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Abstract: A dedicated 3D numerical model based on coupled mode
theory and solving the rate equations has been developed to analyse, design
and optimize an optical amplifier obtained by using a tapered fiber and a
Er®*-doped chalcogenide microsphere. The simulation model takes into
account the main transitions among the erbium energy levels, the ampli-
fied spontaneous emission and the most important secondary transitions
pertaining to the ion—ion interactions. The taper angle of the optical fiber
and the fiber-microsphere gap have been designed to efficiently inject into
the microsphere both the pump and the signal beams and to improve their
spatial overlapping with the rare earth doped region. In order to reduce the
computational time, a detailed investigation of the amplifier performance
has been carried out by changing the number of sectors in which the doped
area is partitioned. The simulation results highlight that this scheme could
be useful to develop high efficiency and compact mid-infrared amplifiers.
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1. Introduction

During the last decades, the demand for micro-resonators implementing a great variety of pho-
tonic devices is rapidly increased. Dielectric micro— and nano—spheres have attracted the re-
search attention since they can transmit very specific (nearly single frequency) wavelengths
and the intensity of light inside them can be orders of magnitude higher than that of the incom-
ing light. These spherical microresonators allow light confinement in circling orbits by means
of repeated total internal reflections, near the curvilinear boundary. The corresponding modes,
called whispering gallery modes (WGMs), exhibit high quality factor Q (higher than 10°) and
small mode volume. These properties make WGMs interesting for many applications includ-
ing the polarization transmission, coupled-resonator-induced transparency, biosensor analysis
[1, 2], nonlinear optics, cavity quantum el ectrodynamics (QED), quantum information process-
ing [3].

The high Q-factor of micro- and nano-spheres allows the light trapping and strong enhance-
ment of the light—-matter interaction. As a consequence, when doped with rare—earth ions, the
microsphere can exhibit a lasing action. Until now, laser oscillation has been observed in ava-
riety of rare-earth doped microspheres based on silica, phosphate, tellurite and ZBLAN glass
host materials [3—7]. These lasers were characterized by ultralow lasing threshold and very
narrow emission linewidths. However, if compared to other technol ogies exploiting high index
materials, the microspheres made of conventional glasses exhibit modal volume several orders
of magnitude higher. On the contrary, chal cogenide microspheres are an attractive alternative
since their high refractive index (2+3) leads to lower modal volume as well as high absorp-
tion and emission cross sections [8]. The low phonon energy (300+400 cm™?) resultsin large
radiative decay rates, high quantum efficiency and allows some radiative transitions which are
guenched by the multiphonon decay in silica glasses. Moreover, the high rare earth solubil-
ity in alot of chalcogenide glasses facilitates the fabrication of efficient lasers and amplifiers.
Among the advantages related to the use of Er**-doped chalcogenide microspheres there is
the prospective to construct a new generation of coherent sources in mid-infrared wavelength
range. These sources could be very interesting for a number of applicationsin the life sciences,
spectroscopy, bio-medicine, biological and environmental sensing.

Many papers have been devoted to experimentally demonstrate the capability of the rare
earth doped microspheres for generating and amplifying optical signals [3-7], but only few
numerical analysis and/or simulation models have been performed [9-11]. Accurate numeri-
cal modeling is needed for device performance prediction, design and refinement as well as
to obtain peculiar properties that may be exploited in the fabrication of more complex opti-
cal systems. In this paper, an accurate mathematical model is implemented and the obtained
results encourage the construction of Er®*-doped chalcogenide microspheres. The design is

#160472 - $15.00 USD  Received 22 Dec 2011; revised 16 Feb 2012; accepted 21 Feb 2012; published 20 Mar 2012
(C) 2012 OSA 26 March 2012 / Vol. 20, No. 7/ OPTICS EXPRESS 7617



Fiber (out)

Fig. 1. Layout scheme of the fiber taper coupled to the Er3*-doped chalcogenide micro-
sphere.

