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Hexagonal wurtzite structural ZnO microrods were fabricated by vapor-phase transport method. Under the excitation of a pulse
laser with 1200 nm wavelength, the multiphoton induced ultraviolet (UV) laser was observed in a microrod. The dependence of
the laser mode structures on pump intensity was investigated. The result indicates that the laser belongs to whispering gallery
mode (WGM) at low pump intensity and Fabry-Perot (FP) mode at high pump intensity. The corresponding positive feedback

mechanisms were discussed.

1. Introduction

ZnO is a promising candidate for developing high efficiency
ultraviolet optic-electronic devices operating at room tem-
perature due to its wide band-gap and large exciton binding
energy. Recent research progress in the fabrication of micro/
nanostructured ZnO has created opportunities for devel-
oping micron-sized or nanosized optoelectronic devices.
Optically pumped lasers have been achieved from various
ZnO micro/nanostructures, such as thin films [1], powders
[2], microtubes [3], nano/microwires [4-6], nanobelts [7],
nanonails [8], microspheres [9], and nano/microdisks [10, 11]
by single-photon absorption in which ZnO serves as both
active gain medium and optical resonant cavity. On the
other hand, multiphoton induced laser has also exhibited
fascinating interest owing to high spatial resolution and
large penetration depth of pump light. For 350 nm pump
light, the single-photon absorption coefficient of ZnO attains
10 cm™, and the corresponding penetration depth is only
100 nm [12]. Therefore, the pump energy is mainly absorbed
near the crystal surface, which limits largely the material
availability. On the contrary, ZnO sample can be fully
pumped in multiphoton excitation form by visible or infrared
light due to high transmission.

At present, multiphoton induced laser in ZnO micro/
nanostructures has aroused research interest due to a
large nonlinear polarization coefficient. Two-photon and

three-photon induced lasers have been reported in ZnO
microneedle [13], nanodisk [14], and nanonail [15]. However,
the report about the mode structure change with pump
intensity has not been found. In this letter, three-photon
induced ultraviolet laser is obtained in a ZnO microrod under
excitation of 1200 nm infrared laser, and the dependence
of mode structure on pump intensity will be discussed in
detail.

2. Experiment

ZnO microrods were prepared by a simple vapor-phase
transport method similar to our previous work [16]. The
mixture of high pure zinc oxide and graphite powders was
put at an end of a two-end-open quartz tube (2 cm diameter
and 24 cm length) as source materials, and a silicon wafer
was placed next to source materials as substrate. Afterwards,
the quartz tube was put into a horizontal tube furnace. The
reaction temperature of source material was set up at 1130°C
and the reaction time was 30 min.

A femtosecond pulse laser with 1200 nm wavelength
from an optical parametric oscillator (OPO) (repetition
frequency 1000 Hz, pulse duration 150 fs) was focused into
an ~100 ym diameter light spot onto the ZnO micro-
rod sides. The output spectra were recorded by a fiber
coupled optical multichannel analyzer (OMA) at room
temperature.
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FIGURE 1: (a) The XRD pattern of the ZnO microrod and (b) the SEM image of the selected microrods for laser investigation.
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FIGURE 2: (a) The emission spectra at different pump power and (b) the variation of the spectrum integrated intensity with the cube of pump

emission.

3. Result and Discussion

The XRD pattern of ZnO microrods is shown in Figure 1(a).
All diffraction peaks in the figure match the crystal plane
indexes of hexagonal wurtzite structural ZnO with lattice
constants of @ = 0.325nm and ¢ = 0.521 nm. The narrow
diffraction peaks imply a high crystalline quality of the ZnO
products. Figure 1(b) exhibits the SEM image of the selected
microrod for laser investigation, which has a ~19 ym diagonal
diameter.

Figure 2(a) shows the emission spectra at different pump
power. At lower pump power of 63 mW, the spectrum exhibits
a typical spontaneous emission band centered at 392 nm.
When the pump power attains 80 mW, some narrow peaks
appear in a range from 391 nm to 398 nm on the broad UV
band, which indicates a lasing process occurring in the ZnO
microrod. Under 94 mW pump power, the emission peaks

are narrower and more peaks emerged in long wavelength
edge. It is clearly that the UV lasers contain both exciton
emission and electron-hole plasma (EHP) emission [17] at
above lower excitation intensity. With pump power further
increased to 116 mW, the exciton laser nearly disappeared, and
only the EHP emissions exist in the laser modes. When the
pump power attains 154 mW, no obvious laser modes can be
observed. However, when the pump power rises to 186 mW,
the laser modes appear once again, and with pump power
increase, there are more modes in long wavelength edge.
It is noted that the laser mode spacing obviously changes
with the pump power increase. At lower excitation level,
for example, 94 mW, although the mode spacing slightly
varies with wavelength, the average mode spacing is only
about 1.1 nm. However, at a higher pump power of 217 mW,
the average mode spacing attains about 1.66 nm. In our
experiment, the excitation wavelength is 1200 nm, and the
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laser wavelength is about 400 nm. It can be believed that the
lasing is generated by three-photon absorption. Figure 2(b)
shows the curve of the emission intensity versus the cube
of pump power. From the figure, two distinctly different
lasing regions can be observed, one showing lower threshold
and larger slope, whereas the other shows high threshold
and small slope. The above discussion implies that the laser
mechanism changes with pump intensity.

