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Abstract

Electrically pumped organic semiconductors have been demonstrated to yield nearly diffraction-limited beam divergences
and high-visibility double-slit interferograms characteristic of laser emission. This coherent emission has been measured
and quantified in detail but no explanation has been advanced on the origin of this emission. Here, the origin of this emis-
sion is explained in terms of probability amplitudes a la Dirac. More specifically, in terms of Dirac’s identities applicable
to quanta “absolutely indistinguishable from one another.” In addition, this elucidation enables the cohesive understanding

of sources applicable to quantum entanglement experiments.

1 Introduction

Coherent emission from electrically pumped organic semi-
conductors was reported by Duarte et al. [1] while utiliz-
ing a coumarin 545 tetramethyl laser dye-doped tandem
organic light-emitting diode (OLED) electrically excited in
the pulsed regime with nanosecond rise time pulses.

This coherence is characterized by highly directional
emission, with a near diffraction-limited beam at A@ ~ 2.53
mrad, and high visibility interferometric fringes with VV =~ 0.9
[1-3]. Albeit these results have been analyzed and quanti-
fied in detail [4] to date the origin of this coherent emission
has not been elucidated. This is done here from a quantum
mechanical perspective.

Furthermore, the conceptual framework utilized in this
analysis is also applied to what is known about type II spon-
taneous parametric down conversion (SPDC).
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2 Coherent interferometric emitters:
experimental

In this section, for the benefit of the reader and the sake
of completeness, the experimental results disclosed in [1]
are briefly reviewed. Coherent emission from an electrically
excited laser dye-doped organic semiconductor was charac-
terized in mainly two ways: directionality of the emission
and the high visibility of the interference fringes of the emis-
sion. The gain medium was the high-gain laser dye coumarin
545 tetramethyl [5]. The semiconductor gain medium and
the electrical excitation methodology are described in detail
in [4, 6].

A detailed experimental description of the integrated
interferometric device, powered by the pulsed electrically
pumped organic semiconductor utilized in these measure-
ments, and detection techniques, is given in [1-3].

A highly directional emission beam was recorded per-
manently on black and white silver-halide film as depicted
in Fig. 1. This directional emission was measured to exhibit
a beam divergence of A8 = 2.53 + 0.13 mrad which trans-
lates into A@ ~ 1.09(4/zw), where (1/zw) is the diffraction-
limited beam divergence and A ~ 540 nm. The digital beam
profile of this emission is near-Gaussian [1]. This class of
beam profile and measured beam divergence is typical of
optimized narrow-linewidth laser oscillator emission [7].

Figure 2 shows the digital image of the profile of the dou-
ble-slit interferogram of the highly directional on-axis emis-
sion from the electrically pumped laser-dye doped organic
semiconductor emitter. The width of the slits was 50 um and
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Fig.1 Silver halide photographic image of the cross section of the
on-axis emission from the electrically pumped laser-dye doped
organic semiconductor (from [1])
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Fig.2 Digital image of the double-slit interferogram of the highly
directional on-axis emission from the electrically pumped laser-dye
doped organic semiconductor emitter. On the x axis each pixel is
25 pm wide (from [1])

the slits were also separated by 50 um. Using Michelson’s
definition for double-slit interference visibility [8, 9] the
measured visibility of this emission is V' = 0.901 + 0.088.
The black and white photographic version of Fig. 2 is shown
in Fig. 3.

V= Imax B Imin
=3 - ()

max + min

Figure 4 shows the digital image of the profile of the
double-slit interferogram of the highly directional on-axis
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Fig.3 Silver halide photographic image of the double-slit interfero-
gram of the highly directional on-axis emission from the electrically
pumped laser-dye doped organic semiconductor emitter (from [1])
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Fig.4 Digital image of the double-slit interferogram of the highly
directional on-axis emission from the (3s, — 2p,,) transition of a He—
Ne laser emission under an identical interferometric configuration.
On the x axis each pixel is 25 pm wide (from [1])

emission from the (3s, — 2p,,) transition of a He—Ne laser, at
A = 543.30 nm, emission under an identical interferometric
configuration. The interferometric configuration is identical
to that utilized to record the results displayed in Fig. 2. The
measured visibility of this emission is VV = 0.952 + 0.031[2].

