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Geometrical diffuse reflection is a common optical phenomenon that occurs when a reflecting surface has
roughness of order of hundreds of micrometres. Light rays thus reflect uniformly in all directions with each
ray obeying Snell’s law. Of interest is knowing what happens when light reflects off surfaces with roughness
of nanometres. Here, by introducing nanoscaled roughness on the hexagonal faces of ZnO nanocavities, we
observe luminescent profiles with flowery patterns, replacing the usual whispering gallery modes. The
unique profile for these nanocavities is attributed to wave diffuse reflection, which occurs when the features
on the reflecting surfaces are typically nanometre-sized. Light with wavelengths of similar scale “sees” these
nano-perturbations, and undergoes scattering rather than geometrical diffuse reflection. These findings
could benefit the fields of nanoscale topography and nanoscopic uniform lighting by using wave diffuse
reflection.

iffuse reflection is a well-known but important optical phenomenon that is commonly observed in daily

life'. Light reflects and diffuses in many different directions from surfaces that are microscopically rough

with features typically the size of hundreds of micrometres. In general, light reflects according to the
geometrical law of reflection. As a result of the random orientation of the microscale surfaces, light rays have
almost equivalent intensity in all reflected directions, causing geometric diffuse reflection to occur. However, we
are interested in whether diffuse reflection appears when the typical sizes of features on a reflecting surface are of
nanoscale orders. Unfortunately, this fundamental issue has no intuitive picture based in theory to explore light
propagation on such surfaces. Also of interest is knowing whether reflected light still has a uniform intensity in all
directions, and what new physics happens on nanoscale-rough surfaces. Additionally, random surfaces studies
are of great interest to researchers in fields such as dynamical localisation in chaotic microdisks'”'®, surface
plasmons?, second-harmonic generation’, and Raman scattering®. Random surfaces are also widely investigated
in research on topography® and topology®. In our study, we fabricated a series of hexagonal ZnO nanocavities with
nanoscaled roughness and observed unique luminescent profiles with novel flowery patterns.

Generally, in a hexagonal ZnO nanocavity, light is confined because of multiple total internal reflections along
the boundary of the optical resonator, and the distribution of luminescence intensity is locally concentrated at the
hexagonal faces, which directly result in typical luminescence enhanced by whispering gallery modes (WGMs)”~°.
However, by introducing nanoscaled roughness on these faces, we can see a new kind of diffuse reflection, namely
wave diffuse reflection, occurring as light reflects from sample faces under conditions where total internal
reflection no longer holds causing the WGMs to disappear. In place, other interesting modes emerge with highly
symmetric flowery profiles. In this configuration, light “sees” the nanoscale roughness as both light and rough-
ness are of the same length order, and Snell’s law is no longer valid on such surfaces. Experiments, theoretical
analysis, and computer modelling performed in our study have demonstrated that the WGM:s are not generated
in these nanoscale-rough nanocavities; instead, wave diffusion reflection occurs as electromagnetic (EM) waves
reflect in all possible directions. The reflected light has an almost uniform intensity in all directions, and no
obvious reflecting angle can be defined. A new kind of flowery luminescent pattern appears because of reflections
occurring on the smooth surface in the six corners of the hexagonal ZnO nanocavity. Importantly, this kind of
interesting luminescent pattern can be observed by using a rigorous finite element method, and can be under-
stood in a simple geometrical manner.

Results
The hexagonal ZnO nanocavities are prepared on silicon wafers using simple thermal chemical vapour transport
and condensation without any metal catalysts'®'". Four typical hexagonal ZnO nanocavities of various size and
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Figure 1] (a), (d), (g), (j), SEM images (top view) of four typical
hexagonal ZnO nanocavities of different sizes and nanoscaled surface
roughness. (b), (e), (h), (k), the corresponding panchromatic CL images,
and (c), (), (i), (1), the monochromatic CL images (around 386 nm), in
which we clearly see different petaline luminescent patterns resulting from
the differences in size and roughness. The insets between the two CL images
are the corresponding CL spectra.

