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Abstract: Organic semiconductor lasers have shown great application potential in various fields,
such as low-cost sensing, high-performance lighting and display, and lab-on-a-chip devices. Since the
introduction of organic lasers in the 1960s, research on semiconductor laser devices has expanded to
include various materials and structures. The organic laser has attracted much attention due to its
wide range of emission spectrum and simple synthesis and processing. Researchers constantly pursue
the goal of using organic semiconductors to fabricate low-threshold thin-film organic laser devices
while retaining the characteristics of a wide luminescence spectrum of organic materials, simple
and portable structure, and low cost. However, organic semiconductor lasers face challenges due to
material stability under optical pumping and large optical losses under electrical pumping, making
commercialization difficult. Many scholars have put great efforts into enhancing the performance of
materials and optimizing the structure to minimize the threshold of organic semiconductor lasers.
Herein, based on the basic principles of organic lasers, the main factors affecting the excitation
threshold are summarized. A comprehensive analysis of the relevant factors and threshold conditions
is performed, considering both positive and negative aspects of modal gain and modal loss that need
to be addressed. We expect to provide a wide range of ideas for reducing the threshold of organic
lasers and offer theoretical guidance for the practical industrial production of organic lasers.

Keywords: organic semiconductor lasers (OSLs); excitation threshold; exciton annihilation; optical
feedback; structural design

1. Introduction

In the 1960s, organic materials were used for laser gain material [1]. Its history almost
coincides with that of the laser itself. Additionally, the functional properties, as well as the
performance of these laser devices, have undergone considerable development and im-
provement, especially with continuous breakthroughs in semiconductor theory, materials,
and preparation technology. Organic semiconductor materials form laser materials with
important prospective applications because of their unique optoelectronic characteristics,
such as simple synthesis and processing, and the functionalized design of their molecu-
lar structure [2,3]. In addition, organic lasers have the advantages of simple preparation
technology, low cost, large area preparation, and easy integration. These are the special
characteristics that traditional crystal lasers and laser diodes cannot achieve. The rapid
development of organic semiconductor lasers has enriched the field of laser technology,
leading to potential applications in low-cost sensing, high-performance lighting and dis-
play, optical communication, and lab-on-a-chip (LoC) devices [4–7]. Since the formation of
the optically pumped organic solid-state laser (OSSL) developed on conjugated polymers
in 1996 [8,9], the optically pumped organic semiconductor laser has performed excellently
in both solution and solid states, serving as a conjugate polymer laser or host-guest doped
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organic small molecule laser. Now, the realization of the electrically pumped organic semi-
conductor laser has become a central focus within the discipline of organic optoelectronics.
Researchers have found that the current optically pumped OSSL exhibits a narrow half-
width (only 0.01 nm) [10] with a high peak output power evolved from the long-wavelength
side of the transverse electric TE stop band, as well as a wide coverage of stimulated emis-
sion spectrum. The laser wavelength of optically pumped organic semiconductor lasers
encompasses the entire visible spectrum.

The continuous generation of lasers must satisfy three conditions: population inver-
sion, a threshold requirement, and a resonance condition. Irradiation of energy (excitation
light) to the laser medium from the outside causes a large number of atoms to jump from a
low energy ground state (E1) to a specific excited state (E3), resulting in stimulated radiation
that dominates and releases photons with specific energy. After reaching the threshold
requirement, photons are continuously generated and amplified 10~1000 times in the reso-
nant cavity to form a laser of a specific wavelength. Therefore, population inversion and
the threshold condition are necessary but not sufficient. In order to advance these two pre-
requisites, scholars have continuously explored and innovated in materials, structure, and
preparation techniques [2]. Many remarkable achievements in the innovation of organic
laser devices have been made (Figure 1). A more advanced doping system with high gain,
comprehensive design, and construction of the micro-cavity structure with low loss and
high Q value has also been created to continuously reduce excitation threshold conditions
and make lasers easier to realize. Thus, they pave the way for practical applications of
organic laser devices.
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Figure 1. Several frontier applications of organic lasers. (a) Full-color optically pumped organic
solid-state laser displays [4]. Copyright 2019 Nature Communications (b) The biological cell laser
based on green fluorescent protein (GFP) that may be used for intracellular sensing, cytometry, and
imaging [5]. Copyright 2011 Nature Photonics (c) The LoC device with integrated microfluidic
channel, optical microcavity, and output coupling waveguides [6]. Copyright 2005 Optoelectronic
Integration on Silicon II (d) Microfluidic channels combined with organic distributed Bragg reflector
lasers for field sensing applications [7]. Copyright 2018 Journal of Materials Chemistry C.

In this review, we generally discuss the development and research status of organic
lasers, and we mainly introduce the new progress in this field. However, the core problem
of organic lasers—methods of threshold reduction—has not been systematically sorted
out and elaborated. Based on the basic principle of organic lasers, we summarize the
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main conditions affecting the excitation threshold in this review. From these aspects,
we introduce the methods of reducing the excitation threshold in terms of material and
structure. Moreover, we emphatically introduce the method of threshold reduction for
electrically pumped organic semiconductor lasers in a different way than that of optically
pumped lasers. Finally, we summarize the methods introduced in this review and provide
a prospect for the future of organic lasers. We hope this review will be useful to researchers
engaged in the research of organic laser devices.

2. Basic Theory of Excitation Threshold Reduction in Organic Semiconductor Lasers
2.1. The Building Blocks of Lasers

An organic semiconductor laser device usually refers to the structure and processing of
organic optoelectronic devices. These are low-cost devices that consist of a pumping source,
a laser medium, and an optical feedback layout to induce particles from the ground state to
higher energy levels in order to achieve population inversion. They are totally divided into
different types of excitations, including optical excitation, gas discharge excitation, electrical
excitation, and nuclear excitation, depending on the state of the gain material. To achieve
population inversion, quasi-four-level materials are chosen as the laser medium, including
gas, liquid, solid, and semiconductor. Optical feedback layout is utilized to increase the
effective length of the working medium and determine the output characteristics of the
laser, such as monochromaticity, directionality, and coherence.

In general, organic semiconductor lasers can be simplified to a structure with organic
semiconductor materials as the intermediate gain media and two mirrors as the light feed-
back structures (Figure 2). One of the mirrors is a semi-transparent mirror (95% reflectivity).
If the pump sources provide energy above the threshold requirement to generate a large
number of particles in the excited state of the gain medium organic material, thus achiev-
ing population inversion, and if a portion of the light emitted spontaneously by the gain
medium hits the mirror vertically, it enables a back-and-forth reflection between the mirror
and the semi-transparent mirror, repeatedly traversing the organic gain medium during this
process. Furthermore, the light can trigger the gain material to produce stimulated emission
instead of spontaneous emission consecutively, thus achieving amplification. If the total
gain of the pumping source equals or exceeds the loss caused by incomplete reflection
and absorption of the mirror, as well as the absorption in the organic material during the
reflection process, a continuous laser emission can be maintained. After abundant diffrac-
tion and amplification in the optical resonant cavity, coherent light that is perpendicular
to the axis of the resonant cavity is emitted from the semi-transparent mirror, forming the
laser eventually.
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2.2. Quasi Four-Level Laser Structure of Organic Semiconductors

In order to realize population inversion, the material must have a metastable level.
Due to the fact that the rate of stimulated emission equals light absorption in thermal
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equilibrium, the number of particles at the higher energy level must be less than at the
lower energy level. As a result, the material of a two-level system cannot achieve popula-
tion inversion. Comparatively, with traditional laser materials, the organic gain material
possesses a three or quasi-four-level distribution. This allows the excitation to stay in the
excited state steadily, making population inversion easily achievable when excited—A
necessary condition for obtaining a laser. Unlike the three-energy level system, it is easier to
achieve population inversion between energy levels E2 and E3 since the number of particles
in the sub-stable energy level E2 is lower. This results in a decline of the excitation threshold
(Figure 3). Thus, organic crystals, organic small molecules, and conjugated polymers with
a four-level system are usually chosen as the gain medium. In organic semiconductor
lasers with different materials and structures, many measures are taken to reduce the
excitation threshold, which is a comprehensive result of multiple conditions, such as modal
gain and absorption. To illustrate these methods more systematically, gain, loss, and Q
factor are introduced to describe the conditions of continuous laser emission in a more
intuitive manner.
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2.3. Optical Feedback Structure

As one part of the organic laser device, the configuration of the microcavity can
influence the performance of organic lasers by adjusting its size or changing its type.
Typical optical microcavities include Fabry–Pérot microcavities, distributed Bragg reflector
structures (DBR), whispering gallery mode resonators (WGM), and distributed feedback
structures (DFB).

The continuous emission of light in an organic laser can be understood as an increase
in intensity rather than a decrease as it passes through the gain medium between the two
reflective surfaces. In other words, the modal gain must be equal to or exceed the losses
existing in the structure for the device to achieve excitation conditions. The Q factor is
necessary to describe the ability of the optical feedback structure to retain light.

