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and are still cost prohibitive for most con-
sumer and low-end applications. In addi-
tion, due to the broadband absorption 
of inorganic semiconductors, spectrally 
selective detection is not possible without 
attached optical filters.

As an alternative approach, optical 
upconversion devices have been developed 
that directly convert NIR light into visible 
light. These devices are also denoted as 
upconversion photodetector,[9] upconver-
sion display/imager,[10,11] or upconversion 
light-emitting diode.[12] The basic idea of 
any upconverter is the serial connection 
of a NIR photodetector with a visible light-
emitting component. When NIR light is 
absorbed in the photodetector, a current is 
generated and directly converted into a vis-
ible image by the emitter element. Impor-
tant advantages of this design concept are 
that no intermediate electronics for data 
processing and no external display for data 
visualization are required. We note that 
the functionality of an upconverter is dif-

ferent from the several known photon upconversion processes. 
Photon upconversion is a process that converts sequentially 
absorbed photons of low energy into a photon of higher energy.

All-organic upconversion devices (OUCs) are composed of an 
organic NIR photodetector and an organic light-emitting diode 
(OLED). OUCs can be fabricated entirely from solution over 
large area using coating and printing processes. This poten-
tially enables new and alternative NIR imaging applications 

Organic upconversion devices (OUCs) consist of an organic infrared photode-
tector and an organic visible light-emitting diode (OLED), connected in series. 
OUCs convert photons from the infrared to the visible and are of use in 
applications such as process control or imaging. Many applications require a 
fast OUC response speed, namely the ability to accurately detect in the visible 
a rapidly changing infrared signal. Here, high image-contrast, narrowband 
OUCs are reported that convert near-infrared (NIR) light at 980 and 976 nm 
with a full-width at half maximum of 130 nm into visible light. Transient 
photocurrent measurements show that the response speed decreases when 
lowering the NIR light intensity. This is contrary to conventional organic 
photodetectors that show the opposite speed-versus-light trend. It is further 
found that the response speed increases (when using a phosphorescent 
OLED) or decreases (for a fluorescent OLED) when increasing the driving 
voltage. To understand these surprising results, an analysis by numerical 
simulation is conducted. Results show that the response speed behavior is 
primarily determined by the electron mobility in the OLED. It is proposed that 
the low electron drift velocity in the emitter layer sets a fundamental limit to 
the response speed of OUCs.
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1. Introduction

Efficient wavelength-selective sensing and imaging of near-
infrared (NIR) light is critical to fiber-optical communication, 
optical sensors, medical imaging, robotics, or machine vision 
systems.[1–7] Currently, NIR imaging is realized with inorganic 
photodetector arrays interconnected with a silicon readout  
circuit.[2,3,8] However, such cameras are difficult to manufacture 
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with wearable and flexible devices. A further advantage of 
OUCs is that a high image resolution (e.g., ≈430,[11,13,14] 1588[15] 
dots per inch) can be achieved without pixelation of the active  
layer. This is because of the poor lateral conductivity and 
thin thickness of the organic layers, which suppresses lateral  
current spreading in OUCs.

The state-of-the-art of the research on OUCs until 2018 
is summarized in ref. [16] Since then, research efforts were 
directed to extend the detection into the shortwave infrared 
range, i.e., beyond 1000  nm,[11,12,17,18] or to improve important 
device figures of merit, such as lowering the operating voltage 
or improving the NIR light sensitivity.[10,14,15]

Current OUCs use broadband NIR-selective or panchromatic 
photodetectors, but true narrowband OUCs with a spectral  
NIR response of typically below 150 nm[1] full-width at  
half-maximum (FWHM) have not been presented. In principle, 
narrowband selectivity with panchromatic absorbers[20,21] can 
be achieved with optical filters or by using various filter-free 
wavelength selective photo detection approaches,[2,22] such as 
charge collection narrowing (CCN).[4] The CCN approach is to 
use very thick organic films (several µm) in which the response 
is narrowed to the absorption onset, leading to visible blind and 
tuneable red and NIR narrowband response. However, when 
integrated in an OUC, CCN-photodetectors will completely 
absorb the visible emitted light. Consequently, the upconverted 
light must be measured at the opposite side of the incident NIR 
light. This requires a transparent top electrode, which compli-
cates the device fabrication process. The same is true when 
using optical filters in the visible.

