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ABSTRACT: Miniaturization of spectrometers can be achieved using an
array of narrowband photodetectors responsive at specific wavelengths. In
this work, sensitive organic narrowband photodetectors with tunable
spectral response in the near-infrared (NIR) wavelength range are
demonstrated. This is achieved using a resonant optical-cavity device
architecture based on a thick ZnO spacer to increase the weak NIR
absorption of a low-band gap conjugated polymer containing [1,2,5]-
selenadiazolo[3,4-c]pyridine. We realize spectral response full-width at
half-maximum (FWHM) values down to 22 nm and achieve calculated
peak specific detectivity (D*) over 10" Jones in these cavity-enhanced
photodetectors. More importantly, we achieve continuously tuned
detection wavelengths over a wide wavelength range of 660—1510 nm.
This allows for a proof-of-concept demonstration of a miniaturized
spectrometer for the NIR wavelength range and can resolve the NIR
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characteristic absorption bands of water, ethanol, and acetone.

B INTRODUCTION

Optical spectrometers are instruments capable of measuring
the properties of light as a function of photon energy, and they
are commonly used in medical diagnosis, environmental
monitoring, surveillance, and so forth."” Typical spectrometers
are constructed by combining a broadband response photo-
detector with an additional moving optical component, that is,
dichroic prism or diffraction grating.1 However, the use of the
optical component increases the structural complexity and cost
of the spectrometers, limiting the application of the device for
more demanding areas such as consumer electronics.

Miniaturization of spectrometers can be achieved using an
array of narrowband photodetectors responsive at specific
wavelengths. For inorganic material-based photodetectors,
narrowband photodetection is normally achieved using
expensive optical filters. Therefore, the cost of mini-
spectrometers based on such a device concept is high,
especially for those operating in the near-infrared (NIR)
wavelength range, requiring the use of low-band gap
semiconductors, such as InGaAs, Ge, and so forth. In this
regard, organic semiconductors’ are promising candidates for
constructing NIR and narrowband photodetectors because of
their wide variety of optical and electrical properties and low
material cost.*™°

Through the tailored design of the organic photoactive
materials, spectral selectivity and high responsivity in the
ultraviolet and visible wavelength regions have been achieved
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using organic photodetectors, and full-width at half-maximum
(FWHM) values of the response spectra in the range of 30—
200 nm were reported.%11 In the NIR spectral region,
narrowband organic photodetectors were constructed by
exploiting the charge collection narrowing (CCN) effect: the
use of thick organic active layers results in the collection of
charge carriers generated by absorbing photon energy at the
optical band gap."*™'* Using this method, however, the
tunability of the spectral response is limited.

An approach to achieve a spectral response tunable over a
broad wavelength range is to incorporate organic semi-
conductors into a Fabry—Perot cavity device architecture.'>~**
To obtain high spectral selectivity, the optical depth
(absorption coefficient times thickness) of the photon-active
layer sandwiched in between the two mirrors needs to be small.
However, the typically very high absorption coefficients of the
organic semiconductor, considered for organic photovoltaics or
photodetectors, are extremely high to allow narrowband
enhancement when incorporated as a 100 nm thin film in a
cavity device architecture. Therefore, the active layers have to
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be ultrathin, as demonstrated in vacuum-deposited organic
cavity photodetectors based on 3—10 nm thick active layers:
tunable narrow-band spectral response in the visible wave-
length range was realized.”* For the NIR range, the weak
absorption of the intermolecular charge-transfer (CT)
states”* formed in the donor/acceptor (D/A) blends has
been enhanced bgr incorporating them into a cavity device
architecture.”>*”** However, the absorption of CT states in
organic blends is extremely weak to achieve sufficiently high
photovoltaic external quantum efficiencies (EQEs). This led to
a limited device responsivity in the NIR photodetectors with
cavity-enhanced CT absorption.””*>**** Thus, the current
challenge to explore the full potential of the miniaturized
spectrometer concept based on the use of organic absorbers is
to achieve spectroscopic photodetection for the NIR wave-
lengths.

