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Spherical micromirrors from templated self-assembly: Polarization rotation
on the micron scale
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We demonstrate a fabrication route to individual micron-scale metallic spherical mirrors. The
mirrors are prepared by electrochemical growth through the interstitial voids of a self-assembled
latex sphere template. Excellent spherical mirrors of Au and Pt are obtained with unusual
polarization properties in which multiple reflections with distinct anisotropies are found due to
geometric polarization rotation. Such micromirrors can form the basis of low-cost microcavity
structures and microlasers. ©2003 American Institute of Physics.@DOI: 10.1063/1.1595723#
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The ability to integrate micromirrors has tremendo
technological potential, as shown by the Texas Instrume
designed Digital Micromirror Device~Plano, TX!.1 How-
ever, despite the increasing use of microlens arrays in i
grated optics, to our knowledge, no spherical negati
curvature micromirrors have been reported. In this letter,
demonstrate geometric reflections and polarization rota
of light from highly reflecting metallic spherical reflecto
produced through low-cost electrochemical deposition
self-assembled templates.

Planar microcavities have been widely used as a wa
control spontaneous emission and to enhance the intera
of light with matter, as in quantum wells~QWs!2 or quantum
dots,3 but these structures only confine photons in one
mension. Confinement in lateral dimensions, such as in p
tonic crystals4 or microcavity mesas,5 can inhibit spontane-
ous emission altogether, but involves complex and expen
fabrication strategies. Here, we present a simpler appro
utilizing spherical microcavities. While traditional lase
built from discrete components use macroscopic spher
mirrors, microcavity lasers do not. Nonplanar QW microca
ity lasers have been fleetingly studied and can show l
threshold operation6 but progress has been delayed by th
fabrication problems. Theoretical work on the mode struct
in parabolic dome7 and spherical cavities8 also highlight the
promise of such zero-dimensional~0D! microcavities, but
fabrication is nontrivial. Similarly, glass or polymer micro
spheres show highQ factors in whispering gallery modes bu
it is generally hard to control them and difficult to coup
light into and out of them.9

The use of metallic mirrors, rather than dielectric m
rors, in a spherical geometry simplifies fabrication. Althou
metallic mirrors exhibit relatively lowQ factors, the optical
field penetrates far less in metallic microcavities than in
electric ones, so significant and useful field enhancemen
possible as shown in polymer-filled metallic plan
microcavities.10 Until recently, making curved mirrors in th
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size range required has been difficult, but advances in e
trochemistry and directed self-assembly of colloidal te
plates now offer a cheap and simple way to produce an a
of well-ordered spherical reflecting surfaces.11 Previously,
we have concentrated on making templates with la
spheres in the size range 200 nm–1mm,12 smaller than op-
timal for our microcavities. Here, we study the growth a
reflection characteristics of single, and arrays of, spherica
and Au mirrors, of diameters,f, up to 10mm.

The template is prepared through sedimentation o
confined colloidal solution of latex spheres on a gold-coa
substrate electrode to leave a self-assembled arrangem
Either close-packed arrays or isolated sphere templates
be obtained by adjusting the sphere concentration. The
strate is then placed in an electrochemical cell with a so
tion of aqueous metal complex ions which are deposi
through reduction in the interstitial spaces of the templ
@Fig. 1~a!#. The latex spheres are removed by dissolving
toluene, leaving a porous metallic ‘‘cast’’ with the orderin
and size of the original template. The lack of strain in thre
dimensional microstructures after this etching step~com-
pared to fabrication using silica spheres! produces robust
structures which have not shrunk. The electrochemical de
sition is calibrated so that measurement of the total cha
passed allows precise control of the film thickness. Scann
electron microscopy~SEM! micrographs are used to measu
the pore mouth opening to check the thickness,t, of the film
and investigate its surface quality, but do not give any in
cation of the quality of the surface of the cavities. The m
crograph shown in Fig. 1~b! shows Au cavities off
55 mm andt52 mm, in a close-packed arrangement.

