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Abstract: Coherent light signals generated at the nanoscale are
crucial to the realization of photonic integrated circuits. Self-
assembled nanowires from organic dyes can provide both
a gain medium and an effective resonant cavity, which have
been utilized for fulfilling miniaturized lasers. Excited-state
intramolecular proton transfer (ESIPT), a classical molecular
photoisomerization process, can be used to build a typical four-
level system, which is more favorable for population inversion.
Low-power driven lasing in proton-transfer molecular nano-
wires with an optimized ESIPT energy-level process has been
achieved. With high gain and low loss from the ESIPT, the
wires can be applied as effective FP-type resonators, which
generated single-mode lasing with a very low threshold. The
lasing wavelength can be reversibly switched based on a con-
formation conversion of the excited keto form in the ESIPT
process.

Organic micro/nanolasers have attracted great interest
because of their promising applications ranging from high-
throughput sensing to on-chip optical communication.! In
recent years, organic nanowires with well-defined structures
fabricated with epitaxial growth,? template methods,? vapor
deposition,” electrospinning,”! solution  self-assembly,
drawing and nanopatterning,” and so on, have been demon-
strated to be able to act as active gains and optical waveguide
cavities for nanoscale lasers. In these organic nanomaterials,
stimulated emission usually takes place from excited state
| 10) to the first vibronic replica |01) of the ground state,
exhibiting a quasi-four-level process.”®! Because of the small
Stokes shift induced by the quasi-level process, organic
nanowires are subjected to severe re-absorption waveguiding
loss, resulting in high lasing thresholds.[®) Meanwhile, based
on 0-1 gain transition in the quasi-level structure, the optical
gain region of organic nanomaterials is limited,” and unfit
for the achievement of wide-gain emission, which is vital for
the realization of wide-wavelength tunable lasers.”) Hence,
the development of a gain mechanism with real four-level
structure that has large Stokes shift and multiple gain
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positions, is essential for the realization of low-threshold
wide-gain tunable nanowire lasers.

Photoisomerization provides an effective way to over-
come the above-mentioned problems because of the large
spectral separation and possibly multiple emissive states
between different isomers."”! The isomerizations of some
photochromic systems have been utilized to fulfil optical
gains.'' However, the photochromism is in fact not a transient
reversible four-level photocycle between the two isomers, and
the lasing therein is mainly based on the absorption and
stimulated emission of one of the isomers, which is actually
a quasi-four-level process built upon the vibronic progressions
of the S, and S states. In comparison, excited-state intra-
molecular proton transfer (ESIPT) is a fast photoisomeriza-
tion process between the enol and keto excited states of
intramolecularly hydrogen-bonded molecules. Accompanied
with remarkable changes in molecular geometry and elec-
tronic structure, the ESIPT process favors the formation of
a typical four-level structure, and leads to the large Stokes
shifted fluorescence emission.!"”

Thus, the ESIPT molecules would exhibit higher gain and
lower loss than common dyes, owing to their facile population
inversion and negligible self-absorption.'””! To date, most of
the ESIPT-based stimulated emissions were mainly obtained
in solution or amorphous films."* However, the ESIPT
processes therein are often disturbed by the solvent or
environment,!' which would exhibit a less effective four-level
process and thus result in relatively high density thresholds.
Compared with the monomers or amorphous films, crystalline
states with ordered and tight packing may show a more
optimized ESIPT four-level process without disturbance,™ as
well as high gain density, low defect density, and strong self-
cavity effects.') Therefore, crystalline nanostructures of
ESIPT molecules could be applied to fabricate compact and
miniaturized lasers of high performance. More importantly,
the optimized four-level structure might show wide gain
because of the multiple ESIPT excited states,""!”" which
would provide a probability to realize wide-tunable nanowire
lasers.

