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Laser dyes emitting in the red (650–
800 nm) to near-infrared (>800 nm) 
are very attractive for biomedical 

applications, as these wavelengths allow for 
deep tissue penetration, low photoinduced 
damage and reduced interference from the 
background autofluorescence of biological 
samples. However, today’s dyes suffer from 
a number of serious limitations, including 
photobleaching, low fluorescence quantum 
yields (especially in aqueous media) and 
small absorption coefficients at green 
pump wavelengths.

Now, writing in Nature Photonics, 
Cerdán et al. report a simple solution to 
overcome these problems1. Their approach 
involves encapsulating a donor dye 
(rhodamine 6G, Rh6G) and an acceptor 
dye (Nile blue, NB) in 50-nm-diameter 
polymer nanoparticles suspended in water. 
The Rh6G dye strongly absorbs pump laser 
light at 532 nm — the output wavelength of 
a frequency-doubled Nd:YAG laser — and 
efficiently transfers the excitation energy 
to the NB dye, which emits in the far-red, 
at 700 nm. Figure 1 shows a sketch of these 
dye-loaded nanoparticles, which have a 
core–shell design.

The energy is transferred within each 
nanoparticle by Förster resonance energy 
transfer (FRET). Theodor Förster, who 
established the mechanism in the late 
1940s, described the process as a quantum-
mechanical coupling between the transition 
dipole moments of the donor emission 
with the acceptor absorption2. The rate of 
energy transfer depends on the donor–
acceptor separation and the orientation 
of the transition dipole moments. Energy 
conservation is guaranteed by spectral 
overlap between the donor fluorescence 
and the acceptor absorption spectra. An 
important aspect of FRET is that the rate of 
energy transfer can be calculated from the 
donor–acceptor separation distance and 
the spectroscopic parameters of the donor 
and acceptor. FRET occurs in the range of 
1–20 nm, thereby acting as a spectroscopic 
ruler to ascertain molecular distances in 
this range.

FRET has been used extensively 
throughout biology, materials science and 
chemistry. In the life sciences, the number 

of publications on FRET applications 
has grown exponentially since the 1990s. 
Cell biology applications were the first 
to benefit from FRET, driven by the 
development of new fluorophores and the 
ability to label biomolecules at specific 
points and introduce them into living 
systems. One popular technique is to label 
different proteins with donor and acceptor 
chromophores and then use FRET to study 
protein interactions and proximity. More 
recently, FRET has also been studied as a 
means of improving the performance of 
dye-sensitized solar cells3. Now, the work 
of Cerdán et al. shows that FRET can be 
harnessed to realize new types of dye lasers 
for use in biology and other disciplines.

In order for the acceptor dye to reach the 
lasing threshold, the density of excitation 
created by the focused pump laser must 
be high and energy must be efficiently 
transferred to the acceptor. Cerdán et al. 
achieved this by preparing nanoparticles 
loaded with a high concentration of the 
Rh6G and NB dyes. The high concentration 
of the donor Rh6G dye, which has a large 
molecular absorption coefficient at the 

pump wavelength, is essential for allowing 
a thin slab of the gain medium to absorb 
the pump laser light. Conversely, the high 
concentration of the NB acceptor and 
large FRET rate constant ensure efficient 
energy transfer (close to 100%). Within 
the nanoparticle, the dyes are confined in a 
restricted medium and have a distribution 
of donor–acceptor distances, which results 
in complex fluorescence decay functions 
obtained by averaging across all distances 
in the restricted volume4. The potential 
for homo-FRET (energy migration among 
the donors) due to overlap of the donor 
fluorescence and absorption spectra, 
although not an influence on the donor 
quantum yield or lifetime, spreads the 
excitation light and contributes to an 
increase in the transfer efficiency. When 
the contribution due to homo-FRET 
is significant, the efficiency of energy 
transfer depends on both the donor and 
acceptor concentrations.

The process of energy transfer can also 
be complicated by the presence of radiative 
energy transfer, which results from 
emission–absorption processes occurring 
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Figure 1 | Schematic of a polymer core–shell nanoparticle loaded with Rh6G (green dots) and NB (red 
dots) dyes. The arrows indicate the pumping (green), emission (red) and internal FRET energy-transfer 
processes (homo-FRET in black and hetero-FRET in white).
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in the medium. Although this is very 
unlikely to occur within a single particle 
because the optical path length is very 
small (of the order of the nanoparticle size), 
it can occur between nanoparticles before 
light escapes from the gain medium, thus 
modifying the spectra and the fluorescence 
decay characteristics.