realistically carried out, on the basis of the optical and spectroscopic parameters measured on
chalcogenide glass [12] and by considering the coupling of the microsphere with a tapered
fiber. A dedicated 3D numerical code based on the coupled mode theory and solving the rate
equations has been developed. In particular, the model includes the modal distribution of the
optical waves in both tapered fiber and microsphere, and takes into account the most relevant
active phenomena in Er®*-doped chalcogenide glasses such as the radiative and nonradiative
transition rates, at both pump and signal wavelengths, the stimulated emission of the signal,
the amplified spontaneous emission noise (ASE), the lifetime and branching ratios of the con-
sidered energy levels, the ion—on energy transfers and the excited state absorption (ESA). For
the first time, WGM amplification in microspherical resonator at 2.7 um wavelength is accu-
rately modeled by considering important design parameters such as the Q-factor, the spectral
range, the loss effects, the mode volume, the coupling characteristics, the buildup factor and
the spectroscopic properties of the Er3* ions. In particular, a number of simulations has been
performed with the aim to identify the optimal geometric parameters leading to the best device
performance. The paper is organized as follows: Section 2 gives the theoretical recalls of: i)
WGMSs propagation, ii) erbium-doped microspheres, iii) coupled mode theory describing the
tapered fiber-microsphere system. The results and discussion are provided in Section 3 while
conclusions are given in Section 4.

2. Theory

Figure 1 shows the layout scheme of the designed resonator. It consists of a tapered optical
fiber placed close to the equator of an Er®*-doped chal cogenide microsphere. The evanescent
field of the optical fiber tunnels in the microsphere and the excitation of WGMs is achieved.
Since the fundamental WGMs are localized near the microsphere surface, this coupling tech-
nigue enables a very efficient excitation without affecting the high Q-factor characteristics. It
allows the extraction of the cavity power through the same fiber and the control of the coupling
characteristics. Moreover, the tapered fiber allows the focusing and the alignment of the input
beam and it efficiently filters the high-order fiber modes. The design of this device requires the
use of the electromagnetic mode analysis of both the fiber and the microsphere, the coupled
mode theory and the rate equations formalism. In fact, the accurate calculation of the modal
electromagnetic field distribution and of the propagation constants of the guided propagation
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modes in both the fiber and the microsphere is essential to evaluate the coupling coefficients,
the quality factor, the mode volume, the transition rates for modeling the active behavior [13].

The electromagnetic analysis of the microsphere is performed by finding the solution of the
scalar Helmholtz equation in spherical coordinates:

1 .9 [ L0y d (. vy 1 %y] o0

where k = 27 /4 is the wave vector in vacuum, A is the wavelength in vacuum and ns is the
refractive index of the microsphere. In particular, the polarization direction of the electromag-
netic field is considered constant along a fixed spherical coordinate. The solution of Eq. (1) is
separable, i.e. Y mn (1, 0,9) =NsR(r)©(0) D (¢); being yj mn = Ep for thetransverse electric
(TE) modes, and yj mn = Hp for the transverse magnetic (TM) modes. Ns is the normalization
constant calculated so that the volume integral of w7, over al space, divided by the micro-
sphere circumference is equal to unit [13]. Asa conséduence, each WGM can be identified by
three integers |, m,n where | — m+ 1 is the number of field maxima in the polar, 6, direction
and n is the number of field maxima along the radial direction.

The azimuthal dependence @ (¢) can be expressed in terms of complex exponential func-
tions depending on the mode number m < |. If the sphere radius is larger than the effective
wavelength, the WGMs are characterized by large values of mand |. Moreover, the approxima-
tion 6 < 1 for the polar angle has been considered because the corresponding modes are the
most strongly coupled with the tapered fiber. In this case, the polar dependence © (6) can be

represented by the Hermite polynomials of order N = | —m. Therefore, the radial solution R(r)
can be expressed in terms of spherical Bessel functions depending on the mode orders| and n
[13].

By matching the tangential components of electric and magnetic fields at the sphere bound-
ary, the following characteristic equation is obtained [13]:

<nsas+ FLO) i) (KNsRo) = Knsit 12 (kneRo) @

where

1 TEmode
Ns= ng

- TMmode
0
s = \/ BP — kg ©
[(I+1
b=V

Ry isthe sphereradius, f; isthe propagation constant parallel to the surface of the microsphere,
o is the constant describing the evanescent field decay from the microsphere along the radial
direction, ng isthe background refractive index, j; isthe spherical Bessel function of theI-th or-
der. Equation (2) enables the calculation of the resonance wavel engths and their corresponding
modal field distributions.