Here, we achieve NIR narrowband (FWHM 130 nm) photo-
detection with a heptamethine J-aggregated polymethine 
cyanine dye. Polymethine dyes have a single maximum absorp-
tion in the NIR but they cannot be designated as true narrow-
band absorbers because FWHM absorptions are well over 
100 nm, especially when dyes are processed into a film.[18,23,24] 
We exploit the fact that polymethine dyes can self-assemble 
into highly ordered (J- or H-)aggregated nanostructures.[25,26] 
The formation of J-aggregates results in a redshift (typically  
50–100 nm[27]) and narrowing of the absorption band compared 
to the monomer, which has already been exploited by us and 
others for NIR narrowband polymethine photodetectors.[28–31]

By combining the cyanine J-aggregate photodetector with 
a fluorescent or phosphorescent OLED, OUCs were obtained 
that convert NIR photons most efficiently at 980 or 976 nm to  
visible yellow or green photons. Our OUCs are characterized 
by very low dark current values, which results in a high NIR 
light on/off ratio of the luminance and a high image contrast. 
We measure the transient photocurrent response, both as a 
function of the light intensity and the applied bias voltage. The 
response speed of OUCs is a crucial parameter for imaging 
applications, as it sets the frame rate for image generation. We 
find that the response speed slows down when lowering the 
NIR light intensity, and either increases (when using the phos-
phorescent OLED) or decreases (when using the fluorescent  
OLED) with increasing voltage. To understand these unexpected 
results, we carry out an analysis by numerical drift-diffusion 
modeling. Simulation results show that the OUC response 
speed is governed by an intricate interplay between the charge 
mobility values in the different layers and that, for example, 

an increase of the applied bias voltage does not necessarily 
increase the response speed, as would intuitively be taken for 
granted.

2. Results and Discussion

2.1. Experimental

The materials used for fabricating the OUCs and the device 
architectures are shown in Figure 1. We used a fluorescent  
poly(para-phenylene vinylene) copolymer (Super Yellow, SY)-based  
OLED or a host–guest phosphorescent Ir(ppy)3 OLED. Both 
in the dark (no NIR light) and the on-state (in the presence 
of NIR light) a voltage bias is applied (Figure 2a). In the dark, 
TiO2 reduces hole injection at the indium tin oxide (ITO) 
anode, whereas QUPD blocks electrons from flowing through 
the device. This suppresses the dark current, results in a high  
on/off ratio and a high image contrast.

We used a recently reported[29] NIR photodetector that  
consists of a TiO2 electron transport layer on ITO that is  
sensitized by a near-infrared absorbing J-aggregated cyanine dye 
(Jcy).[28] The cyanine monomer in solution absorbs at 793  nm 
(Figure S1, Supporting Information), but when coated from 
the solvent 2,2,2-tri-fluoroethanol, the dye forms a compact  
and dense J-aggregate layer that absorbs at 995  nm with a 
narrow FWHM absorption of 52  nm (Figure  2b). The photo-
detector in the configuration ITO/TiO2/Jcy/MoO3/Ag is fairly 
stable, fast-responding (3 dB cut-off frequency = 50 kHz), and 
reaches an external quantum efficiency (EQE) at 990 nm of 12% 
at −2 V. Performance metrics of the photodetector are summa-
rized in Figure S1 (Supporting Information).

The cross-linkable QUPD layer was spin-coated from toluene 
directly on the J-aggregate layer. This was possible because 
the cyanine dye is soluble in water, but insoluble in common 
organic solvents. We found that a single layer of QUPD is not 
completely compact, and the dye was partly dissolved when 
a TiO2/Jcy/QUPD layer was rinsed with water. Therefore, to 
realize a more compact QUPD layer, a second film was coated 
on top of the first cross-linked layer. The two-layer QUPD 
film suppressed the dark current substantially, and the dark 
luminance decreased by a factor 10 (Figure S2, Supporting 
Information).

In the on-state, NIR light (using a 980 nm laser, 49 mW cm−2)  
is absorbed by the Jcy layer and charge generation takes place. 
Electrons are extracted via TiO2 at the ITO anode, while holes 
drift via the QUPD layer in the OLED where they recombine 
with electrons injected from the cathode under the emission 
of visible light (Figure 2a). The electroluminescence spectra of 
the two OUCs are shown in Figure 2b. Because we used a non-
transparent aluminum top electrode, the visible light leaves the 
device at the side of the incident NIR light source. When using 
a panchromatic NIR photodetector, a fraction of the emitted 
visible light would be reabsorbed when passing through the 
photodetector. In our case, however, the transmission of the 
full layer stack is over 85% at the wavelengths where SY and 
Ir(ppy)3 emit, and reabsorption of emitted light is small.

