UC San Diego
UC San Diego Previously Published Works

Title

A filterless organic photodetector electrically switchable between visible and infrared
detection

Permalink

https://escholarship.org/uc/item/8942x1nf

Journal
Cell Reports Physical Science, 3(1)

ISSN
2666-3864

Authors

Li, Ning
Eedugurala, Naresh
Azoulay, Jason D

Publication Date
2022

DOI
10.1016/j.xcrp.2021.100711

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/8g42x1n6
https://escholarship.org/uc/item/8g42x1n6#author
https://escholarship.org
http://www.cdlib.org/

Cell Rer_mrts ]
Physical Science @ CelPress

OPEN ACCESS

A filterless organic photodetector electrically
switchable between visible and infrared
detection

Ning Li, Naresh Eedugurala,
Jason D. Azoulay, Tse Nga Ng

tnn046@ucsd.edu

\ \ Highlights

0.2 - I<|I l|>l Bias-switchable photodetection

i between visible and infrared
Visible SWIR

sensing

. @ Back-to-back diodes designed for

tuning spectral ranges

0.1 4 Response speed of 18 kHz and low
voltage of <1V operation

Responsivity (A/W)

400 800 1200
Wavelength (nm)

Li et al. report an organic dual-band photodetector with a switchable response to
visible and IR spectral regions. The rapid response of tens of kHz is enabled by
simple voltage control of <1 V. The device is based on back-to-back diodes, a
configuration that may be generalizable to other thin-film optoelectronic
materials.
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SUMMARY

Wavelength tunable detectors are essential for capturing spectral
information within diverse applications such as those related to ob-
ject recognition and identification. Here, we present a generalizable
design for a compact dual-band photodetector based on the inte-
gration of two back-to-back organic photodiodes that respond to
visible (400-700 nm) and infrared light (700-1,400 nm). The polarity
under external bias provides the electronic switch between visible
and infrared detection modes. Operating at a low voltage of <1V,
the organic photodetector exhibits a fast response with a —3-dB cut-
off frequency of 18 kHz and specific detectivity of 7.8 x 107 Jones.
The device provides contactless measurements of high tempera-
tures that originated from blackbody radiation and spectroscopic
dual-band imaging for object identification.

INTRODUCTION

Photodetectors with tunable spectral selectivity' ™ are in high demand on account of
the growing demands for capturing spectral information that improves object recog-
nition and identification in many applications such as environmental surveillance,
industrial inspection, autonomous navigation, and many others. External optical
components such as filter wheels or diffraction gratings have been incorporated
with photodetectors to discern signals in different spectral bands, but the external
components render the detection system bulky and limit spectral scanning speed.

Recent developments have aimed to integrate spectral differentiation capabilities into
the detector structure itself. Emerging designs, largely based on solution-processable
semiconductors,”™'? have demonstrated wavelength-selective photodetection. For
example, the optical absorption characteristics were tuned in the photosensitive layer

314 and the use of optical cavities,'>"” which

through charge collection narrowing
made it possible to achieve ultra-narrow band photodetection without external filters.
Another approach changed the absorbing materials™'® within the detector to respond
specifically to selected wavelengths. However, using these approaches results in detec-

tors whose spectral sensitivity is fixed upon fabrication.

To realize filterless devices that are spectrally tunable following fabrication,
researchers have explored electronic control mechanisms that toggle between pho-
toactive layers, giving rise to dual-band detectors.'*''??° These devices are electri-
cally switchable and respond to different spectral regions, offering the capability for
color selection within the visible spectrum (i.e., to distinguish between blue and
green light)® or switching between the visible and near-infrared (NIR) regions.”

The dual-band structures are comprised of two photoactive layers with different
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spectral sensitivity arranged in a two-terminal stack, a simple structure that is advan-
tageous for maximizing fill factor on readout integrated circuits. In prior work, the
switching mechanisms have relied on rectification barriers that are specific to the
chosen material sets.”*'"?? However, we note that there is a generalizable concept
underlying many of the rectification mechanisms, and it would be revealing to
conceptualize a class of dual-band detectors by using the equivalent-circuit model
of back-to-back diodes. This configuration of back-to-back diodes has been
commonly used to address individual sensing elements within matrix arrays®'-?
and upconversion imagers.”* ?® Here, we clarify the operation of this device config-
uration in the context of spectrally tunable photodetectors to show how the electri-
cal bias dictates which diode in the stack would generate a photoresponse under
different operation conditions.