From an energetic perspective it should be mentioned that
the interferograms captured digitally, as depicted in Fig. 2,
and in silver-halide media, as shown in Fig. 3, correspond
to emission in the nano Watt (nW) regime [1, 2]. In this
regard, the high black-and-white contrast of the silver-halide
image (Fig. 3) highlights the presence of very low levels
of optical noise, or amplified spontaneous emission, in the
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interferograms. Most of the noise observed in the back-
ground of Fig. 2 can be attributed to the electronic noise of
the room temperature CCD detector. The combined detector
noise, and optical noise, from the digital interferogram can
be estimated to correspond, on average, to less than~7% of
the peak signal. The observed coherent emission is linearly
polarized, however, explicit polarization measurements were
not performed.

3 Coherence

The emission measurements presented in the previous
section are characterized by a nearly diffraction-limited
beam divergence Af =~ 1.09(4/zw), with a near-Gauss-
ian beam profile, and an interferometric visibility of
V= 0.901 + 0.088. These measurements point unequivo-
cally toward strong spatial and spectral coherence charac-
teristic of laser emission.

Is there an explanation for the spatial coherence from
a classical perspective? Collett-Wolf sources are partially
coherent sources known to produce Gaussian-like beams
that are also directional [10]. However, there is no record
in the published literature of Collett-Wolf sources yielding
interferometric visibilities in the laser range, that is, in the
0.85 <V < 1.0 range. Therefore a Collett—Wolf type phe-
nomena must be discarded as a possible explanation.

It should be noted that in the published literature, emis-
sion associated with interferometric visibilities in the range
0.85 <V < 1.0 s considered as laser emission [11-15]. By
contrast, semi-coherent and non-laser sources including
standard Alql; OLED devices, and amplified spontaneous
emission sources, yield interferometric visibilities typically
in the range of 0.40 <V < 0.65 [16-18].

Since the gain medium length is L =~ 300 nm, and emis-
sion wavelength A =~ 540 nm, the cavity is really a sub-
microcavity, or nanocavity, operating in the L < A regime
where laser thresholds decrease dramatically. Indeed, De
Martini [19] reports on a near “zero-threshold-laser” for a
cavity length of L = A/2. This observation was made while
experimenting on a multiple-transverse-mode optically
pumped dye laser [19]. One subtle aspect of sub-microcav-
ities is that the emission can be single-longitudinal-mode
albeit the laser linewidth might not necessarily be as narrow
as that emitted from macroscopic laser cavities [7]. This is
due to one of the consequences of Heisenberg’s uncertainty
principle ApAx ~ h which leads to A4 ~ 1?/Ax, where Ax
is related to the cavity length.

Assuming perfect and intrinsic coherent illumination
either from a single photon or an ensemble of indistinguish-
able photons the interferometric spatial distribution can be
calculated from the Dirac—Feynman principle [20, 21]

N

(dlsy =Y (dlj) (jls), 2)

J=1

where s is the photon source and d is the detector or inter-
ferometric plane. The index j refers to the jth slit in the N-slit
array (j = 1, 2, 3...N) [22, 23]. Multiplication of (2) with its
complex conjugate yields the interferometric probability
[22]

N N *
wmwwe(}kwwmﬁ(ﬁwmom>, 3)
j=1 =1

N N
Kdls)? = ) P D W, )e e, @)
j=1 m=1

and using the exponential identity
2C0$(Qm _ Qj) — e—i(gm—Qj) + ei(Qm_Q;’)’ (5)

(4) can be expressed as the series [22, 23]

N N N
()2 = D PP +2 )] ‘I’(rj)< D () cos(@,, Q,)).
j=1 j=1 m=j+1
(6)

These three equivalent equations lead to a diffraction-lim-
ited beam divergence [23] and can be classified as represent-
ing [, norm coherence [24]. It is also relevant that recently
it has been indicated that the inherent coherence is related
to the visibility V of the fringes [25, 26]. Further relevant
discussions on coherence from a quantum perspective are
given in [27, 28].

