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Abstract: Two different types of lasing modes, vertical Fabry-Perot cavity
and random lasing, were observed in ZnO epi-films of different thicknesses
grown on Si (111) substrates. Under optical excitation at room temperature
by a frequency tripled Nd:YVO, laser with wavelength of 355 nm, the
lasing thresholds are low due to high crystalline quality of the ZnO epitaxial
films, which act as microresonators. For the thick ZnO layer (1,200 nm), its
lasing action is originated from the random scattering due to the high
density of crack networks developed in the thick ZnO film. However, the
low crack density of the thin film (555 nm) fails to provide feedback loops
essential for random scattering. Nevertheless, even the lower threshold
lasing is achieved by the Fabry-Perot cavity formed by two interfaces of the
thin ZnO film. The associated lasing modes of the thin ZnO film can be
characterized as the transverse Gaussian modes attributed to the smooth
curved surfaces.
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1. Introduction

In the past decades, random lasing (RL) and Fabry-Perot (FP) lasing of semiconductor
nanostructures have received extensive investigations by both experiment and theory for their
importance and promising applications in solid-state laser. The nano-sized materials function
as both gain mediums and optical resonant cavities without external mirrors for supporting
essential feedback. Random and standard FP cavities are the most common and simple optical
cavity structures, which can effectively lower lasing threshold. For nano-sized FP optical
cavities, the well-defined two-end faces of the gain medium act as two reflecting mirrors and
provide the photon feedback required for the realization of lasing. FP lasing had been
successfully achieved in many semiconductor nanostructures such as GaN, CdS, and ZnO
nanowires [1-5]. RL action is not achieved by an external resonator but by multiple scatterers
distributed randomly in a gain medium or which by themselves act as optical amplifiers. RL
phenomena have been demonstrated in nanopowders [6], nanowires [7,8], nanocombs [9],
and thin film structures [10,11]. The lasing mechanisms of the RL and FP lasing employ not
only the gain material but also the self-contained optical cavity via interface scattering or
reflection, and thus the two kinds of lasing actions should happen simultaneously in the
nanostructures.

In the microresonators fabricated by the ZnCdO/ZnO quantum well structures, Kalusniak,
et al. [12] have investigated the lasing actions of FP and RL simultaneously resulting from
cavity and scattered feedbacks. They reported the pure RL often requires a larger gain than
the FP lasing, even though only the relatively small natural facet reflectivity is utilized in the
FP microcavity with the existence of large excitonic gain of ZnO-based material. Their
theoretical analysis considered the influence of different sizes of scattering center and FP
feedback with scattering influences on lasing threshold. The results reveal that with the
increasing scattering size in the microcavities, the lasing threshold of FP increases slightly but
for RL the threshold decreases significantly. The two kinds of lasing mechanisms, RL and FP
lasing actions, can exist simultaneously, when the multiple scattering and two-end faces
reflection coexist in the resonators.

Tensily strained ZnO films grown on Si (111) substrates tend to crack as the film
thickness exceeds the critical thickness of ~500 nm. Just above the critical thickness, the films
exhibit less and mostly parallel cracks; whereas, networks of high-density cracks were found
on the surface for film thickness over 1 um. The films of different thicknesses also exhibit
distinct lasing characteristics. In this paper, we investigated the lasing characteristics of high-
quality ZnO epitaxial films grown on Si(111) with a thin Y,O; buffer layer; the correlation
between the lasing mechanisms and the structural properties of the films are discussed. The
different crack densities and surface roughnesses, adjusted by varying film thicknesses,
modulate the lasing thresholds of RL and FP lasing.
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2. Experiments

High quality c-plane ZnO epitaxial films were grown by pulsed-laser deposition on Si(111)
substrates with a 9 nm thick Y,0; buffer layer, which was grown by electron beam
evaporation. The details of the sample preparation have been published elsewhere [13].
Micro-photoluminescence (micro-PL) spectra of the ZnO epitaxial films were measured using
the third harmonic of a Nd: YVO, laser (at 355 nm) as the excitation source with a pulse
width of 500 ps and repetition rate of 1 kHz. The excitation laser beam was directed normally
to the sample and focused onto its surface with the power adjustable with an optical
attenuator. The spectra of spontaneous and stimulated emissions were collected by a fiber
bundle, which is coupled to a Triax-320 monochromator equipped with an electrically cooled
charge-coupled device (CCD). And a beam profiler is used to record the profiles of lasing
emissions. All the measurements were done normal to the sample surfaces and three different
pumping areas, 1.13 x 107, 7.85 x 107, and 5.03 x 10~ cm® were adopted. An optical
microscope was used to observe the micro-cracks of the films. A scanning electron
microscopy (SEM) was employed to measure the film thickness and surface roughness. All
the experiments were performed at room temperature.

