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Circularly polarized light at the mirror: caveats and opportunities

Abstract: moving from the simple concept that reflection onto
a mirror surface changes the handedness of circularly
polarized light, we describe what happens to the emergent
polarization in two different cases after reflection on a back
mirror. In the first case, a regular emitter is taken into account,
where reflection has the effect to destroy the emergent
polarization.

In the second case we show what could happen when a
hypothetical apparently non-reciprocal emitting material
undergoes a similar experiment. These simple concepts have
important implications in the design of efficient circularly
polarized emitting devices.

Francesco Zinna,*@ Gennaro Pescitelli® and Lorenzo Di Bari*@

In honor and memory of Prof. Koji Nakanishi

Keywords: circularly polarized luminescence, CP-OLED, reflection, non-reciprocal materials

Introduction

Itis a well-known fact that a mirror produces an image of any
dissymmetric object which is not superimposable to the original
object. Circularly polarized light can be regarded as a chiral
entity and therefore, upon reflection upon a mirror surface, it
undergoes handedness reversal. A common and simple
educational experiment to grab the concept is to observe a mirror
by wearing spectacles mounting opposite circular polarizers on
the two eyes, now by closing one eye, only that eye would be
visible in the mirror, while the open one will be concealed by the
dark polarizer. The same principle is applied in most LED
displays to reduce glaring from ambient light.! In this case, a
circular polarizer (say R-polarizing) is placed in front of the LED
panel, each LED having a reflective cathode. In this way, one
polarization (say L) is immediately blocked by the polarizer, while
the other one (R) can pass through and be reflected by the LED
reflective cathode, changing its handedness (now L) and
therefore being rejected by the polarizer. In this way it is possible
to produce almost completely black screen, at the cost that even
half of the light emitted by the (O)-LEDs (organic light emitting
diodes) in the display will be blocked by means of the same
mechanism. In other words, around 50% of the light produced by
a screen of this type is lost. In this context, it becomes clear that
an (O)-LED emitting preferentially one circular polarization
(hence circularly polarized or CP-OLEDs) could in principle
increase the efficiency of LED displays.*”

For these reasons, understanding the fate of polarized light
inside a device is key in the design of new chiral and optically
active materials as well as devices for chiral electronics.

In this brief contribution we aim at giving the scientists
interested in the field some "food for thought" and ideas for
discussions, maybe useful in the recently blossoming field of
chiral organic photonics.

Discussion

We shall start taking into account the simple case of a chiral
molecular (i.e. non-aggregated) emitter in solution which is also
CPL (circularly polarized luminescence) active. With a simple

experiment, we can study how the emergent circular polarization
changes upon variation of back reflection of the emitted light. The
experimental set-up used consisted of a quartz cuvette containing
the luminescent chiral molecule in solution, irradiated with UV light
in the usual 90° geometry, with a glass mirror on the back.
Between the mirror and the cuvette, neutral density filters with
different transmittance are inserted in order to vary the extent of
back reflected light (figure 1). Both the glass mirror and the filters
are placed very close to the cuvette in order to collect only the
light propagating straight with respect to the cuvette-mirror system
(figure 1). Circularly polarized light is collected and analyzed from
the front of the cuvette. We chose CsEu(hfbc)s (hfbc =
heptafluorobutyrylcamphorate)* &° as the chiral emitter, since it
displays characteristic sharp bands with high dissymmetry factor
in the red region. In particular, the CPL signal at 612 nm was used
for detection for its high emission dissymmetry factor (g) value
(0.23, see figure 2) combined with intense emission.
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FIGURE 1. Depiction on how a circularly polarized component (R)
emitted by CsEu(hfbc), is affected upon reflection onto a back mirror.
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FIGURE 2. Spectra of CsEu((—)-hfbc)s, recorded in the set-up
depicted in figure 1, upon variation of transmittance of the back neutral
density filter.
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In a simple interpretation of the experiment we may consider
only the light emitted forward and backward by the sample.* The
intensity is evenly distributed on such components (half forward
and half backward). The forward component leaves the cuvette
with no change in polarization, while the backward component is
(partially) reflected by the mirror with ensuing handedness change
(e.g. from R to L, figure 1). This contribution decreases the overall
emergent circular polarization of the exiting emitted light,
quantified by the emergent dissymmetry factor (gem, figure 3). The
presence of the neutral density filter attenuates the back
component, and therefore it has an impact on the emergent
circular polarization (figure 2). For these reasons, maximum
polarization is obtained for a filter with T=0 (no light reaches the
mirror), while minimum polarization (gem=0, according to our
model in the case of a perfectly reflecting mirror) is expected when
T=1.

