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Abstract: Hybrid nanophotonic elements, fabricated by organic and inorganic materials, are
going to be key components of modern devices. Coupled systems of photoemitters with a
plasmonic waveguide serve the demand for nanoscopic frequency converters. However, processes
like the degradation of the photoemitters via photobleaching occur and need to be monitored
and controlled, to realize future successful devices. We introduce a hybrid perylene-diimide /
silver nanowire as plasmon frequency converter. A versatile method is presented to monitor and
analyze the bleaching process. It is based on a time series of photoluminescence images, during
the operation of a single converter. An analytical model is applied on the data and unveils that
the photobleaching rate is constant and independent of the operation of the plasmon converter.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Integrated optical circuits on the micro- and nanometer length scale involving different material
platforms are currently on the way from lab demonstrations to real devices. An active research
direction is to exploit quantum effects to achieve improved sensitivity, security or computational
power [1]. For these applications, generation, routing, interaction, and detection of elementary
electromagnetic excitations in integrated circuits is required. In addition, non-linear interaction
must be implemented. In order to achieve these functionalities the electromagnetic fields must be
well designed and confined to achieve a good operation efficiency. Complementary approaches
utilize either dielectric [2—4] or metallic nanostructures [5—8]. The latter support collective
excitations of charge density oscillations and propagating electromagnetic waves, i.e., surface
plasmon polaritons [9]. Various elements, such as sub-diffractive waveguides [10,11], resonators
[12,13], and antennas [14] have been realized. More complex potential building blocks are,
e.g., plasmon junctions [15], mode analysers [16], and chiral routers [17]. Individual plasmonic
excitations and eventually their interaction can be achieved or mediated by coupling optically
active organic molecules to a passive plasmonic circuit structure [15,18]. Compared to other
emitters in the condensed phase, such as defect centers in diamond [19], molecules can be
brought very close to surfaces leading to a large interaction with evanescent fields [20]. However,
organic molecules typically show a limited amount of photoluminescence (PL) cycles until
they degrade and bleach [21-25]. This is not only a property of the molecules themselves, but
depends also strongly on the environment. For example, solvent dependent photo-oxidization of
dissolved perylene-diimide derivatives (PDI) have been reported [26,27], as well as a correlation
between the photostability and the used solvents during the fabrication of solid-state PDI films
[28]. Furthermore, the bleaching rate of polymer-embedded terylene-diimide correlates with the
oxygen permability of the surrounding matrix [29].
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The PL of such a rylene dye in a hybrid environment, can be described by a Jablonski diagram
[21,22], as shown in Fig. 1(a). After excitation of the system to an excited state (green arrow),
Stokes-shifted radiative decay back into the ground state may occur (red arrow). An emitter is
efficient, when the radiative decay is much more likely than a competing non-radiative decay
(black arrow). In addition, an intersystem crossing (ISC) can occur, which changes the electronic
system, e.g., from a singlet state (S) to a triplet state (T). In order to include degradation or
bleaching, a final photo-product state (PP) is introduced in the model in Fig. 1(a) as well. The
exact pathway to the PP state can include transitions through other intermediate dark states,
can be triggered by additional photon absorption, may be excitation wavelength dependent and
depends on the environment [22]. In the close vicinity of a plasmonic nanowire (NW, Fig. 1(a)),
the absorption and emission of propagating plasmons provides an additional decay channel [23].
Due to a strongly enhanced density of states near the tightly confined electromagnetic field near
the wire, i.e., the Purcell effect [30], the radiative decay rate to generate a photon or a propagating
plasmon is increased with respect to the non-radiative transitions. Due to spin-orbit coupling in
the plasmonic near-field, even the spin-forbidden transitions are influenced [31]. Concerning this
complexity, the common assumption that the bleaching of emitters in hybrid systems follow a
linear dependence with the excitation power [24,25], requires a review.

