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Résumé — La détection réfractométrique des huiles lourdes dans les microcapillaires à cœur

fluorescents — La détection par réfractométrie d’huiles lourdes calibrées (densité > 1 000 kg/m3)

a été démontrée à l’aide de micro-capillaires à cœurs fluorescents. La surface interne d’un

capillaire de 25 microns a d’abord été revêtue d’une couche de silicium fluorescent à haut indice de

réfraction (fluorescent silicon Quantum Dots, QD). Ce film de QD permet le développement de

résonances cylindriques en mode galerie (Whispering Gallery Mode, WGM) à l’intérieur du

capillaire. Les huiles lourdes recouvrant une gamme étendue de l’indice de réfraction ont été

injectées dans le canal du capillaire, provoquant de grands changements pour les longueurs d’onde

de résonance WGM. La sensibilité des huiles lourdes aux indices de réfraction les plus élevés, est

d’environ 250 nm par Unité d’Indice de Réfraction (nm/UIR), ce qui est la sensibilité la plus

élevée observée jusqu’à présent pour un capteur réfractométrique fonctionnant en mode

fluorescent. Cela est une indication que les microcapillaires à cœurs fluorescents pourraient être

une alternative viable par microfluidique pour la détection chimique ou par réfractométrie lors des

divers stades de la transformation, du contrôle et de l’utilisation du pétrole et du gaz.

Abstract — Refractometric Sensing of Heavy Oils in Fluorescent Core Microcapillaries — The

refractometric sensing of calibrated heavy oils (density > 1 000 kg/m3) is demonstrated using fluo-

rescent-core microcapillaries. A 25-micron capillary channel was first coated with a high-index layer

of fluorescent silicon Quantum Dots (QD). This QD film supports the development of cylindrical

Whispering Gallery Mode (WGM) resonances inside the capillary. Heavy oils spanning a wide

range of refractive index were pumped into the capillary channel, causing large shifts in the fluores-

cence WGM resonant wavelengths. The sensitivity for heavy oils approached 250 nm per Refractive

Index Unit (nm/RIU) at the higher oil indices, which is the highest sensitivity so far observed for a

refractometric sensor operating in the fluorescence mode. This suggests that fluorescent core micro-

capillaries may be a viable microfluidic alternative for refractometric or chemical sensing in various

stages of oil and gas processing, monitoring and usage.
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INTRODUCTION

Microfluidic lab-on-a-chip optical analysis methods have

advanced rapidly in recent years, to the point where com-

mercial biochip analysis devices have reached the

market [1]. These devices are attractive because they can

provide measurements at the point-of-need, require

microscopic amounts of analyte (e.g., nL volumes) and

can be highly sensitive to trace quantities of analyte.

Much of the interest in microfluidic sensors has so far

been focused in the area of biochemistry. Optical devices

have been created that can detect a variety of biomole-

cules ranging from single viruses [2] to DNA [3],

pesticides [4], and other water-based solutes including

sucrose [5, 6] and glucose [7]. However, progress inmicro-

fluidics relevant to the oil-and-gas industry has been

much slower. Some of the relatively few recent examples

include the microfluidic measurement of CO2 diffusivity

in bitumen [8, 9], microfluidic oil-water phase separ-

ation [10], separation of polychlorinated biphenyls in

transformer oil [11], microscale manipulation and

transport of chemicals for subsequent geochemical

analysis [12] and nanofiltration of crude oils [13]. At the

current time, the capacity of microfluidics for sensing

applications in the oil and gas field remains relatively little

explored.

Thin-walled microcapillaries are an attractive option

for microfluidic sensing applications. In these devices,

referred to as Liquid-Core Optical Ring Resonators

(LCORR) [14], the analyte fluid is pumped through the

capillary channel while light from a tuneable laser is cou-

pled evanescently through a fiber taper into the capillary

wall. The wall of the capillary acts as a cylindrical cavity

inside which high-quality-factor (high-Q) optical reso-

nances can develop. These optical resonances are called

Whispering Gallery Modes (WGM), named by Lord

Rayleigh in 1912 after their acoustic analogue. The eva-

nescent tail of the WGM interacts with the fluid medium

(Fig. 1), leading to observable shifts in the resonance spec-

tral position as a function of the refractive index of the

analyte. However, LCORR are laborious to fabricate

on a one-by-one basis, and they are fragile. Additionally,

the requirement for a tuneable laser and nanopositioning

equipment adds experimental cost to the system.