The coupling of the optical power between the tapered fiber and the undoped microsphere
is modeled by using the coupled mode theory [14, 15]. In particular, the following hypothesis
are used: i) weak coupling, ii) small internal resonator losses, iii) small perturbation of optical
fiber and resonator modes, iv) slowly varying amplitude approximation, v) single mode fiber
coupled to a WGM of the cavity, vi) adiabatic tapered fiber, vii) coupling zone much smaller
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than the microsphere diameter. Owing to these conditions, the time evolution of the amplitude
A mn Of the internal cavity electromagnetic field can be obtained by solving the differential

o — | — + - 2 A + /
t < | a)) A| mn I A|| (4)

Here, A, isthe amplitude of theinput electric field into the coupling region, T = 2zRonest /CiS
the circulation time inside the microsphere (round trip time), nes 1 isthe WGM effective refrac-
tive index and ¢ the speed of light in vacuum, Aw = win — owewm 1S the frequency detuning of
the fiber input signal from the WGM frequency. Theintrinsic lifetime 7o = 1/x2 = Qo/@wewm,
where Qg isthe intrinsic quality factor and kg is the intrinsic cavity decay rate which depends
on the total losses due to the material absorption, surface scattering losses, radiative |osses and
whispering gallery losses [13]. In microspheres having a diameter around afew tens of micron
and a perfect surface, both the radiative and surface scattering losses can be neglected.

The coupling lifetime Te¢ = 1/x% = mr/ (was) , Where x isthe cavity decay rate, denotes

the coupling phenomenon between microsphere and optical fiber. In particular, the coupling
coefficient K¢s was calculated according to the overlap integral [13]

K2 (02 — 2
Kfs:/ MEf.E;dv ®)
v 2B

where E¢ isthefield of the fundamental mode of the optical fiber and Es isthe WGM field of
the microsphere. Both the electromagnetic fields are calculated by using the Egs. (1)-(3) and
normalizing on thef - 6 plane such that

Tt
/O /o IE¢[Prdrde =1 ©)

T [too 2
/0/0 Es2rdrde =1 @

In particular, for an adiabatic taper, the fiber radius, a, can be approximated as
a(z) =ao+26 ®

where § isthe tapered angle and ag is the fiber radius at the waist of the tapered fiber, as shown
in Fig. 1. Asresult, the z-depending propagation constant, 3+, of the optical fiber mode can be
calculated by solving the characteristic equation [13]

Jl [a(z) kf] Kl [a(z) ch]

k =
f Jo[a(2)ki] o Ko [a(2) o] ©
where
ki = /k2n? — B2 (10)
af =+/BZ - ang (11)

Jy, and Ky, v = 0,1, arethe Bessel functions of thefirst kind and the modified Bessel functions
of the second kind, respectively.

The interaction of the WGMs with the rare earth doped microsphere has been investigated
by using the rate equation model. Figure 2 shows the schematic of six energy manifolds
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Fig. 2. Energy level diagram of the Er3* ions considered in our simulations.

(numbered with |i) i = 1,2,...6), the electronic transitions and the energy transfers of the
trivalent erbium ions in the chalcogenide glass. The state |6) is constituted by the 4%/2,
Hy1/2, *F7/, manifolds because the nonradiative transition *F7, —2 Hyyjp is very fas,
and the %Sy, and 2Hyy ), are thermally distributed. However, the complex Er¥*-ions sys-
tem was justified by the fact that in the considered chalcogenide glass the lifetime of the
*l13/2: *11/2, *lg/» energy manifolds are comparable and the lifetime of the Ry, energy
manifolds is small but not negligible. In particular, the important energy exchange processes
considered in the model are: 1) both 806 nm (*115,, —%1g/2) and 980 Nm (%135, —* 111/2)
pump transitions, 2) 45 um (*lgp =%1112), 27 um (Y131 -%1132) and 1.55 um
(*l13/2 —*l15/2) stimulated emission transitions, 3) different spontaneous decays (point
arrows), 4) various types of energy transfer mechanisms occurring in a pair of Ert ions:
(Mgj2, 1132 = 52,4 9/2), (Maay2 e = lis2.0 S52), (o2t o2 =4 S5/2,%13)2).
(M15/2,* 1972 =% 113)2) s (H15/2.% S3/2 —H13/2.49/2)s (Y132 ej2 =% 11572, S52) -

The doped area, inthe plane - 6 isdivided in q sector, as showed in Fig. 3. In particular, Ar
and A6 arethe radial and polar dimension of each sector, §; is the area of the g-th sector, Gmax
is the maximum polar angle defining the doped area considered in the simulations.

