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Ultraviolet stimulated emission from high-temperature-annealed MgO

microcrystals at room temperature
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(Received 2 December 2014; accepted 22 January 2015; published online 30 January 2015)

Research on semiconductor nanowires underlies the development of the miniaturization of laser
devices with low cost and low energy consumption. In general, nanowire lasers are made of direct
band gap semiconductors, e.g., GaN, ZnO and CdS, and their band-edge emissions are used to
achieve optically pumped laser emission. In addition to the existing class of nanowire lasers, we
here show that air-annealed micrometer-sized MgO cubic crystals with well-defined facets exhibit
room-temperature stimulated emission at 394 nm under pulsed laser pumping at ~350 nm. Surface
midgap states are assumed to be responsible for the excitation and emission processes. The present
findings will not only provide opportunities for the development of miniaturized lasers composed
of insulating oxides, but will also open up functionality in various families of cubic crystalline
materials. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907321]

Ever since the report of room temperature laser emission
from ZnO thin films'* and nanowires® under optical pump-
ing, semiconductor nanostructure lasers have attracted
intense interest as promising ultracompact and low power
consumption photonic lasers.*™ Because of their dislocation
free single-crystalline nature and atomically smooth surface,
semiconductor nanowires provide both a gain medium and a
cavity for lasing. It has also been proposed that the coherent
feedback is provided by recurring scattering events in semi-
conductor nanostructures, leading to random lasing.'®"?
Note also that in the operation of optically pumped semicon-
ductor lasers, near-band-edge excitonic emissions are nor-
mally used and amplified in the respective nanocavities,’
allowing tunable emission by changing the bandgap of the
semiconductors. '

In contrast to the case of semiconductors, optically
pumped band-edge lasing is difficult to achieve in insulating
oxides with large band gap energy E, (e.g., E,=6¢V)
because of the unavailability of the pumping source, even
when the nano/microstructures appropriate for lasing are
possible to fabricate. It should be noted, however, that some
of the insulating oxides, e.g, magnesium oxide (MgO) with
E,~7.8¢eV, exhibit unusual absorption at much lower
energy than the band gap of the corresponding bulk materials
because of the presence of defect and/or surface states.'”~!”
This allows us to predict that optically pumped lasers can be
realized even in insulating oxides by utilizing these midgap
states. Indeed, we have recently reported that broadband
laser emission in the near-ultraviolet to the blue-green spec-
tral range is realized in MgO microcrystals with neutral and
positively charged oxygen vacancies (F and F* centers).'®2°
In MgO, the F and F color centers absorb essentially the
same energy of ~5eV (~250nm) and show different photo-
luminescence (PL) bands peaking at ~500 and ~385nm,
respectively.?' ™ Accordingly, the laser actions is achieved
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in these colored MgO crystals under pulsed laser excitation
using the fourth harmonic (266 nm) of a pulsed Nd:yttrium-
aluminum-garnet (YAG) laser. 18-20

In this letter, we further show that the MgO microcrystals
exhibit a different but intriguing lasing behavior when the
samples are annealed in air atmosphere at temperatures of
1000°C and above. The thus annealed MgO microcrystals
hardly show PL bands related to the F and F T centers, but the
laser action is still achieved under pulsed laser excitation
at longer wavelength or by excitation with the third harmonic
(355nm) of a Nd:YAG laser. The lasing characteristics,
including emission wavelength, lasing threshold, width of the
laser line, and decay time, are inherently different from those
of the MgO-based color center laser reported previously.

The MgO microcrystals used in this work are basically
the same with those reported in Ref. 20 except the post-
annealing procedure performed in air atmosphere. We hence
briefly describe the sample preparation procedure as follows.
The Mg/B,0; mixture of molar ratio of 5:1 was put in a cy-
lindrical alumina crucible. This crucible was located inside a
larger rectangular alumina crucible, which was closed with a
4-mm-thick alumina lid. This set of crucibles was placed in
an electric furnace. The temperature of the furnace was
raised to 700 °C at a rate of ~10°C/min and kept constant at
700 °C for 2h under flowing argon (0.1 1/min) environment.
After the heating process, the furnace was naturally cooled
to room temperature under argon gas environment. It was
found that MgO powders were preferentially deposited
outside the inner crucible. We then annealed the samples in
the temperature regions from 700 to 1100°C for 1h in air
atmosphere.