Herein, we propose an optimized ESIPT four-level
structure to realize low-threshold lasing in proton-transfer
molecular nanowires, where the existence and conversion of
two keto excited states in the gain process were demonstrated
and utilized to switch the lasing wavelength. The ESIPT
molecular nanowires with well-defined crystal structures were
designed and synthesized through a liquid-phase self-assem-
bly method. In these nanowires, the formation of the trans-
enol and trans-keto states were restricted by the tight
molecular packing, leading to an effective ESIPT four-level
process. The optimized energy-level process resulted in
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intense cis-keto* emission and minimized the re-absorption,
which are beneficial for the achievement of strong micro-
cavity effects and low-threshold single-mode lasing. More-
over, we found that there is a reciprocal transformation
between two different cis-keto* excited states in the peculiar
ESIPT process via the conversion of the molecular confor-
mation, which was subsequently utilized to build wavelength-
switchable lasers by inducing the photoisomerization under
highly stimulated emission. We believe the results demon-
strated herein would help to better understand the lasing
mechanism of organic dyes, and provide guidance for the
development of miniaturized lasers with distinct functional-
ities.

2-(2'-hydroxyphenyl)benzothiazole (HBT, Figure 1a) was
selected as the model compound for the construction of the

Figure 1. a) lllustration of ESIPT four-level gain process based on the
enol-keto phototautomerization of a model compound HBT. b) Theo-
retically predicted growth morphology of a HBT crystal based on the
attachment energies calculated with Material Studio package. The
predicted growth thermodynamic stable morphology is 1D wire-like
structure growing along the b axis. ¢) SEM image of a HBT nanowire
with square cross-section and smooth face. Scale bar: 2 uym. d) TEM
image of a single HBT nanowire. Scale bar: 1 pm. Inset: SAED pattern
of the wire collected from the microarea marked with the white square.
e) PL image of some discrete HBT wires excited with the UV band
(330-380 nm) of a mercury lamp. Scale bar: 10 um.

nanolasers owing to its typical ESIPT property and mn-
conjugated planar molecular configuration that will facilitate
the assembly into regular-shaped crystalline microstructur-
es.® 1 Ag shown in Figure 1a, the ground-state HBT
molecules exist as an cis-enol (E) form, while upon photo-
excitation, the excited enol (E*) state quickly transfer to the
cis-form excited keto (K*) state via the intramolecular proton
transfer from the oxygen to the nitrogen atoms. The excited-
state proton transfer is immediately followed by the radiative
transition from K* to K, and then the rapid ground-state
reverse proton transfer from K to E, which thereby builds
a fast four-level photocycle (E-E*-K*-K-E). The four levels
represent separate electronic states of two tautomers with
drastically different molecular geometries and electronic
structures, where the keto isomer has zero initial population
at ground state, leading to an easy population inversion as
well as large Stokes shifted emission from K*.”) Combining
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the optical feedback, the first photon arising from the K* state
would be continuously amplified by stimulated emission
during the back-and-forth travelling without self-absorption,
triggering an low-threshold lasing emission. Furthermore,
from the thermodynamically stable molecular packing of
HBT shown in Figure 1b, we can see that the strong
intermolecular m—m interaction would facilitate the crystal
growth along a specific direction to form a one-dimensional
(1D) nanostructure,?! which can serve as Fabry-Pérot (FP)
type microcavity resonators for the aforementioned gain
amplification.

The HBT nanostructures were fabricated with a facile
solution self-assembly method.” In a typical preparation,
a stock solution (100 uL) of HBT (2 mm) in tetrahydrofuran
was rapidly injected into 5 mL of water under stirring at 4 °C.
The rapid change of the surroundings initiated the nucleation
and self-assembly of HBT molecules. After aging for 60 min,
HBT nanowires were obtained (see the Supporting Informa-
tion). As shown in the SEM image in Figure lc, the as-
prepared HBT nanostructures have well-defined 1D wire-like
morphology with smooth and flat surfaces. The smooth
surfaces would minimize the optical scattering loss, and the
flat end facets (AFM image; Supporting Information, Fig-
ure S2) can efficiently reflect the guided K* emission, which is
essential for the optical gain and amplification.””’ The XRD
pattern of the nanowires (Supporting Information, Figure S3)
verifies the high crystallinity of the nanowires. The TEM
image and the corresponding selected-area electron diffrac-
tion (SAED) pattern in Figure 1d indicate that the wire is
a high-quality single crystal growing along the [010] direction,
which is attributed to the preponderant molecular packing
based on m—m interaction as shown in Figure 1b. The single-
crystal nanostructures would well improve the confinement of
light, and facilitate effective optical waveguiding.”®! Under
UV excitation, the HBT nanowires exhibit strong green
photoluminescence (PL) from K* state with typical features
of active optical waveguide, such as bright spots at the wire
ends and weaker PL from the wire bodies (Figure 1¢). This
feature suggests that the nanowires can absorb the UV light,
and effectively propagate K* energy along the 1D axis
direction, which is partially ascribed to the excellent crystal-
line nanostructures. Combining the characteristics of active
optical waveguide and efficient reflection, the HBT nano-
wires may exhibit a strong microcavity effect, which is of great
importance for the realization of lasing./*"