Structures greater than a micron in size are large eno
to be studied in detail in a reflection microscope witho
diffraction artifacts. The geometric reflection paths of inc
dent light on a curved reflector are shown in Fig. 1~c!. The
rays collected in the focal plane are those that leave the
near normally. Rays incident on other points of the surfa
either leave the film at large oblique angles such that they
not collected, or are collected but focused at a different fo
plane.
© 2003 American Institute of Physics
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Contact-mode atomic force microscopy~AFM! measure-
ments of two films, the Au film (f55 mm, t52 mm) shown
in Fig. 1~b! and a Pt film (f510mm, t53 mm) reveal sig-
nificant differences in their topography~Fig. 2! compared to
the latex template~shown dashed!. Cavities in the Au film
@Fig. 2~a!# have a smooth spherical surface around their b
and although the upper surface undulates, the surface ar
the latex sphere is smooth. In contrast, the surface of th
sample is much rougher@Fig. 2~b!# for the particular deposi-
tion conditions we employ—only the first 0.5mm thickness
of the film has a smooth spherical shape. Above this,
growth slows down except for points directly between t
latex spheres, providing uneven surfaces. These observa
are typical of the differences between microreflectors of
and Pt across samples of many thousands of cavities. We
little effect in either the structure or the optical properties d
to changes in the proximity between cavities, thus enablin
large variety of microcavity device designs. While the A
film can support double~and triple! bounces@Fig. 2~a!, dot-
ted line#, the Pt mirrors only show single bounce reflectio
@Fig. 2~b!#.

Optical images of the two samples are taken with3200
magnification, (numerical aperture50.9). Bright-field im-
ages of the Au cavities show that each cavity has a br
central spot seen in the center of a dark circle, which in t
is surrounded by a bright ring@Fig. 3~a!#. Further out, each
cavity has six hexagonally arranged bright spots around
which are Au pillars growing up through the triangular inte
stices between the latex spheres.11,12 The top surface of the
film is reflective, despite the mild irregularity seen in th
AFM images ~and are common in thick electrodeposit
metal films!. In contrast, bright-field images of the Pt samp
@Fig. 3~b!# show the surrounding surface of the film is no

FIG. 1. ~a! Schematic templating route uses electrochemical depositio
the interstitial holes of a self-organized template of latex spheres, up
well-controllable height.~b! SEM of a Au microreflector with diameterf
55 mm, thicknesst52 mm. ~c! Ray paths of reflections of an inciden
plane wave off the micromirror, full lines show collimated beams which
collected and dashed lines show near-axis paraxial rays which are foc
inside the structure and defocused in collection.
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reflective, as suggested by the AFM scans. Dark-field ima
show background reflections of,1% on the mirror surfaces
confirming that their granular morphology acts to absorb
incident light. Thus, by adjusting the parameters for el
trodeposition of different metals, it is possible to contr
whether the spherical microreflectors are embedded in
flecting or absorbing films, which is of considerable adva
tage for their application in microcavity devices since bac
ground reflection outside the microcavities can
suppressed.

The surrounding rings of high reflectivity observed ari
from multiple bounces that are not normally seen fro
spherical reflectors due to their typically small curvatu
t/f!1. However, for the structures heret;f/2, and these
multiple-bounce reflections are clearly present. By grow
different thicknesses, the multiple bounces can be remo

in
a

ed

FIG. 2. Contact-mode AFM cross sections of~a! Au and~b! Pt films, across
the center of a cavity. The outline of the latex sphere~dashed line! and the
ray path of the two-bounce reflection~dotted line! are marked.

