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Correlated, Dual-Beam Optical Gating in Coupled Organic-Inorganic

Nanostructures

Kai M. Wurst, Markus Bender, Jannika Lauth, Sonam Maiti, Thomas Chassé, Alfred Meixner,
Laurens D. A. Siebbeles, Uwe H. F. Bunz,* Kai Braun, and Marcus Scheele*

Abstract: An optical switch with two distinct resonances is
formed by combining PbS nanocrystals and the conductive
polymer poly[sodium 2-(2-ethynyl-4-methoxyphenoxy)ace-
tate] (PAE) into a hybrid thin film. Infrared excitation of the
nanocrystals invokes charge transfer and consecutive polaron
formation in the PAE, which activates the switch for excited-
state absorption at visible frequencies. The optical modulation
of the photocurrent response of the switch exhibits highly
wavelength-selective ON/OFF ratios. Transient absorption
spectroscopy shows that the polaron formation is correlated
with the excited state of the nanocrystals, opening up new
perspectives for photonic data processing. Such correlated
activated absorption can be exploited to enhance the sensitivity
for one optical signal by a second light source of different
frequency as part of an optical amplifier or a device with AND
logic.

Optical switches are key components for data processing on
the basis of silicon photonics, where they perform the crucial
conversion of a photonic signal from an optical fiber into an
electric signal for a silicon-based processing unit.?! The
switch is controlled by an external light source, emitting light
at a wavelength in the absorption envelope of a conductive
channel to photo-induce additional charge carriers. This
action modulates the current output of the switch in close
analogy to a classic transistor.”! Currently applied optical
switches are mostly based on Ge or InP, but better alter-
natives in terms of materials and/or device architectures are
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highly desirable!™* These efforts include attempts to replace
Ge or InP with two-dimensional semiconductors, organic
electro-optical materials, or inorganic semiconductor nano-
crystals (NC).F1 While organic optical switches display
impressive photocurrent on/off ratios of >10°, a key chal-
lenge is to find materials with high absorption at telecommu-
nication wavelengths (1260-1625 nm) and sufficient photo-
stability.®! In contrast, these conditions are often fulfilled by
NCs, however the high sensitivity to surface defects has
limited the ON/OFF ratios of purely NC-based optical
switches to about 10°.™ This has inspired the exploration
of hybrid optical switches to combine the benefits of organic
semiconductors and NCs in a single material."*'*! Upon
combination of semiconductor NCs and conjugated polymers
a variety of charge- and energy-transfer processes emerge
under optical excitation, which render these materials attrac-
tive as optical switches.!

Herein, we report a hybrid optical switch composed of
PbS NCs and poly[sodium 2-(2-ethynyl-4-methoxyphenox-
y)acetate] (PAE-1; for the structural formula, see the
Supporting Information) and focus on the wavelength-
selective photoresponse. We find that IR-excitation of the
NCs creates a polaron in PAE-1, which activates the
absorption of visible light. We argue that such activated
absorption enables complex logic operations within a single
optical switch, such as processing two optical signals simulta-
neously.

Hybrid thin films of PbS NCs cross-linked with PAE-
1 were assembled as floating membranes at the acetonitrile/
N, interface and coated onto solid supports (see the Support-
ing Information, Figure S1 for Raman spectroscopy).!'! Fig-
ure 1a displays the transconductance of two films of different
thicknesses. 30-40 nm thin films exhibit near-ambipolar
behavior with mobilities of 0.5-1.0 x 107> cm*V~'s™!, carrier
concentrations of about 10" cm ™ and an ON/OFF ratio of
about 10° (see the Supporting Information, Figure S2 for the
height profile). Thicker films (> 50 nm) show a reduced ON/
OFF ratio of 2-3 orders of magnitude, mobilities of about 1 x
10%2cm?*V~'s™' and carrier concentrations of 0.5-1.0x
10" cm . The favorable ON/OFF ratios of the thin films
led us to investigate their photophysical properties towards
optical gating with a 638 nm Laser diode. Note that photons
of this energy cannot excite PAE-1 directly. Figure 1b depicts
the semi-logarithmic response of the film to optical excitation
at this wavelength with an absorbed optical power <35 uW
and two different source/drain voltages (Vsp). At Voo =—6V,
the maximum ON/OFF ratio between dark current and
photocurrent is about 2800 with a responsivity of about
20 mAW™!, while at Vi, =0.7mV we find about 1800 and
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Figure 1. a) Transconductance of thin (30-40 nm, orange) and thick (>50 nm, blue) PbS-PAE-1 films. All of the measurements were performed in
the dark. Green dots display the current leakage through the gate. b) Zero-gate photocurrent measurements of thin PbS-PAE-1 at two different
biases as a function of the absorbed optical power provided by a 638 nm laser diode. c) Current-voltage curves at different absorbed optical

