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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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determined primarily by the efficiency of the plasmonic grating to
couple SP waves into propagating waves. We found that larger SEs
correlate with gratings with a larger number of grooves; devices
with 24 grooves had an SE of �180 mWA21, which is �90% of
that of the original laser without a collimator. Devices processed
the same way but with only 15 grooves had an SE of only
�120 mWA21, indicating incomplete coupling of surface waves
into the far-field. In an optimized design one expects only a
small reduction of the SE due to the low SP losses in the mid-
infrared, implying a small change in the effective reflectivity of
the facet. The increase of the threshold current for devices of the
second design (Fig. 5) is likely due to a leakage current path
along the alumina layer coated on the laser. An improved
fabrication process using a thicker alumina insulating layer would
likely greatly reduce this problem.

DISCUSSION

In summary, we have demonstrated, by a combination of experiments
and modelling, that the integration of a suitably designed slit-grating

structure on the facet of QCLs reduces the vertical beam divergence
angle by a factor of �25 down to 2.48, while preserving a high
output power comparable to that of the unpatterned lasers. The
plasmonic collimation concept can be extended to edge-emitting
and surface-emitting semiconductor lasers from the visible to the
near-infrared. For the specific case of TE-polarized sources, like
most diode lasers, slit and grating structures perpendicular to the
polarization direction may be implemented.

It is interesting to note the differences between our laser with
the plasmonic collimator and a conventional second-order
grating surface-emitting laser. Although the latter also achieves
small beam divergence in one direction and high output power20,
many applications require an edge- rather than surface-emitting
geometry. The advantage of the plasmonic collimation scheme
lies in its flexibility; it can be upgraded to a 2D periodic
structure that can collimate light in both the vertical and lateral
directions, thus achieving complete beam collimation, and can be
modified to control the polarization of the laser. We recently
designed a mid-infrared wavelength collimator consisting of an
aperture centred on the QCL active region and a metallic grating
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Figure 4 Line scans of the 2D far-field intensity distributions. a, Upper and lower panels are vertical line scans of Fig. 3b,c along the arrows, respectively.

b, Vertical line scan of Fig. 3e along the arrows. Left and right insets are the enlarged views of the experimental and calculated central lobe of the distribution,

respectively. c, Vertical line scan of Fig. 3f along the arrows. Left and right insets are the enlarged views of the experimental and calculated central lobe of the

distribution, respectively. d, Upper panel: solid and dashed curves are horizontal line scans of Fig. 3b,e along the arrows, respectively. Lower panel: solid and dashed

curves are horizontal line scans of Fig. 3c,f along the arrows, respectively.
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of concentric half-rings. Simulations show that this structure is able
to radially generate SPs on the laser facet and that a suitable grating
consisting of 20 equally spaced gold half-rings can produce a beam
with divergence angles (FWHM) of 2.7 and 3.28 in the vertical and
lateral directions, respectively, at l ¼ 8.06 mm. Preliminary
experiments on this structure confirm collimation in both
directions with divergence angles comparable to the calculated ones.

Future plans also include further reducing the vertical beam
divergence by using single-mode QCLs with a larger patterned
area. We also plan to perform detailed near-field imaging studies
and 3D simulations of the SP waves on the patterned laser facets,
which will help us further elucidate the interaction between the
SP waves and the slit-grating structure.

Finally wewish to point out that plasmonic nanostructures (and
more generally metamaterials) can be built on the facet of any type
of semiconductor laser and also on fibre lasers to achieve complex
wavefront engineering. Specific beam shaping and polarization
control for a variety of applications can be envisioned.

METHODS

DESIGN CONSIDERATIONS FOR THE SLIT-GRATING PLASMONIC COLLIMATOR

The vertical width of the slit (s, Fig. 1b) needs to be subwavelength with respect
to the free-space wavelength lo to efficiently couple incoming radiation from the
laser into the SP modes of the grating structure. The optimized value of s is found
to be close to the active core thickness (�2 mm for lo ¼ 9.9 mm QCLs).
A narrower slit strongly backscatters the incoming light and reduces power
throughput, but a wider slit does not efficiently couple incoming light into the
SP modes and yields a larger background.

It is preferable for the number of grooves N to be as large as possible.
Simulations show that the peak intensity in the far-field scales approximately
with the square of N up to N � 30, as expected from an interference effect;
the divergence angle scales inversely proportional to N at least up to N � 70.
For N . 30, the effect of loss gives rise to a weaker variation of the peak
intensity with N.

Wavevector conservation in the plane of the laser facet requires
ksp–grating 2 2p/L ¼ ko sinu, where ksp–grating is the wavevector of the SPs on the
patterned metal surface, L is the grating period, ko is the free-space wavevector,
and u is the angle between the latter and the normal to the facet. L is designed to
satisfy the condition for second-order gratings for the SPs: L ¼ 2p/ksp–grating.
Thus the re-emitted light has a wavevector normal to the laser facet (u ¼ 0).
At the same frequency, the wavevector of the SPs on a metal surface patterned
with a grating (ksp–grating) is larger than the wavevector of the SPs on a
planar metal surface (ksp–planar)

13, which is almost equal to the free-space
wavevector ko in the mid-infrared region of the spectrum. As a result, the
grating period L (¼8.9 mm) should be smaller than the free-space wavelength
(L ¼ 2p/ksp–grating , 2p/ksp–planar � 2p/ko ¼ lo ¼ 9.9 mm) in order to
generate a collimated beam normal to the laser facet. The difference between L

and lo is a measure of the modification of the SP dispersion curve caused by the
grating and the coupling strength between surface waves and the grating.