Luminance–voltage and current–voltage characteristics of 
the SY-OUCs are shown in Figure 3a. The reproducibility of 
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device fabrication is shown in Figure S3 (Supporting Informa-
tion). The dark current is very small and reaches 0.7 mA cm−2 
at 12 V. Up to 8 V, the dark luminance is at the detection limit  
(0.01  cd m−2) of our luminance meter, and reaches around 
0.27  cd m−2 at 12  V. When replacing the sol–gel derived TiO2 
with a more dense TiO2 layer grown via atomic layer deposition, 

the dark current was suppressed further by a factor of  
8 and the dark luminance remained at 0.01 cd m−2 out to 10 V 
(Figure S4, Supporting Information).

In the presence of NIR light, the device turn-on is at 3.5 V 
(1  cd m−2) and the maximum on/off ratio for the luminance 
is 8300 at 8 V. In the case of facile electron injection from the 

Adv. Optical Mater. 2022, 10, 2200695

Figure 1. a) Chemical structures of the compounds used in this study. b) OUC stacks with a fluorescent Super Yellow (SY) or a phosphorescent host–
guest OLED as visible light-emitting component.

Figure 2. a) Schematic functionality of the OUC in the absence and presence of NIR light. b) Absorbance spectrum (red line) of the aggregated Jcy 
cyanine dye film on TiO2 and experimental emission spectra of OUCs containing the SY- and Iridium-based OLED. Also included are the experimental 
transmission spectra of the full OUC stacks, next to the top electrode. Line colors are orange for SY-OUC and green for Ir-OUC.
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cathode, the current in the on-state is limited by the number 
of photogenerated holes in the photodetector and therefore is 
expected to level off at high voltages. Because the EQE of our 
photodetector increases with bias (Figure S1, Supporting Infor-
mation), we do not observe a clear saturation trend, and the 
current and luminance increase continuously with increasing 
voltage.

The current efficacy of the SY-OUC in the on-state is lower 
than expected. The maximum efficacy is 2.7  cd A−1 at 6  V, 
much below the value of 12.6 cd A−1 we measured for an ITO/
QUPD/SY/Ca/Al OLED (Figure S5, Supporting Information). 
This is in line with the calculated ratio between the numbers of  
visible emitted photons to impinging NIR photons, the photon-
to-photon conversion efficiency (P2PCE).[32] P2PCE was 0.16% 
at 10  V. The P2PCE can also be approximated from the indi-
vidual EQEs of the photodetector (EQE ≈ 10%) and the OLED 
(EQE = 2.89%).[33,34] The value for the approximated P2PCE 
is EQE(photodetector) × EQE(OLED) ≈ 0.1 × 2.89%  = 0.29%,  
which is about a factor of two higher than the experimental 
value. From simulation results (see below), we take the low 
current efficacy as the result of exciton quenching in the 
emitter layer because the charge recombination zone is very 
narrow and close at the QUPD-SY interface. To move the 
recombination zone away from this interface, we experimen-
tally inserted an additional hole-transporting MoO3 (15  nm) 
layer between QUPD and SY. Thereby, the current effi-
cacy increased strongly to 8.3  cd A−1 (Figure S5, Supporting 
Information). From preliminary long-term experiments, we 
also find that a recombination zone close to the QUPD-SY 

interface compromises the device stability (Figure S5, Sup-
porting Information).

Figure  3b shows the EQE spectrum for the SY-OUC at 
a voltage bias of 6  V, spectra for other voltages are shown in 
Figure S3 (Supporting Information). In contrast to the absorp-
tion of the neat Jcy film (maximum absorption at 995  nm, 
FWHM 52  nm), the maximum EQE (2.9%, responsivity 
22.9  mA W−1) is at 980  nm and the EQE peak is relatively 
broader (FWHM 130  nm). We ascribe this broadening of the 
EQE peak to optical interference effects (weak microcavity) 
because the absorbing layer is sandwiched between a strongly 
(Al) and weakly (glass/ITO) reflecting interface.[18,28,34] The 
EQE falls off toward shorter wavelengths but is well below 1% 
between 400 and 700 nm. This means that the response of the 
SY-OUC to visible (background) light is very small.

The inset of Figure 3b shows the response of the luminance 
when varying the NIR light intensity. The linear dynamic range 
(LDR) describes the range within which the upconverted lumi-
nance scales linearly with the NIR light intensity (at 980 nm). 
We varied the NIR light intensity from 49 to 0.49  mW cm−2 
and measured corresponding luminance values of 28.8 and 
0.16  cd m−2. The maximum NIR light intensity was fixed by 
our NIR laser source, and to avoid overestimation of the lower  
luminance level,[15] we did not decrease the NIR light intensity 
further. With these values, the calculated LDR is at least 45 dB 
(see the Experimental Section).