3. Results and discussion

To explore the lasing properties of ZnO epi-films of different microstructures, the micro-PL
spectra of two samples with thickness around 1,200 (the thick film) and 555 nm (the thin
film) are measured as a function of pump-power (Fig. 1). At low pumping, all the spectra
show broad emission with modulated ripples indicating interference fringes, which are
originated from the structure resonance formed between the top and bottom interfaces of the
films due to the high reflectance (> 50%) of Si wafer in the ultraviolet (UV) range [14] and
the smooth ZnO surface. With increasing pumping intensity, many narrow emission lines
with linewidth ~1.45 meV emerge around 3.2 eV, the low-energy part of the near-band edge
(NBE) emission band. The emission spectra were decomposed into a broad spontaneous
emission and sharp peaks. The insets in Fig. 1 illustrate the emission intensity (I.) versus the
pumping power (Ppump) plot on a log-log scale as well as the fittings by a power law. The red
lines are the fittings to the spontaneous emission, of which the slopes are close to 1. The blue-
lines, which present the fittings to the stimulated emissions, have slopes larger than 2. For
both samples, the excited intensities of the broad spontaneous emission increase almost
linearly with the pumping intensity; however, the intensities of the narrow peaks exhibit a
nonlinear dependence on the excitation intensity. For both samples, the emission is dominated
by the broad spontaneous emission below the lasing threshold Py, which is defined as the
intersect of the blue line to the abscissa at I, = 0; above which the stimulated emission grows
rapidly. The spectra also show progressive red shift with rising pumping power, which is
attributed to local heating by the excited laser beam. The lasing thresholds are determined to
be 1,200 and 920 W/ecm” with power slopes of 2.05 and 2.23 for the thick and thin samples,
respectively. The observed low lasing thresholds may be attributed to the high crystalline
quality of the ZnO layers and the Si has better thermal conductivity than sapphire to reduce
the thermal effects effectively.
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Fig. 1. Pumping power dependent lasing spectra of the ZnO epi-layers with thicknesses of (a)
1,200 nm and (b) 555 nm grown on Si(111). The insets show the corresponding linear scale
plots of emission intensity versus pumping power.

As aforementioned, the lasing action in ZnO nanostructures can involve two kinds of
lasing mechanisms. A single-crystal nanostructure of ZnO is a gain medium by itself and can
also function as a natural FP cavity formed between the two-end facets [3,4]. The other lasing
mechanism is RL, in which the emitted light is strongly scattered in gain medium and a
closed-loop path is formed through multiple scattering. Plugging the measured FSR
associated with the lasing modes, ~2.8 and 4.8 meV for the two samples, and the refractive
index of ZnO (n =2.45) at UV range into the formula, FSR =c¢,/2nL [4,8], we calculated the

cavity lengths (L) to be about 92 and 54 pm, respectively. These numbers are too large to be
the FP cavity lengths formed by the end-surfaces of ZnO films, which correspond to the film
thickness in this case, but could instead result from RL with the proper closed-loop path. The
RL often occurs in ZnO powders, polycrystallines, and nanostructures [6—11], which contain
lots of boundaries for scattering.

The thick film, which possesses the larger gain volume, in principle should have the lower
lasing threshold. However, our experimental results showed that the thin film possesses the
shorter cavity length (RL) but the lower threshold. In order to examine whether the lasing
mechanisms of two films are different, the lasing patterns were recorded normal to the sample
surfaces with the pump power set to Pyump ~1.17 Py by a beam profiler. Surprisingly, the
lasing pattern from the thick film, shown in Fig. 2(a), consists of intense spikes distributed
randomly on top of a plateau; in contrast, the pattern of the thin film, illustrated in Fig. 2(b),
exhibits a smooth Gaussian-like profile. The pronounced difference in lasing profiles reveals
the distinct lasing characteristics of the epitaxial ZnO films of different thicknesses and is
associated with different lasing mechanisms. The sparsely distributed emission peaks in Fig.
2(a) is originated from the scattered light by the scatters in the RL loops; whereas, the
Gaussian-like profile of the direct emission from the pumped area comes from the emissions
out of vertical FP cavities formed by top and bottom surfaces of the thin film. We speculate
that the RL is achieved by the coherent feedback from multiple scattering occurring at the
cracks in the thick film, as discussed below.
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Fig. 2. The contour (left) and 3D (top right) intensity plots of lasing beam profiles of the (a)
1,200 and (b) 555 nm thick ZnO films, as pumped above the lasing threshold. The line profiles
across the center of the excitation area are shown on the bottom right of the corresponding
figure.

