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Zinc-oxide (ZnO) nanoparticles (NPs) fabricated by ion implantation combined with thermal
oxidation were installed into vacuum fluorescent displays. The cathode-ray induced luminescence
observed was strongly dependent on sample oxidation temperature. Raising the temperature form
650 to 800 °C, the relative intensity of the defect band around 480 nm to that of the free-exciton
recombination at 380 nm increased. With increasing accelerating voltage, the free-exciton peak of
ZnO NPs shifted to a longer wavelength. This was ascribed to a temperature increase due to cathode
ray irradiation because the shift was only observed during continuous wave mode operation and not
during pulsed mode operation. As the oxidation temperature was further raised to 900 °C strong
green band emission around 520 nm became the only luminescence band. This was due to the
formation of the Zn,SiO, phase from the reaction between ZnO NPs and the SiO, substrate, which
was confirmed by x-ray diffraction, x-ray photoelectron spectroscopy, and optical absorption

spectroscopy. © 2011 American Institute of Physics. [doi:10.1063/1.3536631 ]

I. INTRODUCTION

Over the past decade the fabrication of nanoparticle (NP)
based optoelectronic devices has advanced considerably. The
ability to use such technologies to augment and replace con-
ventional electronic components is becoming far more viable
both in terms of cost and manufacturing techniques.

One of the most promising new developments in this
field is vacuum fluorescent displays (VFDs) (Ref. 1) which
are based on the use of zinc-oxide (ZnO) NPs as the light
emitting component rather than conventional phosphors such
as ZnO:Zn micropowder.z’3 These NP displays have a num-
ber of significant advantages. One of the substantial benefits
is a direct consequence of the nanometer-sized light emitting
particles. At this size ZnO NPs are smaller than the wave-
length of visible light and thus fully transparent. This is a
considerable innovation as traditional phosphor displays con-
sist of micrometer-size powder and are therefore opagque.
This limits their use in certain applications. Further, these
devices have the ability to operate efficiently at much higher
temperatures than p-n junction based light emitting diodes.
These two advantages allow for such devices to be used in
applications where traditional components cannot be em-
ployed. For example, consider the notion of using a ZnO NP
VFD as an automobile turn signal implanted within a car
window or as warning bulb in devices that are required to
function outside the operating temperature range of conven-
tional LEDs.

Over the past years Amekura et al.* have advocated ion
implantation combined with thermal oxidation as a success-
ful route for the fabrication of oxide NPs. Further, they have
demonstrated that this technique leads to the formation of
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ZnO NPs which are highly compatible and homogeneous
within a given substrate. In this paper, ZnO NPs were
mounted into the VFD structure and the performance of
these NP VFDs was tested in terms of light-emitting proper-
ties.

The manufacturing processes of such NP devices, al-
though currently high cost on a small scale, have the poten-
tial to be mass marketed to produce NP VFDs on a competi-
tive cost basis. With the advantages discussed above, it is an
exciting prospect to consider the future of such NP based
VFEDs in consumer electronics.

Il. EXPERIMENTAL

Optical-grade silica glass (SiO,) disks of the KU-1 type
(OH™~820 ppm), 0.5 mm in thickness, were implanted
with *Zn* jons at 60 keV to a fluence of 1.0
X 10" ions/cm?. The samples showed brownish color after
implantation indicating the formation of metallic Zn NPs.>¢
The Zn NPs were then oxidized in oxygen gas at a pressure
of ~1 atm in a tube furnace at temperatures of 650, 750,
800, and 900 °C. The duration for the thermal oxidation was
1 h for 650, 750, and 800 °C and 1.5 h for 900 °C. After
annealing, all the samples showed full transparency, consis-
tent with the transformation to ZnO NPs or the secondary
Zn,Si0, phase.7 Cross-sectional TEM confirmed that the im-
planted side of the silica substrate was fully covered by dis-
crete ZnO NPs of semispherical shape (at 650, 750, and
800 °C), or by a continuous layer of Zn,SiO, (at 900 °C).b
These disks were then encased in sample VFD containers
and connected according to Fig. 1(a).