Luminance and current versus voltage trends for the Ir-OUC 
are shown in Figure  3c; and Figure S3 (Supporting Informa-
tion). Compared to the SY-OUC, the device turn-on voltage 
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Figure 3. a,c) Performance characteristics of OUCs with and without NIR light using a fluorescent (a) or phosphorescent (c) OLED. b) EQE of the 
SY-OUC. The inset shows the linear dynamic range (LDR) of the NIR light-induced luminance, evaluated at a voltage of 6 V. d) EQE of the Ir-OUC as 
function of voltage bias and responsivity curve at 8 V.
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is lowered to 2.5  V, and because of the higher efficiency of 
the phosphorescent OLED (Ir-OUC maximum 5.7  cd A−1 at 
6  V, P2PCE = 0.53%), the maximum on/off luminance ratio 
increases to 13 000. However, especially the dark luminance 
of the Ir-OUC is higher than for the SY-OUC (0.2  cd A−1  vs  
0.03 at 10 V). This can be explained by an increased hole dark 
current in the Ir-OUC. The hole barrier at the QUPD-SY inter-
face is around 0.3 eV (Figure 1b), whereas the energy barrier for 
hole injection from QUPD to the Ir(ppy)3 guest is only around 
0.1  eV. Holes that enter the OLED can radiatively recombine 
with electrons that are injected in the emitter layer already in 
the dark and that pile up at the QUPD-OLED interface (see 
Simulation results, below).

Figure  3d shows EQE spectra of the Ir-OUC as function 
of the voltage bias. The maximum EQE at 976  nm is slightly 
shifted compared to the SY-OUC, but the FWHM (130 nm) is 
the same. The peak EQE increased superlinear with voltage and 
was 0.9% at 4 V, 3.6% at 6 V, and 6.6% at 8 V. First, the EQE 
increase of the OUC with bias is because the EQE of our photo-
detector increases with bias. In addition, the EQE increases 
because of the energetic barrier for hole carrier transport in 
the Ir-OUC that can be effectively overcome when the electric 
field is increased. The LDR for the Ir-OUC is at least 46.7  dB  
(Figure S3, Supporting Information).

We evaluated the response time of the OUCs by transient 
photocurrent response measurements. The speed of response 
is related to the time it takes to generate charges after the light 
stimulus, to extract the photogenerated electrons at the anode 

and to transport the holes into the emissive layer, where they 
recombine with electrons that are injected at the cathode and 
transported through the emissive layer to the recombination 
zone. For our OUCs, we measured resistance-capacitance time 
constants of ≈50 ns, so the speed of response is not limited by 
the charging of the geometrical capcitance (f3dB,RC  = 1/2πRC 
= 3  MHz).[35] The 3dB  cut-off frequency (also referred to as 
bandwidth) was determined as the light modulation frequency 
at which the photocurrent has dropped to 0.71 of that under 
continuous illumination.[2,36] Parameters related to the 3  dB 
cut-off frequency are the rise and fall times that are commonly 
reported as the duration of the response to increase from 10% 
to 90% or to decrease from 90% to 10%.

For the Ir-OUC (Figure 4a, average from 4 devices), the 3 dB 
cut-off frequency increases when the bias voltage is increased 
and levels off at around 4  kHz at 10  V. This is the expected 
trend, because the drift velocity (vdrift = charge mobility x electric  
field) of charges gets faster by an enhanced electric field.[1] 
For the SY-OUC, however, we observe a different behavior 
(Figure 4b). First, the response speed is much lower than meas-
ured for the Ir-OUC. Second, the response speed first slightly 
increases with voltage (or stays almost constant, Figure S6, 
Supporting Information), but afterward decreases by about a 
factor of five. The inset of Figure  4b shows that the rise time 
of the current response at 6  V is clearly shorter than at 10  V, 
which confirms the response speed measurement in the fre-
quency domain. We observed a further decrease of the response 
speed during device stressing. Therefore, a SY-OUC was kept 

Adv. Optical Mater. 2022, 10, 2200695

Figure 4. a,b) Speed of response under pulsed NIR illumination (950 nm) as function of voltage and c,d) as function of light intensity for Ir-OUC and 
SY-OUC, respectively. In (b), for the SY-OUC, the response speed was also measured during continuous device stressing over 10 h. In (c), for the 
Ir-OUC, the rise time clearly decreases with increasing light intensity, which indicates that the response speed slows down for lower light intensity.
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at a constant voltage of 5 V and was continuously illuminated 
with light at 950  nm. The 3  dB cut-off frequency decreased 
continuously during the first 3 h of stressing (black–red–blue 
trends, Figure 4b) and stayed roughly constant afterward. This 
trend is explained by the formation of hole traps in SY during 
operation (see below).

