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Squaraine Dyes for Single-Component Shortwave
Infrared-Sensitive Photodiodes and Upconversion
Photodetectors

Wei-Hsu Hu, Frank Nüesch, Davide Giavazzi, Mohammad Jafarpour, Roland Hany,*
and Michael Bauer

Sensitive detection of shortwave infrared (SWIR) light using organic dyes will
be a significant advance toward many applications in industry and research.
Furthermore, from a fabrication and optimization view, photogeneration of
charges in diodes consisting of a single dye layer will be highly attractive.
However, SWIR dyes are scarce and organic photodiodes usually utilize a
donor–acceptor materials combination to split excitons into charges. Here, it
is demonstrated that single-component layers of several SWIR squaraine dyes
operate as efficient photodetectors, with peak external quantum efficiency >
40% beyond 1000 nm and sensitivity out to 1300 nm. Photocurrents show a
superlinear dependence on reverse bias. It is shown that this results from a
field-assisted exciton dissociation mechanism, and not from field-dependent
charge injection or extraction. SWIR photodiodes are combined with organic
light-emitting diodes to fabricate upconversion photodetectors – devices that
convert SWIR photons directly into visible light. Upconverters are
characterized by a low turn-on voltage (1.5 V) and a high luminance contrast
(on-off ratio 16 000) and SWIR-to-visible (𝝀 = 575 nm) photon conversion
efficiency (1.85%). Upconversion photodetectors emerge as a promising
alternative to the current inorganic-based imaging technology.

1. Introduction

The growing interest in sensing and imaging of shortwave in-
frared (SWIR, 𝜆 > 1000 nm) light is related to the increasing
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number of applications in this spectral
range, including biomedical imaging, op-
tical communication, or machine vision
systems.[1,2] To date, sensitive photode-
tection beyond 1000 nm is possible with
inorganic semiconductor-based photode-
tectors and cameras. However, inorganic
sensor arrays are rigid, require com-
plex processing and are cost-prohibitive
for low-end consumer applications.[3]

In this regard, organic materials can
play a major role for photodetection in
the SWIR. Organic photodetectors can
be fabricated on flexible substrates, or
can be deposited directly on complemen-
tary metal-oxide semiconductor readout
circuits.[4] A few polymers with sensitiv-
ity extending into the SWIR have been
synthesized.[5–7] Likewise, few organic
dyes with peak absorption approaching
the 1000 nm limit and beyond have been
reported.[8–10] Most of these dyes belong
to the families of cyanines,[11,12] charge-
transfer dyes[13] or squaraines.[14] Among
these, squaraine dyes have emerged as a

large materials library for a wide variety of applications, including
SWIR bioimaging and photodetection.[15,16]

Usually, efficient charge generation in organic materials can
only be achieved by combining two materials to form a hetero-
junction, with one acting as the electron donor (D) and the other
as the acceptor (A). In this case, photoexcitation forms an inter-
molecular charge transfer (CT) state, from which charge separa-
tion occurs.[17,18] A disadvantage of this approach is that the use
of a two-component blend film introduces a large space for de-
vice optimization and morphological instabilities. Furthermore,
because the optical gap for SWIR dyes is small, it gets increas-
ingly difficult to find a suitable complementary component to
form a D–A heterojunction.[5,7,19,20] There are a few reports on
single-component organic solar cells where the D–A motif was
combined in a single molecule or a co-polymer.[21] However, the
synthesis of such molecules is difficult and the power conversion
efficiencies were modest.

Therefore, it would be highly desirable to fabricate SWIR pho-
tosensitive organic devices from a single material, which of-
fers the possibility for easy processing, morphological control
and long-term stability. However, there are only few reports on
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intrinsic photocharge generation in the bulk of a single organic
material, and photosensitivity was limited to the visible and near-
infrared (NIR) out to ≈850 nm.[22–30] Intrinsic photoinduced
charge generation for organic materials in the SWIR has not been
reported so far.

