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1. Introduction

Spectrally selective photodetection is 
the core demand in biomedical sensing, 
chemical composition, and ingredient 
analysis; imaging, surveillance and has 
also shown great potential in emerging 
artificial intelligence networks.[1–3] Com-
mercially available spectrometers are 
usually made of inorganic semiconduc-
tors (mostly silicon [Si]) combined with 
diffraction gratings or dichroic prisms. 
Yet, these devices suffer from high costs 
as well as architectural complexity.[4,5] 
Organic photodetectors (OPDs) are 
emerging as promising alternatives, 
owing to their attractive properties such 
as low production costs, being light-
weight, biocompatibility, and tailorable 
optoelectronic characteristics.[6–8] Signifi-
cant research has been conducted mainly 
on polymer-based OPDs.[9–12] Although 
small molecule-based OPDs have 
received less attention, they are prom-
ising due to advantages such as facile 
upscaling, easy material purification, and 
better batch-to-batch reproducibility.[13,14]

Spectroscopic photodetection plays a key role in many emerging applica-
tions such as context-aware optical sensing, wearable biometric monitoring, 
and biomedical imaging. Photodetectors based on organic semiconduc-
tors open many new possibilities in this field. However, ease of processing, 
tailorable optoelectronic properties, and sensitivity for faint light are still 
significant challenges. Here, the authors report a novel concept for a tunable 
spectral detector by combining an innovative transmission cavity structure 
with organic absorbers to yield narrowband organic photodetection in the 
wavelength range of 400–1100 nm, fabricated in a full-vacuum process. 
Benefiting from this strategy, one of the best performed narrowband organic 
photodetectors is achieved with a finely wavelength-selective photoresponse 
(full-width-at-half-maximum of ≈40 nm), ultrahigh specific detectivity above 
1014 Jones, the maximum response speed of 555 kHz, and a large dynamic 
range up to 168 dB. Particularly, an array of transmission cavity organic 
photodetectors is monolithically integrated on a small substrate to show-
case a miniaturized spectrometer application, and a true proof-of-concept 
transmission spectrum measurement is successfully demonstrated. The 
excellent performance, the simple device fabrication as well as the possibility 
of high integration of this new concept challenge state-of-the-art low-noise 
silicon photodetectors and will mature the spectroscopic photodetection into 
technological realities.
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Several strategies for color discrimination have been pro-
posed in the literature, with two main approaches: utiliza-
tion of charge collection narrowing (CCN) and optical cavity 
effects.[15–18] Despite those notable developments, several 
restrictions still remain for these devices. For CCN, a thick 
active layer (>1 µm) with appropriate optical gap and electrical 
transport properties is typically required.[19–21] Moreover, the 
spectral tunability of this detector concept is limited. Even 
though the optical cavity device concept can provide mono-
chromatic detection over a broader wavelength range, it is 
still challenging to realize it in the visible spectrum.[22,23] 
Employing a very thin (nanometer-scale) photoabsorbing layer 
is an approach that increases potential fabrication errors, 
such as short circuits and pinholes. Furthermore, the optimal 
detectivity has to be sacrificed by utilizing specific materials or 
structures with delicate optical design.[18] Therefore, advances 
in new device concepts are needed to improve the state-of-the-
art narrowband OPDs.

In this work, we propose an innovative strategy to realize 
tunable, narrowband, and fully vacuum-processed OPDs by 
introducing a transmission cavity (TC) integrated with small-
molecule absorbers. By gradationally varying the spacer layer 
thickness in the TC, a continuous narrowband photoresponse 
from visible to the near-infrared (NIR) spectrum (400–1100 nm) 
with a full-width-at-half-maximum (FWHM) of ≈40 nm is real-
ized without changing the OPD optics. Noticeably, the opti-
mized transmission cavity based organic photodetectors (TC-
OPDs) provide low dark current densities with large shunt 

resistances even when utilizing thin junctions, enabling an 
impressive specific detectivity (D*) over 1014 Jones and a large 
dynamic range (DR) up to 168  dB. Additionally, −3  dB cut-off 
frequencies of 555 and 278 kHz in the visible and NIR regions 
are also demonstrated. As an application example, a prototype 
miniaturized spectrometer consisting of numerous TC-OPDs 
is successfully constructed on a single substrate. It delivers 
signals comparable to commercial laboratory spectrometers, 
proving the excellent performance of our novel technology.