The VFD structure consisted of each oxidized sample
contained within a fabricated glass case as shown in Fig.
1(b). This case was then connected to four power sources in
accordance with the schematic in Fig. 1(a). First was a cur-
rent, used to heat up three sets of filaments inducing thermal
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FIG. 1. (Color online) (a) Schematic cross section though the encased lu-
minescence device showing all sample connections. (b) Sample within pre-
pared substrate displaying connection terminals. (c) Blue luminescence ob-
served at an accelerating voltage of 1500 V for sample oxidized at 650 °C

electron emission. Edges of the sample were connected to
the anode by means of silver conductive paste in order to
apply an accelerating voltage up to 3000 V. In addition, two
gate voltages (Gl and G2) were used to control the flow of
electrons toward the sample. With voltages applied across
the gates, electrons were able to flow and interact with the
ZnO NPs leading to the luminescence shown in Fig. 1(c).
Since VFDs are based on vacuum tubes, relatively low volt-
ages of 5-10 V on G1 and G2 could be used to control the
electrons accelerated up to 3 kV. G2 was always biased by dc
10 V. While G1 was first biased by dc 10 V to achieve con-
tinuous wave (cw) mode operation and then by a pulsed
voltage to achieve switching mode operation.

In this experiment variable accelerating voltages were
used in a range of 300-3000 V in steps of 300 V. At each
value of accelerating voltage the emission spectrum (be-
tween 300-900 nm) was taken using a monochromator in
conjunction with a cooled charge-coupled device. The obser-
vation direction for luminescence measurement was on the
filament side of the VFD structure through a silicate glass
window.
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FIG. 2. (Color online) (a) Images of the ZnO NP sample (left side, trans-
parent sector) and the conventional ZnO:Zn micropowder phosphor (right
side, white rectangle) before installation into the VFD structure. (b) Optical
extinction spectra of ZnO NPs of various diameters embedded in SiO, cal-
culated by Mie’s theory which assumes a dilute solution and no multiple
scattering events (Ref. 8).

lll. RESULTS AND DISCUSSION

A. Varying appearance of new NP and conventional
phosphor samples

Figure 2(a) shows images of the ZnO NP sample (left
side, transparent sector) and the conventional ZnO:Zn mi-
cropowder phosphor (right side, white rectangle) before in-
stallation into the VFD structure. As the figure clearly shows
the NP sample is transparent while the conventional phos-
phor is opaque. This difference is explained by Mie’s
theory.8 Optical extinction spectra of ZnO particles of vari-
ous sizes embedded in SiO, which were calculated by the
Mie theory are shown in Fig. 2(b). The extinction spectrum
of ZnO NPs (50 nm in diameter) shows a steep decrease
around 380 nm and becomes almost zero at wavelengths
longer than 400 nm. This results in the observed transpar-
ency of ZnO NPs in the visible light region. The wavelength
of 380 nm corresponds to the band-edge of ZnO. However,
with increasing sample diameter, the optical extinction at
wavelengths longer than 380 nm, i.e. lower than the band-
gap energy, increases. The extinction in this region is not due
to absorption by the particles and can be attributed to scat-
tering by the particles. When the size of particles is compa-
rable with the wavelength of light, scattering becomes domi-
nant. As shown in Fig. 2(b), particles of 500 nm in diameter
scatter light through the whole visible region resulting in a
white sample color.
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FIG. 3. (Color online) Luminescence spectra for samples annealed in an
oxidizing atmosphere at varying temperatures. The spectra have been nor-
malized and translated vertically with the addition of baselines for clarity.

B. Spectral dependence on thermal oxidation
temperature

The first important point of consideration lies in the re-
lationship between wavelength of emitted photons and oxi-
dation temperature. Figure 3 shows the dependence of inten-
sity on wavelength for all four samples at a constant
accelerating voltage of 1.50 kV.

Samples oxidized between 650-800 °C showed two
distinct luminescence bands. First, there is a sharp peak
around 380 nm which can be attributed to free-exciton re-
combination. Second, there is a broad band around 480 nm
which can be ascribed to defect centers in ZnO NPs such as
O vacancies or possibly Zn interstitials.”'® Further, with an
increase in oxidation temperature, the relative intensity of the
defect band increases. This behavior is consistent with the
observed results of photoluminescence using the 325 nm line
from a He—Cd laser as an excitation source.'" It should be
noted that the band maximum is located at ~480 nm using
the VFD device structure while the maximum appears at
~500 nm under the 325 nm line excitation.®"'

The sample oxidized at 900 °C shows different behavior
and emits a strong green color, corresponding to a broad
peak around 520 nm. According to our previous
experiments,6’7 this transition can be attributed to the forma-
tion of the Zn,Si0, phase which is a product of the reaction
between ZnO NPs and the SiO, substrate. The formation of
the Zn,SiO, phase has been confirmed by x-ray diffraction,’
ultraviolet absorption spectroscopy,7 and x-ray photoelectron
spectrosc:opy.12 According to thermodynamics data," the re-
action below is spontaneous.