For intrinsic charge generation in a single material to oc-
cur, the question is how the binding energy of the photogen-
erated exciton can be overcome. The driving force has been
proposed to arise from energetic disorder in single-component
films, because of energy level shifts due to electronic coupling
between dye molecules and intermolecular electric fields.[22,23,30]

Alternatively, and in some cases conjectural, an external elec-
tric field-assisted dissociation mechanism was postulated, or
intrinsic charge generation was attributed to the high dielec-
tric constant of the material, resulting in efficient charge
screening and therefore allowing efficient electron-hole pair
separation.

Recently, we investigated the synthesis and properties of the
symmetrical benz[cd]indolium-capped squaraine dye (in this
work named SQ1) and of the corresponding dicyanomethylene
acceptor-substituted dye (DCSQ1). Using SQ1 and DCSQ1 as
(D/A) dye/PCBM blend active layers, we demonstrated efficient
photoinduced charge generation with peak sensitivity (1025 nm)
in the SWIR.[31–33] Here, we extend the SWIR squaraine fam-
ily and report on the synthesis of a benz[cd]indol-flanked,
rhodanine-substituted dye (RSQ1) with an absorption maximum
at 1072 nm.

For DCSQ1, SQ1 and RSQ1 we find that, unconvention-
ally, efficient photoinduced charge generation occurs already in
single-component photodiodes with an external quantum ef-
ficiency > 40%. Using a combination of experimental meth-
ods and simulations, we confirm that charge generation oc-
curs in the bulk of the squaraine layers, and exclude that
charges are injected from the external circuit or are primar-
ily generated at an electrode/dye interface. Single-component
diodes show superlinear (concave) dependence of photocur-
rent with reverse voltage. The superlinear photocurrent be-
havior is explained with an electric field-induced dissociation
mechanism.

We then combine the single-component squaraine SWIR pho-
todetectors with an organic visible light-emitting diode (OLED) to
fabricate so-called upconversion photodetectors.[2] When SWIR
light is absorbed in the photodetector, a current is generated and
converted into a visible image by the OLED. Thereby, an up-
conversion photodetector directly converts SWIR light into vis-
ible light. The device concept needs no intermediate electron-
ics for data processing, no external display for data visualization
and allows high image resolution without pixelation of the active
layer.[34,35] Upconversion photodetectors are also denoted as up-
conversion device[36] or upconversion imager/display[37–39] and
are studied as an alternative to the current inorganic compound-
based SWIR imaging technology. Our upconversion photodetec-
tors convert SWIR photons up to 1300 nm directly into visible
greenish-yellow photons, with good performance in terms of a
low turn-on voltage, a high on-off ratio between the luminance
measured in the presence of SWIR light and in the dark, as
well as a high infrared-to-visible photon-to-photon conversion ef-
ficiency.

2. Results

2.1. Synthesis and Molecular Properties

For the synthesis of the RSQ1 squaraine, we replaced the di-
cyanomethylene group with the even stronger rhodanine accep-
tor (Scheme 1).[40] Experimental details for the RSQ1 synthesis
are compiled in the Supporting Information. Scheme 1 also in-
cludes the chemical structures of the dyes SQ1 and DCSQ1. We
used these dyes for the fabrication of single-component pho-
todiodes in this work, and repeat in Table 1 some structural
and molecular properties from reference [31] for comparison pur-
poses. The absorptions of SQ1 and DCSQ1 in solution (Figure
1a) are characterized by narrow peaks with high molar absorp-
tion coefficients far in the NIR range. For both dyes, absorp-
tions between 300 and 400 nm are attributed to the absorption of
the benz[cd]indole moiety. For DCSQ1, additional hypsochromic
absorptions appear in the 450 nm – 600 nm range. These are
assigned to higher energy transitions, which are symmetry-
forbidden for SQ1 (C2h symmetry) but weakly allowed for DCSQ1
(C2v symmetry).[31]

Due to the steric demand of the rhodanine group, we assume
for RSQ1 that the heterocycles on opposite sides of the polyme-
thine chain arrange in a cis configuration, in accordance with
DCSQ1. The rhodanine acceptor induces a substantial redshift of
the absorption maximum to 1072 nm in solution. However, the
bathochromic shift comes along with a broadening of the main
absorption band and a strong decrease of the molar extinction co-
efficient (Table 1). At the same time, higher energy optical transi-
tions in the visible become pronounced. The narrow absorption
at 510 nm originates from the rhodanine squarate unit incorpo-
rated in RSQ1 (Figure S1, Supporting Information), additional
allowed transitions with peak absorption at 635 nm are explained
by the symmetry loss in RSQ1 due to the asymmetric rhodanine
unit (Figure S2, Supporting Information).