The insets in Fig. 3 illustrate the surface images of two ZnO samples obtained by an
optical microscope. Crack channels running along the ZnO <1 1§O> directions with {IOIO}
side surfaces were observed on both samples. Previous studies reported that the

{1010} surfaces of wurtzite ZnO have the lowest surface energy by simple bonding density

calculation [15]. The development of the cracks is due to the tensile stress induced by lattice
mismatch and post-growth cooling. The density of the cracks increases with increasing layer
thickness from 3.48x10%cm™ for the 555-nm film to 1.29x10°cm™ for the 1,200 nm thick
film. It is also noted that most cracks form networks with 3-fold symmetry in the thick film,
shown in Fig. 3(a), but are mostly parallel lines in the thin film, shown in Fig. 3(b). The crack
networks with higher density in the thick film provide the closed-loop paths for RL and
reduce the RL threshold. On the other hand, the parallel fractures with lower density in the
thin film are not sufficient to provide closed-path loops required for RL.
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Fig. 3. Emission spectra of the (a) 1,200 and (b) 555 nm thick ZnO films taken under fixed
pump power and variable excitation area. The blue, red, and black curves, were taken with
pumping area of 1.13 x 107* (A), 7.85 x 107 (A,), and 5.03 x 107 cm? (A;), respectively. The
insets illustrate the optical microscope images of the sample surface.

To verify that the high density of crack networks facilitate the RL action via strong
multiple light scattering but not the low density parallel ones, we measured the emission
spectra of the two samples with fixed pumping power but varying the pumping area. The
spectra taken with decreasing illuminated area, (A;) 1.13 x 107, (A,) 7.85 x 107 and (Aj)
5.03 x 107 cm” are depicted by the blue, red, and black curves, respectively, in Figs. 3(a) and
3(b). For the thick film in Fig. 3(a), the spectra collected from the two small excitation areas
show smooth intensity variation. When the excitation area increases up to 1.13 x 10~ cm?,
discrete sharp lasing peaks emerge as the lights are scattered by sufficient boundaries defined
by the crack networks and closed-loops are formed. According to the RL theory, the lasing
threshold is proportional to the critical pumping area to the power of —2/3 or 42° [7]. If a
closed-loop path was too short, the amplification along the loop would not be high enough to
achieve lasing. Since the larger excitation area covers the more closed-loop paths for light,
RL action could occur in more cavities formed by recurrent scattering. In other words, when
an excitation area exceeds the threshold area, closed-loop paths can be formed through
multiple scattering in the excitation area and the RL action can be achieved. Based on the RL
theory, the stimulated emission peaks appear as the pump diameter exceeds 100 pm
(corresponding to 1.13 x 107* ecm?), which is close to the calculated cavity length of 92 um
derived from the measured FSR of the lasing modes. This result supports the speculation that
high density crack networks formed in the thick ZnO layer facilitate multiple scattering and
the RL emerges as the critical pumping area is reached. The intense emission peaks randomly
distributed in location on top of the plateau of spontaneous emission in Fig. 2(a) are the RL
modes caused by stimulated photons being strongly scattered in gain media, in which closed-
loop paths can be formed through multiple scattering by the crack networks.

In order to understand the lasing characteristics of the thin sample (555 nm), we fixed the
pumping power at 65 mW and varied the excitation area to observe the change in emission
spectrum. As shown in Fig. 3(b), the lasing modes emerge as the pumping area decreases,
opposite to the RL behavior observed in the thick film. This is due to the increase of pump
density beyond the threshold as reducing the pump area.

Although the calculated threshold gain in the thin films is near 2x10*cm™", which can
cause strong amplified spontaneous emission (ASE) within the pump region with diameter of
~80 pum, due to the significant absorption around 3.2 eV in the unpumped region, in which the
ZnO absorption coefficient is about 10*cm™ read from Fig. 2 of Ref. 16, the in-plane lasing
was not observed laterally in our samples. Nevertheless, the lateral waveguiding effect may
play a role on the lasing behavior in the thin sample with two parallel cracks having some ten
pm distances. The lateral lasing resulting from oscillations in lateral cavities with various
cavity lengths from irregular spatial distribution of parallel cracks should reveal a spectrum

1
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with more than one set of equal-spacing peaks under a gain profile of ZnO due to different
cavity path lengths [17]. So the observations of excitation area dependence and Gaussian
emission pattern shown in Fig. 2(b) suggest that the stimulated emission of the thin film
should result from resonant oscillation in a vertical cavity formed by the two end-surfaces of
the ZnO film, a conventional FP cavity. And, the resonant peaks should not be associated
with the longitudinal lasing modes, because the calculated cavity length of 52 um is too long
to match the film thickness. They may be from the high-order transverse Hermite-Gaussian
modes if curved surface exists on the air-ZnO interface.