In this paper, we analyze photobleaching in a prototypical nanophotonic element, a plasmonic
frequency converter. Conversion is an important functionality in order to match the frequency
of a propagating plasmon to another functional element or to facilitate optical detection of
plasmons in the far-field [17]. Figure 1(b) shows a schematic of the converter. It relies on
incoherent frequency conversion [32]. A focused laser excites propagating plasmons on one
end of a hybrid modified-perylene-diimide (MPDI) / silver nanowire (NW). The synthesis, the
precise morphology, and the plasmon routing capabilities of these NWs are described elsewhere
[17]. Plasmons are absorbed by MPDI molecules in a silica shell around the NW followed by a
Stokes-shifted reemission. Finally, plasmons are scattered into photons at the end of the NW and
can be detected in the far-field (see Supplement 1 for absorption data and the microscopy setup
scheme). Besides plasmon frequency-conversion, the MPDI molecules may also directly emit
photons, which allows to track the plasmon intensity along the nanowire (Fig. 1(c)). Figure 1(d)
shows a typical transmission electron microscopy (TEM) image of one end of a hybrid NW.
Single NWs, localized by dark-field imaging (DF, Fig. 1(e)) in our optical setup, show the typical
spectral PL characteristics [17], when excited by a focused laser at 532 nm on one end of the NW
(Fig. 1(f)). The spectrum appears homogeneous over the whole length with pronounced coupling
spots for the frequency-converted plasmons at the ends.

The practical limitations of such a hybrid plasmon converter may be caused by plasmon
damping in the silver wire, imperfections of design (e.g., thickness and uniformity of silica shell),
quenching of the molecules due to agglomeration, and finally bleaching of the molecules. Here,
we are particularly interested in bleaching, which can be quantified by the photobleaching rate.
It determines the total number of photons (or plasmons) that a molecule has emitted before it
irreversibly degrades [23]. The photobleaching rate is independent of the excitation power, if
the bleaching cascade is triggered only by a single-photon absorption. In case of non-linear
absorption, e.g., an instantaneous or consecutive two-photon (or two-plasmon) absorption, then
the power law of the bleaching process differs from the linear PL power law. In consequence,
the photobleaching rate becomes excitation power dependent. Therefore, observation of the
photobleaching rate shines light on the degradation cascade. The excitation probability of
the MPDI by plasmon absorption decays nearly exponentially along the NW and follows any
additional modification of the plasmon density. For this reason, it is crucial to map the bleaching
process along the NW. We perform this mapping by detecting the fluorescence of the MPDI in the
silica shell surrounding the plasmonic NW. We investigate bleaching in the plasmon converter in
both a dry nitrogen atmosphere as well as ambient environmental conditions. The experimental
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Fig. 1. Operating principle and characterization of the plasmon frequency converter. (a) A
Jablonski diagram, depicting single or multiple excitation of a dye molecule (green arrows),
and subsequent radiative (red) and non-radiative (black) decay channels. ISC may convert
the electronic singlet (S) into a triplet system (T). A transition into the photo-product state
(PP) represents irreversible bleaching. In the near-field of a plasmonic nanowire (NW)
competing radiative and non-radiative transition probabilities change strongly. (b) Focused
illumination on the left end of the NW (green arrow) excites the propagating plasmon
(light-green arrow), which is then frequency-converted (light-red arrow), and scatters into
photons on the right end (red arrow). Besides this, also direct photon emission (small red
arrow) occurs. (c) According to the exponential damping of the propagating plasmons, the
directly emitted photons form an image in the optical system. (d) The TEM image shows the
precise morphology of a hybrid core-shell NW. (e) Dark-field imaging allows the localization
of a single NW in the optical setup. (f) The same NW under focused laser illumination on
the lower end shows the typical spectral characteristics of the MPDI as well as the spatial
plasmon damping and the out-coupling of the frequency-converted plasmons.
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studies are accompanied by presenting a universal analytical model that allows to discriminate
between linear and non-linear bleaching processes.

2. Experimental results

Hybrid silver nanowires of approximately 7 pm length and 70 nm width, with an 8 nm thick silica
shell, and covalently bound MPDI molecules were chemically synthesized as described elsewhere
[17]. The nanowires were spin-coated on a clean cover-glass, were located by dark-field imaging,
and investigated by wide-field PL imaging in our home-built optical setup (see Supplement 1).