We recently developed a method that avoids these

issues [6]. In this method, a layer of fluorescent silicon

Quantum Dots (QD) is coated on the interior surface of

the capillary, forming a film about 0.5 lm thick. The high

refractive index of the QD film (n2 = �1.67) supports

total internal reflection at the boundary between the film

and the capillary wall (n3 = 1.452), thus permitting the

development of WGM concentrated in the film region.

This method requires no thinning treatments and leads

to a robust, durable, and reusable optical sensor that

works via fluorescence instead of evanescent coupling

through a fiber taper, as in LCORR (Fig. 1). Finally,

instead of a tuneable laser, one simply needs to collect

the fluorescence signal with a simple spectrometer.

The goal of the present work was twofold. First, we

wanted to demonstrate whether these fluorescent core

microcapillaries would work with heavy oils. Oils are
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Figure 1

a) Drawing of the device structure, illustrating the develop-

ment of theWGM in the film layer between the channel and

the capillary wall. b) A cross sectional view illustrating the

field intensity (red “wave”) primarily confined within the

QD layer of index n2 but with a tail extending into the ana-

lyte (index n1). (c) The electric field intensity distribution

obtained by solving the three-layer system of cylindrical

Bessel functions. The part of the E-field extending into

the channel is responsible for the sensing action.
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considerably more viscous and are more difficult to han-

dle than the typical water-based solutions. Second, we

aimed to track the behavior of the optical modes when

the refractive index of the oil in the channel approached

or even exceeded the refractive index of the QD layer.

This is generally not the case in biochemical sensors,

where the channel refractive index, n1, is usually close

to 1.33. The refractive index of crude oil varies consider-

ably with composition but typical values are in the range

of n1 = 1.45-1.50 [15, 16]. Here, the refractive index will

be varied from 1.33 to 1.75, starting from water and

moving to a set of calibrated heavy “Cargill oils” [17]

that span a wide range in refractive index.

1 EXPERIMENTAL METHOD

The fluorescent coremicrocavities were fabricated using the

methods we developed in [18]. Briefly, a solution of hydro-

gen silsesquioxane (Si8H8O12) dissolved in methyl isobutyl

ketone was drawn into a commercial silica capillary (Poly-

Micro Technologies) with a nominally 25-micron inner

diameter. This is done by dipping the capillary into the solu-

tion and waiting a few seconds for the solution to flow into

the channel by capillary forces.Many samples can be fabri-

cated at the same time; however, only a single device was

used for the work that follows. The capillary was then ther-

mally processed at 1 100 �C in a nitrogen-hydrogen gasmix-

ture, in order to evaporate the solvent and segregate the

remaining film into a mixture of silicon QD embedded in

an oxide matrix [6].

Next, the capillary, now with a layer of quantum dots

coating the channel surface (see Fig. 1 for a diagram of

the structure), was interfaced to a multi-channel syringe

micropump that was loaded with a set of several differ-

ent refractive index oils. Initially, water (n1 = 1.33)

was pumped into the capillary channel and the QD were

excited with an Ar-laser at an incident power of about

45 mW. The resulting fluorescence was collected through

a 109 objective lens with a numerical aperture of 0.22

and sent to a standard Czerny-Turner spectrograph for

analysis. The spectra were calibrated for wavelength by

using a HgAr lamp and for intensity by using a black-

body radiator (the LS1 light source from Ocean Optics).

This process was repeated for all ten refractive index oils.

Between each oil analysis, research grade methanol was

pumped through the capillary for about 5 minutes, in

order to clean the channel and remove oil residues from

the previous measurement.

2 RESULTS

When theQDfilmwas excitedwith the 488-nm laser line, a

red fluorescence was readily visible, even to the naked eye.