FIG. 3. ~a, b! Bright-field images at3200 magnification of~a! diameter
f55 mm Au film and ~b! f510mm Pt film. The top surface in~b! is
nonreflective.~c, d! Cross sections of the reflectivity profiles of~c! Au and
~d! Pt microreflectors~dashed lines indicate the theoretical positions of t
double bounce!.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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leaving only the central spot. Sections of the intensity p
files for each sample, normalized with respect to a pla
silver mirror, are shown in Figs. 3~c! and 3~d!. Both show a
reflectivity greater than 100% at the center spot, demons
ing that light is indeed focused by the curved surfac
Dashed lines in Fig. 3 indicate the predicted position of
double bounce from a cavity with a perfect spherical str
ture. Good agreement between theory and experimen
found for the Au sample, whereas the Pt sample show
separate single-bounce reflection ring off the plateau reg
which is confirmed by the AFM measurements. Thus,
optical quality of the metal surfaces can be directly co
firmed, and used to optimize the electrochemical grow
around the latex micromolds.

The validity of the ray model was further tested by an
lyzing the polarization state of the reflection from the micr
mirrors. Bright-field images of the Au sample are tak
through collinear polarizers@Fig. 4~a!# and through crossed
polarizers@Fig. 4~b!#, with the incident polarization set to b
vertical with respect to the images. Collinear polarizer alig
ment only images cavity reflections which preserve the
larization state, such as from the single reflection off
bottom of the cavity. Light experiencing a multiple reflectio
off the sides of the cavity acquires a more complicated
larization state depending on where on the sphere the
hits with respect to its polarization. In Fig. 4, the polarizati
state is preserved for light hitting the top, bottom, left- a
right-hand sides of the microreflector. At other positions
the sides of the reflector~i.e., along the diagonal orientation!,
the polarization is rotated as seen in Fig. 4~b!. In order to
model this system, we denote the angleu as the angle be
tween the incident polarization and the point on the ring
which an incident ray hits. The origin of the polarizatio
rotation is geometric—at each interface, the light picks u
twist in the linear polarization ofu due to the out-of-plane
reflection geometry. Hence, for the double bounce, this
larization rotation is 2u. The intensity distribution through
collinear polarizers is therefore given byI 5cos2(2u). The

FIG. 4. Bright-field reflection images at3200 magnification of Au micro-
cavities for ~a! collinear polarization and~b! cross linear polarization.~c!
and ~d! Predicted images of a cavity illuminated by plane waves, fr
geometric polarization rotation.
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predicted intensity distribution of the microcavity modele
for a copolarized or cross polarized analyzer@Figs. 4~c! and
4~d!# matches the results extremely well. As predicted, th
polarization effects observed for Au are not present for the
samples which have no double bounce when grown in
way. These polarization anisotropies are thus a useful op
signature for large curvature micron-scale reflectors.

By capping these microcavity films with dielectric o
metallic mirrors, 0D confined optical cavities can be pr
duced with sharp resonant optical modes. In addition, t
can be filled with a wide variety of optically active material
including liquid crystals, semiconductors, chemical dy
fluorescently tagged biomolecules, or semiconductor qu
tum dots. Further work is continuing to investigate how lig
couples to these reflectors with a view to making arrays
micron-sized lasers with ultralow lasing thresholds. In ad
tion, they are promising for applications in integrated ato
chips. The double-bounce reflection also offers the oppo
nity to make Raman oscillators by exciting whispering g
lery modes in embedded dielectric microspheres.13 The
model described here can also be applied to much sm
cavities (f5100 nm to 950 nm! which cannot be so easily
imaged optically, and do not give such a simple ray pictu
due to the comparable influence of diffraction.14 However,
the model discussed here is the first step in understanding
optical response of all such nanocavities.

In conclusion, we have demonstrated the reflection ch
acteristics of electrochemically grown spherical microrefle
tors using a low-cost controllable self-assembled templ
We explain their optical properties using a geometric mo
based on their actual morphology. Using such technique
wide range of microcavity designs can be implemented,
cause of the flexibility of this process.

The authors acknowledge support from the EU SQu
program, and EPSRC GR/N37261, GR/R54194, GR/S026
and GR/N18598.
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