To apply the configuration of back-to-back diodes for dual-band detection, we use
organic semiconductors?’ " to demonstrate a detector that is switchable between
the visible and the NIR to shortwave infrared (SWIR) regions. We examine the device
operation as a function of external bias to characterize the detector performance in
response to visible and infrared (IR) radiation. The voltage bias control allows rapid
switching between visible and IR detection modes, enabling dual-band detection for
spectroscopic sensing. For example, we demonstrate rapid differentiation between
radiation sources such as the identification of an emerging fire threat or monitoring
blackbody temperatures in industrial processes. The overall goal of this manuscript
is to understand the device physics of the back-to-back diode model and reveal
design rules for the detection of two arbitrary optical bands by choosing the appro-
priate stack of photoactive diodes.

RESULTS AND DISCUSSION

Device structure

The structure and materials of the dual-band detector are illustrated in Figures 1A
and 1B, respectively. Poly(3-hexylthiophene-2,5-diyl) (P3HT) is the donor
semiconducting polymer that is sensitive to visible light,”® and poly(4-(5-(4-(3,5-bis
(dodecyloxy)benzylidene)-4H-cyclopenta[2,1-b:3,4-b ldithiophen-2-yl)thiophen-2-yl)-
6,7-dioctyl-9-(thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-glquinoxaline)) (CDT-TQ) is the
narrow bandgap donor that responds to SWIR light.?***3% The small molecule
[6,6]-phenyl-C71-butyric acid methyl ester (PC;1BM) acts as the acceptor in the
bulk heterojunction (BHJ) layer. Energy level diagrams of the detector materials
are included in Figure S1. The absorption spectra for the two BHJ films are shown
in Figure 1C, with P3HT:PC7,BM covering the visible region (wavelengths of 400—
700 nm) and CDT-TQ:PC7:BM spanning the NIR to SWIR from 700 to 1,400 nm.

The BHJ films were stacked in a back-to-back diode configuration as depicted in Fig-
ure 1D. The aluminum electrode was grounded, and either a positive or negative
voltage was applied to the indium tin oxide (ITO) electrode. The polarity of the
applied voltage placed one diode under reverse bias, whereas the other was under
forward bias. The diode under reverse bias served as the active photodetec‘cor,34'35
in which photogenerated charges could be collected, resulting in photocurrent gen-
eration. In the diode under forward bias, most of the photogenerated charges
recombined (Figure 1E) and did not contribute to the photocurrent; the forward-

biased diode was mainly a low resistance path for charge transport.
Characteristics of band switchable detector

The spectral responsivity of the detector under different applied voltages (V,ppiied) is
shown in Figure 2A. Upon applying a positive voltage, we found that the detector
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Figure 1. Device configurations
A) A schematic of the dual-band photodetector.
B) Molecular structures of semiconductors in the photodetector.

(

(

(C) Absorption spectra of bulk heterojunction layers.

(D) Switching between visible and IR detection according to bias polarities.
(

E) Illustrations of charge generation and recombination in a photodiode under reverse and forward bias, respectively.

responsivity increased for wavelengths less than 650 nm in the visible. Conversely,
application of a negative voltage led to higher responsivity in the NIR-SWIR from
700 nm to 1,400 nm. Thus, the detector was switchable in its response to either
visible or IR light by controlling the bias polarity. The peak responsivity is 0.2 A/W
in the visible band and 0.1 A/W in the IR band, which are similar to the values
measured for individual photodiodes (Figure S2). These results indicate that the
additional fabrication steps used to stack the diodes do not negatively affect device
performance and that a small external bias (<1 V) was sufficient to extract photogen-
erated charges in the dual-band detector.