2. Results

A scheme of the TC-OPD device architecture is shown in 
Figure  1a. Details on the layer sequence are provided in 
Table S1, Supporting Information. The TC is formed by a 
spacer inserted between two semi-transparent Ag mirrors.[24–26] 
Here, the resonance wavelength of the cavity, equivalent to the 
transmission peak, is defined by the spacer layer thickness, 
while the cavity strength and the FWHM of the transmission 
spectrum are finely tuned by the semi-transparent mirrors, 
enabling the manipulation of the transmission resolution. In 
this new concept, the TC reflects incoming photons outside 
of the targeted resonance wavelength peak while keeping the 
optimized optoelectronic structure of the OPD unchanged. A 
simple variation of the spacer layer thickness in the TC and 
a combination with the appropriate donor–acceptor system 
allow for tunable narrowband photodetection. To demonstrate 
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Figure 1. Device structure of TC-OPDs and absorption spectra of active blends. a) Basic device structure of TC-OPDs. HTL and ETL represent the hole-
transport layer and electron-transport layer, respectively. Seed layers (3 nm MoO3 and 1 nm Au) are used to produce a smooth Ag mirror. b) Chemical 
structures of selected donor materials and the acceptor material. Buckminsterfullerenes (C60) as the acceptor, 2,2″-((3″,4″dimethyl[2,2′:5′,2″:5″,2′″:5′″,2″″-
quinquethiophene]-5,5″″diyl) bis(methanylylidene)) di-malononitrile (DCV5T-Me), CF3-BODIPY (BDP-OMe) and 2-(dicyanomethylene)-5′-(1,3-dithiol-
2-ylidene)-5,5′-dihydro-Delta2,2′-bithiophene (QM1) as donors, respectively. c) Normalized absorption spectra of active blends of TC-OPDs.
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this approach, BPhen is implemented as the spacer, whereas 
DCV5T-Me:C60, BDP-OMe:C60, and QM1:C60 are utilized as 
the active blend, respectively.[27–29] The chemical structures are 
depicted in Figure  1b. The absorption spectra of the blends 
are extended to 1100  nm, thus facilitating the realization of 
narrowband light detection spanning from the visible to the 
NIR, as illustrated in Figure 1c.

By introducing spectrally flat white light as an illumination 
source, the optical field distributions in TC-OPDs are simulated 
via transfer-matrix modeling (TMM),[30] as shown in Figure 2. 
The optical field illustrates that the desired resonance wave-
length of the TC is placed to match the position where the spe-
cific active blend absorbs a large number of photons. Since the 
TC is physically separated from the OPD by the intermediate 
glass substrate, detrimental optical interactions between the TC 
and the OPD, such as unwanted resonances and broadening 
FWHM of peaks, are avoided, allowing freely tuned narrow-
band photodetection. Furthermore, the simulated absorption 
and reflection spectra of the OPDs and TCs further demon-
strate the broad spectral tunability of our devices (Figure S1, 
Supporting Information).

The responsivity (R) of the TC-OPDs together with the TC 
transmission spectra are presented in Figure  3a–c. The peak 
wavelength is steadily tuned in the wavelength range from 
400 to 1100  nm by varying the spacer layer thickness from 87 
to 260  nm. As the TC and the OPD are optically decoupled, 
the peak positions in the transmission translate directly into 
the responsivity spectra, leading to FWHM of ≈40 nm for the 

TC-OPDs (Figure S2, Supporting Information). Meanwhile, 
favorable responsivities of 0.17 and 0.12 A W−1 are reached in 
the visible and NIR region, respectively, for narrowband photo-
detection, corresponding to external quantum efficiencies 
(EQEs) of 34.1% and 19.6% (Figure S3, Supporting Informa-
tion). The EQE spectra of the three OPDs without TC structure 
are provided in Figure S4, Supporting Information.

