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We introduce an analytical model for ideal organic laser diodes based on the argument that
their intrinsic active layers necessitate operation in the bipolar space charge-limited current regime.
Expressions for the threshold current and voltage agree well with drift-diffusion modeling of complete
p-i-n devices and an analytical bound is established for laser operation in the presence of annihilation
and excited-state absorption losses. These results establish a foundation for the development of
organic laser diode technology.

Epitaxial inorganic semiconductors are the basis for
nearly all laser diodes today. Organic semiconductors
could provide a new, wavelength-tunable laser diode plat-
form, but are disadvantaged by lower charge carrier mo-
bility, lower thermal conductivity, and more efficient ex-
cited state quenching interactions. Beyond their material
properties, however, organic and inorganic laser diodes
also fundamentally differ in their mode of electrical op-
eration: gain in the inorganic case is driven by diffu-
sion current in a p-n junction,[1], whereas in the organic
case, the need for an intrinsic active layer (since electri-
cal doping severely quenches organic semiconductor ex-
cited states[2, 3]) requires gain to be achieved by a space
charge-limited (SCL) drift current. Although the impact
of SCL current is well-appreciated for organic light emit-
ting diodes (OLEDs)[2], its implications for organic laser
diode operation have not been explored in detail.

Here, we derive expressions for the threshold voltage
and current density of ideal organic laser diodes where
gain is provided by a bipolar SCL current in the intrinsic
active layer of a p-i-n device. The results are extended
to treat organic laser operation in the presence of triplet
exciton and polaron losses, and are validated using the
commercial device simulator Setfos[4]. As organic laser
efforts accelerate following the initial demonstration by
Sandanayaka et al. [5], the framework established here
should prove useful for guiding future development.

Space charge effects become significant in a semicon-
ductor when the transit time of electrons and holes
drifting across it (τtr = L2/µn,p(V − Vbi), where L
is the layer thickness, V is the applied voltage, Vbi is
the built in potential, and µn,p is the electron or hole
mobility) is smaller than the dielectric relaxation time,
τrlx = ε/q(µnn0 +µpp0), set by its dielectric constant (ε)
and equilibrium free charge density (n0, p0, with q rep-
resenting the elementary charge). In essence, this situa-
tion corresponds to injecting more charge into the semi-
conductor than exists in equilibrium and it is frequently
the case in undoped organic semiconductors[2, 3, 6]. Or-
ganic laser diodes are generally expected to operate in
this regime because 1) they operate at high current den-
sity where drift dominates diffusion and 2) although their
electron and hole transport layers are typically doped
to achieve high conductivity[5], their active layer (i.e.

gain region) must remain intrinsic to avoid strong exci-
ton quenching with ionized dopant and polaron species.
Thus, τtr,n, τtr,p � τrlx is well-satisfied and, notwith-
standing the limited diffusion of charge carriers from the
contacts/transport layers into the active layer[7], optical
gain must be achieved in the bipolar SCL current regime.

The two-carrier SCL current problem was originally
solved by Parmenter and Ruppel for the ideal case of
a trap-free insulator[8]. The result exhibits the same
V 2/L3 dependence as the unipolar case, but predicts an
enhancement of the overall current density that depends
on the recombination rate between electrons and holes.
In the following, we use this solution to establish analyt-
ical bounds and scaling relationships for an ideal organic
laser diode with Ohmic electron and hole injection into
the active layer; any limitations on injection would con-
stitute a source of non-ideality.

In organic semiconductors with a large exciton binding
energy and exchange splitting between bright (singlet)
and dark (triplet) exciton states, the net modal gain can
be expressed as[1]:

g = Γσst (NS −Ntr)− α , (1)

where Γ is the modal confinement factor, σst is the stim-
ulated emission cross-section, NS is the singlet exciton
density, Ntr is the transparency density, and α is the net
optical loss due to outcoupling, scattering, or parasitic
absorption from other materials or excited states. At
threshold, g = 0 and thus the threshold singlet density
is:

Nth = Ntr

(
1 +

α

NtrΓσst

)
. (2)

The singlet density is governed by the rate equation:

dNS

dt
= χSR−NS (kS + kQ)− gvgNph , (3)

where R is the exciton generation rate due to Langevin
recombination of electrons and holes (i.e. R = γnp,
where γ = q(µn + µp)/ε)[6], χS = 1/4 is the singlet
spin fraction[9], kS is the natural singlet decay rate, and
kQ accounts for any additional quenching processes such
as exciton-exciton and exciton-polaron annihilation ex-
plored below. The term on the right-hand side of Eq. (3)
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FIG. 1. Normalized carrier concentration, electric field, and
np product as a function of position for bipolar space charge-
limited current with a Langevin recombination rate, equal
charge carrier mobilities, and Ohmic electron and hole injec-
tion.

accounts for stimulated emission, with Nph and vg equal
to the photon density and group velocity of the lasing
mode, respectively.

