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This work investigates a kind of metallic magnetic cavity based on slit-hole resonators. Two orthogonal hy-
brid magnetic resonance modes of the cavity with a large spatial overlap are predesigned at the wavelengths
0of 980 and 1550 nm. The Yb:Er codoped material serving as a gain medium is set in the cavity; this enables
the resonator to have a high optical activity. The numerical result shows that the strong lasing at 1550 nm
may be achieved when the cavity array is pumped at 980 nm. This double resonance nanolaser array has
potential applications in future optical devices and quantum information techniques. © 2010 Optical Society

of America
OCIS codes: 140.3460, 160.3918.

Recently, researchers have reported the observation
of the stimulated amplification of surface plasmon
polaritons (SPPs) at different frequencies [1-9].
These remarkable observations provide a compelling
starting point for the applications of the SPP in opto-
electronics integration. Analogous to the SPP, the
split-ring resonator (SRR), combined with semicon-
ductor materials or quantum-dot-doped dielectrics, is
also proposed as an efficient way to produce nanola-
sers [10,11]. In our recent work, we have proposed
and theoretically analyzed a magnetic resonance
nanosandwich nanolaser [12]. This structure is for il-
lustration purposes only, because the spatial overlap
between the pumping (higher-order mode) and the
lasing (lower-order mode) modes is small. The other
drawback lies in the difficulty to fabricate it; it is sim-
ply difficult to create it in experiments.

We then propose what we believe to be a new kind
of magnetic resonators, which are slit-hole resonators
(SHRs) [13]. Compared with the SRR, the SHR is
more easily fabricated in nanoscale. In this work, we
propose a new kind of nanolaser based on orthogonal
coupled slit-hole resonator (CSHR) structures. The
CSHRs are carefully designed to provide two mag-
netic resonance modes (980 and 1550 nm) with a
large spatial overlap. Combined with the ytterbium-—
erbium codoped gain material, this structure can
have resonance not only at the lasing wavelength
(1550 nm) but also at the pumping wavelength (980
nm). There are several Er:Yb codoped gain materials,
such as Er:Yb:phosphate glasses, Er:Yb:yttrium
aluminum garnet, Er:Yb:Y,SiOs, and
Er:Yb:CayAl,SiO; crystals [14,15]. We selected the
Er:Yb:YCa,O(BOs); (Er:Yb:YCOB) crystal [16] as
the gain medium for our principal demonstration.

Figure 1 shows our designed CSHR structure ar-
rays, which are based on the designing idea proposed
in [13]. Figure 1(b) indicates a unit cell of the array
[whose cutting plane schematic is shown in Figs. 1(c)
and 1(d)]. It is composed of two parts: the three nano-
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holes drilled on the silver film and two slits linking
the three holes. The geometry parameters of the
CSHR shown are as follows. (1) The thicknesses A1,
hg, and h of the silver film; the gain medium layer
above the silver film; and the SiO, glass substrate
are 40, 250, and 800 nm, respectively. (2) The diam-
eter D of the nanohole is 85 nm. (3) The distance be-
tween two neighbor nanohole centers is 120 nm. (4)
The width w of the slit is 40 nm. (5) The distance be-
tween the nearest-neighbor single laser cell struc-
tures is 1000 nm. (6) The silver is treated as a disper-
sive medium following the Drude model. The metal
permittivity in the IR spectral range is derived by us-
ing &(w)=g,-w)/(w*+iw/7). (7) The values of z.., w,
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Fig. 1. (Color online) CSHR nanolaser structures. (a) La-

ser arrays. (b) Single laser cell structure. (c) Cutting plane
(y—x plane) of single laser cell structure. (d) Cutting plane
(z—x plane) of single laser cell structure.
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and 7 fitted to the experimental data in the 950-1800
nm wavelength range are 1.0, 1.38x 10'¢ rad/s, and
33 fs, respectively. (8) The refractive indices of
Er:Yb:YCOB and the SiO, substrate in the 950-1800
nm wavelength range, measured through an ellipse
spectrometer, are 1.35 and 1.5, respectively.

Based on the theory of Pendry et al. [17], the
drilled hole at high frequency can be regarded as an
effective inductance, while the slit can be considered
as an effective capacitance. Therefore, the structure
shown in Fig. 1(b) can be seen as an equivalent
inductance-capacitance (LC) circuit. When magnetic
resonance occurs, the electromagnetic energy is
mainly stored in the capacitor (i.e., the slit), and thus
the structure can be considered as a cavity of the con-
fining light. According to the geometric symmetry in
the CSHR design, we can expect this structure to pos-
sess two magnetic plasmon resonance modes with
symmetry and asymmetry. We were also able to pre-
dict that the two modes would have a large spatial
overlap between their electric fields. This is consid-
ered as a key to and beneficial to lasing. We used the
parallel finite-difference time-domain (FDTD)
method with a perfectly matched layer boundary con-
dition for the calculation of the magnetic resonance
to examine the exact mode characters. We placed a
pulsed dipole source (power far below threshold) in
the asymmetry position to excite the SHR structure
and record the fields at the monitor points positioned
in different locations in the structure. We obtained
the resonant frequency by using the fast Fourier
transform (FFT) of the electric field at the monitor
points. Afterward, the field was initialized by a dipole
oscillation source with the angle frequency equiva-
lent to the resonant frequency. A resonance mode was
formed and its mode distribution was obtained in the
simulations, while the local fields decayed over time.
After the mode was formed, we switched off the
dipole oscillation (¢, is the switch-off time) and calcu-
lated the electromagnetic energy U (neglecting the
field in silver films) as a function of time ¢. @ (@
=[-w(t-ty)/In[U&)/U(ty,)]) was calculated from
the slope of the logarithmic energy-time relation.
The effective mode volume Ver (Vg
=[[e(r)|E(r)]?d®r]/max[e(r)|E(r)|?]) was obtained
[2,18] based on the ratio of total electric-field energy
to the maximum value of electric-field energy density
in the structure. The Purcell factor was derived by
using F=3QN\3/(47?V 4n?) [19], where n and \ are
the refractive index of the gain material and the
wavelength in vacuum, respectively.

