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ABSTRACT: The quantum dynamic (QD) study of organic
lasing (OL) is a challenging issue in organic optoelectronics.
Previously, the phenomenological method has achieved success in
describing experimental observation. However, it cannot directly
bridge the laser threshold (LT) with microscopic parameters,
which is the advantage of the QD method. In this paper, we
propose a microscopic OL model and apply time-dependent wave
packet diffusion to reveal the microscopic QD process of optically
pumped lasing. LT is obtained from the onset of output as a
function of optical input pumping. We predict that the LT has an
optimal value as a function of the cavity volume and depends
linearly on the intracavity photon leakage rate. The calculated
structure−property relationships between molecular parameters and the LT are in qualitative agreement with the experimental
results, confirming the reliability of our approach. This work is beneficial for understanding the OL mechanism and optimizing the
design of organic laser materials.

The development of organic solid-state lasers (OSSLs) has
been greatly promoted over the past few years, due to

their wide wavelength range and low-cost fabrica-
tion.1,6,10,15,19,20 As we know, organic lasers have been
developed for 20 years,30 including the optically pumped
laser,19,20 the electrically pumped laser,27,34 and the polariton
laser.14,32,38 At present, the most mature research of OSSLs is
that involving the optically pumped laser. Because of the
optimization of the gain medium, the high-Q cavity feedback
structure, and the excellent optical excitation system, the
performance of the optically pumped laser has been
remarkably improved,30 and the high-Q optical cavity has
become a new way to manipulate the molecular photophysical
properties by light−matter coupling. Because organic molec-
ular materials have achieved great success in diverse fields,6,47

the theoretical design of organic laser molecules has attracted a
great deal of attention. In the previous work by our group,34,41

computational selection strategies for optically pumped and
electrically pumped organic laser molecules have been
proposed. Compared to the theoretical design of laser
molecules, there is still little research on the mechanism of
organic lasers, particularly the dynamic process of intracavity
photons.

The formation of a laser requires an optical gain to
compensate for the photon leakage in the optical cavity.6,19,30

The laser threshold is a crucial parameter for describing the
organic laser performance. The laser threshold is a particular
pump power. When the pump power is larger than the laser
threshold, the output power not only increases significantly but

also increases linearly with the input power. Above the laser
threshold, the larger output power for a given input power
corresponds to a larger slope. It is easy to understand that the
lifetime of the exciton and photon in the cavity is very
important for the laser threshold, and increasing the lifetime of
the exciton and photon can reduce the laser threshold.
Excellent laser performance usually corresponds to a low laser
threshold. On the basis of phenomenological theory, Adachi’s
group has studied the influence of different excitonic losses and
photon leakage on the organic laser threshold of organic lasers
under optical and electrical excitations.42,43 However, the
phenomenological method cannot directly connect the laser
threshold and cavity parameters and molecular electronic
structure parameters. In this paper, we directly relate the input
variable and the output variable of organic lasers to obtain the
lasing threshold based on the quantum dynamical method and
then investigate the structure−property relationships between
the laser threshold and the cavity parameters (including
intracavity photon leakage rate and cavity volume) and
molecular electronic structure parameters (including the
energy of the molecular excited state, the transition dipole,
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and the organization energy). Finally, we obtain the physical
picture of organic lasers and the related structure−property
relationships. The outline of this paper is as follows. First, we
extend the time-dependent wave packet diffusion
(TDWPD)9,12,17,39 method, including the light−matter inter-
action for describing the organic laser in a dissipative cavity.
Then, we combine the extended TDWPD coupled with
properly electronic structure calculations of 4,4′-bis[(N-
carbazole)styryl]biphenyl (BSBCz)23 to investigate the struc-
ture−property relationship among the intracavity photon
leakage rate, cavity volume, single-molecule electronic
structure properties, and laser threshold. Finally, we investigate
the influence of the temperature and the external field duration
on the laser threshold. The proposed formalism and the
structure−property relationship are beneficial to understanding
the mechanism of an organic laser and optimizing the design of
organic laser materials.