According to the excited emission theory, when the gain medium in the excited state
interacts with an incident photon, it releases an additional photon with the same direction
and frequency as the incident photon, leading to light amplification and modal gain.
This phenomenon corresponds to the particle density in the excited state within the gain
medium in a significant manner. Additionally, the particle density in the excited state is
highly dependent on the pump strength, determining the excitation threshold, which is the
minimum pumping strength required for modal gain to exceed modal loss.
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To reduce the excitation threshold, both aspects need to be examined. Regarding modal
gain, its magnitude is not only related to the pump strength but fundamentally depends on
the basic properties of the gain medium itself. Exploring materials and different doping
processes that can achieve population inversion at lower pumping strength is an efficient
technique used to increase modal gain and minimize the threshold of laser excitation in the
organic semiconductor.

The resonant cavity parameters directly affect the density of emitted photons, thereby
influencing both the laser threshold and slope efficiency. By increasing the Q factor from
2000 to 4000 [11], the cavity loss and laser threshold decrease due to the rise in photon
lifetime and excitation generation within the cavity. On the other hand, constructing a
high-Q microcavity structure that continuously reduces mode loss is another effective way
to decrease the excitation threshold.

2.4. Excitonic and Photonic Losses

Recently, remarkable improvements in the performance of Organic Semiconductor
Lasers (OSLs) have been achieved in parallel with the development of Organic Light
Emitting Diodes (OLEDs). State-of-the-art OLED materials and device architectures provide
the foundation for OSLs and OSLDs (Organic Semiconductor Laser Diode). However,
operating OSLs under the continuous-wave (CW) regime and electrical excitation with
a low current threshold remains a significant challenge due to various loss mechanisms,
such as excitonic annihilations, excited-state absorptions, and cavity losses that hinder
their operation. In accordance with the law of conservation of energy, reducing system
losses is an effective way to increase efficiency while maintaining constant input gain. By
decreasing overall excitonic and photonic losses, the threshold decreases, and the slope
efficiency increases.

Organic semiconductor lasers can be divided into two types: optically pumped organic
lasers and electrically pumped organic lasers, based on the variation in pumping modes.
These two types of laser devices exhibit significant differences in theory, structure, and
methods employed to reach the excitation threshold conditions. Therefore, they should be
presented separately.

The various loss mechanisms in OSLs and OSLDs, which contribute to an increase in
the laser threshold and a decrease in the slope efficiency, can be categorized into excitonic
loss and photonic loss mechanisms, as shown in Figure 4. Excitonic losses quench the
excitons in an active layer and include singlet-singlet annihilation (SSA), singlet-triplet
annihilation (STA), singlet-polaron annihilation (SPA), singlet exciton dissociation by
an external electric field, and exciton quenching at the interface of a metallic electrode
(Figure 3). On the other hand, photonic losses, which annihilate emitted photons, consist of
cavity losses, such as the absorption of photons by singlet and triplet excitons [11], as well
as polarons and the absorption by electrodes. The singlet and triplet absorptions (TAs) are
quantified by singlet and TA cross-sections, which indicate the probability of interaction
between photons and excitons in each excitonic state.

After comprehensive analysis, it is found that the laser threshold decreases signifi-
cantly with STA, SSA, and SPA declining as 75% of triplet excitations of total excitations
are forced to generate directly from electron-hole recombination, leading to a reduction
in photon density. Among them, SPA is the most critical excitation loss mechanism in
electrical excitation. In contrast, TTA can decrease the laser threshold by reducing the
density of triplet excitations (transition mechanism can be seen in Table 1). Long-lived
triplet excitons generally cause the absorption of emitted photons, inducing significant
optical losses for light amplification. This loss mechanism is noticeable when the excited
state absorption and the emission spectra overlap. These reabsorption losses are important
mechanisms that affect the laser threshold and slope efficiency. Additionally, reducing the
production and annihilation of triplet excitons and harvesting the triplet excitations by
utilizing thermally activated delayed fluorescence (TADF) emitters or phosphorescence
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can achieve light amplification and efficiency enhancement, opening up a novel guideline
aimed at realizing an OSLD.
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Table 1. Transition mechanisms in an organic laser gain medium [12].

Mechanism Reaction Formula Optical Excitation Electnical Excitation

Inter-system crossing (ISC) S1
KISC→ T(1)

√ √

Reverse inter.syslem crossing (RISC) T1
KRISC→ S1(2)

√ √

Singlet-triplet annihilation (STA) S1 + T1
KSTA→ T1 + S0(3)

√ √

Singlet-singlet annihilation (SSA) S1 + S1
(1−g)KSSA→ T(1) + S0(4)

√ √

Triplet.triplet annihilation (TTA)
S1 + S1

RKSSA→ S1 + S0

T1 + T1
(1−g)KTTA→ T1 + S0(5)

√ √

Singlet-polaron annihilation (SPA) T1 + T1
gKTTA→ S1 + S0

S2 + polaron
KSPA→ S0 + polaron(6)

× √

Triplet.polaron annihilation (TPA) T1 + polaron KPTA→ S0 + polaron(7) × √

Singlet absorption (SA) S1 + polaron σσ→ Sn(8)
√ √

Triplet absorption (TA) T1 + polaron σt→ Tn(9)
√ √

3. Measures of Threshold Reduction of Optically Pumped Organic Laser in Terms
of Materials

Commonly used organic molecules in organic semiconductor lasers possess Stokes
shifts that are very evident due to vibrational relaxation during the excitation/emission
event. The luminescence spectrum shifts more towards lower energy compared to the
absorption spectrum, resulting in organic molecules having a small absorption coefficient
for their own fluorescence. This leads to high absorption for excitation light (absorption
coefficient > 1 × 105 cm−1). Consequently, the low absorption at the laser’s wavelength can
be easily separated, defining the characteristics of the device. It can be excited when the
modal gain is relatively low, which means the Stokes shift greatly reduces the excitation
threshold [13–15]. Due to the amorphous conformational distribution of the π-conjugated
organic molecules commonly used in organic semiconductor laser devices, the energy level
distribution of different molecular segments is very wide. Rudenko et al. used the Gaussian
disorder model to explain the phenomenon where light excited at different energy positions
of the material quickly transfers to the lowest energy molecules or molecular fragments
after absorption. Thus, the laser emission consistently occurs between the zero-level state
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and the lowest excited state energy, with the emission spectrum of the gain medium relative
to the red shift of the absorption spectrum [16,17]. Almost all of the light is absorbed by the
wide band gap of the organic material, and the modal loss is substantially reduced after
several emission and absorption processes, effectively lowering the excitation threshold
with constant gain. The energy transfer characteristics of organic molecules enable materials
with different energy gaps to form a mixed gain medium system through doping and other
means. High-energy gap organic semiconductor materials absorb pumping energy and
consequently achieve low threshold laser emission by coupling between excitation and
emission light to increase the Stokes shift [18,19].

In organic semiconductor laser devices, there are parasitic effects on the laser emission
wavelength, mainly from the absorption in the triplet state, which affect the laser emission
and can raise the excitation threshold or even completely stop the laser emission [20,21].
When the organic gain medium is in the excited state S1 under the stimulation of the
pumping source, it tends to relax back to the ground state S0. However, there is also a small
possibility of accessing the first triplet state T1 through intersystem crossing. Although
the emission intensity of the triplet exciton in the system is very weak, its lifetime is
usually very long because its spin is prohibited from returning to the S0 ground state. As
a result, the energy is only released in the form of heat slowly instead of rapid excitation
emission. Furthermore, the organic material may also change its spin direction through the
intersystem channel or heat release, transitioning to the higher excited state Tn by energy
absorption and annihilation. In this process, the absorption spectrum of the excited state
tends to overlap with the emission spectrum of organic materials, greatly increasing the
modal loss and raising the threshold accordingly. Even the triplet excitons accumulate over
time and result in the laser device being able to run for only a few nanoseconds [10,22].
This adversely affects the continuous operation of organic lasers. Therefore, suppressing
the triplet excitons to diminish the threshold and guarantee continuous operation of the
device is of great importance.

In organic lasers, organic dyes and fluorescent organic semiconductor materials ac-
count for almost all the gain medium materials, and they share many commonalities.
However, as organic lasers extend to electric pumping, the semiconductor properties of the
gain medium become particularly important. For example, Samuel and Turnbull regard
the ability of organic semiconductors to transmit carriers as an important basis for distin-
guishing them from organic dyes [23]. In their paper, organic materials were classified
into organic dyes, organic semiconductors, and other new materials according to their
three standards: processability in thin film manufacturing, high fluorescence quantum
yield (PLQY) even in neat films, and charge transfer capability. A plethora of scholars have
applied new materials and innovated the doping process, allowing the gain medium to
experience a large Stokes shift, greatly reduced modal loss, avoidance of the triplet state
effect, and significant diminishment of the excitation threshold value.