A cw-laser operating at 532 nm wavelength was focused on one end in order to excite plasmons
propagating along the nanowire. The emission from the dye molecules in the shell surrounding the
NW was recorded after suppressing the excitation light by approximately 10 orders of magnitude
using two “Omega 538ALP” long-pass filters. Each consecutive series consist of 80 PL images
with an acquisition time of 30s, respectively.

In order to limit ambient effects, a first series of PL images was recorded under dry nitrogen
gas atmosphere. Figure 2(a) gives the first image of the consecutive series. A very bright spot
appears in the upper left corner, where the focused laser is pointed at. Another bright spot appears
in the lower right corner due to the frequency-converted plasmons, which scatter out at the NW
ends. In between, the image shows directly emitted photons from the PL process, which are only
partly overshown by the bright spots. Figure 2(b) gives the last image of the series. The full
series can be found in the Supplement 1. In the last image, the lower right spot is darker by more
than one order of magnitude compared to the spot in the first image. Although conversion is still
going on, this reduction marks the slow approach towards the end of the lifetime of the building
block.

‘We move on to the analysis of the bleaching process. The drop of PL intensity also appears
along the full length of the nanowire. An exponential function describes the temporal evolution
of each pixel (see section 3, analytical model)

I(x,y,t) = A exp(-Bt) + C ()

Every pixel located at (x,y), which contributes substantial intensity, is fitted accordingly. The
parameter C corrects for additional background, e.g., by overshining of the excitation light. It is a
systematic error and restricted to values greater than O to ensure stability of the fits. Details and
results are given in the Supplement 1.

Besides temporal dimming, the series also provides spatial information of the plasmon
propagation. As the first image of the series is mostly unaffected from bleaching, the plasmon
propagation length follows from fitting the function

I(z) = D exp(—Ez) 2

to the cross-section through the region unperturbed by the end spots (Fig. 2(a), black line). z is
the lateral position. The result of E = (0.32 + 0.03)um™! corresponds to a plasmon propagation
length of (3.1 + 0.3)um.

Further processing of these parameters leads to a spatial-dependent semi-logarithmic ratio
In(B/A)/E. Figure 2(c) presents the result as a two-dimensional (2D) map for the selected pixels.
The black line marks the region of substantial direct photon emission, which is unperturbed from
the end spots. Figure 2(d) gives the one-dimensional In(B/A)/E cross-section along this line.
Over the whole length of the cross-section, the data points arrange along a constant function
(solid line). Moderate oscillations of the data points take place, because of resonator effects due
to the finite length of the nanowire [33], and Moiré effects due to the finite resolution of the
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Fig. 2. Mapping of bleaching in a plasmon frequency converter. (a) PL image of the directly
emitted photons from the MPDI molecules in the hybrid NW visualizes the plasmon intensity.
(b) Upon bleaching the detected PL decreases. (c) All pixels, where substantial intensity is
emitted, are used to analyze the bleaching through temporal fitting and comparison of the fit
parameters, which are presented as 2D map of the semi-logarithmic ratio In(B/A)/E. (d)
The plot of In(B/A)/E along the cross-section through the 2D map in (c) (black line) reveals,
that the bleaching cascade is triggered by a one-photon absorption. All scale bars measure
1 pm.

camera. The additional small steps of the datapoints at around 3.8 um and 4.5 um coincide with
slight discontinuities in the PL image and are attributed to typical structural inhomogeneity of
the core-shell system, e.g., grain boundaries in the Ag crystal structure, inhomogeneity of the dye
molecule distribution or inhomogeneity of the amorphous silica shell itself.

According to our analytical model (see section 3, analytical model), a constant function occurs
when the dominant bleaching cascade is triggered by a one-photon absorption process and scales
linear with the excitation power. The scattered line shows a function with slope —1, which is
expected when the bleaching cascade is triggered by a two-photon absorption process. As the
data clearly deviates from this curve, a dominant two-photon absorption can be excluded as a
trigger for the bleaching cascade. Consequently, the photobleaching rate from this particular
building block was measured to be constant and cannot be further optimized by excitation power
variations.

