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Abstract. The project was focused on the optical characterization of Nd3+ doped
glass active microspheres of sizes of few micrometers. Using micro photoluminescence
(time resolved and continuous wave) and micro transmission experimental techniques
we characterized single microspheres in terms of the quality factor, free spectral range,
finesse and Purcell factor. On the basis of the quantification of those magnitudes, we
discuss the influence that the cavity induces on the optical properties of the Nd3+ ions
and vice versa.
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1. Introduction

For a strange quirk of its construction, Saint Paul’s Cathedral in London has a dome

where a whisper at one side can be perfectly heard at the opposite side. The dome

is known as the Whispering Gallery and whispers propagate along the wall with very

few losses. Lord Rayleigh wrote that ’the whisper seems to creep round the gallery

horizontally, not necessarily along the shorter arc, but rather along that arc towards

which the whisperer faces’ [1]. Just like sound waves propagate around the Whispering

Gallery, light can also circulate around a circular shape cavity with refractive index

higher than that of the surrounding medium.

Dielectric microspheres are used as three-dimensional optical microcavities. Certain

wavelengths are guided along orbits that are confined in an equator of the sphere,

known as the Whispering Gallery modes (WGM). The modes are determined solving

the Helmholtz equation for the electric and magnetic field. A detailed theoretical review

of the eigenmodes in dielectric spheres can be found in [2].

For a sphere of radius a and refractive index n in air, the potential function in a

spherical coordinate system (r, θ,φ) is:

U(r, θ,φ) ∝
√
rJl+1/2(nk0r)P

l
m(cos θ) exp(±jmφ), r ≤ a (1)

∝
√
rh(1)l+1/2(nk0r)P

l
m(cos θ) exp(±jmφ), r > a (2)



Optical characterization of the WGM in Nd3+ doped glass active microspheres 2

where Jl is the Bessel function of the first kind of order l, h(1)l is the Hankel

function of the first kind of order l, P l
m is the adjoint Legendre function, and m and

l are nonnegative integers. The spherical Hankel function describes spherical waves

propagating outside the dielectric sphere and in the radial direction away from the center

of the sphere, while the Bessel function describes the spherical waves propagating inside

the dielectric sphere [3].

We will characterize the optical properties of light emitting Nd3+ doped dielectric

microspheres on the basis of the following fundamental quantities:

1.1. Quality factor

The quality factor is defined as:

Q ≡ ω · Uc

Ploss
=

ω

αvg
(3)

where ω = 2πν is the frequency of the oscillation, Uc the stored energy in the

resonator, Ploss the power dissipated by the resonator, α is the loss coefficient and vg is

the group velocity. In other words, the quality factor is 2π times the ratio of the stored

energy within the microcavity to the energy lost per cycle.

In a resonant system, there is a maximum output at a given wavelength (the

resonant wavelength). In such a system, the quality factor can be also expressed as:

Q =
λ0

δλ
(4)

where λ0 is a resonant wavelength, and δλ the full width at half maximum (FWHM)

of the resonant wavelength.

Maximum quality factors reported are Q = 8 · 109 [4] in fused silica passive

microspheres, where the glass and surface quality of the sphere has been carefully

optimized to have extremely low losses. It is worth noting that those very high quality

factors are measured by quantifying the temporal decay of the stored energy. In the

present work we have studied spheres made of Nd3+ doped borate glasses, where the

glass has been optimized taking into account the emission properties of the ion and not

the propagation losses of the glass. Indeed, similar spheres reported in literature provide

maximum quality factors of the order of 104 in the visible region [5].

1.2. Free-spectral range

The free spectral range (FSR) is the spacing in optical frequency (δωFSR) or wavelength

(δλFSR) between two successive modes of an optical cavity. The FSR increases as the

size of the resonator decreases.