Powder x-ray diffraction (XRD) patterns of the samples
were obtained with a diffractometer (Rigaku, SmartLab) using
Cu Ko radiation. Scanning electron microscopy (SEM) and an
energy dispersive X-ray (EDX) spectroscopy were conducted
with a scanning electron microscope (JEOL, JSM-5610LVS)
with energy dispersive spectrometer. Infrared absorption spec-
tra were measured with a Fourier transform infrared (FTIR)

© 2015 AIP Publishing LLC
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FIG. 1. Structural characterization of
the MgO microcrystals. (a) Scanning
electron microscopy images and (b)
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spectrometer (Nicolet, iS5) with an attenuated total reflectance
(ATR) option. Inductively coupled plasma atomic emission
spectrometry (ICP-AES) was performed with an ICP spec-
trometer (SII, SPS3100) with a maximal power of 1.6kW.
Steady state PL spectra were recorded on a spectrofluorometer
(JASCO, FP 6600) by using a monochromated xenon lamp
(150 W). For pulsed laser experiments, we used two different
laser sources. One is the third-harmonic (355 nm) of a nanosec-
ond Nd: YAG laser (Spectra Physics, INDI 40, pulse width
8 ns, repetition rate 10 Hz). During the experiments using this
laser source, the pump beam was irradiated onto the powder in
a quartz cell without focusing the laser beam (beam spot
size ~10mm), and light emission was collected with a
300 lines/mm grating and a gated image intensifier in combina-
tion with a charge-coupled device (CCD) camera. The other
laser source is a femtosecond Ti:sapphire laser system with an
optical parametric amplifier (OPA). We used the 350-nm pulses
generated with OPA (Light Conversion, TOPAS-C), which was
seeded by a 1-kHz Ti:Sapphire regenerative amplifier system
(Spectra Physics, TSUNAMI 3160C and Spitfire) producing
120-fs pulses at 800 nm. This femtosecond laser system, com-
bined with a streak camera (Hamamatsu Photonics, C5680), was
used to obtain time-resolved photoluminescence (TRPL) spectra.
The overall time resolution of the measuring system was 14 ps.
For the TRPL measurements, the samples were excited by a
femtosecond laser pulse focused to a spot size of 100 um diame-
ter. Time-integrated PL (TIPL) signals were also measured with
the same optical arrangement as the TRPL, except that fiber-
optic spectrometer was used to monitor the emitted signals. All
the PL measurements in this work were carried out at room tem-
perature under ambient atmospheric conditions.

Figure 1 summarizes the results of structural properties
obtained for the as-prepared and 1100-°C annealed MgO sam-
ples. Scanning electron microscopy (SEM) images and X-ray
diffraction (XRD) pattern demonstrate that the as-prepared

sample consists of micrometer-sized MgO cubic crystals.
Although there exists a variation in size, most of them have
the size of ~1-3 um. SEM images shown in Fig. 1(a) also
show that the size and apparent morphology of the MgO
microcrystals are hardly influenced by air annealing. Note,
however, that the XRD peaks become sharper after air anneal-
ing [see the inset of Fig. 1(b)], indicating that the air annealing
procedure is effective in increasing the crystallinity of the
MgO microcrystals. No appreciable contamination was
detected in the EDX of the annealed MgO microcrystals [see
Fig. 1(c)] The ICP analysis also confirmed that the level of an
undesirable metal impurity such as Zn ions in the annealed
MgO microcrystals is below 0.001 ppm.

We then measured the steady state PL spectra of the as-
prepared and air-annealed samples. As shown in Fig. 2, as-
prepared MgO microcrystals exhibit two broad photolumi-
nescence (PL) emission bands at 385 and 500nm under

PL (Aex=260 Nm) _ ;s prepared
: : : 700 °C
— 800°C
_ 200 | 900 °C
2 — 1000 °C
= @ 1100 °C
= 7]
. 1501 ®
8 2
s =
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FIG. 2. Steady state photoluminescence spectra of the MgO samples annealed
at the designated temperatures. The excitation wavelength is 260 nm.
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excitation by photons with energy of 4.8 eV (260 nm) at room
temperature. These two PL bands at 385 and 500 nm are attrib-
uted to positively charged oxygen vacancies (F* centers) and
neutral oxygen vacancies (F centers), respectively.'®>* Thus,
the MgO microcrystals prepared by the current method contain
a substantial amount of oxygen vacancies, in agreement with
our previous results.'® " We found that the intensity of these
two PL bands substantially decreases with increasing anneal-
ing temperature up to 1100 °C (see also Fig. 2). Thus, oxygen
vacancies are filled by atmospheric oxygen during the air
annealing process, resulting in the well-crystallized MgO
microcrystals with less defect centers.

