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Abstract
The dependences of cathodoluminescence (CL) from ZnO:Zn phosphor powder
upon local space, accelerating voltage and beam current have been investigated
at room temperature. Ultraviolet (UV) luminescence, which is hard to be
observed in photoluminescence (PL) at room temperature, has been clearly
observed in CL as well as green luminescence. The intensity ratio of the
UV luminescence to the green one varies from point to point. From the
comparison with PL, the UV luminescence is attributed to the recombination of
ZnO free excitons. The UV luminescence is little observed at low accelerating
voltage where, similar to the excitation light for PL measurement, the electron
beam penetrates into only the surface depletion layer where free excitons are
unstable due to the surface electric field. However, the UV luminescence
from the depletion layer becomes observable at large beam current because of
the suppression of the electric field in the depletion layer caused by injected
electrons.

1. Introduction

In recent years, wide band gap semiconductors have been studied with a great deal of attention
for their potential applications in blue or ultraviolet (UV) light emitting devices. ZnO has a
band gap of 3.37 eV and an exciton binding energy of 60 meV [1] which is larger than that in
GaN (21–26 meV) and also larger than the thermal energy at room temperature.
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Pure ZnO exhibits UV luminescence arising from the radiative recombination of excitons
at room temperature [2]. Under high density excitation, there appear several nonlinear
luminescence bands associated with exciton–exciton scattering and electron–hole plasma [3].
Since these luminescence bands have high optical gain, laser oscillation has been observed in
epitaxially grown ZnO thin films [4].

On the other hand, ZnO powders tend to contain oxygen vacancies resulting in green
luminescence [5]. ZnO particles in which many oxygen vacancies are intentionally introduced
are called ZnO:Zn phosphor, a typical green phosphor for low-energy electron beam
excitation [6]. In ZnO:Zn, the energy of excited electron–hole pairs is efficiently transferred to
oxygen vacancies, which has been considered to quench the UV luminescence [7]. According
to Vanheusden et al [5], the intensity of the green luminescence band strongly depended on
the thickness of the depletion layer which arose from the transfer of electrons from the bulk
or the oxygen vacancies to the surface states. As is the case with green luminescence, the UV
luminescence might also be influenced by the existence of the depletion layer.

The cathodoluminescence (CL) imaging technique is extremely useful for assessing the
spatial distribution of different radiative and nonradiative recombination sites in phosphor
powders [8, 9]. By varying the accelerating voltage and current of the electron beam, one
can control the penetration depth and the density of injected carriers [10]. Many researches on
the CL of ZnO have been reported, while the UV luminescence efficiency is associated with
only the crystalline quality in most cases [9, 11–25]. Therefore, only the green luminescence
band has attracted interests for ZnO:Zn in CL as well as in photoluminescence (PL) where the
UV luminescence is hard to be observed at room temperature [8, 26–28]. Little attention has
been given to the UV luminescence of ZnO:Zn, although the improvement of the CL efficiency
in the ZnO which contains many defects in the surface layer would be a great help in realizing
linear or nonlinear optical devices which operate with high efficiency.

In the present study, we investigate the conditions needed for ZnO powder phosphor
excitation to increase the UV luminescence efficiency in the case of lower material purity.
For this purpose, we have measured spatially resolved CL spectra for the green and the UV
luminescence bands in ZnO:Zn phosphor powders under different accelerating voltage and
beam current at room temperature. For the comparison, we have also observed PL spectra
in the UV region under different photoexcitation intensities.

2. Experimentals

Commercially sold ZnO:Zn phosphor powder was mixed with ethanol and dispersed on
a brass sample holder. The sample was set in a field-emission-type scanning electron
microscope (SEM) equipped with a CL measurement system. The accelerating voltage and
the beam current of the SEM could be varied from 0.5 to 30 kV and from 7 pA to 10 nA,
respectively. The CL from the sample was collected by an ellipsoidal mirror placed above
the sample and sent through an optical fibre to a spectrometer equipped with a CCD. The
CL intensity image consisted of 100 × 100 pixels and each pixel corresponded to an area of
63 × 63 nm2. The intensity image for an arbitrary energy range could be obtained in addition
to the spectrally integrated one. In the measurements of accelerating voltage and beam current
dependences, the spatially averaged CL spectra were detected with an electron beam scanning
the sample surface over an area of 300×300 nm2 to reduce the CL quenching due to the damage
to the sample by the electron beam irradiation. The spectral resolution was better than 10 meV.