Mathematically the emergent dissymmetry factor will be (see

Appendix for derivation):
(1-RT?)
Yem = Yo (1+RT?) (1)

where o is the intrinsic dissymmetry factor of the emitter, R is
the reflectance of the mirror and T the transmittance of the filter,
and the square factor takes into account that back-emitted light is
attenuated both before and after the reflection. In figure 3, we
show the experimental gem plotted against T and the line fitting the
experimental points through eg. 1. As the plot shows, the
mathematical model, despite its simplicity, is perfectly able to
reproduce the experimental trend. In such model, light emitted
sideways is neglected, since it does not reach the detector. We
may note that in an actual OLED, the device thickness is usually
very small compared to the front area.
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FIGURE 3. Experimental gem points measured at A=612 nm from the
CPL spectra of CsEu((—)-hfbc), (figure 2) and fitted curve according
to eq. 1 (9o=0.23, R=0.84; r?=0.992).

This model reproduces in a controlled and simplified way what
happens in a CP-OLED in which the active layer is made of single
molecule chiral emitters.*® The standard construction of OLEDs
consists of a reflective back electrode (cathode), an organic active
layer, and a (semi-)transparent electrode (anode). Indeed, in such
cases a reflecting back electrode has the drawback to reduce the
total circular polarization of the electroluminescence exiting the
device. In order to rationalize such detrimental effect, recently we
proposed a model which is able to rationalize the dependence of
the electroluminescence dissymmetry factor inside a CP-OLED as
a function of the position of the recombination zone, the
transmittance of the active layer and the reflectance of the
cathode:®

1—Re—2a(d—x)

Gem = Yo E1+Re‘2”‘(d‘x); 2

where x is the distance between the recombination zone of the
device (that is where light is actually generated within the active
layer) and front electrode, d the distance between anode and
cathode and a being the attenuation coefficient of the active layer.
From eq. 2, it is clear that in this case, the best polarization
performances are obtained when the recombination zone is as
close as possible to the front transparent electrode (anode).®

We can see that eq. 2 is a generalization of eq. 1, in the
particular case in which the absorbing material is concentrated
only between the mirror surface and the emitter. The qualitative
or semiquantitative validity of such equation has been
demonstrated for CP-OLEDs, at least in the case of single
molecule emitters by changing the key parameters (R, X). In
particular, R can be tuned by modulating cathode thickness (thin
cathodes are semitransparent)*® or, in principle, by using a black
back electrode. The position of the recombination zone can be
varied as well by employing electrode interlayers modulating
charge injection/extraction.®

On the other hand, considering again the experimental set-up
in figure 1, we might modify the set-up by adding a quarter wave
plate between the mirror and the cuvette. In this way, the
backward emitted circularly polarized light will be transformed into
linearly polarized light before being reflected by the mirror. As the
mirror does not change linearly polarized light states, such
component, after reflection, is transformed back into circularly
polarized light with the original handedness by the quarter wave
plate. Thus, in principle, one can recover the back component with
no polarization loss. In a CP-OLED device, this scenario could be
achieved by depositing a cathode interlayer formed by a suitably
aligned polymer film or through other plasmonic structures acting



as a quarter wave plate. However, it must be borne in mind that
the layers constituting an efficient device must meet stringent
requirements such as charge mobility, HOMO and LUMO position,
which limits considerably the freedom to choose the material.

At this point we must observe that our conclusions are strictly
valid only when dealing with materials with negligible absorption-
emission overlap and scattering. The situation can be very
different in devices in which the polarization is produced taking
advantage of different principles other than single molecule
emitters,* %12 such as oriented liquid crystal or cholesteric phases
displaying (at least partially) circular Bragg phenomenon (i.e.
reflection of CP light of one handedness and transmittance of light
with opposite handedness) or differential scattering.*?> When this
happens, completely different factors are at play and eq. 1 and 2
are no longer able to predict the behavior of polarized light in the
device.

