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Design of cylindrical metal-clad semiconductor nano-lasers is undertaken. Specific attention is given to determining the modal gain in
structures supporting TMo; Surface Plasmon Polarition (SPP) modes. For representative structures it is indicated that cavity lengths of
order 100 pm enable lasing action. In comparison structures supporting TEy; core-confined modes having cavity lengths of order 10 pm
may sustain lasing. The analysis methodology adopted offers means to affect the design of candidate semiconductor lasers for bespoke

applications.
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1 INTRODUCTION

Driven by potential applications in photonic integrated cir-
cuits, optical information processing and system-on-a-chip
technologies considerable effort has been directed at devel-
oping sub-wavelength nano-scale semiconductor lasers. This
work led to the development of novel geometries [1]-[5].
Metal-clad semiconductor lasers offer significant for realizing
the potential of nano-scale lasers. A variety of such structures
have been explored in recent years [6]-[13], including Fabry-
Perot lasers [14], nanowire lasers [15], nanopatch lasers [16],
and spaser-based nano- lasers [17].

A specific class of such devices which has attracted interest
is cylindrical metal-clad nano-lasers for which attention has
been given to their operation based on the excitation and sup-
port of Surface Plasmon Polariton (SPP) waveguide modes
[18]-[21].

Vivek et al. investigated the effect of metal cladding on the
coupling of SPP modes emphasizing their mode confinement
and loss characteristics [20]. A recent study by lkeda et al.
gives insight to the gain properties of the structure [21], where
it is assumed that the active core region could be modelled as
a single layer of prescribed optical properties and specifically
of defined optical gain.

Such nano-lasers are anticipated to exhibit enhanced dynami-
cal performance which may arise from a combination of phys-
ical factors including enhanced modal refractive indices and
Purcell cavity-enhanced spontaneous emission. However in
complementary work [22] on the dynamical performance of
metal-clad nano-lasers it was shown by means of a simple
analysis that the direct-current modulation bandwidth of such
lasers may suffer deleterious effects due to those factors.
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In that context, the aim of the present work is to explore
the opportunities and challenges which arise in the design of
metal-clad semiconductor lasers giving specific attention to
the role of SPP modes. The approach adopted is to take into
account spatial profiling of the optical gain as a means both
for optimizing lasing operation and as a step towards a fully
self-consistent theoretical model of such structures.

The paper is organized as follows. Firstly, a description of the
laser structure is given and then the method used to effect op-
tical mode analysis for the structure is outlined. Results us-
ing the methodology are presented. Finally, conclusions are
drawn based on the results obtained.

2 LASER STRUCTURE AND MODEL

The structure under consideration is a cylindrical metal-clad
nano-laser. In previous work such a structure has been stud-
ied assuming a uniform core [20, 21]. In order to take into ac-
count spatial variations in gain in the active region of such a
structure a two-layer active core model is utilized. The cross-
section of such a structure is illustrated in Figure 1. The key el-
ements of the structure are the core semiconductor region and
the metal cladding. The analysis methodology adopted here
is of general application but for the work presented here it is
assumed that the metal-clad structure is surrounded by air. In
addition, for all results discussed in this paper the operating
wavelength of the laser is taken to be 1um. It is straightfor-
ward to examine alternative configurations and notably the
use of alternative surrounding media. Following earlier work
the core semiconductor material is assumed to be Ing,Gagg
As [23, 24] with a refractive index of 3.6 at the chosen operat-
ing wavelength. The metal cladding is taken to be gold with a
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FIG. 1 Cross-section of cylindrical semiconductor metal-clad nano-laser.

complex refractive index of 0.22 —j6.71 [25] and the thickness
of metal clad is assumed to be 20 nm [26].

The model which has been developed for this work allows for
the definition of an arbitrary number of layers in the active
layer core semiconductor region as well as in the cladding re-
gion. This utility has been developed in order to explore com-
binations of gain profiles and/or surrounding media.

However, for the specific calculations performed here, the core
semiconductor is considered to be comprised of just two re-
gions with differing material gains. In this case, the overall
core radius r; is defined as the sum of the radius of the ‘inner
core’, r1, and the thickness of the ‘outer core’, t.