In this paper, we study the system, which is N identical
molecules inside a dissipative optical cavity. The interaction
strength between the ith molecule and intracavity photon ℏgi
can be written as21,35

g
V2

cosi ieg
P

0
= | |

(1)

where eg is the transition dipole moment (TDM) of the S1

state, ωP is the frequency of the intracavity photon, ε0 is the
vacuum permittivity, ε∞ is the optical dielectric constant of the
matrix inside the cavity, V is the cavity mode volume, and θi is
the angle between the TDM of the ith S1 state and the
intracavity photon. Within the random orientation model
(Supporting Information), disorder molecules are independent
of each other. Therefore, the lasing process of each molecule
can be independently studied, and we assume that each
molecule only effectively couples one intracavity photon; they
compose a subsystem that is also independent of each other.
Therefore, we can use the quantum dynamics method to
calculate the dynamical properties inside the subsystem,
including one molecule and one photon, and then obtain the
properties of the total intracavity system. The effective
coupling ℏg̅ can be expressed as

g
V

1
3 2eg

P

0
= | |

(2)

In the following text, we use cavity length Lcavity to replace
cavity volume V = Lcavity

3 and use VeP to replace effective
exciton−photon coupling ℏg̅. It is noteworthy that the random
orientation model may not be valid for a very small cavity. In
the case of a very small cavity, the exciton−photon coupling
strength is dependent on the molecular position.29,36 Mean-
while, the property of intracavity photons is also dependent on
the molecular position for a small cavity.29,36 We will develop
our theoretical model for the small cavity. To describe the
organic lasing dynamics in a dissipative cavity, the total
Hamiltonian can be expressed as

H t H t H H H H
H H

H t H H

( ) ( )

( )
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e phonon photon loss
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= + + + +
+ +

= + +
(3)

where H t( )e , Hphonon, He phonon, Hphoton, He photon, Hloss, and

Hphoton loss denote the Hamiltonian for the exciton, the
vibrations (or phonon), the exciton−phonon couplings, the
intracavity photon, the light−matter interaction, the outside
cavity bath, and the intracavity photon−outside cavity bath
coupling, respectively, H t H t H H( ) ( )E e photon e photon= + + ,

H H HE bath e phonon photon loss= + , and H H Hbath phonon loss= + .
The Hamiltonian inside the intracavity subsystem that includes
one molecule and one photon can be written as
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where εg, ωP, and εe are the energies of ground state |g⟩,
photonic state c gP |† , and localized singlet excited state |e⟩,
respectively. In this work, the phonon and outside cavity bath
are identified by a collection of harmonic oscillators. Cj

e is the
mode-specific electron-vibrational coupling strength, and it is
d e t e r m i n e d b y t h e s p e c t r a l d e n s i t y
J C( ) ( )j j je

e2 e= . Cj
P represents the intracavity

photon−outside cavity bath coupling strength, and it is
d e t e r m i n e d b y t h e s p e c t r a l d e n s i t y
J C( ) ( )j j jP

P2 P= . H e r e , w e s e t

E t E t( ) ( )/ 3eg pump eg pump· | | , which is also the result
based on the random orientation approximation. External
field Epump(t) is E t t( ) e cos( )E t

pump 2
/2

pump
0

2 2
= , where σ,

E0, and ωpump are the field duration, field strength, and field
frequency, respectively. Hereafter, we use μeg to replace |μeg|.
For resonance excitation, we set ℏωpump equal to εe. The
formulas and the parameter setting of their spectral density will
be described in detail below. In the quantum dynamic
simulations, we adopt the TDWPD method9,12,17 because it
can be easily applied to large complex systems and extended to
incorporate the strong light−matter coupling. Recently, the
TDWPD method has been extended to include the light−
matter interaction and used to successfully investigate the
effect of the optical microcavity on the singlet fission dynamics
in organic systems.39 The results of previous research have
shown that the TDWPD method is indeed suitable for
studying the dynamic properties of complex molecular systems
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incorporating the light−matter interaction. The TDWPD
method is one of the stochastic Schrödinger equations
(SSEs) in which the molecular vibrational motions are
described by random fluctuations on each electronic state,
and the dynamical equation can be written as

i
t

t H t F t iL

L t
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where H t( )E is the intracavity system Hamiltonian, F̂(t) is the

stochastic force operator F t F t n m( ) ( )n m nm,= | |, αT=0(t) is
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== , and L̂ is the projection operator.