Laser dyes tend to self-associate in 
water to produce both fluorescent and 
non-fluorescent aggregates. However, in 
protic organic solvents, this tendency is 
substantially lower. Cerdán et al. were 
able to prepare acrylate copolymer 
nanoparticles with a high dye loading 
(10–3–10–2 M) while avoiding dye 
aggregation. This is probably due to the 
hydrophobic protic environment of the 
2-hydroxyethyl methacrylate block of the 
triblock copolymer in the nanoparticles. 
Another advantage of encapsulating 
dyes in nanoparticles is the substantial 
reduction in photobleaching owing to less 
oxygen exposure.

Through the above strategy, 
Cerdán et al. were able to achieve lasing in 
the far-red region of the electromagnetic 
spectrum by using the nanoparticle–water 
suspension as a gain medium and pumping 

the optical cavity with 532 nm light. The 
system was robust and stable in operation 
because both the donor and acceptor dyes 
were photostable, in contrast with most 
near-infrared dyes.

In principle, the Rh6G–NB dye system 
demonstrated by Cerdán et al. can be 
extended to other donor–acceptor dye 
pairs. For example, it would be particularly 
useful if a near-infrared dye could be 
driven by energy from a donor that 
strongly absorbs in the visible region. 
This is difficult because the dyes must 
fulfil the criteria described earlier — the 
near-infrared dye must absorb energy 
from the electronically excited donor 
while simultaneously ignoring the pump 
light to avoid photodegradation. At the 
same time, dye loading (both donor and 
acceptor) of the carrier particles must 
be very high to achieve lasing with a 
relatively low concentration of small-size 
(<50 nm) particles to ensure sufficient 
optical transparency of the gain medium, 
which is essential to minimize loss in the 
laser cavity.

As a final experiment, Cerdán et al. 
also showed that dye-loaded nanoparticles 
could be used to create a solid thin-film 

polymer gain medium by evaporating 
all the water in the suspension. They 
observed random lasing in high-scattering 
films made in this manner, where optical 
feedback was provided by multiple 
scattering inside the gain medium. The 
behaviour of such random lasers shows a 
very complex and rich physics, and could 
have practical applications in the display 
and lighting sectors if an efficient means 
of electrical excitation can be achieved5. 
The development of electroluminescent 
polymer nanoparticles doped with 
appropriate dyes is a promising route for 
future research. ❒
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The race to put complete photonic 
circuits on silicon chips is 
intensifying. The goal is the 

realization of fast, short-range optical 
interconnects; replacing copper with 
optical fibre in neighbourhood and local-
area communications networks would 
deliver major increases in bandwidth 
and data rates, transforming information 
services in the same way that optical fibre 
transformed long-haul telecommunications 
systems. Silicon holds the key because 
in principle it is cheap, at least if the 
enormous pre-existing investment in 
high-volume manufacturing of CMOS 
microelectronics can be harnessed1. The 
big problem for silicon is that although it is 
well-suited to making passive components 
such as waveguides, it is an indirect-
gap semiconductor, which means that 
it cannot generate light efficiently. After 
decades of effort, researchers have still yet 

to develop an electrically injected silicon 
laser. Attention has therefore turned to 
the idea of hybrid integration, in which 
semiconductors that can efficiently emit 
light are placed on a silicon substrate. 
Now, writing in Nature Photonics, two 
independent research groups report how 
a new scheme called transfer printing is 
capable of producing hybrid edge- and 
surface-emitting lasers on silicon2,3.

There are two main approaches to 
hybrid integration: growing crystalline 
semiconductors on silicon, and bonding 
a full or partial wafer of a light-emitting 
semiconductor structure onto a silicon 
substrate. Most of the work on the 
crystal growth technique has involved 
the epitaxial deposition of germanium 
on silicon. The two materials have a 4% 
lattice mismatch, and so a highly defective 
buffer or seed layer must be grown first 
to accommodate this difference. Using 

this approach, researchers have recently 
demonstrated germanium lasers operating 
at the telecommunications wavelength 
of 1.55 μm, through both optical4 and 
electrical5 excitation. However, germanium 
is also an indirect-gap semiconductor, 
and the engineering and performance of 
germanium lasers are still very much in 
their infancy. In contrast, lasers made from 
group iii–v semiconductor materials are a 
mature technology and offer commercial 
standards of performance. GaInSb 
quantum-well lasers operating at 1.55 μm 
have been grown on silicon using a GaSb 
buffer layer6; however, these devices are 
not standard telecommunications laser 
designs, and room-temperature operation 
has not been achieved in continuous-wave 
mode. Attempts to ‘convert’ silicon into 
a platform for growing standard iii–v 
telecommunications lasers by formation of a 
thin virtual substrate of InP are in progress7.
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