In this work, a low-band gap polymer, poly{(4,4-
dihexadecyl-4H-cyclopenta[2,1-b:3,4-b’] dithiophene-2,6-
diyl)-alt-[4,4’-(4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-b"] di-
thiophene-2,6-diyl) bis ([1,2,5]selenadiazolo[3,4-c] pyridine)-
7,7'-diyl]} (PCDTPTSe), is synthesized. Combined with
PC,BM, this material has the appropriate optical depth in
100—350 nm thin films to achieve narrowband cavity
enhancement in the NIR spectral range 660—1510 nm. We
realize FWHM values down to 22 nm, and we achieve
calculated peak specific detectivity (D*) on the order of 10"
Jones and measured D* over 10'° Jones, which are significantly
better than those of the previously reported organic cavity
photodetectors based on enhanced CT state-absorption.””*" In
fact, the calculated D* of the narrowband cavity photo-
detectors reported in this work is already comparable to that of
some of the commercial Ge or PbS photodetectors, operating
in a similar wavelength range.’””' Finally, a prototype
miniaturized NIR spectrometer for the wavelength range of
660—1600 nm is successfully constructed to demonstrate the
high potential of these low-band gap polymers combined with
simple device architectures for low-cost NIR spectroscopic
sensing applications.

B RESULTS AND DISCUSSION

A schematic picture of the device architecture used in this
work is shown in Figure la. The photoactive layer is
sandwiched in between two reflective electrodes, and the
thickness of the front semitransparent electrode (Au, 30 nm) is
optimized via optical transfer matrix (TM) simulations to
ensure maximum absorption at the resonance wavelength.’
The thicknesses of the ZnO and MoO; interlayers are 30 and
10 nm, respectively, unless stated otherwise. For such a cavity
device, the resonance wavelength is proportional to the cavity
thickness and the effective refractive indices of the layers in
between the reflecting electrodes.”” The FWHM value of the
spectral response peak and the responsivity at the resonance
wavelength are strongly related to the absorption coefhicient of
the active layer, the interlayers, and the reflective electrodes of
the cavity photodetector: to realize a high resonant cavity effect
and a small FWHM value, the absorption coeflicients of all the
materials used must be sufficiently low.”” However, the low
absorption coeflicient of the active layer could lead to a low
photodetector responsivity because of parasitic absorption
losses in the interlayers or the electrodes. Therefore, a tradeoff
between the spectral selectivity and responsivity exists. To
evaluate the dependence of FWHM and EQE on the active
layer absorption coeflicient, TM simulations are performed for
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Figure 1. (a) Schematic for the device architecture of a resonant-
cavity-enhanced organic photodetector. The thickness of the
semitransparent Au electrode is 30 nm to allow for a highly efficient
light in-coupling at the resonance wavelength, and the thickness of the
rear Ag electrode is 120 nm. The resonance wavelength can be tuned
by varying the active-layer thickness or the thicknesses of the
interlayers. (b) Absorption coefficients of PBDB-T:ITIC and
PM7:Y6, commonly used in organic optoelectronic devices, and
absorption coefficient of PCDTPTSe:PC, BM used in this work. The
estimated upper boundaries for the absorption coefficient indicating
an FWHM of 100 nm and an EQE of 5% are shown in the plot, and
they are derived using TM simulations. (c) Chemical structure of
PCDTPTSe.

a hypothetical cavity photodetector based on the device
architecture illustrated in Figure 1a. As shown in Figure 1b, we
find that to achieve an FWHM value smaller than 100 nm and
EQE higher than 5%, the absorption coeflicient of the active
layer needs to be approximately in the range between 10~ and
107 nm™". Details regarding the TM simulation are provided
in the Supporting Information (SI-2).

Typical organic D/A blends, such as PBDB-T:ITIC and
PM7:Y6,>>** have rather narrow absorption bands and very
high absorption coefficients (Figure 1b), preventing sufficiently
small FWHM values when incorporated into a cavity device
architecture. In order to achieve a high spectral resolution
(FWHM < 100 nm) and tunability over a broad wavelength
range, a material with a lower, broad, and featureless
absorption coefficient is required. Furthermore, because the
recognition of compounds often relies on their specific spectral
fingerprint in the NIR, extension to NIR wavelengths is
desired.

