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Abstract: With extremely low material absorption and exceptional surface
smoothness, silica-based optical resonators can achieve extremely high
cavity quality (Q) factors. However, the intrinsic material limitations of
silica (e.g., lack of second order nonlinearity) may limit the potential
applications of silica-based high O resonators. Here we report some results
in utilizing layer-by-layer self-assembly to functionalize silica microspheres
with nonlinear and plasmonic nanomaterials while maintaining QO factors as
high as 10’. We compare experimentally measured O factors with
theoretical estimates, and find good agreement.
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1. Introduction

Recently, silica-based optical whispering gallery modes (WGMs) micro-resonators have
drawn much attention [1-4]. In such resonators, optical confinement is provided by total
internal reflection at the circular boundary of the resonators. Due to the exceptionally low
optical absorption coefficient in silica and the extremely smooth surface morphology of the
resonators, the O factors of the WGMs can often be as high as 10" [1]. The high quality
factor has led to many interesting applications in areas such as chemical and biological
sensing [5], nonlinear optics [6], optomechanics [7], and optofluidics [8]. Despite these
advantages, silica-based high Q resonators also face some intrinsic limits. For example, silica
possesses neither second order nonlinearity [9] nor plasmonic resonances [10]. Consequently,
it is difficult to investigate important processes such as second order parametric oscillation
[11] or surface enhanced Raman scattering in such resonators [12,13]. The key to overcome
this deficiency is to develop a versatile method that can functionalize the surface of a silica
microsphere with various nanomaterials while maintaining high cavity Q factors. The goal of
this paper is to characterize an electrostatic self-assembly based approach that can incorporate
different types of functional materials onto the surface of a silica resonator with nanoscale
control of thickness while maintaining high Q factors.

To the best of our knowledge, there are relatively few systematic studies on how to
functionalize silica-based high-Q resonators. Relevant examples include recent
demonstrations of silica high Q resonators coated with polymer [14], gold nanoparticles (Au
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NPs) [10,15], and nonlinear molecules [6,16]. The method of self-assembly has several
important advantages. First, by depositing one monolayer of nanomaterial at a time, the self-
assembly approach can control the functionalization of silica microspheres with nanoscale
accuracy and maintain exceptional surface smoothness. Second, the self-assembly approach
relies on electrostatic interaction and is therefore compatible with a wide range of
nanomaterials including nonlinear molecules, dyes, quantum dots, and plasmonic NPs. By
selecting appropriate aqueous solutions for self-assembly, we can therefore incorporate a
large variety of functional materials onto the same microsphere, which can be difficult to
accomplish with alternative approaches. Finally, the self-assembly process is simple,
straightforward, and can be carried out without using any specialized equipment or clean
room facilities.

In this paper, we consider two types of functional materials. The first is polar ionic self-
assembled multilayer (ISAM) films that possess second order nonlinearities, and the second is
Au NPs that support plasmonic resonances. We fabricated multiple functional microspheres
with different ISAM film thickness and Au NPs density. We find that the Q factors of these
microspheres are mainly limited by optical absorption in the case of the ISAM film, and
optical absorption /scattering in the case of the Au NPs. By controlling the number of
polymer layers or the NP density, we can adjust the O factors of these functional
microspheres in the range of 10° to 10”. The results in this paper may also be generalized to
other functional materials including various macromolecules, dyes, and non-spherical
plasmonic NPs.

2. Sample fabrication and experimental setup

We fabricated silica microspheres using the procedure described in [17]. Briefly, we placed a
silica fiber between two fiber clamps attached to a computer-controlled motion stage. We
then used a focused high-power CO, laser beam to melt the silica fiber. After stretching and
melting the fiber, a microsphere naturally formed from the molten silica due to surface
tension. The fabrication parameters were adjusted to obtain microsphere diameters in the
range of 240-260 um.

