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Plasmonic distributed feedback lasers at
telecommunications wavelengths

Milan J.H. Marell,' Barry Smalbrugge,' Erik Jan Geluk,' Peter J. van Veldhoven,’
Beatrix Barcones,” Bert Koopmans,2 Richard Notzel,” Meint K. Smit,' and Martin T.
Hill""

]Dept. Electrical Engineering, Technische Universiteit Eindhoven, Postbus 513, 5600 MB, Eindhoven, The
Netherlands

’Dept. Applied Physics, Technische Universiteit Eindhoven, Postbus 513, 5600 MB, Eindhoven, The Netherlands
*m.t.hill@ieee.org

Abstract: We investigate electrically pumped, distributed feedback (DFB)
lasers, based on gap-plasmon mode metallic waveguides. The waveguides
have nano-scale widths below the diffraction limit and incorporate vertical
groove Bragg gratings. These metallic Bragg gratings provide a broad
bandwidth stop band (~500nm) with grating coupling coefficients of over
5000/cm. A strong suppression of spontaneous emission occurs in these
Bragg grating cavities, over the stop band frequencies. This strong
suppression manifests itself in our experimental results as a near absence of
spontaneous emission and significantly reduced lasing thresholds when
compared to similar length Fabry-Pérot waveguide cavities. Furthermore,
the reduced threshold pumping requirements permits us to show strong line
narrowing and super linear light current curves for these plasmon mode
devices even at room temperature.

© 2011 Optical Society of America
OCIS codes: (250.5403) Plasmonics; (250.5960) Semiconductor lasers.
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1. Introduction

Lasers based on metallic cavities have opened up a new route for laser miniaturization in the
last few years [1-7]. The myriad of concepts presented include propagating plasmon mode
devices, an example of the SPASER concept [8] which is deep-subwavelength in all three
dimensions, and metal encapsulated devices which tightly confine the light to close to the
diffraction limit or even below in some dimensions. Most devices are optically pumped and
use dye or semiconductor gain medium, however some semiconductor devices are electrically
pumped, which brings them closer to applications. Furthermore, there has also been work
looking at the theory behind such devices [9,10], showing that some designs have the
potential for useful devices.

One of the most promising approaches for both the construction of lasers, active and
passive components with true sub-wavelength size is the use of metal-insulator-metal (MIM)
waveguide structures which guide gap-plasmon modes [11]. Lasing in Fabry-PérotPérot (FP)
cavities made from sections of such metallic waveguides has already been shown [12].
However, for many applications the precise control of the lasing wavelength and the optical
mode in a waveguide laser cavity is highly desirable. Additionally, for optical signal
processing applications and also out-coupling of laser light to passive waveguides, some form
of mirror with controlled reflectivity and frequency selection is required. Incorporation of
Bragg gratings into the waveguide to form distributed feedback (DFB) or distributed Bragg
reflectors (DBR) [13,14] is common in dielectric devices and also plasmonic structures
operating in the far-infrared [15,16].

To implement Bragg type reflectors in an MIM waveguide structure, the width of the MIM
waveguide can be modulated to form vertical groove gratings [17] as shown in Fig. 1. Broad
high reflectivity stop bands are possible in such structures (Fig. 2). The optical intensity plots
(obtained from finite difference time domain FDTD simulations) for the resonant modes that
occur in such waveguide grating structures are given in Fig. 3.
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Our version of the MIM waveguide includes a thin insulator region between the
semiconductor and metal (metal insulator semiconductor insulator metal - MISIM
waveguide), and contains a higher index gain region (InGaAs) to localize the propagating
mode [12,18]. Additionally the InGaAs gain region is pumped via an electrical n-contact
located on the top of the ridge and p-contact via the substrate [12] (Fig. 1). We have chosen a
simple InGaAs gain medium due to our experience in growing it. A quantum well gain
medium may be a better alternative [6].