Figure 2B shows the current-voltage (IV) characteristics of the band-selective detec-
tor measured under light-emitting diodes (LEDs) for the two representative wave-
lengths of 600 nm (visible) and 1,050 nm (IR). For positive voltages, the P3HT:
PC;1BM layer was in reverse bias and active for visible wavelength detection consis-
tent with the high photocurrent under 600 nm irradiation (blue data, Figure 1C). With
the detector set to operate in visible detection mode, the photoresponse under
1,050 nm illumination was negligible. Alternatively, when the CDT-TQ:PC;¢1BM layer
was operated in reverse bias under negative voltages, the detector operated in IR
detection mode and generated a photocurrent under 1,050 nm light (red data, Fig-
ure 1C), with a negligible response to 600 nm illumination.

The IV characteristics displayed different open-circuit voltages (V,) in the two oper-
ation modes, which were —0.4 V for the visible and 0.1 for the IR. These V. values
matched those of individual diodes made with the corresponding BHJs by using
similar light power (Figure S2). As is evident from the V. comparison, a built-in po-
tential was retained in the integrated back-to-back diodes. Thus, the dual-band

Cell Reports Physical Science 3, 100711, January 19, 2022 3
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Figure 2. Device characteristics as a function of the applied voltage

(A) Responsivity versus wavelength of the dual-band detector under various applied voltages.

(B) Current-voltage characteristics of the detector under visible (600 nm) and IR (1050 nm) irradiation.

(C) Noise current spectra of the detector biased to operate in the visible detection mode (V,ppiieq = 0.5 V) and IR detection mode (Vypplieq = —0.6 V).
(D and E) Responsivity (D) and photocurrent (E) versus incident light power. The light sources used in (D) and (E) were LEDs with peak emissions of
600 nm (blue squares) and 1,050 nm (red circles).

detector produced a photocurrent even at Vapgiied = 0V due to the non-zero built-in
potential as shown in Figures 2A and 2B. The response at Vappiied = 0 V showed a
lower responsivity than operation under an applied bias. Due to the net difference
in Vo, the detector with no external bias was more selective toward visible light
than IR light. This feature, if desired, would enable single polarity switching (from
zero to negative voltages, as opposed to bipolar switching from positive to negative
voltages) that could be advantageous for low-power applications.?’

The apparent difference in V.. direction under visible and IR light (Figure 2B) is
associated with the back-to-back configuration and charge generation process.
Charge photogeneration occurs in different BHJs under visible and IR light, and
charges are then driven by the built-in potential to be collected by respective elec-
trodes. As shown in Figure 1D, the V. measured for the band-switchable detector
under visible and IR light would be in the opposite direction, due to the back-to-
back structure.

The bandgaps of the BHJ blends were dominating factors that defined the dark cur-
rentin the dual-band photodetector. Generally, a wider bandgap is more effective at
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resisting charge injection under reverse bias. Thus, the dark current was lower in
visible detection mode because of the larger bandgap in the visible wavelength
BHJ than that in the IR material combination. Likewise, the noise currents
measured”®*? by a spectral analyzer are shown in Figure 2C and exhibit lower noise
levels when the detector is operating in visible detection mode, when compared to
those in IR detection mode. To determine the specific detectivity (D*) in each spec-
tral band, we used the equation‘?"6 D* = R\/Z/Sn, where Ris the responsivity, Ais the
active area, and Sy, is the noise spectral density sampled at the same frequency as R.
Based on data taken at 314 Hz in Figures 2A and 2C, the peak D* was calculated to
be 7.8 x 10° Jones in visible mode set with Vapplied =0.5Vand 1.2 x 10% Jones in the
IR mode with Vppiied = —0.6 V (the full spectral D*is shown in Figure S3). The specific
detectivity of the detector was slightly better in the visible than in the IR but was still
the same order of magnitude so as to enable similarly effective detection in either
operational mode.

