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ABSTRACT We report an ultracompact low-threshold laser with N
an Alg;:DCM host:guest molecular organic thin film gain layer. The
device uses a photonic crystal nanobeam cavity which provides a !
high quality factor to mode volume (Q/V) ratio and increased
spontaneous emission factor along with a small footprint. Lasing
is observed with a threshold of 4.2 zJ/cm® when pumped by

_ Alg; : DCM

femtosecond pulses of A = 400 nm wavelength light. We also
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model the dynamics of the laser and show good agreement with the experimental data. The inherent waveguide geometry of the structure enables easy

on-chip integration with potential applications in biochemical sensing, inertial sensors, and data communication.
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he demonstration of strong absorp-
Ttion and high-efficiency emission from
semiconducting organic films has re-
newed interest in solid-state dye lasers.'
Organic lasers are particularly suitable for tun-
able operations due to the broad gain spec-
trum of dye molecules? These lasers are
known for delivering high pulse energies with
narrow bandwidth. Study of enhanced light
emission and decay rates of organic dyes
coupled to various microcavity structures
such as micropillars,®> 2D photonic crystals,*®
and 1D photonic crystals® has been reported
in the literature. Lasing has been reported
under photoexcitation in devices with dis-
tributed Bragg reflectors,” "' distributed
feedback structures,'? ' whispering gallery
resonators,'> photonic band gap fiber reso-
nators,'® and 2D photonic crystals.'”” ~2° How-
ever, no demonstration of an electrically
pumped organic laser has yet been reported.
The major limiting factor is attributed to
singlet—triplet annihilation leading to infea-
sible threshold current densities.?'*2 A possi-
ble way to tackle this problem is to lower the
threshold by controlling the device optical
properties, such as quality factor/mode vol-
ume (Q/V) and/or spontaneous emission fac-
tor (B), which in this work we attempt by
using a photonic crystal nanobeam cavity
(PCNQ).>?
We report compact, waveguide integra-
table, low-threshold organic lasers based on
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tris(8-hydroxyquinolinato)aluminum (Alqs)
film doped with 4-(dicyanomethylene)-2-
methyl-6-(4-dimethylaminostyryl)-4H-pyran
laser dye, forming an Algs:DCM host:guest
system containing 2.5 wt % of DCM molecules.
To the best of our knowledge, this is the
smallest footprint organic laser to be reported.
Photonic crystal nanobeam cavities that pro-
vide very high Q/V and allow for easy on-chip
integration due to their waveguide geometry
are fabricated using the organic films. Such
structures are also known to have a high g
which further helps in reducing the threshold
of the laser.?* The 3 refers to the fraction of
spontaneous emission that is coupled into the
lasing mode. Since the local density of optical
states in a PCNC is limited by the photonic
band gap (in one dimension), 5 approaches
unity for such devices, a value that is between
2 and 4 orders of magnitude higher than for a
DBR microcavity structure. It has been shown
before that optical excitation of Algs:DCM
films leads to lasing action."'® Alg; molecules
are pumped to the excited state with a 4 =
400 nm wavelength excitation laser pulse. The
exited molecule transfers the energy to a
nearby DCM molecule through Forster reso-
nant energy transfer (FRET). The FRET process
in a host:guest system enables efficient ex-
citation of DCM molecules, as the light is
primarily absorbed by the Algsz molecules that
then efficiently transfer their exciton energy to
the fewer dispersed DCM guest molecules.
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Figure 1. Photonic crystal nanobeam cavity. (a) Schematic of the cross section along the AA’ axis for different steps of the
fabrication process. (b) SEM image of a fabricated device. Scale bars in the figure and the inset correspond to 400 nm.
(c) Simulated electric field along the cross section of the structure showing the field confinement in the gain medium and the

simulated electric field (E,) profile of the cavity mode.

We use a bottom-up approach for fabricating the
nanopatterned devices since conventional electron-
beam lithography and reactive ion etching techniques
can damage the molecular organic films. The sus-
pended mask patterns are fabricated on silicon sub-
strates using the electron-beam lithography (Elionix,
125 kV) with XR-1541-4 (hydrogen silsesquioxane
(HSQ)) negative electron-beam resist followed by XeF,
etch (Figure 1a). The samples are transferred into a
vacuum chamber (107 Torr base pressure), where a
150 nm thick layer of Algs:DCM is then coevaporated
onto the suspended PCNCs. Avoiding exposure to the
atmosphere, the samples are transferred from the
vacuum chamber into a nitrogen glovebox, where they
are packaged using a nonsolvent epoxy (Torrseal). A
SEM image of an unpackaged PCNC structure is shown
in Figure 1b. Comparing the SEM image to that prior to
evaporation revealed that the nanobeams buckled dur-
ing the evaporation process. Inset also shows sidewall
roughness and angled growth of the evaporated films.

