Jauhu Cukstosas galerijas modu mikrorezonatoru
izstrade optisko frekvencu standartu un biosensoru
pielietojumiem, un to raksturosana ar femtosekunzu
optisko frekvenCu kemmi

Otra ceturksna atskaite

31.08.2017.

NACIONALAIS EIROPAS SAVIENIBA

ATTISTIBAS w
PLANS 2020 '-‘

IEGULDIJUMS TAVA NAKOTNE

Eiropas Regionalas
attistibas fonds

ERAF projekts Nr. 1.1.1.1/16/A/259



1. Projekta vadiSana un publicitate
2. Eksperimenti

3. Modelésana

4. Biosensori

EIROPAS SAVIENIBA

Eiropas Regionalas
attistibas fonds

NACIONALAIS
ATTISTIBAS
PLANS 2020

IEGULDIJUMS TAVA NAKOTNE

ERAF projekts Nr. 1.1.1.1/16/A/259



Jauhu Cukstosas galerijas modu mikrorezonatoru
izstrade optisko frekvencu standartu un biosensoru
pielietojumiem, un to raksturosana ar femtosekunzu
optisko frekvenCu kemmi

Otra ceturksna atskaite
1. Projekta vadisana un publicitate

EIROPAS SAVIENIBA

Eiropas Regionalas
attistibas fonds

NACIONALAIS
ATTISTIBAS
PLANS 2020

IEGULDIJUMS TAVA NAKOTNE
ERAF projekts Nr. 1.1.1.1/16/A/259



Par projektu

Projekta nosaukums: Jaunu ‘Projekta vaditajs: . Alnis

Cukstosas galerijas modu

mikrorezonatoru izstrade optisko ‘Projekta administrativais
frekvencu standartu un biosensoru vaditajs: I. Brice

pielietojumiem, un to raksturosana ar

femtosekunzu optisko frekvencu *Projektu realizé LU ASI kvantu optikas
kemmi. laboratorija

Projekta numurs: 1.1.1.1/16/A/259

Projekta merkis: jaunu zinasanu- * Planotie projekta galvenie

zinatibas iegtSana CGM rezonatoru rgz_u_ltéti: 4 pUblikéQijaSr 3
izstradé, stabilizésana un modelésana, zinatibu apraksts, 1 licences
un rezonatoru izmantosana [lgums.

biomolekulu detektésSanai, tadéjadi « Paredzéti 9 konferencu
atbalstot Latvijas Viedas apmekléjumi un 6 zinatniskas

specializacijas mérku sasniegsanu,

zinatnes un tehnologiju cilvékkapitala vizites
attistibu un jaunu zinasanu radisanu * Projekta istenosanas laiks:

tautsaimniecibas konkurétspéjas 01.03.2017. - 30.08.2019.
uzlabosanai.



Projekta budzets

* Projekta kopejas izmaksas: 648 252,61 EUR, to skaita
ERAF finansejums (85%) - 551 014,72 EUR.

* |zdevumi parskata perioda (tiesas izmaksas 01.06.17.-
31.08.2017):

- Darbinieku algas 34279,88 EUR
- Komandeéejumi 160 EUR
- Datorprogrammaturas iegade 3 133.90 EUR

« Kopa 46 967.37 EUR (tai skaita netiesas izmaksas
9 393.59 EUR)



lepirkumi

 Comsol datorprogrammas iepirkums (izpildits).
 Materiali iegades iepirkums (procesa).

e Instrumentu nomas iepirkums (procesa).



Darbinieki

* Vadosie pétnieki
- J. Alnis
- A. Atvars
- R. Viter

 Zinatniskie asistenti

- |. Brice

* Dabaszinatnu laboranti
- K. Grundsteins

-, |
- A. Pirktina Projekta dalibnieku kopbilde 2017. gada aprilis.

- A. A. Ubele
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Whispering mpdes ipside fesoanator

If the radius of the
resonator is  significantly
larger than wavelength (R >>
inside. Thus one must use other methods to couple light N then for constructive
iinto the resonator. One of them isevanescent coupling

using a prism. It is casy, efficient and cheapest
method but it is a bulky component and requires
collimation optics.