After microsphere fabrication, we coated the silica surface with two different ISAM films
that possess second order nonlinear susceptibilities. The first was composed of alternating
layers of (poly (allylamine hydrochloride)) (PAH) and (poly {I1-[p-(3’-carboxy-4’-
hydroxyphenylazo) benzenesulfonamido]-1, 2-ethandiyl} (PCBS) and the second composed
of PAH and Procion Brown (PB). ISAM films of PAH/PCBS and PAH/PB have been shown
to possess net polar order and as a result, can produce substantial second order nonlinear
susceptibilities [18,19]. To incorporate multiple layers of nonlinear polymers onto the silica
microsphere, we can use the self-assembly procedure as follows. First, we placed the
microsphere in the positively charged polycation (PAH) solution for 3 minutes followed by 2
minutes of rinsing in deionized (DI) water (the rinsing process remove excess polymer and
therefore ensure uniform PAH coverage). Afterwards, we placed the microsphere in the
negatively-charged polyanion solution containing PCBS (or PB) for 3 minutes to cover the
PAH layer with a monolayer of PCBS (or PB). This step is again followed by 2 minutes DI
water rinsing to remove any residual polyanion. Because the self-assembly relies on
electrostatic interaction, the process is self-limiting, and each polymer layer with a well-
defined thickness (typically 0.3 - 10.0 nm dependent on solution pH and ionic strength) is
added at each deposition step. As a result, the resulting bilayer is very uniform, and can have
a thickness of 1 nm or less. This process can be repeated as many times as desired to reach the
desired ISAM film thickness. For this experimental study, PAH, PCBS and PB were
purchased from Sigma-Aldrich. The concentrations and the pH values are respectively 0.93
mg/mL and PH ~7 for PAH solution, 3.7 mg/mL and pH ~7 for PCBS solution, and 1 mg/mL
and pH ~10.5 for PB solution. For the fabrication of PAH/PB ISAM films, we added sodium
chloride into the PB solution at a concentration of 30 mg/mL. The Na' ions screen the
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repulsions of the negatively-charged polyanion, thus enabling close packing of PB on the
surface [20].

The assembly of Au NPs was carried out using the same principle. We first coated the
silica microsphere with a monolayer of positively-charged PAH. Then we placed the PAH-
coated microsphere in an aqueous solution containing negatively-charged Au NPs (30 nm in
diameter, British Biocell International). The density of Au NPs adsorbed on the microsphere
surface can be readily adjusted by controlling deposition time. (In [21], more details can be
found, which also provided an analytical model that describes the density of adsorbed Au NPs
as a function of deposition time). Figure 1 shows scanning electron microscope (SEM)
images of two functional microspheres, one coated with 20 bilayers of PAH/PB, and the other
covered with Au NPs. As we can see from the SEM images, the fabrication procedure
described above can produce functional microspheres with very smooth surface morphology.

(a) ()

Fig. 1. SEM images of a microsphere coated with (a) 20 bilayers of PAH/PB. (b) Au NPs
deposited for 20 minutes.

3. Experimental characterization and analysis

The WGMs within the functionalized microspheres were characterized using the experimental
setup shown in Fig. 2(a). The output of a tunable laser diode (New Focus velocity 6300) was
coupled into the microsphere using a ~1 um diameter fiber, which was fabricated using the
flame heating method described in [17]. The wavelength of the tunable laser was controlled
using the voltage signal produced by a function generator, where the 2 V (peak to peak)
signal corresponded to a 0.16 nm tuning range. The photodetector converted the optical
signals in the taper (after microsphere transmission) into electronic signals. The transmission
spectra were then recorded by the oscilloscope. We used a fiber paddle to adjust the
polarization state of the laser light in order to excite the WGMs with the highest Q factor. A
representative example of WGM transmission spectrum is shown in Fig. 2(b), which includes
a WGM with a O factor of ~1.5x10” obtained using a microsphere coated with a monolayer of
PAH. From the measured transmission spectra, we can calculate WGM Q factors using [17]

A
0="% M

where A and AA are the central wavelength and the full width at half maximum of the
measured transmission dips, respectively. For this paper, all O factor measurements were
carried out near 1550 nm and within a 0.16 nm scanning range. Furthermore, we always
adjusted the polarization state of the input laser light to find the WGMs with the highest O
factors. If multiple WMGs were found within the 0.16 nm scanning range, we recorded the
mode with the highest O factor.
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Fig. 2. (a) The experimental system for measuring the Q factors of functionalized silica
microspheres. (b) Transmission spectrum of a silica microsphere coated with a monolayer of
PAH.