For two consecutive modes

mλm = neff2πR (5)

(m+ 1)λm+1 =

�
neff −

∂neff

∂λ
(λm − λm+1)

�
2πR (6)
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neff is the effective index, m is the mode, λm is the wavelength of the mode and R

is the radius of the sphere. Therefore

δλFSR = λm − λm+1 =
λ̃2

ng2πR
(7)

Where ng = neff − ∂neff

∂λ λm is the group refractive index and λ̃2 ≈ λm · λm+1.

1.3. Finesse

The finesse of the cavity is defined by [6]

F ≡ δλFSR

δλ
(8)

where δλFSR is the distance in wavelength of two resonances and δλ is the FWHM

of a peak.

1.4. The Purcell effect

The Purcell effect [7] is related to the modification of the spontaneous emission rate of

an emitter due to the change in the photonic density of states associated to the presence

of the optical cavity. The enhancement is given by the Purcell factor:

FP =
3

4π2
λ�3Q

V
(9)

where λ� = λ/n, λ is the resonant wavelength, Q is the quality factor of the cavity

and V is the mode volume. The Purcell factor formula is valid when the transition

width is far narrower than the resonance.

2. Experimental details

In this work we used borate glass microspheres doped with neodymium. The

microspheres were fabricated with the method of Gregor R. Elliot et al. [8] from bulk

borate glass doped with neodymium (Nd3+) ions‡ [9]. The glass is reduced to dust and

is heated to 900◦ (borate fusion temperature). Some of the splinters melt and, when the

temperature decreases, solidify in spheres of the size of several microns, the minimum

energy structures. The microspheres are deposited on a lab glass, and are covered

by a liquid polymer (EUKITT) that solidifies around them. This latter procedure

dramatically eases the manipulation of the spheres for the optical characterization

purpose. Another lab glass is put over the polymer to protect the spheres. There

is a photo of a microsphere in figure 1. The fabrication method just described does not

allow a tight control of the radius of the spheres. Therefore, a sample usually contains

spheres of different radii.

‡ The microspheres are made in La Laguna University by the group of prof. Néstor Capuj.
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The refractive index of Nd3+ doped borate glass is around n = 1.9 and the refractive

index of EUKITT is n = 1.49.

The system is pumped with an Argon laser at λ = 514.5nm. The laser pumps

electrons from the ground state at 4I9/2 to an excited state at 4G7/2. The observed

transitions are 4F3/2 →4 I9/2 corresponding to wavelengths around λ = 880nm and
4F3/2 →4 I11/2 corresponding to wavelengths around λ = 1064nm (figure 2).

Figure 1: Photo of a Nd3+ embed-
ded in borate glass microsphere [9].

Figure 2: Energy level scheme of Nd3+ with
the transitions we studied.

High spectral resolution microphotoluminescence (µ-PL) experiments were

performed at room temperature. The setup consists of a long working distance objective

that focused the laser beam on a single microsphere as in figure 3. Another objective

of NA = 0.4 was used to collect on-plane µ-PL which was focused on a high resolution

monochromator coupled to a CCD camera. A linear polarizer placed on the line let us

select TM or TE emission. The monochromator can be coupled to a CCD camera or

to a PMT. For measurements of Purcell effect the laser was coupled to an acusto-optic

modulator and the monochromator was coupled to a PMT. Applying a pulsed signal,

we wanted to know if the decay time of the light coupled inside the cavity changed. For

a detailed description of the experimental setup see ref. [10].

For the transmission measurements we used the same collection setup as in the

µ-PL measurements. However, instead of using a pumping laser the microsphere was

illuminated from the back by a white light source. In order to determine the effect of

the sphere on the transmission, we measured in a region with a sphere and another with

no spheres. The transmission coefficient related to a single sphere is the ratio of the

signal with a sphere with respect to the signal with no spheres.

The slit of the monochromator was as closed as possible in order to increase the

monochromator resolution. The slit could be aligned with the left part of the sphere

(collecting the modes exiting the left side), the right part of the sphere (collecting the

modes exiting the right side) or the center of the sphere (the modes collected are the

ones exiting from the bottom and the top). Centering the slit on a side of the sphere
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Figure 3: Photo of the setup used (left) and scheme of the setup (right).

and having the slit very thin allowed us to see the WGM with high geometrical and

spectral resolution.