The specific detectivity, depicting the sensitivity of a photo-
detector to weak optical signals, is also analyzed. At zero bias, 
assuming that thermal noise is the primary source of noise, D* 
can be calculated using:

Jones
thermal

D
R A

S
( )=∗  (1)

where R is the responsivity and A is the device area (here 
6.44 mm2). The noise spectral density for thermal noise, Sthermal 
can be expressed as:

4
thermal

BS
k T

Rsh

=  (2)

in which kB is Boltzmann constant, T is temperature, and Rsh is 
the shunt resistance. In general, low dark current is an indica-
tion of large Rsh. To reduce the dark current, the excellent selec-
tivity of p- and n- contact (BPAPF, BF-DPB, and HATNA-Cl6) 
are used, based on their low highest occupied molecular orbital 
and high lowest unoccupied molecular orbital, respectively. As 
discussed by Zheng et al., highly doped transporting layers lead 
to a lateral leakage current flow, which effectively increases the 
active area of organic diodes, thereby giving rise to a higher 
dark current density.[31] In order to avoid these unwanted 
leakage currents, the deposition of the doped layers is con-
ducted with the aid of structured shadow masks, as suggested 
in the same work.[31] Additionally, the doping concentration is 
simultaneously optimized such that selective ohmic contacts 
and reduced lateral current flow are concomitantly achieved. All 
the organic materials used in this work are purified 2-3 times 
via thermal sublimation, which is also beneficial to achieve low 
dark currents.[32]

The D* spectra at the detection frequency of the EQE 
(173 Hz) are presented in Figure 4a–c. As expected, the large 
Rsh enables consecutive peak D* over 1014 Jones up to 810 nm. 
More details are listed in Table S2, Supporting Information. 
The maximum calculated D* of 3.0 × 1014 Jones in the vis-
ible region, together with 1.1 × 1014 Jones in the NIR region, 
competes well with the thick junction strategy or perovskite 
photodetectors and demonstrates one of the best D* of OPDs 
in the corresponding wavelength range, without additional 
gain mechanisms. Moreover, such a performance is even 
comparable to commercial Si photodetectors, as summarized 
in Figure  4d. More details are listed in Table S3, Supporting 
Information. To obtain the D* value with higher reliability, 
the actual noise level at 0 V is experimentally determined by 
taking Welch’s method of the time-dependent current meas-
urements (Figure S5, Supporting Information).[33,34] As shown 
in Figure S5, Supporting Information, the noise level of our 
setup is ≈9 fA Hz−1/2, being larger than the thermal noise spec-
tral density of TC-OPDs based on active blends DCV5T-Me:C60  
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Figure 2. Optical field distributions of TC-OPDs. Optical field distri-
butions for exemplary spacer layer thicknesses of a) 107, c) 195, and 
e) 245 nm are shown. The TC layers have strong resonance, thus lead to 
high photon absorption in the related active blend of the corresponding 
OPD (b,d,f) at a similar wavelength. Different layer positions are marked 
by white dashed lines. The cathode Al thickness is 100 nm for all TC-OPDs.
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and BDP OMe:C60. For these devices, the measured noise 
spectral densities overlap with that of the background, indi-
cating that the actual device noise level is limited by our 
setup. Therefore, the calculated thermal noise provides the 
upper limit of D* ranging in the order of 1014 Jones. For the 
QM1:C60-based TC-OPDs, the measured noise spectral den-
sity is comparable to the theoretical value (Sthermal), with 
a favorable D* of 4.2 × 1011 Jones at 950  nm. The voltage-
dependent D* spectral profiles are also obtained from the sum 
of thermal and shot noise spectral density (Figure S6, Sup-
porting Information). As found, D* decreases under reverse 
bias as the dark current density (Jd) increases. Jd scales with 
the total trap density and the shot-like behavior can be attrib-
uted to the detrapping of charge carriers.[35,36] The relatively 
stable EQE values with increasing reverse bias suggest less 
space for further improvement of the photoresponse by pro-
moting charge collection. This emphasizes that the Jd charac-
teristics rather than the photoresponse performance establish 
the limit for the detection.[37] Nevertheless, the peak D* above 
1013 Jones of TC-OPDs can still be retained under −1 V owing 
to their outstanding Jd as shown in Figure 3d–f.