Figure 2 shows a microscope image of the whole

capillary and a fluorescence image of the capillary

channel. The bright red bands at the channel edges are

consistent with the presence of the WGM. Well-

developed WGM were indeed clearly visible in the

fluorescence spectrum (Fig. 3). The resonances are

characterized by:

– a higher visibility in the Transverse Electric (TE) polar-

ization (i.e., with the electric field parallel to the capil-

lary axis). This polarization phenomenon is sometimes

reported in cylindrical resonators but is not fully

understood [19];

– fluorescence Q factors (Q = kpeak/Dkpeak) of �500;

– a Free Spectral Range (FSR) between fundamental

resonances of � 4.5 nm, which is related mainly to

the radius of the channel;

– a slight skewing of the resonances toward shorter wave-

lengths. This skewing effect is consistent with the prop-

agation of spiralling modes having a component of the

wavevector parallel to the capillary axis [6, 20].

The properties of the resonances depend on the refrac-

tive indices of the channel medium (n1), the film (n2), and

the capillary wall (n3). For these experiments, the index

of the channel fluid (standard oils) and silica capillary

(n3 = 1.452) were considered known. The film refractive

index can be estimated independently using spectro-

scopic ellipsometry methods on a flat QD film of known

thickness. This yielded a refractive index of n2 = 1.67 in

the wavelength range of the WGM in Figure 3 [6].

25 µm

Channel

Capillary wall

(a)

(b)

Figure 2

(a) Transmitted light image of a capillary whose channel

surface is coated with a layer of quantum dots. The lower

wall of the capillary is visible at the bottom of the image.

(b) is a fluorescence image of the same capillary, showing

the red-glowing QD in the channel region.
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Some variation is possible in a curved film inside a cap-

illary, owing to minor differences in the evolution of the

HSQ film during annealing inside a capillary [21].

The evolution of the WGM fluorescence spectrum

with different refractive index oils in the capillary chan-

nel is shown in Figure 4. The resonances shift monoton-

ically to longer wavelengths with increasing oil index n1.

As n1 increases close to the value of the QD film, the

mode spectrum evolves toward a complicated structure

consisting of overlapping groups of spectral peaks.

These are not combinations of different polarizations,

since only the TE modes were collected by using a pola-

rizer in the beam path. However, at the highest n1 values,

the fluorescence spectrum regains a more simple form

consisting of a single strong family of maxima.

3 MODELING

In order to identify the resonances and determine the

sensitivity of the device, we calculated both the predicted

sensitivity and resonance wavevector from equations

that describe the electric field in a layered cylinder [22].

Accordingly, the radial dependence of the field ampli-

tude En,l(r) for the nth radial order and the lth angular

order is modeled in the standard form:

ElðrÞ ¼
AlJ lðn1krÞ r < a� t

BlJ lðn2krÞ þ ClY lðn2krÞ a� t < r < a

DlY lðn3krÞ r > a

8><
>:

ð1Þ
In Equation (1), n1, n2 and n3 are the refractive indices

of the channel, QD film and capillary wall, respectively,

and Jl andYl are the l
th cylindrical Bessel functions of the

first and second kind. The boundary conditions for TE

polarization (the field amplitude and its derivatives must

be continuous) lead to the solutions for the resonance

wavevectors k. These are given by the roots of the fol-

lowing expression [22]:

n3Y 0
l n3kað Þ

n2Y l n3kað Þ ¼
Bl=Clð ÞJ 0l n2kað Þ þ Y 0

l n2kað Þ
Bl=Clð ÞJ l n2kað Þ þ Y l n2kað Þ ð2Þ

Here, the ratio of the prefactors is:

Bl=Clð Þ ¼ n2J l n1kða� tÞð ÞY 0
l n2kða� tÞð Þ � n1J 0l n1kða� tÞð ÞY l n2kða� tÞð Þ

�n2J l n1kða� tÞð ÞJ 0l n2kða� tÞð Þ þ n1J 0l n1kða� tÞð ÞJ l n2kða� tÞð Þ ð3Þ
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Figure 4

