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ABSTRACT: Organic photodetectors (OPDs) are a promising class
of light-detecting devices that can be created with simple fabrication
techniques from a large variety of chemical building blocks. While
molecular photoswitches are commonly used to modulate the
properties of these devices through reversible isomerization or charge
transfer, this responsive behavior is typically limited to a small range
of wavelengths. Here, we report the characteristics of multi-
wavelength photodetectors using bilayers of a light-responsive
azobenzene polymeric ionic liquid (PIL) in conjunction with the
semiconducting polymer poly{(4,4-dihexadecyl-4H-cyclopenta[1,2-
b:5,4-b’]dithiophene-2,6-diyl)-alt-(2,3-difluoro-1,4-phenylene) }
(PhF-2,3). Both ultraviolet (UV) and visible light induce a 10*—10°
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increase in current at a constant voltage within 10 s, which decays immediately when the light is turned off. This light-mediated
performance is fatigue-resistant across multiple ON/OFF cycles and can be modulated with wavelengths far into the visible region
(660 and 700 nm). Frontier energy level calculations of the light-induced charge carrier density indicate that this light-responsive
increase in current is due to photoexcitation and a subsequent charge-transfer process between the azobenzene polymeric ionic
liquid and the semiconducting polymer. In summary, the device described in this report exhibits sensing capabilities for multiple
wavelengths of light corresponding with the azobenzene absorption profile.

KEYWORDS: photodetector, azobenzene, charge transfer, multiwavelength sensing, polymeric ionic liquid

B INTRODUCTION

Organic photodetectors (OPDs) have a tunable wavelength
response and are compatible with flexible/lightweight form
factors.'~* The chemical versatility of organic semiconducting
materials used to fabricate OPDs provides a wide range of
accessible absorption profiles and physical properties that are
important in various applications. For example, these materials
can be deposited over large areas with solution-based methods
(e.g., spin-coating, inkjet printing, and roll-to-roll printing) and
are processable under ambient (or convenient) conditions.”™®

One strategy to create OPDs and other light-responsive
devices leverages molecular photoswitches (including spiropyr-
an, azobenzene, and diarylethene), which remotely modify the
properties of organic semiconductors in response to light.”™”
Among these photoswitches, azobenzenes have been widely
studied due to their synthetic accessibility and stable cycling
performance.'® Azobenzenes have been used to modulate the
electrical properties of thin-film transistors both under and
after illumination when incorporated as the gate insulator or
directly in the semiconductor layer.''™'” Generally, these
effects are related to charge trapping''~'® or photomediated

© 2021 American Chemical Society

\ 4 ACS Publications

5125

changes in the azobenzene dipole moment that accompanies
cis—trans isomerization.'®"”

Despite the appeal of OPD devices containing organic
semiconductors and photoswitches, there are two major
challenges associated with practical implementation. First, the
wavelength range over which they respond to light is typically
limited to a narrow region around the absorption profile of the
two photoswitch states, e.g., trans- and cis-azobenzene. Second,
there are often processing difficulties in forming thin-film
stacks containing organic semiconductors and light-responsive
azobenzene-based materials because of their similar solubil-
ities.'® Here, we overcome these limitations by exploiting
azobenzene-containing polymeric ionic liquids (PILs) as
efficient materials for multiwavelength detection in OPDs
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Figure 1. Synthesis of Azo-PIL via postpolymerization modification of poly(allyl glycidyl ether). (i) Light-mediated thiol—ene click with pendant
alkenes initiated by 2,2-dimethoxy-2-phenylacetophenone (DMPA) in methanol over 2 h at room temperature. (ii) Partial quaternization of
imidazole side chains with 1-(4-(bromomethyl)phenyl)-2-phenyldiazene in 1:1 methanol/acetonitrile at 100 °C for 15 h. (iii) Ion exchange with
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in 20% water in methanol at S0 °C for 18 h.