(@)

Grating structure
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SiN insulation
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Fig. 1. (a) Schematic overview of the device. The semiconductor core consists of an
InP/InGaAs/InP heterojunction. The core is shielded from the silver cladding by a SiNy layer.
(b) Shows a top view of a single grating section.The characteristic parameters of the structure
are w., W, and L, which represent the width of the waveguide core, the width of a grating
section and the period of the grating. t,, and tq are the thicknesses of the metal cladding and
dielectric insulation layer respectively. A quarter wavelength phase shift is placed in the center
of the grating.
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Fig. 2. Typical reflection spectrum from a three period vertical groove grating, based on the M-
I-S-I-M waveguide structure, w. = 100 nm + x nm, red x = 80, magenta x = 60, green x = 40,
blue x =20, ty =20 nm .
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Fig. 3. (a) Simulated electric field intensity ([E|*) plot of a slice through the waveguide (z = 0
plane). The plot shows the existence of a well confined cavity mode centred on the InGaAs
layer. Furthermore, that the field is strongest in the SiN, region between the semiconductor and
the metal. (b) Field distribution of the mode at the Bragg wavelength with the mode centered
on the quarter wavelength phase shift, and also at the first band-edge mode, where the mode is
spread out through the grating. Plots show slices through the z = 0 plane.

2. Device fabrication

The InP/InGaAsP/InGaAs layer stack [1] as shown in Fig. 1 and Fig. 3a was grown via metal
organic vapour phase epitaxy on a double polished semi-insulating InP substrate. All
InGaAsP/InGaAs layers were lattice matched to InP. Electron beam lithography and reactive
ion etching (RIE) was used to form a SiO, hard mask to define the ridge/DFB cross sections.
The ridge was formed by inductively coupled plasma (ICP) RIE, then a number of surface
oxidation and wet chemical oxide removal steps, to remove surface damage and modify the
sidewall profile.

The silicon nitride layer was deposited using plasma enhanced chemical vapor deposition.
Planarization with resist was used to expose just the tops of the pillars, to form the top n-
contact. Various metal layers were deposited mostly via electron beam evaporation. However,
the silver encapsulation was deposited via thermal evaporation and annealed at 400°C for 60
seconds. A lateral p-contact was formed via the p-InGaAsP layer.

The processed wafer was cleaved into sections containing eight devices. The sections were
mounted with the substrate facing up on carriers, and wire bonds made to individual devices.
For selected devices focused ion beam milling was used to open the end facets of the MIM
waveguides, to allow direct measurement of light travelling along the waveguides. Figure 4
shows scanning electron microscope (SEM) pictures of a section of the semiconductor
waveguide core before encapsulation in metal (silver), and a cross-section of one of the
waveguides.
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Fig. 4. (a) Scanning electron microscope (SEM) photo of the DFB structure without the
surrounding silver and nitride layer. All scale bars represents 100 nm. (b) A cross-section of
DFB structure, with surrounding silver and gold layers. The dark line between the metal
cladding and the semiconductor core is the nitride insulation layer. The width of the
semiconductor core is approximately 100 nm.

3. Waveguide modes

For the gap-plasmon (Transverse Magnetic, TM,) modes that propagate in such waveguides, a
significant proportion of the modal energy is carried in the thin insulator region between the
metal and semiconductor (Fig. 3a). Small changes in the width of the waveguide core can
result in a large modal mismatch and a strong reflection, which can be used to achieve Bragg
grating coupling coefficients 10 to 100 times larger than in dielectric gratings. From FDTD
simulations of a section of grating length L, the reflectivity R can be found, and from this the
grating coupling coefficient k = tanh™'(R"*/L can be shown to reach 5000 cm™' over a
bandwidth of 500 nm, centered at 1550 nm. The M-I-S-I-M waveguide parameters for the
above grating were (Fig. 1b): w, = 100 nm, w, = w. + 50 nm, L, = 230 nm, 7, = 20 nm. A
cavity made from two such gratings with a quarter wavelength shift between them should
have a quality factor (Q) of ~300 at room temperature. This Q is primarily determined by the
optical losses in the metal [19]. The optical gain from the InGaAs required to overcome losses
in the cavity can be found [20] to be approximately 1200 cm ™', a value which can be obtained
from bulk InGaAs material. (Fabry-Perot devices have a similar Q and modal confinement,
and hence a similar threshold gain). The strong grating coupling means only a few periods
(<20) are required to achieve a Q of 300, potentially resulting in devices with lengths less than
4 microns. Reducing the grating periods on one side of the quarter wavelength shift would
allow for out coupling of some light into a waveguide. However, with the base threshold gain
being ~1200 cm™" at room temperature, there is likely only potential for extraction of a few
tens percent of the light in the cavity [9,10].

Changing the period of the grating can tune the Bragg wavelength, for example, a change
of 60 nm in period can tune the wavelength by 400 nm, in the region of 1550 nm.