The rate equations describing the population dynamic of the |1)—|6) energy manifolds can be
written as:

ddil\tlg = (W3} + CupNg + CoaNg + Ao1) N7 + (C3Ng + Agr) Ny + AgrNg + AsiNg + At Ng-+
— (R, + R, + Wb + 2C16Ng + CraN{) N

%I\F — (W +2C16Ng + C1aNT) NI+ (W, + Agz) NI + (CraNd + CaNZ + Agp) NI + AsNI+
+A6aNG — (WS + CoaNg + 2CupNg + Agy) NS

%’\t@ = RINT + AssNg + AsaNg + AsaNg — (Wah + 2CsNg + Agr + Agp) NS

dTI\F — 2C16NING + Cup (NS)? — (Agz + Agz + Agz + CraNI + 2C,NI + CpaNT) NI+
+ AsaNg + AeaNg -+ RY,Ny

g = AesNg — (Asy -+ Asz + As + Ass) NG

dt 5Ng 51+ As2 + As3 5

%th = Ca(N)? + Ca (N§)® + CaaNING — (Ao -+ Ao + Ass + Asa + Aes + 2C16NS) NG

where Niq i =1,2,...6isthe concentration of i-th energy manifold in the g-th sector, R,qJ isthe
pump transition rate and V\/icj1 isthe signal transition rate in the g-th sector defined as:
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Fig. 3. Discretization of the doped areain the planef - 6.

Riqj _ z RI_qj,l,m,n

I,mn

q_ q,l,mn
VVIJ - Z Wij

I,mn

R,-qj’I ™ and V\/i?" ™" are the contribution to the pump and signal rate of each WGM propagating
into the microsphere and they can be calculated as

Rm _ (:;Jqu /Ilmn r0,¢=0,t)rdrde (12)
Wi?,lamﬁn_ (?]J\/Sq / ISmn (1,0, = 0,t)rdrdo (13)

where v = Vimn is the WGM resonant frequency, o; j (V) is the emission cross section at the
frequency v, when i > j, and the absorption cross section at the frequency v wheni < j, and
(/%) [ fs, Iﬁ"rﬁ,nrdrde is the average value, over the doped area &, of the intensity profile. In

particular, theintensity profile at pump, and signal, I s frequency can be formulated in
terms of electric field by [15]:

|p
I, mn’

1 ) _
i (1.0.9.1) = Se0Cher 1 (9) [ Al (9,0 [Efia (1,6)]* witha=ps (1)

Al n (@,1) is the slowly varying amplitude and Ef mr](r, 0) is the normalized electric field on
the planer 6. Thus, the Egs. (12)-(13) can be written as

,mn IJ( )
Riqj = 2Vh31 socneff( ) ((P Ot ‘ 1—‘I mn (15)
Imn_ Gij (V)
\Nl? = 2\~/h31£0cneff ’A| mn (P Ot | 1—‘Imn (16)
where
roe // |E?nn(r,0)[°rdrde  witha=p,s (17
5 ,

is the overlap factor of each WGM with the rare-earth profile in the g-th sector. The condition
¢ = 0in Egs. (15)-(16) is used by considering that the azimuthal dependence of the electro-
magnetic field takes the form exp (— jme).
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By describing the amplified spontaneous emission (ASE) viathe theory reported in [17], and
by taking into account the Egs. (13) and (17) and the variable change d¢ = (c/nef¢) dt the
differential equation governing the evolution of the amplitude of both the pump and the ASE
within the doped microsphere can be expressed as.

dAP . L
= ZN Giji (V) 1—‘I ,mn EN O-lJ )qungn A1pm,n withi < j
dt 2neff

d S C v . . .
Acij-’tm,n: 2 {ZN?GJ" v)rlqr?’nn[Alsmn'FAO] ZN aij (v FlmnAimn} withi < |
Neff | “g al
(18)

Ao = (2hVAV) /(A nCNet 1 €0) being the equivalent input noise corresponding to one photon
per whispering gallery mode in the bandwidth Av [17].