The response speed was also measured as function of the NIR 
light intensity. Both for the Ir-OUC (Figure 4c) and the SY-OUC 
(Figure  4d), the response speed slows down with decreasing 
light intensity. Again, this is an unexpected result. For organic 
NIR photodetectors, the opposite trend was reported and the 
fall time of the transient photocurrent increased strongly with 
increasing charge carrier density.[37–39]

2.2. Simulation

The functionality of the OUC is governed by an intricate inter-
play between charge generation as well as transport and recom-
bination in the photodetector and emission layer, for which an 
intuitive explanation is difficult. We resorted to an analysis by 
numerical modeling of the SY-OUC to gain insight into three 
peculiar experimental observations, namely i) the low OUC 
current efficacy, ii) the decrease of the response speed with 
increasing voltage, and iii) the decrease of the response speed 
with decreasing NIR light intensity, which is also observed 

for the Ir-OUC. Due to the many simulation parameters 
involved, our goal is to capture the essential features and we 
do not attempt a quantitative agreement between simulation 
and experiment. Details of the simulation and support for the 
arguments we give in the following discussion are summarized 
in the Supporting Information.

For the simulation, the chosen energy levels are shown in 
Figure 1b, and the mobility values are indicated in Figure 5a. In 
the dark and when the bias voltage is above the built-in voltage, 
electrons are injected from the cathode into the emission layer 
and pile up at the QUPD-SY interface (Figure 5b). In this situa-
tion, the electric field is largely screened in SY and concentrates 
in the Jcy and QUPD layer (Figure 5c). In the presence of NIR 
light, charges are generated in the Jcy layer. A fraction of photo-
generated holes and electrons recombine directly in the cyanine 
layer, but for larger voltages the majority of holes is driven via 
the QUPD layer to the QUPD-SY interface. The recombina-
tion zone between photogenerated holes and injected electrons 
is in SY within ≈5 nm at the QUPD-SY interface (Figure 5d). 
We suppose that the narrow width and location of the recombi-
nation zone provides possible explanations for the low experi-
mental OUC current efficacy, which are related to exciton 
quenching. First, due to the high electron density (>1018 cm−3, 
Figure  5b) present in the region where excitons are formed,  
exciton quenching by electron polarons can occur.[40] In addi-
tion, hole transfer through QUPD results in a fraction of 

Adv. Optical Mater. 2022, 10, 2200695

Figure 5. a) Energy level diagram used for the simulation with chosen mobility values [cm2 V−1 s−1] indicated. b) Electron distribution in the dark and 
c) corresponding electric field distribution. d) Recombination profile between electrons and holes in the presence of NIR light.
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molecules in this layer that is oxidized. Radical cations of 
tetraphenylbenzidine derivatives absorb in the 400–580  nm 
region,[41,42] which overlaps with the emission from SY 
(Figure  2). Therefore, energy transfer from SY excitons to 
QUPD+· is a further plausible exciton quenching mechanism, 
resulting in a luminance decrease.

The energy barrier (1  eV) between the lowest unoccupied 
molecular orbital (LUMO) levels of QUPD and SY (Figure 1b) 
is essential to the device functionality because it stops the 
electrons from flowing through the device. If this barrier is 
removed in the simulation, the recombination zone shifts into 
the QUPD layer and the calculated luminance drops almost to 
zero (Figure S7, Supporting Information). On the other hand, 
the recombination zone broadens by about 5–10 nm when the 
energy barrier between the highest occupied molecular orbital 
(HOMO) levels of QUPD and SY is removed in the simulation 
(Figure S8, Supporting Information). This is expected to reduce 
exciton quenching, because the electron polaron density is  
lowered and charges recombine further away from the QUPD-SY  
interface. Experimentally, we supported this assumption by 
inserting an extra MoO3 layer between QUPD and SY and 
observed a large increase of the current efficacy (see above). 
Therefore, the HOMO energy barrier between the (essential) 
electron-blocking and the emitter material should be small, not 
only to ensure loss-free hole transport from the photodetector 
to the emitter, but also to prevent that the charge recombina-
tion zone is located next to the interface.
Figure 6a shows the simulated current transients for  

different NIR light intensities. The inset shows that the  

current reaches steady state on the order of ms and faster for 
higher light intensities, in agreement with the experiment 
(Figure 4c,d). The simulated current exhibits a very fast initial 
current rise, followed by a slower increase between around  
100 µs and 4  ms. This current trend is also observed experi-
mentally (Figure 4c).