Due to intermolecular interactions and increased molecu-
lar ordering, film absorbance spectra are considerably broad-
ened compared to the solution spectra (Figure 1b–d; Figure S3,
Supporting Information). For DCSQ1 and RSQ1, additional H-
aggregate bands appear, suggesting that these dyes self-organize
during film formation. Consistent with the peak absorption
trend, the electrochemical gap narrows with increasing acceptor
strength in the dye series (Table 1; and Figure S4, Supporting In-
formation). The optical bandgaps from the onset absorption edge
in solution differ from the electrochemical bandgaps by ≈0.07 eV
for DCSQ1, and by ≈0.13 eV for SQ1 and RSQ1.

2.2. Single-Component Photodiodes

Photodiodes were fabricated as ITO/TiO2 35 nm/dye
85 nm/MoO3 15 nm/Ag 60 nm stack, with the squaraine
dyes as single-component active layer, and TiO2 and MoO3 as
electron- and hole-selective contacts, respectively. Figure 1b–d
shows external quantum efficiency (EQE) spectra for these
devices. At short-circuit (no external voltage applied), the EQE
in the NIR/SWIR range was below 1% (Figure S5, Supporting
Information), but EQEs increased strongly with reverse bias and
reached 43% (at -10 V) or 13% (at -6 V) for DCSQ1 (at 1030 nm),

Adv. Optical Mater. 2023, 2302105 © 2023 Wiley-VCH GmbH2302105 (2 of 10)

 21951071, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202302105 by Paul Scherrer Institut PSI, W
iley O

nline L
ibrary on [08/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

Scheme 1. Synthesis of the RSQ1 dye, which is composed of benz[cd]indole donor units and the rhodanine-substituted squarate acceptor unit. Included
are the chemical structures of the recently synthesized dyes DCSQ1 and SQ1.[31].

and 30% for SQ1 (at -10 V, at 1015 nm). The RSQ1-based diode
reached a maximum EQE of 7% (at 1140 nm) with increasing
voltage applied, which we limited to a maximum of -6 V because
of a rather high dark current and associated noisy EQE spectra
for higher voltages. The high dark current is explained by the

non-homogeneous film formation of RSQ1 on TiO2 (Figure
S6, Supporting Information). In the NIR/SWIR range, EQE
spectra of all photodiodes follow the film absorbance spectra,
and the RSQ1 device is sensitive out to a wavelength of 1300 nm
(EQE = 1%). The apparent EQE peak at 450 nm in all spectra is

Table 1. Absorption and electrochemical data of squaraine dyes.

Absorption Cyclic Voltammetry Reference

𝜆max,film
a)

[nm]
𝜆max,sol.

b)

[nm]
𝜖 [M−1

cm−1]
Egap,opt.

c)

[eV]
EHOMO

d)

[eV]
ELUMO [eV] Egap,CV [eV]

SQ1 970 900 152 000 1.31 -5.14 -3.96 1.18 [31]

DCSQ1 995 958 137 000 1.21 -5.20 -4.06 1.14 [31]

RSQ1 1071 1072 25 500 1.03 -5.02 -4.12 0.90 this work
a)

Spin coated from chloroform solution onto a glass substrate
b)

Measured in toluene
c)

Optical gap from the absorption onset
d)

Measured in CH2Cl2, potential against
Fc/Fc+, using −5.1 V eV for Fc/Fc+ against vacuum.
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Figure 1. a) Absorption spectra of squaraines in toluene solution. b–d) EQE of single-component squaraine photodiodes as function of voltage bias
(labeling EQE left y-axes). Dye film absorbance spectra are included (black color, labeling right y-axes); detailed spectra are shown in Figure S3 (Supporting
Information).