4. Device measurement

A series of devices were made with the structure described above. The core waveguide width
was varied from 80 nm to 180 nm. Furthermore the grating period was varied from 180 to 240
nm. The processed devices were placed in a variable-temperature liquid nitrogen cryostat
which was cooled to 80K and 296K. The device was forward biased with a DC current source
for the 80K measurements. For measurements at 296K a pulsed voltage source was used with
50 ns pulse width, 1 MHz repetition rate. The laser light escaping through the substrate was
collected by a microscope objective. Half of the light went to a camera system to facilitate
alignment. The other half was coupled into a single mode fiber which then fed the emitted
light to either a spectrometer or a power meter. The spectrometer had a minimum resolution
bandwidth limit of ~0.4 nm. A linear film polarizer was also placed in the light path after the
microscope objective. The polarizer allowed us to determine if the largest electric field vector
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of the light was TM (perpendicular to waveguide sidewall) or TE (parallel to waveguide
sidewall) polarized. Light collected via the substrate for the TE mode has the strongest electric
field vector parallel to the waveguide, inspite of the fact that the strongest electric field
component inside the waveguide is in the vertical direction [21].

Optical spectra for one of the DFB devices measured at 80K are shown in Fig. 5 (this
particular device had parameters w, = 140 nm +/— 10 nm, w, = 190 nm, L, = 230 nm and t4 =
15 nm). The spectra show the emergence of a single narrow spectral line with increased
pumping. The final measured line width was limited by the spectrometer resolution at ~0.4
nm. Below threshold linewidths indicated a cavity Q on the order of 300 or less. The ratio
between the main peak and any side modes was over 21 dB, and the light emission was
strongly TM polarized, consistent with a gap-plasmon mode propagating in the MIM
waveguide [11]. The light current curve for the DFB device is given in Fig. 6a, and shows a
threshold like behavior for the lasing mode, at around 500 pA.
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Fig. 5. (a) A number of spectra at various injection currents with core width w, ~140nm at 80K,
blue 500 pA, green 700 pA, red 3000 pA. Far above threshold the laser peak is 21 dB above
any other grating peaks. Note the near absence of any spontaneous emission pedestal. The
wavelength shift due to higher current is due to reduced refractive index at higher carrier
densities. (b) Plot of lasing wavelength of a number of DFB lasers versus the grating period.
Points clustered on the upper line represent devices which lased at the grating Bragg
wavelength. Points clustered on the lower line represent devices which lased at a grating band
edge wavelength.
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Fig. 6. (a) Light in the lasing mode versus injection current (circles). Shows super-linear
behavior and can be fit to a rate equation model (red line). (b) Circles give the extracted
spontaneous emission outside the grating modes. The levels are very low compared to the
lasing light and were indiscernible from the spectrometer noise. Red line is from rate equation

2000

model and is shown for completeness.

Spontaneous emission of light outside the grating modes is given in Fig. 6b. This
spontaneous emission outside the Lorentzian functions associated with the cavity modes was
very low, and at a level similar to the detector noise. The low spontaneous emission levels
made it difficult to detect a definitive trend in the values.
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The lasing wavelengths of a number of DFB devices with different core widths and
grating periods is given in Fig. 5b. It can be seen that the wavelengths follow a trend
associated with the grating period. The bulk InGaAs gain material used in the devices has
higher maximum gain due to increased density of states, at shorter wavelengths. For wider
waveguide widths, there is sufficient gain in the InGaAs core to permit lasing at the band gap
mode resonance, which is close to 1500 nm. However, as the band gap mode resonance tends
to longer wavelengths where there is less gain, or as the width of the waveguide is made
smaller, then lasing occurs on a band edge mode, at shorter wavelengths, Fig. 5b. Note that for
the band gap mode in particular, the laser wavelength is strongly affected by the size of the
quarter wavelength shift section. A change in length of 1 nm for the shift section will result in
a change in wavelength of approximately 3 nm. In some applications it may be desirable to
have to have multiple phase shift sections in the cavity, or employ narrower bandwidth, lower
reflection gratings via reduced waveguide width modulation [14].

To provide a point of comparison with DFB lasers, Fabry-Pérot type resonant cavity lasers
[12] were also manufactured on the same semiconductor wafer as the DFB devices. The
spectra for an FP device, with similar length to the DFB devices (~100 um) and also at 80K,
are shown in Fig. 7. Significant differences compared to the DFB cavity can be seen. In
particular there are several lasing modes, furthermore there is a significant spontaneous
emission pedestal in the spectra.

