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It	 is	 well	 known	 from	 quantum	 mechanics	 that	 the	

transmission	 amplitude	 of	 a	 symmetric	 double-barrier	
structure	can	approach	unity	at	the	resonance	condition.	
Similar	phenomenon	is	observed	in	optics	for	light	which	
propagates	 between	 two	 waveguides	 weakly	 coupled	
through	a	microresonator.	Examples	of	microresonators	
used	 for	 this	 purpose	 include	 ring,	 photonic	 crystal,	
toroidal,	and	bottle	microresonators.	However,	ring	and	
photonic	crystal	photonic	circuits,	once	fabricated,	cannot	
be	 finely	 tuned	 to	 arrive	 at	 the	 mentioned	 resonant	
condition.	 In	 turn,	 it	 is	challenging	to	predictably	adjust	
coupling	 to	 toroidal	 and	 bottle	 microresonators	 by	
translating	the	input-output	microfibers	since	the	modes	
of	these	resonators	is	difficult	to	separate	spatially.	Here	
we	experimentally	demonstrate	a	four-port	micro-device	
based	on	a	SNAP	microresonator	introduced	at	the	surface	
of	 an	 optical	 fiber.	 The	 eigenmodes	 and	 corresponding	
eigenwavelengths	of	this	resonator	are	clearly	identified	
for	 both	 polarization	 states	 by	 the	 spectrograms	
measured	along	the	length	of	the	fiber.	This	allows	us	to	
choose	 the	 resonant	 wavelength	 and	 simultaneously	
determine	 the	 positions	 of	 the	 input-output	 microfiber	
tapers	to	arrive	at	the	required	resonance	condition.	
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The	 resonant	 tunneling	 phenomenon	 [1,	 2]	 has	 attracted	 the	
interest	 of	 both	 fundamental	 and	 applied	 science	 due	 to	 the	
fascinating	properties	 of	 its	 underlying	physics	 and	 its	 potential	
applications	 to	 high-speed	 electronics	 and	 communications.	
Following	the	pioneering	work	by	Esaki	and	Tsu	[3],	research	has	
mainly	 focused	 on	 the	 use	 of	 conventional	 semiconductors	 to	
exploit	 this	phenomenon	[4].	 In	particular,	 investigations	on	this	
topic	 lead	to	the	development,	among	other	devices,	of	resonant	
tunneling	diodes,	which	have	received	a	great	deal	of	attention	due	
to	their	technological	applications	in	electronics	[4].	

The	 applications	 of	 the	 phenomenon	 of	 resonant	 tunneling	
have	 also	 been	 explored	 in	 the	 field	 of	 communications.	 As	 an	
example,	 resonant	 tunneling	 devices	 for	 THz	 wireless	 data	
transmission	have	been	investigated	in	[5].	Another	example	can	be	
found	in	[6]	where	the	authors	exploited	the	resonant	tunneling	

effect	 to	 increase	 the	 efficiency	of	 excitation	of	 plasmonic	nano-
antennas.		

Resonant	 tunneling	devices	have	been	 investigated	 in	optics	
and	 photonics.	 The	 simplest	 of	 these	 devices	 consists	 of	 a	 ring	
resonator	coupled	to	two	waveguides	in	the	add-drop	geometry	[7].	
The	light	from	one	of	the	waveguides	can	be	transferred	into	the	
other	one	through	the	resonator	via	a	resonant	tunneling	process.	
The	authors	of	Ref.	[8]	designed	and	fabricated	a	photonic	crystal	
microresonator	 coupled	 to	 two	 waveguides	 achieving	 a	
transmission	efficiency	of	89%.	A	remarkable	example	is	given	in	
[9]	where	a	power	transfer	efficiency	of	93%	has	been	reported	
using	 an	 optical	 four-port	 resonant	 coupler	 formed	 by	 a	
microtoroid	coupled	to	two	taper	fibers.	A	closer	example	to	our	
research	 can	 be	 found	 in	 [10].	 The	 authors	 employed	 a	 bottle	
microresonator	 operating	 in	 add-drop	 configuration	 to	 obtain	 a	
transmission	efficiency	of	93%.	