3.1. Organic Dyes

Organic dyes are the earliest materials used as laser gain media. Their most primitive
form involves dissolved dye molecules in liquid solvents, functioning as the gain media.
To prevent the triplet accumulation of organic dye molecules and ensure the continuous
operation of the laser, the organic dye solution is usually cycled through the optical cavity.
However, this method makes the use of devices extremely complex and raises serious
safety concerns, making it completely unsuitable for meeting the convenience requirements
of organic semiconductors. Instead, an effective method to develop the organic solid laser
is by doping dyes into a solid matrix or using molecular glass and film [24,25]. Currently,
the main employed organic dye series include Coumarins, Xanthenes, and Pyrromethenes
(Figure 5).
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Polymethyl methacrylate (PMMA) is a widely used semiconductor device in the
matrix. Wallikewitz constructed an active layer of (0.8 ± 0.1) µm. The structure was
fabricated by rotating a chloroform solution containing 1% laser dye, 20% spiropyran
(10,30-dihydro-10,30,30-trimethyl-6-nitrospiro [2H-1-benzopyran-2,20-(2H)-indole]), and
79% PMMA. The DFB laser, fabricated using nanoimprint lithography, exhibited a low laser
threshold of 50 µJ·cm−2 [26]. Zhou et al. prepared salmon deoxyribonucleic acid (DNA)
films with surfactants acting as the host of the laser dye sulforhodamine (SRh) [27]. The
DNA film has an absorption peak at 260 nm, while the SRh molecule has an absorption
peak at 578 nm and an emission peak at 602 nm, resulting from the absorption of aromatic
nitrogenous bases. Consequently, the PMMA:SRh grating achieved a 50% excitation pump
energy threshold using this method, with the SRh molecular emission peak separated from
the DNA film and as low as 3 µJ.

Liu et al. blended two different dyes, leading to a significantly reduced threshold
of the dye-doped holographic polymer dispersed liquid crystal gratings DFB laser. The
dyes were prepared by utilizing a two-dimensional photonic crystal guest and a guest-host
system [28]. The guest emitter 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-
4H-pyran (DCM) with various doping concentrations in the main dye 1,3,5,7,8-pentamethyl-
2,6-diethylpyrromethene-difluoroborate (PM567) was incorporated into the holographic
polymer dispersed liquid crystal (HPDLC) transmission grating. The DFB laser can be
discerned in intrinsic host, intrinsic guest, and guest-host (G-H) systems. Utilizing the ef-
fective Förster energy transfer, the self-absorption of the laser wavelength was significantly
inhibited, and the laser threshold was reduced to 1.35 µJ/Pulse, far below the threshold
without the energy transfer process. Organic dyes were doped into organic semiconductor
materials to construct a G-H system. Hence, by physically separating the emission unit and
transferring the effective energy to low energy gap organic dyes through the Förster energy
transfer, the emission and absorption peaks of the gain medium could be significantly sepa-
rated, eliminating the concentration quenching of organic dyes and reducing the excitation
threshold [29,30]. For example, if a doping system is constructed with Alq3 as the host and
DCM as the host, the host material with the high band gap, Alq3, will absorb pump energy,
subsequently transferring its energy to the host, DCM, with the low energy gap through
the Förster energy transfer. A large Stokes displacement will decrease the mode loss, and
the laser threshold will be reduced accordingly [15,30].

Ye et al. reported a cis-DCSQ1 deep red amplified spontaneous emission (ASE)
with a cis-configuration (cis-DCSQ1) under an optical pump [31]. They prepared the
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film by doping cis-DCSQ1 into a 4,4′-bis(9-carbazolyl)-2,2′-biphenyl (CBP) material at a
concentration of 0.5 wt%. Owing to the self-absorption and increased photoluminescence
quantum efficiency due to the reduction of chromophore-chromophore interaction of
polymerization caused by the effective CBP-to-cis-DCSQ1 Förster resonance energy transfer
and quenching, the photoluminescence quantum yield of films with CBP as the main body
is immensely increased by an appropriate concentration. The doped membrane had an
ASE threshold of about 10 µJ·cm−2 and a 687 nm emission peak. These results prove that
cis-configured squaraine derivatives are promising as gain materials for future applications
as deep-red organic lasers.

For organic dyes, when they are doped into polymer hosts, such as Polystyrene (PS),
Polymethyl methacrylate (PMMA), or Polyvinyl carbazole (PVK), organic semiconductor
devices can be fabricated using the spin-coating method or the vacuum-deposited method
directly on flexible substrates to ensure uniformity. Thanks to the flexibility of their chemical
structure, organic dyes can alter the effective conjugation length or distribution of the π-
orbitals on the molecule or within a block. As a result, the dipole distance of the excited
state of the material increases, along with the Stokes shift, which effectively inhibits triplet
absorption, reduces the excitation threshold and ensures laser operation.

3.2. Organic Semiconductor Materials

The field of organic semiconductor studies has rapidly developed in terms of materials
and preparation techniques since they were first used in the light-emitting layer of organic
spontaneous photodiodes in the late 1980s [32]. Researchers have also gained a deeper
understanding of the properties of the materials and their luminescence principles, as well
as their optoelectronic characteristics. These properties allow the materials to be applied as
organic solid-state lasers. By adopting the appropriate doping process and modification
methods, the mode loss can be reduced, and triplet quenching can be achieved, making
it possible to use OSSL with a low threshold. Moreover, the greatest strength of organic
semiconductors over organic dyes lies in their charge transfer performance. Although the
carrier mobility of organic semiconductors is significantly lower than that of inorganic
semiconductors, it also offers the possibility of electrically pumping organic semiconductor
lasers. The organic semiconductor materials used in organic lasers mostly comprise organic
crystals, small organic molecules, dendritic starburst molecules, and conjugated polymers,
among others.

3.2.1. Organic Crystals

Organic crystals exhibit anisotropy and possess excellent crystal structures. Due
to their capacity to form self-excited cavities, they offer unique advantages as gain me-
dia in semiconductor lasers. Moreover, organic crystals usually have higher refractive
indices and polarization emissions, which are beneficial for enhancing light reflection,
reducing modal loss, and lowering excitation thresholds. The performance of the gain
medium in organic crystals is greatly influenced by molecular stacking, crystal quality, and
intermolecular interactions.

In 2003, Wu et al. [33] prepared a high-quality single crystal of distyrylbenzene (DSB)
from the gas phase, studied its structure and optical properties, and determined that its
crystal structure was orthorhombic. Low-temperature photoluminescence (PL) emission
revealed abundant vibronic substructures with high PL quantum yield, exhibiting self-
waveguide-induced laser action at room temperature. To improve the performance, inhibit
fluorescence quenching, and reduce the excitation threshold, various distyrylbenzene
derivatives with different substituents were constructed in comparison to phenyleneviny-
lene. Effective methods included replacing benzene with alkoxy- and alkyl-flexible chains
or altering the position of benzene in DSB phenyl units [34–36].

Kabe et al. [37] prepared simplified diphenyl derivatives, namely, 1,4-bis(4-methylstyryl)
benzene (p-MSB) and 1,4-bis(2-methylstyryl)benzene (o-MSB). An ultra-low amplified spon-
taneous emission (ASE) threshold of 14 µJ·cm−2 was obtained from the o-MSB single crystal
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(Figure 6), which was much lower than that of DSB. The single crystal of the distyrylbenzene
derivative exhibited a low excitation threshold, excellent charge carrier transport characteris-
tics, and high fluorescence quantum efficiency. The development of current-driven organic
lasers with organic crystals as the gain medium is an important field for future research.
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3.2.2. Small Organic Molecules

Organic small-molecule semiconductors are commonly used as organic materials
to develop organic light-emitting diodes (OLEDs). They have small molecular weights,
and most films are prepared through hot evaporation. The π-π stacking among small
organic molecules and the dipole interactions among their units eventually lead to intrinsic
fluorescence quenching. This reduction in modal gain increases the excitation threshold.
Scholars have tried various methods in molecular design to improve the optical emission
performance of thin films. Some of these methods include constructing a D-π-A structure
using branch chain functions and strictly spatial requirement substitution to reduce the
quenching effect of organic small molecular gain medium and to minimize the adverse
effect of intermolecular π-π stacking on organic lasers [38–40]. Fluorene is a common
fluorescent structural group that can easily form functional groups and solubilized groups
through cross-coupling reactions. This allows the production of various molecules based on
fluorene (Figure 7). Choi et al. [41] studied the photophysical properties and ASE properties
of a series of oligomer fluorene treated with monodisperse solutions, functionalized by a
hexyl chain at the C9 position of different fluorene units. The fluorene positions functionally
developed linear oligomer fluorene of hexyl chains, and an ASE threshold of 0.4 µJ·cm−2

was obtained in a nitrogen environment.
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Sandanayaka et al. [42] constructed a DFB laser using a mixture of liquid 9-(2-ethylhexyl)
carbazole matrix doped with the heptafluorene derivative as the gain medium. The effects of
molecular oxygen and other triple quenchers on the quasi-continuous wave laser characteris-
tics were studied by adding oxygen or nitrogen into the liquid gain medium. The threshold
value of the oxygenated laser device was 2 µJ·cm−2, which was below the value of the nitride
laser and was not affected by the repetition frequency in the range of 0.01~4 MHz.

Nakanotani et al. [43] doped 2,7-bis [4-(N-carbazole)phenylvinyl]-9,9′-spirobifluorene
(spiro-SBCz) into the broad bandgap 4,4′-bis(9-carbazole)-2,2′-biphenyl (CBP) host to
achieve the low ASE threshold of E-th = 197 nJ·cm−2, which is the lowest threshold thus
far. Moreover [44], the spiro-SBCz film was confirmed to play the role of an active light-
emitting layer in an OLED and a field-effect transistor (FET). Linear electroluminescence in
FET structures was successfully obtained, which is of great significance for future organic
laser diodes.