It has been known that the laser in ZnO crystal may be
attributed to three types [2, 4, 5]: (a) random laser, (b) F-
P laser, and (c) whispering gallery mode (WGM) laser. The
random cavity model is put forward to explain the lasing in
disordered ZnO mediums, which is attributed to recurrent
scattering by localized photons. F-P resonant cavity model is
introduced to interpret the laser modes in single wire/rod-
like micro/nanostructure, in which two smooth end facets
serve as cavity mirrors. For c-axis symmetrical hexagonal
ZnO nanostructures, such as micro/nanodisks and micro-
rods, the lasing mechanism can also result from whispering
gallery cavity, in which the light wave can propagate circularly
due to multiple total internal reflection caused by the six
sides. In the three mechanisms, random cavity and F-P cavity
cannot provide a high level of light confinement due to
strong scattering and the large transmission, which result
in a relatively low quality factor. On the other hand, WGM
laser based on total internal reflection has unique proper-
ties, including low loss, narrow linewidth, and high quality
factor.

It is obvious that the random laser cannot be generated in
the ZnO microrod. Supposing that the laser originates from
F-P cavity formed by two end facets of the microrod, and
ignoring the variation of refractive index with wavelength,
the laser mode spacing can be calculated according to the
following equation:

2
m=2 ®
2nL

Here A, n are wavelength and refractive index corresponding
to some mode, and L is the length of the microrod. In our
experiment, the microrod length is in magnitude order of
millimeter and 7 is about 2.2 for 395 nm center wavelength;
thus it can be estimated that the mode spacing is about
0.04 nm, which is far less than the experiment value, so the
laser cannot also originate from F-P cavity formed by two
end facets. Due to the high relative refractive index of ZnO
to air for UV light, the six sides of the microrod can also
construct the positive feedback cavity, which includes (1) F-
P cavity in which the light bounces forth and back between
the two opposite faces and (2) WGM cavity in which the
light is fully reflected sequentially by the six sides of the
microrod with a 60° incident angle. In order to further explain
the positive feedback mechanism, the mode spacing of the
laser for WG cavity and F-P cavity will be calculated in the
following section, respectively.

For WGM laser, the resonant conditions of TE (the
electric field is perpendicular to the symmetry axis of the
microrod) and TM modes (the electric field is parallel to the
symmetry axis of the microrod) can be deduced by Fresnel
formula [13], which is expressed as follows:
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FIGURE 3: The calculation curve of mode order number versus
wavelength in the case of F-P and WG cavity.

nL =2\ (N + gtan_lﬁ\/émz - 3). (2)

In (2), N is mode order number, L the path length of a light
circulation, and f3 factor depends on the laser polarization,
B = n for TE polarization and 3 = 1/n for TM polarization.
For F-P cavity laser, according to standing wave condition,
the mode equation can be deduced as follows:

N% =nlL, (3)

where L is the distance of the two opposite sides.
As a birefringent crystal, the refractive index of the
wurtzite structural ZnO depends on the polarization. For TE

and TM polarization, the refractive index can be expressed,
respectively, as follows [18]:

npg = 1.916 + 1.145 x 10> ()* + 1.6507

x 107 (h)*,
. (4)
nry = 1.9384 + 1.1775 x 1072 (hv)? + 1.5237
x 107 (hn)*.
The unit of hvis eV in (4).

The mode order numbers and corresponding wave-
lengths of TE and TM mode for WGM cavity and F-P cavity
can be calculated by (2) and (4) or (3) and (4). According
to Nobis et al. reports [18, 19], in needle-like or rod-like
ZnO nanostructures, TM modes are main contents of WGM
laser. So the modes observed should be TM modes in the
experiment if the lasers originate from WG cavity. In our case,
L is about 48 ym for WG cavity, the variation of the TM mode
order number with wavelength can be calculated as shown in
Figure 3. For F-P cavity, L = 16 ym, it can be deduced that the
position of the Nth order TM mode is nearly the same as the
(N —1)th TE mode. So, Figure 3 only shows TM mode order
number variation with wavelength for F-P cavity. The average
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FIGURE 4: The change of multiphoton absorption region in the microrod with pump power increase: (a) low power; (b) higher power; (c)

high power.

mode spacing is about 1.1 nm for WGM cavity and 1.7 nm for
F-P cavity from Figure 3. Thus, it can be concluded that the
lasing should originate from WG cavity at low pump intensity
and F-P cavity at high pump intensity.

