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Surface plasmons offer the exciting possibility of improving the functionality of optical devices through the subwavelength
manipulation of light. We show that surface plasmons can be used to shape the beams of edge-emitting semiconductor lasers and
greatly reduce their large intrinsic beam divergence. Using quantum cascade lasers as a model system, we show that by defining a
metallic subwavelength slit and a grating on their facet, a small beam divergence in the laser polarization direction can be
achieved. Divergence angles as small as 2.488888 are obtained, representing a reduction in beam spread by a factor of 25 compared with
the original 9.9-mm-wavelength laser used. Despite having a patterned facet, our collimated lasers do not suffer significant
reductions in output power (�100 mW at room temperature). Plasmonic collimation provides a means of efficiently coupling the
output of a variety of lasers into optical fibres and waveguides, or to collimate them for applications such as free-space
communications, ranging and metrology.

INTRODUCTION

The divergence angle u of a beam produced by an edge-emitting
semiconductor laser is diffraction-limited to a value u � arcsin(l/T)
in the plane normal to the waveguide layers, where l is the laser
wavelength and T is the thickness of the waveguide core. A similar
expression holds for the divergence angle parallel to the layers. In
the case of mid-infrared quantum cascade lasers (QCLs), T is
limited to a few micrometres and u typically ranges from 40 to 808
(full-width at half-maximum, FWHM) in the polarization
direction (z-axis, Fig. 1a), which is normal to the waveguide layers.
Conventionally, divergent beams from semiconductor lasers are
focused or collimated with lenses or curved mirrors, which usually
require meticulous optical alignment. There are a limited number
of other methods, including incorporating a micro-machined lens
or horn antenna onto the laser facet1,2 and using tapered laser
waveguides with laterally expanded ends3,4. It is not practical to
suppress the vertical divergence by simply growing thick laser active
cores; such devices would require unrealistically high voltages for
operation and would have heat dissipation problems.

Plasmonic nanostructures known as resonant optical antennas5

have been successfully used to modify the near-field of
semiconductor lasers by making it possible to generate high-
intensity nanoscale (�100 nm) spots6–8. Here we show that suitable
metallic structures with subwavelength features can be effectively
exploited to directly design the far-field of semiconductor lasers
and in particular to greatly reduce their beam divergence.
Wavefront engineering of laser beams using plasmonic structures or
more generally metamaterials can have far-reaching implications
for future developments in laser science and technology.

Previously, it has been demonstrated that a plasmonic
aperture–groove structure defined in a suspended metal film can

collimate incident light9. There have been subsequent theoretical
and experimental studies of this aperture–groove structure10–14,
but there have been very few attempts to integrate this structure
into an active device15–17.

RESULTS

CONCEPT OF THE SLIT-GRATING PLASMONIC COLLIMATOR

In our work, a small beam divergence in the vertical direction of
QCLs is realized by coupling the outgoing laser radiation through
a slit into the surface plasmon (SP) modes of a metallic grating on
the laser facet; see Fig. 1a for a schematic of the device. The slit is
designed to efficiently couple the laser output into SP waves, and
the grating functions as a periodic ensemble of scatterers that
coherently radiate the energy of the SP waves into the far-field,
leading to increased intensity in a narrow vertical angle.
Physically, the resulting collimation can be described as an
interference effect, with the metallic structure acting like an
antenna array. In summary, the far-field of our QCLs in the
vertical direction no longer corresponds to the diffraction from an
aperture defined by the waveguide core in the original device, but
rather to the interference pattern created by the large number of
grooves that span the laser facet. Because mid-infrared SPs are
capable of propagating over large distances (at least a few hundred
micrometres)18, the divergence angle is greatly reduced. Note that
the period of the grating L is designed to match the SP
wavelength of the patterned metal surface (second-order grating),
so that the beam is normal to the laser facet in the far-field. Also
note that the grating is one-dimensional (1D) and hence the laser
beam is collimated in one direction (z-axis, Fig. 1a).

In order to yield a small divergence angle, high optical power
throughput, and small ‘optical background’ (defined as the
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intensity outside the main lobe of the far-field distribution), several
geometric parameters of the slit-grating structure need to be
optimized, including the width of the slit, the period and number
of grooves, the width and depth of each groove, and the distance
between the slit and the nearest groove (d1, Fig. 1b). The physical

considerations used to choose these parameters are discussed in the
Methods section.