A more realistic scenario for a future device is the operation under ambient conditions.
Especially the oxygen in the air is a candidate to influence the bleaching process [22,26-29]. The
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Fig. 3. Mapping of bleaching in a plasmon frequency converter under ambient conditions.
(a) The PL of the first image follows the decaying excitation plasmon, but also shows
inhomogeneity. (b) As before, upon bleaching the detected PL decreases. (c) The resulting
2D map of the semi-logarithmic ratio of the fit parameters In(B/A)/E follows the trend

of a constant function, but is affected by outliers.

(d) The plot of In(B/A)/E along the

cross-section through the 2D map in (c) (black line) still reveals that the bleaching cascade
is also triggered by a one-photon absorption. All scale bars measure 1 um.
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PL of another NW was recorded using the same excitation power and acquisition settings as before.
Figure 3(a) and (b) show the first and the last image of the series, respectively. The excitation
laser was pointed on the upper end leading to PL, which follows the damped excitation plasmon
along the NW (black line). As before, the opposite ends also appear as bright spots. Stronger as
before, imperfections along the nanowire are visible in the first PL image. These imperfections
arise probably from inhomogeneity on the surface of the nanowire, for example contaminations
from the environment. For this nanowire, the pre-selection of the pixels is more crucial, in order
to maintain stability of the temporal fits, and the results are less homogenous (see Supplement
1). The measured propagation length of the plasmon is (0.68 + 0.04)um, corresponding to
E = (1.48 + 0.08)um™". The discrepancy to our first system lies within the expected deviation for
this type of nanowires [33]. Figure 3(c) maps the fit-parameters in form of the semi-logarithmic
ratio In(B/A)/E and Fig. 3(d) gives the cross-section through the unperturbed region. It reveals a
constant or slightly increasing distribution along the nanowire.

In consequence, even for this imperfect example under ambient conditions, the bleaching process
was characterized to be triggered by a one-photon absorption. As before, the photobleaching rate
is constant and cannot be optimized while operating this building block.

3. Analytical model

We define the end of our nanowires, where we excite the propagating plasmons with initial
intensity Iy (see Fig. 1(b)) as z = 0. While propagating along the NW (denoted as +z-direction)
the plasmon is damped via Ohmic losses, described by a damping constant .. Consequently, the
plasmon intensity can be written as

Iexc(Z) = IoeXp(—)/z Z) (3)

Within the hybrid NW system, /... is the intensity of the plasmon which will be absorbed at a
certain position by a molecule and will trigger a PL process. Based on a one-photon absorption
process, the PL is proportional to I,,.. Furthermore, the detectable PL is proportional to an
efficiency ¢, describing the probability that a photon is emitted and enters the optical detection
path, and the amount p of active molecules within the detection area. Due to the on-going
spatially-dependent bleaching of the molecules, p is position- and time-dependent. Thus, the
detected intensity of the PL process is

IPL(Z’ t) = ,O(Z, t) q Iexc(Z) (4)

At the beginning, before any bleaching happened, the active molecules are spatially homoge-
nously distributed, while the amount is vanishing for infinite long excitation:

p(z,t=0)=py and p(z,t—0) =0 )

Figure 1(c) shows a calculated PL image at t = 0 where Ipy, oc I,.

In consequence, the whole time-dependence of the PL lies in the bleaching process. The time
dependence of p at a certain position z is implicitly given by the proportionality between p and
dp/dt. If the bleaching pathway in the Jablonski diagram is similar to the PL path (Fig. 1(a)), this
process might be also linear and proportional to the excitation intensity /... with a time-constant
Yi1-

dp(z.t) _
—dar . — Vil Iexc(Z) P(Z’ t) (6)

In a hybrid system however, this is not necessarily the dominant process. If an additional
bleaching process exists, dp/df must be expanded by an additional term. Here, we describe


https://doi.org/10.6084/m9.figshare.19829347
https://doi.org/10.6084/m9.figshare.19829347

Research Article Vol. 1, No. 8/15 Aug 2022/ Optics Continuum 1737 |

= 3 . R 2

OPTICS CONT’NUU,M 3 s A ,;.?,

the possible case of a bleaching process triggered by simultaneous or consecutive two-photon
absorption, a non-linear bleaching process. This is described by a second time-constant y, » and
squared power-dependence, leading to

WD — ) L) Pz ) = iz Uewe@ p(20) @)

Together with the boundary conditions (Eq. (5)), this equation is solved by

,O(Z, t) =p0" CXP( _{ Vi1 Iexc(z) + V2 [Iexc(z)]z } t) (8)

This gives the full spatio-temporal evolution of the detected PL intensity under the two
competing bleaching processes.