The DR quantifies the ability of the photodetector to ade-
quately capture the variations in light intensities and is calcu-
lated via:[3]

20 log max

min

DR
Irr

Irr
dB( )=  (3)

where the Irrmax and Irrmin are the maximum and minimum 
light intensity, the photocurrent of the OPDs depends on the 

light intensity and can be fitted with a linear function in the 
double-logarithmic representation. In Figure  5a, the DCV5T-
Me:C60-based TC-OPD photocurrent densities under varying 
irradiation intensity of a 505 nm light-emitting diode (LED) are 
plotted, resulting in a large DR of 168  dB. For the TC-OPDs 
based on BDP-OMe:C60 and QM1:C60 active blends, DR of 164 
and 136  dB are acquired under 780 and 950  nm light irradia-
tion, respectively (Figure S7, Supporting Information), hence 
indicating a broad predictable photocurrent range of such 
devices.

Furthermore, the frequency response is another critical 
metric for photodetectors, defining image capture speed or 
data acquisition rate in applications such as surveillance.[52] 
Figure 5b presents the −3 dB point frequency (f−3dB) of the TC-
OPDs. The QM1-based TC-OPD shows a f−3dB of 108 kHz, and 
the BDP-OMe and DCV5T-Me-based TC-OPD give a superior 
f−3dB = 278 and 555 kHz, respectively. Such values are sufficient 
for more challenging imaging applications.[49]

In contrast to the commercial optical filters, the TC structure 
is an effortless and cheap way to achieve light filtering with a 
favorable resolution and high potential for integration. To con-
ceptually demonstrate the practical application of the TC-OPDs, 
we integrate multiple devices on a small substrate (2.5  cm × 
2.5 cm) to build a miniaturized spectrometer by entire vacuum 
processing. This easy integration is quite a big step that would 
be difficult to realize with commercially available optical fil-
ters. Utilizing a gradient spacer layer thickness, each pixel 
matches a different resonance wavelength, enabling spectro-
scopic photodetection with a resolution related to the FWHM of 
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Figure 3. Spectral response and current density-voltage characteristics of TC-OPDs. Responsivity and J–V characteristics of TC-OPDs with varied 
spacer (BPhen) layer thicknesses based on different active blends a,d) DCV5T-Me:C60, b,e) BDP-OMe:C60, and c,f) QM1:C60, respectively. Lines with 
and without symbols represent dark and light (100 mW cm−2 illumination) current density in J–V curves, respectively. The Rsh is calculated from the 
slope of the Jd–V curve around zero bias.
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every individual photodetector. A photograph of the miniatur-
ized spectrometer is shown in Figure 5c. To prove a sufficient 
spectral resolution of the integrated device for potential spectro-
scopic applications, the transmission spectrum of a semi-trans-
parent organic solar cell is measured as shown in Figure 5d.[53] 
Using our miniaturized spectrometer and a white light source 
instead of a commercial laboratory spectrometer, the transmis-
sion spectrum of the semi-transparent organic solar cell is well 
reproduced. For wavelengths higher than 575  nm, a longpass 
filter is used to avoid current origination from the second-order 
resonance of the TC. In Figure S8, Supporting Information, the 
transmission spectrum of the longpass filter is presented as 
well as the EQE of the miniaturized spectrometer.

The presented proof-of-concept device illustrates a combina-
tion of broad and precise spectroscopic photodetection, com-
pactness with potential for a fast readout, plus a simple and 
economical fabrication method, which cannot be easily realized 
with other techniques. A reduction of photodetecting pixel size 
and glass thickness is anticipated for further miniaturization 
and resolution advancement of the spectrometer. In this regard, 
an evaporation mask with a smaller opening size is feasible, 
allowing the control of TC quantity during the device fabrication.