3. Experimental results

In this section we will describe and analyze the µ-PL and transmission measurements

done within the project.

3.1. Microphotoluminescence

The microsphere is pumped with the Argon laser at 514nm. The image collected on the

CCD screen was the spectrum of the µ-PL with the lines of the modes in the horizontal

axis and the height in the vertical one (figure 4). The spectrum integrated for some

pixels is represented in figure 5 and figure 6.

Figure 4: Spectrum of photoluminescence versus pixel height (from 893nm to 916nm) with a
polarizer. The wavelength dispersion is given by the diffraction grating of the monocrhomator.

In figure 5 is the spectrum of the transition near λ = 880nm. The modes are the

peaks and the distance between two peaks is the free spectral range for a given family

of modes. The spectrum in figure 5 is captured with a polarizer aligned parallel to

the plane of collection. In figure 6 is plotted the spectrum of the resonances without a

polarizer for the transition near λ = 1064nm.

3.1.1. Quality factor For the transition 4F3/2 →4 I9/2 the quality factor depends

strongly on the absorption of the Nd3+ in the borate glass material. In figure 7 are

represented the absorption of the material and the quality factor of a sphere (the

quality factor is calculated with the expression (4)). The maximum of the absorption

matches the minimum of the quality factor of the microsphere, and the minimum of the
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Figure 5: µ-PL of the sphere for the
4F3/2 →4 I9/2 transition with a polarizer
aligned parallel to the plane of collection.

!

Figure 6: µ-PL of the sphere for
the 4F3/2 →4 I11/2 transition without
polarizer.

absorption of the material also matches the maximum of the quality factor. In equation

(3) the quality factor is inversely proportional to absorption, and so is in figure 7.

The transition with wavelengths around λ = 1064nm is to the excited state 4I11/2.

Because it is an excited state it will be low populated (and so will have low absorption),

hence in that transition the quality factor will not depend strongly on the absorption

but more on geometrical or scattering losses. We observed, though, lower quality factors

in this region. We associate this to radiation losses of the cavity since the reduced index

contrast between the sphere and the surrounding polymer does not allow high mode

confinement in this spectral range.
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Figure 7: Quality factor inside a micro-
sphere and absorption of the material (not
shaped as a sphere).
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Figure 8: Photoluminescence spectrum
comparing two different powers.

When analyzing the transition centered at λ = 880nm we expect that, by increasing

the power of the laser, the stored energy in the resonator should increase and so the

quality factor (see equation (3)) because the fundamental state is less populated with

a higher pump. Therefore the absorption losses decrease. We studied the dependence
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of the quality factor on the photon flux (figure 8) and it can be appreciated that the

quality factor increases with the pump, as expected.

The maximum quality factor measured in the Nd3+ doped glass microsphere we

worked with was Q = 18 · 103 for our active medium. It was found at λ = 926.44nm,

where the material has almost no absorption. In this case, we are limited by the

resolution of the setup, that can detect a maximum wavelength difference of 0.06nm,

therefore quality factor might be well above that value in this spectral range. Those

values are in agreement with those reported in recent works addressing similar spheres

[5].

3.1.2. Free Spectral Range FSR increases with the wavelength, as it is shown in figure

9 (in black squares) for a sphere with a radius of about 13µm, in agreement with what

is predicted by equation (7). We have also seen that bigger spheres show lower FSR.

With the definition of FSR in equation (7) the group index is approximately ng = 1.7

although it can have some error due to the resolution of the radius measurement (which

can have an error of 2-3µm).
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Figure 9: Study of FSR and Finesse for a microsphere.

3.1.3. Finesse The finesse is also plotted in figure 7, it is calculated with the definition

of equation (8). Due to its definition, the finesse is similar to the quality factor (both

are inversely proportional to δλ), and also has a strong dependence on the absorption of

the material for the transition at λ = 880nm. Finesse values as high as 100 are obtained

at 926.44nm.

