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D
eoxyribonucleic acid (DNA) is gain-
ing an increasingly prominent role
asbiomaterial forphotonics andopto-

electronics.1,2 DNA solid-state films are char-
acterized by optical transparency in the 300�
1600 nm range, refractive index, n, of about
1.5, and low optical losses at telecom wave-
lengths. These properties have stimulated
many research efforts aimed at exploiting
the potential of such biopolymers for optical
and electronic applications. Recent break-
throughs include the use of the DNA biopo-
lymer as a gate insulator in organic field-effect
transistors,3 as an electron-blocking layer in
organic light-emitting diodes,4 and as a non-
linear optical material for second harmonic
generation.5 Furthermore, DNA-based wave-
guides6,7 and lasers8�10 have been realized.
The latter application is particularly interesting
because some lasing chromophores show
enhanced emission in DNA compared to the
typically used synthetic polymer matrices.8

Moreover, DNA is available as a waste pro-
duct of the fishing industry and constitutes
a renewable and biodegradable material for

realizing “green” solid-state biolasers,11,12

which would allow the realization of physi-
cally transient, water-dissolvable photonic
structures, complementing the recently re-
ported transient electronic devices.13

However, to date, most of the reported
DNA-based lasers have utilized surfactant-
modified DNA,14 which allows the DNA�
cationic surfactant complexes to be soluble
in organic solvents, whereas pure DNA is
water-soluble. Little is known about the
exploitation of pure DNA in solid-state la-
sers, although films of pure DNAdopedwith
dyes have been demonstrated to show
good gain coefficients.15 In part, this is due
to the lack of fully DNA-compatible pattern-
ing methods, which are needed to fabricate
solid-state laser devices. Patterning techni-
ques that entirely work at room tempera-
ture are preferable in this respect, avoiding
thermal-induced reversible DNA denatura-
tion. For instance, denaturation is reported
to occur at 87.5 �C in 0.15M sodium chloride
with 0.015 M sodium citrate for a selected
DNA origin of about 2000 base pairs.16
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ABSTRACT Room-temperature nanoimprinted, DNA-based distributed feedback

(DFB) laser operation at 605 nm is reported. The laser is made of a pure DNA host matrix

doped with gain dyes. At high excitation densities, the emission of the untextured dye-

doped DNA films is characterized by a broad emission peak with an overall line width of

12 nm and superimposed narrow peaks, characteristic of random lasing. Moreover,

direct patterning of the DNA films is demonstrated with a resolution down to 100 nm,

enabling the realization of both surface-emitting and edge-emitting DFB lasers with a

typical line width of <0.3 nm. The resulting emission is polarized, with a ratio between

the TE- and TM-polarized intensities exceeding 30. In addition, the nanopatterned

devices dissolve in water within less than 2 min. These results demonstrate the possibility of realizing various physically transient nanophotonics and laser

architectures, including random lasing and nanoimprinted devices, based on natural biopolymers.
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Nanopatterning at room temperature would therefore
reduce possible DNA oxidation, as well as the degrada-
tion of the optical gain properties of guest chromo-
phores. A fewworks have explored routes for patterning
films of DNA�cationic surfactant complexes by electron
beams,17 self-assembly,18 holography,19 and substrate
patterning/functionalization,8 whereas there are no re-
ports about nanopatterning of pure DNA films. To this
aim, room-temperaturenanoimprint lithography (RT-NIL),
which has been demonstrated to be very effective for the
production of lasers by conjugated polymer films and
multilayers,20 can represent a valuable choice for pattern-
ing biopolymers with high spatial resolution. In RT-NIL,
irreversible deformations are induced in optical materials
by pressing a rigid nanostructured template against the
surface of the target films, namely, without using high-
temperature steps as in conventional NIL.21

Here we report on the realization of a distributed
feedback (DFB) laser based on pure DNA doped with
a laser dye, by an entirely green process involving
the use of aqueous solutions and room-temperature
nanopatterning. A clear transition from random lasing
to DFB lasing is observed in films upon patterning.
One-dimensional gratings with feature resolution
down to 100 nm are transferred to the films, and the
resulting DFB devices show polarized laser emission at
about 605 nm, with a threshold excitation density of
a fewmJ cm�2. The nanopatterned devices are demon-
strated to be dissolvable in water within less than
2 min, opening interesting routes for the development
of physically transient organic photonic platforms.