The PL for low intensity excitation was measured with a He–Cd laser, and the PL for high
intensity excitation was measured with the third harmonic light of a Nd3+:YAG laser by varying
the power between 1.7 and 680 kW cm−2. These excitation lasers were incident on the sample
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Figure 1. (a) SEM image of ZnO:Zn phosphor powders, (b) spectrally integrated CL intensity image
of ZnO:Zn phosphor powders and (c) image of CL intensity of the UV band (3.0–3.5 eV) relative
to that of the green band (1.8–2.8 eV). The accelerating voltage and beam current are 5.0 kV and
380 pA, respectively. White arrows indicate the smallest particle which shows UV luminescence
with high efficiency.

with spot diameters of 2 mm (He–Cd laser) and 14 mm (Nd3+:YAG laser); a large number
of particles were excited simultaneously and spatially averaged spectra were obtained. The
spectral resolutions were better than 7 meV. All of the CL and PL measurements were carried
out at room temperature.

3. Results

Figure 1(a) shows the SEM image of somewhat aggregated ZnO:Zn microcrystals at an
accelerating voltage of 5.0 kV and a beam current of 380 pA. The size of ZnO particles is
distributed between 0.6 and 2 µm, and most particles show several crystal faces. The spectrally
integrated CL intensity image of the same area as the SEM image is shown in figure 1(b). The
CL intensity varies even within a particle as well as among particles, and tends to be large on
planes oblique to the surface of the sample holder. The CL intensity image for a particular
energy region is also derived from this measurement and that for the green luminescence band
is almost the same as the spectrally integrated one, since the intensity of green luminescence
is much larger than that of UV luminescence under these excitation conditions. Figure 1(c)
shows an image of CL intensity for the UV luminescence band relative to that for the green
one. The energy ranges are from 3.0 to 3.5 eV for UV luminescence and from 1.8 to 2.8 eV for
green luminescence, respectively. The UV luminescence appears at the same spots as the bright
ones in (b). This result suggests that multiple reflections inside the particle do not contribute
to the enhancement of CL in (b) and (c), since the light is absorbed within 1 µm in the UV
region [29] where the CL efficiency is more enhanced than that in the green region. The internal
absorption might cause the suppression of CL efficiency under the condition that the electrons
are injected into the particle plane parallel to the surface of the sample holder, i.e. perpendicular
to the electron beam [10]. High efficiency UV luminescence is observed at the smallest particle
indicated by white arrows in figures 1(b) and (c), where the intensity of green luminescence is
small. According to these results and similar measurements for other particles, the efficiency
of UV luminescence tends to be large on particles with submicrometre-scale diameter.

Figure 2 shows the dependence of CL spectra on the accelerating voltage for a ZnO:Zn
particle with a diameter of 500 nm. The beam current is set to 50 pA but it depends slightly



1970 M Ichimiya et al

C
L

 I
nt

en
si

ty
 (

ar
b.

 u
ni

ts
)

3.53.02.52.0
Photon Energy (eV)

Accelerating
       Voltage
           (kV)
       

           10.0
             9.0
             8.0
             7.0
             6.0
             5.0
             4.0
             3.0
             2.0
             1.0

RT

Figure 2. Accelerating voltage dependence of CL spectra of a ZnO:Zn particle. The spectral
resolution is 9.3 meV at 3.3 eV.

on the voltage. Neither UV nor green luminescence is observed for an accelerating voltage of
1.0 kV. These luminescence bands appear above a voltage of 2.0 kV and increase with voltage,
however the UV luminescence intensity seems to saturate above the voltage of 8.0 kV.

Figure 3(a) shows the dependence of the CL spectra on the beam current for the same
particle. The accelerating voltage is fixed at 3.0 kV. No luminescence is observed at a beam
current of 9.3 pA, while on increasing the current both UV and green luminescence bands
appear and the CL intensity in the UV region relative to that in the green region increases in the
large current region. Figure 3(b) shows the integrated CL intensities in the UV region (filled
circles) and in the green region (open circles). In the small current region, the intensity of UV
luminescence increases sublinearly, while above a current of 50 pA, it increases superlinearly
and is proportional to the 1.4th power of the beam current. The intensity of the green
luminescence increases linearly for almost all the range of the beam current.

For the PL spectra under He–Cd laser excitation, the UV luminescence is hardly observed,
while it appears under intense excitation by the third harmonic light of a Nd3+:YAG laser.
Figure 4(a) shows the excitation power dependence of PL spectra in the UV region. The CL
spectrum for a beam current of 330 pA shown in figure 3(a) is displayed again for comparison.
The peak energies of the PL spectra are more than 80 meV lower than 3.291 eV for the
CL peak and the energy slightly shifts to lower energy on increasing the excitation power.
Figure 4(b) shows the excitation power dependence of the integrated intensity for the PL, where
the intensity increases superlinearly and is proportional to the 1.6th power of the excitation
intensity at the lower excitation level.