3.2.3. Dendritic Starburst Molecules

Dendrimers and star-shaped macromolecules usually consist of a central core and
numerous functional π-conjugated arms. They are a type of organic material that combines
the morphological characteristics of polymers with properties similar to small molecules,
resulting in excellent optoelectronic properties [45–47]. The inhibition of aggregation and
self-quenching arises from the highly branched projections of dendritic starburst molecules,
which significantly reduce their modal losses. Moreover, their unique structure has the
potential to synthesize large structures and complex branching materials, leading to lower
excitation thresholds and improved laser properties.

Lawrence et al. [48] investigated the ASE characteristics of three types of bisfluorene-
cored dendrimers in solids. Their study demonstrated that the dendron types have a
significant influence on the ASE threshold, optical gain, loss coefficient, and photolumi-
nescence quantum yield (Figure 8). To form dendritic starburst molecules, they attached
biphenylcarbazole (BPCz), biphenyl (BP), and E-stilbenyl (ESB) to the bisfluorene core. The
researchers spin-coated the dendrimer film on a two-dimensional corrugated fused silica
substrate and prepared an optical pump distributed feedback laser that operates in the
blue spectrum region. Additionally, they spin-coated a dendritic film on a two-dimensional
corrugated molten silicon dioxide substrate to create an optical pump distributed feedback
laser with a threshold of 4.5 µJ·cm−2 in the blue spectrum region.

Lai et al. [49,50] reported materials with high solid-state quantum efficiency, an attrac-
tive feature for OLED and laser applications. Their research demonstrated that the length
of the long fluorene chain is not a necessary condition for effective solid-state luminescence.
They extended the third-generation T6-truxene by adding six trees instead of three to
the truxene core as the gain medium. Consequently, they constructed the DFB laser and
achieved an extremely low excitation threshold of 0.4 nJ/pulse, 1.3 µJ·cm−2.

3.2.4. Conjugated Polymers

Conjugated polymers are among the most significant organic semiconductor materials,
known for their high optoelectronic properties even in the solid-state form [51–53]. As
a typical four-energy system, conjugated polymers offer several advantages, including
easier population inversion, wider absorption spectra, and lower excitation thresholds.
Altering the side chain structure of the molecule allows for changing the emission peak
position. Consequently, many semiconductor lasers use these polymers as the gain medium.
π-conjugated polymers are created from a variety of monomers and can form highly defined
and sequentially regulated chains. They may take various forms, ranging from amorphous
crystals with excellent optical properties to highly oriented crystals that exhibit better
charge transport properties when polarized along the chain axis. Mono-domain polymer
chain alignment, due to stronger pump radiation absorption, increases the gain coefficients
by approximately 1.9 times compared to spin-coated samples, leading to increased optical
confinement and more efficient emission. The spectral position of this peak reveals a
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strong correlation with the thickness of the PI alignment layer (15–50 nm) [53]. Therefore,
the exploration and application of different π-conjugated polymers play a crucial role in
reducing the excitation threshold of OSSLs [54,55].
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Poly(9,9-dioctylfluorene) (PFO) is a widely used polymer in organic lasers. In poly-
mers with the β-phase morphology, single-oriented molecular chains have extended π-
conjugation without π-π accumulation (Figure 9), making it easier to obtain a lower excita-
tion threshold. By using matrix-assisted pulsed laser evaporation (RIR-MAPLE), β-PFO
(~6%) pinhole-free films are deposited, resulting in increased carrier mobility [56]. Current
investigations on the deviation of the refractive index of amorphous and β-phase polymeric
fluorene show it is feasible to construct attractive device geometry with mixed morphology.
Compared with the amorphous morphology, the β-phase PFO shows another 430 nm
lower energy absorption acromion, resulting in a 1%–2% increase in the refractive index.
The β-phase-based PFO DFB laser achieved via spin coating showed a redshift that was a
couple of nanometers juxtaposed to the output of the amorphous polymer integrated laser
with an identical structure [53]. Alexander et al. [57] reported a crosslinking polyfluorene
with vinyl-ether-functionalized aliphatic side-chains (VE-PFO). They prepared an optically
pumped DFB laser fabricated from surface-relief gratings in β-phase together with amor-
phous polyfluorene. By backfilling one form of the grating with the other, it is proven that
the threshold (<1 µJ·cm−2) of the device at two wavelengths is at a minimum, ten times
below the earlier data.
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Ladder-type poly(p-phenylene)s (LPPP), a relatively famous polymer, is widely used
in organic luminescent materials due to its high quantum yield and strong stimulated
emission under optical pumping. However, limited by the conventional preparation
method, poor oxidative stabilities, and low carrier mobilities caused by incidents, such as
interchain-aggregation-induced energy transfer and fluorenone defects, make it difficult for
these materials to be used as the gain medium of organic semiconductor lasers. To address
this, researchers prepared LPPP designed with a fused conjugate skeleton structure by UV
embossing process to improve carrier mobility, reduce the excitation threshold, and apply
it to lasers with low thresholds. Kallinger et al. [58] constructed an organic laser with a DFB
structure using MeLPPP as the gain medium, achieving a 4.8 µJ·cm−2 excitation threshold.
Their deposition was made on a flexible guest, making the device more flexible.
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Poly(dioctylfluorene-co-benzothiadiazole) (F8BT) is an extensively employed conju-
gated polymer in OLEDs today. With a 28 µJ·cm−2 ASE threshold and a yellow-green
excitation emission spectrum, it is a potential gain medium for low-threshold semicon-
ductor devices. Xia et al. [59] used a 9:1 fluorene (F8) to benzothiazole (BT) ratio, which
differed from the initial 1:1 ratio, greatly increasing the gain of the medium and lowering
its ASE threshold to 2 µJ·cm−2. The improvement is attributable to chain separation en-
hanced because of the octyl side chain, which effectively prevents the destruction of exciton
activities and thus significantly reduces the excitation threshold. Additionally, Xia et al. [60]
reduced the excitation threshold through a host-guest system of two polymers. They re-
ported the optical gain behavior of poly(dioctylfluorene-co-benzothiadiazole) (F8BT) and
regional molecular polymer (3-hexylthiophene) (RR-P3HT) binary blending films. Effective
optical gains were noticed in the 10–20 wt. % RR-P3HT composition category, with a
pump pulse threshold of merely 8 nJ (26 µJ·cm−2, 2.17 kW·cm−2) for a distributed feedback
laser with a one-dimensional grating, which is less than alternative polymer-based organic
semiconductor materials in this spectral region.

3.3. Other New Materials

Currently, many scholars are focusing their attention on organic materials that have
emerged in recent years to improve the modal gain, reduce the excitation threshold, and
make low-threshold organic semiconductor lasers a reality [61]. Some of these materials
include organic-inorganic hybrid halogen perovskite, known for its high energy conversion
efficiency; highly self-arranged liquid crystal materials that can form an optical gap suitable
for lasers; green light protein fluorescent protein, commonly used as an imaging track-
ing material in photonic biology; and deoxyribonucleic acid (DNA) biopolymers doped
with fluorophiles.

Perovskites exhibit properties comparable to those of industrial standard silicon for
long-distance charge transfer and efficient charge collection. While not technically organic
materials, they share several characteristics with organic molecules, classifying them as
organic optoelectronic materials for research purposes. Perovskite lasers have [61] high
band gap tunability, covering a range from near-infrared to ultraviolet light. They also offer
the potential for polarization, exciton, and free carrier excitation, and could potentially be
used to create electrically pumped semiconductor lasers [62,63]. Xing et al. [64] reported
a low ASE threshold of 12 ± 2 µJ·cm−2 and a carrier density of 1.7 × 1018 cm−3, which
is comparable to the latest solution-treated gain medium. Stranks et al. [63] reduced
the threshold flux of ASE by two orders of magnitude in the perovskite film by placing
CH3NH3PbI3 perovskite film in a cavity made up of a thin-film cholesteric liquid crystal
(CLC) reflector and a gold back reflector [64].

Fluorescent proteins represent a range of bioluminescent groups dating back to 1962.
Gather et al. [5] demonstrated that fluorescent proteins(4,5) in cells can serve as feasible
optical amplification media. They were the first to report a working GFP biological cell laser
and demonstrated an in vitro protein laser using a recombinant GFP solution. Additionally,
they introduced a laser derived from a single living cell expressing GFP. By using an
optical pump of a nanosecond pulse, they produced directional, bright, narrow-band laser
emission in a high-Q microcavity with unique longitudinal and transverse modes. The
reported working laser threshold was approximately 1 nJ/pulse.

Hung [65] conducted a comparative study of the ASE properties of two dye-doped
DNA biopolymers. They achieved efficient energy transfer, resulting in a lower excitation
threshold for DNA biopolymers by using suitable surfactants in a system consisting of
two surfactant-modified DNA and a doped optical film, where an organic dye Rhodamine
6G (Rh6G) served as the dopant. Incorporating DNA fluorescence enhancement could
further promote the application of biopolymers as effective media for lasers and OSSLs.
(See Table 2).
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Table 2. Transition mechanisms in an organic laser gain medium.