Evolution of the QD luminescence spectrum starting from

water (n1 = 1.33) and subsequently pumping in oils with

refractive indices ranging from 1.46 to 1.75. Each spectrum

is labeled with the nominal oil refractive index value for

k = 589.3 nm.
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Figure 3

Fluorescence whispering gallery modes observed in the

fluorescent capillary (i.e., the spectrum of the luminescence

in Fig. 2b). The sharp peaks are the Transverse Electric

(blue) and transverse magnetic (red) polarized WGM, off-

set for clarity.
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In Equations (2, 3), the prime (0) indicates the deriva-
tive with respect to the argument. There are an infinite

number of roots of Equation (2), corresponding to the

different radial orders (i.e., the number of field intensity

maxima in the radial direction, from the capillary center

to the wall). Finally, the refractometric sensitivity,

S is [22]:

S ¼ k0I1n1
I1n21 þ I2n22 þ I3n23

ð4Þ

In Equation (4), I1, I2 and I3 are related to the frac-

tions of the field intensity in the three regions, and

k0 is the resonance wavelength. Analytical formulae

for the field profiles I1, I2 and I3 can be calculated

from the solutions of Equations (2-4). The resulting

expressions are too lengthy to repeat here but are

derived in full detail in [22, 23] for the nearly equiva-

lent case of sphere.

Three examples of the electric field resonances and

sensitivities calculated with these methods are shown in

Figure 5. For a fluid refractive index of 1.33, only

2.8% of the first-order radial mode profile extends into

the capillary channel, and its calculated sensitivity is

S=11 nm/RIU. As the fluid index increases, the electric

field intensity is gradually “pulled” into the channel

until, when the oil index is 1.75, just over 62% of the field

is in the analyte. For this fundamental mode, the

calculated sensitivity reaches 309 nm/RIU. For a

second-order radial mode (Fig. 5c), the sensitivity is

265 nm/RIU for n2 = 1.75 (i.e., slightly lower than for

the first order mode).

The predicted theoretical sensitivities (Eq. 4) agree

well with the experimental results: for example,

experimentally the average sensitivity, defined as dk/dn,
is 22.5 nm/RIU in the index range from 1.46 to 1.50.

At the mean index of 1.48, Equation (4) gives

S = 22.9 nm/RIU for the above-listed parameters. In

the high refractive index region, the experimental

average sensitivity between n1 = 1.73 and 1.75 is

240 nm/RIU; whereas, the theoretical value for the sec-

ond order modes is 270 nm/RIU at n1 = 1.74. To our

knowledge, 240 nm/RIU is the highest refractometric

sensitivity observed for fluorescent cavities, comparable

in magnitude to some of the highest values in evanes-

cently coupled devices [24, 25].

4 SIMULATION

In order to understand the evolution of the mode spec-

trum, 2D Finite-Different Time-Domain (FDTD)

simulations were performed using starting positions

obtained from the solutions of Equation (2). Essentially,

the film index and thickness and the capillary diameter
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Figure 5

Electric field intensity profile for the n = 1, l = 155 mode

when a) the channel fluid is water (n1 = 1.33); and b) when

the channel fluid is refractive index oil (n1 = 1.75). c) shows

the n= 2, l= 155 mode for a channel index of 1.75. Upon

going from (a) to (b), the field maximum is drawn into the

channel region, increasing the theoretical sensitivity from

11.2 nm/RIU to 308.4 nm/RIU. The calculated sensitivity

in c) is 265 nm/RIU. In all cases, the capillary inner diam-

eter was 25 lm, and the refractive index and thickness of

the film were 1.675 and 0.475 lm, respectively.
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were allowed to vary slightly until the results closely

modeled the observed spectra. Then, these parameters

were used in the full FDTD simulations in order to

model the complete wavelength spectrum. The nominal

oil refractive indices are given by the manufacturer for

a calibration wavelength of 589 nm. The FDTD simula-

tions accounted for index dispersion by using the known

Cauchy constants for each oil composition. The estab-

lished procedures were followed for the simulations, with

respect to grid size, matching layers, and number of time

steps [26].