3.1 Functional microspheres coated with ISAM films

The optical loss in a functional microsphere can come from several sources including optical
absorption and Rayleigh scattering in silica, absorption in the ISAM film, scattering due to
surface roughness, and taper-microsphere coupling [1,17]. Their contribution for cavity QO
factors can be respectively represented by Oiicas Opiims Oss» and Qeoupiing. Given the large
microsphere sizes (~250 pm), we can safely ignore the contribution due to radiation losses,
which are exceedingly small when the ratio of microsphere diameter to resonator wavelength
is greater than 15 [17]. We can then write the total cavity O factor as
1 1 1 1 1

—m——t——t—+

Q Q silica Q film Q.\'s Q coupling

Qsilica €an reach 10" when the resonance wavelength is around 1550 nm [17]. In contrast, as
shown in Fig. 2(b), the experimentally measured Q factor of the functional microspheres can
reach ~1.5x10". Hence silica absorption should not be the main limiting factor. Another
source for cavity loss is surface scattering of the ISAM film. According to [22], the QO factor
due to surface scattering (Qy,) can be estimated as:

@

0. = 3e(e+2)*(4,) "> D )

ar’(e-1y"0’B’

where ¢ is material permittivity, D is the diameter of the microsphere, o is the root-mean-
square (rms) of the microsphere surface height variations and quantifies surface roughness,
and B represents the correlation length of the random surface height variations.
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In Fig. 3(a), we show the surface profile of a microsphere coated with 20 bilayers of

PAH/PCBS obtained using an atomic force microscope (AFM): If we use %(x, y) to denote
surface height measured by AFM, we can define its correlation function

asR(u) = ” h(x, y)h(x+u,y)dxdy . The correlation length B can then be extracted by fitting
the correlation function to R() = R(0)exp[-(u/B)’] [23]. In Fig. 3(b), we show the

experimentally obtained R(u) as well as its fit to a gaussian form with B = 11 nm. Table 1
summarizes the data for different bilayer numbers of PAH/PCBS. The data include rms
roughness, correlation length, and the corresponding estimate for O, as given by Eq. (3).
From the results in Table 1, Oy for microspheres coated with PAH/PCBS should be on order
of 10" to 10"". This result suggest that for microspheres coated with PAH/PCBS, cavity loss
is likely dominated by material absorption within the ISAM film and / or taper-microsphere
coupling loss. Due to the difficulty of carrying out AFM measurements on a curved surface of
mechanically fragile microspheres, we did not carry out similar studies using microspheres
coated with PAH/PB. However, since deposition of PAH/PCBS and PAH/PB are carried out
similarly and both ISAM films possess similarly smooth surface morphology on planar
structures [24], the scattering losses for PAH/PB and PAH/PCBS microspheres are likely to
be of the same order of magnitude.

() (b)
—_ —Exp. data
=]
a1 —Theory
Sos 1
S
Sos
c
S04
8
202
— 8
500 N~ 100 0
0 10 20 30 40 50

Separation (nm)

Fig. 3. (a) The surface profile of a functional microsphere coated with 20 bilayers of
PAH/PCBS. The data was obtained using AFM. (b) The correlation of the surface profile of a
microsphere coated with 5 bilayers of PAH/PCBS. Both experimental data (thin blue line) and
theoretical fitting (thick red line) are shown.

Table 1. The rms surface roughness O , correlation length B, and surface-scattering-

induced Q factor (Q,) for three functional microspheres with different numbers of
PAH/PCBS bilayer coatings.

Bilayer number Surface roughness, O Correlation length, Oys
(nm) B (nm)
1 0.34 14 1.18 x 10"
5 0.60 11 6.10 x 10"
20 0.79 22 3.47 x 10"

To further quantify the relationship between material absorption and cavity Q factors, we
aim to minimize the impact of taper-microsphere coupling loss. To achieve this goal, all
cavity Q factors were measured when the silica microspheres are in direct contact with the
coupling taper. We first measured the Q factors of four different bare silica microspheres
under this direct-contact scenario. The maximum cavity Q factors are respectively 1.73x10,
1.88x107, 1.95x107, and 2.5x10". The average Q factor is ~2x10’, with a standard deviation
of 0.34x10". All four bare silica microspheres possess similar diameters (~250 pm). For the
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direct-contact cases, the cavity Q factors should be dominated by Qcoupiing. Consequently, for
functionalized microspheres with similar diameters, we can approximate their Qoupiing a8
~2x10’

The measured Q factors of microspheres coated with different numbers of PAH/PCBS and
PAH/PB bilayers are shown in Fig. 4(a). We also fit the experimentally measured Q factor
versus film thickness ¢ using 1/Q = 1/Qcouping + A X t*, Where Qeoupiing, 4, and ¢ are fitting
parameters. Here we ignore cavity loss generated by silica absorption and surface scattering
loss, as discussed earlier. In Fig. 4(b), we directly show Oy, (cavity Q factor due to film
absorption) versus film thickness. The measured Qg are obtained by subtracting the Ocoupiing
(determined by fitting in (a)) from the measured Q factor (Qcoupiing is ~1 96x10’ for PAH/PB
and is ~1.93x10” for PAH/PCBS). We note that the fitted Ocoupling 18 very close to the O oupiing
of the bare microspheres given in the previous paragraph. The fitting curves are given by

