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Compact semiconductor lasers with sub-wavelength-scale dimensions rely heavily on materials with

low surface recombination due to the large surface area to volume ratios of their nano-cavities.

Furthermore, the reliance on semiconductor nanostructures has led to predominantly bottom-up fab-

rication approaches, which has hindered scalable and practical applications. In this letter, we present

lithographically constructed hybrid gap plasmon nanolasers using the gain of bulk GaAs operating at

room temperature. The nanolasers are built on GaAs suspended membranes with InGaP passivation

layers. Laser resonators are defined only by patterning gold on top of these GaAs membranes, thus

eliminating the need to etch the semiconductor for optical confinement, which would introduce addi-

tional surface recombination. An analysis of the modal gain and losses in these devices suggests that

threshold carrier densities in the range of 4–5� 1018 cm�3 are necessary—potentially achievable

with current densities as low as 6–8 kA cm�2. Published by AIP Publishing.

https://doi.org/10.1063/1.5008320

Effective deployment of semiconductor nanolasers

could have many important ramifications, particularly in the

development of on-chip optoelectronics and sensors. The

theoretical proposal1 of the spaser by Bergman and

Stockman in 2003 triggered a new trend in the nanolaser

research community in which the surface plasmon modes of

metals are the key to miniaturization. However, due to the

relative youth of the field, existing work has focussed pri-

marily on the demonstration of sub-wavelength devices with

little consideration of practicality. Since the first demonstra-

tion of plasmonic lasers,2–4 numerous designs have been the-

oretically proposed and experimentally demonstrated.5–8 The

majority of these designs have followed a bottom-up fabrica-

tion strategy and suffer from poor control over device geom-

etry with a random position and dimension. In this paper, we

demonstrate the top-down construction of plasmonic lasers

on suspended GaAs slab waveguides (WGs), which closely

resemble the standard SOI (silicon-on-insulator) platforms of

integrated photonics. The proposed design achieves confine-

ment and feedback solely through 2D lithographic patterning

of metal on the GaAs membranes and thus eliminates the

requirement to etch the semiconductor in order to define the

cavity, which avoids the problem of surface recombination.

Hybrid gap plasmon waveguides (HGPWs) offer a way

to manage the high ohmic loss in semiconductor-based plas-

monic waveguide designs while still retaining excellent sub-

wavelength modal confinement via the inclusion of a low

index dielectric spacer layer.9 Figure 1(a) shows a schematic

of our hybrid gap plasmon nanolasers and an SEM image of

a typical device. Together with a suspended GaAs membrane

construction, this structure resembles the stacking of a stan-

dard SOI construction and thus obtains modal properties sim-

ilar to the previously demonstrated HGPWs on SOI.9–12 The

geometric dimensions H, G, and W—the core thickness,

spacer thickness, and gap width, respectively—determine the

modal characteristics and regimes in which the waveguide

operates. The metal layers of region 1 in Fig. 1(a) modify the

effective indices of both the TM and TE bound waves. A

higher effective index of the TE wave in region 2 produces a

bound TE-like waveguide mode with a reasonable lateral

confinement: Dnlateral ¼ nTE2 � nTE1¼ 0.13 for H¼ 100 nm.

The spacer thickness controls the effective index contrast of

regions 1 and 2 and thus the degree of lateral confinement;

FIG. 1. (a) Cross-sectional schematic of the GaAs HGPW and SEM image

of a typical device. Scale bar¼ 2 lm. W � 195 nm. (b) Propagation length

vs modal area for W¼ 5–3000 nm. Insets 1, 2, and 3 show the field distribu-

tion of the HGPW mode of W¼ 10 nm, 195 nm, and 800 nm, respectively.

Arrows show the corresponding Lp and A/A0 for each gap width value. Mode

Solver Unit under the RF model in COMSOL 4.3a was used to investigate

the modal properties of the HGPW. (c) Summary of fabrication steps. (d) PL

intensity from samples with and without passivation layers as a function of

pump power at k ¼ 650 nm, demonstrating the effect of the surface passiv-

ation. B, M, PB, and PM stand for the Bulk, Membrane, Passivated Bulk,

and Passivated Membrane, respectively.

a)Author to whom correspondence should be addressed: r.oulton@

imperial.ac.uk
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however, too thin a spacer can lead to a loss of lateral

confinement through coupling to TM waves in region 1,

G > Gcritical� 16 nm. Here, we chose G¼ 20 nm to ensure

that the fundamental TE gap mode remains bound. Also

shown in Fig. 1(a) is a top-down view SEM image of the fab-

ricated device. The taper sections as part of the waveguide

(WG) aim to mitigate modal mismatch arising from an

abrupt termination of the waveguide while maintaining adia-

batic guiding.11,13 Feedback is provided by two sets of

metallic DBRs (distributed Bragg reflectors) placed at both

ends of the WG [see Fig. 1(a)].