The states |n(m)⟩ include ground state |g⟩, excited state |e⟩,
and intracavity photon state |P⟩, and L̂ = |e⟩⟨e|, |g⟩⟨P|, and |
P⟩⟨g| correspond to excited state |e⟩, ground state |g⟩, and
intracavity photon state |P⟩, respectively. The complete
relation is

1 e e g g P P= | | + | | + | | (6)

In numerical calculations, wave function |Ψ(t)⟩ is written as
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The differential equations of the time-dependent coefficients
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where Fe(P)(t) is the stochastic force, which can be generated
by
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where A(ωk) = coth(ωk/2kBT) + csch(ωk/2kBT) and B(ωk) =
coth(ωk/2kBT) − csch(ωk/2kBT). {ϕk} is a series of random
variables that are uniformly distributed in [0, 2π].

t C( ) ej j
i t

e
e2 j

e
= and t C( ) ej j

i t
P

P2
j
P

= are the zero-
temperature correlation function of the exciton−phonon
couplings and the intracavity photon−outside cavity bath
couplings, respectively. From the TDWPD equation (eq 8), we
can obtain the time-dependent coefficients {Aj(t)} (j = g, e, or
P). The population dynamics can be obtained by the stochastic
average of Ae(g, or P)(t). For instance, the time evolution of a
population on the i(i = e, g, or P)th state is calculated by Pi(t)
= ⟨Ai*(t)Ai(t)⟩. The input variable is the intensity of the
incident laser pulse (Iinput), and it can be defined as

I Einput 0
2| | (10)

where 1.0 au field strength |E0| corresponds to 3.5094 × 1013

KW/cm2 input intensity Iinput.
8,33 Although Iinput is the input

variable, we directly change field strength E0 in numerical
calculations. The output variable is Ioutput, which is the steady-
state photon density inside the cavity, and can be defined as

I P t c Nlim ( )
t

output P M A=
(11)

where PP(t) is the population of the photon state inside the
intracavity subsystem that includes one molecule and one
photon, cM = N/V is the doping concentration of the molecule,
NA is Avogadro’s constant, and limt→∞PP(t) is the population
of the intracavity photon state when the intracavity system
reaches its thermal equilibrium state. For the intracavity system
that includes excitons, phonons, and photons, we use different
intensities of external fields Iinput to excite molecules and
transfer the population to the intracavity photon state through
exciton−intracavity photon coupling. When the steady state is
reached, the intracavity photon density is calculated to obtain
output variable Ioutput.

Molecular Properties of BSBCz. In this paper, we use BSBCz
as a test molecule. In the previous work of our group, BSBCz
has not only excellent photopumped laser performance but
also excellent electro-pumped laser performance.34 We use
TD-B3LYP/6-31g* to calculate the single-molecule properties
of BSBCz with Gaussian16.22 This theoretically predicted that
the energy of the S1 state is 2.472 eV, and the transition dipole
is 6.839 au. On the basis of the knowledge of electronic
structure, we compute the rate constants of different physical
processes by the TVCF rate formalism.16,28,37 All rate constant
calculations are performed via thermal vibration correlation
function (TVCF) method in MOMAP 2021A.7,26,31 This
theoretically predicted that the radiative rate of the S1 state (kr)
is 6.5 × 108 s−1 and the internal conversion rate of the S1 state
(kic) is 1.5 × 108 s−1, which are consistent with the numerical
results in ref 34. The Lorentzian broadening full width at half-
maximum of 200 cm−1 has been used for the convergence of
kic. Here, we also display the molecular reorganization energy
distribution shown in Figure 2. In the following, we determine
the intramolecular vibration spectral density based on the
reorganization energy distribution. It is noteworthy that we
also can employ the effective vibronic mode to effectively
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represent all vibrational modes by following a number of
previous works.2−5,11,17,45,46 The schematic depiction for the
lasing process is shown in Figure 1 b. Huang−Rhys factor Seff,
frequency ωeff, and reorganization energy λeff of the effective
vibronic mode can be calculated as Seff = ∑iSi, i

S
Seff

i i

eff
= ,

and λeff = ωeffSeff, respectively, where Huang−Rhys factors {Si},
frequencies {ωi}, and reorganization energies {λi} are the
parameters of all vibronic modes.