Since the obtained differential Eqs. (18) are of the same kind of the equation (4), a term
concerning the light-matter interaction can be added to obtain:

dA(ﬁ?tm’n:_< : g'm“ 2IA(D)’/'\iprr1lrl+'\/>Am|mn
dpjtm’” =—% (T; 11 ~Gmn— Z'Aw>A|mn+2n fZchu (Mot (19
+1 aerisn,l mn
where the term
OPmn= chf (% quoj. Fﬁ;n ZNun qu’mn> witha=p,s (20)

arises from the interaction of both the optical pump and the signal to be amplified with Er¥*
ions. In particular, if the laser action occurs gI mn <0 describes the decay of the pump energy
andgp mn >0 quantifiesthe energy improvement of the WGM. Finally, the overall transmittance
can be expressed by the equation [18]

2
a
/ T [t A
= 1-—+i/—+3 MmN
Text Tet Ainlmn

where the resonance character of the transmittance becomes apparent when the dependence of
T, Tet, Afmp ad AT | 1, on the WGM resonance frequency v is considered.

T =

witha=p,s (21)

inl.mn

3. Numerical results

The numerical investigation is aimed to the evaluation of GasGexgSh10Sss chalcogenide glass
feasibility for the construction of microsphere amplifiers operating in the mid-infrared wave-
length range. In order to carry out arealistic design, the simulations have been performed by
taking into account the refractive index wavelength dispersion [12] and the spectroscopic pa
rameter summarized in Table 1. Moreover, a very short lifetime (106 s) of the state |6) and
transition rates Ag; = Agp = Agz = Ags4 = 0 have been considered in the calculations.

In order to overcome the limitations due to the dense optical spectrum of WGMs, a quite
small microsphere has been considered. Figure 4 shows the transmission characteristic around
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Table 1. Spectroscopic parameters of the Er3*-doped chal cogenide microsphere.

Transitions Wavelength A Transition Probability  lon Lifetime Emission Absorption
cross section  cross section

(nm) (%) (ms) (m?) (m?)

132 =% 152 1531.7 B21 = 100 T = 1.83 - -
41172 =% s 986.4 B3 = 86.28 731 = 1.37 0 1.32x 10"
41172 =% iz 2770.7 Bs2 = 13.72 =137 14x10°% 0
g2 =% 1152 810.0 Ba1 = 80.38 T4 =1.08 - -
g2 =% 113/ 1719.1 Baz = 18.82 742 =1.08

Hg/p = 1112 4529.4 Baz = 0.80 T3 =1.08

R = 1152 662.7 P51 = 91.99 5 = 0.13

Ry =% 132 1168.1 Bsy = 4.32 75, = 0.13

Py =% 112 2019.4 Bss =3.34 53 = 0.13

Ry =% g2 3623.1 Bss =0.35 Tss = 0.13

(@) pump wavelength A, = 0.98 um and (b) signal wavelength As = 2.76 um, of the undoped
microsphere coupled with the tapered fiber by considering sphere radius Ry = 25 um and taper-
microsphere gap d = 460 nm, at the pump wavelength, and d = 1.8 um, at the signal wave-
length. The different values of d have been chosen to obtain the critical coupling condition
at both wavelengths. The size of the fiber taper has been designed to ensure the fundamental
mode propagation along the waveguide formed by the fiber waist surrounded by air, and to have
asignificant evanescent field into the space surrounding the taper. In particular, the considered
waist radius and taper angle numerical values are agp = 700 nm and 6 = 0.03 rad, respectively.

0,

0
" n=3 n=4 n=3
WS B ";101 l=m=105|ll=m=100 I=m=104 'n=4
T St [ o=t ([T n=4 m I-m-99
St 1=m=335  |-m=327 n=3  lFm=326 -10 n=3 n=2 )

o 1=m=334 y ) I=m=106 e =m=110
B, n=3" =S, l=m=111
=20 n=2 I=m=333 =
g 1-m=343 8-20
3 n=1 S
2 n=1 n=2 I-m=351 E o
£ 30 e |=m=342 m g -m=117
=1 =1
fad & -30
= =

-40

n=1 n=1
l=m=352 n=2 40 T=m=118
0 ) ) | lFm=341
8.976 0.978 0.98 0.982 0.984 2.74 2.76 2.78 2.8
Wavelenght A [um] Wavelenght A [um]

Fig. 4. Transmission spectrum of the undoped microsphere, having radius Ry = 25 um,
around (&) pump wavelength Ap = 0.98 um and (b) signal wavelength As = 2.76 um.