Figure 1(b) shows the vacuum wavelength normalized

propagation length, Lp(k0), versus the normalized mode area,

A/A0, for a gap width range of W¼ 5–3000 nm. Here, we

define A ¼

Ð
U rð ÞdS

Max 2UE rð Þf g
, with U ¼ UE þ UM being the total

electromagnetic energy and A0 ¼ k20=4.
14 With reference to

the field distributions in the insets of Fig. 1(b), it is clear that

the increase in the propagation length at larger gap widths

can be attributed to a larger contribution of the photonic-like

component of the hybrid mode. For a good overlap with the

gain media, we chose W� 195 nm, giving a mode overlap

with the GaAs core region of �80%, a modal area of �0.048

k20, and a modal loss of �620 cm�1 at k0 ¼ 850 nm.

Figure 1(c) summarizes the fabrication process of the

GaAs HGPWs. Etch windows were created using reactive ion

etching, followed by HF etching of a sacrificial 2lm thick

Al0.65Ga0.35As layer to create 100 nm thick suspended GaAs

membranes. The size of the undercut regions was kept to

about 25� 20lm to ensure membrane integrity. The problem

of surface recombination in the exposed thin suspended GaAs

membrane was overcome by growing two 5 nm thick InGaP

layers on either side of the GaAs membrane during MBE

(Molecular Beam Epitaxy).15,16 In Fig. 1(d), photolumines-

cence (PL) intensities as a function of pump power were plot-

ted for the bulk and membrane regions of passivated and

unpassivated samples. PL yields were observed to improve by

more than 2 orders of magnitude for the passivated GaAs

membranes. In particular, the emission from passivated bulk

and passivated membrane regions attained similar PL com-

pared to an order of magnitude difference when both were left

unpassivated. Gold was selected as the plasmonic material,

instead of lower loss silver, to avoid problems associated with

surface roughness and oxidation.17 The use of metallic gold

DBRs to define the cavity enables both the waveguide and the

feedback sections to be fabricated in a single lithography step.

The devices were optically pumped near an absorption

peak of the geometry at 725 nm with 150 fs laser pulses at a

repetition rate of 100 kHz. The signal was collected using a

low noise liquid nitrogen cooled Spec-10 Si detector and a

Princeton Instruments SP-2300i spectrometer. We pumped

the laser using an elongated beam centered along the long

axis of the device. The pump wavelength was chosen to

maximize absorption in the GaAs core based on the transfer

matrix approach. By modelling the pump spot as a 2D

Gaussian beam and taking into account the geometry of the

pumped region, the absorption in the GaAs gain region was

estimated to be 10%, with most of the energy absorbed in the

taper regions (�70%).

The characteristics of a typical lasing device with a grat-

ing period of K¼ 150 nm and W� 195 nm are summarized

in Fig. 2. The 2D CCD detector allows a 1D spatial map of

the spectral response of the device to be created. The data

were taken from a single horizontal pixel line across the mid-

dle of the device. Figure 2(a) shows a clear spectral change

in the response of the device when the pump energy is

increased. A peak appears in the broad spectral response of

the spontaneous emission as stimulated emission begins to

dominate. The scattered light is shown to polarize mostly in

the direction perpendicular to the long axis of the waveguide,

well above 70% TE polarized [see Fig. 2(b)]. This is a clear

indication that the lasing response originates from a TE-like

hybrid gap mode.

Figure 2(c) presents the integrated intensity of the pho-

toluminescence spectra, Iint, as a function of pump energy

density, normalized by the simulated pump absorptivity of

the device. The kink signature of the onset of lasing is

observed here, with amplified spontaneous emission fol-

lowed by stimulated emission. The lasing characteristic is

further emphasized by a reduction in the FWHM (full width

at half maximum) followed by a broadening of the lasing

peak as the pump continues to increase18 [see Fig. 2(d)]. By

design, the DBRs only give a high reflectivity to the TE

HGPW mode travelling in the plane of the membranes while

acting as poor out-couplers to the far-field. This means that

by collecting emission from the top of the device with a lim-

ited collection angle, we effectively only access a small frac-

tion of the laser emission. The extent and behavior of the

spontaneous emission background in our data are also influ-

enced by the emission material extending well beyond the

lithographically defined cavity. While a laser response will

only be achieved in the cavity region, spontaneous emission

can emanate from other areas exposed to the pump beam as

well as areas pumped by emission from the cavity region.