when used as a gate layer with the semiconducting p-type
polymer poly{(4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-b’]-
dithiophene-2,6-diyl)-alt-(2,3-difluoro-1,4-phenylene)} (PhF-
2,3). PILs are advantageous as light-responsive gate materials
because they exhibit good solubility in polar solvents, which
allows for direct deposition via spin-coating onto less polar
semiconducting conjugated polymers. Moreover, PILs retain
the advantageous qualities of ionic liquids (ILs) such as good
thermal stability and low volatility while providing tunable
mechanical and physical properties through synthesis.'® Our
photoswitch-based photodetector platform shows an increase
in photocurrent over 2-to-3 orders of magnitude when exposed
to different wavelengths of light, as well as an attenuated
response across the visible spectrum. These multiwavelength
sensing capabilities expand the applicability of photoswitches
and PILs in flexible, solution-processable devices for broad-
band light detection.

B RESULTS AND DISCUSSION

Design and Synthesis of a Photoresponsive PIL with
Pendant Azobenzene Groups. We sought to develop a
PIL-containing photoswitch as a light-responsive unit with
high solubility in orthogonal solvents to the organic semi-
conducting polymer PhF-2,3. PhF-2,3 is a donor—acceptor-
type semiconducting polymer based on 4,4-dihexadecyl-4H-
cyclopenta[1,2-b:5,4]dithiophene (CDT) and 2,3-difluorophe-
nylene (2,3-DFPh) that was chosen for its high hole
mobility.'”*° The electron-withdrawing property of 2,3-DFPh
is relatively weak in comparison with conventional acceptor
units, which results in a higher-lying LUMO level that provides
a sufficient energetic barrier for minimizing electron injection
from gold, thereby facilitating unipolar hole transport in the
semiconductor.

For the light-responsive PIL layer, we designed a polymer
with covalently attached azobenzene units and, importantly,
fixed charge groups that would solubilize the material in polar
solvents for direct deposition onto PhF-2,3 (which is soluble in
nonpolar solvents). Poly(ethylene oxide) was chosen as the
PIL polymer backbone because it is a synthetically accessible
and soluble scaffold that has a low T, to avoid aggregation of
the azobenzene chromophore, which could lead to nonuniform
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and irreversible performance in devices.'”'” A poly(ethylene
oxide) homopolymer with side chains containing neutral
imidazoles (Tg —20 °C) was synthesized as the PIL
precursor through a thiol—ene click reaction according to
previously reported literature.”’ Postpolymerization modifica-
tion of this PIL precursor by partial quaternization of
imidazoles with 1-(4-(bromomethyl)phenyl)-2-phenyldia-
zene”” yielded a photoresponsive azobenzene PIL (Figure 1).
This simple synthetic approach installs the charged imidazo-
lium group and covalently bound azobenzene in tandem with
stoichiometric control over the level of functionalization. The
extent of quaternization as measured by "H nuclear magnetic
resonance (NMR) (details shown in the Supporting
Information) was 37 mol %, which agrees well with the target
of 40 mol % azobenzene-IL incorporation. This concentration
of PIL and azobenzene represents a suitable balance between
ionicity for solubility without making the material too optically
dense for effective light penetration.””** The bromide anion
was then exchanged for bis(trifluoromethanesulfonyl)imide
(TFSI) (Figure SS) via ion metathesis to form a PIL denoted
Azo-PIL (Tg = —11 °C). The larger, more diffuse TFSI anion
improves solubility in organic solvents and reduces the T,
compared to other possible PIL counterions.”**°
Fatigue-Resistant trans—cis Isomerization. Upon co-
valent attachment to Azo-PIL via side-chain imidazoles, the
isomerization of azobenzene in the solid state was photo-
chemically characterized by UV—vis spectroscopy (Figure 2a).
Azo-PIL in acetone was spin-coated onto quartz substrates to
prepare 400 nm thin-film samples. The penetration depth of
light in a thin film can be calculated as | = a™', where [ is the
penetration depth and « is the attenuation coeflicient at a
specific wavelength of light (Table S1).”” At the wavelengths of
interest for azobenzene (365 and 470 nm),10 the penetration
depth is roughly 430 and 620 nm, respectively, based on 37%
azobenzene in the PIL. Thus, at the film thicknesses used in
UV—vis experiments, some incident light will be transmitted
through the film. We first irradiated these samples with 365 nm
light (80 mW cm™2) to induce trans-to-cis isomerization. In the
UV—vis spectrum of Azo-PIL (Figure 2b), isomerization to the
cis isomer corresponds with a decrease in the 4, at 323 nm,
largely associated with the 7 — 7% transition of trans-
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Figure 2. UV—vis studies of Azo-PIL thin films were conducted on
quartz. (a) Schematic of the irradiation setup. (b) UV—vis spectra of
thin-film Azo-PIL before (solid red trace) and after (dashed blue
trace) exposure to 365 nm irradiation for 1 min. (c) Fraction of the
trans azobenzene isomer during multiple irradiation cycles with UV
(365 nm, 80 mW cm™) and visible (470 nm, 200 mW cm™) light.