Quantum Dynamics Results of Organic Lasers. Next, we
calculate the laser dynamics and the structure−property
relationship among the intracavity photon−outside cavity
bath coupling strength, cavity size, single-molecule electronic
structure properties, and laser threshold. Before the numerical
calculations, we summarize the extended TDWPD method and
the calculation method of the main physical quantities involved
in this Letter. In this paper, we study the system that is N
identical molecules inside a dissipative optical cavity. On the
basis of the random orientation approximation, the disorder
molecules inside the cavity are independent of each other. The
lasing process of each molecule can be independently studied.
We assume that each molecule only effectively couples one
intracavity photon, and they compose a subsystem that is also
independent. Therefore, we can use the quantum dynamics
method to calculate the dynamical properties inside the
subsystem that includes one molecule and one photon and
then obtain the properties of the total intracavity system. In the
quantum dynamic simulations, we adopt the TDWPD
method9,12,17 because it can be easily applied to large systems
and extended to incorporate the strong light−matter coupling.
Recently, the TDWPD method has been extended to include
the light−matter interaction and used to successfully
investigate the effect of the optical microcavity on the singlet
fission dynamics in an organic system.39 The results of
previous research have shown that the TDWPD method is
indeed suitable for studying the dynamic properties of complex
molecular systems incorporating the light−matter interaction.
The TDWPD method is one of the stochastic Schrödinger
equations (SSEs) in which the molecular vibrational motions
are described by random fluctuations on each electronic state.
From the TDWPD equation (eq 8), we can obtain the time-
dependent coefficients {Aj(t)} (j = g, e, or P). The population
dynamics is thus obtained by the stochastic average of
Ae(g, or P)(t). For example, the time evolution of the population
on the i(i = e, g, or P)th state is calculated by Pi(t) = ⟨Ai*(t)
Ai(t)⟩. Input variable Iinput [Iinput ∝ |E0|2 (see eq 10)] is the
intensity of incident laser pulse Epump(t), and we change the

intensity of the incident laser pulse by changing the value of
field strength E0 in the numerical calculations. Output variable
Ioutput [Ioutput = limt→∞PP(t)cMNA (see eq 11)] is the steady-
state photon density inside the cavity, and doping concen-
tration cM is 0.15 × 10−3 M.23 Next, we can obtain laser
threshold Ithred and field strength threshold Ethred through the
inflection point of the Ioutput−Iinput curve. Following the
preceding calculation process, we can obtain the structure−
property relationships between laser threshold Ithred and cavity
parameters and molecular electronic structure parameters.

For our microscopic model, the coupling between the
intracavity photons and the bath is actually the coupling
between the intracavity photons and the continuous photon
environment outside the cavity. It leads to the intracavity
photons leaking into the photon environment outside the
cavity, manifested as the quenching of the intracavity photons.
Similarly, if there are no intracavity photons and the intracavity
photon−bath coupling is relatively large, the photons outside
the cavity will also penetrate the cavity (at the initial time, the
initial state of the photon environment is a thermal equilibrium
distribution). Therefore, there will be a small amount of
population of the intracavity photon state without external field
Epump(t) excitation. The schematic graph is shown in Figure 1.
The population dynamics of the intracavity system at exciton−
photon coupling VeP also confirms the physical picture, shown
in Figures S5 and S6. Exciton−phonon coupling Cej is
described by the spectral density with broadened stick spectra
of pseudolocal phonon modes,13,24 J ( ) ke

1
( )

k

k
2 2=

+
,

which includes information about all of the vibrational modes
for studying the dynamical properties of the realistic molecular
system with a uniform broadening factor of γ = 40.0 meV to
smoothly generate fluctuation energies.25 Reorganization
energy λk is calculated via the vibrational modes of the
monomer, as shown in Figure 2. Coupling strength Cj