3. Conclusion

In summary, we introduce a novel concept of TC-OPDs: the pre-
cise tailoring of the incident spectral shape is generated by the 

TC physics, leading to targeted photons in a narrow wavelength 
range absorbed by the related active blend (DCV5T-Me:C60, 
BDP-OMe:C60, and QM1:C60). In contrast to conventional 
methods, over 500  nm response tunability spanning from 
the visible to the NIR region is achieved by simply varying 
the spacer layer thickness, achieving large tunability without 
sophisticated optical design. Highly competitive performance, 
including low dark current, ultrahigh specific detectivity, fast 
response speed, and excellent DR, can be simultaneously 
achieved by this simple device architecture. Our approach is 
superior to previously reported narrowband photodetectors 
based on organic/perovskite materials and even challenges 
commercial Si-based photodetectors as the latter lack easy spec-
tral tunability and selectivity.

Additionally, we successfully integrate a series of TC-OPDs 
on a single substrate to construct a miniaturized spectrometer 
and reproduce the transmission spectrum of a semi-transparent 
solar cell. These promising results qualify TC-OPDs for prac-
tical applications such as active imaging for face identifica-
tion in smartphones, augmented/virtual reality goggles, and 
full-weather robots.[47,54] This work contributes to establishing 
OPDs as a new technology for integrated spectroscopic sensors.

4. Experimental Section
Device Fabrication: The TC-OPDs were fabricated by a thermal 

evaporation vacuum system (Kurt J. Lesker, UK) with a base pressure 
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Figure 4. Specific detectivity spectra of TC-OPDs and performance comparison. D* spectra of TC-OPDs at zero bias with varied spacer (BPhen) layer 
thicknesses based on different active blends a) DCV5T-Me:C60, b) BDP-OMe:C60, and c) QM1:C60, respectively. d) Comparison of D* as a function of 
wavelength from previously reported photodetectors.[11,13,15,18,22,27,38–51] The performance values of the photodetectors from the literature are listed in 
Table S3, Supporting Information.
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of less than 10−7 mbar. Before deposition, ITO substrates (Thin Film 
Devices, USA) were cleaned for 15 min in different ultrasonic baths with 
NMP solvent, deionized water, and ethanol followed by O2 plasma for 
10 min. Organic materials were purified 2-3 times via sublimation. The 
device stacks of all investigated TC-OPDs are documented in Table S1, 
Supporting Information. A series of shadow masks and mobile shutters 
were utilized to control device layout and thickness variation. To 
produce smooth Ag mirrors, 3  nm MoO3 and 1  nm Au were used as 
seed layers. By adjusting the thicknesses of the BPhen layer in the TC, 
the photoresponse of TC-OPDs was finely tuned. The 6.44 mm2 effective 
active area was defined by the geometrical overlap of the bottom and 
top contact. After fabrication, all devices were encapsulated by gluing a 
transparent glass on top of the device utilizing an epoxy resin (Nagase 
ChemteX XNR 5592, Japan) cured by UV light. A moisture getter (Dynic 
Ltd., UK) was inserted between the top contact and the glass to hinder 
degradation. The miniaturized spectrometer was fabricated with the 
device structure described above, whereas the device area amounts to 
6.36 mm2.

Device Characterization: The absorption and transmission spectra 
were acquired with a laboratory UV–VIS–NIR spectrometer (Shimadzu 
SolidSpec-3700, Japan). The EQE spectra were measured with a lock-in 
amplifier (Signal Recovery SR 7265, USA) under monochromatic 
illumination (Oriel Xe Arc-Lamp Apex Illuminator combined with 
Newport Cornerstone 260 1/4 m monochromator, USA) using a 
calibrated monocrystalline Si reference diode (Hamamatsu S1337, 
Japan, calibrated by Fraunhofer ISE). A mask was used to minimize edge 
effects and define an exact photoactive area (2.997 mm2). Illuminated 