The	four-port	resonant	tunneling	device	proposed	in	this	Letter	
is	illustrated	in	Fig.	1.	It	consists	of	a	SNAP	bottle	microresonator	
(SBMR)	 with	 nanoscale	 effective	 radius	 variation	 [11]	 which	 is	
evanescently	 coupled	 to	 the	waists	 of	 two	 biconical	microfibers	
oriented	transversely	to	the	SBMR	axis.	The	two	microfibers	(MF1	
and	MF2)	are	connected	to	an	Optical	Vector	Analyzer	(OVA).	MF1	is	
used	to	couple	light	into	the	SBMR	through	port	1	and	to	measure	
the	throughput	light	at	port	2.	The	signal	is	resonantly	transmitted	
to	MF2	through	the	SBMR	and	measured	at	port	3.	

A	 SBMR	 device	 has	 several	 advantages	 compared	 to	 the	
systems	mentioned	 above.	 For	 example,	 realization	 of	 the	 exact	
resonant	 tunneling	 condition	 for	 ring	 and	 photonic	 crystal	
microresonators	 is	 challenged	 by	 their	 insufficient	 fabrication	
precision	 and	 requires	 fine	 tuning	 with	 microheaters	 [12]	 or	
employing	 carrier	 injection	 [13].	 Toroidal	 and	 bottle	
microresonators,	on	the	other	hand,	have	eigenmodes	with	micron-
scale	 spatial	 variation	 lengths	 and	 overpopulated	 resonance	
spectra,	which	complicate	tuning	the	coupling	of	these	resonators	
to	the	input	and	output	waveguides.	In	contrast,	the	spectrograms	
of	 the	SNAP	microresonator	described	below	show	well	defined	
and	 spatially	 separated	 resonant	 modes.	 This	 allows	 us	 to	
accurately	select	the	resonant	mode	and	determine	the	positions	of	
the	 input-output	 microfibers	 to	 achieve	 the	 desired	 resonant	
tunneling	condition.	

	



	
Fig.	1.	Schematics	of	the	four	port	resonant	tunneling	device	proposed.	
The	SBMR	was	fabricated	at	a	silica	optical	fiber	with	38	μm	radius.	Two	
biconical	microfibers	are	connected	to	OVA	to	measure	the	input	and	
output	light	at	the	throughput	and	drop	ports.	

Light	coupled	into	the	SBMR	excites	Whispering	Gallery	Modes	
(WGMs)	at	its	surface.	If	the	WGM	wavelength	 	is	close	to	a	cutoff	
wavelength	 	then	its	distribution	Y(z)	along	the	SBMR	axis	 	is	
expressed	 through	 the	 Green's	 function	 of	 the	 one-dimensional	
wave	equation	[11]	

   (1) 

In	 this	 equation,	 	 is	 the	 WGM	 propagation	 constant	
expressed	through	the	refractive	index	 ,	radius	 	of	the	optical	
fiber,	the	attenuation	parameter	in	silica	 ,	and		effective	radius	
variation	(ERV)	of	the	optical	fiber 	which	determines	the	
shape	of		SBMR.	The	positions	of	MF1	and	MF2	at	the	SBMR	axis	
enter	Eq.	 (1)	 as	 z1	 and	 z2,	 respectively.	 The	 effect	 of	 the	 SBMR-
microfiber	 coupling	 is	 modeled	 by	 zero-range	 potentials	

,	 where	 ,	 	 	 are	 complex	 constants	 which	
determine	the	coupling	between	microfibers	and	SBMR.	The	short-
range	 approximation	 is	 justified	 by	 the	 fact	 that	 the	 axial	
wavelengths	of	the	WGM	are	much	larger	than	the	characteristic	
size	of	the	SBMR-microfiber	coupling	region.		

The	 transmission	 amplitudes	 from	 port	 1	 to	 port	 2	
(throughput)	 and	 from	 port	 1	 to	 port	 3	 (drop)	 are	 expressed	
through	the	elements	of	the	S-matrix	 	and	 	as,	respectively,	

      (2) 

where	 	is	the	Green's	function	of	Eq.	(1).	The	terms	
and	 	 represent	 the	 non-resonant	 components	 of	 the	
corresponding	transmission	amplitudes.	Constants	 	and	 	are	
the	microfibers-SBMR	coupling	parameters	[11].	

