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Self-healing of an all-polymer distributed Bragg reflector laser is demonstrated. The lasing medium is a glycol-modified
poly(ethylene terephthalate) co-polymer doped with rhodamine 6g. After the light output is reduced to 1/3 of its
pristine value through photodegradation due to the pump, the laser is placed in the dark to allow it to heal. The laser
fully recovered to its pre-damaged output power. A similar laser made with the rhodamine B chromophore is observed

to only partially recover after photodegradation.

The advantage of a dye laser’s high gain and broad range of
tunability is offset by the common problem of gain loss due
to photodegradation induced by the pump. The lifetime of
a dye laser is commonly extended by using a liquid solution
reservoir which is cycled through a dye laser cell,! thus replac-
ing the photodegraded chromophores. However, liquid lasers
can not be miniaturized given the requirement of a large reser-
voir of chromophores, and they require cleaning and changing
dyes often which can be messy. The reservoir design does not
reduce the rate at which the chromophores degrade, but sim-
ply increases the number of available dye molecules, leading
to a significant amount of waste material.

Solid-state lasers can be miniaturized for applications that
require small coherent light sources such as microlasers
used in the medical field>? and integrated photonics.*® Or-
ganic solid-state lasers have been developed using several
cost-effective methods’~'! for applications that require broad
tunability.'>'* Here we use all-polymer, multilayer, dis-
tributed Bragg reflector (DBR) lasers that are fabricated by
piecing together an extruded plastic multilayer sheet with a
thin dye-doped polymer film.!>16

The gain medium of solid-state organic dye lasers is subject
to photodegradation, which is a considerable disadvantage.'”
Some of the most efficient laser dyes are short-lived,'® which
can result in short lifetimes in the solid-state. When doped
into certain polymer matrices, some photobleachable chro-
mophores have been observed to either partially or fully re-
cover their optical properties.'®0 Thermodynamic statisti-
cal models have been introduced to explain much of the
self-healing phenomena observed for anthraquinone deriva-
tives doped in poly(methyl methacrylate).3'> The first self-
healing organic-inorganic hybrid lasers were illustrated by
Anderson et al. using a random laser architecture with
inorganic nanoparticles dispersed in a dye-doped polymer
matrix.*3> Photobleached rhodamine 6g (R6g) in a glycol-
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modified poly(ethylene terephthalate) co-polymer (PETG)
was observed to recover its amplified spontaneous emission
(ASE) after being in the dark.3® A spectral shift in the recov-
ered R6g gain profile was observed in the polyurethane (PU)
matrix caused by photocleavage and oxidation of the polymer
followed by aggregation of R6g,3® whereas the recovered R6g
gain profile in PETG showed remarkable spectral stability.3°
This paper demonstrates a self-healing all-polymer DBR laser
made with a R6g-PETG gain medium. We discuss how such
lasers are fabricated and characterized.

The DBR laser is made from a gain medium sandwiched
between two polymer Bragg mirrors. The multilayer polymer
Bragg reflectors are fabricated via a co-extrusion process.’
Each reflector has 256 layers that alternate between the high
refractive index polymer polystyrene (PS) and the low refrac-
tive index polymer poly(methyl methacrylate) (PMMA). The
multilayer reflectors are co-extruded with two low-density
polyethylene skin layers on each side, which are removed be-
fore the gain medium is placed between them.

The gain medium layer is fabricated as follows. Rhodamine
6g (R6G per chlorate purchased from Sigma-Aldrich) and
PETG (purchased from 3DXTech) in the ratio of 1wt.% is
added to chloroform at a ratio of 15wt.% solids in a capped
silica borate container. The chemical structure of the dye and
polymer are shown in Figure 1(c). The mixture is sonicated
for one hour at a temperature of 60°C. Because the Bragg re-
flectors are made from alternating layers of PMMA and PS,
which both rapidly dissolve in chloroform, the gain medium
must be a freestanding film during the fabrication process.

A thin layer of poly(vinyl alcohol) (PVOH) (purchased
from Polyscience) is spin coated onto 1"x1" squares of pre-
cut glass microscope slides at 3000rpm for 30 seconds from
a 4wt.% solution in deionized (DI) water. The PVOH layer
rests for 5 minutes before spin coating a thick R6g-PETG
layer from solution at 1450 rpm for 3 seconds over the PVOH.
The sample is allowed to rest for 10 minutes, and then an-
nealed in an oven for another 10 minutes at 140°C. The glass
slide coated with the bilayer is sonicated in a bath of DI wa-
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FIG. 1. (a) A diagram of the self-healing DBR laser experiment
and (b) a cartoon of a circular section of the DBR laser, where there
are actually 256 layers on each Bragg reflector surrounding the gain
medium. (c) The chemical structures of the host polymer and dopant
chromophore. (d) The pump beam profile incident on the surface of
the DBR laser at an incident angle of 25° with respect to the surface
normal.

ter until the PVOH is completely dissolved and a freestanding
R6g-doped PETG monolayer floats to the surface of the bath.