At threshold, g = 0 and thus Eq. (3) can be solved in
steady state to yield the threshold recombination rate:

Rth =
NtrkS

χS

(
1 +

kQ

kS

)(
1 +

α

ΓσstNtr

)
, (4)

which factors into an ideal rate multiplied by exciton and
optical loss terms in parentheses. Equation (4) is derived
assuming a spatially uniform exciton density, which is
rigorously valid for the ideal case of µn = µp as shown
below, and thus also justifies the neglect of exciton dif-
fusion in Eq. (3).

The Parmenter-Ruppel solution subsequently estab-
lishes the link between recombination rate, voltage, and
current density in the device. The general result is pro-
vided in the Supplementary Material; however, we focus
here on the specific case of equal electron and hole mo-
bilities (µn = µp = µ) and perfect charge balance (i.e.
every injected electron recombines with a hole in the ac-
tive layer) since it constitutes the limit of an ideal organic
laser diode.

The current-voltage relationship is given by the Mott-
Gurney law:

J =
9

8
εµeff

(V − Vbi)
2

L3
, (5)

but with an effective mobility, µeff = 256µ/(9π2) ≈ 2.9µ,
larger than that of the individual carriers due to the neu-
tralization of space charge by recombination. For the

assumed case of Ohmic electron and hole injection into
the active layer, the built-in potential is approximated
by the bandgap energy, Vbi ≈ Eg/q. The position, elec-
tric field, and carrier densities are most conveniently ex-
pressed parametrically in terms of the fractional electron
current jn = Jn/J :

x = Ljn E =
√
jn (1− jn)

√
2LJ

εµ
(6a)

n =

√
jn

1− jn

√
εJ

2q2µL
p =

√
1− jn
jn

√
εJ

2q2µL
. (6b)

Each quantity scales linearly with the applied voltage
(square root of the current) and is shown normalized to
its value at the midpoint of the active layer in Fig. 1. The
np product is spatially uniform as evident from inspec-
tion of Eq. (6b), justifying the neglect of spatial variation
in deriving Eq. (4). As in the case of unipolar SCL cur-
rent, these equations break down in the immediate vicin-
ity of the contacts as the field drops to zero and transport
becomes diffusive.

It is subsequently straightforward to evaluate the cur-
rent density and voltage in terms of the recombination
rate at threshold:

Jth = qLRth and Vth =
πL2

4

√
qRth

2εµ
+ Vbi. (7)

The expression for Jth follows directly from particle con-
servation due to the assumption of perfect charge balance
and shows that the simple dimensional analysis estimate
commonly used in the literature[10] is exact for a bipolar
SCL current. We note that, although Eq. (7) is derived
under the assumption µn = µp, it remains reasonably ac-
curate even when the mobilities differ by up to an order
of magnitude provided that their average value is used
for µ; see the Supplementary Material for details.

In evaluating Rth from Eq. (4), we note that, while
Ntr can be obtained from thermodynamic considerations
(see the Supplementary Material), it is immaterial in
practice because the cold cavity loss (αcav) typically sat-
isfies αcav/ΓσstNtr � 1 and thus Rth ≈ Nth,0kS/χS,
which is readily determined from the threshold singlet
density (Nth,0) measured experimentally under impul-
sive optical pump conditions. Taking parameter val-
ues typical of the 4,4′-bis[(N-carbazole)styryl]bi-phenyl
(BSBCz) diode lasers reported by Sandanayaka et al.
[5]: Nth,0 = 2 × 1016 cm−3, kS = 1 ns−1, ε = 4ε0,
µ ≈ 1×10−3 cm2 V−1 s−1, Eg ≈ 2.7 eV, and L = 150 nm,
we obtain Jth = 190 Acm−2, Vth = 26 V and a thresh-
old power density Pth = JthVth = 5.1 kWcm−2 as
lower bounds for laser operation. For comparison, the
experimentally-recorded values are Jth = 600 Acm−2,
Vth = 34 V and Pth = 20 kWcm−2[5].

Equation (7) highlights the importance of active layer
thickness for organic laser diodes. Whereas Jth depends
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FIG. 2. Drift-diffusion simulations of the current-voltage re-
lationship for a BSBCz-like active layer with Ohmic majority
carrier injection and equal electron and hole mobilities that
are either constant (blue line) or given by the extended Gaus-
sian disorder model (EGDM) for disordered organic semicon-
ductors (red). The black dashed line shows the analytical
space charge-limited current (SCLC) prediction and solid cir-
cles denote the lasing threshold in each case.

weakly on L since Γ ∝ L to first order, the threshold
voltage and power density both scale as L3/2. The is im-
portant in the context of thermal management because
organic laser diodes not only generate more heat than
their inorganic counterparts (due to their higher volt-
age), but have more difficulty dissipating it (due to their
lower thermal conductivity) and are less able to with-
stand high temperature without degrading. Electric field
strength, which scales as L1/2, is another concern since
its maximum in the example above (Emax = 2 MVcm−1)
is comparable to the ∼ 3 MVcm−1 breakdown field of
many organic semiconductors[2, 3, 6]. To this point, di-
electric breakdown was reported after roughly fifty pulses
near threshold in Ref. [5].