ascribed to an optical interference effect (Figure S7, Supporting
Information).[41]

We address two uncommon features from results shown in
Figure 1. First, the outcome that quite efficient charge generation
takes place after light absorption in single-component squaraine
layers, second the result that EQEs depend strongly on the bias
voltage. We concentrate the analysis on DCSQ1 because the as-
sociated photodiode performs best. Figure 2a shows EQE val-
ues extracted from Figure 1 and a current-voltage (J–V) trend of
a DCSQ1 photodiode. These data indicate that the efficiency of
photoinduced charge generation shows an onset voltage of ≈-2 V,
after which the current density and EQE depend almost linearly
on the reverse electric field. In order to confirm that charge gen-
eration occurs intrinsically in the bulk of the dye layers, it is nec-
essary to verify that charges are not injected into the device from
the external circuitry, as well as that charges are not mainly gen-
erated at a dye-electrode interface.

One mechanism to inject a large number of charges into the
device is based on trap-assisted photomultiplication.[42,43] The ef-
fect occurs via tunneling-injection from one of the electrodes be-
cause of trapped photogenerated charges and charge injection
depends exponentially on the applied field.[23] The superlinear
electric field dependence of the photocurrent observed in our
case is a strong indication that charge generation cannot be as-
cribed to external charge injection. Furthermore, because of slow
trapping and detrapping of charges, photomultiplication type
photodetectors usually show a slow response to a fast-switching

light pulse.[42,44] Such a behavior is in contrast with results
from transient photocurrent measurements (Figure 2b). For a
DCSQ1 photodiode, the current rises and decays within less than
1 μs when a light pulse is applied. This is much faster than
the response of trap-assisted photomultiplication photodetectors,
which is in the order of milliseconds to seconds (Figure S8, Sup-
porting Information).

We examine the possibility that charge generation occurs
at a dye-electrode interface. Of importance is the TiO2/dye
interface, which is present in the so-called inverted device,
ITO/TiO2/dye/MoO3/Ag. It is known that TiO2 can be sensitized
by direct electron transfer from a photoexcited dye into the TiO2
conduction band, followed by regeneration of the dye ground
state by hole transfer across MoO3.[45,46]

This mechanism likely occurs in our photodiodes as well; how-
ever, charge generation in the bulk of the active materials pre-
vails. Setting the exciton diffusion length in the dye film to a
typical value of ≈5 nm,[47] we calculate that the percentage of
absorbed photons within this dye layer thickness next to TiO2
in the NIR/SWIR spectral region is below 10% (Figure S9, Sup-
porting Information). This corresponds to a small fraction of the
measured EQE of 43% at 1030 nm for DCSQ1. This calculation
sets as an upper boundary that not more than ≈25% of the ex-
perimental photocurrent can be generated at the TiO2/dye inter-
face, which indicates that the majority of charges is generated in
the bulk film. We support bulk charge generation by investigat-
ing diodes with a thick DCSQ1 layer, combined with a thin and
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Figure 2. a) top: Current-voltage curves of a DCSQ1 photodiode in the dark and in the presence of NIR light. bottom: EQEs of squaraine photodiodes
as function of the voltage bias (data from Figure 1). EQE data were taken at 1030 nm (for DCSQ1), at 1010 nm (for SQ1) and at 1140 nm (for RSQ1).
b) Response of a DCSQ1 diode to a NIR light pulse. The current rise time (0% – 90%) was 0.5 μs, the fall time (100% – 10%) was 0.7 μs. The LED
flux in (a, top) and b) was 1.2 × 1021 m−2 s−1. c) EQE of an ITO/TiO2/DCSQ1 140 nm/MoO3/Ag 12 nm semitransparent photodiode at -10 V with
light illuminated through the ITO (solid line) or the Ag (dotted line) side. d) Carrier lifetimes from transient photovoltage measurements for the regular
and inverted device architecture. e) Simulation of the experimental current-voltage trend (data from Figure 2a) assuming electric field-assisted charge
generation. f) Sensitivity of the simulation parameters 𝜏* (the lifetime of the excited state) and r (the electron-hole pair distance in the excited state).

