�m after
plasma treatment at 20 and 50 W, respectively. However, the
turn-on field of ZnO nanoneedle arrays plasma treated at
70 W increased to 8.2 V/�m, presumably due to a hydrogen
plasma etching effect at high power. These results indicate
that there is an optimum condition in hydrogen plasma treat-
ment for enhancement of field emission characteristics.

In general, field emission current density as a function of
applied electric field is fitted using the Fowler–Nordheim
equation19

J = A��2V2/�d2�exp�− B�3/2d/�V� ,

where J is the current density, A=e3 /8�ht2��� /��=1.56
�10−10�AV−2 eV�, B=6.83�109�eV−3/2 Vm−1�, � a field en-
hancement factor, � the work function �5.4 eV� of ZnO,
E�=V /d� the macroscopic applied electric field, d a distance
between the anode and the cathode �a thickness of the glass

spacers�, and V the applied voltage. The field enhancement
factor of as-grown ZnO nanoneedle arrays was determined to
be in the range of 100–1000 from a slope of the Fowler–
Nordheim plot. For ZnO nanoneedle arrays plasma treated at
a hydrogen flow rate of 200 sccm, however, plasma treat-
ment resulted in increasing the field enhancement factor to
1600 and 9600 for the rf power of 20 and 30 W, respectively.
Similarly, the field enhancement factor increased for the hy-
drogen plasma treatment at a hydrogen flow rate of
100 sccm. This result indicates that hydrogen plasma treat-
ment induces remarkable enhancement in field emission
characteristics of ZnO nanoneedles.

Figure 4 shows field emission current stability as an im-
portant prerequisite for useful field emitters. The emission
current stability of hydrogen plasma-treated ZnO nanoneedle
arrays showed slow decrease and was saturated after about
35 min. The decrease in emission current is not caused by
morphological change of ZnO nanoneedle arrays because we
could not observe any collapse of ZnO nanoneedle arrays
from SEM observation �not shown� of hydrogen plasma-
treated ZnO nanoneedle arrays after field emission measure-
ment. The origin of the decrease in the emission current is
still under investigation.

FIG. 3. Field emission characteristic curves of as-grown and plasma-treated
ZnO nanoneedle arrays at a hydrogen flow rate of 200 sccm. Although the
turn-on field of as-grown ZnO nanoneedle arrays with a criterion of
0.1 �A/cm2 emission current density was not observed up to 10 V/�m, the
turn-on field of ZnO nanoneedle arrays plasma treated at 20 and 30 W
reduces to 9 and 3 V/�m, respectively. In addition, the emission current
density was significantly increased by plasma treatment.

TABLE I. Field emission characteristics of as-grown and plasma-treated ZnO nanoneedles.

Sample
name

Hydrogen
flow rate
�sccm�

Plasma
power �W�

Turn-on
field �V/�m�
at 1 �A/cm2

Emission
current density

��A/cm2� at 10
V/�m

Field enhancement
factor ���

P390 100 0 �13 0.05 760
20 11 0.08 1700
50 5.2 12 4700
70 8.2 6 2000

P494 200 0 �13 0.02 160
20 9 0.18 1600
30 3 15 9600

FIG. 4. Field emission current density stability of ZnO nanoneedle arrays
treated at 30 W in ahydrogen flow rate of 200 sccm measured at a voltage of
1 kV.
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One possible origin for these enhanced field emission
characteristics and electrical conductivity by posthydrogen-
plasma treatment may be explained in terms of hydrogen
doping into the nanoneedles during the process. The hydro-
gen doping effect was also investigated measuring low tem-
perature �10 K� PL spectra of ZnO nanoneedle array before
and after hydrogen-plasma treatment. As shown in Fig. 5, the
PL spectra of the plasma-treated nanoneedles showed signifi-
cant increases in neutral-donor-bound-exciton peak intensi-
ties in the range of 3.360 and 3.365 eV including I4 line
�3.3628 eV� assigned its chemical identity as hydrogen.20

This behavior is consistent with previous reports that the
hydrogen is a shallow level impurity in ZnO, strongly sug-
gesting that hydrogen-plasma treatment increases conductiv-
ity of ZnO nanoneedles due to hydrogen doping.21,22 Mean-
while, high conductivity resulting from high carrier
concentrations is one of the most important factors for ob-
taining excellent field emission characteristics in other
materials.23,24 Hence, we strongly suggest that the enhanced
field emission characteristics of ZnO nanoneedles after hy-
drogen plasma treatment result from the increased carrier
concentration due to hydrogen doping.

It is also noted that there may be another possible origin
for the enhanced field emission characteristics: a change in
geometrical factors such as aspect ratio and tip curvature by
hydrogen-plasma treatment.25 This suggestion is strongly
supported by significant increase in the field enhancement
factor directly related to the geometrical factors after
hydrogen-plasma treatment. However, as shown in Fig. 6,
significant difference in tip morphologies after hydrogen-
plasma treatment was not observed.

IV. CONCLUSION

Our controlled hydrogen-plasma treatment opens up
significant opportunities for the fabrication of oxide-based
nanodevices based on hydrogen-doped nanomaterials since
plasma treatment facilitates effective hydrogen doping in
ZnO nanostructures. Hydrogen-plasma treatment increases
conductivity of ZnO nanostructures and donor bound exciton
PL intensity, implying that hydrogen in ZnO acts as a shal-
low donor. In particular, enhanced field emission character-
istics were observed for hydrogen-plasma treated ZnO
nanoneedles presumably due to the increased conductivity.
More generally, we believe that simple hydrogen-plasma
treatment might readily be expanded to change electrical
and optical properties of many other semiconductor
nanomaterials.
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FIG. 5. Low temperature PL spectra of �a� as-grown and �b� hydrogen-
plasma-treated ZnO nanoneedle array. The hydrogen-plasma treatment was
performed at the plasma power of 30 W. A dominant PL peak was observed
at 3.360–3.365 eV, attributing to neutral donor bound excitons. The PL
peak intensity was significantly increased by the hydrogen-plasma
treatment.

FIG. 6. HRTEM images of �a� as-grown and �b� hydrogen-plasma-treated
ZnO nanoneedles. The HRTEM images indicate that hydrogen-plasma treat-
ment did not significantly change tip morphology of ZnO nanoneedles.
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