IpL(z, 1) = q po Toexp(—y-2)exp[—y:,11oexp(—y.2)t] exp[—y: I2exp(-2y:2)i] €)]

The consequence is, that the remaining active molecules at >0 are differently distributed over
the 1D system, depending on the bleaching time-constants (Fig. 4(a)). Figure 4(b) shows how the
PL intensity changes from exponentially decaying at r = 0 (black) to a curve with its maximum
almost at the end of the 1D system under linear bleaching (blue). For increasing (magenta) and
dominating (red) non-linear bleaching, the contrast between the two ends of the system gets
enhanced.

So, this effect can be used to gain insight into a general bleaching process from a PL
measurement. Formula 9 shortens by applying certain conditions. Firstly, at a specific position z;
of the 1D-system, the PL intensity

Ipp(zis1) = g po loexp(=y:zi)exp{~loexp(=y:zi) [yr,1 + Yioloexp(—y.z)]t} (10)
reads as a simple exponential decay in time and can be written with constants A and B as
Ipr(zi, t) = Aexp(—Br) (11)

Secondly, at the very beginning, at ¢ = 0, the spatial distribution of the PL intensity directly
follows the excitation intensity and becomes

Ipp(z,t = 0) = g po loexp(—y:z) 12)

which gives an exponential decay in space, using constants D and E,

Ipr(z,t = 0) = Dexp(—Ez) (13)

Combining these constants gives a spatial function, which type is strongly dependent on the
underlying bleaching process

2 = Sl + viploexp(—E2)] (14)

The function B/A versus z appears as an exponential function with a decay constant according
to the plasmon damping, a pre-factor defined by the non-linear bleaching rate, and an offset
defined by the linear bleaching rate.
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Fig. 4. Distribution of the PL under linear (dominated by bleaching rate ;1) and non-linear
(dominated by bleaching rate v, ;) bleaching. (a) After time t, parts of the molecules in the
NW are bleached. The pattern in the PL image differs if only linear (up), both linear and
non-linear (middle), or only non-linear bleaching (down) is considered. (b) The exponential
pattern of the PL at t = 0 (black) changes due to bleaching for t > 0. A strong contrast occurs,
if, additional to the linear bleaching (blue), also non-linear bleaching contributes (pink), or
even dominates (red). (c) Comparing parameters A, B and E, results in a slope of 0 for linear
bleaching (blue) or an integer slope (red), if non-linear bleaching dominates. Competing
bleaching processes of equal strength results in a non-linear function (pink). All scale bars
measure 1 um.
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There are two limiting cases, where one of the two processes dominates. For linear bleaching
(y11 > 7v:200), the semi-logarithmic ratio In(B/A)/E is a constant, or rather a linear function
with slope 0:

11>V 0]
B TZ 0z + fn (ZL) (15)

For non-linear bleaching (y,1 < y:21p), the semi-logarithmic ratio [n(B/A)/E is a linear
function with slope —1:

11 <yl
DA T () x 2+ fn (220 ) (16)
This slope is unitless and independent of any experimental-technical parameter or mathematical
constant.
Consequently, the semi-logarithmic ratio In(B/A)/E allows to define the dominant bleaching
process, regardless of the optical system, or technical or environmental aspects (Fig. 4(c)).

4. Conclusion

In conclusion, we have introduced a plasmonic frequency converter as a prototypical nanophotonic
element and presented a versatile and easy method for the assessment of its degradation. Based
on a time series of PL images, we have found that the bleaching cascade in our hybrid MPDI /
silver nanowire is dominated by processes following one-photon absorption. This means that the
photobleaching rate is constant regardless of the plasmon converter operation. Our analytical
model suggests a universal quantity, the semi-logarithmic ratio of easily accessible fit parameters,
to discriminate possible bleaching cascades of photoemitters within a one-dimensional hybrid
device. This opens the door for easy degradation monitoring and paves the way for in-operando
optimization of hybrid nanophotonic circuits.
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