SIMULATIONS OF THE SLIT-GRATING PLASMONIC COLLIMATOR

We performed systematic two-dimensional (2D) simulations using
COMSOL Multiphysics to help design a slit-grating structure with
optimal beam collimation characteristics. The optimized
parameters for the lo ¼ 9.9 mm QCLs are given in the caption of
Fig. 1. We consider two designs (Fig. 1b,c). In the first design
(Fig. 1b), the coating on the laser facet comprises an insulating
alumina thin film and a thick gold film. The slit and grooves are
defined in the thick gold film. The second design (Fig. 1c) consists
of grooves that are sculpted directly into the bare laser facet first,
followed by deposition of the insulating and metallic layers and
then the opening of the slit. Simulations show that the two
designs yield similar performance in beam divergence and power
throughput. However, an advantage of the second design is that
the gold film thickness is limited only by the skin depth of gold;
in our wavelength range, a thickness of 400 nm is sufficient to
prevent SP waves from interacting with the alumina and the
semiconductor, thus minimizing optical losses. In addition,
grooves defined in the semiconductor show less roughness
compared with those sculpted into the metal, which helps reduce
the background in the far-field pattern. In consideration of the
above, the second design is more suitable for applications in
which lasers operate at long wavelengths, such as QCLs.
Simulation and experimental results are therefore presented only
for the second design. (See Supplementary Information for results
for the first design).

Figure 2a shows a simulation of the intensity distribution for an
unpatterned lo ¼ 9.9 mm QCL, demonstrating the large divergence
of the original device. Figure 2b shows a simulation of the intensity
distribution for a lo ¼ 9.9 mm QCL patterned with a slit-grating
structure of the second design. The grating has 15 grooves, and the
simulation shows a central beam and many weaker side beams
emerging from the laser facet. Figure 2c is the calculated far-field
intensity distribution for the patterned device obtained using a
near-field to far-field transformation algorithm. The central beam
has a vertical divergence angle slightly smaller than 48, and the
optical background is relatively uniform as a function of angle and
has an average intensity that is ,10% of the central lobe peak
intensity. Figure 2d shows the electric field magnitude distribution
around the slit and the first few grooves of the grating for the
patterned device. The surface waves are strongly localized to the
patterned facet of the device, indicating a strong coupling between
the two due to Bragg diffraction; this is significantly different from
the weak coupling of mid-infrared surface waves to a flat ‘planar’
metallic surface. The latter case is demonstrated in Fig. 2e, which
shows that surface waves are loosely attached to the metal–air
interface for a device with just the slit aperture and without
the grating.

FAR-FIELD MEASUREMENTS

We fabricated the two devices depicted in Fig. 1b,c; details of the
fabrication procedure are provided in the Methods section.
Figure 3a,d shows scanning electron microscope (SEM) images of
two lo ¼ 9.9 mm QCLs before and after patterning the slit-
grating structure of the second design. The 2D far-field intensity
distributions measured before and after patterning of the
plasmonic slit-grating structure are presented in Fig. 3b,c,e,f,
demonstrating a strong reduction of the beam divergence in
the vertical direction. The slight curvature of the far-field
patterns in Fig. 3e,f is an edge effect; the finite size of the
slit aperture in the lateral direction introduces lateral
components in the SP wavevector (ksp), reducing the vertical
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Figure 1 Schematic of the small divergence laser and the two designs.

a, Schematic of the small divergence laser, which comprises a QCL and a metallic

slit-grating structure defined on its facet. b,c, Cross-sections of the two device

designs. In the first design the slit and grooves are defined in a 1.7-mm-thick metal

film on the laser facet (b). In the second design the grooves are sculpted into the

laser facet and a 400-nm-thick layer of metal is added to cover the patterned facet

(c). A 200-nm-thick dielectric layer is located between the laser facet and the metal

film in both designs for electrical insulation. Only the grooves near the slits are

shown in b and c. Geometric parameters in b: s, width of the slit; L, period of

the grooves; w and h, width and depth of each groove; d1 and d2, distances

between the slit and the first groove on the substrate side of the laser facet and

between the slit and the first groove on the top cladding side of the laser facet,