P is that
between intracavity photons, and we use the Debye spectral

density J ( )P
2 P P

c

2
P
c2=

+
to describe the bath, which is

consistent with David Reichman’s recent work.44 We set the
characteristic frequency of the photon environment outside the
cavity ωP

c to 1450 cm−1. According to spectral density JP(ω),
we can calculate the corresponding leakage rate of the

intracavity photon
J

P
1 2 ( )

1 eP

P P

P
= = , where τc is the intra-

cavity photon lifetime and
k T

1

B
= with the Boltzmann

constant kB and temperature T (300 K), and then obtain the

Figure 1. (a) Schematic graph of organic lasers in a dissipative cavity. (b) Molecular four-level energy system, where E is the energy and Q is the
vibrational coordinate.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.3c02171
J. Phys. Chem. Lett. 2023, 14, 8590−8598

8593

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c02171/suppl_file/jz3c02171_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02171?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02171?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02171?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02171?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c02171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


quality of the cavity (Q value) Q 1
2

P

P
= .42,43 The relevant

results are listed in Table 1. The exciton−photon coupling
strength is shown in Table 3. In this paper, we set the
resonance between the external field energy and the S1 state of
the molecule. From Figure 7, we can see that duration σ is
almost independent of the laser threshold. Without a loss of
generality, we set σ to be 30.0 fs later.

First, we calculated the structure−property relationship
among intracavity photon−outside cavity bath coupling
strength λP, cavity length Lcavity, and laser threshold Ithred.
The calculated results are shown in Figure 3. Figure 3a shows
the structure−property relationship among intracavity pho-
ton−outside cavity bath coupling strength λP, cavity length
Lcavity, and laser threshold Ithred, while Figure 3b shows the
population dynamics of the photon state. Without a loss of
generality, we see that the quality of this order of magnitude is
often used for research in experiments; λP is 0.5 meV. From the
results of the calculation, one can see that laser threshold Ithred
first decreases and then increases as Lcavity increases, which can
be understood from a physical perspective. The external field
will destroy the equilibrium state of the system and bring it to a
new stable state. Only when the intensity of external field
Epump(t) is sufficient to break the equilibrium state of the
system will the lasing phenomenon occur, which manifests as
the broken line of the Ioutput−Iinput curve and as a sudden
change in the dynamics of the intracavity photon state. When
the coupling strength between the exciton and intracavity
photon is sufficiently large, a stronger external field is required
to disrupt the equilibrium state of the intracavity system, and
when Lcavity is very large, the population transfer between the
exciton and intracavity photon is suppressed due to the small
coupling strength between the exciton and intracavity photon.
Therefore, a stronger external field is needed to produce a
sudden change in the dynamics of the intracavity photon state.
From this physical picture, it is not difficult to understand that

the laser threshold varies with Lcavity. It is worth noting that
there is no direct correspondence between the laser threshold
and the steady-state population of the intracavity photon state.
This is because the laser threshold is controlled by the short-
time excitation of the external field and belongs to the short-
time dynamical property; the steady-state population of the
intracavity photon state is controlled by the interaction of
different components in the total system, which is determined
by the long-time dynamical property. Therefore, the
combination of the low laser threshold and the large steady-
state population of the intracavity photon state may exist. This
is indeed reflected in Figure 4. The population dynamics of the
ground state, local excited state, and photon state at different
cavity lengths are shown in Figures S1−S3, respectively. Of
course, when cavity length Lcavity is very large (exciton−photon
coupling Vep is smaller than intracavity photon leakage rate
ΓP), the steady-state population of the intracavity photon state
will indeed decrease monotonically as Lcavity increases, as
shown in Figure S4. From Figure 3b, we can see that the laser
intensity threshold has a linear relationship as the intracavity
photon−bath coupling strength increases, and the laser
intensity threshold is inversely proportional to the quality of
the cavity. When the intracavity photon−bath coupling
strength is set to 0.0, the laser intensity threshold is also
equal to zero. The results are shown in Figure S7. This
indicates that when we change the intracavity photon−bath
coupling strength values, we can obtain laser thresholds of any
size. On the basis of this linear relationship, we are not limited
to the specific values of the laser threshold but focus on the
structure−property relationship. It is worth noting that as the
intracavity photon leakage rate increases, it does lead to an
increase in the initial population of the intracavity photon state
and a decrease in the steady-state population of the intracavity
photon state, as shown in Figure 5.