azobenzene. The concomitant increase in 4, at 430 nm is
related to the n — 7™ transition of cis-azobenzene, which was
observed after 1 min of irradiation with 365 nm light.
Subsequent irradiation with 470 nm light (200 mW c¢m™) for
1 min resulted in back isomerization from cis to trans.
Prolonged irradiation with either 365 or 470 nm did not
induce further changes in the UV—vis spectrum of Azo-PIL,
indicating that 1 min of irradiation is sufficient to reach a
photostationary state (PSS) (Figures S8 and S9).

The cis—trans ratio at the photostationary state was
quantified by UV-—vis spectroscopy and 'H NMR by
extrapolating trans and cis extinction coefficients (Table S2
and Figure S10, Supporting Information).”® Calculated by this
method, the PSS corresponds with 67% cis under 365 nm light.
Partially overlapping absorbances of trans and cis states around
365 nm, which presumably results from the proximity of
azobenzene to an electron-withdrawing imidazolium, contrib-
ute to the modest cis content of the PSS;*’ in comparison with
other polymers that are covalently conjugated to an
azobenzene unit, we observe a slightly lower percentage of
cis isomer in Azo-PIL at the PSS (typically ~89—95% cis form
is observed after exposure to UV light).””™*" However, the
trans-to-cis ratio under UV light in Azo-PIL is consistent with
the switching efficiency of a previously reported small-molecule
azobenzene ionic liquid.**

Next, we performed cyclic irradiation UV—vis studies of
Azo-PIL under 365 and 470 nm light to mimic the irradiation
conditions used in devices. Exposing Azo-PIL films to
alternating 365 and 470 nm light demonstrates the excellent
reversibility of the cis—trans isomerization with a negligible
decay in performance (Figure 2c). Once deposited on the
semiconducting polymer PhF-2,3, Azo-PIL preserves its
reversible isomerization characteristics with a decreased
absorbance in the # — #* transition at 323 nm upon UV
light irradiation and a return to the original UV—vis spectrum
with visible light (Figure S11).

Multi-Wavelength-Stimulated Increase in Photocur-
rent Driven by Absorption of Azobenzene. With the
reversible photochemical properties of Azo-PIL confirmed by
UV—vis studies, both two- and three-terminal lateral organic
bilayer photodetectors were fabricated to investigate the light-
induced device response and associated molecular mechanism.
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Figure 3. Schematic of the two-terminal photodetector device fabrication by spin-coating Azo-PIL directly onto the semiconducting polymer PhF-
2,3 on a glass substrate (previously passivated with n-decyltrichlorosilane (DTS)).
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Azo-PIL and PhF-2,3 were introduced as photoactive and
semiconducting layers, respectively. Due to the orthogonal
solubilities of Azo-PIL and PhF-2,3, Azo-PIL could be spin-
coated onto PhF-2,3 without the need for an intermediate layer
(Figure 3). Details about the fabrication methods for the
devices are further described in the Supporting Information.

The response produced in these bilayer devices under
irradiation was studied by monitoring the drain current as a
function of time under exposure to 365 and 470 nm light.
When the photodetector was initially illuminated with 365 nm
light (80 mW cm™), a 600-fold increase over 3 orders of
magnitude in drain current was observed with a rise time of
10s (Figure 4a).
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Figure 4. Time-dependent current of the two-terminal device in
response to (a) alternating UV (365 nm, 80 mW cm™) and visible
(470 nm, 200 mW cm™2) light, and (b) high (200 mW cm™2) and low
(0.3 mW cm™2) power visible light (470 nm).