It should be noted that the shot noise calculated from the dark currentis 6.6 x 10713
A/VHz at 0.5 V and 1.5 x 107" A/v/Hz at —0.6 V by using the assumption of
\/m, where g is the elementary charge and Iy, is the dark current. The calcu-
lated shot noise is several times lower than the measured total noise contributions
(2.5 x 107> A/v/Hzat0.5Vand 5.5 x 107 "2 A/v/Hzat —0.6 V, at 314 Hz). These re-
sults indicate that the total noise includes other noises such as thermal noise and 1/f
noise. Simple estimation of total noise from shot noise would underestimate the
noise level and thus overestimate the detectivity.

The detectivity is a key parameter for photodetectors, making it fair to compare
different photosensing systems with various geometries. To improve the detectivity,
it is promising to introduce photomultiplication,?”~*" where the responsivity can be
substantially enhanced. Meanwhile, noise control is also critical because the noise
level decides the minimum detectable light intensity. Strategies including interface

control and active layer engineering have been developed.®

The photoresponse as a function of incident light power was also measured to
examine the linearity and detection limits of the detector in the two spectral bands.
The detector showed decreasing responsivity with increasing light power in Fig-
ure 2D, which is indicative of charge traps that increased the probability of recombi-
nation and reduced the photocurrent at high incident power. This characteristic
stands in contrast to a trap-free device for which the responsivity would be indepen-
dent of light power.

The responsivity of the diode based on CDT-TQ:PC7:BM BHJ showed a depen-
dence on the incident light intensity,”* which indicates the existence of trap states
in this IR diode. However, the responsivity for the P3HT:PC7:BM diode showed
less dependence on the incident light intensity (Figure S4). Thus, the intensity
dependence of responsivity measured for the band-switchable detector is ascribed
to traps in the IR diode.

Nonetheless, the detector was sensitive to a wide range of light power varying over
six orders of magnitude. The lowest detectable power was 7.4 x 10> mW/cm? for
the visible band and 1.4 X 10™* mW/cm? for the IR band. The dynamic range (DR) is
defined as DR = 10l0g(Pmax /Pmin), Where the Pmax and Ppin represent the
maximum and minimum incident power levels between which the photodetector
response was linear. Based on Figure 2E, the DR in the visible and IR detection
modes are estimated to be 49 dB and 46 dB, respectively.
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Figure 3. The working mechanisms of the photodetector

Under positive (A-C) and negative bias (D-F). The diagrams correspond to conditions of being in the dark (A and D), under visible light (B and E), and

under IR light (C and F).

Mechanism of band-switchable detection

Figure 3 illustrates the working principles that enable spectrally tunable detection
and compares carrier dynamics in response to the bias polarity and incident spectral
bands. In the dark, the current flow was low due to a high barrier blocking hole injec-
tion in the reverse-biased diode (Figures 3A and 3D). While under illumination, the
dual-band detector responded to visible and IR wavelengths differently. In partic-
ular, the successful collection of photogenerated charges required the applied
voltage to assist current flow across the two diode layers. For example, when the
applied bias was positive, photogenerated charges in the two BHJs traversed
different pathways. Under visible light, photogenerated electrons from the
P3HT:PC741BM BHJ were collected through the n-type ZnO interlayer, whereas holes
were transported through the p-type PEDOT:PSS interlayer, which then recombined
with injected electrons from the Al electrode to complete the current flow. There was
a recombination of photogenerated electron-hole pairs in the IR diode under

6 Cell Reports Physical Science 3, 100711, January 19, 2022
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forward bias, but overall, the photocurrent was large as depicted in Figure 3B. In
contrast, under IR light, there was a negligible photocurrent with the detector set
in visible detection mode. The absorption of IR light occurred in the IR BHJ layer,
but the forward bias resulted in recombination of the photogenerated electron-
hole pairs, which precluded their collection as depicted in Figure 3C. As such, the
detector was sensitive only to visible light when set in visible detection mode.