For the cases explored here the gain in the inner core, g; is
taken to be greater than that of the outer core g. It is un-
derlined that the relative values of such gains are dependent
upon the precise electrical excitation scheme utilised in such
lasers. The methodology allows exploration of such alterna-
tives. For the sake of definiteness, the results obtained here
have sought to make a comparison of the lasing conditions
when allowance is made for a variation in the outer core ma-
terial gain g, whilst the inner core material gain g; is held at a
fixed value of 1800 cm~!.

The material gain, g; in the inner core is introduced through
the imaginary part of the refractive index of the active region,
which is related to the gain coefficient by 47”1 m(Meore + jkcore)-
Where 71orc is real part of the refractive index and ke is the
imaginary part of the refractive index. The real part of the in-
ner core region is kept constant to 3.6 whereas the gain is intro-
duced by varying the imaginary part from 0 to j0.015 [21]. This
in turns provide a maximum material gain in the inner core
which approximates to 1800 cm ™! at the wavelength of 1um.
In effect, when the outer core layer was introduced in the core
region, the material gain g; was kept constant to 1800 cm ™!
and gywas varied from 0 to 1760 cm~'which is equivalent to
a refractive index of the outer core 3.6 +;0.014. The model de-
veloped here provides the basis for more detailed nano-laser
design and specifically is capable of extension to provide a
self-consistent analysis of the wave-guiding and lasing prop-
erties of such metal-clad cylindrical nano-lasers.

Lasers constructed with such geometries may support several

kinds of waveguide modes and notably bound modes which
are largely confined to the active core and surface Plasmon
polariton (SPP) modes which derive from the dielectric-metal
interface. In this work attention has been given to both kinds
of modes and notably confined TE modes and low order TM
SPP modes.

3 ANALYSIS TECHNIQUE

Analysis of the structure has been performed using the well-
known transfer matrix method [4], [27] which, in principle,
enables direct evaluation of structures where consideration is
given to an arbitrary number of multilayers. The outline of
the analysis technique presented here is specifically for the
case under consideration i.e. with a two-layer active core; a
metal cladding and the surrounding medium being air. It is
noted that some algebraic manipulation needs to be under-
taken when the number of layers utilised is changed.

In order to evaluate the gain properties for the two-layer ac-
tive core metal-clad cylindrical structure of Figure 1, the rele-
vant optical modes need to be obtained. We consider z axis as
the direction of propagation and therefore, every field compo-
nent within the cylindrical structure can be represented in the
form,

@ (r,,2,t) = @ (r,p) /P (1)

Where @ represents the field components in the structure, i.e.
E., E; Eo, H;, H;, Hy. w being the angular frequency and S is
the propagation constant. For the analysis of the structure, the
transverse field component for the TM and TE mode is ex-
pressed in terms of E, and H, respectively,

E;i = [Pi]o (viri) + QiYo (7iri)] 2)

H,; = [M;]o (7iri) + NiYo (viri)] 3)

Where P;, Q;, M;, N;, are constants; i represents the appropri-
ate region of the structure. For the case under consideration
i = 1,2,3,4 representing the inner core, outer core, metal
cladding and outermost dielectric,], and Y, are the Bessel
functions of the first and the second kind respectively and ;
is the propagation constant in each layer which is defined by;

& @

7= |(@/e)n? - B

Following the standard matrix approach the boundary con-
ditions are satisfied by using matrix, X and Y, which links
the field parameters of adjacent layers i.e. P;, Q;, M;, N;, to
Pi11,Qit+1, Mit1, Nij1, for the TM and TE modes respectively.
Final Matrix for the TM & TE modes that links the field pa-
rameters from the first layer i.e. inner core to the outer most
cladding i.e. air, can be represented as,

Py \ Py
<Q4>_X<Ql) ©
My \ M;
<N4>7Y(N1> ©)

For TM mode,

For TE mode,
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In order to obtain a finite field at the centre of the core and a
decaying field in the outermost dielectric we require,
Q1:01N1:01Q4:jp4 and N4:jM4 (7)