In	the	resonance	approximation,	when	wavelength	 	is	close	
to	wavelength	 	of	one	of	WGMs	of	the	microresonator,	the	drop	
transmission	amplitude		

 , (3) 

where	 is	the	axial	distribution	of	this	mode	determined	by	
Eq.	 (1)	 for	 the	 isolated	 SBMR,	 i.e.	 for	 ,	 and	

.	 The	 term	

	accounts	for	the	shift	of	
resonant	wavelength	 	due	to	coupling	with	microfibers.	Finally,	

the	terms	 	determine	the	radiation	losses	
through	the	microfibers.		

Several	 conditions	 are	 required	 to	 achieve	 the	 resonance	
transmission	power	 	between	microfibers	MF1	and	
MF2	equal	to	unity.	First,	both	fibers	should	operate	in	the	strong	
overcoupling	 regime,	 ,	 so	 that	 the	 intrinsic	 losses	
determined	by	 	can	be	neglected.	Next,	the	condition	of	lossless	

coupling	 , ,	 should	 be	 required	 (notice	 that	

generally	 )	[11].	Finally,	the	resonant	transmission	

should	 give	 the	 major	 contribution	 into	 ,	 i.e.,	 the	
nonresonant	 transmission	 amplitude	 should	 be	 negligible,	

.	 If	 all	 these	 three	 conditions	are	 satisfied	 then	Eq.	 (3)	
yields	

 (4) 

	
Fig.	 2.	 (a)	 Spectrogram	 of	 the	 resonant	 transmission	 power	 at	 the	
throughput	port	|S11|2.	After	diagonalizing	JSBMR	(λ),	the	two	polarizations	
are	 split	 in	 (b)	 and	 (c).	 The	 spectrogram	 in	 (d)	 corresponds	 to	 the	
transmission	power	at	the	drop	port	|S12|2.	The	transmission	power	of	
two	separated	polarizations	are	plotted	separately	in	(e)	and	(f).		

From	 this	 equation,	 the	 drop	 power	 	 reaches	 unity	 at	 the	

resonant	wavelength	 	if		

  .     (5) 

This	condition	implies	that	there	is	a	variety	of	mutual	positions	of	
the	 microfibers	 that	 result	 in	 complete	 resonant	 transmission.	
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Notice	that	the	SBMR	does	not	need	to	be	symmetric	to	satisfy	this	
condition	which	makes	the	proposed	device	rather	flexible	to	be	
appropriately	tuned	by	moving	microfibers	along	the	SBMR	and	
their	own	axes.		

Similar	 to	 other	 types	 of	 optical	 microresonators	 [14-16],	
resonant	 propagation	 through	 SBMR	 strongly	 depends	 on	 the	
polarization	 of	 light.	 Commonly,	 control	 of	 the	 polarization	 is	
performed	by	its	tuning	at	the	input	channel	with	a	polarization	
controller	 [10,17-19].	 Alternatively,	 in	 our	 experiments,	 the	
polarization	 states	 of	 SBMR	 were	 separated	 numerically.	 It	 is	
reasonable	 to	assume	 that	 the	 fibers	connecting	 the	OVA	to	our	
device	are	lossless,	so	the	Jones	matrices	describing	the	propagation	
along	these	fibers	are	unitary	within	a	constant	scalar	factor.	Then,	
within	a	constant	factor,	the	measured	Jones	matrix	 	can	
be	expressed	through	the	diagonalized	Jones	matrix	of	the	SBMR	

	 (transforming	 its	 TE	 and	 TM	 polarization	 states)	 as	
					 	 	 	 	 	 	where	 		and	 	are	2x2	

unitary	matrices	 that	account	 for	 the	 field	 transformation	 in	 the	
input	and	output	of	the	OVA,	optical	fibers,	as	well	as	the	unitary	
transformation	of	the	SBMR	to	the	diagonal	form	representing	the	
transformation	of	its	polarization	states.	Since	 	and	 	are	
unitary	matrices,	we	can	rearrange	the	latter	equation		to	obtain	

	 .	 Unitary	 matrices	 	 and	 	
contain	 seven	 free	 parameters	 which	 are	 determined	 by	
minimizing	 the	off-diagonal	elements	of	 .	The	diagonal	
elements	 of	 the	 determined	 	 are	 the	 	 	 transmission	
amplitude	 for	 each	 polarization	 state	 (TE	 or	 TM).	We	 naturally	
assume	 that,	 during	 a	 single	 scan	 over	 the	 bandwidth	 of	 5	 nm	
performed	 in	our	experiments,	 these	parameters	do	not	 change	
with	 wavelength	 noticeably.	 Furthermore,	 these	 parameters	
remain	constant	over	the	whole	duration	of	the	experiment,	which	
includes	 recording	 of	 multiple	 spectrograms,	 if	 the	 physical	
properties	 of	 the	 input-output	 fibers	 and	 environment	 remain	
unaltered.	