Based on the above discussion, an interpretation about
laser mechanism variation with pump intensity is proposed.
It is well known that the multiphoton absorption is highly
sensitive to the intensity. In three-photon case, the absorption
coeflicient is proportional to cube of pump intensity. Figure 4
shows the region change of multiphoton absorption with
pump intensity in the microrod, in which the region between
the red and the blue hexagon is gain region of WG cavity.
At lower pump level, only a thin layer medium near sides
of the microrod can obtain enough excitation intensity to
generate efficient multiphoton absorption due to the pump
light attenuation with incident depth. The thin layer locates
the gain region of WG cavity (a ~ 4 ym depth near the sides
of the microrod in our case). Because the loss of WG cavity
is far less than that of F-P cavity, the laser will preferentially
generate from WG cavity at lower excitation intensity, which
explains the reason why the WGM lasers present at lower
pump powers of 80 mW and 94 mW. Due to the depth
increase of efficient multiphoton absorption at higher pump
power (e.g., 116 mW), the multiphoton absorption can occur
not only in the region near sides but also in center region.
Thus, the luminescence from multiphoton absorption in the
center region will deplete inversion population in the WGM
gain region by amplified spontaneous emission (ASE), and
lead WGM laser weakens. With further increase of pump
power, the ASE can quench WGM laser, as is observed at
154 mW pump power. However, when the excitation intensity
increases to a certain threshold once again, it is possible
to generate F-P laser formed by two opposite sides because
the EHP laser gain is proportional to the difference between
EHP density and Mott density, although the F-P cavity loss is
higher than WG cavity. It is the reason why the F-P laser can
be observed at higher pump power of 186 mW and 217 mW.
Of course, the laser mode spacing will be bigger than that of
the WGM laser because the cavity length shortens relative to
the WG cavity. It is noted that the exciton emission and EHP
emission coexist in laser modes at lower pump intensity. The
coexistence of excitonic lasing with the EHP lasing has been
previously reported in ZnO thin film [20], which is attributed
to the spatial distribution nonuniformity of the carriers in

Pump light
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>

FIGURE 5: The change of carrier type along the microrod length
direction: (I) pump light spot; (II) EHP region; (III) exciton region.

the sample. In our case, the coexistence of the two lasers can
be attributed to the difference of the carrier density between
the center and the edge of the pump light spot along length
direction of the microrod (shown in Figure 5), because the
pump light is close to Gauss light beam. At lower excitation
level, it is possible that the carriers exist in EHP form in center
region and in exciton form near edge of the pump spot due to
their density difference, which will lead to the EHP laser and
excitonic laser in different region. With excitation intensity
increase, the EHP region outward spreads. So, the excitonic
emission will weaken and the EHP emission enhance, which
cause the spectrum red-shift in whole.

In single-photon excitation condition, ZnO lasing gen-
erally originates from the F-P cavity by two end facets of
nano/microrod [1, 4], or WGM cavity by six sides [5, 18].
It is difficult to form F-P laser from the two opposite sides.
This is due to the fact that the excitation light has a relatively
small penetrating depth (about 100 nm for near-ultraviolet
excitation light) and the excited carrier generally locates in
WGM laser gain region of the nano/microrod with larger
diameter (>laser wavelength). Thus, the laser preferentially
generates from WG cavity due to a smaller loss relative to F-P
cavity. When the diameter of the rod is smaller than emission
wavelength, scattering loss is very high and the WGM laser
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usually cannot be generated. In this case, if the rod length
is larger, the F-P cavity by two end facets can still generate
enough gain. So, the lasing can be formed by the two end
facets.

4. Conclusion

In conclusion, the ZnO microrods with hexagonal cross-
section were fabricated by vapor-phase transport process, and
an individual microrod was employed to construct a resonant
cavity. Under the excitation of the 1200 nm nanosecond pulse
laser, the three-photon excited UV laser was obtained. The
result indicates that the lasing resonant mechanism varies
with pump intensity. At lower excitation intensity, the exciton
emission and EHP emission coexist in laser modes, and the
lasers originated from a WGM cavity formed by the six
sides of the ZnO microrod. At higher excitation intensity, the
lasers were mainly generated from EHP emission, and the
laser positive feedback was provided by F-P cavities by two
opposite sides.
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