After approximately a rise time of 50 s, saturation at 99% of
the final current was reached. Notably, a 90% relaxation of the

current was observed within a fall time of 5 s when the 365 nm
light was shut OFF, eventually resulting in a 99% decrease in
current after a fall time of 70 s in the dark. To test the response
to light within a timespan of minutes, the device was
subsequently irradiated with 470 nm light (200 mW cm™2),
eliciting an increase over 2 orders of magnitude to the same
maximum value in current. In following irradiation cycles, the
increase in current and decay with 470 nm is nearly identical to
the response under 365 nm light. This fast ON—OFF
performance is maintained upon repeated cycling between
365 and 470 nm light (Figure 4a), a performance that is within
the range of ™' or exceeds”'® other photochromism-based
devices.

As the increase in current was shown to be consistent with
multiple cycles of irradiation with 365 and 470 nm light, the
sensitivity of the device was then examined by comparing the
effect of incident power at 470 nm (0.3 and 200 mW cm™2)
(Figure 4b). Bias-stress measurements of the two-terminal
device under 470 nm at 0.3 mW cm™> show an increase in
current of approximately 1 order of magnitude, smaller than
the 3 orders of magnitude increase observed under higher
power (200 mW cm™?). Although the irradiation with our
high-powered 470 nm light-emitting diode (LED) (200 mW
cm™?) is 670 times higher than that of the low-powered LED
(0.3 mW cm™2), the current increase observed is only 25 times
larger. Additionally, a responsivity of 023 A W' and an
external quantum efficiency (EQE) of 59% was calculated at
this low-powered 470 nm, comparable to what is found in
other planar heterojunction OPDs (Table S3, Supporting
Information). This nonlinear dependence on power density
reveals the limits of the current increase, sensitivity, and
performance of this device as an OPD.

Encouraged by these results, we next sought to determine if
the Azo-PIL device would be applicable as a broadband
photodetector through exposure to different wavelengths of
light beyond the Azo-PIL wavelengths of maximum absorption.
We selected three wavelengths of light with three different
photon fluxes. Specifically, the device response under 470 nm
was compared to 660 and 700 nm wavelengths, which are
lower energy than the 7 — #* and n — 7* transitions of trans-
Azo-PIL and are near the absorption edge of PhF-2,3 (Figure
Sb). Bias-stress measurements of the two-terminal photo-
detector under lower power 470 nm light (0.32 mW cm™%; 7.7
X 10" photons s~ cm™?) show an increase in current of
approximately 1 order of magnitude (Figure Sa). In
comparison, the current increase under a 660 nm LED (2.1
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Figure S. (a) Time-dependent current of the two-terminal device under irradiation with three wavelengths of light. (b) UV—vis spectrum of trans-
Azo0-PIL and trans-Azo-PIL + PhF-2,3 on quartz with the wavelengths of irradiation from (a) highlighted. Panel (b) shows 470 nm has absorption
from both Azo-PIL and PhF-2,3, whereas PhF-2,3 contributes to the majority of the absorption at 660 and 700 nm.
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mW cm™%; 6.9 X 10'° photons s™' cm™) is 37% of the current
increase seen with 470 nm light, despite a higher photon flux.
With 700 nm light (1.5 mW cm™ 5.2 X 10'° photons s’
cm™?), the increase in drain current under constant bias stress
was 3% of the increase in current seen with 470 nm light
(Figure Sa). For all three wavelengths of light with differing
photon fluxes, we see an increase in current, demonstrating the
capability of this device to detect light of various wavelengths
and corresponding energies.