In	our	experiment,	the	SBMR	was	fabricated	by	nanoscale	ERV	
of	a	38	µm	diameter	optical	fiber	by	local	annealing	with	a	C02	laser	
[20,	 11].	Microfibers	MF1	 and	MF2	were	 fabricated	 in	 a	 ceramic	
microheater	by	pulling	a	standard	optical	fiber	to	arrive	at	a	waist	
diameter	of	approximately	1.5	µm.	Subsequently,	the	microfibers	
were	U-shaped	as	illustrated	in	Fig.	1	and	mounted	on	a	3D	linear	
stages,	 which	 were	 used	 to	 move	 them	 along	 the	 SBMR	 and	
periodically	touch	it	to	measure	the	transmission	amplitudes.		

First,	the	SBMR	was	characterized	by	measuring	the	resonant	
transmission	 power	 	 at	 the	 throughput	 port	 as	 a	
function	 of	 wavelength	 	 and	 MF1	 position	 .	 The	 scanning	
resolution	was	1	µm	in	 	and	1.25	pm	in	 .	In	this	configuration,	
the	second	microfiber	MF2	was	not	in	contact	with	the	SBMR	and	
had	no	effect	on	the	measurements.	The	measured	spectrogram	

	 is	 shown	 in	 Fig.	 2(a).	 Remarkably,	 two	 series	 of	
resonances	 in	 this	 spectrogram	 correspond	 to	 two	 different	
polarizations.	 After	 diagonalizing	 ,	 these	 two	
polarizations	(named	SOP	1	and	SOP	2)	are	uncoupled	as	shown	in	
the	spectrograms	of	Figs.	2(b)	and	(c).	Notice	that	the	spectrograms	
of	 our	 SBMR	 are	 not	 overcrowded	 and	 have	 well	 separated	
resonances	 because	 of	 the	 nanoscale	 ERV	 of	 the	 SBMR	 and	 a	

relatively	small	radius	of	the	fiber	used	for	its	fabrication.	In	each	
series,	we	clearly	see	the	fundamental	axial	mode,	 ,		followed	
by	 the	 second	 axial	 mode,	 ,	 	 and	 next	 axial	 modes,	

.	

	The	maximum	detected	transmission	amplitude	 	for	our	
device	 is	 determined	 as	 follows.	 First,	 in	 order	 to	 arrive	 at	 the	
condition	 of	 strong	 overcoupling	 and	 relatively	 small	 intrinsic	
losses,		 ,	we	placed	MF1		at	 ,	which	corresponds	

to	the	maximum	value	of	 	 indicated	by	dashed	vertical	
line	in	Fig.	2(a).		The	resonant	wavelengths	of	this	mode	for	each	
state	of	polarization	are	 	and	
,where	the	plus	and	minus	signs	correspond	to	SOP	1	and	SOP	2	
respectively.	 Fig.	 3(a)	 depicts	 the	 throughput	 power	 for	 each	
polarization	after	the	diagonalization	of		 at	 	together	
with	the	throughput	power	directly	measured	by	the	OVA.		

Next,	 the	 transmission	 amplitude	 at	 the	 drop	 port,	
,	 was	 measured	 for	 the	 fixed	 position	 of	 MF1	 at	

and	variable	 .		In	this	case,	the	scanning	resolution	of	MF2	
position	 	was	1.5	µm	while	the	wavelength	resolution	was		1.25	
pm.	 Fig.	 2(d)	 shows	 the	 spectrogram	 of	 the	 directly	 measured	
transmission	power	 	and	Figs.	2(f)	and	(e)	show	
the	 transmission	 power	 for	 separated	 SOP	 1	 and	 SOP	 2.	 The	
maximum	transmission	for	the	2nd	axial	resonant	mode	 	
was	measured	at	 ,	indicated	in	Fig.	2(d)	and	Fig.	2(f)	which	
is	nearly	but	not	totally	symmetric	with	respect	to	 .	