As compared with HBT monomers in solution, the
crystalline state nanowires with close molecular packing can
efficiently restrict the intramolecular cis—trans rotation
between benzothiazole and hydroxyphenyl rings (Supporting
Information, Figure S4), which is beneficial to avoid the
formation of undesired tans-keto and trans-enol states
(Supporting Information, Figure S5).'*! As a result, the
HBT nanowires exhibit a very strong cis-keto* emission with
quantum yield @,y,~0.68, much higher than that of the
monomers in solution (@,,~0.01; Supporting Information,
Figure S6), which indicates the occurrence of a more effective
energy-level emission process. Moreover, the cis-keto* emis-
sion (ca. 514 nm) of the HBT nanowires exhibits a large
Stokes shift from the cis-enol absorption (ca. 355 nm), which
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is one of the superiorities of ESIPT based four-level system.
The typical four-level process suggests the HBT nanowires
could function as excellent gain media.

When a single HBT wire was excited locally with a focused
pulse laser beam (355 nm, ca. 150 fs; Supporting Information,
Figure S7), a strong green light waveguiding from excitation
point to the end tips was observed (Figure 2 a), revealing that
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Figure 2. a) Bright-field (top) and PL (middle) images of a single HBT
wire (L=14.5 um) excited with a pulsed laser (355 nm). EX: excited
spot; WG: waveguided spot. Scale bar: 5 um. Bottom: depiction of

a nanowire waveguide, with cleaved ends defining a FP cavity.

b) Modulated PL spectra collected at the guided tips of three HBT
nanowires with different lengths. c) The plot and fitted curve of A?/2A4
(A=>514 nm) versus the length of the wires. d) Group refractive index
ng versus wavelength.

the cis-keto* energy can be efficiently generated and propa-
gated along the wire axis, and outcoupled from the tips. The
light propagation exhibits a very small optical loss with
coefficient of @ ~33 dBcm ™" at 514 nm (Supporting Informa-
tion, Figure S8), which is much lower than those of common
organic nanostructures.™ The low waveguide loss can be
ascribed to the peculiar molecular four-level photocycle with
the large Stokes shift, which would be beneficial for an
effective FP-type microcavity resonance.

The FP-type nanowire microcavity can support a stand-
ing-wave optical field between the two end facets, where the
cis-keto* energy would travel back and forth (Figure 2a,
bottom), leading to a discrete set of resonant modes in the PL
spectra.””! The resonantly modulated PL spectra were col-
lected from the end tips of HBT wires with different lengths
(L=53,7.7, 14.5 um) to investigate the microcavity effects.
As shown in Figure 2b, the modulated PL spectra present an
increasing modes number with the increase of the cavity
length. The mode spacing (A1) versus nanowire length (L) is
in reasonable agreement with that given by the equation A1 =
A2 L ng,Ba] where n, is the group refractive index as a function
of wavelength. The linear relationship between 1%/2A4 and the
length of the nanowires (Figure 2¢) indicates that the PL
modulation is resulted from the axial FP-type cavity reso-
nance.
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Based on the linear fitting relationship in Figure 2c, the
group refractive index n, around 514 nm can be identified
with a value of 3.04, which is high enough to induce the tight
confinement of FP-type modes in the HBT nanowires with
low optical leakage to substrates and air (Supporting Infor-
mation, Figure S9). The group refractive index versus differ-
ent wavelength plotted in Figure 2d presents a distinct
dispersion relation that n, is nearly constant around 3.0 over
the entire emission regime. The dispersion relation is different
from other organic aggregates that usually exhibit a rapidly
increasing n, within their absorption bands.””! This indicates
that it is nearly transparent for the cis-keto* energy to
propagate in the ESIPT nanowires, which would induce a low
microcavity loss with high quality (Q) factor. The Q factor
was calculated to be over 1500 (Supporting Information,
Figure S10), which is quite high for organic resonators.”®