The DBR laser is made as follows. A 1cmx1cm square
is cut from the center of the R6g-doped PETG film. A nomi-
nal 1cm x2cm sheet of PS/PMMA is coated in a thin layer of
PVOH and the gain layer is placed onto one side of the reflec-
tor. The multilayer sheet is then folded over the gain layer and
held under pressure for three days. The crease of the fold is
perpendicular to the extrusion direction. A diagram showing
a circular cross-section of the gain layer and first few layers
of the Bragg reflector is shown in Figure 1(b).

The reflection band of the multilayer film is heterogeneous
throughout the area of the multilayer film due to layer thick-
ness gradients. Therefore, the pump beam is focused onto
a small spot. The fluorescence from a low intensity pump
beam is imaged onto a CMOS detector, where the intensity
profile of the pump beam is shown in Figure 1(d). A spot
radius of ~ 500 um is estimated from the nearly concentric
circle formed around a 1/e amplitude of the normalized in-
tensity profile. The pump intensity is increased above the
DBR threshold for the self-healing experiment. The layer
thickness gradients are significantly smaller along the extru-
sion direction. Thus, folding the multilayer film with a crease
in the direction perpendicular to the extrusion direction when
sandwiching the gain medium results in a set of mirrors with
greater symmetry relative to a folded multilayer with a crease

parallel to the extrusion direction. The pump beam is di-
rected toward a location on the DBR laser where the reflection
band of the polymer Bragg mirrors are centered near 600 nm.
Lasing consistently occurs at the long-wavelength band edge,
which has a low group velocity due to the large dispersion at
the band edge.

The 532nm wavelength pump beam is generated from fre-
quency doubling a 1.064 um laser of 6ns pulse width and
10Hz repetition rate. The pump beam initially passes through
a KG-1 filter to remove the residual 1.064 um light as shown
in Figure 1(a). The 532nm light is attenuated via a 20.D neu-
tral density filter followed by a variable neutral density filter
attached to a linear actuator. The beam is then split with one
beam incident on an Ophir PE10-C pyroelectric detector.

Because the self-healing experiment runs for over an hour,
pump beam drift is compensated for with an actuator that
adjusts the variable attenuator in response to changes of the
pump power. Compensation kicks in when the average en-
ergy over 50 pulses varies by more than 1.2%. After the pump
passes through the beam splitter, it is further reduced by a
10.D. neutral density filter. The pump beam continues to a
shutter, which is controlled by a relay. The relay opens the
shutter at the beginning of each degradation experiment. The
shutter automatically closes when the photodegraded DBR
laser light is measured to be < 32% of the initially measured
output energy. The automated recovery experiment follows
the degradation experiment, where the shutter is opened for
short time intervals to monitor recovery of the DBR laser’s
output energy.

After the pump beam passes through the shutter, it is fo-
cused onto the DBR laser at an incident angle of 25° from the
normal direction. The DBR laser output is captured by a high
numerical aperture (NA) lens and directed through a 550nm
long-pass filter to remove any residual 532nm light scattered
from the sample. The DBR laser light is finally directed to
an optical fiber leading to an Ocean Optics USB4000 spec-
trometer with a 100 ms integration time. The variable attenua-
tor attached to a linear actuator, pyroelectric detector, shutter,
and spectrometer are all connected to a single computer that
automates the self-healing experiment.

The pump beam’s light is absorbed by the R6g chro-
mophore, some of which is emitted as fluorescence. The
cavity formed by the Bragg reflectors sandwiching the gain
medium induces lasing when the pump power is increased
above threshold. The energy per pulse of the pump beam in-
cident on the surface of the DBR laser is 8 uJ for the duration
of the self-healing laser experiment. The emission spectra for
the pristine, degraded, and recovered samples are shown in
the inset of Figure 2. The emission intensity from the pristine
sample is normalized to unity at the beginning of the experi-
ment.

The emitted intensity is a nonlinear function of the chro-
mophore population density which can be expanded as a Tay-
lor series about the initial population density, I(N) = (N —
No)dI /dN|y=n, + [(N — No)?/2]d*1 /dN*|ny=n, + ---. For
small changes in concentration, a linear approximation can
be made, I(N) =~ (N — No)dI /dN |y—n,, where the constant of
proportionality is directly related to the photodegradation and
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FIG. 2. The photodegradation (diamonds), recovery (circles) and ex-
ponential fit (dashed curve) of an all-polymer DBR laser with a R6g-
doped PETG gain medium. The inset shows the emission spectra for
the pristine, photodegraded, and recovered DBR laser.

recovery rate. The fluorescence intensity is a linear function
of the dye concentration in the absence of aggregation. In a
DBR laser, I(N) is a nonlinear function and the time constants
for degradation/recovery are shorter because Ny > 0 for laser
emission.