3.1.4. Purcell effect In order to perceive wether the spontaneous emission rate changed

within the cavity we used two different wavelengths, one in resonance with the WGM

and another out of resonance (inset of figure 10) [11–13]. In figure 10 we represent the

temporal behavior of the PL signal at those two wavelengths when a square pump signal

is applied.
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In resonance the signal received is larger than out of resonance, but the time

response is the same (see the comparison in figure 11). In figure 11 is plotted

the normalized intensity in a natural logarithmic scale for a resonant wavelength, a

wavelength out of resonance and for the case of the bulk material (without the spherical

cavity effect) at a similar wavelength.
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Figure 10: Time response in resonance
and out of resonance.
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Figure 11: Time resolved measurements
at resonance, out of resonance and for the
case of the bulk material. The vertical
axis is represented in a natural logarithmic
scale, where we have normalized the data
to the maximum values.

After several measurements in different microspheres, we conclude that Nd3+ is not

an ideal emitter for spontaneous emission enhancement of WGM at room temperature.

Indeed, we see the same lifetime in the resonance, out of the resonance and in the

bulk because the transition of Nd3+ is much wider than the width of the resonances.

Therefore the Purcell factor formula (9) is not valid. Anyway, even if the transition was

narrow enough we could not expect very high Purcell factors because the modal volume

V of the WGM in the spheres is quite big (around 5000µm3).

3.2. Transmission

In figure 12 the transmission of a white light source through a single microsphere is

plotted. The transmission coefficient is higher than 1 because the sphere glass is more

transparent than the EUKITT. The transmission spectrum has an oscillation, explained

as a coupling of few internal reflection modes [2]. When zooming on a particular region

of the spectrum (inset of figure 12) we observe the comparison of sharp dips overimposed

to the main oscillatory signal. We wanted to study further this effect and so we compared

the transmission with the µ-PL around the λ = 880nm region. We observed that the

dips of the transmission match almost perfectly with the resonances of the µ-PL (see

figure 13). In fact, this demonstrates that, at certain wavelengths matching those of

the WGM, light is coupled inside the sphere, leading to the observed decreasing of the

transmitted signal.
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Figure 12: Transmission spectrum of the
microsphere.
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Figure 13: Comparison of transmission
versus the photoluminescence for TE and
TM polarization.

The transmission changed with the position of the sphere respect to the

monochromator slit. In figure 14 a sweep for different positions is shown, the lower

transmission is for a side of the sphere, the central spectral transmissions is for the

center of the sphere and the higher transmission is for the other side of the sphere. In

the sides of the sphere the transmission is more oscillatory, while in the center of the

sphere it is more plane.

Figure 14: Transmissions of the different parts of the sphere indicated in the scheme of the
right.

4. Conclusions

We have done a thorough study of the optical properties of microspheres made of

a borate glass doped with Nd3+ ions. We have quantified different magnitudes

characteristic of optical cavities. In particular, we have determined quality factors as

high as 18 · 103 at about 920nm by measuring the spectral width of the resonance

appearing in the photoluminescence spectrum of the ions. However, since the FWHM

is equal to the resolution of the monochromator, it is possible that the real FWHM is

in fact smaller. Therefore the measured quantity is a lower bound of the quality factor.
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Those microspheres did not present laser emission, and we believe that it is because

when increasing the laser power in a good sphere, the polymer melted. Further works

in which the microsphere is surrounded by air are ongoing. By doing this we expect,

on the one hand, to enhance the quality factors in the infrared due to the improvement

of the refractive index contrast. On the other hand we would be able to achieve higher

pump photon fluxes so that net optical gain may be reached and, thus, laser action.

The studied microspheres did not present Purcell effect because the transition is

wider than the resonances. Therefore the Purcell factor formula is not valid.

Isolated microspheres can be also useful as a sensor transducer, or biological and

chemical sensors, since a resonance spectral shift is expected as a consequence of changes

on the refractive index of the surrounding medium [14].
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