RESULTS AND DISCUSSION

The chemical structure of DNA, Rhodamine 6G (R6G),
and the scheme of Rhodamine binding are presented
in Figure 1. The emission spectra of pristine DNA
films doped with R6G upon pulsed optical pumping
are shown Figure 2a,b. Above a pumping threshold
fluence of about 7 mJ cm�2, the broad photolumi-
nescence (PL) spectrum (shown as a dashed line in
Figure 2a) collapses in a peakwith a linewidth of 12 nm
and superimposed narrow lines (width <0.3 nm, lim-
ited by the spectral resolution of the detection system),
whose number and intensity increase upon increasing
the excitation fluence (Figure 2b). The presence of
these complex emission features can be attributed to
coherent random lasing, due to the scattering of light
by the microscopic morphological and compositional
inhomogeneities of the DNA�R6G blend, as observed
also in dye-doped DNA�surfactant systems.9,22 In
order to better understand the origin of these char-
acteristic emission peaks, we perform a Fourier ana-
lysis of an ensemble of individual emission spectra.23

The ensemble-averaged amplitude of the Fourier
transform (FT) of many emission spectra is shown in
Figure 2c, highlighting peaks spaced by a path length
of Δd = 10 μm that corresponds to a characteristic
cavity length on the order of 20 μm. These lengths are
therefore attributed to intrinsic sample inhomogene-
ities (bright spots in the confocal fluorescence images
of the inset of Figure 2c) of the pristine DNA�R6G
random lasing films. These domains have submicron

Figure 1. Chemical structure of DNA and R6G dye (left) and schematic illustration of R6G binding to DNA helix (right).
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sizes and spatial separations well within the range
of 2�20 μm.
For some applications, laser emission at well-

determined wavelengths is preferred, a feature that
requires the inclusion of an optical cavity in the active
material. To this aim, we realize DFB structures by
a single-step imprinting process on the DNA-based
films. Figure 3a�d shows the surface topography of

the imprinted dye-doped DNA samples, reproducing
faithfully the master templates (Figure 3a,b) and ex-
hibiting well-defined features with a height of 200 nm
(Figure 3c,d). The room-temperature imprinting para-
meters (pressing time = 5 min, applied force = 3 kN)
on DNA are comparable to those optimized for other
thermoplastic polymeric matrices, such as poly(methyl
methacrylate). The minimal feature size obtained on
DNA is on the order of 100 nm, as shown in the inset
of Figure 3c, displaying the surface of a transferred
grating with period Λ = 200 nm.
The continuous wave (cw) PL spectra of the textured

DNA�R6G films, collected at variable angles in a plane
perpendicular to the imprinted grating grooves, are
displayed in Figure 3e. For each angle, the PL is enhanced
at specific wavelengths because of the out-coupling of
the modes guided into the slab waveguide formed by
the quartz substrate (n = 1.46), the DNA film (n = 1.55),24

and air (the cw PL spectrum of untextured film is shown
in Figure 3f for comparison). Indeed, the imprinted
grating allows part of the light guided within the DNA
film tobe scatteredout alonga specific forwarddirection,
an effect that can be accounted for by considering the
well-known Bragg relation related to the conservation of
the in-plane components of the light wavevector:25

2π
λ

sin(θ) ¼ (
2πneff
λ

(m
2π
Λ

(1)

In this expression, neff is the effective refractive index
of the guided modes and m is an integer. This relation
allows us to estimate the wavelength dependence
of the effective refractive index (inset of Figure 3f),
which is in the range of 1.50�1.56 in the investigated
spectral range (550�650 nm) for the fundamental
guided mode.

Figure 2. (a) PL spectra of a pristine DNA�R6G film upon
continuous wave excitation (dashed line) and pulsed ex-
citation at a fluence of 15 mJ cm�2 (continuous line).
(b) Single shot emission spectra collected at different
pumping fluences. From bottom to top: 8, 10, 12, and
15mJ cm�2. (c) Amplitude of the FT of the emission spectra
from the dye-doped DNA films. Data are calculated by
averaging the FT spectra of individual excitation pulses.
Inset: Fluorescence confocal micrographs of DNA�R6G
films. Scale bar: 10 μm.