The elements of X and Y are relatively involved expressions
and are not re-produced here. Using Eq. (7) in Eq. (5) and
Eq. (6), leads to an eigenvalue matrix in the form:

For TM mode,

X111 -1 Py _

(Xn —i)<1’4>_0 ®)
Yin -1 M; \ _

< Y21 —j > < My )_ ®

Setting the determinant of the matrix in Eq. (8) and (9) to zero,
we have:

For TE mode,

For TM;

Xp1—jXy; =0 (10)

For TE;

Y21—jY4; =0 (11)
The eigenvalue equations for the TM and TE modes were then
used to evaluate the effective refractive index of the relevant
modes. In this way the optical gain of the TM and TE modes
is found and hence the lasing condition for the structure is
determined. Simulations were performed using MATLAB.

4 RESULTS

The principal aim of this paper is to evaluate the optical gain
and lasing condition for the TM SPP mode which can be sup-
ported by the structure of interest. However, in order to bench
mark the laser performance in that mode we have also exam-
ined the operating conditions for the low order TEy; mode
which also has the potential to lase in the chosen structure.
The lasing condition depends on the modal gain and the re-
flectivity of the laser. In general the lasing condition is defined
by the length of the device L as shown in Figure 2.

1 1

Where, G is the modal gain and R is the reflectivity of the laser.

(12)

21 22 Au

L

FIG. 2 Representation for the Length ‘L’ of the device.

4.1 TEp; mode analysis

In the analysis the dimensions of the device were fixed in the
following way. The overall core radius () was held constant
at 200 nm whilst the inner core radius (r1) and outer core thick-
ness (t) were varied. The analysis is performed for different
inner core radius and outer core thickness and a comparison
is drawn with respect to the modal gain.

Calculations are therefore done for the structure without outer
core, i.e. 1 = 1, = 200 nm, and with outer core, as sum-
marized in Table 1. Outcomes of representative calculations
where the inner core and outer core material gain is varied are
shown in Figure 3. It is observed that the modal gain linearly
increases as the material gain is increased. For the dual core
structure with the inner core material gain of 1800 cm~! and
variation in the outer core material gain we observe a shift in
the modal gain towards the positive at zero material gain for
the dual core structure. Furthermore, an increase in the inner
core radius shifts the modal gain towards the more positive
end. The shift in modal gain also depends on the thickness of
the outer core.

Having obtained the appropriate modal gain it is possible to
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FIG. 4 Device Length versus Material Gain for TEy; mode.
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Inner Core Outer Core g1 0 Length
radius 7y (nm) | thickness t (nm) | (cm™!) | (em™!) | (um)
200 - 0-1800 - 9-80
150 50 1800 0-1760 9-18
160 40 1800 0-1760 9-15
180 20 1800 0-1760 9-10
TABLE 1 Specifications for the TEy; mode analysis
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FIG. 5 Optical Field of the TMy; Air-Metal and Core-Metal surface guided modes.

utilise the standard lasing condition to determine the length of
device required to achieve lasing. Outcomes of such calcula-
tions are given in Figure 4. It is noted that devices supporting
TEq; modes having cavity lengths of order 10 um appear to
have the potential to support lasing action.

4.2 TMg1 SPP mode analysis

Attention is now turned to the modal gain and lasing con-
ditions for the SPP modes of the defined structure. In this
respect the capability of the present model to examine pro-
filed optical gain will be exploited to identify conditions un-
der which lasing action may be achieved. We may identify two
kinds of SPP modes: asymmetric SPP modes (also known as
core-metal surface guided modes) and symmetric SPP modes
(also known as air-metal surface guided modes) [18], [28]. The
modes guided at the air-metal interface are known as long
range surface plasmon modes which are of much practical in-
terest in cylindrical devices that incorporate small core radius.
On the other hand, core-metal surface guided modes experi-
ence high losses [20] and may have reduced applications po-
tential.