We thus observe regions where the carrier concentration

does not clamp at the laser cavity threshold, which has also

been observed in other nanoscale laser designs.19,20

FIG. 2. (a) Spectral response of photoluminescence of the device with

increasing pump power. (b) Polarization characteristics of the lasing signal.

The data plotted here were taken from the whole device above threshold. (c)

Integrated intensity of the signal as a function of pump energy density. (d)

FWHM of the lasing signal as a function of pump intensity.
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The total cavity losses in these lasers consist of the

modal loss amodðkÞ, which is a function of the HGPW

mode’s field distribution, and the mirrors loss amir kð Þ, which
defines the feedback efficiency.21 However, the mirror loss

in these devices is fairly high due to limited DBR reflectiv-

ity. While the HGPW mode is constrained by Gcritical, the

DBRs could be brought closer to the GaAs core to increase

DBR reflectivity. We thus considered a second design where

the gratings and the waveguide were fabricated in two sepa-

rate lithography steps (referred to as 2-step devices). Here,

the DBRs were placed 10 nm above the GaAs core, while the

waveguide and G remain at 20 nm. Owing to the higher DBR

reflectivity, 2-step devices had lower lasing thresholds: in

this case, a 25% increase in DBR reflectivity resulted in a

decrease in lasing threshold by nearly half. This suggests

that cavity feedback was the dominant loss mechanism for

the single step devices. Following the first lithography step,

the corresponding DBR-only devices were also studied to

assess the mirror loss, amir kð Þ. The 2-step devices thus have

total loss: atotðkÞ ¼ amodðkÞ þ amirðkÞ. A DBR-only device

consists of two sets of metallic gratings, spaced 10 nm away

from the GaAs core, without the waveguide section in-

between.

Our analysis of the material gain and carrier concentra-

tion of lasing conditions was built upon a simple semicon-

ductor gain model of bulk GaAs and free carrier theory,22

facilitating the study of nanoscale laser systems in the high

pumping regime. Figure 3(a) plots the material gain and its

associated induced refractive index, nind, as a function of

wavelength. The band-filling effect leads to a blue-shift in

the gain spectra of GaAs as the carrier density gets larger.21

Our calculated magnitude of free carrier induced refractive

index change of GaAs agrees well with experimental values

found in the literature.23,24 An increase in the carrier concen-

tration, N, results in a substantial reduction of the refractive

index of GaAs across the wavelength range of interest.

Figure 3(b) shows the experimentally observed shift of the

lasing peak wavelength as the pump intensity increases for a

2-step device of W� 195 nm and K ¼ 150 nm. Here, the

maximum wavelength value monotonically reduces follow-

ing the onset of lasing. Meanwhile, a group index, ng � 6.9,

was determined near threshold via Dk ¼ k
2=2ngL, using the

three visible laser modes. This exceeds, ng¼ 4.4, obtained

from numerical simulations, the discrepancy arising from the

increased dispersion in the high gain regime. This empha-

sizes the role of carrier induced refractive index changes in

the operation of these devices.

Using values of nind calculated from our gain model, we

numerically simulated the in-plane reflection of the DBRs with

Lumerical FDTD Solutions for N� 1019 cm�3. The simulated

reflection of the gratings and the experimental data of their cor-

responding HGPW devices are shown in Figs. 3(c)–3(f) for the

case of 2-step devices. Without accounting for the carrier

induced refractive index change, simulated DBR reflection

bands would be red-shifted by roughly 20nm with respect to

those shown in Fig. 3(c). It is worth noting that the gain band-

width is roughly twice that of the DBR stop band. The lasing

wavelength therefore should fall into the region where the over-

lap of these two distinct spectral responses gives sufficient gain

to overcome the total loss of the device. Figures 3(d)–3(f) sug-

gest DBR reflectivities of �65%–70% at peak reflection for

the three periods considered. By maintaining similar metal gap

widths (W � 195 nm) to ensure similar modal loss, we can

assume that regardless of grating periodicity, all 2-step devices

have comparable total device loss.