With this in mind, we designed a new conjugated polymer,
PCDTPTSe, based on the idea that the atomic substitution of
S by Se in conjugated polymers can lead to a reduced optical
gap.”* The chemical structure of PCDTPTSe is given in
Figure Ic, and the synthetic route is provided in Supporting
Information-1. We find that the energy of the band gap of
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Figure 2. (a) TM simulated and (b) experimentally obtained EQE spectra for the cavity photodetectors based on PCDTPTSe:PC,,BM with first-
order resonances: increasing the cavity thickness by varying the thicknesses of the active layer and the interlayers enables a tunable spectral
response in the wavelength range of 660—1510 nm. (c) Dark J-V curves, (d) FWHM and calculated specific D* (square) for the cavity
photodetectors based on PCDTPTSe:PC,;BM. D* (star) values calculated from the measured noise current for some devices are also indicated in
the lower panel of (d). Noise current spectra are provided in Figure S10 (Supporting Information).

PCDTPTSe is reduced by 0.15 eV, as compared to that of
PCDTPT,” in which [1,2,5]thiadiazolo[3,4-c]pyridine instead
of [1,2,5]selenadiazolo[3,4-c]pyridine is used to form the
conjugated backbone (Figure S4, Supporting Information).
Importantly, the reduced band gap of PCDTPTSe is associated
with a lowered absorption coeflicient within the optimal range
for cavity enhancement in the NIR region. Using blends of
PCDTPTSe and PC;BM, we expect, based on Figure 1b, to
achieve a tunable spectral response in the broad wavelength
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range of 600—1450 nm, while achieving FWHM < 100 nm and
EQE > 5%.

To better predict the optical performance of the cavity
photodetectors based on PCDTPTSe:PC,BM, TM simula-
tions are carried out using the measured optical constants of
PCDTPTSe:PC, BM. Because MoO; absorbs wavelengths
longer than 1000 nm, the thickness of the MoOj interlayer is
maintained to a small value (10 nm) to minimize parasitic
losses in this layer. On the other hand, the thicknesses of the
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Figure 3. (a) Steady-state photocurrent response of a cavity
photodetector based on PCDTPTSe:PC,;BM, plotted as a function
of illumination intensity. The photodetector is excited at the
resonance wavelength (710 nm). (b) Transient photocurrent
response of the cavity photodetector measured with an illumination
intensity of 100 mW cm ™2 The 90—10% signal fall time is used to
represent the detector response time. Both the steady-state and the
transient measurements are performed at short-circuit conditions, and
the photoactive area of the cavity photodetector is 0.04 cm?

ZnO interlayer and the active layer are optimized for each first-
order resonance wavelength. As shown in Figure 2a, the total
cavity thickness L is expected to vary from 115 to 343 nm to
support a resonance wavelength in the range between 660 and
1510 nm, and the predicted FWHM values and peak EQE are
in the ranges of 25—85 nm and 5—55%, respectively. Because
the reflection losses are lower than 20% for most of the
resonance wavelengths (Figure S5, Supporting Information),
the absorption at resonance in the PCDTPTSe:PC,;BM active
layer, and therefore the EQE of the devices, is limited by
parasitic absorption losses, mainly in the metal electrodes
(Figure SS, Supporting Information).

Real-world cavity photodetectors are then constructed using
standard fabrication procedures described in the Experimental
Section, and the device architecture is optimized by the TM
simulations. As shown in Figure 2b, high spectral selectivity
can indeed be realized experimentally for the cavity photo-
detectors based on PCDTPTSe:PC,BM: the lowest FWHM
value achieved is 28 nm (Figure 2d), which is close to that
predicted by the TM simulations. Meanwhile, tunable spectral
response is achieved for a wide wavelength range (660—1510
nm). Note that the EQEs are measured for the devices under
short-circuit conditions.