Materials Threshold (µJ/cm2) Reference Advantages Disadvantages

PMMA 50 [26] easy operation low performance
DNA 3 [27] Strong inhibition not easy operate

PM567 1.35 [28] Strong inhibition dopant dyes
cis-DCSQ1 10 [29] good stability discrete

p-MSB and o-MSB 14 [37] good continuity not easy operate
linear oligomer fluorene of

hexyl chains 0.4 [41] good stability reasonable handling

liquid
9-(2-ethylhexyl)carbazole 2 [42] good stability dopant dyes

spiro-SBCz 0.197 [43] good stability not easy operate
bisfluorene-cored

dendrimers in solids 4.5 [48] Good self-performance discrete

T6-truxene 1.3 [49,50] good continuity not easy operate
VE-PFO 1 [57] Strong inhibition discrete

LPPP 4.8 [58] More flexible low performance
F8BT 26 [60] easy operation dopant dyes

Perovskite 12 [64] good stability discrete

4. Measures of Threshold Reduction of Optically Pumped Organic Laser in Terms
of Structures

An effective approach to achieving low-threshold organic semiconductor lasers in-
volves improving the resonator’s structure. This enhancement enables multiple reflections
of light within the gain medium while reducing optical loss at the reflector interface [66,67].
This aspect is crucial in the fabrication of organic lasers. Additionally, a high-Q optical
microcavity proves to be an efficient property that can be harnessed to lower the excita-
tion threshold. In micro-nanoscale semiconductor lasers, optical feedback structures are
constructed using the gain medium itself, which represents a prominent research area in
organic optical microcavities.

Currently, commonly employed optical feedback structures include the plane cav-
ity, distributed feedback structure, organic crystal cavity [68,69], WGM resonator, and
organic nanowire structure, among others. Most researchers begin their investigations with
these structures, aiming to innovate and explore higher-quality optical microcavities at
the micro-nano scale level. The ultimate goal is to construct organic laser devices with
lower thresholds.

4.1. Plane Cavity

The original organic lasers were based on a macroscopic structure consisting of a pair of
mirrors and liquid or solid organic dyes, which typically resulted in a large energy output.
However, their lack of convenience failed to meet the requirements for organic lasers.
The linear Fabry–Perot microcavity was the first optical microcavity used in solid-state
organic semiconductor lasers. In this structure, the reflector is usually achieved through
the interface of two materials with a high refractive index. For instance, Kozlov et al. [15]
demonstrated a planar cavity organic semiconductor laser constructed with an Alq3:DCM
host and a visitor system as the gain medium. The laser action of Alq3/DCM between
SiO2 (n = 1.4) and air (n = 1) cladding and the laser action of Alq3/DCM film sandwiched
between two 125 nm Alq3 cladding layers used to construct a planar cavity structure
were confirmed to achieve a lower excitation threshold of about 1 µJ·cm−2. To enhance
the reflector’s limiting effect and increase reflectivity, a reflector is often constructed with
a metal layer deposited via thermal evaporation or a distributed Bragg mirror (DBR)
reflector (Figure 10a). The DBR reflector is typically formed by alternating oxides with
different refractive indices. The DBR structure can increase the microcavity’s reflectivity to
higher than 99%, significantly boosting the Q value and effectively reducing the excitation
threshold. Gather et al. [70] constructed a vertical cavity surface emitting laser (VCSEL)
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with the gain material composed of a thin sheet of enhanced green fluorescent protein
(eGFP) inserted between two highly reflective DBRs, with a low excitation threshold
of <100 pJ. Oxide or metal reflectors usually require electron beam evaporation or sputtering
for deposition, which may cause damage to the organic film serving as the gain medium.
For this reason, Canazzaet et al. [71] demonstrated a microcavity structure of DBR reflectors
constructed with polymers. The DBR reflective films were prepared via spin-coating
cellulose acetate and polyvinylcarbazole orthogonal solutions. The gain material films
were achieved by spin-coating the highly fluorescent conjugated polymer F8BT as the
gain medium. Using pulsed light pumping, a low excitation threshold < 20 µJ·cm−2 was
obtained for laser emission in the polymer DBR microcavity. (See Figures 10 and 11).
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Figure 10. (a) Schematic of microcavity with metal mirrors and the structural representation of DBR
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Figure 11. (a) A photograph of eGFP film on a glass guest with the ASE measurement depicted.
(b) VCSEL schematic consisting of a thin layer of eGFP as gain medium inserted between two ultra-
reflective Bragg mirrors. (c) Dependence of the output of eGFP VSCEL on the pump pulse energy
(filled squares). Inset: Fit model of the same data employing the rate equation model, illustrated on
log-log scale. (a–c) [70] Copyright 2014 Nature communications.

4.2. Distributed Feedback Structure

The planar microcavity structure is simple and easy to prepare, but it lacks the trans-
verse limiting effect and easily generates high scattering loss at the interface. The device as
a whole has low reflectivity and high requirements for interface quality. On the other hand,
the distributed feedback (DFB) structure can realize the long interference of light with a
specific wavelength by relying on periodic diffraction gratings [23], which provide higher
efficiency feedback for the lasers and make organic lasers with low thresholds possible.

To form the DFB structure, a gain medium organic material film is usually prepared
on a substrate with a grating structure surface to create a wavy structure. This structure
establishes a waveguide mode of reflection propagation without the need to form an end
face. Many different diffraction structures have been explored, including one-dimensional
(1D) DFB structures, two-dimensional (2D), and three-dimensional (3D) photonic crystal
structures (Figure 12).

In the DFB structure, the light waves traveling within the waveguide of the organic
film experience scattering by cyclical ripples. Constructive interference occurs at the wave-
lengths of the light scattered by different ripples. Bragg scattered waves with different
wavelengths are formed by scattering and coherence, spreading in different directions [72].
For a specific grating period, only the light with a specific wavelength can generate con-
structive interference and feedback in the opposite direction of the incident wave, thus
achieving laser emission. The bandwidth of the feedback light wave (the band gap width
near the central Bragg wavelength) is correlated with the depth of the ripple. The central
Bragg wavelength can be described as follows:

mλBragg = 2ne f f Λ (1)

Among them, m represents the series of diffraction (an integer), λBragg denotes the
laser emission wavelength, neff indicates refractive index of the waveguide, Λ signifies
the grating structure cycle. The wavelength of a reflected light for a first-order diffraction
is twice neffΛ. Therefore, a secondary structure can generate a laser surface emission
output coupling through the first-order diffraction, and, at the same time, provide in-
plane feedback through the second-order diffraction prior to achieving surface emission.
Although the threshold of second-order diffraction grating is higher than that of first-order
grating, it is the more advantageous option for a laser output [73].
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Figure 12. (a) Schematic of microcavity with one-dimensional DFB grating and two-dimensional
DFB grating [2]. Copyright 2016 Chemical Reviews (b) Schematic of test structures displaying lasing
chemosensory responses. (c) Polymer1′s spontaneous and stimulated emission above polydimethyl-
siloxane DFB structures. Stimulated emission threshold (ETH) of 40 nJ·cm−2 was illustrated by the
emission spectra of polymer 1 structures and previous figure with pump energies changing, which
is low-valued. Left inset, a pulsed light of λ = 337 nm is pumped to polymer 1 film (right part of
the image), leading to an orientational radiation output (left) exceeding the threshold pump energy.
Right inset, the diagram of input power and output intensity at λ = 535 nm peak. (b,c) [74] Copyright
2005 Nature.

The high reflectivity of the DFB structure makes it easy for the laser to achieve a
very low laser threshold. Rose et al. obtained a threshold energy of ETH = 40 nJ·cm−2 in
the organic polymer film of the DFB structure and achieved an ultra-low side-pumping
threshold density of 200 nJ·cm−2, a level that is difficult to reach with other forms of
micro-cavity structures.

Karnutsch et al. [74,75] reported a distributed feedback laser with an improved res-
onator structure. By combining the superiorities of first-order and second-order DFB
gratings, they constructed a resonator structure surrounded by a first-order scattering
region of second-order gratings, providing high-efficiency vertical output coupling. This
method generated strong feedback. The gain medium of the laser used was a conjugated
polymer poly [9,9-dioctylfluorene-co-9,9-di(4-methoxy-phenyl)fluorene] thin film, which
realized the threshold as low as 45 pJ/pulse (about 36 nJ·cm−2).

Furthermore, Karnutsch et al. [76] constructed a polymer DFB laser that obtained
an extremely low excitation threshold and was made of a polyfluorene derivative, which
includes statistical binaphthyl units (BN-PFO). The threshold energy of the second-order
DFB structure was found to be 280 pJ/pulse. Moreover, it could be further decreased to
160 pJ/pulse by using the first-order feedback in the electron beam photolytic structure
with a 140 nm cycle.