nanoscaled roughness (Fig. 1) were selected to pursue the diffuse
reflection inside hexagonal nanocavities. Geometrically, all hexa-
gonal nanocavities are columns, and have a near-perfect and smooth
hexagonal top surface and six faces with different nanoscaled rough-
ness. From the cathodeluminescence (CL) images from inside these
ZnO nanocavities, the luminescent profiles clearly show novel hexa-
gonal petaline patterns (Figs. 1b, e, h and k). The geometrical shape of
these petals are slightly different because of differences in size and
roughness of nanocavities. The roughness of the six faces has a great
influence on the luminescent pattern (see for example Figs. 1h and k).
We emphasise that the only difference between the ZnO nanocavities
generating WGM patterns and our samples with petaline lumin-
escent pattern is introducing nanoscaled roughness on the six faces
(Figs. 1a, d, g and j). For typical WGM nanocavities, the faces are
smooth (see Supplementary information). When light impinges on
these faces, total internal reflection takes places and results in well-
defined WGMs with high fidelity. However, when the faces have
nanoscaled roughness, light feels out the nano-scale perturbations
complicating reflection. The reflection intensity will vary consid-
erably, and the reflected path will no longer be centred on the geo-
metrical angle of reflection. Instead, our observations reveal that the
behaviour of light in these circumstances undergoes wave diffuse
reflection, in analogy to geometrical optical phenomenon, but gov-
erned by scattering theory rather than geometrical ray optics.

Discussion

To understand wave diffuse reflection, consider a one-dimensional
nanoscaled rough surface between ZnO and air in the context of the
extinction theorem'>". Two length scales are used to characterise
the statistical properties of features in the rough surface. One is the
root-mean-square (RMS) of surface heights o; the larger G is, the
higher the maximum height of the surface is. Another is the correla-
tion length T; the smaller T is, the more the surface fluctuates. We
study the reflected behaviour (both reflectance and angular reflected

intensity) of light with incident angle 6, (for more information, see
Supplementary Information). Here, we assume that the permittivity
of ZnO is constant, e=5.29'°, and the wavelength inside ZnO is A, =
186 nm, corresponding to the CL peaks in Fig. 1.

Fig. 2a shows the variation of the reflectance at different incident
angles for s-polarised light incident on a ZnO surface; p-polarised
light behaves similarly. When the surface is smooth, ie, ¢ = 0,
Snell’s Law is satisfied. The reflectance slowly increases at small
incident angles but notably increases near the critical angle 0,

1
(B.=sin"1( ?*25“); total internal reflection occurs at 6, > 0.

Given a nanoscale-rough surface (a nano-perturbation), some inter-
esting EM behaviour related to wave diffuse reflection is observed. If
o is sufficiently large, the reflectance no longer becomes unity at 0, >
0.. For example, the reflectance decreases to 0.8 at 0, = 30° when &
reaches 0.5 A (green in Fig. 2a). Furthermore, for small incident
angles, the reflectance from a large rough surface (e.g. c = ) will
be several times greater than from a smooth surface of the same
material, inferring that reflectance changes slowly for all incident
angles from large rough surfaces. Typically, when the correlation
length and the RMS deviation are set to 4.4 and 4 2, respectively,
reflectance is almost at 0.8 (pink in Fig. 2a). Note that reflectance just
describes the total reflected power flow in all backward angles, but it
does not indicate what the angular intensity distribution is of the
reflected light. Although the reflectance is the same for different
rough surfaces, the angular intensity distributions will exhibit dis-
tinctly different profiles, which is another key characteristic of wave
diffuse reflection.

Figs. 2b and ¢ show reflectance phase diagrams with respect to
(T, ©), so as to provide a full picture of wave diffuse reflection. We
focus on incident angles 30° and 60° as these are related to the
respective quasi-WGMs and WGMs of hexagonal ZnO nanocavities.
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Figure 2 | Reflectance in the combination of (T, 6). (a), Reflectance from
the nanoscale rough ZnO surfaces with different incident angles for
different values of 6. The length T is fixed at 4.4 to simulate a
representative example. The RMS deviations G are set to 0.2\ (red), 0.5L
(green), and A (black) to simulate different nanoscale roughness. The
reflectance of the smooth surface (blue), which notably increases around
the critical angle 0., is drawn for comparison. b and ¢, phase diagrams for
the incident angle 0, to be 30° and 60°, respectively,b which is related to
quasi-WGM and WGM of hexagonal ZnO nanocavities. Similar colour
changes are found in (b) and (c), except that low reflectance occurs at
larger o in ¢ than in (b). The characteristics for the samples imaged in
Figs. 1a, 1d, 1g are marked in (b) and (c) with coloured symbols of a green
plus, blue asterisk, and purple circle, respectively.