Some resonators are visually clear, some are
cloudy.  Resonators which are cloudy have
significant light scattering on the surface.

For smaller resonators the obtained result

are similar to bigger resonator when

using green 532 nm or an infrared

760nm laser.

I is very inefficient to just shine a laser beam straight onto
the resonator, because barely any light will be coupled

whole round-trip around the resonator
because of total intemal reflection the
length of the optical path has to equal whole
number of wavelengths in the medium:

I~ 2nRN
s
is the resonance condition, where N is the index of
refraction, R is the radius, A is the wavelength and 1 is
an integer linked to the angular momentum of a
circulating photon in a spherical microresonator.

Sensors are tools used to acquire
information about our surroun-
dings. The resonant wavelength of /

Nanospheres lithograph

Optical fiber resonators (OFR) were
cleaned. Then the substrates were treated by

0, plasma to have a hydrophilic surface,
After the pretreatment, an ordered monolayer

of polystyrene spheres (PSS) was prepared by
selassembly. ~ The Moating-transferring
technique was utlized to deposit PSS on OFR.
The polystyrene solution (40 pl) diluted by an
equal amount of ethanol, was applied onio the glass
substrate, dipped into water solution. Then, one drop
of 10% sodium dodecyl sulfate (SDS) solution was
added to the water to change the surface tension and to
consolidate the particles.

the WGMR depends on the
precise geometric properties -
size, shape, and composition. \

Any changes to size of the
radius AR or refraction
index An of the resonator =
will lead to a significant shift of the resonance wavelength
AMN1]. WGM resonators allow to significantly
increase the effective light path length allowing.
sensitive detection of molecule attaching to
the surface [2].
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hemical growth of ZnQ nanorods dn WG

Surface coated with ZnO nanorods.

‘The ability 1o detect small changes in refractive index and/or
e allows rescarchers (o measure
However, to obtain the sensitivity of WGM resonators on
interference to occur after making a certain

distance away from the surface.

resgnator

low concentrations.

molecules, they have to be covered with
special nanolayers. ZnO was chosen as low cost and
simply produced nanomaterial with high surface to
volume aspect ratio [3].
Structure properties of the WGM materials coated
with ZnO are being studied with Scanning

microsphere surface. Some larger structures
are also present

Modellin

Theoretical  modelling ~ using  program
COMSOL  Multiphysics was performed  to
observe weather any changes could be observed

when a small particle approaches the resonator.

The particle has 1o be close enough but not
necessary touching the resonator since it can interact
with the evanescent field of the WGM. Furthermore,
the energy density peaks when the particle is a certain
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Opics and Photonics 7(2) (2015)
[2] . Vollmer, 5. Amold, Whispering-gallery-mode biosensing, Nature Methods 5, 591
[3] A. Tereshchenko, M.

664-677 (2016)

[1] M.R. Foreman, 1.D. Swaim and F. Vollmer, Whispering gallery mode sensors, Advances in

Bechelany, R. Viter et al, Optical biosensors based on ZnO
nanosiructures: advantages and perspectives. A review, Sensors and Actuators B: Chemical 229,
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Udenraza skabekla liesma CGMR un trapecveida
skiedras izgatavosanai

Rezonators uzkausets Rezonators uzkausets
Udenraza-skabekla liesma lauj iegGt propana-skabekla liesma tidenraza-skabekla liesma
augstas temperaturas un nerada kvepus, |
kas var piesarnot optiskos materialus.
Viens veids ir izmantot saspiestas gazes,
otrs elektrolizi. Sadu liesmu izmanto
juvelieri, jo lauj izstradajumus lokalizeti
karset.

H, un O, elektrolizes aparata vienas Sunas
spriegums ir ap 2 V. Lai varéetu darbinat no
12 V, tad 6 Sunas tiek saslégtas virkné.
Savukart, lai iegutu lielaku laukumu, 4
grupas tiek saslegtas paraleli. Elektrolizes
stnu izmanto automasinas tas sauktas
HHO gazes ¢eneracijai, kas uzlabo
sadegSanas atrumu dzingja.



Trubinas no aptiekas parlieSanas sistémas.
Deglis ir dazadu diametru infuziju adatas.