The nanobeam cavities were designed using com-
mercially available finite difference time domain soft-
ware (Lumerical Solutions, Inc.) following the design
guidelines outlined in earlier work.?®> The width and
thickness of each layer were selected to maintain

DEOTARE ET AL.

structural integrity of the waveguide, limit the number
of modes, and maintain high field overlap with the
organic layer. The width of the nanobeam was set to
440 nm, and the thickness of the HSQ and organic layer
was set to be 150 nm each. The cross section of the
device plotted in Figure 1c shows the high mode
confinement inside the organic material. This enables
design of a hybrid structure where the cavity is formed
using the gain medium.>>® A periodicity of 270 nm for
the elliptical holes, with major and minor diameters of
300 and 130 nm, respectively, generated a band gap
centered at A = 610 nm wavelength, which corre-
sponded to the peak of emission of the Algs:DCM film.
The cavity was formed by tapering the six central holes
forming the fundamental cavity mode resonance at 1 =
627 nm. The number of mirror holes, flanking the
tapered holes, was limited to 10 to achieve a modest
Q. The electric field profile (E,) of the fundamental
mode is also shown in Figure 1c. Cavities with Q values
over a million were designed by increasing the number
of tapered and mirror holes even though the index of
refraction of the Alqs:DCM films is relatively low, n=1.7.
However, the roughness of the evaporated film was a
limiting factor for the Q, and hence all the experiments
were done on devices designed with a Q = 10000.
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Figure 2. (a) Red filled circles denote the output intensity of the optical mode for various absorbed input pulse energy
densities. Blue triangles show the corresponding linewidth of the mode. Linewidth narrowing at the threshold is observed as a
confirmation for lasing. (b) Output spectrum of device below (blue line) and above (red line) the threshold. For easy
comparison, the background emission from the spectrum at 600 nm has been subtracted. Inset shows the Fano line shape fit

to the spectrum used to extract the linewidth.

RESULTS AND DISCUSSION

Figure 2 shows a plot of the output intensity of the
fundamental cavity mode for various pump energy
densities. A laser threshold is observed at an absorbed
input pulse energy density of 4.2 uJ/cm?. The sudden
narrowing of the emission linewidth at the threshold
pump energy confirmed lasing behavior. The emission
spectrum from the device below and above the thresh-
old is plotted in Figure 2b. Lasing was observed
through the fundamental mode of the cavity at 1 =
618.5 nm. The discrepancy (~1.3%) between the de-
signed and fabricated device wavelength is attributed
to imperfections during the fabrication process. The
inset shows spectral data fitted to a Fano line shape?’
to extract the linewidth (refer to the Methods section).

Lasing in the current system can be modeled using
the following rate equations:?®

dNag, _ E_ Naig, (1)~ Naig, ()
dt TAlg,

m

TFRET

dNocw _ Naig, (8) — FmVg0seNoem(t) — FsVg0seNoem (1)

dt TFRET Vim Vim
Npcm(t)
— 2 v o Noem (BN (1) P)
TDCM,nr,PC
dN,(t) TFVgOseNpem(t)  Np(t)
dp - rVgUseNDcm(t)Np(t)JrM _p
t Vin Tcav

3)

Naigq, and Npewm represent the excited state density
(LUMO) of Algs and DCM, respectively, while N, repre-
sents the photon density of the lasing mode. Equation
1 describes the dynamics of the Algs molecules. F is the
input photon density flux (m~3 s™"), which was esti-
mated using 77(Ein)/(hwpOdutytact) Where Eiy is the pump
energy density per excitation pulse, 7 is the fraction of
energy absorbed by the film, w, is the pump fre-
quency, dquyy is the duty cycle of the excitation pulses,
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and t, is the active layer thickness. The last two
terms represent the loss mechanism due to radiative
and nonradiative decay (taiq, = 16 ns) and FRET (z¢per =
10 ps) to DCM molecules.

Equation 2 describes the population dynamics of the
DCM molecules. The first term denotes the rate at
which the DCM excitons are created due to FRET. The
second term refers to the rate of loss of excitons that
are coupled to the cavity mode due to radiative decay.
Fo is the Purcell factor which gives the amount by
which the radiative lifetime of DCM is reduced due to
the presence of the microcavity. The next term repre-
sents the radiative decay into the radiation modes
followed by a term representing the total nonradiative
loss of the system. The last term accounts for the
stimulated photons; ose (1 x 107" cm?) is the stimu-
lated emission cross section of DCM, and v4 and Vi,
represent the group velocity and mode volume of the
lasing mode, respectively.