To evaluate if the increase in photocurrent was dependent
on the concentration of trans or cis isomers in the Azo-PIL
layer, the light response of bilayers was compared in the
presence and absence of the trans — cis isomerization. A three-
terminal device where the bilayer was formed on an SiO,
dielectric with a doped silicon bottom gate provided a means
to modulate the number of carriers in Ph-2,3 at the SiO,
interface and into the bulk by application of a gate bias.
Measurements were performed in the saturation regime (Vp =
—80 V) of the device under irradiation with 365 and 470 nm
light. The devices were first kept in the dark to ensure that the
Azo-PIL layer was initially in the trans form. These three-
terminal Azo-PIL devices were then irradiated with 365 or 470
nm light. Note that little trans — cis isomerization is observed
when the Azo-PIL film in the trans form is illuminated with
470 nm LED light (Figure S12). As expected from Figure 4a,
an increase in current at all voltages was observed with 365 nm
light (Figure 6). Notably, a similar shift in the transfer curve

10
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2 10° 4
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Figure 6. Transfer characteristics of the three-terminal Azo-PIL
device under dark conditions (trans form), after 365 nm irradiation
(trans — cis isomerization), and after 470 nm irradiation (still in the
trans form).

was observed with 470 nm illumination that corresponds with
minimal trans — cis isomerization, presumably due to minor
absorbance from the n — #* transition of trans-azobenzene.

Mechanism. The increase in current observed with UV
light could be consistent with either the isomerization of
azobenzene, which yields a change in dipole momen-
t'*1719or a light-induced charge-transfer mechanism.'' ™"
With Azo-PIL, evidence suggests charge transfer between the
Azo-PIL and PhF-2,3 semiconducting layers is responsible for
the current increase.

First, as shown above in Figure 6, molecules that remain in
the trans configuration still increase device current when
illuminated. Second, a change in dipole driving the
conductivity does not fully explain why the current increase
is the same with both 365 and 470 nm light sources; as shown
in Figure 2, Azo-PIL undergoes a reversible isomerization with
365 and 470 nm light. If the change in dipole controlled the
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increase in current, a cis—trans isomerization would decrease
the current as cis reverts back to trans if molecular dipole
effects were at play, suggesting that charge transfer is the
mechanism in the Azo-PIL device.

Our hypothesis of charge transfer is further supported by the
higher OFF current under 365 and 470 nm light for the reverse
scan of the transfer curve. Full current recovery was not
observed during the reverse bias scans, which can be attributed
to incomplete charge depletion in the bulk PhF-2,3 layer. The
trapped charges in the PhF-2,3 layer are believed to keep the
device ON during the reverse bias scan above 0 V, which
indicates that charge transfer occurs at the Azo-PIL and PhF-
2,3 interface.

Furthermore, this device shows the largest increases in
current for the wavelengths of light associated with Azo-PIL
absorbance. As shown in Figure 5, we observed a difference in
the increase in photocurrent under 470 nm light, associated
with Azo-PIL, and that under 660 and 700 nm light, outside of
the Azo-PIL absorbance spectrum. Although the respective
photon fluxes of light with 660 nm (6.9 X 10" photons s™'
cm™?) and 700 nm (5.2 X 10'° photons s™' cm™?) are larger
than that of the 470 nm LED (7.7 X 10** photons s~ cm™)
used in this experiment, a smaller current increase was
observed, resulting in smaller responsivities and external
quantum efficiency (EQEs) at these longer wavelengths
(Table S3, Supporting Information). Additionally, PhF-2,3
absorbs at 660 and 700 nm and shows a small amount of
charge carriers generated compared to the wavelengths where
Azo-PIL absorbs, implying formation of the exciton in the Azo-
PIL layer (Table S1, Supporting Information).

Finally, in the absence of the Azo-PIL layer, the device
containing only PhF-2,3 shows minimal increases in current
with irradiation of multiple wavelengths of light despite the fact
that PhF-2,3 does show some absorbance at 470, 660, and 700
nm in the UV—vis spectrum'® (Figures $13 and S14). Taken
altogether, these results strongly support that the device
response is driven by Azo-PIL absorption and subsequent
charge transfer with the PhF-2,3 semiconductor.