J–V characteristics were recorded with a source-measuring unit (SMU) 
(Keithley Instruments Keithley 2400, USA) under ambient conditions. 
Dark J–V characteristics were measured with a high-resolution SMU 
(Keithley Instruments Keithley 2635, USA). Every measurement data 
point was acquired after the steady-state condition was achieved. The 
noise spectral densities of the devices were calculated by conducting 
Welch’s method of the time-dependent dark currents, which were 
measured using an oscilloscope (Tektronix DPO7354C, USA) connected 
to a low noise current–voltage amplifier (Femto DLPCA-200, Germany). 
The authors tried their best to optimize their measurement setup by 
using the aforementioned low-noise amplifier, shortening the connection 
cable, as well as shielding the measurement box aiming for an accurate 
measurement. The DR was obtained by using three LEDs as light sources 
with illumination wavelength peaks at 505, 780, and 950 nm (Roithner 
Lasertechnik H2A1-H505, H2A1-H780, and H2W5-950, Germany, 
respectively). The photocurrent was recorded with a high-resolution 
SMU (Keithley Instruments Keithley 2635, USA) and calibrated with a 
Si-photodiode. For obtaining the speed of the TC-OPDs, three LEDs 
with illumination wavelength peaks at 655 (Cree-XPEPHR-L1-P3-14/15, 
USA), 810, and 950  nm (Roithner Lasertechnik, H2A1-H810, and 
H2W5-950, Germany) were used as light sources with an oscilloscope  
(Tektronix DPO7354C, USA) connected with a low noise current–
voltage amplifier (Femto DLPCA-200, Germany) to determine the time-
dependent signal.

Optical Simulation: The optical simulation was performed by using 
TMM. Optical constants of all layers were obtained from ellipsometry 
measurement.

Adv. Mater. 2021, 33, 2102967

Figure 5. Intensity and frequency response of TC-OPDs and miniaturized VIS-NIR spectrometer application. a) Photoresponse of DCV5T-Me:C60-based 
TC-OPDs for varying light intensity measured at zero bias. The device shows a DR for more than 8 orders of magnitude (168 dB). b) Normalized 
response loss of the TC-OPDs versus the input signal frequency measured at zero bias. The −3 dB bandwidth is measured for the three active blends 
DCV5T-Me:C60, BDP-OMe:C60, and QM1:C60 and is specified with the black dashed line. c) Photograph of the miniaturized spectrometer application 
containing multiple channels of TC-OPDs, being integrated on a single substrate with the dimension of 2.5 cm × 2.5 cm. Each detection channel reflects 
a separate TC-OPD with a specific TC and OPD structure. d) Transmission spectrum of a semi-transparent organic solar cell measured by the miniatur-
ized spectrometer constructed in this work (orange dots) in comparison to a transmission spectrum measured by a professional laboratory spectrom-
eter (gray solid line). Orange dots represent the peak wavelength of the corresponding TC-OPDs; the orange dashed-dotted line is a guide to the eye.
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EQE Spectra Measured with the Miniaturized Spectrometer Based on 
TC-OPDs: A chopped monochromatic light (140 Hz, quartz halogen lamp 
[50 W] used with a Newport Cornerstone 260 1/4m monochromator, 
USA) was shined to the device. The current generated at the short-circuit 
condition was amplified before being measured by a lock-in amplifier 
(Signal Recovery 7280 DSP, USA). Light intensity was obtained by using 
a calibrated Si photodiode (Thorlabs FDS100-CAL, USA). A mask was 
used to define an exact photoactive area (3.1 mm2).

Transmission Spectrum Measured with the Miniaturized Spectrometer 
Based on TC-OPDs: A semi-transparent organic solar cell was placed 
directly in front of the miniaturized spectrometer. The light of a 20 W 
halogen lamp was directed onto the spectrometer, and the current at 
zero bias was obtained by a SMU (Keithley Instruments Keithley 2450, 
USA). The transmission spectrum was determined from the ratio 
between the photocurrent measured with and without semi-transparent 
organic solar cell between the light source and the spectrometer. A 
longpass filter (edge at ≈575  nm and the transmission spectrum is 
shown in Figure S8, Supporting Information) was applied in the setup 
to avoid the influence of the second resonance peak of BDP-OMe-based 
and QM1-based TC-OPDs. Each pixel of the miniaturized spectrometer 
had a specific peak wavelength. Therefore, narrow photoresponse peaks 
can be read out separately. For the transmission spectrum, the obtained 
transmission values for each pixel were plotted as a function of the 
peak wavelength of the photoresponse ratio (with and without a semi-
transparent organic solar cell) for every single pixel.

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