The expanded lasing spectrum of the thin sample is shown in Fig. 4(a). By using the film
thickness 555 nm as the cavity length and the refractive index of ZnO at UV range (n =2.45),
we determine that the significant lasing peak at 3.205 eV corresponds to the 7th longitudinal
mode from the FP cavity model. The resonant frequency of the transverse Hermite-Gaussian
modes can be expressed by [18]

vy =S| g AR e 1—£%
T R) |

where ¢ is the longitudinal mode number, 4 and k are the transverse mode numbers, and L is
the cavity length corresponding to the film thickness. Note that R is the average radius of
curvature of reflection surface (mirror), which could be formed by a curved film surface due
to columnar growth nature of ZnO along the c-axis [19]. From the transverse mode spacing of
around 4.8 meV marked by the dashed lines in Fig. 4(a), we estimated the radius of curvature
R to be ~510 pm. The obtained radius of curvature is much larger than the layer thickness;
this implies the corresponding surface is very smooth.

Figure 4(b) illustrates the cross-sectional SEM images of the two samples. The surface of
the thick film (upper panel) is too rough to retain the high reflection efficiency and fails to
serve as a good reflector required for a FP cavity. Moreover, the high density of crack
networks formed in the thick film enhances multiple scattering and favors the RL action.
Under this circumstance, RL action dominates the emission spectrum of the thick film. In
contrast, the high crystalline quality and smooth interfaces of the thin sample, together with
the good thermal conductivity of Si wafer, which effectively reduces the thermal induced
optical deterioration, yield high reflectance of above 50% in the lasing range and lead to low-
threshold FP lasing action. In addition, the lower crack density effectively raises the lasing
threshold of RL action. The lasing action of the thin film is thus ascribed to the transverse
Gaussian modes sustained by the vertical FP cavity. These results are consistent with the
report by Kalusniak ef al. [12], which demonstrated that pure RL typically requires a larger
gain than standard FP feedback. In our case, we observed RL only from the thick film as a
result of high crack networks enhanced multiple scattering and large surface roughness that is
unfavorable for FP. The low crack density and flat surface of the thin sample facilitate FP
lasing action and are unfavorable to multiple scattering; therefore only FP lasing was
observed.

For the samples of much smaller ZnO thickness, such as 25, 81, 176, and 345 nm, they are
crack-free. Their emission spectra only exhibit emission bands attributed to the exciton-
exciton scattering and electron-hole plasma under increasing pumping. Neither RL nor FP
lasing was observed. The reasons for not observing random lasing or Fabry-Perot type lasing
in other samples of much smaller thickness may be partly because no cracks were formed
under the critical thickness that is required for random lasing or not enough gain in much
smaller thickness films that require even larger lasing thresholds; and partly because the
larger free spectral range with much smaller thickness so that the cavity resonance may not
match with the gain profile of the material.
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Fig. 4. (a) Emission spectrum from the thin film above the lasing threshold. The solid and
dashed lines mark the center of the lasing modes from the vertical cavity model and transverse
Hermite-Gaussian modes, respectively. (b) Cross-sectional SEM images of the ZnO epi-layers,
the ZnO layer thickness of the upper and lower images are 1,200 and 555 nm, respectively.

4. Conclusion

Lasing modes of different origins, vertical FP cavity and RL, were observed in ZnO epi-films
of different thickness grown on Si(111) substrates. The thickness dependent structural
features, including surface roughness and crack density and arrangement, play the key roles in
active modes selection. High density of crack networks found in the thick film (~1,200 nm)
provide sufficient network scattering boundaries, form closed-loops required for random
lasing action and give rise to the spatially scattered emission peaks. The lasing action of the
thin film (~555 nm) with low crack density and smooth surface is originated from the FP
cavities formed by the ZnO-air and ZnO-substrate interfaces. The emission spectrum of the
thin sample shows a Gaussian-like profile, characteristic of the transverse Gaussian modes.
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