| 3:1298 | DOI: 10.1038/srep01298



Similar rules can be observed in both phase diagrams. The reflectance
is high when the reflected surface is a little rough (small ¢ marked as
black regions in Figs. 2b and c). As o increases, the reflectance drops
gradually (colour changes from black to white). For example, the
reflectance is lower than 0.6 when o exceeds 0.5 A in Fig. 2b, indi-
cating a large transmission of energy across the surface into air. A
similar behaviour can be seen in Fig. 2c except that the low reflec-
tance occurs at larger 6. We recall that the two phase diagrams are
related to both types of WGMs in the hexagonal ZnO nanocavity.
Therefore, as the lengths of the surface features of our experimental
samples are within the low-reflectance regime, it is reasonable to
argue that both WGM resonance conditions no longer are valid when
roughness is sufficiently large. This is why strong luminescence is not
observed at the boundary of the rough ZnO nanocavities, illustrated
in the first three rows of Fig. 1. Additionally, nano-rough surfaces
with high reflectance (e.g. 6 ~ 0.5 A in Fig. 2c) do not guarantee the
generation of WGMs in hexagonal nanocavities. This is because the
reflected energy can have a homogeneous distribution in backward
directions (this point will be discussed in the next paragraph).
Opverall, both the quasi-WGMs and WGMs cannot survive in hexa-
gonal ZnO nanocavities with surfaces that are sufficiently rough.
As mentioned above, the angular intensity distribution is another
key feature in wave diffuse reflection. Here, we focus on situations
with T = 4.4 A. The relationships between reflected intensity and
reflected angle are presented for the quasi-WGM and WGM (Figs. 3a
and b respectively). For low o, the reflection intensity is centred
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Figure 3 | (a) and (b), Distribution of angular reflected intensity at the
incident angle of 30°and 60°, respectively. cissetto 0.1 A (darkblue), 0.2
A (light blue), 0.5 A (purple), and A (red). When & is small (dark blue), the
reflected intensity concentrates at the geometrical reflection angle. When o
is large enough (purple or red curve), the reflected intensity has a
homogeneous distribution over —90°-90°. Blue (red) inset indicates the
survival (colour fade) for a quasi-WGM and a WGM with small (large)
nanoscale perturbations present. In the insets, the width of the light beam
represents the angle of divergence; the width becomes larger if reflection
becomes wave diffused. The intensity of colour represents the energy of
light; the darker the colour, the more energy carried by the light beam.

narrowly about the geometrical reflection angle, signifying that
Snell’s law ensures both types of WGMs survive. In Fig. 3, the two
blue-framed insets show that the width of light beam and the colour
remains unchanged, inferring that most of the incident light under-
goes specular reflection. The trajectory of light is still well defined,
and thus no wave diffuse reflection exists. However, with sufficiently
large ¢ (e.g. 6 = 0.5 A or A), the reflection intensity is almost uni-
formly distributed in all directions from —90° to 90°, and the peak
values are low enough to suppress the quality factor for both types of
WGM. That is, incident light undergoes wave diffuse reflection
rather than specular reflection. Conditions required for total internal
reflection vanish, and the quasi-WGMs and WGMs no longer prop-
agate in the hexagonal ZnO nanocavity with large roughness. The
two red insets depict the light beam becoming increasingly wider,
and because of energy leakage, its colour changes from dark red to
light red.