Equation 3 describes the dynamics for photons in
the lasing mode. The first term represents the rate
density at which cavity mode photons are created by
stimulated emission followed by a term representing
the spontaneous emission photons into the lasing
mode. I is the power confinement factor which was
calculated using FDTD simulations to be 0.5 for the
fundamental mode. The last term represents the loss of
photons due to leakage from the cavity, which de-
pends on the cavity lifetime (7., = Q/w). The Q for the
tested device was measured to be 3600. With the
current representation of the laser, the spontaneous
emission factor is given by 3 = F.,/(F, + Fs), where F
represents the change in radiation lifetime of un-
coupled DCM molecules to the microcavity.

We pump the system using ultrafast laser pulses of
~100 fs long, which can be treated as J functions.
Transient measurements of DCM molecules show a
reduction in lifetime from 2.9 ns in bulk to 2.6 ns in the
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Figure 3. Log—log plot of the experimental intensity data.
The solid line is the numerical fit to the data.

photonic crystal. We expect that this reduction is
mostly dominated by nonradiative loss due to the
increase in surface area in the photonic crystal. We
assume a DCM radiative lifetime of 5 ns and fit the data
shown in Figure 2a to give 5 and F,,, of 0.017 and 2.6,
respectively. This value of 3 is 2 orders of magnitude
larger when compared to the distributed Bragg reflec-
tor-based devices?® yet smaller compared to values
reported in the literature for similar structures, primar-
ily due to the low index of refraction of the organic
material that results in weaker confinement. Figure 3
shows the experimental intensity data on log—log
axes, showing the saturation of the output power at
high pump intensities. The solid line is the fitted curve
that shows very good agreement with the experimen-
tal data. The dotted line marks the threshold above
which superlinear increase of emission with pump
power corresponding to lasing is observed. The
log—log plot also reveals that the threshold of the
laser is much softer due to higher value of £5.

Figure 4 shows the far-field emission profile of the
device taken at a constant input power above the
threshold. The dipole pattern resembles the character-
istic emission from the fundamental mode of the
PCNC. It should be noted that the devices were en-
gineered such that the cavity loss was dominated by
out-of-plane scattering to help with the measurement.

METHODS

Mask Fabrication. The mask patterns are fabricated on silicon
substrates using electron-beam lithography (Elionix, 125 kV)
with the XR-1541-4 (HSQ) negative electron-beam resist. The
samples are developed using 25% aqueous tetramethylammo-
niumhydroxide for 14 s followed by a thorough rinse in Dl water.
Etching the underlying silicon substrate with XeF, gas leads to
free-standing HSQ structures.

Coevaporation of Organic Films. Organic films are deposited onto
the substrate by thermal evaporation in a vacuum of ~3 x 10®to
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Figure 4. Polarization measurements showing the dipole
emission profile of the device.

For on-chip applications, the devices can be designed
to emit along the waveguide.

CONCLUSION

In conclusion, we demonstrated the first low-thresh-
old organic laser in a photonic crystal nanobeam cavity
geometry. This structure enables high Q/V as well as a
high spontaneous emission factor, which are both im-
portant in reducing the laser threshold. The quality
factor of these devices is limited by the roughness of
the patterned and deposited films. Improving the sur-
face roughness will improve the Q and further lower the
threshold, advancing organic laser designs toward the
desired demonstration of an electrically pumped organ-
ic laser. These lasers are the smallest organic lasers to be
reported, and their waveguide geometry enables poten-
tial use in on-chip communication. The suspended struc-
ture makes these devices suitable to be used in opto-
mechanical applications such as highly sensitive motion
sensors.>** Finally, the current geometry allows the gain
material to be directly accessible to the environment and
hence can be used as amplifying biochemical sen-
sors where the photophysical properties of the organic
lasing gain medium are altered by the addition of im-
purities.'* In such structures, the adsorption of mole-
cules on the cavity surface introduces additional non-
radiative pathways for recombination, altering the lasing
behavior and allowing for high sensitivity chemosensing.

8 x 1077 Torr. The thickness of the materials is continuously mon-
itored using a pair of crystal quartz monitors. Each monitor is first
calibrated by depositing 50 nm of material onto a bare silicon
substrate and measuring the thickness of the film using a J.A.
Woollam variable angle spectroscopic ellipsometer (VASE). Post-
calibration, Algs and DCM are coevaporated onto the patterned
substrate. The 2.5% DCM concentration of the final film is achieved
by evaporating Alqs at an average rate that is 40 times faster than
DCM. After evaporation, the substrates are transferred through
vacuum to a nitrogen-filled glovebox, where they are sealed
between two glass coverslips using vacuum epoxy (Torrseal).
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