A good agreement between the theory (Eq. 1-3) and

experiment was found for a film thickness of 475 nm, a

film Refractive Index (RI) of 1.675, and a capillary inner

radius of 12.5 lm. This RI agrees closely with that found

by ellipsometry. Employing these values in the FDTD

simulations provided in general a good match with

experiment (Fig. 6). Three representative spectra are

compared against their experimental counterparts, span-

ning the range of index where n1 < n2 (Fig. 6a), n1 � n2
(Fig. 6b), and n1 > n2 (Fig. 6c). Furthermore, the mode

numbers can be identified in FDTD by performing a

continuous wave simulation at the resonance wave-

length.

The FDTD simulations show the reason for the evo-

lution of the modes observed experimentally. At the

lower oil refractive indices, the spectrum consists of a

family of first-order radial modes. When the oil index

approached the film index, a family of second-order

radial modes appears and grows stronger with increasing

n1. At the same time, the first order modes weakened and

grew less visible. When n1 � n2, both families of WGM

are present in nearly equal intensity. By the highest oil

index, the first order radial modes had essentially van-

ished, and the spectrum consisted only of the second

order modes. Thus, by “pulling” the field toward the

core, the first order modes were suppressed and the sec-

ond order ones were strongly enhanced.

5 DISCUSSION

There are currently few competitive solutions in the mar-

ket for real-time in situ testing and monitoring of oil and

gas production, storage and end-usage [8]. Gas chroma-

tography and mass spectroscopy are still among the

most commonly used analysis methods in the industry;

both require large and expensive laboratory equipment

located far from the point-of-need [27]. Microfluidic

analysis methods have not yet been widely investigated

for these applications; however, as shown here, capil-

lary-type microfluidic structures can be used to analyze

the optical properties of heavy oils. For a sensitivity of
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Figure 6

Comparison of FDTD simulations (red spectra) with

experiment (blue spectra), labeled according to the nominal

oil index (1.46, 1.69 and 1.75) in a) to label 1.46. For the

simulations, the film thickness was 475 nm and its refractive

index was 1.675. The mode numbers n,l are labeled above

each peak. The insets in a) and c) show part of the field dis-

tribution for the associated modes, with the dark lines

indicting the film. The Q-factors are lower in the experi-

ment mainly because of spiraling mode losses that cannot

be simulated in 2 dimensions.
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50 nm/RIU, the detection limits for heavy oils are on the

order of 10�4 RIU, assuming 10 pm spectral resolution is

achievable via Fourier methods [28].

The results show that this sensor structure can be used

for viscous heavy oils. Commercial hydrocarbon

products feature many examples in which detection of

impurities is important [29]. This work used optical cal-

ibration oils of known composition and refractive index

in order to establish feasibility with heavy oils generally.

Crude oils (as an example) are more complicated and

have variable chemistry. Although crude oil is only one

such example, we here highlight some potential advanta-

ges and issues with respect to the application of microflu-

idic sensors of the type developed in this work.

In order to know whether such sensors could handle

the high viscosity of crude oils, the specifications of

calibrated oils used in the present work are given. The

kinematic viscosity of the oils varied from �2 9 10�5

to 2 9 10�6 m2/s, the densities ranged from

832-3 229 kg/m3, and the viscosities varied from 0.006 to

0.015 Pa�s. Thus, the viscosities tested are more typical of

light crude oils and petroleum products than heavy crudes

[30],which canhave viscosities 100 times greater than these

values. More viscous fluids than those tested could cer-

tainly be measured in the device, but the pumping time

for fluids having the densities associatedwith heavy crudes

would need further testing. As discussed below, the use of

larger capillaries would alleviate viscosity issues to some

degree.