4. Discussion

In order to discuss the characteristic behaviour of the CL spectra in comparison with the PL
spectra, the difference in luminescence properties between electron beam excitation and laser
excitation should be considered. One important difference is the penetration depth of the
injected electrons and of the incident photons. In photoexcitation, the penetration depth of
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Figure 3. (a) Beam current dependence of CL spectra of a ZnO:Zn particle with an accelerating
voltage of 3.0 kV. (b) The integrated intensities of the CL spectra versus the beam current. Filled
and open circles indicate the intensities for UV and green bands, respectively.
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Figure 4. (a) Excitation power dependence of PL spectra. A typical CL spectrum is also shown for
comparison. (b) The integrated intensity of the PL spectra versus the excitation power.

the photons with an energy of 3.49 eV is about 50 nm, which is determined from the absorption
coefficient of 2×105 cm−1 [29]. In electron beam excitation, the penetration depth of electrons
Re (µm) is estimated from the relation [30]

Re = 2.76 × 10−7 AE5/3
b

ρZ 8/9

(
1 + 0.978 × 10−6 Eb

)5/3

(
1 + 1.957 × 10−6 Eb

)4/3
, (1)
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Figure 5. The integrated intensities of the UV and green luminescence bands in figure 2 versus
the penetration depth calculated from the accelerating voltage. They are divided by the product of
accelerating voltage and beam current and normalized at the peak. Filled and open circles indicate
the intensities for UV and green bands, respectively. The vertical dashed line corresponds to the
diameter of the ZnO:Zn particle.

where A, ρ, Z and Eb represent atomic weight (g mol−1), density (g cm−3), atomic number and
kinetic energy of electrons (eV), respectively. In ZnO, ρ is 5.6 g cm−3, and the average values
of Zn and O are applied to A as 40.7 g mol−1 and Z as 19. The spatial spread of secondary
electrons should be considered in addition to that of injected electrons for the estimation of
excitation volume, while the penetration length for secondary electrons with the energy of a
few eV is much less than that for injected electrons. Therefore, the excitation volume can be
estimated from only the penetration depth of injected electrons, which is derived by substituting
the values of accelerating voltage for Eb in equation (1) to be about 220 nm for an accelerating
voltage of 5 kV and about 1.35 µm for 15 kV. Figure 5 shows the correlation between the
penetration depth calculated from the accelerating voltage and the integrated CL intensity.
Filled and open circles indicate the intensities for the UV and green bands, respectively.
The dashed line at the penetration depth of 500 nm indicates the particle diameter derived
from the SEM image. The number of excited carriers is considered to be in proportion to
the accelerating voltage, since the CL intensity in the bulk crystal increases linearly with the
accelerating voltage [31, 32]. Therefore, both intensities in figure 5 are divided by the product
of accelerating voltage and beam current in order to emphasize the influence of changing the
excitation volume on the CL efficiency. The UV luminescence efficiency increases with the
penetration depth and becomes a maximum at a depth of between 91 nm (accelerating voltage
of 3.0 kV) and 290 nm (6.0 kV). The luminescence efficiency decreases above 380 nm, where
part of the injected electrons reaches near the reverse side of the particle. From this fact, the
UV luminescence is considered to be generated in the core–particle region deeper than 50 nm
corresponding to the penetration depth for photoexcitation. Here, the luminescence behaviour
for a penetration depth more than 0.5 µm is explained as follows. The injected electrons with
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a penetration depth more than the particle diameter reach the brass sample holder and the
secondary electrons emitted from the holder excite the particle again. In the spatially resolved
measurement shown in figure 1, the green luminescence band actually appears by injecting
electrons into the position where ZnO:Zn particles are not observed in the SEM image. In
the region of penetration depth beyond the particle diameter, the UV luminescence efficiency
decreases monotonically. This result shows that the secondary electron does not contribute to
the UV luminescence, since a secondary electron with lower kinetic energy hardly penetrates
into the particle. On the other hand, the green luminescence still increases above the penetration
depth corresponding to the particle diameter and is found to be generated by the secondary
electron excitation. This fact suggests that most of the oxygen vacancies, which are the origin
of green luminescence in ZnO:Zn, are distributed near the surface of the particle. The emission
efficiency of the secondary electron is suppressed by too much penetration into the sample
holder. The reduction of green luminescence efficiency above 14 kV in figure 5 reflects this
feature. It should be noted that the penetration depth shown in figure 5 is calculated for ZnO
and that for brass is somewhat smaller.