The interferogram thus calculated is displayed in Fig. 5.
In this theoretical interferogram the separation of the two
secondary peaks is Ad ~ 490 um which should be compared
to Ad =~ 484 um from the measured interferogram depicted
in Fig. 2 and Ad =~ 485 um from the measured interferogram
depicted in Fig. 4.

4 The quantum perspective
As highlighted in previous publications [29-31], crucial
to the derivation of the quantum entanglement probability
amplitude [32, 33]
lw) =272(1x)1 [y)s £ [¥)11%)), (7
via the Dirac—Feynman interferometric principle [20, 21]
N
(dlsy =Y (dlj) (jls)
j=1

is the Dirac identity [20]
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Fig.5 Calculated profile of the double-slit interferogram. Here,
N =2, slit width and slit separation is 50 pm, A = 540 nm, and the
intra interferometric distance is D,y = 50 mm

1X) = la),1b),lc)5--18) s (®

which means that indistinguishable quantal,2, 3, ... n can be
in different states. When referring to this “curious phenom-
ena... having no analogue in classical theory” Dirac is writ-
ing about quanta of the “same kind” and “absolutely indis-
tinguishable from one another” [20]. At the same time, he
is also contemplating arrays of identical quanta in different
sates such as|a);, |b),, |c);... and |a),, |b},, |c),.... It is then
natural to extend the Dirac identity |X) = |a)|b),|c)5...|8),
to

1Y) = |a),1b)|c);...1&)1 9
and
|Z) = |a),|b)slc)s...18)as (10)

and so on, that apply to the very same, utterly indistinguish-
able, quanta in different states.

This leads to the concept of a series of indistinguishable
quanta in different states of polarization [31]. In general,
Dirac tabulates the various possible series of states in the
determinant

lay, la), la)s; . . . la),
b)) |B), |B)3 - . . |b),
[e)y |C>3 |C>3 R |C>n
. . N (11
190 18)s 18)s - - 1),

In this regard, more specifically, these Dirac identities are
applicable, for instance, to describe single-transverse-mode
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single-longitudinal-mode coherent emission of indis-
tinguishable quanta including both, |x) and |y), states of
polarization.

More specifically, for |x) polarization, one can have

la) = |x);1x),1%)5-.. 1), (12)
and for |y) polarization

1B) = IV 32339 (13)

These identities describe precisely and elegantly
what coherent emission is at its most fundamental level:
ensembles of indistinguishable quanta in a given state of
polarization.

In an interferometric emitter, with minimized optical
noise, the emission is comprised of highly indistinguishable
quanta giving rise to high-visibility interference as demon-
strated in Fig. 2.

5 The quantum perspective on spontaneous
parametric down conversion

Spontaneous parametric down-conversion (SPDC) sources
[34, 35] yield photon pairs with entangled polarizations and
as such have become widely used in quantum entanglement
experiments.

For type I SPDC it is said [34] that the photon pair is cor-
related, as explained by Friberg [36], and that two photons
in the same state of polarization and traveling in different
directions are produced. The entanglement of |R) and |L)
polarizations is induced via external optics [34].

For type II SPDC it is said that ordinarily polarized pho-
tons and extraordinarily polarized photons are emitted in
two cones, in divergent directions, and where the two cones
intersect the entangled state can be described by the super-
position [35]:

ly) = 2_1/2(|x)1 V)2 + €“[y); [x),). (14)

If the value of « is set by external optics so that ¢ = 1
then (14) reduces to one of the four standard probability
amplitudes for quantum entanglement [31]:

ly) = 2_1/2(|x>1 [¥)2 + [¥)11%)2)- (15)

From a Diracian perspective an explanation for this entan-
gled emission can be given as follows: one emission cone
yields photon 1 polarized in the |x) state, and its complete
description is given by |x),. The other emission cone yields
photon 2 polarized in the |y) state, and its complete descrip-
tion is given by [y),. The geometrical interaction of the two
cones allows for the assembled state
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|A) = 1x)11y),, (16)

to be formed. It follows that the alternative assembled state
is configured as

|B) = [y)11x),. 17

Hence, the complete normalized probability amplitude can
be written as (15).