Liesmas degSanas atrums ap 30 m/s. Ja
gazes plusma mazaka, liesmu ierauj
trubina un notiek spradziens. Lai
aizkavétu spradzienu izmanto burbultrauku
ka art trauku pilnu ar smalku metala vati.
Jacensas uzkrat péc iespéjas mazaks
spragstosas gazes tilpums.

Pirms elektrolizes partrauksanas, liesma
janodzeés ar slapju salveti vai nopusot.
Blakus jatur traucins ar udeni. Metala
adatas sprausla dazreiz aizdegas un
nodeg. Taja bridi janodzés liesma ar slapju
salveti.

Burbulotajs spradziena ierobezoSanai



levietojot liesma no aizsargapvalka attiritu
optisko Skiedru, ta spozi iekvélojas.
Nepieciesamas saulesbrilles. Izgatavotais
CGMR resonators skatoties ar aci ir optiski
caurspidigs.

Rezonatora izgatavéané Skiedras gala
(daudzmodu Skiedra)

Kauséjot vienmodas Skiedru, més
saskaramies ar komplikaciju - strauji
plUstosa gazes liesmas deformé un noliec
plano Skiedru. Skiedra ir jarote, lai
mazinatu So efektu.

Rezonators izgatavots Skiedras gala
(vienmodas Skiedra)




125um Skiedru iespéjams izstiept
un pardedzinat. Lai izgatavotu
trapecveida Skiedru
nepiecieSams stiepsanas solu
motors, ar rokam nav iespéjams
tik vienmerigi noturet.
Trapecveida Skiedra var saplist
pat no stipraka elpas putiena.

Skiedras stiep$anas solu motors
stiepj Skiedru uz abam pusém,
stiepSanas atrumu ir iespéjams
requlét, kamér sSkiedra tiek
kauséta ar udenraza liesmu. Vél
nepiecieSams mikroskops, ar
kuru tiks verots un kontrolets
Skiedras stiepSanas process.




Rezonatoru deformacijas pakape

Degree of deforamation is calculated as follows!!:

<
<

g

Degree of deformation was calculated for 2 optical fiber resonators:
one melted on a single mode fiber, other on a multi mode fiber.

[1] Jun Tang, Jianhua Liu, Chenglong Shang, Chengfeng Xie, Hao Guo, Kun Qian, Chenyang Xue, Jun Liu, Fabrication and spectral characterizations
of high asymmetric resonant cavities, Optics Communications, Volume 355, 2015, Pages 269-273, ISSN 0030-4018,
http://dx.doi.org/10.1016/j.0ptcom.2015.06.077.



http://dx.doi.org/10.1016/j.optcom.2015.06.077

Deformacijas pakape tika aprékinata diviem optisko Skiedru rezonatoriem: viens uzkausets
vienmodas Skiedras gala, bet otrs daudzmodu Skiedras gala.

Vienmodas Daudzmodu



SPHERICAL /

Rezonatora testesana

PHOTODETECTOR

|zgatavotie CGMR tika ievietoti optiskaja
sistéma. Testésanai tiek lietoti divi lazeri.
Zalais lazers 532 nm un infrasarkanais
lazers 760 nm.

LASER

Merot ar skenéjama vilna garuma VCSEL
lazeri 760 nm apgabala, mainas redzamais
fotodiodes signals gadijuma, kad
resonators piespiests prizmai un atvirzits
nost.

Piespiests Atvirzits




Rezonansu platums atkariba no attaluma lidz
prizmai

Vél ar mikrometru skravi tika mainits CGMR attalums lidz prizmai. Piespiezot pavisam
klat, rezonanses paliek platas, it ka izsmeéréjas un to dzilums samazinas. Savukart parak
liela attaluma CGM rezonanses pazud, un ir redzamas tikai O, linijas.

Overcoupled

Overcoupled Undercoupled
Optimalaja attaluma rezonanses ir maksimali Sauras un dzilas.

Optimal



Photodiode voltage, a.u.

Rezonatora labuma faktora noteiksana

—WGMR signal
Oxygen absorption

Q = 2x10>~

3 GHz
—_

\ @ = 4x10°

760 nm region

Laser frequency scan, a.u.