We next investigate the results of PL measurements of
the as-prepared MgO microcrystals conducted under nano-
second pulsed laser excitation. As mentioned earlier, we
have previously reported that the as-prepared samples ex-
hibit color-center-based laser emission under excitation with
the fourth harmonic (266nm) of a Nd:YAG laser.'®2° As
shown in Fig. 3(a), however, excitation with the third har-
monic (355 nm) of a Nd:YAG laser does not induce a lasing
action. This is not surprising because the excitation with
355-nm pulse is not effective in inducing the emission of the
F— and F' centers. One only sees a gradual development of
a broad PL band at ~385 nm, with a full width at half maxi-
mum (FWHM) of 0.22eV, with increasing pump fluence.
Spectrally integrated emission intensity as a function of
pump fluence is shown in Fig. 3(b). The PL intensity tends to
saturate with increasing fluence. The saturation behavior is
well described by the absorption saturation model®*

I(J) o< J /(1 +J/I5), (1

(b)

Appl. Phys. Lett. 106, 041116 (2015)

where I(J) is the emission intensity, J is the pump fluence,
and /; is the parameter related to the saturation intensity.
Thus, the present PL saturation behavior can be interpreted
in terms of the ground-state depletion under high density
excitation.

On the other hand, the air-annealed MgO microcrystals
do not show PL saturation but demonstrate a light amplifica-
tion behavior under pulsed laser pumping. As the pump flu-
ence is increased from ~1 to ~15 mJ/cm?, a broad PL band
with a FWHM of 0.11 eV is developed at 394 nm [Fig. 3(c)].
Upon further increase in pump fluence to ~20 mJ/cm?, the
emission band becomes narrow, resulting in a sharp peak
with a FWHM of 0.03 eV. Above this threshold, the emission
intensity increases rapidly in a linear manner with the pump
fluence [see Fig. 3(d)]. The narrow line width and the rapid
linear increase in intensity prompts us to assume that laser-
like stimulated emission takes place in the well-annealed
MgO microcrystals.

To further corroborate the expected laser action in the
well-annealed MgO microcrystals, we carried out time-resolved
PL measurements with 350 nm femtosecond laser pulses from
an OPA pumped by a mode-locked Ti:sapphire regenerative
amplifier. As shown in Fig. 4(a), a superlinear increase in PL
intensity at ~390nm was also demonstrated although the
observed threshold (~10mJ/cm?) is slightly lower than that
obtained under nanosecond excitation (~20mJ/cm?). The
lower lasing threshold is probably due to the suppression of
decay and recombination events under femtosecond pumping.®
Figure 4(b) shows the PL decay curves under different pump
fluences. For below-threshold pumping (6.5 mJ/cm?), the emis-
sion decays on the time scale of sub-nanoseconds [see also the
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streak-camera images in Fig. 4(c)]. For above-threshold pump-
ing (10.4 mJ/cm?), the transient PL is dominated by a picosec-
ond (~20 ps) decay process, which includes the time resolution
of the present system (~14 ps), accompanied by narrowing of
the emission band, as seen in the streak-camera image shown in
Fig. 4(d). These changes in the emission characteristics
with pump fluence are consistent with the assumption that
stimulated emission, or lasing, is realized in the air-annealed
MgO microcrystals.

It should be noted that the lasing characteristics of the
air-annealed MgO microcrystals is totally different from that
of the as-prepared ones in terms of the excitation and emis-
sion wavelengths, the lasing threshold, the spectral width of
the laser emission line, and the decay constant, as summar-
ized in Table 1. Hence, such lasing properties as observed in
the air-annealed MgO microcrystals have not been reported
previously. Since the present MgO microcrystals have well-
defined facets, it would be safe to assume that that the
observed coherent feedback is provided by the Fabry-Perot
mode of the natural optical cavity derived from the two fac-
ing facets of the microcrystals.>> As for the as-prepared sam-
ples, however, atomically flat facets will not be expected to
exist because of the presence of the oxygen vacancies. This
probably explains the reason why the as-prepared MgO
microcrystals do not show lasing action [see Fig. 3(a)].
As for nanostructured systems, however, there is also a pos-
sibility that lasing occurs via recurrent light scattering in a

(b)

Appl. Phys. Lett. 106, 041116 (2015)
three-dimensional random medium, or random lasing.'™" It
is presently unclear which mechanism is indeed responsible
for the lasing behavior of the air-annealed MgO crystals.
Further measurements using single MgO microcrystals will be
required to make clear the origin of the feedback mechanism.