power values provided by a 638 nm laser diode.

about 2.5 mAW !, respectively. Responsivity is largely de-
pendent on whether a photodetector exhibits significant gain,
for instance owing to minority carrier trapping. In such cases,
the responsivity can be many orders of magnitude larger,
however at the cost of slow response times.''¥ However,
we focus here on increasing optical modulation in NC-based
materials, and in this respect our room temperature ON/OFF
ratios compare favorably to other recently reported NC-
based optical switches.” "1 We demonstrate this with the
source-drain sweeps in Figure 1 c, which exhibit the character-

with an optical rather than a dielectric gate. The photocurrent
spectrum of NC-based photodetectors typically resembles the
absorption spectrum of the constituting NCs,[6.7:%:12:14:17.19.201 1,
verify this for our measurement conditions, we fabricate
areference sample from the same PbS NCs but without cross-
linking with PAE-1. We excite the sample with the same
optical power at 638 nm or 848 nm, respectively, to record the
photocurrent (Zpp,,) for each wavelength. We find a ratio of
Lot0.638 nm “photoga7 om = 1.6 £0.3. This is in reasonable agree-
ment with the ratio of the optical densities of the sample at
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Figure 2. a) Photocurrent response of PbS-PAE-1 upon exposure to 638 nm and 847 nm light with 20 uW absorbed optical power at a bias of
+200 mV. Yellow arrows mark the instance of switching on/off the laser light. Note: the temporal response is limited here by the time constant of
the source-measurement unit and no conclusions about the response time of the material can be drawn. b) ON/OFF ratio for the same PbS-PAE-
1 film under 638 nm and 847 nm excitation as a function of the device bias, displaying two relative maxima at +0.7 V and —6.0 V. c) ON/OFF
ratio at the two relative maxima for both excitation sources as a function of the absorbed optical power. d) Atomic force micrograph of a PbS-
PAE-1 film across a 140 nmx 100 um trench (vertical line in the center of the micrograph). e) Line cuts through the spatially resolved confocal
micrograph of the area displayed in the Supporting Information, Figure S6 under illumination with a 633 nm laser with different absorbed optical
power values (See the Supporting Information, Figure S7 for the analogous measurement at 488 nm). f) Responsivities of PbS-PAE-1 thin films as
a function of absorbed optical power for 488 nm, 633 nm and 847 nm excitation.
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ODgi35 1m:ODgy7am = 2.0 from steady-state optical absorption
spectroscopy (Supporting Information, Figure S3). After
cross-linking these NCs with PAE-1, ODgsg,m:ODgugnm
increases only slightly to 2.4, but we now find a dramatic
increase in Lohouo638 nm Iphotogas nm t0 7 £ 1. This strongly selec-
tive photocurrent increase at 638 nm cannot be explained by
direct absorption of the organic semiconductor (Supporting
Information, Figure S4). Figure 2a displays the time-depen-
dent current output of the same PbS-PAE-1 hybrid film under
a constant bias of +200 mV and several exposure periods with
638 nm or 848 nm light at the same optical power. The
comparison illustrates the ample ON/OFF ratio under 638 nm
excitation as well as a roughly seven times smaller ON/OFF
ratio for 848 nm as mentioned above. Figure 2b shows the
bias-dependence of the ON/OFF ratios for both wavelengths,
which exhibit two relative maxima at —6 Vand + 0.7 V. While
the physical origin of these maxima is not clear, we speculate
that here the flat-band condition in the semiconductor
material is mostly fulfilled, which leads to minimal OFF
currents and, thus, maxima in the ON/OFF ratios."! Figure 2 ¢
compares the power dependence of the ON/OFF ratio at the
two favorable bias values for both excitation wavelengths.
To design a nanoscale optical transistor, we cut a 140 nm x
100 pm channel (length and width, respectively; Figure 2d;
Supporting Information, Figure S5) into a thin Au film and
cover the channel with a PbS-PAE-1 film. In Figure 2e, we