Sfériskos CGM rezonatoros vainelaicigi
iespéjams ierosinat dazadas
azimutalas skérsmodu sé€rijas. Ir
sarezgiti atrast nosacijumus, lai Sis
modu serijas neparklajas spektra.

Pielagojot spogulu novietojumu, més
varéjam noregulét uz Sauras
rezonanses un iegut Q faktorus 105
diapazona.



* Quality factor can be calculated as
Q = wr,

where 7 is the photon lifetime and w = 2mv is the optical frequency
(v is the scanning frequency).

Photon lifetime is related to the FWHM linewidth as
1 1
= Aw ~ 2mAv
In our experiments we had a resonator with Q = 10° and Av = 1 GHz.
So we calculated the photon lifetime and its traveled path :
1

T=—=1ns
109

L=ct=3-103-10""=0,3m

The short path explained why it was not possible to see the oxygen
spectral lines.




CGM rezonansu ierosinasa rezonatora, kas parklats
ar polistirena loditem.

Skiedras gala uzkausétais
mikrorezonators ir parklats ar
polistirenan nanoloditem. Vizuali
reonators nav pilnigi caurspidigs,
izskatas dulkains.

levadot rezonatora 532 nm lazeri,
redzams, ka rezonatora virsma samera
stipri izkliede gaismu. Savukart, ar
760 nm nepiecieSama infrasarkana
kamera.



Prizmas virsmas tuvuma
redzams, ka rezonators
spoZi iedegas.

Attalinot rezonatoru no
prizmas virsmas, tas vairs
nespid.

Atteli uzpemti izmantojot divas kameras (infrasarkana kamera + fotoaparats), tadel bildem ir neass fokuss.
Lai varetu uznemt kvalitativakas bildes, meklejam citu kameru, ar kuru var vienlaicigi gan redzet, gan
uznemt bildes.



Melnbalta kamera rezonansu hoverosanai

* RezonansSu novérosanai testéSanas
sistema japapildina ar kameru, kas
“redz” infrasarkano starojumu.

 Ar melnbalto ThorLabs kameru izdevas
noveérot pat atseviskas rezonanses.
Diemzél kamera kopa ar objektivu ir
masiva Tiek veidota kompaktaka
sistema.

Thorlabs uEye BW near IR
Webcam,

macro rings,
INDUSTAR-50




Musu pasizgatavotais mikroskops ar CD lasitaja lecu

« Lai izgatavojat trapecveida Skiedru
butu iespejams sekot lidzi procesam
un redzét skiedras diametru,
nepiecieSams mikroskops.

 Mes izgatavojam mikroskopu,
izmantojot CD lasitaja lecu, objektivu,
cauruli, ar mikrometra skruvi bidamu
galdinu.

* Ar so mikroskopu bija iespé&jams
saskatit diska celinus
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2mrn = AN

2rrn = (A + AXN)(N + 1)
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Figure 1.2: Spectra of Whisperring gallery mode sphere https://sites.ualberta.ca/
~ameldrum/science/scienceda.html



Cuksto$as galerijas modu
mikrorezonators
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gap2(2)=2.6667E-7 m freq(1)=2.9979E14 Hz 2 gap2(1)=5E-8 m freq(1)=2.9979E14 Hz 2
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Maksvela vienadojumu réekinasana un
risinajuma attélosana programma
Mathematica, sfera
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Derivation of ‘qug,

1 8%
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Figure 7.3: Simulation in Wolfram Mathematica. The value of Re (¢'™?) = cos(m¢)

when m = 1, 2 and 5.