The decay data, which is collected at 10s intervals, is fit
to the solution of the linear rate equation solution I = I; +
Agexp(—t/t4) — shown in Figure 2 — yielding a decay time
constant of 7; = 12.0(£1.4)s and leveling off to the steady
state emission of I; = 0.249(£0.027) at r — eo.

After the measured DBR laser output drops below 32% of
the initial energy per pulse, the shutter is closed to start the self
healing process. The shutter is opened sparingly for brief mo-
ments to collect recovery data while the sample is otherwise
in the dark. Each data point in Figure 2 represents an average
of six pulses. The short duration of pumping minimizes the
amount of photodegradation while the chromophores recover
in the dark. The uncertainties are estimated from the corrected
standard deviation.

The recovery data is shown in Figure 2 with blue cir-
cles. A fit of the data to the exponential growth function
I=1,—A,exp[—(t —tsn)/ 7] yields a recovery time constant
T, = 5.39(+0.36) x 10%s, or about 9 minutes, and amplitude
I, =0.994(£0.017), corresponding to full recovery within ex-
perimental uncertainty. Thus, the dominant photodegradation
pathways of R6g are reversible when doped in PETG, where
the probability of an R6g chromophore in a PETG matrix un-
dergoing an irreversible photodegradation process appears to
be negligible.

Another interesting outcome of using PETG as a host poly-
mer is the photostability of the device output spectrum. There
is no significant change in the emission spectrum as observed
in the inset of Figure 2. Because the lasing wavelength is
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FIG. 3. The initial (circles), degraded (squares), and recovered (di-
amonds) J-curves for the DBR laser with a R6g-doped PETG gain
medium. The slope efficiency and thresholds are tabulated to the left
of the plotted data.

pinned to the reflection band edge of the DBR laser, there
should be no measurable change in the operating wavelength,
even when there are irreversible changes in the host polymer.
Previous results from ASE studies showed that the gain enve-
lope of an R6g-doped PETG monolith is stable throughout the
photodegradation and recovery process.>® Thus, because there
were no significant changes in the gain envelope profile or op-
erating wavelength, the peak intensity of the recovered DBR
laser can indeed be directly compared to the peak intensity
of the pristine laser. Thus, full recovery of the laser intensity,
within uncertainty, is directly correlated to full recovery of the
chromophores in the gain medium.

After the DBR laser fully recovered over one cycle, the ex-
periment is repeated to get J-curve data. The variable attenua-
tor is slowly translated to reduce the power immediately after
the shutter is opened at the beginning of the experiment. Sin-
gle shot data is collected by the reference detector and spec-
trometer while the power is slowly reduced. The variable at-
tenuator is moved to its original position after each J-curve
data run. For the J-curve of the photodegraded DBR laser, the
attenuator is quickly moved so that the pump power increases
to account for the drop in the DBR laser’s emission; the at-
tenuator is then slowly translated to reduce the pump power.
After the experiment, an Ophir PE10-C detector is placed in
front of the DBR laser to relate the reference energy to the
pump energy incident on the surface of the DBR laser. An
Ophir PE9-C-ES detector and a neutral density filter is used
to relate the DBR laser beam’s peak intensity measured by the
spectrometer to the absolute energy per pulse, where losses
from reflections at the high NA lens and long-pass filter inter-
faces were included in the calibration.

Three sets of data are recorded during the second experi-
ment: 1) initial, 2) degraded, and 3) recovered J-curves. The
three sets of data are shown in Figure 3 with tabulated thresh-
olds and slope efficiencies. The slope efficiencies for the ini-
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FIG. 4. Photodegradation of a DBR laser with a RhB-doped PETG
gain medium followed by recovery as probed by an interment pump
while otherwise being left in the dark. The inset shows the emission
spectrum of the pristine DBR laser.

tial, degraded, and recovered J-curves are all within uncer-
tainty. The DBR laser threshold increased significantly for
the photodegraded gain medium. The slope efficiencies and
thresholds for the initial and recovered states are equal within
experimental uncertainty determined from the linear fits.