In addition to the 1D DFB laser described above, the 2D DFB structure has also
attracted the attention of many scholars. This complex diffraction grating can limit the
propagation of light waves in both directions in the waveguide and introduces a 2D DFB
structure in the plane of the organic semiconductor film, which is beneficial to increase
reflectivity and theoretically reduce the excitation threshold. At present, lasers have been
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generated in 2D DFB structures, such as squares [77–79], hexagons [80,81], and concentric
circles [82]. Heliotis et al. [79] constructed a resonator structure based on PFO that can
provide unidirectional and 2D distributed feedback. This 2D DFB laser works in the blue
spectrum and has a slope efficiency of up to 7.8% and an oscillation threshold energy as
low as 0.8 nJ/pulse. Turnbull et al. [83] constructed an all-solid surface emitting 2D DFB
laser using a microchip laser as the optical pump source. The laser’s gain medium was the
conjugated polymer poly(2-methoxy-5-(2(′)-ethylhexyloxy)-1,4-phenylene vinylene), which
reached the excitation threshold of 4 nJ. In fact, the advantages of the DFB structure are not
only reflected in the threshold reduction but also in its ability to select light in the resonant
spectrum beyond any other type of microcavity structure. Additionally, the second-order
grating, specifically, can realize surface emission, which expands the application range of
the organic laser (Figure 13). It also simplifies the use of light sources with poor collimation
or decent collimation in optical pumping, which proposes a pathway for the indirect
electric pumping of organic laser devices. Under short-pulse photoexcitation, the mixed-
order circular DFB grating structure presents the lowest lasing threshold of 0.015 µJ·cm−2

among 2D grating structures in any BSBCz-based laser device. Through simulation and
experimentation, it provides guidelines for the design and optimization of 2D gratings,
making it possible to fabricate CW-operating OSLDs [84].
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Figure 13. (a) Height-outline of the mixed-order gratings, comprising two first-order sections,
which produce feedback and a second-order region for vertical outcoupling. (b) Scanning electron
microscope (SEM) image of a mixed-order grating which includes 18 periods in the second-order
region. (c) Threshold energy of mixed-order grating lasers for differing d2nd period numbers in
the second-order region. Inset: Input–output features of a mixed-order laser with d2nd equaling
36 periods. The laser threshold energy is about 200 pJ. (d) Schematic of the DFB laser structures.
(e) Atomic force microscopy (AFM) images of the 1D and 2D DFB grating silica guests. (f) Dependence
of the output energy from the 1D PFO DFB laser on the pump energy. (g) Plot of output energy
from the 2D PFO DFB laser versus the pump energy. (h) AFM image of the surface of the silica
guest. (i) Output energy from polymer laser represented in the graph as a function of pump energy.
(j).Waveguide structure of DFB laser. (a–c) [75] Copyright 2007 Applied Physics Letters. (d–g) [79]
Copyright 2004 Advanced Functional Materials (h,j) [83] Copyright 2003 Applied Physics Letters.
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4.3. Whispering Gallery Mode Resonators

Organic semiconductor materials possess relatively good characteristics for solution
treatment and can form complex structures that are not achievable with inorganic materials.
For instance, microfluidic operations or other solution treatment processes can create whis-
pering gallery mode (WGM) resonators with low roughness and high Q values, enabling
the production of organic laser devices at a lower cost. In a WGM resonator (Figure 14),
light waves are reflected multiple times on the ring or sphere of organic gain mediums,
which have a refractive index higher than that of air, forming a circular standing wave.
When this wavelength aligns with the gain spectrum of the gain medium, the light gets
amplified within the structure significantly [68], reducing the excitation threshold. A [85]
WGM resonator typically attains a high Q value, which is mainly associated with the sur-
face roughness of the cavity interface. The microfluidics process allows the preparation of
disc or spherical WGM microcavities with an exceptionally smooth surface due to surface
tension, resulting in a flat gas–liquid interface at the atomic level. (See Figure 14).
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developed using lift-off resist. (c) Photograph of a sensing chip: 100 microgoblet lasers array
fabricated as a microfluidic integrated chip. Transparency of the chip permits optical addressing of
individual microgoblets via the lid in free-space optics. (d) Parallel solution-based processed array of
100 microgoblet lasers. (e) Input–output characteristics of a WGM microgoblet laser emitting at a
wavelength of 623.7 nm. (f) Illustration of the photonic LoC system: the all-polymer chip consists of
an array of microgoblet lasers integrated into a microfluidic channel. (b–f) [86] Copyright 2015, Lab
on a chip.

Wienhold et al. [86] produced a PMMA whisper gallery mode microgoblet resonator
doped with organic dye pyrromethene 597 on a microfluidic chip using rotation coating,
mask optical lithography (Figure 15), wet chemical etching, and thermal reflux. The device
exhibited a laser threshold of less than 0.6 nJ/pulse, enabling efficient pumping through
compact, low-cost green laser diodes and free-space optical devices. Grossmann [69]
reported the fabrication of conical rhodamine 6G-doped high-Q conic polymer microcavities
on a silicon guest. In the quasi-static pumping state with a laser wavelength of about
600 nm, a low threshold pumping energy of 3 nJ was achieved by free-space excitation.
The WGM resonator structure was first realized specifically in the shape of micro-rings.
For organic polymer materials, the optical fiber can be directly immersed in the organic
solvent to form a circular micro-cavity [66], where the light bounces off the interface
between the polymer and the encompassing medium, forming a waveguide. Since optical
fibers are typically a few millimeters in diameter and light waves travel long distances
around the fiber, the feedback mode is usually a mixture of a whispering gallery mode
and a waveguide mode. Rotschild [67] rotated the first terylene in the PMMA guest on a
silicon dioxide microplate and evaporated the mixture of 4-(dicyanomethylene)-2-t-butyl-6-
(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran (Alq3: DCJTB) onto the resonator, where the
incoherent light was converted into coherent light with an elevated quantum efficiency [87].
The effective energy transfer from Alq3 to DCJTB and tritoluene materialized with a
5 µJ·cm−2 excitation threshold under the action of a UV pump.

4.4. Organic Crystal Cavity

The organic crystal surface can form effective reflections, providing high-quality light
feedback. Therefore, organic crystals can serve not only as gain media but also as optical
resonators. In organic crystals, one method to construct the optical feedback structure
is by using the faceted end crystal as the Fresnel reflection. The group refractive index
of organic crystals can be as high as 3.5, and the cavity length can be on the order of
100 µm. The Fresnel reflection generated at the crystal–air interface is only about 30%.
However, the Q factor in a single crystal Fabry–Perot cavity is reported to be more than
1000 [88,89]. This is because the crystal cavity is longer than the traditional cavity, several
times the length of λ/2, allowing it to output a laser with a wavelength of λ [90]. Apart
from the geometry of the Fabry–Perot resonator, the organic crystal cavities have square or
hexagonal structures similar to the WGM resonator, providing stronger internal reflection
and better light restriction. In recent years, many examples of these structures based on
different small molecular materials have been reported [91,92], the excitation threshold of
the organic crystal cavity is still currently limited to a relatively high level. (See Figure 16).

4.5. Structure of Organic Nanowires

Semiconductor nanowires offer a promising platform for the future development of
electrically pumped organic lasers [89], thanks to their defect-free structure and exceptional
electrical transmission characteristics [90]. Fibers and nanowires can be employed to create
Fabry–Perot resonators with microscopic dimensions [91], incorporating gain materials
within the fibers [92]. Camposeo et al. [93] obtained submicron-diameter fibers by dissolv-
ing small fluorescent molecules in a PMMA solution and subsequently electrospinning
them. The mixture of small fluorescent molecules in the PMMA solution was electrospun
to achieve submicron diameters ranging from 100 to 600 nm, capable of emitting light at a
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threshold of 60 µJ·cm2. In this setup, the fiber serves as an optical waveguide, with its end
face acting as a reflector to provide light feedback.
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Figure 15. (a) Absorption and stimulated emission cross-section of rhodamine 6G molecules planted
in PMMA and pump wavelength and lasing band of the microcavity lasers. (b) SEM micrograph of
an array of conical polymeric microcavities with a peak diameter of 40 µm. (a,b) [69] Copyright 2010
Applied Physics Letters. (c) SEM image of A typical micro-ring resonator. (d) Numerical simulation
of the lasing mode with polarization designated by the arrows. (e) Schematic of the gain materials
fabricated on the resonator. (f) A typical example of lasing (g) Progression of the emission spectrum
at different pump intensities. (h) Lasing power at λ = 692 nm as a function of pump power showing
lasing power threshold at 30 µW·µm−2. (c–h) [67] Copyright 2011 Advanced Materials.
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Figure 16. (a) Schematic of microcavity with parallel facets and hexagon/multifaceted discs [18].
Copyright 2016, Chemical Reviews (b) Fluorescence image of single-crystal BP2T-OMe excited at
365 nm. (c) Illustration of the optical measurement setup where a stripe-shaped excitation beam was
struck perpendicularly across the parallel {110} facets of BP2T-OMe crystal. The light emitted from
the crystal edges was detected along the stripe path. (d) Correlation between excitation density and
PL spectra excited at λex = 397 nm. (e) Integrated intensities of the 0–1 and 0–2 bands dependence on
the excitation density. (b–e) [88] Copyright 2012, Advanced Materials.

Benedetto [94] used conjugated polymers to create electrospun fibers, creating a
nonwoven pile entirely composed of gain materials. These electrospun composite polymer
fibers were imprinted with periodic gratings through room-temperature nano-imprint
lithography, significantly enhancing the waveguide capability along the fiber. While this
structure can be utilized in DFB (Distributed Feedback) lasers based on fiber, laser emission
has not been demonstrated yet. (See Figure 17).