By changing to a negative applied voltage, the detection band was switched from the
visible to the IR band. In IR detection mode, the IR diode was reverse-biased, whereas
the visible diode was forward- biased. Under visible light, there were photogenerated
charges in both BHJ layers; but in the visible BHJ layer, the external field aided recom-
bination over charge extraction as shown in Figure 3E. Moreover, the detector was de-
signed to absorb most of the visible light in the P3HT:PC;41BM layer so that less than 30%
of the visible light was transmitted to the IR layer (Figure S5). Because visible photons
were mostly blocked from reaching the IR layer, only a small population of charge
was generated, consistent with the low responsivity to visible light when the detector
was operating in IR detection mode (Figure 2A). Characterization of the detector by
electrochemical impedance spectroscopy”” (Figure S6) corroborated that there was
only a small change in charge density under visible light. Meanwhile, under IR light,
the detector generated and extracted charges efficiently, as shown in Figure 3F. Due
to their longer wavelengths, IR photons were able to penetrate through the visible
BHJ, which showed IR transmission of up to 90% (Figure S5). The photogenerated
charges were then transported through the forward-biased visible diode, producing a
large photocurrent. These properties facilitate the operation of the dual-band detector,
which is effective at selective charge collection for the chosen spectral band.

It is worth noting that the dual-band photodetector incorporated both electronic
and optical effects. The thickness of BHJ layers, particularly for the layer that first en-
counters incident light, affects the transmission of light to the subsequent layer. We
have examined this optical filtering effect by increasing the thickness of the visible
BHJ layer. As the P3HT:PC;1BM film thickness is increased from 140 nm to
210 nm, the photocurrent decreased as a result of diminished charge collection
through the thicker diode (Figure S7). We believe that the diminished charge collec-
tion was due to bulk recombination within the device because charges moved a
longer distance before being collected by the electrodes, during which the recom-
bination rate increased in our structure. In our process, the reduction in photores-
ponse in the thicker P3HT:PC;1BM BHJ device outweighed the benefit from
increased visible light absorption or filtering, and we did not adjust the thickness
further. However, we note that future optimization can be done, through improved

processing and optical simulations to design layer thicknesses.*?

Moreover, the BHJ materials can be substituted to adjust the absorption range. For
example, we demonstrated the use of another BHJ combination in Figure S8 to
change the spectral window and focus on the NIR instead of the SWIR spectral re-
gion. These results indicated that the combination of two BHJs in a back-to-back
configuration is viable in achieving band-tunable photodetection. Regarding design
considerations affecting electrical properties, the built-in potential of the diodes and
the interfacial charge transport layers are parameters that control the magnitude of
external bias needed to switch between the two detection bands. Regarding optical
designs, the BHJ sensitive to short wavelengths should be placed in front of the BHJ
that is sensitive to long wavelengths, such that the long-wavelength photons can
pass through the front BHJ and be detected by the rear BHJ. The thickness for the
front BHJ film requires a balance between optical absorption and electrical
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Figure 4. Rapid device response

(A) The transient response of the detector biased at 0.5 V for visible light detection during 0-3 ms and at —0.6 V for IR detection during 3-6 ms. The
incident light was modulated at 1 kHz.

(B) Signal amplitude versus the modulation frequency of incident light.

(C) Electrical modulation of the detector biased at either 0.5V or —0.6V, each for a 0.5-ms period. The colors indicated measurements in the dark (black),
or under constant irradiation of visible 600 nm or IR 1,050 nm light from LEDs.

(D) Detector current recorded under a tungsten lamp operating at four different temperatures. Same as in (C), the detector is alternatively switched
between visible and IR detection modes every 0.5 ms.

(E) Ratio of current measured under 0.5V (visible detection mode) to current under —0.6 V (IR detection mode). The star symbols are data from (D), and
the line represents the calculated ratio based on Equation 1. The top axis shows the wavelengths of peak emission corresponding to blackbodies at
different temperatures.

transport. The front BHJ film should be thick enough to absorb most of the incoming
short-wavelength photons to avoid the response in the rear BHJ. Yet, charge trans-
port and collection would be reduced once the front BHJ becomes too thick. Incor-
porating a resonance cavity or optical spacers can be future options for manipulating
optical interferences through which the film absorption can be enhanced while the
thickness of the active layer remains the same.