semitransparent Ag layer, ITO/TiO2/DCSQ1 140 nm/MoO3/Ag
12 nm (Figure 2c). EQEs were measured with light incident
through the ITO or the Ag side. At 1000 nm, the EQE was 7.8%
for irradiation through ITO, and 3.5% when irradiating through
Ag. We attribute this efficiency drop to incident light that is par-
tially reflected at the semitransparent Ag electrode before enter-
ing the device. Assuming that charge-generation occurs mainly
at the TiO2/dye interface, the EQE would drop by a calculated
factor of ≈10, much more than experimentally observed. This is
because in this case most of the light from the Ag side would be

absorbed in the thick dye layer before reaching the TiO2 interface.
This consideration is largely independent of the exact value of the
exciton diffusion length (Figure S9, Supporting Information).

Furthermore, we fabricated diodes in the regular
ITO/MoO3/dye/BCP/Al architecture (BCP is bathocuproine),
and found that the EQE was ≈25% smaller than for inverted
devices (Figure S10, Supporting Information). In the regular
device, the TiO2 layer is not present at all. Again, this indicates
that charge generation in both devices occurs predominantly
in the bulk of the active layer, with a small fraction (≈25%) of
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charges generated in the inverted diode directly at the TiO2/dye
interface. This is finally consistent with results from transient
photovoltage (TPV) measurements. During a TPV experiment,
the device is kept at open-circuit. Therefore, no charges are
injected from, or are extracted to, the external circuit, and all
charges recombine inside the device, with the recombination
time depending inversely on carrier concentration (Figure S11,
Supporting Information). The extracted carrier lifetime for the
regular device was slightly longer than for the inverted device
(Figure 2d). This indicates that the number of generated charges
in the inverted device was slightly larger, because of additional
charge generation at the TiO2/dye interface, which adds in
the inverted photodiode to the charges generated in the bulk
film.

We performed numerical simulations to investigate the su-
perlinear EQE and current dependence on the electric field
(Figure 2a). First, we assumed that photoexcitation generates
charges with a certain probability (30% in our case) that is in-
dependent of the electric field. Simulation parameters are com-
piled in Table S1 (Supporting Information). J–V curves were sim-
ulated using a high or a low light intensity; these correspond to
the experimental intensities used for the J–V and EQE measure-
ments. In this case, simulated and experimental J–V trends do
not match (Figure 2e). Simulated currents show a sublinear (con-
vex) current versus voltage trend and reach a plateau at reverse
bias, which indicates complete extraction of generated charges.
For a low light intensity, charge recombination is insignificant
and complete charge extraction occurs already at a small voltage
of ≈ -1 V (Figure 2e, green curve). For the simulated high light
intensity case, the current saturates at a slightly higher voltage of
≈ -3 V (Figure 2e, red curve).

A superlinear (concave) J–V trend emerges in the simulation if
electric field-assisted charge generation is included (dotted blue
line, Figure 2e). The simulation is based on the Onsager-Braun
model[48] with an extension by Koster et al.[49] to include posi-
tional disorder of the initial electron-hole pair separation in the
excited state (parameter r). The experimental current trend was
simulated with r = 0.65 nm, the lifetime 𝜏* = 10 ns of the ex-
cited state, and the experimental charge mobilities for electrons
(μe) and holes (μh). Mobilities are field-dependent (Note S1, Sup-
porting Information) and, e.g. at 3 V, μe = 1 × 10−5 cm2 V−1 s−1