A second DBR laser with a different rhodamine derivative
was fabricated to check the novelty of the recoverable R6g-
PETG gain medium used in the self-healing DBR lasers. The
second DBR laser’s gain medium used the same PETG ma-
trix, but the dopant molecule was rhodamine B (RhB). The
ratio of dye to polymer was nominally 1wt.%. The solvent
processing and fabrication procedures were similar to those
provided for the DBR laser with the R6g-PETG gain medium.
The DBR laser with the RhB-doped PETG gain medium had a
higher threshold, and it was pumped with an energy of 14 uJ
per pulse. The results for photodegradation and recovery in
the dark are shown in Figure 4 with an inset that shows the
initial emission spectrum captured by the spectrometer.

The decay time constant was found to be 7, = 12.8(£3.2) s
and leveling off to the steady state emission at infinite time of
I; = 0.147(+0.094). The recovery data is shown in Figure 4
with violet circles. A fit of the data to the exponential growth
function yields a recovery time constant 7, = 69.4(+9.3)s,
or just over a minute, and amplitude I, = 0.6146(+0.0087)
corresponding to partial recovery. Therefore, a substantial
amount of irreversible photodegradation is also observed. Par-
tial recovery of the fluorescence signal of RhB-doped PMMA
was previously observed by Peng et al.,' which is consis-
tent with our findings for the DBR laser with a RhB-PETG
gain medium. Both PMMA and PETG contain repeating es-
ter groups, which likely play a role in the recovery of some
chromophores when in a polymer host.®

The photodegradation time constant 7, and steady state un-

4

degraded population N,, which lases, depends on the intensity.
As shown by Zhu,?* 7; and N, depend on the pump intensity
I, according to

1 -1 1/1 =
Ty = <7 + (xlp) and N,=— <7 + oclp> , (1)
T T \ T

where o defines an intrinsic photodegradation rate. Indeed,
we observe that the degradation rate increases with increased
pump intensity and that the steady state intensity, as deter-
mined from the population of lasing chromophores, decreases
according to Equations 1.

Solving for the photodegradation parameter & using Equa-
tion 1 gives a = (1/74 — 1/7,)/1,. Assuming that the pump
intensity is proportional to the energy per pulse, the degrada-
tion parameter of the RhB medium is about 0.4 times that of
the R6g medium. Given the rather large uncertainty in de-
termining the intensity of pump light that reaches the lasing
medium, the degradation parameters are within experimental
uncertainty of being approximately equal; but, one material
fully recovers and the other does not which shows that the
chemical composition is an important factor in self healing.

We have demonstrated that some materials can be used to
make self-healing Bragg grating polymer lasers. With further
material improvements, it may be possible to make reliable
organic lasers that recover after photodegradation. More im-
portantly, the laser might run in its steady state, where pho-
todegradation is balanced by healing for longer periods of
time than more robust materials that do not recover; how-
ever, we must stress that photodegradation and self healing is
a complex problem that involves both the material and geom-
etry of the laser. For example, Anderson et. al. observed that
both the peak position and width of the random laser varies
during a cycle, and explained this in terms of the formation
of dimers and trimers.’>3°> We did not observe such shifts,
but our power levels are different. Past studies have shown
stability and short-time healing of photobleached R6G-doped
PVOH attributed to recovery from a triplet state and another
a priori dark state?® which has been hypothesized as an an-
ion doublet state.>® These short-time-scale recoverable states
observed in R6g can also be converted to irreversible photo-
bleached states when R6g is doped in PVOH.?® Negligible
recovery of photobleached R6g has been observed over long
time scales when doped in highly hydrolyzed PVOH;® how-
ever, large-scale recovery R6g emission has been observed
when doped in PU and PETG over long times.*-3® Classical
diffusion of the dye in its thermoplastic host is not respon-
sible for the long-time-scale recovery from a photobleached
state,> and the healing appears to occur in polymers with re-
peating ester groups making the self-healing phenomenon ob-
served in this study to be a chemical process involving both
the dye and matrix.?’-3® While much light has been shed on
the healing process, the mechanisms are not well understood
and require more study. All of these properties need to be
brought together into one coherent theory if the underlying
mechanisms are to be fully elucidated.

The importance of the dopant is illustrated by the fact that a
DBR laser made with a R6g-PETG gain medium heals while
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a DBR laser made with a RhB-PETG gain medium only par-
tially heals. The stability of the gain envelope of the Rog-
doped PETG material and the static emission characteristics
of the passive cavity make the DBR laser with the R6g-PETG
gain medium a useful benchmark for self-healing organic
lasers. Laser architectures with low thresholds could signif-
icantly lower the photodegradation rate and allow for higher
repetition rate devices. Altering the passive cavity design to
also increase the slope efficiency could fulfill applications re-
quiring tunable solid-state microcavity lasers that can deliver
a higher power output emission with low thresholds. Further
materials studies are required to identify the mechanisms of
self healing so that better lasing media can be developed.
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