Rapid spectroscopic photodetection and imaging

By simply changing the applied voltage of the detector, the electronic control al-
lowed rapid switching between detection bands and facilitated a large sampling
bandwidth. The transient photoresponse in Figure 4A shows that the signal rise
time was 270 ps in visible detection mode and 167 us in IR mode. The difference
in response speeds originated from a smaller shunt resistance in the IR BHJ than
that in the visible BHJ under reverse bias (Figure Sé). The —3-dB cutoff frequencies

8 Cell Reports Physical Science 3, 100711, January 19, 2022
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of the detector were measured in Figure 4B to be 18 kHz and 25 kHz for visible and IR
detection modes, respectively. Figures 4A and 4B show modulation of the incident
light, whereas Figures 4C and 4D show measurements in which the applied voltage
was modulated while the incident light was constant. The applied voltage was either
0.5V or —0.6V, switched every 0.5 ms to set the detector in visible or IR detection
mode, respectively. The dark current (black line) was higher in IR mode than that in
visible detection mode, in accordance with the IV characteristics in Figures 2B and
2C. The positive increase in current (blue line) was a response to incident visible
light, and the increase in the negative direction (red line) was due to IR irradiation.
There was overshot current whenever the voltage was switched due to parasitic
capacitance during charging/discharge of the multilayer structure. (Figures 4C and
4D were switched at 1 kHz, but for Figure 4A, the voltage was not switched at
high speed and only the light source was modulated. With no switching of bias, Fig-
ure 4A did not show parasitic capacitance spikes.) The current quickly settled to the
baseline by 70 ps in Figure 4C. Thus, the switch between detection modes was
achievable at high speed in the tens of kHz.

Figure 4D shows the photocurrent measured for visible and IR detection modes un-
der a tungsten lamp emitting as a blackbody radiator at different temperatures, as
the lamp current was adjusted. The ratio of current between the two detection
modes shifted depending on the temperature of the tungsten lamp. By providing
the current ratio (l,;s/lr), the dual-band detector enabled the non-contact measure-
ment of the temperature of a blackbody radiator, which is particularly useful for high-
temperature ranges in industrial processes such as remote monitoring of furnaces to
ensure environmental safety. The distribution of visible photons and IR photons
emitted from a blackbody is different when its temperature varies, as described by
Planck’s laws (Figure $9).** The photocurrent of the detector is proportional to the
integrand of responsivity and spectral radiance over the spectrum of the detection
band. A comparison of the photocurrent under visible versus IR detection modes
provides clues to characteristics of the light source and allows inference of the tem-
perature according to the ratio of spectral radiance, L(4,7):

his _ / Ruis(2)-L(3, T)dA / / Rir(2)-L(2, T)dA

IIR

2 -1
with L(A, T) = Z)Lh—sc{exp (;%_) - 1} (Equation 1)
where Ryis(4) and Rix(A) are the responsivities in the visible and IR detection mode of
the detector, 1is the wavelength, Tis the temperature, his the Planck’s constant, cis
the velocity of light, and kis the Boltzmann constant. We calculated the ratio using a
range that covers the 400 nm to 1,400 nm detection window of the detector. The
projected s/l ratio as a function of blackbody temperature is presented in Fig-
ure 4E (red line). In this estimation, l;s/lir increases with temperature in a high-tem-
perature region, e.g., 1,200 K—5,000 K. In this work, the use of this ratio is not appli-
cable for estimating temperatures of <1,200 K, as the emission peak is shifted to
mid-IR wavelengths beyond the SWIR band limit of the detector here. The four
values of l,i¢/lig in Figure 4D were extracted and plotted over the calculated |,;s/lir
line in Figure 4E. The blackbody temperature corresponding to the four irradiation
conditions were thus estimated to be T1 =1,600K, T2 = 2,100 K, T3 = 2,500 K, and
T4 = 3,000 K. As an independent verification, the temperature values were checked
using the emission spectra of the tungsten lamp operated at corresponding current
settings in Figure S10. The temperature values are in good agreement with those ex-
tracted in Figure 4E.
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(A) The imaging setup included a fixed optical lens and a moving stage to scan the detector (denoted by the black square) at the focal plane of the lens.

The optical lens has a magnification of 1.5x.