and μh = 3 × 10−6 cm2 V−1 s−1. With these parameters, the exper-
imental J–V trend of a 40 nm thick DCSQ1 photodiode could be
fitted as well (Figure S12, Supporting Information). Simulations
in Figure 2f show that these parameters very sensitively affect
the magnitude of the simulated current. For example, the cur-
rent is much smaller for 𝜏* = 1 ns (green curve) or r = 0.5 nm
(red curve). On the other hand, the simulated current increases
strongly for r= 0.8 nm (black curve). All simulated currents show
that charge generation is activated only above a certain electric
field strength (≈-2 V/85 nm in Figure 2e), after which it almost
depends linearly on the field. Such a superlinear J–V trend is
a characteristic signature of a field-assisted charge generation
mechanism. The simulated current onset delay at reverse bias
and the concave J–V trend is somewhat obscured in the experi-
mental data, which we ascribe to the presence of the additional
small current generated at the TiO2/dye interface. This current
is field-independent and superimposes with the field-assisted
current.

2.3. Single-Component Upconversion Photodetectors

For the fabrication of upconversion photodetectors, we combined
the single-component photodiodes with a single-component
OLED (Figure 3a). The OLED is composed of a single layer
of a thermally activated delayed fluorescence emitter material,
CzDBA,[50] and ohmic electron and hole contacts are realized
with a (MoO3 6 nm/C60 3 nm) anode and a (TPBi 4 nm/Al)
cathode.[51] Both in the dark (no NIR light) and in the on-state
(with NIR light), a voltage is applied. In the dark, TiO2 blocks
hole injection at the ITO and MoO3 blocks electrons from flow-
ing through the device. This suppresses the dark current, which
is important to achieve a high luminance on/off ratio.

In the presence of NIR light, charges are generated in the
DCSQ1 photodetector. Electrons are extracted via TiO2 at the an-
ode, and holes drift into the OLED where they recombine with
injected electrons from the cathode under the emission of visible
light (Figure 3b,c).

J–V and luminance versus voltage characteristics of the
DCSQ1-based upconversion photodetector are shown in
Figure 3d. The reproducibility of device fabrication is sum-
marized in Figure S13 (Supporting Information), and corre-
sponding data for an RSQ1-based upconversion photodetector
are shown in Figure S14 (Supporting Information). The small
dark current rise between 4 and 10 V (0.06 mA cm−2) is ac-
companied by an increase of the dark luminance (≈1 cd m−2

at 10 V), which indicates that the dark current is composed
of injected electrons and holes. We fabricated devices with
an additional CBP electron-blocking layer; however, this did
not further suppress the dark current (Figure S15, Supporting
Information). In the presence of NIR light, device turn-on was
consistently at ≈1.5 V (Figure S13, Supporting Information),
and the luminance reached a value of ≈20 cd m−2 at 2 V. The
maximum on/off ratio for the luminance was 16 000 at 4 V. In an
upconversion photodetector, the current in the on-state is limited
by the number of photogenerated holes in the photodetector
and therefore is expected to saturate at high voltages. Because
the EQE in our photodiodes strongly increases with voltage, we
do not observe this expected current plateau, and the current
and associated luminance increase continuously with increasing
bias.

The current efficacy of the device was (28 ± 1) cd A−1, in-
dependent of the voltage bias. The photon-to-photon conver-
sion efficiency (P2PCE) describes the ratio between the visi-
ble emitted photons and the incident NIR photons. The P2PCE
was 1.85% at 10 V (average (1.4 ± 0.3)% from 13 devices).
The P2PCE can be approximated from the individual EQEs of
the photodetector and the OLED (≈9%, Figure S16 (Support-
ing Information)). The EQE of the photodetector part is (10–
15)% at an electric field of 10 V/active layer thickness. With
this, the calculated efficiency is P2PCE ≈ EQE(photodetector) x
EQE(OLED) = 0.13 × 0.09 = 1.2%, which is in agreement with
the experimental result.