Which modes ultimately survive and emerge once both WGMs
disappear? Obviously, this is not a simple question to answer because
there are many eigenmodes in the rough hexagonal ZnO nanocavity
with lifetimes of the same order. For rigour, a full vectorial EM
method should be developed to determine the field patterns within
a rough hexagonal nanocavity. Here, we use the commercially avail-
able finite element software (COMSOL Multiphysics) to undertake a
simulation. Given our computational resources, we set the sample
size to 2430 nm and set the two length scales associated with surface
roughness to T = 0.1 A and ¢ = 0.2 A. Interestingly, for a rough
hexagonal nanocavity, one of the numerical eigenmode patterns (see
the total electric field pattern in Fig. 4a) is consistent with experi-
mental observations. Indeed, with different nanocavity sizes, many
kinds of flowery modes are observed in the samples (Fig. 1). To
understand these modes in a simple manner, we propose one pos-
sible light path for one kind of flowery luminescent pattern in a large
sample (Fig. 4b). As the corners in a hexagonal ZnO nanocavity are
flat and smooth, wave diffusion reflection does not occur and the law
of total internal reflection still holds. There are thus two possible
quasi-WGM light path branches, as indicated by blue and green
dashed lines in Fig. 4b. These orbits avoid the rough faces and have
a rotated counterpart, which together produce the flowery pattern.
Note that this is not the same as the six-bounce orbit, which produces
the hexagram pattern rather than a petaline pattern'®. Indeed, after
being reflected at every corner of the hexagonal nanocavity, light
returns to the starting point forming a closed loop composed of
alternating long diagonal and short lateral paths around the nano-
cavity. As a result, in addition to the flowery pattern, we should see a
bright ring around boundary of the sample, as evident in the image of
Fig. li.

In summary, by introducing nanoscaled roughness on the hexa-
gonal faces of a ZnO nanocavity, we observe a new kind of diffuse

Figure 4| (a), Numerical simulation (domain of ZnO section) of total
electric field of hybrid mode of one of rough ZnO samples at wavelength
around 386 nm. (b), Schematic for one possible light path of the flowery
luminescent pattern. There are two possible quasi-WGM light path
branches (each has a rotated counterpart): one is indicated by green, the
other by blue. After being reflected at every corner of the hexagonal ZnO
sample, light returns to the initial starting point forming a complete, closed
loop. Along with the bright ring around the sample boundary, the petaline
luminescent pattern is then formed.
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reflection, namely wave diffuse reflection. Nano-roughness breaks
the conditions required for total internal reflection and suppresses
the WGMs; in place, other modes emerge, generating flowery pet-
aline profiles with concomitant symmetry of the nano-cavity. These
discoveries of wave diffuse reflection open up new prospects in
nanoscale topography and nanoscopic uniform lighting.

Methods

Following procedures detailed in our previous works'®", a variety of ZnO nano-
structures have been prepared on single-crystal silicon wafers. These nanostructures
grow vertically from the substrate and are sparsely dispersed. In brief, a mixture of
ZnO and graphite powders was loaded on one end of an alumina plate. Next, at the
other end, single-crystal silicon wafers were placed. The alumina plate was then put
inside a small quartz tube, and this system was placed in a horizontal quartz-tube
electric furnace. The system was rapidly heated to 1050°C and held at this temper-
ature for 20-40 min in an argon atmosphere, which was maintained by a flow rate of
50 SCCM under a pressure of 2 X 10* Pa. Finally, the source powders and silicon
wafers were removed from the furnace and rapidly cooled in air. A grey film was
observed on the substrates. Note that we can control the shape and size of the as-
prepared sample by preparation parameters such as pressure and temperature.

The CL measurements of the ZnO nanostructures were performed at room tem-
perature using a Gatan Mono-CL system attached to a field emission scanning
electron microscope (FESEM) with an accelerating voltage of 10 kV. The focus
electron beam was used as excitation source to excite samples. A collector probe and a
spectro-analysis instrument collected and processed the fluorescence signals. Note
that with nano-size materials, spatially resolved CL microscopy is so far the only
effective technique to characterise the optical properties of each individual nanos-
tructure'®'".

We used the pre-set study of eigenfrequency in the RF module of COMSOL
Multiphysics engineering simulation software to analyse the eigenmodes of hexa-
gonal ZnO samples with nanoscale roughness. Two-dimensional geometry was used.
The dielectric constant of the hexagonal ZnO samples is 5.29. Continuous boundary
conditions were set at the interface between ZnO sample and air. We searched modes
for which wavelengths were around 386 nm.
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