1/Qpm = A x t*. For PAH/PB, the fitted & is +1.10 and for PAH/PCBS € is +1.14. A natural
explanation for this result is that cavity loss of the functional microspheres is dominated by
material absorption within the ISAM film. In this scenario, the cavity loss should increase
linearly as a function of the total volume of the polymer coating. Since film thickness is
approximately 1.3 nm per PAH/PB bilayer and 0.9 nm per PAH/PCBS bilayer, the rate of
material absorption, which is represented by 1/Qy,, should be proportional to the ISAM film
thickness 1, i.e., 1/Qpy, o t. This theoretical prediction is very close to our experimental
results. The deviation from the theoretical fitting curve can be explained by several factors.
First of all, the coupling between the fiber taper and the microsphere may not be identical for
different microsphere samples. The geometrical dimensions of different microspheres may
not be identical. The process of ISAM film deposition is not perfect clean, thus some dust
particles may accumulate on the surface of the microsphere and cause the Q factor to drop in
an incontrollable fashion.

() (b)
107
X 109
“ 4 Exp. data for PAH/PB 4 Exp. data for PAH/PB
1 A\ Fitting for PAH/PB Fitting for PAH/PB
1.5/4e’ « Exp. data for PAH/PCBS|  10°% 4 * Exp. data for PAH/PCBS
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g H P —— 2
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N n Tread “
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Fig. 4. (a) Total Q factors of the functional microsphere versus the self-assembled polymer
layer thickness (t). The experimental data are shown as triangles (for PAH/PB) and dots (for
PAH/PCBS). The theoretical fittings are performed using 1/Q = 1/Qcoupiing + A X t*, where
Qcoupiings A, and a are fitting constants. (b) The relationship between film thickness ¢ and Oy
The fitted values are given by1/Qu. = A X t*. The experimental data are obtained using 1/Qp,

=1/0 - 1/Qcoupling -
3.2 Functional microspheres coated with Au

To investigate the impact of Au NPs on WGM Q factors, we fabricated multiple microsphere
samples covered with different amount of Au NPs. We can readily control the density of Au
NPs by adjusting the duration of the self-assembly process, (i.e., deposition time). After
sample fabrication, the O factors of the microspheres covered with Au NPs were measured
using the experimental system illustrated in Fig. 2(a). Subsequently, we took SEM images of
the microsphere samples, and obtained NPs density from the SEM images. The measured
microsphere Q factors were plotted as a function of NPs density, and shown in Fig. 5(b). As
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expected, the cavity Q factors decrease as NP density increases. We can use the following
theoretical model to describe the relationship between cavity Q factors and NPs density.

Let us first estimate the cavity O factors associated with the self-assembled Au NPs (i.e.,
Onp). According to the definition of quality factors, we have:

“)

QNP=wP

NPs

where @ is the angular frequency, Pyp, represents optical power loss induced by NPs
scattering and absorption. W is the total energy stored within WGM, and can written as [25]

=t fffee

where ¢, is the free space permittivity, ¢, is silica dielectric constant, and Eway is the electric
field of the WGM . To simplify theoretical analysis, we consider only TE modes, which leads
to

Ewou (r,0,0)| dV (5)

1 - 2 .
W= e, [serar(f ‘X,m , ¢)\ sin @d0d ¢ ©)
where X (6,¢) is the angular vector function of WGM and its expression is explicity given

R
in [26], and S(r) represents radial dependence of the electric field. The integral J.[S(I")]2 dr
0

can be approximated to (R/2)(1-¢,e.)[S(R)]* [25,27], where R is microsphere radius, and
k, is the free space wavenumber.