The WGM resonances and the coupling coefficients have been determined by numerically
solving Eq. (2) and Eq. (5), respectively. In particular, the overlap integral is evaluated by inte-
grating over the transverse plane and aong the z direction so that the volume V includes only
the sphere. In the calculation, the WGM electromagnetic field has been evaluated by solving
Eq. (1) and considering the equations of radial, polar and azimuthal dependence reported in
[13]. The electromagnatic field and the z-depending propagation constant of the tapered fiber
have been calculated by using the local modal theory [19] and solving Egs. (9)-(11). Figure 4(a)
and Fig. 4(b) show that alot of modes can be coupled into the microsphere within the pump and
signal spectral range. In particular, we have considered a pump wavelength 1, = 0.98 um and
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Fig. 5. Signal transmittance versus the number of the sector q for different maximum polar
angles. Omax = m/5rad (full curve), Omax = /10 rad (dash curve), Omax = /20 rad (dash-
dot curve) and 6yax = /30 rad (dot curve).

signal wavelength As = 2.76 um exciting the fundamental WGMs moden=1, m=1 = 352
and n=1m=1 = 118, respectively.

The main aspect of the numerical simulation pertains to the suitable choice of the sector
number g ensuring agood compromise between the result accuracy and the computational time.
Figure 5 summarizes the obtained results regarding the variation of the signal transmittance
versus the sector number for different maximum polar angles, 6max. In the simulations, the
thickness of the erbium-doped region and erbium concentration are s= 3 um and Ng; = 0.5
W%, respectively. Other parameters are: input pump power P, = 100 mW, input signal power
Ps = —50 dBm, taper angle 6 = 0.03 rad, taper-microsphere gap d = 560 nm, waist radius
ap = 700 nm. It can be observed that for sectors number higher than 80, the transmittance is
almost constant even by increasing Omax. This occurrence can be explained by considering that,
for small 6ax, Only apart of the power distribution istaken into account in the cal culation of the
gain. By increasing Omax, the tails of the electromagnetic field along the polar direction are also
considered for the signal amplification. For Bmax > /10 and g > 80, the transmittance slightly
changes because the electromagnetic field distribution of the fundamental WGM on the f - 6
plane is amost completely considered in the calculations. Significant transmittance variation
can be observed for 6k > /5 and q < 80 because a poor sampling of the electromagnetic
field occurs. However, we have selected 6ax = /10 and g = 30 since the obtained signal
transmittance is practically equal to that calculated for Omax = /5 and g > 80.

The variation of the amplifier characteristics due to the changes of the erbium-doped region
thickness has been investigated, too. Figure 6 shows the dependence of the signal transmittance
as afunction of doped region thickness for different maximum polar angles. Other parameters
used in the computation are: input pump power P, = 100 mW, input signal power Ps = —50
dBm, taper angle 6 = 0.03 rad, taper-microsphere gap d = 560 nm, erbium concentration Ng, =
0.5 w%, waist radius ag = 700 nm. In all the investigated cases, the transmittance increases
by increasing the thickness s of the doped region because a better overlap between WGM
electromagnetic field profile and the region containing the erbium ions occurs. For thicknesses
of the doped region higher than 2 um the transmittance is quite constant because the WGM
field intensity at both pump and signal wavelengths are bounded in a spatial region enclosed in
s < 2 um. Nevertheless, the transmittance increases by increasing the maximum polar angles
Omax till Bmax > 7/10. The curves Oax = /5 and Oyex = /10 are practically unnoticeable.