(B) Normalized photocurrent of the detector under the irradiation of a white LED or a candle flame. The detector was fixed at either 0.5 V (left) or —0.6 V
(right), whereas the LED or the candle-light beam was modulated through an optical chopper at 1 Hz, for which gray regions were under the light. The

positive current represents visible response, whereas the negative current represents IR response.

(C) Photograph of a white LED and the corresponding spatial maps of normalized visible and IR signals.

(D) Photograph of a candle flame and the corresponding spatial maps of normalized visible and IR signals. The scale bars in the photographs represent

0.5cm.

In another demonstration, the dual-band detector was used to quickly scan over an
area and distinguish the difference in emission spectra between light sources. This
imaging capability could be applied to environmental monitoring such as identifying
the location of an emerging fire threat. The setup for imaging is schematically de-
picted in Figure 5A, in which the detector was placed on a programmable stage
on the focal plane of a fixed lens. In our setup, the detector (3 x 3 mm?) was moved
to record over a matrix of 9 X 10 locations that covered the 3 x 3 cm? area so as to
reproduce images of the scanned area and separate signal contributions from both
visible and IR light. Two light sources were used as the object for the spectroscopic
imaging experiments, namely, one a white LED and the other a candle flame. Fig-
ure 5B presents the normalized photocurrent of the detector illuminated by the
white LED or candle flame, with the light path modulated by an optical chopper at
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1 Hz. The current measurement showed a photoresponse predominantly in the
visible mode for the LED. The magnitude of this signal was 19-fold higher in the
visible than thatin the IR, as determined from the normalized current (i.e., the current
was normalized by the highest photocurrent, measured to be 7.7 pA). For the candle
flame, the photoresponse was predominantly in the IR for the candle flame (current
normalized by dividing by 470 nA).

The spatial maps of the photocurrent are shown in Figure 5C for the LED and Fig-
ure 5D for the candle flame by using the same normalization factors as in Figure 5B.
For the images, the applied voltage was set to the desired detection mode (either
0.5 V or —0.6V) throughout the imaging scan. The image contrast demonstrated
that the emission spectra from the white LED lighting system is different than that
from a fire. When compared to traditional fire alarms based on an ionizing smoke
sensor, the demonstrations here provided complementary information about a fire
size and radiation temperature through an analysis of the light spectra within the
scanned area. Besides monitoring incident light power, the dual-band detector
offered additional spectroscopic characterization that extends beyond the capa-
bility of conventional filterless photosensors. In addition, the back-to-back diode
configuration is compatible with direct integration on pixelated matrix backplanes,
offering opportunities to pair visible-blind IR detection with red, green, or blue
detection bands and extend this architecture to multispectral imaging in the future.

In this work, we presented design guidelines and device physics of an organic dual-
band photodetector that is switchable between visible and IR light measurements at
tens of kHz. The rapid response was enabled by simple voltage control on the back-
to-back diodes, a generalizable configuration that can easily be adopted for
different materials combinations to achieve target spectral sensitivity for each
band. The switch between spectral bands was completed at low voltage (<1 V)
with a specific detectivity up to 7.8 x 10° Jones. The compact photodetector pro-
vided spectroscopic information for the inference of blackbody temperature and ob-
ject identification. The generality of this dual-band design is applicable to the vast
array of solution-processed organic semiconductors and extendable to colloidal
quantum dots or solution-processed perovskites. This information will facilitate
easy tuning of the detector spectral band over a broad range from visible to IR wave-
lengths for multispectral imaging applications.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Tse Nga Ng (tnn046@ucsd.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

All the data supporting the findings of this study are presented in the paper and the
supplemental information. Other data are available from the lead contact upon
reasonable request. This study did not generate any code.

Materials used in this research
The donor polymer P3HT and acceptors PC71BM and ITIC-M were purchased from
Ossila, and CDT-TQ was synthesized as reported in reference.”” PEDOT:PSS was
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purchased from Heraeus (CLEVIOS P VP Al 4083). The ZnO layer was prepared ac-
cording to the method described by Womelsforf.*> The surfactant was ordered
from Chemours (Capstone FS-31). All materials were used as received without any
further treatment.