3. Discussion

The combination of the strong rhodanine acceptor with
benz[cd]indolium donor groups afforded the RSQ1 dye with an
absorption maximum at 1072 nm, which represents a substantial
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Figure 3. a) Upconversion photodetector stack, ITO/TiO2 35 nm/DCSQ1 85 nm/MoO3 6 nm/C60 3 nm/ CzDBA 75 nm/TPBi 4 nm/Al 70 nm. CzDBA is
9,10-bis(4-(9H-carbazol-9-yl)−2,6-dimethylphenyl)−9,10-diboraanthracene, TPBi is 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene. b) Photo illustrating
the upconversion process. A voltage bias (4 V) was applied to a rectangular (1 × 1.5 cm2) device. The color of the device is violet. The device was
irradiated with a NIR laser beam at 980 nm that has an elliptic form with semi-major axis lengths of 0.2 cm and 0.1 cm. The NIR light is upconverted
to visible yellow light; this corresponds to the on-state. Because of the poor lateral conductivity and thin thickness of the organic layers, lateral current
spreading in organic upconversion photodetectors is very small. Therefore, next to the NIR light beam no visible light is emitted, even though a voltage is
applied; this corresponds to the dark, off-state. c) Electroluminescence spectrum of the visible emitted light. d) Performance characteristics of a DCSQ1
upconversion photodetector with and without NIR light (980 nm, 49 mW cm−2). For better image contrast, the color of the emitted light in (c) and (d)
is drawn in green; the actual emitted color in (b) is yellow.

bathochromic shift of 114 nm compared to the corresponding
dicyanomethylene-based DCSQ1 dye (𝜆max = 958 nm, Table 1).
We assume that with stronger donor moieties more red-shifted
rhodanine squaraines will be synthetically available. One success-
ful donor motif was recently reported.[16] A dicyanomethylene
squaraine with two diphenylamine-substituted benz[cd]indolium
donor groups showed an absorption maximum at 1091 nm,
which represents a bathochromic shift of 77 nm compared to
the corresponding thienyl-substituted dye.[31] However, we reit-
erate that rhodanine is a chromophoric group and the resulting
RSQ1 dye is non-symmetric and panchromatic. This is a problem
if wavelength-selective SWIR sensing is required. It also presents
a disadvantage for upconversion photodetector applications, be-
cause visible light that exits the device through the glass/ITO
substrate is partially re-absorbed in the photodetector part. The
same issues apply to many SWIR polymers that absorb also in
the visible.[5–7,20]

We demonstrate efficient SWIR photoinduced charge gener-
ation in single-component squaraine two-terminal photodiodes.
Further studies are required to judge whether these devices can
find use as stand-alone high-performance photodetectors. A high

EQE alone does not qualify the device as a practical photodetec-
tor, because this requires additional favorable performance met-
rics, such as a high linear dynamic range or a low dark/noise cur-
rent (Note S2, Supporting Information).[8,10,45] However, when
integrated in an upconversion device, a high EQE for convert-
ing SWIR photons into electrical charges is the essential require-
ment of the photodetector part. This is because in this case the
device performance is governed by an intricate interplay between
the photodetector and the OLED. For example, we showed re-
cently that the response speed of an upconverter, namely the
ability to accurately detect in the visible a rapidly changing in-
frared signal, is determined primarily by the electron mobility in
the OLED,[46] and not by the response speed of the stand-alone
photodetector.

Single-component photoinduced charge generation has been
reported for a few other dyes before. For example, cur-
rent generation in chloroboron subnaphthalocyanine was ex-
plained with direct carrier generation enabled by the materi-
als high dielectric constant or by a field-assisted exciton disso-
ciation mechanism.[26,29] Similarly, field-assisted charge genera-
tion was proposed for two (visible-absorbing) single-component

Adv. Optical Mater. 2023, 2302105 © 2023 Wiley-VCH GmbH2302105 (7 of 10)
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squaraine photodetectors.[27,28] In our case, we derive field-
assisted charge generation from the observation of a superlin-
ear dependence of the photocurrent on reverse bias voltage, as
well as from a detailed study to exclude that charges are injected
into the device or are generated mainly at an electrode/dye in-
terface. In reference, [23] a strong electric field-dependent pho-
tocurrent was explained with low and unbalanced mobilities for
electrons and holes. From simulation, it was found that for bal-
anced mobilities the current increases sublinear with voltage and
reaches a plateau at reverse bias, but that a linear trend emerges
for strongly imbalanced (μe/μh < 0.05) mobilities. In our photodi-
odes, this explanation does not apply. For DCSQ1, experimental
charge mobilities are well balanced and do not differ by more
than a factor 5 over the investigated voltage range. Furthermore,
simulated curves based on imbalanced carrier mobilities over a
sufficiently large negative voltage range always show a convex J–
V trend (Figure S17, Supporting Information), which is opposite
to the experiment (Figure 2).