Next, we calculate the structure−property relationship
between the electronic structure properties of a single molecule
and the laser threshold. We investigate the influence of the
energy of the S1 state (εe), the molecular transition dipole
(μeg), and the reorganization energy (λm) on laser threshold
Ithred. Here, we set Lcavity to 15.0 nm and λP to 0.5 meV. All
unchanged parameters still use the molecular parameters of
BSBCz, as mentioned above. For the calculation of the
reorganization energy, we use Debye spectral density
J( ) 2 m c

2
c

2=
+

to describe the exciton−phonon coupling.

Here, we change reorganization energy λm, and characteristic
frequency ωc is set to 1450.0 cm−1.13,24,39 The calculated
results are shown in Figure 6. From the results, we can see that
laser threshold Ithred monotonically decreases as molecular S1-
state energy εe and molecular transition dipole μeg increase, but
reorganization energy λm cannot change laser threshold Ithred.
Molecular S1-state energy εe and molecular transition dipole
μeg are inversely proportional to laser threshold Ithred. This is
consistent with the experimental results.40 When molecular S1-
state energy εe decreases, the intracavity photons will be
quenched faster (shown in Table 2), which leads to the

Figure 2. Reorganization energy distribution of BSBCz. The inset
shows the chemical structure of BSBCz.

Table 1. Intracavity Photon Leakage Rates ΓP and Quality of Cavity Q Values at Different Intracavity Photon−Outside Cavity
Bath Coupling Strength λP

λP (meV) 0.0 0.5 1.0 5.0 10.0 20.0 50.0 100.0 200.0
ΓP (meV) 0.0 0.1447 0.289 1.447 2.894 5.787 14.47 28.94 57.87
Q infinity 8542.64 4271.32 854.26 427.13 213.57 85.43 42.71 21.36

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.3c02171
J. Phys. Chem. Lett. 2023, 14, 8590−8598

8594

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c02171/suppl_file/jz3c02171_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c02171/suppl_file/jz3c02171_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c02171/suppl_file/jz3c02171_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02171?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02171?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02171?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02171?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c02171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


increase in laser threshold Ithred. The decrease in molecular
transition dipole μeg will weaken the ability of external fields to
disrupt the initial steady state of the intracavity system, leading
to an increase in laser threshold Ithred, although reorganization
energy λm has almost no effect on laser threshold Ithred.
However, the increase in reorganization energy λm can reduce
the steady-state population of the intracavity photon state,
which does hinder light amplification in the cavity. The
calculated population dynamics of the intracavity photon state
is shown in Figure S8. As we know, the Debye spectral density
is very suitable for describing the low-frequency vibrational
modes of a molecule. When we increase λm, the low-frequency
vibrational modes are enhanced and the high-frequency modes
are almost unaffected. Therefore, the molecular “four-level”
energy system is ruined. This is consistent with the conclusion
proposed by ref 18. In this work, we cannot consider the
influence of the molecular aggregation effect on laser threshold
Ithred, and we will extend the current work to investigate the
influence of the molecular aggregation effect on laser threshold
Ithred in our future work.

Finally, we investigate the effects of temperature T and
external field duration σ on laser threshold Ithred, and the
calculated results are shown in Figure 7. From the results of the
calculation, we can see that temperature T and external field
duration σ cannot change laser threshold Ithred. From the
population dynamics of the intracavity photon state, one can
see that the increase in temperature T can accelerate the
relaxation of the intracavity system. It is noteworthy that
temperature T directly affects the steady-state population of
the intracavity photon state, which is a long-time dynamical
property, and, the steady-state population of the intracavity

photon state is controlled by the interaction of different
components in the total system. The laser threshold is a short-
time dynamical property, which is controlled by the short-time
excitation of the external field, and there is no direct
correspondence between the laser threshold and the steady-
state population of the intracavity photon state. The short-time
population dynamics of the intracavity photon state cannot be
affected by temperature, as shown in Figure S9. An increase in
external field duration σ can decrease the external field strength
at t = 0.0, thereby reducing the population of the intracavity