According to the definition of extinction cross-section, the power loss pyp caused by a
single Au NP on the silica microsphere surface can be estimated as

— 2
Eweu(R.,6,,0)

o 7
2 @

Pnp

where 7, is the free space impedance, Ewau (R,,6,,¢)is the electric field at the location of

the i™ NP located on the surface, and g, is the total extinction cross section area of the Au NP
(includes both scattering and absorption). Assuming NPs are uniformly and randomly
distributed over the microsphere surface, the total scattered and absorbed power from all
particles on the surface, Pyp, can then be expressed by

Py, = N;;},(, J..”EWGM (R.6,9) sz (8)

where N, represents Au NP density. The integration is performed over the entire surface area
A of the microsphere. For randomly distributed NPs, this equation can be simplified to

— Npo-ex,

NPs 2 770 koz

In the case of small Au NPs, the total (extinction) cross section can be written as [28]

[SCRF [[|X,.(6.) sin6a6dg ©)
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2 2 2 4 2 2 2
o, =dnaxim| L [ oL m 27T 138 (L8 gl =L )
- m +2 15\ m"+2 2m~+3 3 m°+2
where m is the ratio of refractive index of the gold nanoparticles and air, and x=27a/A .

After combining Egs. (4), (6), (9), and (10), we find Opp (generated by NP absorption and
scattering) to be

— a)goﬂo(gr — I)R

11
2N 20 (D

QNP

In deriving Eq. (11), We have applied the procedures in [25,27,29]. Based on these results,
the total Q factor of a silica microsphere covered with Au NPs can be estimated as

L + ! (12)

O Ow  Qeowpiine

In deriving Eq. (12), we ignore cavity loss due to silica absorption, which is much smaller

compared with losses due to Au NPs and taper-microsphere coupling. Furthermore, we note
that according to Eq. (11), the NP-induced cavity loss is a simple function of microsphere
radius, NP density, and NP extinction cross-section. Finally, we note that even though Eq.
(11) is derived assuming TE modes, it should be able to provide a resonable estimate for TM
modes. This is because according to Eq. (9), the key factor that determines the NP-induced
cavity loss is the electric field intensity at the microsphere surface, i.e.,[S(R)]. Figure 5(a)

show the radial dependence of two comparable TE and TM modes. As can be seen from the
figure, the TE and TM modes have similar radial profiles. This implies that the NP-induced
cavity loss should be of the same orders of magnitude for TE and TM modes.

Figure 5(b) shows the experimentally measured Q factors of NP-coated microspheres with
different NP density. It also includes a theoretical estimate obtained using Eqs. (11) and (12).
It should be mentioned that the theoretical predicted O factors contain no fitting parameters.
In particular, Qcoypiing is taken to be 2 x 107, similar to that of bare microspheres. The radius
of Au NPs is 15 nm. The refractive index of Au NPs at1550 nm is 0.524 + i 10.72, based on
the data in [30]. Note that we don’t take into account the enhanced absorption and scattering
due to the plasmonic effects since the measurement is done at 1550 nm band, which is far
from the plasmon resonance wavelength of Au [31]. Comparing theoretical predictions with
experimental data, we note that the theoretically predicted Q factors can serve as a reasonable
upper bound for the experimentally results. Furthermore, we note that the theoretically
predicted relationship between cavity Q factor and NP density is reasonably close to the
experimental observed behavior. Such agreement is impressive, considering the fact that our
theoretical predictions contain no free parameters. Finally, we note that the agreement
between theory and experimental data is better for cases with low NP density. There are
several possible explanations. For example, larger NP density corresponds to longer
deposition time, which may potentially lead to more dust particles adsorbed onto the silica
microsphere surface. Additionally, our model does not include the effect of particle
aggregation on the surface. Particle aggregates scatter light much more efficiently than the
individual particles do when separated, and this may also explain why the measured Q factors
are lower than the predicted ones for higher surface particle densities.
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Fig. 5. (a) The radial dependence of a TE and a TM WGM. In our calculations, the radius of
the microsphere is 125 //m . The two angular modal numbers are I =m =715 For the TM
mode, and [ =m =716 For the TE mode. (b) The theoretically predicted and the

experimentally measured cavity Q factors at different NP density levels. The theoretical results
are calculated using Eqs. (11) and (12), and parameters given in the text.

4. Summary

In conclusion, we have investigated the O factor of silica microsphere coated with thin film of
nonlinear materials such as PB and PCBS as well as with sparsely adsorbed Au NPs. We find
that scattering loss due to surface roughness is much smaller than the film absorption loss. In
particular, the measured Q factors can be attributed two sources: one is taper-microsphere
coupling; the other is optical absorption within the self-assembled polymers. Additionally, we
demonstrate that it is possible to coat bare silica microspheres with 20 bilayers of PAH/PB or
PAH/PCBS while maintaining cavity Q factor in the range of 10°. Finally, we analyze the
reduction of cavity Q factor due to Au NPs adsorbed on the microsphere surface, and find
reasonable agreement between theoretical estimates and experimental results.
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