4.6. Structure of Film

In addition to gaining the material and resonant cavity, the characteristics of the film
should also be taken into consideration. By varying the film thickness from 100 to 200 nm,
the position of ASE (Amplified Spontaneous Emission) can be tuned between 404 and
407 nm, influenced by the waveguide mode [95]. This demonstrates that changing the
thickness can lead to a Stokes shift, causing variations in the laser threshold. Moreover,
a lower laser threshold can be achieved after annealing, resulting in a regular crystal
orientation distribution.
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mats (continuous lines) integrating R6G as gain molecule, and PL spectra of the correlating reference 
films (dashed lines). (f–i) Fluorescence images of fibers with Coumarin 334 (f), R6G (g,h), and Nile 
Blue (i). Scale bar: 10µm. (j,k) Pictures of gain nanofibers experiencing white (j) and UV (k) light. Im-
ages from left to right show the fibers of Coumarin 334, R6G, and Nile Blue A Perchlorate. (l) Nanofiber 
PL spectra experiencing excitation with laser light of 3.05 eV. From left to right, spectra from fibers 
incorporating Coumarin 334, R6G, Nile Blue A Perchlorate, 2-(8-(4-p-Dimetyhlaminophenyl)-2,4-neo-
pentylene-1,3,5,7-octatetraenyl)-3-methylbenzothiazolium Perchlorate, and 5,5′-dichloro-11-diphenyl-
amino-3,3′-diethyl-10,12-ethylenethiatricarbocyanine Perchlorate. (a–i) [93] Copyright 2009 Small. 

Figure 17. (a) SEM micrographs of fiber with an applied voltage of 15 kV. (b) SEM micrographs of
fiber with a higher applied voltage of 27 kV. (c) Diameter distributions of fiber for mats spun with a
voltage application of 15 kV. Inset: SEM images of single nanofibers. (d) diameter distributions of
fiber for mats spun with a 27 kV voltage application. Inset: SEM images of single nanofibers. (e) PL
spectra of fiber mats (continuous lines) integrating R6G as gain molecule, and PL spectra of the corre-
lating reference films (dashed lines). (f–i) Fluorescence images of fibers with Coumarin 334 (f), R6G
(g,h), and Nile Blue (i). Scale bar: 10µm. (j,k) Pictures of gain nanofibers experiencing white
(j) and UV (k) light. Images from left to right show the fibers of Coumarin 334, R6G, and Nile Blue
A Perchlorate. (l) Nanofiber PL spectra experiencing excitation with laser light of 3.05 eV. From left
to right, spectra from fibers incorporating Coumarin 334, R6G, Nile Blue A Perchlorate, 2-(8-(4-p-
Dimetyhlaminophenyl)-2,4-neopentylene-1,3,5,7-octatetraenyl)-3-methylbenzothiazolium Perchlo-
rate, and 5,5′-dichloro-11-diphenylamino-3,3′-diethyl-10,12-ethylenethiatricarbocyanine Perchlorate.
(a–i) [93] Copyright 2009 Small.

5. Measures of Threshold Reduction of Optically Pumped Organic Laser

Although optical-pumped solid-state organic semiconductor lasers were developed as
far back as 1996. To date, a complete and effective demonstration of organic semiconductor
laser solutions is still lacking. Nevertheless, the advantages of semiconductor organic
lasers [8,96,97], which include a wide spectrum range and large area preparation, have
driven the studies of numerous researchers. The realization of electric pumping is the
key and most difficult step in positioning the organic semiconductor laser as a realistic
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device. In electrically pumped organic semiconductor lasers, the concept behind decreasing
the excitation threshold is similar to that of optical pumps. It encompasses two aspects:
increasing modal gain and reducing modal loss. However, in contrast to the method behind
optical pumping, it is very challenging to achieve the threshold condition via electric
pumping in organic films. This is primarily because the carrier mobility is low in organic
films. Hence, unlike optically pumped organic laser devices, the electric pumping devices
need to add a carrier transport layer, an exciton limiting layer, an electrode, and other
functional layers, which will significantly increase the mode loss. The losses of electrically
pumped organic laser devices can specifically be divided into losses of triplet excitons,
dipoles, and electrodes, leading to higher excitation threshold conditions. Thus, manifesting
the prevailing difficulties in the research of electrically pumped organic laser devices. In
order to achieve the goal of a low excitation threshold, researchers have proposed two
different ideas. The first is to solve or reduce the loss of triplet excitons through different
material doping systems, and the second is to investigate the structure design to improve
the carrier transmission efficiency, reduce the loss of dipoles and electrodes, and construct
the resonator with low loss, thereby reducing the excitation threshold and making the
electrically pumped laser device a reality.

5.1. Building a New Doping System to Reduce the Influence of Triplet States

Electrically pumped organic laser devices share many similarities with OLEDs in
terms of structure and material. However, the rapid development of OLEDs has not guided
the progress of organic laser diodes. The most significant breakthrough in the OLED
field is the application of the triplet exciton in phosphorescent materials, which greatly
improves the luminous efficiency of OLEDs, as seen in Figure 18 [98]. Unfortunately, in
organic semiconductor lasers, phosphorescence and triplet exciton are not applicable and
are even avoided due to the overlap of the absorption spectrum of the triplet states with
the emission spectrum of organic materials [99]. This overlap leads to a parasitic effect of
absorption, resulting in a considerable increase in modal loss and threshold. Moreover,
triplet excitons accumulate over time, restricting the laser device to only run for a few
nanoseconds, significantly hindering the continuous operation of organic lasers.

In the exploration of electrically pumped organic laser diodes, researchers still use
similar optically pumped organic lasers with different doping systems, as mentioned above,
to achieve Stokes energy transfer and reduce the excitation threshold. This paper will not
delve deeper into this excess elaboration. Wallikewitz employed [100] holographic pho-
tolithography to produce a DFB resonator using a green-emitting oxetane-functionalized
poly(spirobifluorene) named X-LEP as the gain medium, chosen for its optimal optical
and electrical characteristics. The electrodes (PEDOT: PSS anode and Ba/Ag cathode)
have a photodecoupled refractive index through a low refractive index cladding layer,
acting as a charge transport layer, and ultimately limiting the light to the gain medium.
The thickness of the cladding is a compromise between optical efficiency (more efficient
when thicker) and electrical characteristics (more efficient when thinner). This method
realizes a low-threshold optical pumping device and demonstrates its electrical capability,
providing an effective concept for the conversion of laser devices from optically pumped to
electrically pumped.

Sandanayaka of Kyushu University in Japan reported an electrically pumped organic
laser diode that utilizes an excellent performing gain medium, BSBCz, along with an
MoO3 layer for hole injection [101] and BSBCz doped Cs to promote electron injection into
the emission layer. The PLQY of BSBCz was close to 100%, with extremely weak triplet
exciton generation and negligible triplet exciton absorption, greatly reducing triplet exciton
loss. The device also integrated a hybrid order DFB grating to provide sufficient vertically
coupled laser radiation. At a current of 600 A/cm2, a clear threshold of the slope efficacy of
the laser output was identified, and the FWHM at 480.3 nm was less than 0.2 nm, confirming
the successful production of the laser. Although this work has faced some skepticism in the
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industry, its material use, structural design, and excellent experimental results represent a
major breakthrough in the exploration of electrically pumped laser diodes.

Furthermore, triplet-induced singlet quenching can be overcome by carefully design-
ing organic materials with high PLQYs and ensuring spectral separation of the emission
from the excited-state triplet absorption. Alternatively, triplet quenchers like oxygen, cy-
clooctatetraene, and anthracene derivatives can be used to circumvent triplet accumulation.
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 Figure 18. (a) Schematic representation of the OSLD. (b) Laser microscope image of the DFB grating
in SiO2 on ITO. (c) SEM micrographs at 5000× and 200,000× (inset) magnification of a DFB grating.
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(d) Cross-section SEM representations of the OSLD. (e) Cross-section EDX images of the OSLD.
(f) Current density-voltage (J-V) curves of the OLEDs and OSLDs under pulse operation. (g) ηEQE-
current (η-J) curves of the OLEDs and OSLDs under pulse operation. (h) The dependence of output
intensity and FWHM on the current and current density. (i) Emission spectra of an OSLD gathered in
the direction normal to the guest plane for various injected current densities. (j) Emission spectra
near the lasing threshold. (k) A plot relating the output power to the current. A picture of an
OSLD experiencing pulse operation of 50 V (insert). (a–k) [101] Copyright 2019, Japan Society of
Applied Physics.

5.2. Improving Carrier Transmission Efficiency and Reducing Losses through Structural Design
5.2.1. Improving Device Carrier Transport Efficiency

In the exploration of electrically pumped organic laser diodes, besides constructing
a reasonable material doping system to reduce the impact of triplet states, researchers
commonly use innovative device structures. This technique is essential to solve the current
challenges faced by electrically pumped devices and achieve a low excitation threshold.
Unlike traditional OLED devices, electrically pumped laser devices require higher carrier
injection and higher carrier transmission efficiency (Figure 19). Therefore, it is crucial to
break the limitations of the original structure and design a new carrier transmission struc-
ture. Additionally, to reduce dipole and electrode losses and construct a resonator with low
loss and reduced excitation threshold, the structure needs to be innovated and optimized.