Table 2. Intracavity Photon Leakage Rates ΓP and Quality of Cavity Q Values at Different Intracavity Photon Frequencies ωP

ωP (eV) 2.0 2.2 2.4 2.6 2.8 3.0
ΓP (meV) 0.1783 0.1624 0.1490 0.1376 0.1279 0.1190
Q 5607.37 6775.48 8054.84 9445.44 10947.30 12560.40

Table 3. Exciton−Photon Couplings Vep at Different Cavity
Lengths Lcavity

Lcavity
(nm)

10.0 13.0 15.0 16.0 18.0 20.0 25.0

Vep
(meV)

31.55 21.08 17.18 15.44 12.94 11.16 7.91

Figure 3. Structure−property relationship between (a) cavity length Lcavity and laser threshold Ithred and (b) intracavity photon−outside cavity bath
coupling strength λP and laser threshold Ithred. The inset shows the structure−property relationship with respect to field strength threshold Ethred.

Figure 4. (a) Ioutput−Iinput curve at different cavity lengths Lcavity. (b)
Population dynamics of the photon state inside the subsystem that
includes one molecule and one photon at different cavity length Lcavity.
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photon state. Although the action time of external field
Epump(t) will increase with duration σ, a smaller duration σ is
indeed beneficial for increasing the steady-state population of
the intracavity photon state. It is worth noting that increasing
duration σ does not mean that external field Epump(t) can
exhibit the performance of a continuous wave. When duration
σ approaches infinity, external field Epump(t) has no effect on
the intracavity system.

In conclusion, on the basis of the TDWPD method coupled
with light−matter interaction, we develop a microscopic
quantum dynamic approach to describe the organic lasing
phenomena in a dissipative cavity. The extended TDWPD
method is applied to investigate the structure−property
relationships between the lasing threshold and the intracavity
photon−outside cavity bath coupling strength, cavity size, and
single-molecule electronic structure properties. The following
conclusions are drawn. (i) A microscopic model suitable for

describing the lasing dynamics of an organic molecular system
has been constructed, which can be used to describe the
structure−property relationships between the laser threshold
and cavity parameters and molecular electronic structure
parameters. (ii) The microscopic physical picture of an organic
laser is proposed. The photons outside the cavity can penetrate
the cavity, leading to the thermal equilibrium state in the
cavity. Only when the intensity of the external field is sufficient
to break the equilibrium state of the intracavity system will the
lasing phenomenon happen. (iii) The laser threshold decreases
first and then increases as the cavity size increases, and there is
an optimal value that can be understood from a physical
perspective. The laser threshold increases linearly with the
intracavity photon−outside cavity bath coupling strength,
exhibiting a monotonically decreasing tendency with an
increase in the cavity quality value (Q value), which is
consistent with the experimental results. (iv) The reorganiza-
tion energy cannot change the laser threshold. A larger
reorganization energy leads to a decrease in the steady-state
population of the intracavity photon state. The energy of the S1
state and the transition dipole are inversely proportional to the
laser threshold, which is consistent with the experimental
conclusion. The proposed formalism and structure−property

Figure 5. (a) Ioutput−Iinput curve at different intracavity photon−
outside cavity bath coupling strengths λP. (b) Population dynamics of
the photon state inside the subsystem that includes one molecule and
one photon at different intracavity photon−outside cavity bath
coupling strengths λP.

Figure 6. Structure−property relationship between molecular S1-state energy εe, molecular transition dipole μeg, and reorganization energy λm and
laser threshold Ithred.

Figure 7. Relationship between temperature T and duration σ and
laser threshold Ithred (left). Population dynamics of the photon state
inside the subsystem that includes one molecule and one photon at
different temperatures T and durations σ.
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relationship are beneficial for understanding the mechanism of
organic laser and optimizing the design of organic laser
materials.
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