The early current rise is due to the fast transport of photo-
generated charges. The delayed current increase is due to a 
combination of hindered charge injection at the Ca-SY inter-
face and slow electron transport (μe = 6 × 10−7 cm2 V−1 s−1) from 
the cathode to the recombination zone, which limits the device 
response speed. For example, decreasing in the simulation 
μh(QUPD) or μe,h(Jcy) by a factor of 10 slightly delays the early 
current increase, but does not influence the long-term current 
behavior and thereby the overall response speed (Figure S9, 
Supporting Information).

The only precondition in the simulation that the response 
speed slows down with decreasing light intensity is the low 
μe value of the emitter layer. Removal of the HOMO energy  
barrier between QUPD and the emitter or variations of μh of the 
emitter do not change this trend. On the other hand, if μe of the 
emitter is set to, e.g., 1 × 10−5 cm2 V−1 s−1, the slowdown of the cur-
rent rise disappears and steady state is reached after about 200 µs. 
In this case, the electron transport to the recombination zone is 
not limiting the response speed anymore and the dependence of 
the response speed on the light intensity disappears in the simu-
lation (Figures S8 and S9, Supporting Information).

While the relevant parameter (i.e., μe of the emitter) that 
determines the experimental response speed versus light 

Adv. Optical Mater. 2022, 10, 2200695

Figure 6. a) Simulation of transient currents for different NIR light intensities and b) the corresponding electric field distributions close to steady state. 
c,d) Simulations of transient currents as function of the applied bias voltage for c) a low and d) a high electron mobility of the emitter layer.
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intensity trend can be pinpointed, the underlying fundamental 
reason for this trend is more difficult to grasp, also considering 
that the response speed differences are fairly small. A possible 
explanation can be derived from the simulated electric field dis-
tributions shown in Figure 6b. When increasing the light inten-
sity, more charges are photogenerated. These charges travel 
to the anode (electrons) and to the emitter layer (holes) and 
thereby screen the electric field in the Jcy and QUPD layer. This 
effect decreases the drift velocity of photogenerated charges. At 
the same time, the electric field in the emitter increases with 
higher light intensity, which increases the speed of electrons 
that are transported through the emitter layer to the recombi-
nation zone. Thus, it appears that with increasing light inten-
sity the reduction of the hole velocity in the QUPD layer is 
overcompensated by an increase of the electron velocity in the 
emitter layer, such that the overall response speed increases.

Figure  6c,d shows simulated current trends as function of 
the applied voltage bias. Again, the only relevant simulation 
parameter that dictates the trend is the chosen electron mobility 
value of the emitter layer (Figure S10, Supporting Information). 
For a small μe, the response speed decreases with increasing 
voltage (Figure 6c)—as observed for the SY-OUC—whereas the 
trend is reversed for a high μe (Figure  6d). The high-mobility 
μe value of 2 × 10−5 cm2 V−1 s−1 in the simulation corresponds 
to the measured value for the phosphorescent DCzPPy-Ir(ppy)3 
emitter,[43] and for the Ir-OUC we indeed find experimentally 
that the response speed increases when the voltage is increased 
(Figure  4a). One observation to note is that in the simulation 
the recombination zone narrows with increasing voltage and 
is situated closer to the QUPD-emitter interface. Thus, when 
μe is rate-limiting it takes longer for the electrons to reach the 
recombination zone when the voltage is increased. On the other 
hand, this difference in recombination zone seems to become 
irrelevant when μe of the emitter is the highest mobility in the 
simulation (Figure S11, Supporting Information).

We address in the simulation the observation that the 3 dB 
cut-off frequency for the SY-OUC decreases further during 
continuous device stressing (Figure 4b). We ascribe this trend 
to device degradation. One source of degradation in semicon-
ducting polymer OLEDs is the formation of hole traps. Trapped 
charges hinder the charge transport and therefore deteriorate 
the bandwidth of the device.[44] Hole traps grow over orders 
of magnitude with operation time and dictate the long-term 
stability of polymer OLEDs.[45–47] If we add in the simula-
tion emitter hole traps in sub-steps up to a concentration of  
1 × 1018 cm−3, the 10–90% rise time increases by about 400 µs 
(Figure S12, Supporting Information). Furthermore, the influ-
ence of the first added hole trap fractions on the rise time is 
largest and the response speed levels off when more hole traps 
are added in the simulation. These simulation results agree 
with the experiment where the decrease of response speed 
during device stressing is largest during the first few hours 
(Figure 4b).

In addition to hole traps that continuously form during 
operation, there exists a permanently present electron trap 
site density in semiconducing polymers, with a number of 
traps of 1–3 × 1017 cm−3.[48] As for the hole traps, electron traps 
slow down the charge transport.[49] However, for the high light 
intensities we experimentally used (4.9–49  mW cm−2) for the 

light-dependent response speed measurements (Figure  4c,d), 
the effect of electron traps in the simulation is very small 
and the response speed trend does not change (Figure S13,  
Supporting Information). Therefore, we exclude that electron 
traps are the underlying reason for the observation that the 
response speed decreases when the light intensity is decreased.