Figure 7 depicts the transmittance as a function of maximum polar angle 6y for three
different doped region thicknesses, s=1,2,3 um. As expected, for 6ax > 0.2 rad the signal
transmittance slightly changes by changing the thickness of the doped region. Thus, according
with the aforesaid remarks, the sector number g = 30, maximum polar angle 6yax = /10 rad,
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Fig. 6. Signal transmittance versus the thickness of the doped region s for different maxi-
mum polar angles: Omax = /5 rad (full curve), Omax = /10 rad (dash curve), Omax = /20
rad (dash-dot curve) and 6max = /30 rad (dot curve).
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Fig. 7. Signal transmittance versus the maximum polar angle for different thicknesses of
the doped region: s=3 um (full curve), s=2 um (dash curve), and s=1 um (dot curve).

thickness of the doped region s=3 um, sphere radius Ry = 25 um are fixed in the following
simulations, allowing to obtain a good result precision without too much computational time
consumption.

The performance of the gain-functionalized microsphere depends on the coupling strength
between fiber modes and WGMs and it exhibits different behavior for the under-coupling, over-
coupling and critical coupling conditions. In particular, an efficient coupling can be obtained if
significant overlap and phase-matching (phase synchronism) between the propagation constant
of WGM and the propagation constant of the fundamental taper mode is fulfilled, as well as
the frequency of the excitation is resonant with the WGM frequency. To this aim, the taper
angle, the fiber radius and the fiber-microsphere gap have been tailored in order to efficiently
couple the pump beam into the rare earth-doped microsphere and to enhance the extraction of
the amplified signa from the microsphere. Figure 8 shows the transmittance versus the fibre-
microsphere gap for different erbium concentration, with taper angle § = 0.03 rad and input
pump power P, = 100 mW. The transmittance (marked curves) at both pump and signal wave-
lengths for the undoped sphere are reported for a comparison. Good signal amplification is
obtained for afibre-microsphere gap close to 500 nm where the condition of critical coupling at
the pump wavelength occurs. In fact, in this operational regime the most part of the pump sig-
nal is coupled into the microsphere. Asresult, astrong pump absorption rate occurs, the erbium
ions are inverted and the signal stimulated emission rate takes place. It can be also observed
that the amplifier performance depends on the erbium concentration. When the fiber is very
close to the microsphere (d=2200 nm) both the pump and signal to be amplified arein aregime
where the coupling is stronger than the loss (over-coupling). In this condition, the energy cir-
culating in the microsphere poorly interacts with the active ions because alarge portion of itsis
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Fig. 8. Transmittance versus the fibre-microsphere gap for different erbium concentrations:
Ner = 0.5 w% (full curve), Ngy = 0.3 w% (dash curve), and Ngr = 0.1 w% (dot curve);
transmittance of the undoped microsphere at pump wavelength (square mark) and at signal
wavelength (circular mark).
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Fig. 9. Signal transmittance versus the fibre-microsphere gap for different taper angles:
6 = 0.01 rad (full curve), 6 = 0.02 rad (dash curve), and 6 = 0.03 rad (dot curve).

coupled out to the fiber. By increasing the gap up to about 550 nm the pump signal circulating
in the microsphere is high enough to ensure a strong population inversion whose value mainly
depends on erbium concentration. In under-coupling regime (d>550 nm) only a small part of
input pump power is coupled in the microsphere. As result, the reduction of the population in-
version due to theion-ion interaction becomes stronger at higher erbium concentration causing
a decreasing of the amplifier performance. Finaly, for large gap values the signal amplifica-
tion cannot be fulfilled because the pump signal in the microsphere is too much low. Figure
9 shows the signal transmittance versus the fibre-microsphere gap for three different taper an-
gles, erbium concentration Ng; = 0.5 w%, input pump and signal power P,(0) = 100 mW and
P;(0) = —50 dBm, respectively. It can be observed that quite similar performance in terms of
maximum signal amplification are obtained.