respectively. The optimized values for a laser wavelength of 9.9 mm and a

grating with 15 grooves are s ¼ 2 mm, L ¼ 8.9 mm, w ¼ 0.8 mm, h ¼ 1.5 mm,

d1 ¼ 7.3 mm and d2 ¼ 3.5 mm.
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components ksp? compared with the case of an infinitely
wide slit, where ksp? ¼ ksp. This produces a wavevector mismatch
(ksp? , 2p/L), leading to a small beam deflection towards the
top of the device. The line scans of the 2D far-field emission
patterns in the laser polarization direction are provided in
Fig. 4a–c, which show that the divergence angle is reduced from
�62 to 2.98 for the device with 20 grating grooves, and from
�63 to 2.48 for the device with 24 grating grooves. For the
device with 24 grating grooves, the grooves cover the entire laser
facet from the slit to the bottom electrical contact. The line scans
also show that the average intensity of the background of the two
devices is less than 10% of the peak value of the central lobe,
which is an improvement compared with the devices of the first
design (see Supplementary Information). This is due to the
improved quality of the grating structure when it is sculpted
directly into the semiconductor. Note that the measured far-field
intensity profile is reproducible in multiple devices, and that the
metallic collimator is not damaged after high peak power
operation. The beam quality factor (M2 factor) of the device with
24 grating grooves is determined to be �2.5 based on
measurements of the variation of the vertical beam waist along the
propagation direction. As the reduced beam divergence results
from an antenna effect, as previously discussed, we can use as a
figure of merit the concept of antenna directivity for the
performance of the plasmonic structure19. The directivity is used

here to characterize collimation in the vertical direction, and is
defined as D ¼ 10 log10(2pIpeak/Itotal), where Ipeak is the far-field
peak intensity and Itotal is the total intensity under the vertical
beam profile. We find that the directivity D is �17.7 and
�18.3 dB for the two devices with 20 and 24 grooves, respectively,
whereas it is only �7.2 dB for the original unpatterned lasers.

The QCLs used in our experiment have only one lobe in the
lateral direction (x-axis, Fig. 1a) corresponding to the TM00

lateral mode. The lateral beam divergence after definition of the
slit-grating structures is nearly equal to that of the original lasers
(Fig. 4d); this is because the grating is a 1D structure, so beam
divergence is greatly reduced only in the direction perpendicular
to the grooves.

LIMITS ON BEAM DIVERGENCE

One of the limitations on the narrowest vertical divergence angle
(umin) that can be achieved is the size of the laser facet patterned
with grooves. Calculations show that umin scales in inverse
proportion to the number of grooves, as expected from an
interference effect. For a laser wavelength of 9.9 mm, simulations
indicate that for 15 grooves spanning �130 mm on the laser facet
in the vertical direction, umin is �3.78, but this drops to �1.08 for
70 grooves spanning �630 mm. In the latter case, the width of the
grooves w needs to be slightly smaller than in the former, to allow
SPs to propagate across all the grooves. Another fundamental
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Figure 2 Simulations. a, 2D simulation of the intensity distribution of an original unpatterned QCL lasing at lo ¼ 9.9 mm. The simulation plane is perpendicular to

the laser waveguide layers and along the middle of the waveguide. b, 2D simulation of the intensity distribution of a small-divergence QCL of the second design

lasing at lo ¼ 9.9 mm. In this simulation, there are 15 grooves between the slit and the bottom electrical contact. The thickness of the gold film is 400 nm; other

geometric parameters are the optimized values presented in the caption of Fig. 1. c, Calculated far-field intensity distribution of the device shown in b; inset:

enlarged view of the central lobe. d, Simulation of the magnitude of the electric field around the slit and the first seven grating grooves. e, Simulation of the electric

field magnitude distribution for a lo ¼ 9.9 mm QCL with the slit aperture and without the grating.
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limitation on umin is the width of the spectrum of the laser in use.
According to simulations, a change of the laser wavelength by
0.1 mm in the mid-infrared region leads to a shift in the position of
the central lobe by �18. This is believed to be the main reason
why the measured divergence angles of all devices with the slit-
grating structure are 10–20% larger than those in the simulations,
as the lasers used are multimode and have a bandwidth of
�0.05–0.1 mm. A single-mode laser with a large facet area

patterned with the slit-grating structure is capable of vertical
collimation with a divergence angle smaller than 18.

LIGHT OUTPUT VERSUS CURRENT CHARACTERISTIC

Figure 5 shows the light output versus current characteristics before
and after defining the slit-grating structure, demonstrating a
maximum output power of �100 mW. The slope efficiency (SE)
of the light/current characteristics of the patterned devices is
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Figure 3 Experimental results of two devices of the second design. a, SEM images of the facets of two original unpatterned QCLs lasing at lo ¼ 9.9 mm. Device

A (upper panel) has a ridge that is 25 mm wide and 2 mm long; device B (lower panel) has a ridge that is 22 mm wide and 2 mm long. b,c, Measured 2D far-field

intensity distributions of the original unpatterned devices A and B, respectively. d, SEM images of the facets of devices A and B patterned with the slit-grating

structure of the second design. Device A (left panel) has 20 grating grooves. Device B (right panel) has 24 grating grooves. e,f, Measured 2D far-field intensity

distributions of devices A and B patterned with the slit-grating structure, respectively.
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