Anglelx_, y_]1 := If[x >= 0 && y >= 0 , ArcTanly/x],
If[x <0 & y > 0 , Pi + ArcTan[y/x],

Iflx >> 0 && y < 0 , 2 Pi + ArcTanl[y/x],

Iflx <0 && y < 0, Pi + ArcTan[y/x], 011 11 // N

lambda = 732%107(-9) (*m*) ;

n=1.5:

c = 299792458;

ni = c/lambda;

ni// N

11 = b;

k1l = 2%Pi/lambda;

kK1 // N

koef = 1076;

k = ki/koef;

Ri1 = b %107 (-6);

B = Ril*koef: (*mikrometri=*)

m= 11:;

Plot [Cos[m*phil, {phi, 0, 2 Pi}, PlotLegends -> Automatic,
BaseStyle -> {FontSize -> 14}, AxesLabel -> {phi, "Cos(m phi)"},
AspectRatio -> 0.8]

dl = DensityPlot[Re[Exp[I*m*Anglel[x, y111, {x, -R, R}, {y, -R, R},
ColorFunction -> "Rainbow", PlotPoints -> 200,

BaseStyle -> {FontSize -> 14}, PlotLegends -> Automatic,
AxesLabel -> Automatic, AxesLabel -> {x, y}]

d2 = Plot3D[Re[Exp[I*m*Anglel[x, yll], {x, -R, R}, {y, -R, R},
ColorFunction -> "Rainbow", PlotPoints -> 200,

BaseStyle -> {FontSize -> 14}, PlotLegends -> Automatic,
AxeslLabel -> Automatic, AxesLabel -> {x, yH

Kods
programma
Mathematica



Derivation of Wy

1 [sinf 8 o, , _ cosf
A _ 1] = COS
G1+5ingf?[‘l'3 90 (E“‘H a&) m’] !
dQ‘lIF d‘IF m?
1 -1 Cy — . — 0
( }a‘n dn ( 1 l—ﬁg) !

This equation 1s similar to Associated Legendre Equation ([1], equation 8.1.1.) and ([96],
equation 14.2.2.) :

(1 —3!}_ —Ez;ﬁ—k (p(wn — ig) w = 0 (7.153)

Cy=1(1+1)

eV, | dy, m?
(1—1;}[{“ (E{E+1}—1 ﬂg)@ﬂ ~ 0




Standard solutions are ([96]. section 14.2.2.):

e Ferrers functions of the first kind (also called Legendre Functions on the cut) P;" (+£n)
and P, ™ (£n)

e Ferrers functions of the second kind (also called Legendre Functions on the cut)

Q"(£n) and Q™ 4 (£n)
e Associated Legendre Functions of first kind F™(+#n) and P " (£n)
e Associated Legendre Functions of second kind Q"*(+n) and Q™_,(+n)

m/2 . 1
Pzﬂ-(ﬂ.'} — (1%) F (f_|_ 1, —I;1 _m;l_ﬂ) F[a}b;c;z}:mﬁ'(a,b;c;m}

[96] Frank W. J. Olver, Daniel W. Lozier, Ronal F. Biosvert, and Charles W. Clark,
editors. NIST Handbook of Mathematical Functions. National Institute of Standards
and Technology U.S. Department of Commerce and Cambridge University Press,

2010.
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Figure 7.4: Simulation in Wolfram Mathematica. Gammal|x]

If m=0,1,2,.. the equation 1s reduced to ([96], equation 14.3.4)

'i+m+1 m 1
P™(n) :(_1}"12”1;“ _mm+}1} (1—7°) ’IEF(E—I—m—I—l,m lim 4+ 1; —)('r 166)




Table 7.2: Qualitative analyses of P*(cos#)

lIlﬂ — 11'1? — j—llm Hlml{ﬂﬂﬁﬂ) Parameter values Plot PolarPlot DensityPlot
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Table continued ...

Parameter values Plot PolarPlot DensityPlot

|

Legandre A

e ,-"'H\._ _.-'"\-\._l. =z

uLe "R L |

=ald




lambda = 732#107(-9) (*m*) ;
n=1.5;

c = 299792458;

ni = c¢/lambda;

ni // N

11 = 5;

k1l = 2#Pi1/lambda;
K1 // N

koef = 1076;

k = kil/koef;

R1 = b =10°(-6);

R = Rixkoef; (*mikrometri*)
m= 11;

1 =1;

m= -1;

gl = Plot[LegendreP(1l, m, Cos[xl]l, {x, 0, 2 Pi}, PlotRange -> All,

PlotPoints -> 200, AxesLabel -> {"theta", "Legendre"},

BaseStyle -> {FontSize -> 14}, PlotRange -> Al1]

g2 = PolarPlot[Abs[LegendreP[1, m, Cos[-x + Pi/21]1], {x, 0, 2 Pi},
ColorFunctionScaling -> False,