Figure 5 shows the optical field of these two types of SPP
modes in the device having an overall core radius of 100
nm and a metal cladding thickness of 20 nm. The TMy; air
metal surface guided mode is transformed to core guided
mode when the overall core radius increases from 100 nm to
1o > 220 nm. Figure 6 shows the optical field of the TE and TM
(core guided) modes formed in metal-clad cylindrical struc-
tures of radii 220 nm. Representations of the intensity profiles
of the optical modes are offered in Figure 7(a)-(c) for the TMy;
air-metal, core-metal surface guided and core guided modes
and 7(d) TEy; mode, which corresponds to Figure 5 and Fig-

Distance (nm)

FIG. 6 Optical Field of the TM(; Core-Guided mode and TEy; mode at Core radius of 220
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FIG. 7 Intensity profile of the (a) TMg; Air-Metal surface guided mode (b) TMq; Core-
Metal surface guided mode (c) TMg; Core guided mode (d) TEg; mode.

ure 6. In the figures the locations of the metal cladding is de-
noted by a double line.

As already indicated the focus of these investigations is on the
opportunities offered by local gain profiling to obtain lasing
action and thence to make a comparison with that obtained in
the case of the TE mode analysed in the previous sub-section.
As exemplars of this approach the inner core gain is held con-
stant at 1800 cm~!and variations allowed in the outer core
material gain. Attention is also given to variations in the ra-
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Inner Core Outer Core g1 0 Length
radius r1 (nm) | thickness t (nm) | (cm~!) | (cm™1) (um)
100 - 0-1800 - 100-1100
50 50 1800 0-1760 100-250
60 40 1800 0-1760 90-150
80 20 1800 0-1760 90-100
TABLE 2 Specifications for the TMy; mode analysis
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FIG. 8 (a-d) TMp; Modal Gain versus Material Gain for different active region radii

dius of the inner core and thickness of outer core as summa-
rized in Table 2.

Figure 8(a) shows that for a device with an inner core radius
of 80 nm the opportunity exists to achieve a positive modal
gain over a quite wide range of outer-core material gain. Fig-
ure 8(b) through to 8(d) show that when the inner-core ra-
dius is increased the accessible modal gain drops quite sig-
nificantly such that when the inner core radius is 100 nm the
metal losses are such that positive modal gain cannot be ob-
tained even for large values of outer-core material gain.

It is pointed out that for the case of an inner core radius of
220nm shown in Figure 8(d) the mode is transformed into a
core guided mode. Nevertheless due to the dominance of the
metal losses the modal loss becomes exceedingly large.

Having established the propensity of small radius structures
to deliver positive modal gain, attention is given to the influ-
ence of varying the gain profile via changes in the inner and
outer core radii. In the calculations illustrated in Figure 9, the
overall active core radius is set at 100 nm whilst the values of
the inner and outer core dimensions are changed.

Determination of the modal gain is again effected for a fixed
inner core gain of 1800 cm ! and variations in the outer core
material gain allowed in comparison to a structure without
outer core. As may be anticipated, when the mode is enabled
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FIG. 10 Device Length vs Material Gain for TMy; mode.

to access an increased active volume of higher gain the modal
gain is increased. It is noted that in all cases it is possible to
achieve positive modal gain.

Guided by the results displayed in Figure 9, attention is now
given to the determination of the cavity lengths required to
sustain lasing. Outcomes of such calculations are shown in
Figure 10. It is seen that for the TM mode significantly greater
cavity lengths — here of order 100 pm - are required relative to
those obtained in the TE case as shown in Figure 4.

5 CONCLUSION

An analysis has been performed of the wave-guiding at las-
ing conditions in a cylindrical nano-laser structure. The model
which has been utilized for this purpose allows for variations
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in the material gain of the active core to be taken into account.
The model has been applied to the specific case of a two-layer
active core and a comparison has been made of the require-
ments for achieving lasing via the excitation of either TE(; or
TMp; modes. In the former case it is found that structures of
length of order 10 ym have the potential to lase whereas in
the latter case device lengths of order 100 um are needed to
achieve lasing. The model developed here provides the basis
for more detailed nano-laser design and specifically is capable
of extension to provide a self-consistent analysis of the wave-
guiding and lasing properties of such metal-clad cylindrical
nano-lasers.
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