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This work demonstrates mass production of printable multi-color lasing microarrays based on uni-

form hemispherical microcavities on a distributed Bragg reflector using inkjet technique. By

embedding two different organic dyes into these prints, optically pumped whispering gallery mode

microlasers with lasing wavelengths in green and red spectral ranges are realized. The spectral line-

width of the lasing modes is found as narrow as 0.11 nm. Interestingly, dual-color lasing emission

in the ranges of 515–535 nm and 585–605 nm is simultaneously achieved by using two different

dyes with certain ratios. Spectroscopic measurements elucidate the energy transfer process from

the green dye (donor) to the red one (acceptor) with an energy transfer efficiency up to 80% in

which the nonradiative F€orster resonance energy transfer dominates. As such, the acceptor lasing in

the presence of donor exhibits a significantly lower (�2.5-fold) threshold compared with that of the

pure acceptor lasing with the same concentration. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4936628]

Optical microcavities enhancing light-matter interac-

tions by resonant recirculation are building blocks of cavity

quantum electrodynamics, light sources, and active filters.1

Microresonators with various geometries including Fabry-

Perot, photonic crystal, distributed feedback, and whispering

gallery mode (WGM) cavities have demonstrated a wide

range of applications.2–5 Among these structures, WGM res-

onators have attracted increasing interests because of not

only their promising applications such as ultra-sensitive bio-

sensors,6 quantum devices,7 low-threshold and high quality

(Q) factor microlasers8–10 but also their simple fabrica-

tion.11–13 Indeed, self-assembled droplets can serve as excel-

lent WGM cavities and lasers based on droplet cavities have

been realized and used for fast optical switches and gas

sensors.14,15

Recently, droplet cavities have been greatly benefited

from the development of soft matter in optofluidics,16 micro-

fluidics,17 and inkjet technique.18–20 The inkjet method is a

cheap and powerful tool for mass production of droplet cav-

ities with highly controlled cavity size and position.19,20

Investigation of inkjet method for fabricating high-Q micro-

cavities, like hemispherical resonators,13,21 is an essential

work because this approach opens opportunities to employ

droplets for optical digital devices.22,23

Lasers with selectable colors are in high demand for

lighting and displays.24,25 In particular, multicolor lasers

enabled by energy transfer, especially nonradiative F€orster

resonance energy transfer (FRET),26 are very interesting cases

because they offer extended lasing wavelengths, high pump-

ing efficiency, and low lasing threshold.27–29 In this work,

high Q-factor, dual-color lasing from arrays of hemispherical

microcavities fabricated by inkjet method is demonstrated.

The laser dyes used were Coumarin 540A (C540A, from

Exciton) and Rhodamine B (RhB, from Sigma-Aldrich).

C540A emits green light, which is well absorbed by RhB,

and therefore, they make a good pair of donor (D) and

acceptor (A), respectively. C540A (15.5 mg, 0.05 mmol) and

RhB (24 mg, 0.05 mmol) were dissolved in dichloromethane

(DCM, 0.15 mL, purity 99.76%) to make pure donor and

acceptor solutions. To achieve multicolor lasing, the two

dyes were mixed by adding separately 0.8, 1, 1.2, 1.6, 2.4,

4.9, and 24 mg RhB to individual pure C540A solutions,

achieving mixtures with various D:A mole ratios of around

1:0.03, 1:0.04, 1:0.05, 1:0.07, 1:0.1, 1:0.2, and 1:1, respec-

tively. Finally, the same amount (600 mg) of Araldite 506

(Sigma-Aldrich) was added into all of the solutions and thus

ready for fabricating microcavities.

The hemispherical resonators are deposited on top of a

distributed Bragg reflector (DBR) schematically shown in

Fig. 1(a). This DBR has a stop-band width of about 140 nm,

from 520 to 680 nm, with reflectivity up to 99.9% at 590 nm

(Fig. 5(c)). The DBR is essential for achieving laser emission

as it suppresses the optical loss leaking through the

substrate.13

To get circular cavity structures, a thin layer of

1H,1H,2H,2H-perfluoroo-ctyltriethoxysilane (a hydrophobic

material) was coated on the DBR surface (Fig. 1(b)) before

depositing droplets.21 Then, hemispherical resonators were
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fabricated using a GIXTM MicroplotterTM II from Sonoplot,

INC (Fig. 1(c)). Figures 2(a) and 2(b) show arrays of uniform

hemispheres formed using needles whose head diameters are

about 30 and 80 lm, respectively. The cavity sizes rely on

the glass needle used, which are about 35 and 85 lm. To

examine the uniformity of the hemispheres, diameters of 173

hemispheres fabricated by the 30 lm needle were measured

and their size distribution is plotted in Fig. 2(c). It can be

seen that about 97% of the hemispheres have diameters

35 6 3 lm and approximately 56% have diameters

35 6 1 lm. Furthermore, the distribution can be fairly fitted

by a Gaussian curve.