Frontier energy levels of PhF-2,3 and Azo-PIL were
determined experimentally by cyclic voltammetry to further
support the interfacial charge-transfer mechanism (Figure
S15). The highest-occupied molecular orbital (HOMO) and
lowest-unoccupied molecular orbital (LUMO) of Azo-PIL
were calculated using a ferrocene reference (4.8 eV), yielding a
HOMO energy of —5.3 eV and LUMO energy of —4.1 eV. We
believe that these HOMO and LUMO levels are due to the
azobenzene units on Azo-PIL as the corresponding oxidation
and reduction peaks used for HOMO—LUMO determination
are present in Azo-PIL but are absent from the unfunction-
alized imidazole homopolymer (Figures S15 and S16,
Supporting Information). The HOMO and LUMO energies
of PhF-2,3 have previously been reported as —5.3 and —3.3 eV,
respectively.'” With the similar HOMO levels of Azo-PIL and
PhF-2,3 coupled with the fact that PhF-2,3 does not absorb
light at 365 nm,"? it is plausible that the generation of an
exciton in the Azo-PIL layer would allow for hole transfer from
the HOMO of Azo-PIL to the HOMO of PhF-2,3, thereby
reducing azobenzene in the Azo-PIL layer and yielding holes in
PhF-2,3 (Figure 7). This photoinduced interfacial hole transfer
increases the hole current within the semiconductor, even with
multiple wavelengths of light. In addition, the quick decay of
current in the absence of light is consistent with recombination
between carriers near the interface of Azo-PIL and PhF-2,3
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Figure 7. Schematic of the charge transport mechanism as depicted
with (a) an interfacial diagram and (b) frontier energy levels. When
the device is illuminated with either 365 or 470 nm light, an electron
in Azo-PIL is promoted from the low-lying doubly occupied HOMO
to the LUMO, generating excitons in the PIL layer (step 1). These
excitons diffuse throughout the PIL gate layer to the interface (step 2,
not depicted in (b)), stimulating electron transfer from the doubly
occupied HOMO of PhF-2,3 to the now singly occupied HOMO of
azobenzene and creating holes in the semiconducting layer (step 3).
The generation of holes in the semiconducting PhF-2,3 layer then
allows for the lateral flow of electrons (step 4, not depicted in (b)),
resulting in an increase in current under multiple wavelengths of light.

layers. This decay that begins as soon as the light is turned
OFF contrasts with the behavior of past devices, which exploit
azobenzene charge transfer; typically, slow decay rates on the
order of minutes to hours after UV irradiation are observed
due to sluggish hole recombination between the semi-
conducting polymer and azobenzene additive, maintaining a
metastable ON state.'”'*'® In the Azo-PIL device described
here, the reduced azobenzene in the Azo-PIL layer can readily
transfer an electron back to holes in PhF-2,3 resulting in fast
current decay.

To further rationalize the interfacial charge-transfer mech-
anism between Azo-PIL and PhF-2,3, measurements from two-
and three-terminal devices were used to estimate the surface
carrier number density. For the two-terminal device, a model
for the charge-transfer mechanism was used, and the resulting
estimated photogenerated carrier number density was
compared to the carrier number density estimated for the
three-terminal device. The agreement between these numbers
would further support the proposed photoinduced interfacial
charge-transfer mechanism.

For the two-terminal device, the expected charge carrier
number density can be extracted from the observed current
increase, assuming that the current increase is solely due to
photoinduced charge transfer at the interface of the two
polymers. The photogenerated current (Jyp,) of a two-
terminal, lateral organic bilayer heterojunction photoconductor
can be described by eq 1°>*

J

photo = qn(ﬂn + %)E

(1)

where g is the electric charge, n is the charge carrier density, E
is the applied electric field, and y,, and p, are the electron and
hole mobilities, respectively, such that u, = 1.1 em? V7' s7! (ref
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20) and Hp > pn. With a current increase of 0.44 A, the
surface photogenerated carrier number density is estimated to
be 3 X 10" carriers cm™>. To further validate the application of
a two-terminal photoconductor model to our system, the
carrier number density for the three-terminal device was
estimated from the transfer curve in Figure 6. If the values of
carrier number density from the two-terminal photoconductor
model and calculations based on data from the three-terminal
device match, this would support the hypothesis that the
current increase is due to photoexcitation of Azo-PIL followed
by interfacial charge transfer. The capacitance of the gate (~4
pF) was estimated from the capacitance per unit area of 300
nm thick Si (10.5 nF cm™) and the area of the channel (40
pum X 1000 gm). By assuming that the applied voltage is equal
to the shift in the threshold voltage (30 V), the accumulated
charge was calculated to be 1.2 X 107'° coulombs. The carrier
number density from the three-terminal device is estimated to
be 2 X 10" carriers cm™. A small difference in respective
calculated carrier density values can be attributed to an
overestimation of the hole mobility in the calculations
pertaining to the two-terminal device. This difference can
also be due to limitations in exciton diffusion and deviations in
the PIL photoluminescence efficiency from 100%, which is
seen with both the two-terminal and three-terminal devices. As
the value calculated for carrier density of the three-terminal
device is within 1 order of magnitude to that of the two-
terminal photoconductor model, this finding supports the
proposed charge-transfer mechanism and the validity of using
this model.*