Device fabrication

Pre-patterned ITO substrates were cleaned ultrasonically in detergent, deionized
water, acetone, and isopropanol sequentially for 10 min each. The substrates were
then dried in the oven. The ZnO nanoparticle solution was spin-coated in a glovebox
to form a thin electron transport interlayer. After the substrates were dry, a mixed
P3HT:PC;¢1BM solution (weight ratio of 1:1) at a concentration of 20 mg/mL was
spin-coated onto the ZnO layer. The thickness of the P3HT:PC;,BM layer was
140 nm. The P3HT:PC;BM layer was annealed at a temperature of 120°C for
10 min. The surfactant was blended with the PEDOT:PSS at a volume ratio of
1:150 to reduce the surface energy of the P3HT:PC;4BM layer. Then, a 55-nm-thick
PEDOT:PSS layer was spin-coated onto the P3HT:PC7,BM BHJ outside of the glove-
box. The PEDOT:PSS layer was then annealed at 120°C for another 10 min. The top
BHJ layer was deposited by spin-coating a CDT-TQ:PC741BM (weight ratio of 1:2) so-
lution with a concentration of 24 mg/mL in the glovebox to give a thickness of
160 nm. Next, a thin ZnO layer was prepared by spin coating on top of the device
stack. Finally, a 100 nm Al electrode was thermally evaporated in a vacuum through
shadow masks defining an active area of 0.1 cm?. For a comparison between the
dual-band and single-band detectors, the structures for individual photodiodes
were ITO/ZnO/P3HT:PC;1BM/PEDOT:PSS/Ag for the visible band and ITO/PE-
DOT:PSS/CDT-TQ:PC7,BM/ZnO/Al for the SWIR band. The devices were encapsu-
lated with glass slides before characterization.

Spectral response measurements

The spectral photoresponse was measured under monochromatic light (modulated
at 314 Hz with an optical chopper) from a tungsten lamp combined with a monochro-
mator (Spectral Products). The photocurrent was amplified by a low-noise current
amplifier (Stanford Research Systems, SR 570) and then recorded by a lock-in (Stan-
ford Research Systems, SR 530) amplifier. The bias on the device was provided by the
low-noise current amplifier.

Current-voltage measurements

The current-voltage characteristics were recorded using an electrometer (Keithley
2400) controlled by a LABVIEW program. The visible (600 nm) and IR light
(1050 nm) were provided by two LEDs from Thorlabs. The noise current of the detec-
tor operated in different modes was amplified by the low-noise current amplifier and
then recorded by a spectrum analyzer (HP 89410A). The spectrum analyzer recorded
the noise voltage, and the noise current of the device was calculated by converting
voltage to current based on the sensitivity of the current amplifier. The impedance
and capacitance data as a function of frequency was characterized using a potentio-
stat (BioLogic SP-200). The responsivity (in units of ampere/watt) is calculated by R =
Ioh/Pin, where Iy, is the photocurrent and Pj, is the incident light power.

In the transient response measurements, the detector was biased at either 0.5V or
—0.6 V, whereas the light signal was from two LEDs driven by a function generator
(RIGOL, DG2041A), modulated at 1 kHz. The transient current generated in the de-
tector was collected and amplified by the preamplifier and then displayed on an
oscilloscope (RIGOL, DS1102E).
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Spectroscopic imaging demonstrations

In spectroscopic measurements, the band-switchable detector was driven by a func-
tion generator applying voltage bias alternatively, at 0.5V and —0.6 V. The tungsten
lamp was operated at different temperatures by controlling the drive current.

In the imaging demonstration, the photodetector was mounted to a 2-dimensional
(2D) optical stage that moves freely in a 2D plane. The light signal from either the
white LED (0.5 mW/cm?) or the candle flame (0.05 mW/cm?) was focused by an op-
tical lens to form an image on the 2D plane. The detector with an area of 3 x 3 mm?
operated either in visible mode (0.5V) or IR mode (—0.6V) to scan an area of 3 x
3 cm? and record the light signal at different positions. The photocurrent is a function
of operation mode and position in the 2D plane.
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Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
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