With the high-quality microcavity and efficient energy-
level gain, HBT nanowire laser was achieved at low-power
pulse excitation, as shown in Figure 3a. Below the lasing
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Figure 3. a) PL spectra recorded from the tip of a 14.5 um long HBT
nanowire excited with different energies. Inset: PL image of the wire
above threshold. b) Power dependent profiles of PL intensities (red
squares) and FWHM (blue triangles) around the mode peak 514 nm.
c) Length-dependent lasing threshold profile. Inset: diagram of gain
and loss in a single wire under local excitation. Lg,, and L, are the
length of gain and loss, respectively. d) Single-mode lasing from

a 2.2 um long nanowire. Inset: the lasing and bright-field images of
the wire.

threshold, the PL spectrum collected from a single nanowire
shows broad FP modes over the emission regime. When the
pump fluence reaches about 200 nJ cm™?, several mode peaks
were selectively and strongly amplified. Above the onset
power, the full-width at half-maximum (FWHM) at 514 nm
dramatically narrows down to about 1 nm and the peak
intensity increases rapidly and superlinearly with the pump
fluence, which reveals a clear knee behavior and a threshold
characteristic of a laser (Figure 3b). It is noted that the
threshold of about 197 nJecm 2 in HBT lasers is much lower
than conventional organic microlasers.”””)

It is known that the lasing threshold strongly depends on
both the optical gain and the loss process. Under local
excitation, the lasing nanowire can be regarded as two distinct
parts, the gain and loss regions, respectively (Figure 3c¢). The
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gain and loss coefficients of a single wire should satisfy the
equation gy Lgan = Lo +In R where g, is the thresh-
old gain coefficient (proportionally to the lasing threshold),
a is the coefficient of waveguide loss including substrate
coupling loss and re-absorption loss, and R is the end facet
reflectivity. According to the equation, the threshold would
change along with the nanowire length. As shown in Fig-
ure 3¢, for the longer wire (L >8 um), the lasing threshold
decreases gradually with reducing length, owing to the
decrease of the waveguide loss (L ). As a result, a nanoscale
laser with a very low threshold (ca. 70 nJ cm™2) was achieved
with an HBT wire of 8 um long, which suggests a high-gain
property of ESIPT molecular nanowires. The threshold turns
to increase with the further decrease in the nanowire length
owing to the decrease of the optical gain (Lgyy,)-

It can be seen that the very short nanowires can still
function as effective FP-type laser resonators, providing an
opportunity to achieve single-mode lasers which are impor-
tant for signal processing and communicating to avoid the
temporal pulse broadening and the false signaling.*”! Tt is
known that the single-mode lasing can be obtained when the
mode spacing exceeds the linewidth (ca. 18 nm; Supporting
Information, Figure S11) of the gain region.”"! Based on the
nanowire microcavity effects (Figure 2¢), the A1~ 18 nm can
be achieved when the nanowire length decreases to about
2.5 um. As shown in Figure 3d, a single-mode lasing around
514 nm, was successfully fulfilled in a 2.2 um long nanowire.
Moreover, the single-mode lasing action showed a relatively
low threshold of about 1 pJem ™2 in such a small size, further
demonstrating the high gain and low loss in the HBT
nanowires resulted from the peculiar ESIPT four-level
process.