Figure 2(a) shows the resonant wavelengths ob-
tained through the FFT. Figure 2(a) presents how the
design of the CSHR forms two resonance modes. The
resonant wavelengths are 980 and 1550 nm. The
electric-field patterns for the two modes are calcu-
lated and shown in Figs. 2(b) and 2(c). Figures 2(b)
and 2(c) show that the electric fields of two resonance
modes are both focused inside the two slits. This
means that the two modes have a very large spatial
overlap, which is very important in producing high
laser output efficiency. As the 980 and 1550 nm wave-
lengths are, respectively, close to the absorption and
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Fig. 2. (Color online) (a) Resonant frequencies. (b) Electric
field for symmetry magnetic resonance mode (1550 nm). (c)
Electric field for asymmetry magnetic resonance mode (980
nm).

emission peaks of the gain material Er:Yb:YCOB, we
can select a mode (980 nm) as the pumping mode and
another as the lasing mode (1550 nm).

Figure 3 shows the energy level diagram for the
Er:Yb codoped system. The operation principle of the
CSHR laser is as follows. When pumping light (980

nm) with s polarization (El-x+2) is applied on the
structure [see Fig. 1(a)]l, the asymmetry magnetic
resonance is excited, which results in the light en-
ergy being strongly coupled into the two slits [see
Fig. 2(c)]. Afterward, the pumping light is absorbed
by Yb?* ions (associated with the 2F;,,— 2Fy, transi-
tion, see Fig. 3). The excitation is transferred to the
Er3* ions from the 2F5,(Yb?*) level based on the reso-



756  OPTICS LETTERS / Vol. 35, No. 5 / March 1, 2010
‘F,, N
Ay 92 INsg
Energy == 41 on Nyg
Iransff‘l;,.,,,— M ) 2
Nyy Fsp~ # Ener‘gy\ ?\ Iijp Ny
transfer \\ |é‘ .
800nm-1100nm &: | T Lian Nog
980nm
\ : ISSOnm‘
Npy 78, Iy
1Y =72 Lisp Nig
Yb¥ Er3*
Fig. 3. (Color online) Energy level diagram for the Er:Yb

codoped system.

nant transferring mechanism: 2F5;,— 2F;,(Yb3),
4115/2—>4111/2(EI'3+). The 4[11/2 level has a relatively
low lifetime and rapidly relaxes nonradiatively to the
I3 level, releasing energy as vibrational energy,
namely, phonons. The *I;3, level is metastable, pos-
sessing a lifetime of around 10 ms. Therefore, the
population inversion between the *I;5, and *I15, lev-
els in Er®* becomes possible. Lasing at 1550 nm
wavelength can be achieved through stimulated
emission from the %113 level to the *I55 level [see
Fig. 3(b)]. Each unit of the array structure at the far
field can be considered as a lasing source. The radia-
tion of waves from these lasing source arrays super-
poses in free space. The superposition produces an
emitting beam. The polarization of the emitting beam
is determined by the characteristic of the symmetry
magnetic resonance [Fig. 2(a)]l and is p polarized

(Ellx+2) [see Fig. 1(a)].

We used a set of rate equations to model the opera-
tion of the laser to predict the lasing condition. The
set of rate equations taking into account spatial dis-
tributions of two modes has been clearly described in
our previous work [12]. Therefore, we no longer pro-
vide the detailed equations and material parameters
used in the calculation. Using the FDTD method, we
calculated and obtained the quality factor and the ef-
fective mode volume of the pumping and lasing
modes, which are 15, 0.03(\/n)? and 20, 0.005(\/n)3,
respectively. The Purcell factor of the pumping mode
is 40. Using these mode parameters in the equations
and assuming the total photon number of the lasing
mode in the cavity to be 1 and the pumping rate to be
high enough, we then derived the Er?* threshold dop-
ing concentrations as 8 X 1026 ions/m? (the Yb3* con-
centration is fixed at 5.0 10?7 ions/m3). Choosing
the Er3* concentration at 5.0 X 1027 ions/m?, we cal-
culated and obtained the corresponding absorbed
threshold pumping power (hw,ovv,F,N,Ny/n,,
where 7, is the quantum efficiency and is approxi-
mately equal to 1) as 2.0 X 1075 W. The lasing slope
efficiency derived from the lasing output power and
absorbed pumping power was about 40%. The typical
Er3* concentration in Er:Yb codoped gain materials
was in the range of 1025—1027 ions/m?. Therefore, the
CSHR structure combined with the Er:Yb:YCOB
gain materials can theoretically realize lasing. The
proposed nanolaser can be easily extrapolated using
other gain materials such as the quantum-well or

quantum-dot material system (e.g., InGaAsP-InP),
whose gain is much larger than the Er:Yb:YCOB
used in this Letter.

In summary, we have proposed a new kind of me-
tallic nanolaser based on CSHRs. Two hybrid mag-
netic plasmon resonance modes are formed in this
structure owing to the strong coupling effect. Both
the pump light and the lasing wave can resonate si-
multaneously and have a very large spatial overlap
by carefully devising the parameters. This results in
a high pumping efficiency and a complete polariza-
tion conversion between the pump light and the las-
ing output beam.
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