It is also noted that the EQEs of the cavity photodetectors
are lower than those predicted by the TM simulations. The
reason can partially be ascribed to the variation of the cavity
thickness within the photoactive area, which is induced by the
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high roughness of the active layer surface. Atomic force
microscopy (AFM) images reveal that the root-mean-square
(RMS) surface roughness of the active layer is about 3 nm
(Figure S6), which, according to TM simulations, can lead to a
decrease in the peak EQE value by 20—50%, depending on the
resonance wavelength (Figure S7). In addition, we expect that
the internal quantum efficiency (IQE) of the cavity photo-
detectors based on the low-band gap PCDTPTSe:PC, BM
system is rather low because the IQE of a noncavity-enhanced
photodetector based on PCDTPTSe:PC,BM and an ITO
bottom electrode is in the range of only 10—40%, depending
on the thickness of the active layer. A likely reason for the
limited IQE is the fast recombination loss of photogenerated
charge carriers: energy of CT states (Ecr) of the active layer
based on the low-band gap absorber is very low; thus,
vibrational coupling between the excited CT states and the
ground states is expected to be strong in the active layer,
leading to the fast recombination losses of charge carriers.”’
This problem has been commonly observed for optoelectronic
devices based on organic blends with small Ecp.””?%*
However, it should be noted that the EQE achieved using
PCDTPTSe is much higher than those of the previously
reported cavity photodetectors, based on CT-state absorption,
operating in a similar wavelength range (>1000 nm).”>** In
Table S1 (Supporting Information), the performance of the
cavity detectors constructed in this work is compared to that of
the cavity NIR organic photodetectors reported in the
literature. It should also be noted that the response wavelength
of the cavity photodetector can be extended to over 1600 nm
(Figure S8, Supporting Information), although the EQE of the
cavity photodetector is further reduced because of the low
absorption coefficient of PCDTPTSe in that range.

Electrical properties of the cavity photodetectors based on
PCDTPTSe are characterized by the dark (J-V) measurements
(Figure 2c). J-V curves measured under illumination are
provided in Figure S9, Supporting Information. We find that
the characteristics of the dark J-V curves of the cavity
photodetectors depend on the thickness of the active layer
and the ZnO interlayer: for the best-performing device, the J-V'
curve can be fitted by a diode equation, with an ideality factor
of 1.6, for the low bias voltage regime. This indicates that the
dark current is low, dominated by the diode saturation current.

An accurate determination of the most important figure-of-
merit, D¥, requires a direct measurement of the noise current,
and to increase D*, the device geometry, such as the shape of
the electrodes, the photoactive area, and so forth, must be
optimized for a truly reduced noise current, which is beyond
the scope of this work. Instead, we first calculate an upper limit
for D* using the method described in a previous study, taking
into account the thermal noise at zero voltage bias.”’ As
presented in Figure 2d, the calculated D* of the cavity
photodetectors based on PCDTPTSe can be as high as 2 X
10" Jones, which is considerably better than that of the
previously reported organic ghotodetectors operating in the
similar wavelength range.””*® In fact, the D* of the cavity
photodetectors presented in this work is comparable to that of
some of the commercially available inorganic photodetectors
based on Ge and PbS, operated at room temperature in the
NIR wavelength range, but lacks in spectral selectivity.’”""

We also measured noise current for a set of cavity detectors
with different resonant wavelengths using the method
described in the previous studies’** (Figures S10 and S11,
Supporting Information), and values for D* calculated from
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Figure 4. (a) Experimentally obtained EQE spectra for the cavity photodetectors based on PCDTPTSe:PC,;BM with second-order resonances. (b)
FWHM and calculated specific D* (square) for the photodetectors based on PCDTPTSe:PC,;BM. The D* (star) value calculated from the
measured noise current for the cavity detector, with a resonance wavelength at 1300 nm, is also indicated in the lower panel of (b). The noise
current spectrum is provided in Figure S11 (Supporting Information).

the noise current are about 10 times lower than that estimated
from the dark J-V curves (Figure 2d), similar to that observed
for noncavity-enhanced organic photodetectors with broad-
band spectral response.*’

To evaluate the performance of the cavity photodetector
under a wide range of illumination intensity, which is crucial
for most photodetector applications, for instance, illumination
meters, imaging, and so forth, the detector linear dynamic
range (LDR) is measured. As shown in Figure 3a, the
photocurrent response of a cavity photodetector based on
PCDTPTSe is plotted as a function of irradiance, and the
photocurrent generated by exciting at the resonance wave-
length is found to be linear for over 7 orders of magnitude,
suggesting that the LDR of the photodetector is at least 140 dB
(20log (Iney/Imin)), which is comparable to that of typical
organic or inorganic photodetectors.*”*’