The HBT nanowires exhibit two strong cis-keto* emission
regions; one band at about 514 nm and another at about
540 nm (Supporting Information, Figure S11). The distin-
guishing emission lifetimes for the two bands indicate the
existence of two different fluorescent cis-keto* states (Sup-
porting Information, Figure S12). Similarly to the cis-keto*
species in salicylidene-aminopyridine solids,®*? the two
excited states in HBT crystalline can be assigned to the
planar (cis-keto,*) and partially twisted (cis-keto,*) fluores-
cent isomers (Figure 4a), respectively.®® Under photoinduc-
tion, the high-energy cis-keto,* generated from the ESIPT
process may undergo either radiative decay with about
514 nm, or fast twisting to form the low-energy cis-keto,*
with an emission around 540 nm, as shown in the energy-level
structure of the nanowires in Figure 4 b.5¥

The conformation conversion between cis-keto,* and cis-
keto,* can be utilized to realize a wavelength switching for the
single-mode laser. As shown in Figure 4c, a single wire
excited with a pump fluence of 4.5 uJ cm 2 exhibited a prom-
inent lasing emission at 537 nm, indicating that the twisted cis-
keto,* state dominates the gain process, which is in sharp
contrast with the lasing at 514 nm from the planar cis-keto,*
state in the same wire pumped with a lower fluence
(2.4 Wem™). This means that high photoexcitation fluence
would be beneficial to overcome the potential barrier for the
excited state intramolecular twisting, and thus induce the
generation and gain of the cis-keto,*. Moreover, dual-wave-
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Figure 4. a) Planar (cis-keto,*) and twisted (cis-keto,*) keto excited
states. 6 is the twist angle between the benzothiazole ring and the
hydroxyphenyl ring. b) ESIPT photocycle in the HBT nanowires with
two cis-keto* states. GSIPT: ground-state intramolecular proton trans-
fer. c) Lasing spectra of a 2.2 um long nanowire excited with different
energy above 1.8 pjcm 2. d) Power-dependent profiles of PL intensities
around the mode peak 537 nm (red) and 514 nm (green), and the
intensity ratio between two colors (black). e) Plot of the intensity ratio
of 537 nm and 514 nm (l53,/15,4) against the switching cycles.

length lasing emission was achieved when a moderate pump
fluence was employed, and the intensity ratio of the two lasing
wavelengths (Is3,/15,4) could be continuously tuned from about
0.1 to about 10 by varying the pump fluence, as illustrated in
Figure 4d. This further testifies the existence and photo-
induced conversion of the two cis-keto* excited states.

We then examined the reversibility and stability of the
power-dependent wavelength-switchable lasing action. In
each measurement, the pump fluence was kept at
24uwecm™? for 1min to obtain a single-mode lasing at
514 nm. The power was rapidly turned up to 4.5 pJem? to
obtain a fast lasing wavelength switching to 537 nm, which
was then held for another 1 min. After dozens of switching
cycles, the Is3,/15,4 ratio remains nearly unchanged (ca. 0.1 at
24uwlem™ and ca. 10 at 4.5pulcm™?), revealing good
reproducibility and tolerance with low device fatigue. This
excellent performance can be attributed to the ultrafast and
reversible ESIPT four-level process,'™ providing a new
avenue to the realization of wide-wavelength tunable nano-
scale lasers.

In summary, low-threshold organic nanowire lasers have
been realized based on a typical excited-state intramolecular
proton transfer (ESIPT) process. The tight molecular packing
in the crystal nanowires restricted the formation of undesired
excited states in the ESIPT, which was essential for the
formation of an optimized four-level emissive process upon
optical pump. The effective ESIPT four-level structure
reduced the optical loss and favored the population inversion,
which helped us to achieve a single-mode lasing under low
pump energy. Furthermore, on the basis of a conformation
conversion of the excited keto states in the ESIPT, we realized
a single-wire laser switch via a photoinduced isomerization.
The reported results would help us to fabricate nanoscale
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lasers with specific functionalities through better understand-
ing the population inversion processes, and to promote the
advancement of self-assembled organic flexible optical ele-
ments into miniaturized photonic circuits with higher per-
formances.

Keywords: excited-state intramolecular proton transfer -
laser switch - nanophotonics - organic nanowire - nanowire laser
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