Given that the threshold relations above neglect the
existence of charge transport layers and also assume in-
finite carrier densities at the active layer interfaces, it is
important to test the accuracy of these results against
full drift-diffusion modeling of a real device architec-
ture. Retaining the BSBCz parameters from above, we
treat the case of an organic laser with a 150 nm-thick
intrinsic active layer and fix the majority carrier con-

centrations at each edge to 2.5 × 1019 cm−3 to simu-
late Ohmic injection from heavily doped transport lay-
ers. Drift-diffusion simulations are carried out using
the commercial software Setfos[4] and the results are
presented in Fig. 2 for the case of a constant mobility
(µn = µp = 1 × 10−3 cm2 V−1 s−1; blue) and for the
case in which it depends locally on electric field and car-
rier density according to the extended Gaussian disorder
model (EGDM, red); details of the EGDM are provided
in the Supplementary Material. The threshold current
density in both simulations is in good agreement with
the analytical prediction; however, the threshold voltage
in the EGDM case is slightly lower. This, along with the
added current at high bias, is due to the increase in mo-
bility with field and carrier concentration in the EGDM
model, which highlights the importance of using mobility
values that are congruent with the conditions at thresh-
old.

From Fig. 1, it is evident that to sustain the elec-
tron and hole concentrations in the middle of the de-
vice (and thus the np product everywhere), the majority
carrier concentrations injected at the active layer edges
must be roughly an order of magnitude higher. Insert-
ing Jth = 190 Acm−2 from Fig. 2 into Eq. (6b) suggests
that edge carrier concentrations as low as∼ 3×1018 cm−3

are sufficient to maintain charge balance up to the las-
ing threshold, in agreement with the full drift-diffusion
model. This is important because it sets the minimum
doping concentration required for the transport layers in
a laser diode (i.e. due to continuity of n and p) which,
notably, is within the range typical for p-i-n OLEDs [11];
more detail on this point is provided in the Supplemen-
tary Material.

At this stage, it is also important to assess the im-
pact of triplet exciton and polaron-related optical losses
(due to respective absorption cross-sections σTT [12] and
σPP at the lasing wavelength) and quenching interactions
(with respective annihilation rate coefficients kSTA and
kSPA) [13, 14]. Because the latter typically depend on
the former through Förster energy transfer[15], absorp-
tion and annihilation losses must be treated on equal
footing. Assuming only one species of polaron (holes in
this case) is detrimental, the quenching rate in Eq. (3)
becomes kQ = kSPApmid +kSTANT and the loss in Eq. (1)
becomes α = αcav+Γ(π2 pmidσPP+NTσTT), where pmid is
the hole density at the midpoint of the active layer. Us-
ing the threshold singlet density in the absence of triplet
and polaron losses, Nth,0 (defined in Eq. (2) by the cold
cavity loss), Eq. (4) can be rewritten in the form of an
implicit quartic equation:

Rth =
Nth,0kS

χS

(
1 +

RthχTtrisekSTA

kS
+
kSPA

kS

√
εRth

2qµ

)(
1 +

RthχTtriseσTT

Nth,0σst
+

πσPP

2Nth,0σst

√
εRth

2qµ

)
. (8)
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In this expression, the rise time (trise) is important be-
cause it determines the extent to which long-lived triplet
excitons accumulate before the full current density is
achieved (i.e. NT ≈ RχTtrise by the time the full re-
combination rate, R, is reached)[16]. Although trise is
nominally characteristic of the electrical pulse, it cannot
be significantly faster than the transit time of charge car-
riers drifting across the active layer since this is the time
it takes to establish the SCL recombination profile to be-
gin with (τtr ≈ 10 ns for the BSBCz example above) [17].
Note also that, in seeking to approximate the spatially
nonuniform polaron density with a single effective value
for annihilation and absorption, it is more accurate to
use the midpoint density for the former and the layer-
averaged density (π2 pmid) for the latter as discussed in
the Supplementary Material.