The width w and depth h of the grooves are two additional important factors
to optimize. We find that deep and thin grooves are the most suitable for the
purpose of beam collimation. Simulations with thick grooves show that they
cannot simultaneously yield a small divergence angle and a small background.
Grooves that are thick and deep interact with SPs too strongly, which limits
surface wave propagation along the grating to only a few grooves and results in
limited beam collimation. On the other hand, thick and shallow grooves yield a
large background, meaning that the coupling to SPs is too weak. Note that the
width of the grooves should decrease with the increase in the number of grooves
to optimize interaction between the SPs and the entire length of the grating.

Coupling of laser radiation to the grating must be optimized in order to
maximize the collimated optical power. To ensure this, the distance d1 between
the slit and the closest groove on the substrate side of the facet must be adjusted
to maximize the destructive interference between the reflected SPs from the
grating and the SPs that are emerging from the slit and propagating towards the
top electrical contact21. Our simulation gives d1 ¼ 7.3 mm.

Owing to the limited area of the laser facet, the majority of grooves can only
be defined on one side of the slit, between the slit and the bottom electrical
contact. However, one or more additional grooves can still be included on the
other side of the slit, between the slit and the top electrical contact. These
additional grooves are crucial in increasing the intensity of the central lobe and
substantially reducing the background in the far-field distribution. Physically,
they function as a reflector for the residual surface waves propagating towards the
laser top contact, thereby reducing scattering from the latter. In summary, these
reflector grooves, combined with the destructive interference condition
previously mentioned, allow for our ‘asymmetric’ design to collimate laser light
with similar divergence angle and central lobe intensity, as compared to a
‘symmetric’ design consisting of an equal number of grooves equally distributed
on both sides of the slit.

FABRICATION

In the first design (Fig. 1b), the device facet was first coated with a layer of
electrically insulating alumina, followed by a layer of gold using electron-beam
evaporation. Focused ion beam (FIB) milling was then used to define the slit-
grating structure in the gold layer. In the second approach (Fig. 1c), the grooves
were first defined on the bare device facet using FIB, the insulating alumina and
gold films were then deposited, and finally the slit was opened with FIB. A two-
angle deposition procedure was used to coat both walls of the grooves. The
thicknesses of the alumina and gold layers on the laser facet were �200 nm and
�400 nm, respectively, and their thicknesses on the walls of the grooves were
�100 nm and �200 nm, respectively.

DEVICES

The QCLs used in our experiments were operated in pulsed mode at room
temperature and lased atlo � 9.9 mm.TheQCLmaterial was grown bymolecular
beam epitaxy (MBE) on an InP substrate (n-doped with silicon, 3 � 1018 cm23).
The growth process started with a lower InP cladding layer (n-doped with
silicon, 1 � 1017 cm23, thickness 3.5 mm), followed by a waveguide core
(thickness 3.16 mm), and ended with an upper InP cladding layer (n-doped with
silicon, 1 � 1017 cm23, thickness 3.5 mm) and contact layers. The waveguide core
consisted of an active core (thickness 2.12 mm) sandwiched between two InGaAs
cladding layers (n-doped with silicon, 3 � 1016 cm23, thickness of each layer
0.52 mm). The active core consisted of 35 periods, which were composed of
alternating injector regions and four-quantum-well active regions based on a
double phonon resonance design22. The barrier/quantum well composition was
InAlAs/InGaAs lattice-matched to InP.
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defining the slit-grating structure. The dashed and solid curves are for the

original unpatterned devices and those with the plasmonic collimator,

respectively. The red and black curves correspond to devices A and B,

respectively. Inset: laser spectra of devices A (upper panel, I ¼ 1.8 A) and B

(lower panel, I ¼ 1.5 A). In all the measurements, the lasers were operated at

room temperature in pulsed mode with an 80-kHz repetition rate and 125-ns

pulse duration.
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The material was processed into ridge waveguides 2–3 mm long and
10–25 mm wide, with a 300-nm-thick Si3N4 insulating layer on the lateral walls
of the ridge and a 300-nm-thick gold top contact. The samples were
indium-soldered on nickel-/gold-plated copper holders.

MEASUREMENTS

For the measurement of the QCL far-field, we used a set-up in which the tested
device was mounted at the centre of a motorized rotation stage, and a mid-
infrared mercury-cadmium-telluride detector 10–20 cm away was scanned
across a certain angle to measure the output of the laser. Our measurements were
performed with a resolution of 0.258. Power measurements were carried out with
a calibrated power meter. The power meter, which has a metallic collection tube
with a diameter of 6.5 mm, was placed within 2 mm of the lasers, thus collecting
power in an angular range of approximately+608 with respect to the normal of
the laser facet. A Fourier-transform infrared spectrometer was used for
spectral measurements.
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