Hemispheres were investigated using a micro-

photoluminescence (l-PL) setup. It consisted of a tunable

Nd:YAG laser with a wavelength of 420 nm, pulse width of

5–6 ns and repetition rate of 20 Hz. The laser beam direction

was �45� normal to the DBR substrate, and the excitation

spot has an elliptical shape with the dimension of

�400� 500 lm. Emission from the hemisphere was col-

lected from the top side of the hemispheres by a microscope

objective (50�, numerical aperture 0.42) and recorded by a

silicon charge-coupled device (CCD) with a spectral resolu-

tion of around 0.06 nm.

Laser emissions at green and red wavelengths upon opti-

cal pumping were observed from C540A and RhB separately

doped hemispheres. Figure 3(a) shows the PL spectra from a

�85 lm-diameter hemisphere with embedded C540A at

pumping energy of about 3.0 and 7.3 lJ. At the low pumping

energy, the spectrum was broad, and the intensity of the

emission was weak. Therefore, the emission was dominated

by spontaneous emission (SE). In contrast, sharp peaks with

strong intensity, corresponding to lasing emission, appeared

under higher excitation energy. Similarly, even though the

absorption of the acceptor is relatively weak at 420 nm, the

laser emission at red color (605 to 610 nm) was observed

from a �57 lm-diameter RhB doped hemisphere (Fig. 3(b)).

All lasing peaks were well separated with clear free spectral

range (FSR) which supports a single cavity loop.

Furthermore, due to the high refractive index contrast (0.41),

the linewidth of the modes was about 0.11 nm, which is

much narrower than 0.3 nm19 and �1 nm20 reported previ-

ously where cavities fabricated by inkjet method from other

materials.

The lasing mechanism is ascribed to WGMs and can be

characterized by the radial (r) and angular (m) mode number.

From the observation, there were no high order modes

(r> 1) but a fundamental mode (r¼ 1). The mode number m
can be simply expressed as m¼pneD/km, where km is the

FIG. 1. (a) Schematic of the distributed

Bragg reflector (DBR) substrate. (b)

The deposition of a hydrophobic thin

layer. (c) Fabrication principle of an

array of hemispherical resonators on

the hydrophobic DBR using a micro-

plotter or inkjet technique.

FIG. 2. (a) and (b) Optical images of regular arrays of hemisphere fabricated

by a microplotter with 30 and 80 lm-diameters glass needles, respectively.

The structures were doped with RhB (red) and C504A (green) dyes. (c)

Diameter distribution of 173 hemispheres created using the 30 lm-diameter

glass needle.

FIG. 3. (a) and (b) Spontaneous and laser emission from C540A and RhB

doped cavities under optical pumping. FSR values of the hemispheres are

0.8 and 1.5 nm, respectively. The insets show optical and PL images of the

corresponding hemispheres.

221103-2 Ta et al. Appl. Phys. Lett. 107, 221103 (2015)
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resonant wavelength, D is the diameter, and ne is the effec-

tive refractive index of the hemisphere. Assuming, ne¼ 1.41

and D¼ 56.69 lm, then the lasing peaks shown in Fig. 3(b)

are well fitted with m¼ 412–415. Furthermore, FSR values

of the hemispheres shown in Figs. 3(a) and 3(b) are �0.8

and 1.5 nm, respectively. They are close to 0.75 and 1.48 nm,

predicted by Dk ¼ k2
m/pneD.

To investigate energy transfer process, steady-state PL

measurements of pure donor (C540A) and mixture of D-A

(C540A-RhB) were performed. Figure 4 shows the normal-

ized PL spectra of pure donor (normalized at the donor emis-

sion) and mixture D-A solutions (normalized at the acceptor

emission). Stronger emission from the acceptor can be seen

while the green emission decreased gradually as the concen-

tration of acceptor increased. The peak intensity of donor

emission decreases more than 20% when concentration of

the acceptor is only about 3% compared with that of the do-

nor. When the mole concentration of donor and acceptor are

the same, the peak intensity of the green emission falls

sharply to around 7% of its maximum, which indicates high

energy transfer efficiency.

Figure 5 shows that multicolor lasing can be achieved

from individual hemispheres with a certain D-A ratio doping.