Now let us consider a different type of emitters.

There are many examples of (meta)materials displaying
apparent non-reciprocal contributions to circular extinction314
due to the coupling of linear anisotropies (linear dichroism and
linear birefringence).’®> That is, materials showing different
transmittance for L and R circularly polarized light changing by
reversing the direction of the wavevector, that is by flipping the
sample and irradiating it from the front or the back. Recently, such
phenomenon has been demonstrated in thin films of chiral small
semi-conducting organic molecules, with almost complete
reversal of the emergent circular dichroism signal upon sample
flipping.16-18

In principle, the same phenomenon could occur in emission
as well, thanks to a coupling between linear birefringence and
fluorescence linear anisotropy,*® although, to the best of our
knowledge no organic material of such kind has been reported so
far. So, let us consider what the outcome would be if such a
material were to be employed in an active layer of a CP-OLED
with fully reflective back electrode (figure 4).
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FIGURE 4. Depiction on how circularly polarized components emitted
by an apparently non-reciprocal material are affected upon reflection
onto a back mirror.

In such case, the emergent dissymmetry factor would be
described by (see Appendix for derivation):
(9'-gPRT?)
Gem = (1+RT?) (3
Where g¢' and g® are the dissymmetry factors of the front and
backward emitted light respectively. We can rewrite eq. 3 defining
g'=ag® with a ranging from -1 to 1:

(1-aRT?)
Jem = gfﬁ r Gem = g'V(&T) @)

Chirality

Now, the most favorable case for maximization of gem is when
a=—1 (g°=—g"), and gem=g". In this way no polarization is lost due
to reflection on the back electrode, allowing one to fully take
advantage of the backward emission component without any
detrimental effect on the emergent circular polarization of light.
Note that, for a=1, g°=gf and eq. 4 is reduced to eq. 1. Figure 5
displays the plots of y(a;T) (eq. 4) for -1<a<1.
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FIGURE 5. Plot of eq. 4 for various values of a.

Conclusion

In conclusion, different emitters behave completely differently
when placed in a situation in which reflection on a back electrode
is expected, such as a CP-OLED. In particular, a hypothetical
apparently non-reciprocal emitting material could substantially
benefit CP-OLEDs performances. In any case a general
understanding and careful design of the system at play is
necessary for the improvement of CP-OLED technology.
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Appendix

Eq. 1 is worked out as follows: considering the situation depicted
in figure 1, the two polarized components exiting the cuvette (I},
and [y) are:

I} = 1/2 (1° 4+ I3RT?) (S1)
I = 1/2 (I3 + I°RT?) (S2)

Where I and I3 are the intrinsic polarization components emitted
by the chiral molecule. The attenuation term RT? arises from one
reflection from the mirror with reflectance R and two transmissions
through the sample with transmittance T. By definition of emission
dissymmetry factor we have:

Jem = 2 s (S3)

1] +Ix




Combining eq. S1 and S2 with eq. S3:

_ 5 (P-1R) 1-RT?)

Gem = 2 q919) (14RT?) (S4)
: 1R .
Now noting that g, = 2 %y’ we get eq. 1:
(1-RT?)
Gem = Yo (1+RT?) (1)

Eq. 3 is worked out as follows: considering the situation depicted
in figure 3, the two polarized components exiting the material from
the front (If and I%) and the back (I? and 1Y) side are:

I; = If + IRRT? (S5)

Iy = I§ + IPRT? (S6)

Combining eq. S5 with eq. S6 with the definition of dissymmetry
factor (eq. S3), we have:

_ ., af-1)-RT20P-1})

Gem = (f+18)+rT2(1P+1B) (1)
Now, noting that:
f+ik=1fand?P +18 =18 (S8)

and
If—1f=1/21g"and 1P — 1} = 1/210gP (S9)

We get eq. 3:

(gf-g°RT?)
Jem = ~(1rr?) (©)
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