Systematic studies on the response speed of OUCs have 
not been presented so far. A few reported single-parameter 
3dB  cut-off frequencies such as rise and fall times show 
that the response speed of OUCs so far is limited to around 
10  kHz.[10,11,14,15] This is much lower than the response speed 
of organic NIR photodetectors, for which typical cut-off  
frequencies are well above 100 kHz.[19,35,50,51] We think that the 
main reason for this discrepancy is the low electric field in the 
emitter layer present in OUCs. This results first in a low drift 
velocity of electrons to the recombination zone, and second 
in a lower effective charge mobility value, because μe usually 
is electric field dependent and increases with increasing field 
(μ  = μoexp(ɣ√E), with ɣ > 0[52]). Another important difference 
between organic photodetectors and OUCs is the depend-
ence of the response speed on the light intensity and applied  
voltage bias. First, for (not trap-limited[44]) organic photo-
detectors the response speed decreases when the light intensity 
is increased.[37–39] This trend is explained by a counter-voltage 
produced by the photocurrent. At high light intensity, this 
voltage is sufficiently large to lower the internal electric field 
which slows down the sweep-out of charges. In addition and 
because the drift velocity increases with the electric field, the 
response speed of organic photodetectors in general increases 
with increasing voltage bias, a feature we observe for the 
Ir-OUC but not for the SY-OUC.

3. Conclusions

OUCs with narrowband NIR photodetectors can be used for 
imaging in the presence of visible background light. This 
is an advantage over broadband absorber materials, where  
visible light absorption results in a nonselective OUC response. 
J-aggregated polymethine dyes are especially suited for the 
filter-less narrowband detection of NIR light. Here, we upcon-
verted NIR light close to 1000 nm; however, J-aggregates of cya-
nine dyes with peak absorptions out to 1400 nm are known,[26] 
which allows imaging applications far in the shortwave infrared 
range. Features of the device functionality originate from the 
special OUC architecture and are not specific to devices with 
a narrowband photodetector. First, a narrow charge recom-
bination zone situated at the interface between the electron-
blocking and the emitter layer can result in substantial exciton 
quenching. This issue can be addressed with balanced energy 
levels for hole transport into the OLED or suitable interlayers 
between the electron-blocking and the emitter layer. The 
observed response speed versus light intensity trend and the 
result that the response speed decreases with increasing voltage 
can be removed in the simulation by choosing a very high elec-
tron mobility value in the emitter layer. However, it remains 
to be seen whether this can also be achieved experimentally. 
This is because our analysis suggests that the response speed 
of OUCs is fundamentally limited by the low drift velocity of 
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electrons in the emitter layer. Further studies of the factors 
that determine the response speed of upconversion devices are 
important for future applications.

4. Experimental Section
Device Fabrication: If not mentioned otherwise, TiO2 layers (35  nm) 

were prepared via a sol–gel process as reported.[32] Alternatively, 
glass-ITO substrates were coated with TiO2 via atomic layer deposition 
at a substrate temperature of 100 °C with argon as carrier gas at a base 
pressure of 28  Pa in a Fiji G2 system (Veeco Instruments Inc.). The 
precursors were tetrakis(dimethylamino)titanium(IV) (TDMAT, Sigma-
Aldrich) and H2O. TDMAT was kept at 75 °C, while H2O was unheated. 
The growth rate was determined by ellipsometry on Si (100) reference 
substrates and linear growth was observed with a growth rate of  
0.49 Å cycle−1. No postdeposition annealing was performed on the TiO2 
layer, which is therefore assumed to be amorphous. Device fabrication 
was carried out in a glove box (H2O <  1  ppm, O2  <  20  ppm), except 
the preparation of the cyanine layer (10 nm) that was coated in ambient 
atmosphere. Therefore, the cyanine dye (FEW S2433) was dissolved in 
2,2,2-tri-fluoroethanol (5 mg mL−1) and the solution was stirred for 20 h. 
Then, the dye solution was spin coated without using a filter at 3000 rpm 
for 60 s. QUPD (Lumtec, 5 mg  mL−1) and the photoinitiator OPPI[53] 
(Sigma-Aldrich, 2.5  mg mL−1) were separately dissolved in anhydrous 
toluene and were stirred for 30 min. Then, 1.5 wt% of OPPI was added 
to the QUPD solution and the film was spin coated (4000  rpm, 60 s) 
using a 0.45 µm filter. To promote cross-linking, films were exposed to 
UV-illumination (355  nm, 40 s) and annealed at 120  °C for 2  min. To 
realize a thicker QUPD layer (40 nm), a second film was coated on top 
of the first cross-linked layer. Finally, the two-layer QUPD film was rinsed 
with tetrahydrofuran (THF) to remove excess initiator.