27n0 + Si0, — Zn,Si0;,
AG° (T)=-31 kJ/mol(27 °C) and
—29 kJ/mol(900 °C),

where AG°(T) denotes the standard Gibbs energy change at
temperature 7.
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However, annealing at 900 °C or higher is required to
surmount the activation energy for this reaction. Similar be-
havior has been observed for other ZnO nanostructures
within 8102.14 It can therefore be concluded that ZnO NPs in
SiO, are thermodynamically metastable.

It should be noted that only very weak luminescence was
observed from the Zn,Si0O, phase under He—Cd laser excita-
tion (3.81 eV) (Ref. 11) while strong green luminescence
was observed from the VFD structure. This is because
Zn,Si0, has a wide band-gap of ~5.4 eV,”'>!® which is
much larger than the energy of the 325 nm line from He—-Cd
laser.

While in this case an acceleration voltage of 1.50 kV
was required for high intensity luminescence, this is not nec-
essarily an intrinsic requirement. In the VFD structure high
voltage is required due to the discrete nature of the ZnO NPs
in conjunction with the insulating substrate. Thus only the
NPs at the edge of the sample are connected to the anode via
the conducting paste. This structure leads to substrate charg-
ing which electrostatically decelerates or repels further inci-
dent electrons. It is only at a relatively high voltage that this
insulating barrier is surmounted. If charging could be re-
duced (for example, by the use of a conducting grid applied
over the NPs), high intensity luminescence would be induced
at a lower accelerating voltage making these devices more
suitable for consumer applications.

C. Spectral dependence on accelerating voltage

Next, the effect of varying accelerating voltage on lumi-
nescence spectra was analyzed. First the behavior using a cw
gate voltage is considered followed by that of pulsed gate
voltage configuration.

1. Continuous wave operation

Figure 4(a) shows the series of spectra obtained from the
sample oxidized at 650 °C, with varying anode (accelerat-
ing) voltage. The spectra in Fig. 4(a) show a marked shift in
wavelength and a rise in intensity as accelerating voltage is
increased. The increase in intensity is almost linear [Fig.
4(b)] for accelerating voltages up to 1200 V neglecting the
threshold voltage of ~600 V due to substrate charging de-
scribed in Sec. III B. Above 1200 V, saturation of intensity is
observed. Additionally, the wavelength of the peak is signifi-
cantly shifted across the upper range of voltages.

Two possible mechanisms should be considered for the
redshift in the peak. The first candidate is the high-density
excitation effect.'” With increasing accelerating voltage the
density of excitons increases and the interaction between the
excitons is no longer negligible. Under high density excita-
tion, excitons may form biexcitons or electron-hole droplets
(plasma).17 In fact, even at room temperature Yamamoto et
al. observed luminescence of electron-hole plasma (EHP)
from a ~200 nm thick ZnO thin film under sub-picosecond
laser excitation.'® Further, since our samples are NPs in ori-
gin, the confinement effect (due to restricted sample volume)
of the NPs leads to an increased probability of EHP via the
high-density excitation effect. According to Yamamoto et
al.,18 a free exciton peak was observed at ~376 nm under
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FIG. 4. (Color online) (a) Luminescence spectra obtained from sample oxi-
dized at 650 °C. (b) Relationship between peak wavelength and intensity
against accelerating voltage.

low-density excitation; but the EHP peak at ~395 nm be-
came dominant under high-density excitation. The cross-over
of these peaks with increasing accelerating voltage could ac-
count for the observed peak shift. In fact, a similar redshift
and superlinear increase in PL intensity with increasing ex-
citation was observed in ZnO:Zn micropowder under nano-
second YAG laser irradiation.’