The	drop	power	for	both	polarizations	measured	at	 is	

shown	in	Fig.	3(b).	At	 and	 ,	the	measurements	returned	a	

value	of	the	drop	power	of	 for	SOP	1	and	

in	the	case	of	SOP	2.	

	

Fig.	3.	(a)	Spectrum	of	the	throughput	power	|S11|2	measured	at	z1	=	z01.	
The	two	polarization	states	have	been	uncoupled	after	diagonalizing	

.	(b)	Drop	power	|S12|2	measured	at	z2=z02	for	the	two	states	
of	polarization.	

Finally,	Fig.	4	shows	the	comparison	of	experimental	results	for	
the	 SOP	 2	with	 theoretical	modelling	 based	 on	 Eq.	 (1).	 	 In	 our		
theoretical	simulation,	we	optimized	the	ERV	 	and	coupling	
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parameters	 	and	 	to	fit	the	experimental	data	shown	in	Fig.	
2(c)	 and	 (f).	 	We	 introduced	 an	 asymmetric	 distribution	 of	 the	
effective	 radius	 	 which	 allowed	 us	 to	 replicate	 the	
experimental	 spectrogram	 shown	 in	 Fig.	 2.	 We	 found	 that	 our	
experimental	 spectrograms	 are	 well	 matched	 by	 theory	 if	

	 and	 .	
The	non-resonant	components	of	the	throughput	and	drop	powers	
were	set	to	 	and	 .	In	contrast	to	

the	ideal	transmission	situation	where	 ,	the	value	
of	 the	 imaginary	 part	 of	 	 was	 noticeably	 larger	 and	

corresponded	to	 .		

	
Fig.	 4.	 Spectrograms	 (a)	 and	 (c)	 represent	 the	 experimental	
measurements	of	|S11|2	and	|S12|2	from	Fig.	2(c)	and	(f),	respectively.		
The	 spectrograms	 (b)	 and	 (d)	 are	 the	 corresponding	 theoretical	
spectrograms	SBMR	which	profile	is	depicted	as	the	white	line	in	the	
figures.		

In	 conclusion,	 we	 have	 demonstrated	 a	 four-port	 resonant	
tunneling	device	fabricated	of	a	SNAP	microresonator	coupled	to	
two	input-output	microfibers.	A	bottle-shaped	microresonator	with	
characteristic	effective	radius	variation	of	17	nm	and	characteristic	
axial	 variation	 length	 of	WGMs	~	 10	µm	was	 fabricated	 at	 the	
surface	of	 a	38	µm	diameter	 fiber.	The	 large	 characteristic	 axial	
variation	length	of	the	WGMs	allowed	us	to	accurately	position	the	
microfibers	in	order	to	arrive	at	the	exact	resonance	condition.	The	
resonant	 tunneling	 transmission	 efficiency	 between	 the	 two	
microfibers	was	0.635.	The	value	achieved	in	our	experiment	was	
limited	by	the	attenuation	of	WGMs	due	to	the	scattering	losses	at	
the	microfiber-microresonator	contact	regions	as	well	as	due	to	the	
material	losses	and	surface	roughness	of	the	fiber.	Scattering	at	the	
contact	regions,	which	we	believe	gave	the	major	contribution	to	
the	WGM	attenuation,	can	be	reduced	if	the	microfibers	are	placed	
at	a	nanometer	scale	distance	from	the	microresonator	[7,8].	In	our	
experiment,	 the	 transmission	 and	 spectral	 properties	 of	 the	
fabricated	SNAP	microresonator	were	not	specially	designed	and	
the	simplest	bottle-shape	SNAP	microresonator	was	considered.	In	
the	future,	more	complex	microresonator	structures	with	four	or	
more	ports,	e.g.,	series	of	coupled	microresonators,	can	be	designed	
and	fabricated	based	on	the	advanced	SNAP	technology	[21,	22].	
We	suggest	that	these	new	optical	resonant	micro-devices	will	find	
applications	in	classical	and	quantum	signal	processing	and	sensing	
systems.	
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