Figure 3. (a) Atomic force microcopy (AFM) topographic images of the Si master template (Λ = 400 nm) and of DNA�R6G
films texturedby RT-NIL. Height profiles (a,d) andAFMmicrographs (b,c) of the Simaster (a,b) and of the imprintedDNA�R6G
films (c,d), respectively. Scale bar in (b,c): 800 nm. Inset in (c): AFM micrograph of a DNA�R6G film patterned with a grating
period, Λ = 200 nm. Scale bar: 250 nm. (e) Map of the angle-dependent PL of a patterned DNA�R6G film with period Λ =
400 nm. The bright regions are associated with the optical modes out-coupled by Bragg scattering. (f) Continuous wave PL
spectrum of an untextured DNA�R6G film. Inset: Spectral dispersion of the effective refractive index, neff.
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The presence of the imprinted grating is effective to
suppress the random lasing emission and to force the
net amplification at determinedwavelengths. The emis-
sion spectra of the DNA-basedDFB devices uponpulsed
optical pumping are shown in Figure 4. For devices
with a grating of Λ = 400 nm, a narrow emission peak
(line width <0.3 nm) at 605 nm appears for excitation
fluences higher than 6 mJ cm�2 (Figure 4a), whose
intensity increases linearly upon increasing the pump-
ing fluence (Figure 4b), a trend characteristic of lasing.
Given the emission wavelength (λlas = 605 nm) and the
effective refractive index (neff = 1.54), this DFB structure
is found to operate at the second order (m = 2) accord-
ing to the Bragg expression:

λlas ¼ 2neffΛ=m (2)

First-order emission spectra of a DNA-based film im-
printed with a grating of Λ = 200 nm are shown in
the inset of Figure 4b. The main difference between the
DFB devices with different order is in their emission
direction. The second-order and the first-order struc-
tures lase mainly along the direction normal to the film
surface and from the device edge, respectively. In both
systems, we observe the presence of two spectrally
resolved emission peaks (Figure 4c) with a spectral
distance of Δλ = 0.5 nm, which is typical of DFB laser
structures where index coupling is the dominant feed-
back mechanism.26 In addition, the splitting between
the two lasing modes is related to the effective length
(Leff) of the cavity:

26

Δλ � λ2las=2Leff (3)

For the investigated devices, we estimated an effective
cavity length in the range of 0.5�1mm,which is slightly
shorter than the length of our DFB devices (L > 2 mm).

This result shows that only part of the active imprinted
area contributes to the lasing action, a finding which is
in agreementwith the presence of Leff;limiting scatter-
ing centers in the DFB cavities, similar to those that
originate random lasing in pristine samples (Figure 2).
We also find that the DFB emission is strongly polarized
alongadirectionparallel to thegroovesof the imprinted
grating. Figure 4c shows the lasing spectra collected
through a polarization filter with an axis parallel
(TEmode) and perpendicular (TMmode) to the grooves,
highlighting that the TE mode intensity is more than
30 times higher than the TM mode. Such polarization
ratio is comparable to values found on highly polarized
DFB devices based on solution-processed conjugated
polymers or thermal-evaporated molecules.27

An especially appealing feature of this platform
to realize photonic devices consists of the possibility
of producing physically transient light-emitting com-
ponents. Applications where biodegradable or tran-
sient water-soluble devices may be advantageous
include biophotonics, implantable analytic chips, and
wireless optogenetics.28 A collection of images show-
ing the time sequence of dissolution of the nanopat-
terned lasers and of the DNA�R6G films upon immer-
sion in DI water is displayed in Figure 5. The pattern
is rapidly dissolved in a time interval on the order
of seconds, and both the biopolymer and the light-
emitting molecule gradually detach from the glass
substrate underneath and diffuse into water. A com-
plete passage from the solid state to solution is ob-
served within 2 min, demonstrating the possibility of
realizing transient photonic nanostructures by using
pure DNA combined with suitable dyes or other light-
emitting molecules. To the best of our knowledge, this
is a first attempt to implement physically transient
photonics with organic lasers. Various intriguing devel-
opments can be envisaged based on the results re-
ported here. The device dissolution time can be finely

Figure 4. (a) Lasing spectra from a DNA�R6G DFB structure
with Λ = 400 nm. From bottom to top, excitation fluence:
0.7, 7.8, 9.5, 10.5, 12, and 18 mJ cm�2. Spectra are vertically
shifted for better clarity. (b) Lasing intensity vs pumping
fluence for a second-order DFB DNA-based structure. Inset:
Lasing spectra from a DNA�R6G structure with a grating
period of Λ = 200 nm. From bottom to top, excitation
fluences: 5, 10, and 18 mJ cm�2. (c) Polarized lasing spectra
(Λ= 400 nm): polarization components parallel (continuous
line) and perpendicular (dashed line) to the imprinted
grating lines. Excitation fluence = 9 mJ cm�2.