The other candidate is the heating effect. With increased
accelerating voltage, heating from the cathode ray could in-
crease. Consequently the temperature of the sample could
rise significantly. It is re:ported19 that the free-exciton peak
shows a redshift with increasing temperature following
Varshni’s rule:*

aT?
T+pB°

Eex(T) = Eex(o) - (1)

where E.,(T), E.(0), a, and B denote the peak energy of the
free-exciton emission at temperature, 7, at 7=0 K, and two
material specific fitting parameters, respectively.

Of further significance is the intensity saturation ob-
served at accelerating voltages above approximately 1200 V.
This is seemingly inconsistent with the high-density excita-
tion effect which predicts a square dependence between ex-
citation and intensity. However, some previous experiments
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FIG. 5. (Color online) (a) Schematic diagram to show the pulse voltage
applied to the sample gate, G1 in terms of voltage width (sec) W (fixed, 0.1
ms) and repetition period (sec) P (variable). (b) Luminescence spectra ob-
tained at an accelerating voltage of 1500 V from sample oxidized at a
temperature of 650 °C. Intensity values normalized by duty ratios to give
cumulative intensity observed during measurement.

have reported a nearly sublinear dependence between these
variables questioning the simplifications made by this theo-
retical basis.”! The saturation is more easily explained by the
heating model. With increasing temperature the lumines-
cence efficiency decreases due to the associated thermally
activated nonradiative processes.

To further examine these mechanisms, in the next part of
this experiment, luminescence measurements were per-
formed utilizing a pulsed voltage on gate G1 rather than the
cw voltage. This effectively cycles the VFD on and off and
thus should allow for some cooling time for the sample. Fur-
thermore, the on-time was set to constant 0.1 ms which is
much longer than the relaxation timescale of the high-density
excitations which is typically nanoseconds or less. Conse-
quently the high-density excitations come to a quasiequilib-
rium state with a pulse of 0.1 ms and therefore should have
an equivalent effect on wavelength shift as in cw operation.

2. Pulse operation

To determine if it is sample heating that leads to a
change in emitted photon wavelength pulse measurements
were performed. These measurements pulse the on/off gate
(G1) voltage which allows for a varying sample cooling
time.

In order to determine the best source of pulse voltages, a
number of duty ratios (defined as the ratio between constant
voltage width (sec) W to variable repetition period (sec) P
[Fig. 5(a)]) were tried to find the largest value with negli-
gible shift in excitation wavelength. Figure 5(b) shows the
spectra obtained varying duty ratio.

Considering Fig. 5 two conclusions can be drawn. First,
it suggests that a decrease in duty ratio leads to convergence
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FIG. 6. (Color online) (a) Luminescence spectra obtained from sample oxi-
dized at 650 °C using a pulsed gate voltage at DR=1/15. Intensity values
normalized by duty ratio to give cumulative intensity. (b) Relationship be-
tween peak wavelength and intensity against accelerating voltage.

on a constant value of wavelength. Thus, sample heating
associated with increased accelerating voltage could lead to
the redshift in photons emitted.

Second, this convergence begins to occur at a duty ratio
of 1/15. In Fig. 6(a) the luminescence spectra are shown for
varying accelerating voltages using pulsed gate voltage at a
duty ratio of 1/15. Figure 6(b) shows the peak intensity and
wavelength dependences which are almost free from the
heating effect.

Considering Fig. 6 it is evident that the use of a pulsed
gate voltage counteracts samples heating which leads to a
negligible shift in emission wavelength compared with the
use of a cw gate voltage. To further explain this shift Varsh-
ni’s rule [Eq. (1)] can be used to relate sample temperature to
accelerating voltage. This is shown in Fig. 7.

Figure 7 helps to clarify the heating associated with an
increase in accelerating voltage when a cw voltage is applied
to gate G1. This heating is due to accelerated electrons con-
tinuously exciting the sample. Conversely when a pulsed
voltage is applied and the sample is allowed cooling time
there is very little shift in temperature across the higher val-
ues of accelerating voltage.