The response time of the cavity photodetector is also
measured to demonstrate the potential of the cavity device
concept for constructing diode-array spectrometers requiring a
fast readout. As shown in Figure 3b, a fall-time signal (from 90
to 10%) of only 100 ns is recorded for the photocurrent
response of a cavity photodetector under short-circuit
conditions (cavity thickness = 133 nm; active area = 0.04
cm?), which is comparable to typical organic photodetectors
reported in the literature.””’ We also note that the response
time of the cavity detectors is independent of the cavity
thickness (Figure S12, Supporting Information), suggesting
that ilze reponse time is limited by the charge-carrier transit
time.
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Moving to a higher-order resonance using a thicker active or
spacer layer can potentially lead to reduced FWHM and an
improved EQE.” Such a strategy is also evaluated in this work
for the cavity photodetectors based on PCDTPTSe. TM
modeling (Figure S13, Supporting Information) suggests that
the impact of the resonance order is mainly on the spectral
selectivity. Indeed, the FWHM of the cavity photodetectors is
further reduced to 22 nm in experiments, moving to the
second-order resonances (Figure 4). Nevertheless, because of
lower IQE, the EQEs of the cavity photodetectors with active-
layer thicknesses moving the second-order resonances in the
range of 1200—1550 nm are lower, compared to those with
first-order resonances. This could be ascribed to the require-
ment of a very thick ZnO spacer (over 400 nm): the use of a
very thick ZnO spacer is expected to lead to a significantly
reduced charge-carrier extraction efficiency, thus limiting the
performance of the cavity photodetector.

To evaluate the dependence of the spectral response of the
cavity detectors on the angle of light incidence, EQEs of the
devices are measured as a function of the angle of incidence,
relative to the substrate normal. As shown in Figure S14,
(Supporting Information), the peak positions of the response
spectrum shift to short wavelengths with an increased angle of
incidence. This is expected as the narrowband spectral
response is realized based on optical interferences.

To demonstrate the potential of the organic cavity
photodetectors based on the low-band gap polymer for NIR
spectroscopic applications, a series of photodetectors with
varied response wavelengths in the range of 660—1600 nm is
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Figure S. (a) Schematic for the device architecture of the miniature spectrometer based on an array of cavity photodetectors based on
PCDTPTSe:PC,;BM. (b) Normalized EQE spectra of the cavity photodetectors used for the miniature spectrometer. (c) Absorption spectra of
water, ethanol, and acetone measured using the miniature spectrometer compared to the spectra measured with a commercial Fourier-transform

infrared spectrometer.

selected and assembled into a miniature spectrometer, as
indicated in Figure Sa. Note that all PCDTPTSe-based cavity
photodetectors exhibit a response in the visible spectral region
for wavelengths shorter than 600 nm. This is due to the
presence of higher-order resonances, which limits the free
spectral range of wavelength tuning. The parasitic photo-
current in the visible wavelength range can be simply filtered
out using an additional organic photo-absorbing layer acting as
a filter in front of each cavity photodetector, making the
photoresponse of each cavity detector truly monochromatic.
The impact of an organic filter on the response spectrum of a
cavity photodetector is shown in Figure S15 (Supporting
Information), and the response spectra of the cavity photo-
detectors used to build the miniature spectrometer are
presented in Figure Sb.

The miniature spectrometer based on organic cavity
photodetectors is evaluated as a sensor that can record the
NIR fingerprint of several common solvents. As shown in
Figure Sc, using a halogen lamp as an external light source, we
successfully resolved the characteristic absorption features of
water, ethanol, and acetone.