We also measured the dielectric constants of the DCSQ1 film
(Figure S18, Supporting Information). Typical dielectric con-
stants for organic semiconductors at low frequency are in the
range of 2.7 – 3.5.[52] In our case, the static dielectric constant
up to several MHz is 𝜖static (DCSQ1) = 4.5, and the dielectric con-
stant at optical frequencies is 𝜖opt (DCSQ1) = 3.8. These rather
high dielectric constants favor intrinsic photocurrent generation,
because they reduce all forms of charge recombination and space
charge effects (𝜖static) as well as reduce the exciton and (pos-
sibly) CT binding energy (𝜖opt) in single-component squaraine
films.[53–55]

The question whether the electric field splits the squaraine ex-
citon directly or separates charges from a CT (excitonic) state[30]

between neighboring, chemically identical squaraines moieties
is not addressed in scope of this work. In principle, impor-
tant information can be obtained from field-induced photolu-
minescence quenching studies.[30,56] However, this experiment
is not possible with our fluorescence equipment because of the
very low photoluminescence quantum yield (PLQY < 0.05% in
solution[31]) of our squaraine dyes, which is likely due to the ex-
ponential increase of non-radiative losses when the energy gap
decreases.[57]

Recently, intrinsic photogeneration in pristine cyanine films
was explained with structural inhomogeneity creating energetic
disorder.[22,23] Polymethine dyes (cyanines, squaraines) have a
strong tendency to form aggregates, which coexist as nano-
sized molecular ensembles with amorphous domains in the
film.[58] Energy level variations arising from electronic coupling
between aggregated molecules as well as local electric fields be-
tween amorphous and aggregated domains may shift the HOMO
and LUMO energy levels.[22,59] Accordingly, a complex energetic
landscape can emerge between different domains of chemically
equivalent species, which possibly provides the driving force for
exciton dissociation within the single-dye film, facilitated by the
presence of an electric field in our case. As preliminary result,
we observe that thermal annealing changes the squaraine films
drastically from a mixed aggregate/amorphous to an aggregate-
dominated morphology (Figure S19, Supporting Information).
This mesoscale structural control over the dye arrangement is
helpful to study mechanistic details of the intrinsic photoinduced
charge generation in squaraines in future work.

4. Conclusion

In conclusion, we introduce the strong electron accepting rhoda-
nine group to synthesize a SWIR squaraine dye with peak absorp-
tion (steadily) approaching the 1100 nm benchmark. We report
that the rhodanine group is not suitable when selective spectral
response in the SWIR range is required. In this regard, the syn-
thetic challenge lies in the design of SWIR squaraine dyes using
symmetric and visibly transparent acceptors, the dicyanomethy-
lene group being a promising candidate.

We demonstrate efficient, electric field-assisted photocurrent
generation in single-component squaraine photodiodes. The
molecular structures of our squaraines and those used by
others[27,28] for single-component photodiodes are markedly dif-
ferent. This raises the question whether intrinsic photocharge
generation in squaraine films is driven by mesoscale structural
inhomogeneity creating energetic disorder – as found for other
organic materials[24] – or promoted by the efficient (field-assisted)
dissociation of excitonic states linked to the intrinsic molecular
D-A-D composition of this dye class.

We finally demonstrate efficient upconversion photodetec-
tors. For SWIR-to-visible imaging applications with upconver-
sion photodetectors, the availability of organic dyes with absorp-
tion beyond ≈1000 nm presents a crucial selling point. This is
because upconverted light between ≈650 and 1000 nm, although
not visible to the human eye, can also be detected with many dig-
ital cameras.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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