As shown in Fig. 6(b), the peak intensity increases al-
most linearly with the accelerating voltage up to 2000 V,

J. Appl. Phys. 109, 024506 (2011)

550 , T
| Anneal. 650°C

(ZnO NPs)
500

450

400
L

——CW
—0— Pulsed Voltage (DR = 1/15) |

1 686 ;85; ;;00

ACCELERATING VOLTAGE (V)

TEMPERATURE (K)

350+

FIG. 7. (Color online) The relationship between temperature and accelerat-
ing voltage. The temperatures were derived from the exciton peak wave-
lengths using Varshni’s rule.

neglecting the threshold voltage of ~600 V. However, ex-
ceeding 2000 V, the intensity shows saturation. In this case
the saturation cannot be attributed to thermally activated
nonradiative processes because the sample temperature de-
termined from the peak wavelength is not as high as that
observed in cw mode operation. This saturation can be as-
cribed to the relationship between the electron penetration
range and the thickness of the NP layer. Determined from
cross-section TEM observations, almost all of the ZnO NPs
are formed directly on the surface of the silica glass. In other
words, ZnO forms a surface monolayer of NPs whose thick-
ness is ~30 nm.° At this energy the electron penetration
range is difficult to determine. However, the range R is
roughly estimated by following relationship:22

o (E[keV])'
plg/em’]
(0.37 keV < E <10 keV), (2)

Rlcm]=7.4 X 107

where E and p denote the acceleration energy in the units of
kiloelectron volts and the mass-density of the target material
in units of grams per cubic centimeter respectively. The
mass-density of ZnO NPs was taken as a bulk value of
5.70 g/cm?. The electron ranges calculated by Eq. (2) are
summarized in Table I. Exceeding 2 keV, the electron pen-
etration range becomes larger than the thickness of ZnO NP
layer ~30 nm. This leads to lower excitation efficiency in
the ZnO NP layer and the observed intensity saturation.

TABLE I. Electron penetration ranges in ZnO implanted structure at given
accelerating voltages calculated from Eq. (2).

Accelerating voltage Electron range

(kV) (nm)
0.5 5
1.0 13
1.5 24
2.0 36
2.5 51
3.0 67

Thickness of ZnO NP layer: ~30 nm.
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FIG. 8. (Color online) (a) Luminescence spectrum obtained from sample
oxidized at 900 °C at varying values of accelerating voltage. (b) Relation-
ship between peak wavelength and intensity against accelerating voltage.

D. High temperature oxidation product (Zn,SiO,
phase)

As shown in Fig. 3, high temperature oxidation at
900 °C leads to a strong shift in the luminescence peak
wavelength. Amekura et al.” have shown that this is due to
the formation of the zinc silicate phase, Zn,SiO,. In order to
understand how a change in accelerating voltage affected
photon emission from this structure, luminescence spectra
were taken using the same experimental methodology as in
part (B) under cw operation. They are displayed in Fig. 8.

In Fig. 8 it is observed that similar to the first sample an
increase in accelerating voltage leads to an increase in inten-
sity up to saturation. However, there is no shift in peak wave-
length. This is in strong contrast with the exciton lumines-
cence shown in Fig. 4.

Previous experiments suggest that the Zn,SiO, phase has
a wide band-gap of ~5.4 eV.” However the luminescence
peak appears at 520 nm (2.4 eV). This is because it is certain
deeper level energy transitions rather than near-band gap
transitions that are responsible for photon emission. It seems
that these deep level centers are unaffected by changes in
temperature and therefore the emission peak is free from
thermally induced shift. The temperature-independent
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emission-wavelength in cw operation observed from this
structure could be attractive for certain applications.

IV. CONCLUSIONS

ZnO NPs were used to substitute conventional phosphor
powder inside VEDs. The luminescent spectra observed were
strongly dependent on sample annealing temperature.
Samples that comprised of ZnO NPs showed a shift in exci-
ton peak wavelength as accelerating voltage was increased.
This was due to sample heating which led to a decrease in
luminescence efficiency through associated thermally acti-
vated nonradiative processes. Even at increased temperatures
(up to 520 K) strong luminescence was observed which is
attractive in certain applications. Sample heating and the as-
sociated shift in exciton peak wavelength were mitigated
through the use of a pulsed gate voltage which allowed for
increased sample cooling time. Even using the pulsed mode
operation, saturation intensity was still observed exceeding
accelerating voltages of 2 kV. This behavior can be attributed
to the nanometric thickness (~30 nm) of the ZnO NP layer,
which becomes shorter than the electron range at high volt-
ages exceeding 2 kV. The thermally induced peak shift was
absent from the sample based on the high temperature oxi-
dation product, Zn,Si0y,, as the associated luminescence cen-
ters are of a deeper level.
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