Communications
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investigate the photoresponse of the device with a stage-
scanning confocal microscope equipped with a 633 nm
helium-neon laser after background subtraction.”/ In Fig-
ure 2 f, we present a comparison of the power-dependent
responsivities of the PbS-PAE-1 film across the nanochannel
under 633 nm vs. 488 nm excitation and 0.1 V constant bias as
well as the responsivity of the device analyzed in Figure 2a-c
under 848 nm light and 0.7 V bias. It is evident that the
photoresponse of the PbS-PAE-1 film deviates severely from
the optical absorption spectrum in that the responsivity at
633 nm is about 20 times larger than at 488 nm, although
ODg330m:ODyggnm s only roughly 0.3. We also attempt to
measure the photoresponse under direct excitation of the
PAE-1 singlet transition utilizing a 409 nm laser diode.
However, rapid photodegradation and irreversible deterio-
ration of the photocurrent rendered a comparative respon-
sivity performance impossible.

The above findings suggest a greatly altered electronic
structure of PbS-PAE-1 under optical excitation, which we
probe by transient absorption (TA) and photoluminescence
(PL) spectroscopy. Following the selective photoexcitation of
the PbS excitonic transition with 1100 nm pulses, the two-
dimensional TA spectrum of PbS-PAE-1 in Figure 3 a displays
a broad negative differential absorption (AA, bleach) near
1200 nm as well as at least two strong bands with positive AA
(induced absorption) between 500-800 nm and a maximum at

: Energy / eV
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— 2 ps
100 ps 3 1.5 — 10 ps
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Figure 3. a) Two-dimensional transient absorption spectrum of PbS-PAE-1 on a quartz substrate, photoexcited with 180 fs laser pulses of
1100 nm. Note that vertical spectral regions are left blank intentionally where detectors were changed and to correct for pump-scatter, the
horizontal cut marks the transition from a linear to a semi-logarithmic plot. The color code displays the differential absorption, AA, where
AA=A(excited state)—A(ground state). b) Line-cuts through the 2D-spectrum in (a) at different pump delay times. c) Photoluminescence of
a PbS-PAE-1 film on quartz at various excitations. For comparison, the absorption spectrum of the PbS-PAE-1 film is also displayed (black).
d) Temporal decay of the normalized AA value in the transient absorption spectrum in (a)/(b) at 610 nm vs. 1150 nm. Inset: The same

comparison for the first 6 ps of pump-probe delay.
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610 nm. This is analyzed in Figure 3b with the display of
spectral line cuts through the 2D spectrum in Figure 3a at
various pump-probe delay times. While the feature at
1200 nm is attributed to the bleach of the PbS NCs excitonic
transition, the shape of the feature at 610 nm is reminiscent of
the solid-state absorption of PAE-1 with vibronic structure/®
(see the Supporting Information, Figure S8 for a comparative
measurement of the pure PAE-1 without PbS NCs). In
Figure 3¢, we investigate the solid-state fluorescence of PbS-
PAE-1 under various excitations between 390-570 nm and
find several partially resolved fluorescence bands, which
persist even at excitation well below the singlet transition of
pure PAE-1 (for example, at 530 nm). This is further
supporting evidence for a modified electronic structure of
PAE-1 upon binding to PbS NCs since pure, solid PAE-
1 exhibits a single, broad fluorescence band centered around
600 nm, which disappears completely upon excitation at
530 nm (Supporting Information, Figure S9). We attribute
the induced absorption at 610 nm in PbS-PAE-1 to the
formation of a polaron and note that (O-alkyl)-PAE deriv-
atives are indeed known to exhibit polaronic bands in this
spectral region.[*?? However, activation of these transitions
requires direct excitation of the PAE, which is not possible
with 1100 nm light. Here, such a polaron could manifest
because of charge transfer from the excited PbS NCs onto
PAE-1. To test this hypothesis, we compare the decay of the
optical transition at about 1150 nm with the decay of the
polaronic absorption of the polymer in Figure 3d.