ColorFunction ->

Function[{x, y},

If [LegendreP[l, m, y/Sqrt[x"2 + y~2]1] > 0, Red, Bluell,

BaseStyle -> {FontSize -> 14}, AxesLabel -> {x, z}] Kods
L3 = Tablel[LegendreP[1, m, Cos[x1], {x, 0, Pi, 0.03}]; programmé
M3 = Max[Max[L3], Abs[Min[L3111;

Mathematica

g3 = DensityPlot[

LegendreP[1l, m, z/Sqrt[z"2 + x"2]1, {x, -R, R}, {z, -R, R},
ColorFunctionScaling -> False,

ColorFunction -> (ColorData["Rainbow"] [Rescalel[#, {-M3, M3}1] &),
PlotPoints -> 200, BaseStyle -> {FontSize -> 14},

PlotlLegends -> Automatic, AxeslLabel -> Automatic,

AxesLabel -> {x, z}, PlotRange -> All]



Analyses of Y(0, ) = Uy,

Wolfram Mathematica has a function SphericalHarmonicY[l.m, 6. ¢1* with the fol-

loowing value
. (2l +1 [(l —m)! -
Y"e, ) = P™(cosfl)e™? 7.177

Table 7.3: Qualitative analyses of Py'(cosf)

m = U Iﬂ:l 1]]:_]_




Derivation of V.

%E(rw)+kz“ = I(I+1) u = kr.
5§31i' 6“1’
2 _— — —
v + 2u B + (v =11 4+ 1))T, 0

This equation 1s similar to equation of Spherical Bessel Functions ([1], equation 10.1.1;

[96], equation 10.47.1.)

2
uﬂa—w+2uﬁ—w+[u 1+ 1))w = 0 (7.190)
Ou? du

Spheric Bessel Function of first kind ([1], equation 10.1.2; [96], equation 10.47.3. ):

Ji(u) = \/7‘!1%,2(} (7.194)

where Jj(u) 1s Bessel Function of the First kind ([96], equation 10.2.2.)

0= (5 )ﬂi—)’“ o) (7.195)
ET(I+kE+1) '

=0
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Figure 7.6: Simulation in Mathematica. I=20. The value ji(kr) - Re (ei'""“‘““[g])
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Figure 8.17: Simulation in Comsol Multiphysics. ny = ng
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Figure 8.19: Simulation in Comsol Multiphysics. ny =ng = 1.5, ng =1, ny = ngp =3, r
= 2 pm, Bgne = 0.846 rad, dy = Ag/13, ¢ = 3pi/4, dy=0, ry is changed (in horizontal axes

as rp). Lambda is a bit shifter to larger wavelengths compared to non-bio environment



Valrakas biomolekulas
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Figure 8.20: Simulation in Comsol Multiphysics. ny = ng = 1.5, ny = 1, ny = ng,, = 3,
r = 2 pm, Qygne = 0.846 rad, d; = A\p/13, ¢ = 3pi/4, de=0, ry is changed (in horizontal

axes as 7y ).
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Hydrothermal Synthesis of ZnO

Step 1: Plasma cleaning of FTO glass

+ Deionised water-isopropanol

HMTA+ZNNO; 95°C-4hrs
Zinc acetate+lsopropy

Spin coating Anneal at 350°C-2hrs

- —

Precursors solution

Hydrothermal growth

The schematic illustration of fabrication process of the ZnO nanowire arrays onthe FTO
glass substrate




Structure Characterisation

T ¥ . P
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S4800 10.0kV 7.5mm x50.0k SE(M) 1.00um

Figure 1: XRD (on the left), SEM (on the right) of ZnONRSs



Figure 2: TEM image and electron diffration



Next steps

* Deposition of thin metal oxide films over PS
microspheres

* Deposition of metal oxide nanolaminates over
WGM resonators

* Coating of thin layers on internal surfaces of
quartz capillaries

* Fabrication of microresonators using
lithography

* Structure and optical characterization

* Preparation of paper draft on new coatings for
WGM biosensors
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