The excitation threshold of optically pumped thin film organic semiconductor lasers
usually needs to reach a range of µW·cm−2. For electrically pumped laser devices like
the Alq3:DCM system [102] and the DFB laser [103] in the PPV system, a driving current
density of 200 A·cm−2 is required to avoid additional losses. Achieving such a high
current density requires a very high charge density, but excessive charge aggravates the
quenching of polarons and tripletons. Polarons have a broad spectral absorption range,
and when this range overlaps with the gain medium’s emission spectrum, additional losses
occur. By optimizing the device structure and improving carrier transport efficiency, the
needed polaron density to obtain a given current can be reduced, helping to restrict polaron
annihilation. Therefore, optimizing the structure to improve carrier transport efficiency is
not only necessary to reach the required energy density but also an effective way to reduce
polaron and other losses. Tessler [104] optimized the structure of an LED to be driven by
a high current with a short pulse, achieving a high current density in the kA·cm−2 range
and greater carrier transmission efficiency. However, due to the extra loss in the electric
pumping mode, laser emission cannot be realized at such a high charge density. Using
an organic/inorganic hybrid design is an effective strategy to improve carrier mobility
and reduce charge density in organic materials. Song [105] constructed a DFB grating
structure containing an organic PFO emission layer between a relatively thick inorganic hole
transport (MoO3) layer and an electronic transport (ZnO) layer, combining the high carrier
transmission rate of inorganic materials with the high luminescence efficiency of organic
materials. This design successfully enhanced carrier mobility and decoupled the electrode
from the emission organic layer, supporting waveguide TE2 modes firmly restricted to
polyfluorene gain materials, thus creating a relatively efficient optically pumped laser.
Although spontaneous electroluminescence was observed under electrical pumping, no
electrically pumped laser was achieved [106].

5.2.2. Reducing Electrode Loss

Due to the requirement for carrier injection, the primary distinction between elec-
trically pumped organic laser devices and optically pumped ones lies in the employed
electrode. Currently, the cathode used in OLED devices needs to be made of metal materials,
but the reflectivity of metal films is low (Ag has a reflectivity as high as 95%, while common
Al is below 92%). These electrodes have a wide absorption range and a large absorption
coefficient, which can cause a significant loss of light. Therefore, inhibiting the loss of
metal electrodes is necessary to construct high-quality optical microcavities and reduce
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the excitation threshold. One relatively simple treatment method is to use a transparent
conductive oxide to replace the metal as the electrode of an organic laser device [107].
However, in practice, the transparent conductive oxide electrode is also highly absorbent
and is challenging to effectively reduce the excitation threshold [108].
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structure of the thick cavity transport layer are sandwiched, and the thickness of each layer 
is optimized to implement TE2 mode. In this mode, contact points are set at the nodes be-
tween the buffer layer and the core, allowing the aluminum-doped zinc oxide (azo) elec-
trode layer to be inserted between the magnetic core and the buffer layer, significantly re-
ducing the electrode loss [109]. Another innovative device, the light-emitting field-effect 
transistor (LEFET), combines light generation capabilities with the advantages of high car-
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ditional OLEDs cannot match. When operating in a bipolar state, the holes and electrons in 
the LEFET are balanced, while the compound region is operated in the transistor channel 

Figure 19. (a) Graphic depiction of COPLED structures for corrugated F8 films with ITO cath-
odes, ZnO electron injection layers, MoO3 layers for hole injection, and silver anodes. (b) Tap-
ping mode AFM micrograph of a polymer DFB laser diode composition with corrugations of
278 nm period and a depth of 40 nm. (c) Threshold performance in polymer DFB lasers fabri-
cated with ITO/ZnO/F8 (Eth = 19.1 mJ cm−2 /pulse−1; 38 kW cm−2) and ITO/ZnO/F8/MoO3/Ag
(Eth = 27.1 mJ cm−2/pulse−1; 54 kW cm−2), respectively. (d) A sequence of emission spec-
tra right beneath (bottom line) and over the threshold (middle and top line) values for an
ITO/ZnO/F8/MoO3/Ag layout. (a–d) [105] Copyright 2009 Advanced Functional Materials
(e) Illustration of hole-only devices (ITO/PEDOT:PSS/F8BT/MoO3/Au). (f) Schematic of electron-
only devices (ITO/ZnO/Cs2CO3/F8BT/Ca/Al). (g) J-V characteristics of hole-only devices for hole
injection obtained from MoO3 (white squares) as well as from PEDOT: PSS (white circles) for an
F8BT thickness of 870 nm. (h) J-V characteristics of electron-only devices for electron injection from
ZnO/Cs2CO3 (white squares), Ca/Al (black triangles), and ZnO (black squares) for F8BT thickness
of 870 nm. (e–h) [106] Copyright 2010, Advanced Materials.

A more effective approach is to increase the separation between the electrode and the
laser activation status in the cavity. For instance, Wallikewitz [100] increased the thickness
of the charge transmission layer, fabricating the electrode further away from the laser mode,
thus weakening the electrode absorption. Additionally, there are waveguides similar to
the organic and inorganic hybrid designs mentioned earlier, where the gain media and
the structure of the thick cavity transport layer are sandwiched, and the thickness of each
layer is optimized to implement TE2 mode. In this mode, contact points are set at the
nodes between the buffer layer and the core, allowing the aluminum-doped zinc oxide (azo)
electrode layer to be inserted between the magnetic core and the buffer layer, significantly
reducing the electrode loss [109]. Another innovative device, the light-emitting field-effect
transistor (LEFET), combines light generation capabilities with the advantages of high
carrier mobility from the field-effect transistor [100]. The LEFET possesses advantages
that traditional OLEDs cannot match. When operating in a bipolar state, the holes and
electrons in the LEFET are balanced, while the compound region is operated in the transistor
channel and isolated from the metal electrode. Even in the presence of carrier imbalance,
the distance between the metal electrode and the carrier composite zone exceeds 300 nm,
leading to a significant reduction in the loss of the metal electrode and limiting the excitation
threshold to a low level [110,111].
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5.2.3. Polaronic Loss Reduction

In addition to the losses from the triple state and electrode, the carrier (dipole) itself
also contributes significantly to the overall loss in the electrically pumped organic laser.
The dipole has a wide absorption band, which covers the emitting band of the device and
absorbs photons or quenches singlet states [96]. Rabe [112], using the hole-transporting
material spiro-bifluorene, conducted precise dual measurements of the absorption cross-
section. The results of his experiment confirmed that the dipole interaction mainly occurs
between dipole-exciton quenching rather than direct photon absorption.

The presence of a dipole makes it challenging to maintain a high-level device carrier
mobility. Generally, the carrier mobility of amorphous organic semiconductors falls in the
range of 10−5 to 10−2 cm2·V−1·s−1. Achieving significant current densities in the devices
requires a large number of dipole transports to occur [113]. To further obtain a large electric
field in organic thin film devices with low carrier mobility, a small separation between
two electrodes is required. In fact, both electrode and dipole generation losses result from
the low carrier mobility characteristics of organic semiconductors. However, the organic
light-emitting field-effect transistor (OLEFET) device structure has played a significant role
in finding a solution to these problems. Firstly, the carrier mobility of the OLEFET is much
higher than that of the OLED [114], and it has even achieved several kA·cm−2 current
densities [115]. Additionally, in the OLEFET structure, the electrode is placed far away
from the gain medium, which significantly reduces the exciton quenching of the electrode
and minimizes electrode loss. By using OLEFET devices [11], accumulated carriers can be
reassembled over long distances [44], significantly reducing the influence of dipoles, and
keeping the losses at a low level [56].

Although the electrically pumped organic laser has not been realized in an OLEFET
structure yet [95], its excellent performance in improving carrier mobility and reducing
modal loss makes it the most promising organic laser diode structure [12]. It is believed
that with in-depth investigations by researchers, the organic laser diode will eventually
become a reality. Ultimately, the goal is to transition the organic laser diode from research
laboratories to the production of practical devices in the industry [108].

6. Summary and Prospect

To summarize, we conducted a comprehensive analysis of the relevant factors affecting
the threshold conditions of organic semiconductor laser devices. We explored measures to
reduce the excitation threshold, taking into account both the positive and negative aspects
of modal gain and modal loss [113].

Initially, we introduced the development of optically pumped organic laser devices,
followed by a presentation of current research on gain materials and device structures. We
also described methods to reduce modal loss, especially triplet loss, and construct high Q-
value device structures. Additionally, we delved into the various bottlenecks encountered
in electrically pumped organic laser devices. We further explored the application of material
doping and the use of new structures, as well as raising carrier mobility and reducing
triplet, electrode, and dipole losses to lower the excitation threshold. Another potential
technique we discussed was the organic laser diode OLEFET structure [116].

Optically pumped OSSLs have found extensive applications in on-chip spectroscopy,
optical communication technology, biomedicine, and low-cost sensing. Although the
electrically pumped OLSD was not realized until 2023, theoretical analysis and experiments
have made significant progress in stimulating gain media with low lasing thresholds, high
gain, excellent stability, and high charge carrier mobility. The structure design has also
been influenced by bionic design and sophisticated semiconductor structures. Ideas from
the design and optimization of OLED light-emitting structures have provided valuable
insights for OLSD. In the next decade, mature semiconductor structures, such as field-effect
transistors, are expected to offer new guidelines for stability and efficiency.
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We hope that continuous research and development, building upon the findings
discussed in this paper and beyond, will make low-threshold and high-performance organic
laser devices a reality in the future.
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