Via a numerical approach [22] it can be shown that perfect metal MISIM grating
waveguides with W< ~\/2, can suppress the spontaneous emission into TM modes in the stop
band by more than a factor of 100 in two dimensions and a factor of 2 in the third. Emission
into all transverse electric modes is strongly suppressed. Additionally, as seen in other
experiments [1,6], emission into the lasing mode can be significantly enhanced (up to a factor
of 50) for emitters at the modal maximum. This three dimensional suppression may be
superior to that in dielectric photonic crystal structures, where significant solid angles of the
crystal do not experience the Bragg stop bands [23,24].
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Fig. 7. (a) A number of spectra at various injection currents. Note the strong spontaneous
emission pedestal. (b) Light in the lasing modes and also spontaneous emission outside the
lasing modes. Note that when threshold is reached, spontaneous emission stays constant,
indicating gain clamping. A rate equation model can reproduce the behavior with a realistic
choice of parameters. Measurements were also at 80K.

For waveguides made of real metals the suppression in the stop bands is reduced, but is
nevertheless significant with a typical suppression factor of 10. The spontaneous emission
suppression manifests itself in the very low light levels in the DFB device at stop band
wavelengths, and also in significantly lower threshold currents than the FP devices, Figs.
6b,7b. To quantify this behavior we have developed a rate equation model of the devices (see
the next section for a detailed description). A reasonable agreement can be seen between the
experiment and the simulation, Figs. 6,7.

A result of the broad band spontaneous emission suppression afforded by the metallic
grating, is that the conditions for room temperature (RT, 296K) lasing are improved. Figure 8a
shows the spectrum for an electrically pumped (pulsed operation) DFB device (with core
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width ~140 nm +/— 10 nm). Figure 9a shows the light current curve. The light is strongly
polarized in a direction consistent with a TM, mode. The results show strong linewidth
reduction (Fig. 8b) and asuper-linear light current curve (Fig. 9a). Spontaneous emission
outside the Lorentzian curves associated with the DFB cavity modes is low, unlike in the
Fabry-Perot laser. This difficulty in precisely determining spontaneous emission prevents us
from clearly showing gain clamping, which would definitely indicate lasing. The below
threshold line width gives a cavity Q less than 100, less than expected from published optical
loss values for silver [19]. We believe that the key issue here is the crystalline quality of the
silver at the SiN, interface, rather than surface roughness. More studies are required to
optimize deposition and annealing techniques to obtain silver with optical losses as reported in
[19].

Furthermore, the line width is broad (~9 nm), although comparable with other
demonstrations of RT plasmon mode lasers [25]. The large linewidth may be due to cavity
heating during the pulse. Or, strong spontaneous emission coupling to the mode, and that the
true compensation of optical losses by the gain medium has not yet been achieved. In any case
we expect refinements in the silver quality and other fabrication issues to improve future
device performance.
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Fig. 8. (a) Spectra of a DFB cavity taken at a temperature of 296K at various injection currents,
blue 2500pA, green 3600pA, red 7600pA. (b) Linewidth of the main peak as a function of
injection current (circles). The red line is a fit to a 1/Py,0¢. dependence.

This is the first demonstration of at least strong linewidth reduction and super-linear light-
current curves for electrically pumped room temperature plasmon mode devices for the near
infrared wavelengths. There have been several demonstrations of pulsed optically pumped
plasmon mode devices [2,25]. However pulsed optical pumping generates little heating of the
device. For electrical pumping, which can generate considerable device heating, it was not
demonstrated yet if plasmon mode lasing was possible. Such RT lasing with a strongly
confined plasmonic optical mode will be of critical importance for most applications.
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Fig. 9. (a) Plot of light versus current, extracted from the spectra, showing a super linear
behavior and threshold around 2.5 milliamps. The red line is a rate equation model fit. (b)
Circles show spontaneous emission levels as a function of injection current, showing a much
lower level than the lasing mode light and also evidence of gain clamping at the higher
injection levels. The red line is the rate equation model fit. Spontaneous emission counts were
calculated by subtracting a Lorentzian fitted to the cavity modes from the total spectrum.

