
BRIEF COMMUNICATIONS NATURE|Vol 441|22 June 2006

946

Shenzhen 518055, China
e-mail: huanglq@sz.tsinghua.edu.cn
†School of Life Sciences, University of Science &
Technology of China, Hefei 230027, China
‡The National Orchid Conservation Center,
Shenzhen 518114, China
§College of Forestry, South China Agricultural
University, Guangzhou 510642, China

1. Wang, Y. Q., Zhang, D. X., Renner, S. S. & Chen, Z. Y. Nature
431,39–40 (2004).

2. Darwin, C. The Various Contrivances by which Orchids are
Fertilised by Insects2nd edn (Murray, London, 1890).

3. Stebbins, G. L. Am. Nat. 91,337–354 (1957). 

4. Piper, J. G., Charlesworth, B. & Charlesworth, D. Nature310,
50–51 (1984).

5. Barrett, S. C. H. Nature Rev. Genet. 3,274–284 (2002).
6. Seidenfaden, G. Opera Bot.114,441–444 (1992).
7. Herlihy, C. R. & Eckert, C. G. Nature416,320–323 (2002).
8. Holsinger, K. E. Proc. Natl Acad. Sci. USA97,7037–7042
(2000).

9. Dole, J. A. Am. J. Bot. 79,650–659 (1992).
10. Lord, E. M. Bot. Rev. 47,421–449 (1981).
11. Goodwillie, C., Kalisz, S. & Eckert, C. G. Annu. Rev. Ecol. Evol.
Syst.36,47–79 (2005).

Supplementary informationaccompanies this
communication on Nature’s website.
Received 30 November 2005; accepted 13 April 2006.
Competing financial interests:declared none.
doi:10.1038/441945a

adjusting the distance between the photonic
crystal and the active layer in the device’s
structure (see supplementary information).
The mechanisms by which the individual
beam types are produced can be explained
qualitatively. The beam patterns reflect the
field distribution within one unit cell of 
the crystal lattice. Circular lattice points give
rise to a rotationally symmetrical field distri-
bution (see supplementary information).
Interference in the far field produces a
doughnut-shaped beam (Fig. 1a), which can
have either tangential or radial polarization
(see supplementary information). Shifts of
the crystal lattice by half of the lattice con-
stant produce phase shifts in the field distri-
butions: the resultant far-field interactions
are reversed, leading to the formation of var-
ious types of doughnut beam (Fig. 1b–e, and
see supplementary information). 
When the structure of the lattice points is
modified, the field distribution within one
unit cell is altered: for example, with triangular
lattice points, destructive interference in the
far field does not occur in the x-direction,
which reflects the asymmetry around the lat-
tice point in this direction; as a result, a circu-
lar single-lobed beam can be obtained (Fig. 1f,
and see supplementary information).
Further engineering of the photonic crystal
structures described here should allow novel
beams to be generated. This will define a new
direction for semiconductor lasers and could
lead to the realization of compact lasers with
on-demand beam characteristics.
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PHOTONICS

Lasers producing tailored beams
Compact lasers that can produce a range of
beam patterns are important for progress in
several areas, including the improvement of
optical tweezers1, ultra-high-density optical
memory2and microfluidics3. Here we engi-
neer photonic crystals to generate semicon-
ductor lasers that produce a range of beam
patterns while maintaining stable single-mode
oscillation. Our results could contribute to 
the realization of compact lasers that are 
capable of producing diverse beam patterns 
on demand.
The beam (far-field) pattern emitted by a
semiconductor laser is determined by the
Fourier transformation of the electromagnetic
field distribution in its output plane. It is there-
fore important to find a method of controlling
the electromagnetic field while maintaining
stable single-mode oscillation. An array of ver-

tical-cavity surface-emitting lasers has been
investigated4, but without achieving stable and
flexible control of the field distribution. The
use of a band-edge effect in two-dimensional
photonic crystals5–8, in which the refractive
index is changed periodically, is a promising
way to get this control. The group velocity of
light becomes zero at the band edge, which
gives rise to the formation of a large and stable
two-dimensional single-cavity mode, and the
output beam is emitted in the direction nor-
mal to the crystal plane, using the crystal itself
as a diffraction grating. 
We therefore developed photonic-crystal
lasers based on the band-edge effect by engi-
neering lattice points7and/or lattice phases9,10

in the crystal structure in order to control the
internal field distribution (see supplementary
information). Scanning electron micrographs

of the fabricated pho-
tonic crystals are shown 
in Fig. 1 (a–f, left panels).
The engineered phot-
onic-crystal lasers all dis-
play stable single-mode
oscillation at room tem-
perature; the maximum
output power exceeds
45 mW under continu-
ous-wave conditions. 
The surface-emitted
beams had a variety of
shapes, including single,
twin and quadruplet
doughnuts, either sepa-
rated or touching, and
circular  single-lobed
forms (Fig. 1, right pan-
els). Divergence angles
of these beams were less
than 2°, reflecting the
large area (about 5050
m2) of coherent oscilla-
tion. An even larger area
of coherent oscillation
can be achieved by
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Figure 1 |A range of beam patterns produced by photonic-crystal lasers
with engineered lattice points and/or lattice phases. a–f,Scanning
electron micrographs of crystal structures (left panels) and observed
beam patterns (right panels) for circular lattice points with no lattice
shifts, with one shift, with parallel double shifts, with crossed shifts and
with double-crossed shifts, and for triangular lattice points with no
shifts, respectively. Details, including those of the device structure and 
of beam-pattern control, are explained in supplementary information.
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