Next, another difference between photo- and electron-excitations is the order of excited
electron–hole pair density. In the case of the PL measurement, the density is estimated to
be 6 × 1017–2 × 1020 cm−3 for an excitation power of 1.7–680 kW cm−2 from the absorption
coefficient of 2×105 cm−1 [29] and the exciton lifetime of about 1 ns at room temperature [33].
As shown in figure 4, the PL intensity in this excitation power region increases superlinearly and
the peak energy of the UV band is redshifted with increasing excitation power around 3.2 eV,
which is about 0.1 eV lower than the peak position of the intrinsic exciton UV luminescence
in pure ZnO [1]. In addition, the extreme enhancement and the reduction of the luminescence
band width for 680 kW cm−2 in figure 4(a) indicate the onset of stimulated emission. From
these features, the luminescence band observed in the PL measurement is attributed to the P
band originating from inelastic exciton–exciton scattering in pure ZnO [4]. In the case of the
CL measurement, the injected electron density is estimated to be 3.7 × 1013–1.3 × 1015 cm−3

for a beam current of 9.3–330 pA and accelerating voltage of 3.0 kV, which corresponds to
a penetration depth of 91 nm. The density of electron–hole pairs is larger than the injected
electron density, since the mean energy of injected electrons is two orders of magnitude
larger than that of the secondary electrons which contribute to the creation of electron–hole
pairs. Nevertheless, the density for a beam current of 330 pA is estimated to be lower than
6 × 1017 cm−3 corresponding to that for the smallest power in the PL measurement.

The peak energy of the UV band in CL is almost the same as that of the free
exciton luminescence of pure ZnO in the PL measurement [1, 3, 34, 35]. Moreover, the
difference between the peak energies of the UV band in CL and the stimulated emission for
photoexcitation at 680 kW cm−2 is 98 meV, as indicated in figure 4, which is equivalent to
the difference between the P band with n = ∞ [4, 36]. In pure ZnO, longitudinal optical
phonon (LO phonon) replicas of the free exciton appear below the energy of free exciton
luminescence [12, 34, 35]. The low energy tail of the UV band in CL is associated with the LO
phonon replicas which are thermally broadened.

Here, one has to consider the electronic states near the surface where no UV luminescence
is observed. In recent years, Vanheusden et al [5] pointed out that the intensity of the green
luminescence is influenced by the width of the depletion layer which depends on the number of
surface states, the concentration of donor impurities and the size of the ZnO particle, because
the transfer of electrons from the oxygen vacancies to the surface states directly affects the
charge states of oxygen vacancies. Therefore, it is considered that the valence and conduction
bands are bent within the depletion layer, resulting in the disappearance of excitons due to a
strong electric field (Stark effect). The accelerating voltage dependence of CL spectra indicates
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that the mean depletion depth of particles with diameters of 500 nm is larger than 50 nm,
corresponding to the penetration depth for photoexcitation. In the PL measurement where only
the depletion layer is excited, free exciton luminescence is not observed, while the internal field
in the depletion layer is screened on increasing the density of photoexcited carriers, resulting in
the appearance of the P band at the high density excitation [37]. Under electron beam excitation,
however, it is possible to supply electrons to oxygen vacancies directly and suppress the internal
field in the depletion layer differently from the case of photoexcitation. This effect may also
cause the appearance of UV luminescence in the CL measurement for an accelerating voltage
of 3.0 kV shown in figure 3 where most injected electrons only penetrate into the depletion
layer.

5. Summary

Spatially resolved CL spectra of ZnO:Zn phosphor powders are investigated under different
accelerating voltages and beam currents at room temperature. The UV luminescence intensity
and its intensity ratio to the green luminescence vary among particles and even at different
points inside each particle. From the comparison with the PL spectra under low and high
intensity excitation conditions, it is strongly suggested that the UV luminescence is usually
emitted from the internal region of the particles and only emitted from the surface region in
the case that the electric field inside the depletion layer becomes weak enough and, therefore,
the excitons become stable. In conclusion, the CL spectra of ZnO:Zn phosphors reflect clearly
the spatial structure of phosphor, and the UV luminescence under electron beam excitation is
attributed to the recombination of ZnO free excitons and is enhanced by injecting electrons
into the core particle region or supplying electrons into the surface region with many oxygen
vacancies.
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