In addition, crude oils may contain compounds that

could “autofluoresce” within the capillary during mea-

surement. Crude oil fluorescence originates primarily

from the aromatic hydrocarbons [31] and is mainly con-

trolled by the concentration of these compounds in the

oil, as well as by the concentration of compounds that

can quench the fluorescence. Light crudes tend to have

stronger and narrower fluorescence spectra, as compared

to heavy crudes [32, 33]. However, autofluorescence has

no effect on the optical resonance structure of the

WGM. In fact, hydrocarbon autofluorescence could

potentially enhance performance by providing a stron-

ger fluorescence signal intensity in the modes. Moreover,

any compounds that quench the hydrocarbon fluores-

cence will not have any effect on the QD emission, since

they are embedded within the silica capillary wall and are

not exposed to the analyte.

The effect of insoluble particulate matter in oil prod-

ucts could be a limiting issue for this sensor, because they

may block the capillary entrance. Asphaltene particles in

crude oils from Alberta, Canada, for example, have been

reported to range from �4 to almost 300 lm in mean

diameter, depending on the heavy crude composition

[34]. In this work, the inner capillary diameter was

25 lm, although we have tested devices with inner diam-

eters as large as 100 lm. The maximum diameter that

can be used is limited in principle by the ability to resolve

the WGM in the QD fluorescence spectrum. For larger

capillaries, the WGM become more abundant and clo-

sely spaced, and they would eventually become unresolv-

able. In order to avoid severe aliasing, the mode spacing

must be larger than at least twice the pitch of the spec-

trometer used. For a capillary diameter of 300 lm, Equa-

tions (1-3) give a mode spacing of �0.2 nm, about twice

the 0.1 nm pitch of our spectrometer. Thus, 300 lm par-

ticulates push beyond the range of size possible for this

type of sensor, unless a higher-resolution instrument is

used to measure the fluorescence. Conversely, since

the sensor requires only a tiny volume of analyte, pre-

filtration of a small quantity of product should be rela-

tively simple. Using larger capillaries could alleviate vis-

cosity issues as well.

An additional issue could be adsorption of crude oil

components onto the capillary walls. This could be either

harmful or beneficial to device performance. If, for

example, solid particulates such as asphaltenes adsorb

to the capillary wall, they would interfere with the refrac-

tometric measurements of the channel fluid. Conversely,

adsorption of liquid components can be desirable, since

this presents a method for analyte-specific detection. For

example, the hydrophilic silica-based channel surfaces of

these structures should adsorb water present either as an

emulsion or dissolved in the hydrocarbon. Since the sen-

sitivity of the device is greatest at the region near the

channel walls, the device would be especially sensitive

for such preferentially adsorbed compounds. In fact,

the behavior of oil-water mixtures in the presence of sil-

ica surfaces has been widely investigated with respect to

the effect of sand grains in such mixtures [35]. Treating

the surface with polydimethylsiloxanes (for example)

could also make the channel surface hydrophobic and

thereby more sensitive to the reverse situation: detection

of hydrocarbons in groundwater. Finally, fluorescence

absorption due to components of the analyte could be

problematic but could also provide an alternative sens-

ing mechanism, since absorption or scattering losses will

control the width of the resonances shown in Figure 6.

CONCLUSION

This work demonstrated the refractometric sensing of

calibrated heavy oils pumped into microfluidic fluores-

cent-core capillary channels. The fluorescence spectra

showed well-developed optical resonances that were

highly sensitive to the refractive index of the oil in the

channel. At the lower oil indices (i.e., n1<1.6) the spectra

V. Zamora et al. / Refractometric Sensing of Heavy Oils in Fluorescent Core Microcapillaries 493



were dominated by the first-order radial modes, having

refractometric sensitivities on the order of several tens

up to about 100 nm per refractive index unit. With

increasing oil index, the first-order modes gradually dis-

appeared while the second order ones became strong.

The sensitivities in this region reached 240 nm/RIU,

which is amongst the highest yet seen for a fluorescence-

based optical resonance detection device. The results

agreed well with theory and simulation and suggest that

even higher sensitivity could be achieved by controlling

the film thickness in these devices. The detection limits

for crude oil would be conservatively in the range of

10�4 RIU, suggesting that such structures could be

sensitive to low levels of unwanted impurities such as

water or other trace compounds, or if the appropriate

functionalization treatments can be developed.
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