NIR photodetectors were fabricated in the configuration  
ITO/TiO2(35  nm)/Jcy(10  nm)/MoO3(15  nm)/Ag(60  nm). MoO3  
(0.2 Å s−1) and Ag (0.2–0.4 Å s−1) were evaporated at 2 × 10−6  mbar. 
For Ag, a shadow mask was used defining the device area to 3.1 or  
7.1 mm2. For SY-OUCs, SY (Merck, dried at 40 °C and 0.1 mbar for 24 h)  
was dissoved in anhydrous toluene (5  mg mL−1) and was stirred for  
20 h. SY films (87 ± 6 nm) were spin coated onto QUPD at 1500 rpm for 
30 s and were then annealed at 50 °C for 20 min. Ca (0.2 Å s−1, 10 nm) 
and Al (0.2–0.4 Å s−1, 70 nm) were evaporated as the top electrode. For 
Ir-OUCs, 26DCzPPy (TCI Chemicals, 5  mg mL−1) and 10  wt% Ir(ppy)3 
(TCI Chemicals) were dissolved in anhydrous chlorobenzene and the 
solution was stirred for 30  min. The filtered (0.45  µm) blend solution 
was spin coated at 2500  rpm for 40 s and films (20  nm) were then 
annealed at 80 °C for 10 min. After that, the electron transport layer TPBi 
(Lumtec, 0.2–0.4 Å s−1, 45 nm) and the top electrode consisting of LiF 
(Lumtec, 0.1 Å s−1, 1 nm) and Al was evaporated.

Device Characterization: Film thicknesses were measured using an 
Ambios XP1 profilometer. Absorption and transmission spectra were 
recorded using a Varian Cary 50 Scan spectrophotometer. For the 
transmission spectra shown in Figure  2, air was used as the baseline. 
Electroluminescence spectra were measured with an integrating sphere 
on an Ocean Optics spectrometer QE Pro. Devices were characterized 
outside the glove box in a N2-filled air-tight box covered with a glass 
window. EQE spectra were measured on a commercial setup (SpeQuest, 
ReRa solutions BV). The monochromatic light was chopped at 85  Hz 
during the measurement without additional bias light. Optionally, a 
voltage bias was applied during spectral response measurements. The 
responsivity R [A/W] was calculated as R = EQE/100% × λ/1240 [nm W A−1],  
where λ is the wavelenght of the incident light in nanometer. Luminance–
current–voltage characteristics were recorded using a Keithley 2400 and 
a Konica Minolta LS-110 luminance meter with a close-up lens 110. As the 
NIR light source, a 980 nm laser (Thorlabs, CPS980, 49 mW cm−2) was 
used. In ref. [32], the experimental setup for device characterization is 
shown and the evaluation of the P2PCE is explained. The linear dynamic 
range (LDR) was calculated as LDR = 20 × log(Lupper/Llower), where Lupper 

and Llower stand for the maximum and minimum upconverted luminance 
measured as a function of the NIR power density. The response speed 
was measured on the Paios system (Fluxim AG, Switzerland) using 
modulated rectangular pulses from a LED at 950 nm.

Simulation: Optical and electrical simulations were performed with 
Setfos 5.2 (Fluxim AG, Switzerland). The simulation procedure and 
the influence of individual parameter variations are presented in the 
Supporting Information. Energy levels for the simulations as shown in 
Figure  1b were taken from the literature: ITO and TiO2,[50] QUPD,[54,55] 
SY,[56] 26DCzPPy,[43] Ir(ppy)3,[57] and TPBi.[58] For Jcy, the HOMO value 
of −5.37  eV from a related heptamethine cyanine dye was adopted,[59] 
and the energy of the LUMO by adding the optical bandgap was 
obtained. Mobilites were adopted or estimated from the literature: 
TiO2,[60] QUPD,[61] Jcy,[62] and μh(SY).[63] The Ir-OUC in detail was not 
simulated. However, with μe(TPBi) = (3.3–8) × 10−5 cm2 V−1 s−1 [64] and  
μe  = μh  = 2 × 10−5  cm2 V−1 s−1 for DCzPPy,[43] the relevant charge 
mobilities values of the emitter layer are much higher than for SY, which 
explains the different response speed versus voltage trend observed.

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