When the concentration of the acceptor is very low

(D:A< 1:0.05), there were lasing modes at the green wave-

length and spontaneous orange-red emission from the

acceptor (Fig. 5(a)). The gain of the acceptor was not enough

for lasing. In contrast, Fig. 5(b) shows that when the D:A

ratio is about 1:0.1 or higher, strong acceptor lasing was

observed while the emission from the donor was mostly sup-

pressed. Interestingly, by investigating a number of hemi-

spheres with similar sizes and the same concentration of

acceptor doping, it is found that threshold of acceptor lasing

(D:A is 1:1) was about 2.5 times lower than that of the pure

acceptor lasing, which was attributed to the FRET from

donor to acceptor (will be discussed later). Multicolor lasing

with wavelength of 515–535 nm (green) and 585–605 nm

(orange-red) were achieved from both donor and acceptor

when D:A is around 1:0.07. For this ratio, proportion of

energy from the donor was transferred to the acceptor, con-

tributing to the observation of acceptor lasing, but this

energy loss was insufficient to prevent the donor lasing.

The energy transfer process plays an important role in

the observation of multicolor lasing. However, energy trans-

fer can be can be either radiative or FRET.30 To distinguish

the two mechanisms, time resolved-PL measurements were

carried for the pure donor and several D-A solutions. These

samples were excited by a wavelength-tunable femtosecond

laser with a wavelength of 420 nm, pulse duration of 100 fs,

and a repetition rate of 1 kHz. The PL from the solutions

were recorded by an Optronics streak camera with a tempo-

ral resolution of about 50 ps. Figure 6 plots fluorescence

decays of pure donor and mixture of D-A with various ratios,

detected at around 520 nm. The curves can be well fitted by

FIG. 4. Normalized PL spectra of pure donor and mixed donor-acceptor dye

solutions with various ratios illuminated by Xeon lamp at wavelength of

420 nm. The inset depicts the absorption spectra of the donor and acceptor.

FIG. 5. Lasing spectra from individual hemispheres with various donor-

acceptor ratios. (a) Donor lasing, (b) FRET-induced acceptor lasing, and

(c) dual-colour donor and acceptor laser emission. Stop-band of the DBR

used is shown in the top, which completely covers the lasing wavelength

range.

FIG. 6. Fluorescence decay curves of pure donor and donor-acceptor mix-

tures with various ratios detected at around 520 nm. Extracted lifetimes are

shown on each curve. The inset presents energy transfer efficiency as a func-

tion of the acceptor:donor ratios.

221103-3 Ta et al. Appl. Phys. Lett. 107, 221103 (2015)
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an exponential decay function and the lifetime is extracted

and given here. It can be seen clearly that the donor lifetime

sharply falls with the increasing concentration of the

acceptor. Pure donor has the longest lifetime of about 2.4 ns

and decreases to 2.1 ns when concentration of the acceptor is

only 4% of the donor. When number of acceptors is the same

with that of donors, the lifetime of donor shows a significant

drop to 0.4 ns.

The efficiency of FRET (ge) can be estimated from the

lifetime as ge¼ 1� s/s0, where s0 and s are lifetimes of pure

donor and mixture D-A, respectively.30 The inset of Fig. 6

depicts the efficiency of F€orster transfer as a function of the

A-D ratio, indicating an increase in the energy transfer effi-

ciency from 12.5% to 83.3% for A-D of 0.04 and 1, respec-

tively. This trend is understandable because the D-A

separation distance decreases with an increase of acceptor

concentration, which leads to the rise of energy transfer rate.

As the efficiency of F€orster transfer grows higher, FRET

plays a more significant role in the acceptor lasing and offers

lower lasing thresholds. As a result, FRET-inducted lasing

may be potential in high-efficiency lighting and display

applications.

In summary, it has been demonstrated that inkjet print-

ing is a highly suitable technique for mass production of

high cavity Q-factor hemispherical microcavities (with the

resulting Q-factors of the lasing modes �5� 103). By

embedding lasing dye mixtures into these structures, opti-

cally pumped lasers with emission at green (515–535 nm)

and orange-red (585–605 nm) spectral ranges were achieved.

The nonradiative FRET was the dominant effect with energy

transfer efficiency up to 80%. Consequently, the acceptor

lasing in presence of the donor featured a lower (�2.5 fold)

threshold compared with the pure acceptor in the absence of

donor. It is expected that the emission range of FRET-

induced acceptor laser can be further expanded by cascading

energy transfer processes through incorporating three or

more dyes into the cavities.28 White light laser is also possi-

ble by adding blue emission, which is significant for lighting

and display technology.20,25
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