Figure 4(a) shows emission spectra from corresponding

DBR-only and 2-step devices near their respective threshold

pump conditions. A clear blue shift of the emerging laser

peaks [arrows in Fig. 4(a)] occurs for DBR-only and 2-step

devices of the same grating period due to the addition of

modal losses. These distinct lasing wavelengths reflect the

different threshold gain and corresponding carrier concentra-

tions that each device follows. The dependence of gain on

the carrier concentration for the four laser wavelengths iden-

tified in Fig. 4(a) is plotted in Fig. 4(b). To estimate the

threshold gain, we need to know the relationship between

FIG. 3. (a) GaAs material gain and carrier induced refractive index change

as a function of wavelength for different values of carrier concentrations, N.

Line colors indicate different values of carrier concentrations. (b) Peak

wavelength of the observed lasing signals as a function of pump intensity

for a typical 2-step device of W¼ 195 nm and K ¼ 150 nm. The inset shows

a side view sketch of a typical 2-step device. (c) Numerical simulation of the

in-plane reflection of the gratings for three different periods: K ¼ 150 nm,

155 nm, and 160 nm of 2-step devices. (d)–(f) Correspondingly shown here

are the spectral responses of these devices at a pump density of

�190lJ=cm2, which is just above laser threshold in each case. Line colors

show different values of the grating period.

FIG. 4. (a) Photoluminescence spectra of DBR-only devices (dashed lines)

and corresponding 2-step devices (solid lines) of the grating periods,

K¼ 150 nm, 155 nm, and 160 nm at power values near threshold (for the 2-

step lasers, W� 195 nm). (b) Peak gain and gain at particular wavelengths

plotted as a function of carrier concentration.
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threshold pump intensity, PthðkÞ, at a given wavelength and

carrier concentration, Nth. However, calculating Nth directly

from PthðkÞ would involve speculation of various hidden

efficiency factors such as pumping conditions, design geom-

etry, and intrinsic gain properties. Nonetheless, by assuming

that Nth is a monotonic function of PthðkÞ, we can determine

bounds for the required threshold gain in our devices.

In the case of the DBR-only devices, the device with

K ¼ 160 nm had the lowest lasing threshold, Pth 863 nmð Þ

< Pth 835 nmð Þ; Pth 848 nmð Þ, where the lasing wavelengths

of DBR-only devices of K ¼ 150 nm; 155 nm; and 160 nm
are k � 835 nm; 848 nm; and 863 nm, respectively. Hence,

point A in Fig. 4(b), which corresponds to N � 2:55
�1018 cm�3, sets an upper bound for the mirror loss, amir
< 430 cm�1. With a cavity length of 6.5lm, the estimated

DBR reflectivity was 75.6%, in good agreement with the sim-

ulated peak reflectivities of the three DBRs shown in Figs.

3(d)–3(f). A similar observation reveals that for the case of 2-

step devices, the device with K ¼ 155 nm obtained the lowest

threshold. Here, the lasing wavelengths of the 2-step devices

for K ¼ 150 nm; 155 nm; and 160 nm are k � 822 nm;
835 nm; and 848 nm, respectively. Given that Pth 835 nmð Þ

< Pth 822 nmð Þ; Pth 848 nmð Þ, the only region where this

threshold pump intensity condition is satisfied at a given

material gain lies between points B and C—defining the upper

and lower bounds, respectively. Therefore, the threshold

material gain for a typical 2-step device must be in the range

of 1300–2000 cm�1, which is equivalent to Nth¼ 3.8–5.2

�1018 cm�3. With the GaAs/mode overlap factor of 80%, this

suggests a modal loss in the range of 650 < amod < 1130

cm�1, where the calculated value is 620 cm�1.

To assess the feasibility of electrical pumping of such a

laser, the bounds on Nth can be linked to the lasing threshold

current density, Jth, via Jth ¼ qNthH=s. Here, q is the charge

of an electron, and s ¼ 1 ns represents the carrier lifetime.

With Nth � 3:8–5:2� 1018 cm�3, this estimation results in a

value of Jth � 6–8 kA cm�2.

In conclusion, we experimentally demonstrated a hybrid

gap plasmon waveguide operating at room temperature,

emitting in the near infrared region and exhibiting low lasing

thresholds. The problem of surface recombination in GaAs

was solved by growing two InGaP passivation layers on

either side of the planar GaAs slab. This is possible here as

our design did not require etching of the semiconductor near

the laser cavity. Our gain analysis suggests that a material

gain in the region of 1300–2000 cm�1 is required to achieve

lasing—potentially achievable with a current density of

approximately 6–8 kA cm�2. With their simple lithographi-

cal fabrication and viability of electrical injection as a pump-

ing mechanism, hybrid gap plasmon lasers built on

suspended GaAs membranes represent a move toward practi-

cal plasmonic lasers and enable potentially greater integra-

tion into the current electronic infrastructure.
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