Here, it should be emphasized that superposition probabil-
ity amplitudes of the form:

lw) = 14) +|B). (18)

are intrinsic to quantum interference configurations [22,
29-31, 37].

For completeness, it should be mentioned that quantum
coherence in type II SPDC has also been discussed, from dif-
ferent perspectives, by Menzel et al. [38] and Bolduc et al.
[39].

6 On laser emission

As indicated in [4] albeit there was absolutely no doubt of the
high coherence observed in [1] no claim of traditional lasing
was made. Strictly speaking, claims of traditional laser emis-
sion require demonstration of mirror alignment dependence
which was not possible given the experimental configuration
utilized in [1]. Post 2005 there have been a number of claims of
“lasing” from electrically pumped organic semiconductors. As
explained in 2018 by Duarte and Vaeth [4] none of these pub-
lications demonstrate mirror alignment dependence and have
been vague, and/or unclear, on key elements. More recently,
however, Sandanayaka et al. [40] have reported emission char-
acteristics compatible with those of standard broadband lasing
in an electrically pumped thin film OLED device incorporating
a mixed-order distributed feedback grating.

The coherent emission from the interferometric emitter
discussed here is indistinguishable, as characterized by near
diffraction limited A@ and high V of the interferograms, from
laser emission except for the high intensity, or high brightness,
normally associated with laser emission. In lasing, an enor-
mous population of indistinguishable quanta participates in
the emission [30]. In addition, from a systems perspective, in
addition to high brightness, orthodox narrow-linewidth lasers
exhibit strong mirror alignment dependence [7, 23].

7 Discussion

Duarte and Vaeth [4] provide a detailed discussion describ-
ing the spatial and spectral coherence observed and suc-
cinctly summarized by the quantities Af ~ 1.09(A/zw)
and V = 0.901 + 0.088. What had not been explained, up to

now, is the origin of this emission. In other words: what is
the physics that sustains this remarkable coherence, in the
nW regime, at its most fundamental level? Here, it should
be noted that experienced authors such as Samuel and
colleagues [41, 42] did attempt to explain this coherence
proposing a generic “spatial filtering” effect. However, the
physics is perfectly explained via the application of (4): this
generalized interferometric equation also describes diffrac-
tion via a single slit by treating the slit as being composed of
hundreds of imaginary sub-slits [22, 30]. Introduction of an
appropriate slit, transverse to the propagation axis, reduces
the transverse-mode emission to a single-transverse-mode
which, given the sub-microcavity length (L < 1), allows
only single-longitudinal-mode emission due to the enor-
mous intracavity mode spacing (A%/2L ~ 486 nm) [4]. As
pointed out by Duarte and Vaeth [4], “the coherent emission
is intrinsically present and the interferometric configura-
tion’s only function is to reveal it”.

In an interferometric emitter, the emission is comprised
of highly indistinguishable quanta giving rise to interference
characterized by high visibility as demonstrated in Fig. 2.
The origin of this coherence is the same Diracian physics
that allows quantum entanglement to occur from an inter-
ferometric perspective. In quantum entanglement, we deal
with Diracian states like |X) = |a),|b),|c)s...|g), while in
highly coherent emission we deal with ensemble states like
la) = |x)]x),|x)5...|x), which mean that all available quanta
are indistinguishable and in the same state of polarization. In
other words, the key role of the interferometric configuration
is to allow us to detect and measure the fundamental quanta
ensemble |@) = [x),]x),|x)5...|x),. This ensemble of indis-
tinguishable quanta in the same quantum state is the essence
of coherent emission and/or laser emission.

Furthermore, we have outlined the physics behind type
II SPDC leading to the emission of quantum entanglement
states of the |y) = (|x),]y), £ |y}, |x),) kind. To our knowl-
edge this is the first time that these concepts are disclosed
in the open literature.
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