The form of Eq. (8) is useful because it allows the im-
pact of each loss mechanism to be understood individu-
ally. For example, singlet-triplet annihilation on its own
doubles the threshold when the middle term in the first
set of parentheses is equal to unity, which corresponds
to the situation where trise = χS/(2χTNth,0kSTA). More
generally, for Eq. (8) to have any physically meaning-
ful solution, the absorption and annihilation coefficients
must satisfy the following inequalities:√

σTT/σst +
√
Nth,0kSTA/kS <

√
χS/ (χTkStrise) (9a)

and kSPAσPP < 4χSσstqµ/ (πε) . (9b)

Figures 3(a) and 3(b) plot these bounds for triplet and
polaron losses, respectively, along with contours that
show the relative increase in threshold caused by each
species. Figure 3(b) also includes the results from full
Setfos numerical modeling (solid symbols) of the po-
laron case, validating the midpoint and average carrier
density approximations used to derive Eq. (8).

These results highlight the difference between triplet
losses, where a small increase in absorption cross-section
or annihilation coefficient can mean the difference be-
tween a modest threshold increase and prevention of las-
ing outright, and polaron losses, where the penalty is
more gradual and does not depend on external factors like
αcav or trise. A blunt way of characterizing this difference
is that triplet excitons are either insignificant or catas-
trophic, whereas the region of parameter space between
these extremes is broader for polarons. This highlights
the importance of designing new organic gain media like
BSBCz that have low overlap between their emission and
triplet-triplet absorption spectra [5], and of implementing
device architectures that can deliver high-speed electri-
cal pulses[19], since this is the difference between success
and failure for the classic Alq3:DCM[16] gain medium in
Fig. 3(a).

Another intuitive, but important guideline is to seek
organic gain media with equal (and maximal) electron
and hole mobilities. To the extent that perfect charge

balance is maintained and the envelope of the lasing mode
varies negligibly over the active layer, the general solution
for µn 6= µp given in the Supplementary Material shows
that Eq. (7) is largely unaffected when the mobility of
one carrier dominates (in this case µeff is just the mobil-
ity of the more mobile charge carrier). The problem with
imbalanced mobility, however, is that it concentrates re-
combination toward the lower mobility carrier side of the
active layer. This not only exacerbates annihilation loss,
but also makes it more challenging to maintain charge
balance since the less mobile carrier must be injected at
higher density to sustain the same total recombination
rate in a narrower region of space; full details are pro-
vided in the Supplementary Material.

Finally, we note that lasing from space charge-limited
lasing may also be relevant for metal halide perovskite
(MHP) lasers. Though SCL current is less well-studied
in this material class (due in part to complications with
ion movement)[20, 21], the observation that MHP light
emitting diodes use undoped active layers[22, 23] along
with the fact that electrical doping is a basic challenge
for these materials to begin with[20] makes it plausible
that a future MHP laser diode will operate in the bipo-
lar SCL current regime with free carrier (as opposed to
excitonic) gain[23] as detailed in the Supplementary Ma-

Jth = 2Jth,0
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FIG. 3. Contours showing the relative increase in thresh-
old current due to parasitic absorption and singlet exciton
annihilation caused by (a) triplet excitons and (b) hole po-
larons. Lasing is forbidden in the shaded region at any current
density. The solid lines are calculated using Eq. (8) and are
compared in (b) with the results of Setfos numerical model-
ing (solid circles). The Alq3:DCM material system marked
by the red dot in (a) lies in the forbidden region for the
trise = 10 ns case shown. All of the calculations are based
on the BSBCz parameters given in the main text along with
σst = 2× 10−16 cm2[18].
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terial. In this case, however, recombination tends to be
sub-Langevin (i.e. the bimolecular recombination coef-
ficient is substantially smaller than the Langevin rate),
which causes bipolar SCL current to take place in the
injected plasma regime where n ≈ p everywhere[24].
Unfortunately, the analytical solution in this limit can
greatly overestimate the threshold current because diffu-
sion strongly modifies the np product (and thus the re-
combination current) near the active layer edges (see the
Supplementary Material for an example). A full drift-
diffusion model is therefore required to accurately de-
scribe MHP lasers.

In conclusion, we have put forth a model for organic
laser diodes that operate in the bipolar space charge-
limited current regime. We have obtained analytical ex-
pressions for the threshold voltage and current density
and have identified fundamental limits for laser opera-
tion in the presence of parasitic annihilation and excited
state absorption losses. These results, together with the
experiments of Sandanayaka et al. [5], emphasize a shift
in strategy from OLED-like architectures characterized
by many heterojunctions, blocking layers, and so forth,
to a p-i-n structure based on a single, low threshold ma-
terial that can be degenerately p- and n-doped, and that
has no triplet or polaron absorption overlapping with its
emission. With rational design of organic laser materials
now emerging to meet these criteria [25] and the model
here to predict device performance, the future of organic
laser diode technology is coming into clearer focus.

This work was supported in part by AFOSR Award no.
FA9550-18-1-0037 and DARPA Award no N66001-20-1-
4052.
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