Finally, we discuss a possible origin of the emission
states responsible for the ~390-nm PL band under pulsed
laser excitation at ~350 nm. Considering that MgO often ex-
hibit the PL emission in this spectral region under excitation
with photons of ~350nm,"” we suggest that the ~390-nm
PL band is ascribed to OH-related emission centers at the
surface of MgO. Since the present PL measurements were
carried out under ambient atmospheric conditions, it is most
likely that chemically active edge and corner sites of MgO
are covered with hydroxyl Mg-OH groups.”®® We indeed
confirmed from Fourier transform infrared (FTIR) spectro-
scopic studies that the 1100-°C annealed sample exhibits a
broad absorption band in the O-H stretching frequency
region”®2? (3800-2800cm ') [see the inset of Fig. 1(c)]. It
has been reported that OH groups at oxide surfaces are char-
acterized by a PL decay time of a few nanosecond or less,
when measured under ambient conditions.® This is in ac-
cordance with the decay characteristics observed under
below-threshold pumping [see Fig. 4(b)]. As compared with
the surface atoms at the edge and corner sites, those at
the (100) flat surfaces are, in general, rather stable against
hydration.'”*"® It is hence probable that the amount of the
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TABLE I. Lasing characteristics (excitation wavelength /., emission wave-
length /p, lasing threshold Ey,, width of the laser line AE, and decay
time 1) for the air-annealed MgO microcrystals and the comparison with

those of the as-prepared ones reported previously.'g’zo

sample Jex Aem Eg AE T
(nm) (nm) (mJ/em?) (meV) (ns)

air-annealed ~350 394 20 0.03 =0.02

as-prepared ~260 384 ~100 ~0.1 20

surface-related OH groups in the present MgO microcrystals
is rather low. This probably accounts for the fact that as for
the 1100- °C annealed samples, the ultraviolet (UV) PL band
is observed only at excitation levels higher than ~1 mJ/cm?
[see Fig. 3(a)]. At sufficiently high excitation levels
(=20 mJ/cm?), the population inversion will be achieved
between a certain emission state and the ground state, even-
tually resulting in the laser emission. It has been demon-
strated that some Mg-OH groups are still present at the
surface of MgO even after outgassing at temperatures up to
~1000K.*>" Thus, we believe that the expected OH groups
remain at least partly intact even at high laser pumping inten-
sities and are hence responsible for the laser emission. It
should be mentioned, however, that the present samples
show no PL emission even under pulsed laser excitation
when annealed under O, atmosphere.”> This observation
suggests a possibility that certain unidentified surface defects
can contribute to the generation of the UV PL band. We
should also note that the lasing action of the MgO microcrys-
tals remains stable for more than six months when the
samples are stored in a desiccator filled with silica gel desic-
cants. This ensures the robustness of the present MgO micro-
crystals in terms of the laser action.

In conclusion, our SEM and XRD data show that well-
crystallized MgO microcrystals with the size of ~1-3 ym are
prepared by solid phase reaction between Mg and B,O;
under Ar atmosphere, combined with post annealing in air.
Room-temperature lasing action at 394 nm was demonstrated
from the well-annealed MgO microcrystals under pulsed
laser excitation with wavelength of ~350 nm. Surface emis-
sion centers associated with hydroxylated species at the
edges and corners of the microcrystals are expected to be re-
sponsible for the 394-nm laser emission. The natural optical
cavity derived from the facets of the microcrystals or recur-
rent light scattering among the microcrystals is responsible
for the coherent feedback. It should also be noted that the
observed lasing threshold under ~10ns pulsed laser excita-
tion is ~20 mJ/cm? per pulse (or ~200kW/cm?), which is
comparable to the typical values of lasing threshold observed
for semiconductor nanowire lasers under similar excitation
conditions.”** The present observation will hence provide a
solid-state system that allows light amplification by changing
the scale and surface states of otherwise optically inert insu-
lating oxides.

Appl. Phys. Lett. 106, 041116 (2015)
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