We find that both are long-lived (>3 ns) and decay with
similar biexponential kinetics (bleach feature at 1150 nm with
7,=34+2ps and 7,=300+£16 ps and polaron feature at
610 nm with 7, =22+6 ps and 7, =247 +48 ps), supporting
our hypothesis. We attribute the slightly slower decay of the
NC-bleach to the fact that not every photoexcited PbS NC is
effectively coupled to a PAE-1 moiety. We conclude that the
reason for the strong photoresponse of PbS-PAE-1 at 638 nm
is most likely the consecutive charge transfer, polaron
formation and polaronic absorption in PAE-1 following the
excitation of PbS. In Scheme 1, we illustrate this in terms of
the simplified electronic structure at the organic-inorganic
interface (left) as well as by idealized representation (right).
The relative positions of the energy levels are inferred from
reported literature values of the isolated constituents and
under the assumption of vacuum-level alignment (—5.0 eV/
—4.0 eV for the PbS 1S,/1S, states and —6.3 to —5.8/—3.6 to
—3.9 eV for the HOMO/LUMO of PAE-1; all values against
vacuum level).” The polaron gap (P,—P,) is reported with
1.9 eV, lifting the P, level into close proximity with the 1S,
state.? Scheme 1a marks the charge transfer from an
excited NC onto the polymer. This populates the polaronic P,
level, indicating a charged polymer with altered electronic
structure.®® This charge transfer enforces excited-state
absorption from the polaronic ground state (Scheme 1b)
and activates the material for absorption of light between
500-800 nm (brown arrow) to result in an excited-state
polaron (Scheme 1c). The charge carriers created in this
process are mobile owing to the close energetic proximity of
the NC levels and contribute to the overall photocurrent.
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Scheme 1. a) After exciting the 1S, —1S, transition of the PbS NCs, an
electron is transferred (indicated by the green arrow) to the polymer to
form a negative polaron (P,). Before charge transfer, the polaronic
levels are unpopulated, such that the polaronic transition has no
oscillator strength (marked by the crossed brown arrow). b) Populating
the polaron levels increases the oscillator strength of the polaronic
transition (brown arrow) and activates the material for absorption at
the wavelength of the polaron (indicated by the halo in the idealized
picture on the right). c) Excitation of the polaronic transition with

a suitable light source creates additional mobile electrons in the
polymer, which can readily migrate through the film owing to the close
energetic proximity of the 1S, level of the adjacent NCs.

We believe that the concept exemplified here at the PbS-
PAE-1 interface may be generally applicable to different NC-
polymer combinations, which allows the optical response of
a material to be sensitized with the aid of a second optical
stimulus of different frequency. In this sense, the photo-
response of PbS-PAE-1 to a weak optical stimulus of 500-
800 nm is readily amplified by a trigger signal of 1100-
1400 nm, which generates the polaron that dramatically
increases the oscillator strength for the visible optical
stimulus. This concept is of interest for optical communica-
tion, for instance in optical switches capable of a single-
component AND logic, which requires two specific optical
inputs to generate a positive electrical output.

Experimental Section

PbS nanocrystals were synthesized according to established
methods, and PAE-1 synthesized as described in the Supporting
Information (see Figure S10 for the structural formula).?” Hybrid
thin films of the two constituents were assembled at the liquid-
nitrogen interface following a previously described procedure (for
details, see the Supporting Information).l'” The fabrication of the

Angew. Chem. Int. Ed. 2018, 57, 11559 —11563
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nanochannels as well as the set-ups utilized for transport-, photo-
current-, transient absorption, and photoluminescence measurement
are given in the Supporting Information.
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