Since the photoconductor model is applicable to this system,
it can be used to estimate the charge carrier lifetime by
extending eq 1 as follows™

1

L |1
]Photo = qi’]q)—‘l,' t_ +

d 0 tP (2)

where 7 is the photoluminescence efficiency, @ is the photon
flux per unit area, L is the channel length, d is the device
thickness, 7 is the carrier lifetime, and ¢, and ¢, are the transit
times of electron and holes, respectively. With the known
surface power density of both light sources at each wavelength,
the device geometry, and the photon flux attenuated by the
Azo-PIL layer, the carrier lifetime (r) of PhF-2,3 at both
wavelengths was extracted and found to be in the microsecond
range (details shown in Table S1). These results assume the
photoluminescence efficiency to be around ~0.05, which is
typical for organic semiconducting polymers.**™*® Along with
the matching frontier energy levels, this analysis leads us to the
conclusion that charge transfer occurs at the interface of Azo-
PIL and PhF-2,3 and induces a current increase at operating
wavelengths across the UV and visible spectrum.

In comparison to other light-responsive devices made with
azobenzene as a photoresponsive motif, the performance of the
Azo-PIL device described here performs well in terms of
minimal decay over multiple cycles and fast response
times."' ™7 Our report also explicitly shows that the trans —
cis does not have a large effect on the interfacial charge-transfer
capabilities of azobenzene as demonstrated by the same
increase in current with both 365 (trans — cis) and 470 nm
(cis — trans) light excitation. In general, larger light-induced
increases in current are observed with the azobenzene devices
that report operation via charge transfer as opposed to a
change in dipole, consistent with the 2—3 orders of magnitude
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increase in current observed herein.'>'*7'¢ Although there are
examples of larger increases in current, for example, over 6
orders of magnitude in devices that include azobenzene as a
charge trap, the application of a large negative gate voltage or
irradiation with another wavelength of light was required to
cause the current to return to its initial state.">'*"* In contrast,
our device shows an immediate decrease in current in the
absence of a light source. However, both devices hold
importance in the application of photochromic devices, with
previous literature examples more useful as writing/erasing
photomemory devices and the Azo-PIL device described here
applicable as a light sensor. As a photodetector, our device
senses longer wavelen%ths of light than are common in other
photochromic devices.

B CONCLUSIONS

In conclusion, we have reported the fabrication of a
photodetector that functions via charge transfer between an
azobenzene PIL layer and a p-type semiconducting polymer.
The Azo-PIL layer was designed to have complementary
solubility to the semiconducting polymer, PhF-2,3, which
facilitates device fabrication by spin-coating. The Azo-PIL was
shown to have a reversible trans — cis isomerization through
UV-—vis spectroscopy under 365 and 470 nm irradiation.
However, once incorporated into devices, an increase in
current was observed with both wavelengths of light, indicating
that the response is surprisingly not due to the reversible trans
— cis isomerization of azobenzene. Instead, we conclude that
charge transfer occurs at the interface of Azo-PIL and PhF-2,3
layers as evidenced by cyclic voltammetry (CV) measurements
and supporting calculations. This charge-transfer mechanism
results in a fast current response because the HOMO energy
levels of Azo-PIL and PhF-2,3 are nearly equivalent. This
report reinforces the importance of tailoring materials for
contemporary applications, which can increase the process-
ability and performance of advanced devices.
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