Figure 5. Optical images showing the dissolution of the
DNA�R6G DFB structures in water. (a) Reddish DNA�R6G,
with the nanopatterned region constituting the DFB laser
imaged in green due to light diffraction. (b) Photograph of
the instant at which the device is immersed in water (t = 0).
(c) Pattern rapidly dissolves in water, and the DNA�R6G
molecules diffuse into the liquid (t = 30 s). (d) Device
dissolution continues (t = 60 s). (e) Active film is almost
completely dissolved, and the glass substrate underneath is
now directly exposed to water (t = 90 s); (f) t = 120 s. (a�f)
Scale bar: 5 mm.
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tailored upon embedding the pattern by means of
protective, transparent layers. More interestingly, other
classes of nanostructures, including light-emitting nano-
fibers based on dye-doped DNA, could provide alter-
native material systems and allow new lasing architec-
tures to be explored. These experiments are currently
in progress in our laboratories.

CONCLUSIONS

In summary, surface- and edge-emitting DFB laser
structures based on a pure DNA matrix doped with
a laser dye have been reported. The DFB devices
are based on nanostructured DNA films, patterned
by RT-NIL. The films show random lasing features in
their pristine form, which clearly moves to DFB lasing

following nanopatterning. The realized DFB devices
exhibit polarized emission at 605 nm, with a line
width of 0.3 nm and a threshold excitation density
of 6 mJ cm�2. The proposed method and devices pave
the wave for the development of biocompatible and
biodegradable nanophotonics, through fully green
approaches combining the use of aqueous solu-
tions with environmentally friendly, room-temperature
lithographies for material processing. In perspective,
these laser structures can be utilized for design-
ing novel schemes for cell stimulations and/or imag-
ing and intriguing information�communication
technology routes using solid-state DNA as a simul-
taneous carrier of both genetic and photonic
information.

EXPERIMENTAL SECTION
Samples are prepared using salmon (Oncorhynchus keta)

DNA derived from sperm and testes, purchased from Sigma-
Aldrich as a sodium salt, with 41.2% content of guanine�
cytosine base pairs. The average length of DNA strands has been
previously estimated to be around 2000 base pairs by the group of
Tanaka.29 Films with thicknesses in the range of 0.7�2.5 μm are
produced by spin-coating (500�700 rpm) onto quartz substrates
(1 � 1 cm2) a water solution of DNA and R6G, with a 1% of R6G/
DNA weight ratio. The great advantage of DNA is its ability to
order the dye molecules in such a way that self-quenching effects
are prevented. Such hypothesis has been drawn by the group
of Kawabe and assumes the process of groove binding or dye
intercalation.30 Films are thendried in air at 20 �C and at about 40%
relative humidity for about 2 days before imprinting. Gratings with
periods of Λ = 200 and 400 nm are realized by RT-NIL using Si
master templates produced by electron-beam lithography and
reactive ion etching.20,31 The patterned surface of the master
templates is placed in contact with the free surface of the DNA
films, and a pressure of 100MPa is then applied bymeans of a two-
columnprecisionmanual press. Followingmaster detachment and
grating transfer, the morphology of the structured films is investi-
gated by atomic force microscopy, using a Multimode system
(Veeco) equipped with a Nanoscope IIIa controller and working in
tapping mode by using Si cantilevers. The emission of the nano-
structured films is first characterized by angle-resolved cw PL
spectroscopy, exciting samples by a diode laser (λexc = 405 nm),
and collecting the PL signal by an optical fiber mounted on a
rotating stage andanalyzedby amonochromator (USB4000,Ocean
Optics). To characterize the lasing emission, samples are excited by
the second harmonic of a Q-switched neodymium-doped yttrium
aluminum garnet pulsed laser (10 Hz repetition rate), with polariza-
tion parallel to the DFB grating grooves and a spot size of 2.0 �
0.4 mm2. The emission is collected by a spherical lens (f = 75 mm)
and coupled to an optical fiber and a monochromator (iHR320,
Jobin Yvon) equippedwith a charge-coupleddevice detector and a
1200 grooves/mm grating for spectral investigation. Samples are
held in a vacuum chamber (10�4 mbar) during measurements.
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