5. Rate equation model

To quantitatively interpret our measurements we developed a rate model for the carrier
number N, and the photon number, S; of the multiple optical modes that occur in the DFB and
FP laser cavities:

dN 1 S )

—  =—-Tvu n S —(A—%+y(n)Bn+Cn”)N, 1

i gg()Z,(Va y(n) ) (1)
Bi(ro,gmy-L)s, 4y, mBaN,  icl2..m, ©))
dt T .

pii

where, I is the injection current, g the electronic charge, v, the speed of light in the
semiconductor, S, the surface area of the active region exposed to SiNj, V, the active region
volume, the carrier density n = N/V,, g(n) is the material gain, the photon lifetime t,; =
AQ/(2wc), where c is the speed of light. Finally, A, B, C are the surface, bulk semiconductor
radiative, and Auger recombination coefficients respectively [26]. The number of optical
modes in the cavity m was taken as 75 for the FP cavity and two for the DFB cavity.

We employ a carrier density dependent emission enhancement factor yi(n), which is
calculated for each mode (3).

1
1+4Q%(A1 A, —1)?

7, (n) = j FE&(n,A) di, iel,2,..m. 3)

Here the Purcell factor for the cavity is given by F;. y,(n) takes into account the spectral
overlap of the normalized carrier energy distribution (71, A), with each cavity resonance via

the integral in (3). &(n,A) was determined by assuming a parabolic band model [26].
Emission into free space modes can still occur, due the finite length of the pillar under the

InGaAs region. The factor F accounts for this emission. Any spontaneous emission not
going into free space modes is assumed to couple into the cavity modes i.e.

ymy =2 7. (m+F,. )
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The model is fitted to the L-I measurement data obtained from the different devices. As a
result we also obtain an expected trend for the spontaneous emission levels in the spectra,
which are proportional to the carrier density.

The rate equation model used for the fabricated DFB lasers takes 2 modes into account,
located at a wavelength of 1475 nm and 1405 nm. The first mode is the mode at the Bragg
wavelength, the other mode is the band-edge mode. The corresponding Q-factors are 200 and
100 respectively; the corresponding Purcell coefficients are 5 and 1. The confinement factor
was set to 0.20. The exposed surface and volume of the active region are S, = 7.2 x 107 cm’
and V,=4.2 x 102 cm’.

For the Fabry-Pérot lasers, the number of modes is 75. The Q factor for all modes is 300
and the assumed Purcell factor is 0.01, which is equal to F.,. The exposed surface and volume
of the active region are S, = 6.0 x 10~ ¢cm? and V,=6.0 x 1072 ¢cm®. The confinement factor
is 0.24. All simulations were carried out assuming an ambient temperature of 80K. A was 6.7
x 10° cm/s and is related to the RT value [27] by a square root of absolute temperature
relationship [28]. A was also varied slightly from published values to fit the initial slope of the
integrated luminescence curve. B was taken as 9 x 1071 cm3/s, although there is some
discrepancy between published values [26,29]. At low temperatures C does not play a
significant role, but it was included for completeness and its value was 9.8 x 107" cm%s, one
tenth of the RT value [26]. g(n) was calculated assuming a parabolic band model [26].

Values of Q and F,, used in the models were chosen to give a reasonable fit to the
experimental data. However, for the DFB cavity these values were in the order of values
expected from FDTD simulations, and given arguments about carrier distributions and
diffusion in the cavities. For the Fabry-Pérot lasers the Purcell factors required to give a good
fit were somewhat lower than simple calculations predict. The spontaneous emission coupling
factor B is given by y,(n)/ y(n) and is a function of n. The above threshold B are given along
with the other model parameters below in Table 1.

Table 1. Rate Equation Model Parameters

DFB Laser (T = 80K) Fabry-Perot Laser (T = 80K)
p 0.47 ] 2x 107
Ql’ QZ 2009 100 Qave 300
Fi, F, 51 Fave 0.01
A 1475 nm ;\-center 1510
r 0.20 r 0.24
Sa 7.2 x 1077 cm? Sa 6.0 x 107 cm®
V. 42 x 1072 em® Va 6.0 x 10 cm’®
Modes 2 Modes 75

6. Conclusion

In summary we have shown that the DFB laser concept can be extended to plasmonic
waveguides which confine light to below the diffraction limit. Bragg gratings are the premier
method to control the wavelength of lasers and provide wavelength dependent mirrors with
controllable reflectivity. Furthermore, Bragg gratings in active MIM waveguides can be
designed for very wide bandwidth and a coupling coefficient much higher than in dielectric
gratings, and can lead to strong spontaneous emission suppression. This spontaneous emission
suppression can reduce the threshold current and help in achieving room temperature
electrically pumped operation in a gap-plasmon mode laser.
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