The effect of the pump power on the gain performance is an important issue for the micro-
sphere amplifier. To this aim, Fig. 10 illustrates the transmittance as a function of the input
pump power for three different input signal powers. In all the cases, the transmittance linearly
increases by increasing the pump power up to a threshold value depending on input signal
power: =~ 67 mW for P = —30 dBm, ~ 78 mW for P; = —40 dBm and P; = —50 dBm. In fact,
for input pump power lower than the threshold one the absorption and the stimulated emission
rates due to the internal cavity field at the pump and signal wavelength respectively, induce a
weak population improvement of the *1;; /2 energy manifold. The different values of the thresh-
old pump power can be explained by taking into account the upconversion phenomena from
4I13/2 and 4I11/2 energy manifolds. In fact, with lower signal power the ion population of the
411 /2 energy manifold is quite high and the upconversion is more efficient. At the same time,
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Fig. 10. Signa transmittance versus the pump power for different input signal powers:
Ps = —50 dBm (full curve), Ps = —40 dBm (dash curve), and Ps = —30 dBm (dot curve).

the ion population of the 4I13/2 energy manifold is not high enough to compensate the dele-
terious effect of the upconversion from the 1, /2 energy manifold. As result, in order to fully
invert the active medium higher pump power is required. On the contrary, for input pump pow-
ers higher than the threshold one the population of the %1, /2 energy manifold steeply increases
and a strong population inversion occurs. Finally, for input pump power higher than 85 mW the
transmittanceis, in all the three cases, quite constant because this regime corresponds to afully
inverted medium. Moreover, as expected, the transmittance value decreases by increasing the
input signal power, because the gain saturation due to the amplified signal occurs.

Finally, Fig. 11 shows the simulation of the signal transmittance versus the time by consid-
ering a constant input signal power, Ps = —50 dBm, and for three different input pump powers.
With respect to the steady operation an overshoot is observed which is narrowed by increasing
theinput pump power. The delay time of the peak corresponding to the lower input pump power
is due to aslower dynamic of the absorption pump rate. Moreover, the absence of the spike for
Pp = 50 mW can be explained by considering that the pump absorption and stimulated emission
rates grow in the same way during the time. The obtained numerical results show that the time
constants of the transient gain dynamic depend on the input pump power and, the saturation
and recovery times are typically less than few ms.
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Fig. 11. Signal transmittance versus the time for different input pump powers: Pp = 200
mW (full curve), P, = 100 mW (dash curve), and Py = 50 mW (dot curve).

In order to evaluate the effects of the lasing action on the amplifier performance some sim-
ulations have been performed by using over 120 WGMs in the wavelength band from 2740
nm to 2780 nm. A laser threshold of about 60 mW and a negligible power of the higher order
WGMs have been calculated for input pump power lower than 120 mW. Moreover, higher in-
put pump power can activate the laser action of the high order WGMs in the signal wavelength
band without drastically reduce the gain at the signal frequency (n=1, m=1=118).
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The proposed device is feasible al'so with reference to the temperature variation, due to the
pump power, lower than 50 °C. In fact, by considering typical values of the thermal expansion
coefficient (CTE=14.4 x 10-%°C—1) and thermal refraction coefficients (dng/dT=10"°°C1) of
chalcogenide glasses [20], a red shift of the pump and signal resonance frequencies of about
0.2 nm and 0.5 nm, respectively, has been calculated for a temperature improvement of 50 °C.
These red shifts slowly change the output power at the signal wavelength.

4. Conclusion

In this paper, we have reported an extremely accurate design of Er®*-doped chal cogenide mi-
crosphere amplifier evanescently coupled with a tapered optical fiber. The device performance
has been investigated by changing the fiber-microsphere gap, the thickness of erbium doped
region, the fiber taper angle, the erbium concentration and the operative parameters such as
pump and signal power. A dedicated 3D model based on coupled mode theory and solving
the rate equations has been developed and implemented in a home-made computer code. The
electromagnetic analysis of the microsphere has been performed by finding the solution of the
scalar Helmholtz equation in spherical coordinates. Moreover, peculiar parameters as quality
factor and coupling coefficients have been evaluated by considering the calculated electromag-
netic field profile of both microsphere and tapered optical fiber. A detailed analysis pertaining
to the simulation accuracy has been performed by changing the amplitude of the computa-
tional domain and the number of the discretization points. In particular, sector number =30
and maximum polar angle Omax = /10 rad ensure good result precision and not too much
computational time consuming. A significant signal amplification can be obtained for input
pump powers higher than 80 mW and, in the small signal operation, maximum optical gain of
about 7 dB has been calculated. The performed simulations indicate that the proposed Er3+-
doped microspheres are good candidates for an efficient frequency-selective amplification, e.g.
to restore signal attenuation and to be employed for compact integration of the active optical
functionalities.
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