B CONCLUSIONS

In summary, we show that cavity photodetectors based on
organic absorbers are particularly promising because the
optical properties of organic materials can be tuned to meet
the criteria required by the cavity device concept. As an
example, we demonstrate that the replacement of S by Se in a
conjugated polymer leads to a significantly reduced optical gap
and a lowered absorption coefficient. Thus, using this newly
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synthesized low-band gap polymer, PCDTPTSe, we success-
fully constructed cavity organic photodetectors operating in
the NIR spectrum, with a tunable spectral response in the
wavelength range between 660 and 1510 nm, an FWHM down
to 22 nm, and peak EQEs up to 20%. In order to increase the
device responsivity and extend the wavelength range, further
optimization regarding the energetics of the active materials
and the processing conditions for constructing the cavity
devices is needed. Nevertheless, in this work, we realized
calculated D* values over 10" Jones, and measured D* in the
range of 10'°—10"" Jones, comparable to that of some
commercial broadband photodetectors, operating in a similar
wavelength range. Finally, a proof-of-concept miniature NIR
spectrometer was constructed using a series of PCDTPTSe-
based cavity photodetectors, and we showed that the
resolution of the miniature spectrometer was sufficiently high
for detecting solvents, such as water, ethanol, and acetone.

B EXPERIMENTAL SECTION

Synthesis. The details for the synthesis of PCDTPTSe are
provided in the Supporting Information.

Device Fabrication. PC,BM was purchased from Solenne B.V.
The ZnO precursor was prepared by dissolving zinc acetate dihydrate
(1 g, Sigma-Aldrich) and ethanolamine (0.28 g, Sigma-Aldrich) in 2-
methoxyethanol (10 mL, Sigma-Aldrich). The precursor solution was
stirred for 12 h and filtered prior to use. The cavity photodetectors
were constructed on cleaned glass substrates. The substrates were
ultrasonicated in a detergent for 15 min and then cleaned using the
TL-1 treatment (NH;-H,O: H,0,: H,O = 1:1:5, vol ratio, at 80 °C
for 2 h). Au electrodes (30 nm) were thermally evaporated onto the
cleaned glass substrates using a shadow mask in a vacuum chamber (6
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X 107° mbar) at a rate of 2.5 A/s. The ZnO spacer layers were spin-
coated onto the Au electrodes using the ZnO precursor solution, and
they were annealed at 200 °C for 30 min. Thick ZnO spacer layers
were realized by depositing multiple ZnO layers on top of each other.
The active layers were spin-coated onto the ZnO-coated substrates
from a chlorobenzene solution (2% DIO, vol, PCDTPTSe:PC,;BM =
1:3, weight ratio) in a nitrogen-filled glovebox. The concentration of
the active layer solution is varied in the range between 12.5 and 40
mg/mL to achieve different cavity thicknesses. Finally, 10 nm thick
MoOj; and 120 nm thick Ag were thermally evaporated on top of the
active layer. The photoactive area of the cavity photodetectors was
determined by the overlapping area between the Ag and the Au
electrodes (0.04 cm?).

Device Characterization. EQE spectra were measured using a
chopped and collimated halogen lamp as the light source coupled
with a monochromator (Newport CS260). The chopping frequency
was 173 Hz. The photoresponse signals from the cavity detectors
were amplified using a preamplifier (Stanford instrument SRS70) and
recorded using a lock-in amplifier (Stanford instrument SR830). The
spectral photon flux from the monochromator was calibrated with a Si
detector and an InGaAs detector. Reflectance and transmittance
spectra of the thin films were measured using a PerkinElmer UV—vis—
NIR spectrometer (model Lambda 950), and the optical constants of
the materials used for the TM simulations were determined by
spectroscopic ellipsometry (J. A. Woolam M-2000). J-V characteristic
curves were measured with a Keithley 2400 source meter. AFM
images were taken using an Asylum Research MFP-3D Bio
Instrument. The linear dynamic range of the cavity photodetectors
was measured using a set of neutral density filters, a supercontinuum
laser (model SC400 from NKT photonics), and a Keithley 2450
source meter. The transient photocurrent response was measured
with an LED lamp (on/off time ~ 10 ns) driven by a function
generator (Tektronix AFG3000), and the signals were recorded with
an oscilloscope (Tektronix, MDO4104C). Noise spectral density of
the devices was obtained by the fast Fourier transform of the dark
current versus time (I-f) curves, which were recorded with a
semiconductor analyzer (B1S00A, Keysight). The It curves of the
devices were recorded for 40 s, with a time interval of 100 ms at zero
voltage. All devices were measured at room temperature on a probe
station (HCS621G, Instec) with triax cables.

B ASSOCIATED CONTENT

® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c01196.

The details for the synthesis of PCDTPTSe and
additional figures and tables (PDF)
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