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ABSTRACT: This work studies organic bulk heterojunction photodiodes with a
wide spectral range capable of imaging out to 1.3 μm in the shortwave infrared.
Adjustment of the donor-to-acceptor (polymer:fullerene) ratio shows how blend
composition aﬀects the density of states (DOS) which connects materials
composition and optoelectronic properties and provides insight into features
relevant to understanding dispersive transport and recombination in the narrow
bandgap devices. Capacitance spectroscopy and transient photocurrent measurements indicate the main recombination mechanisms arise from deep traps and poor
extraction from accumulated space charges. The amount of space charge is reduced
with a decreasing acceptor concentration; however, this reduction is oﬀset by an
increasing trap DOS. A device with 1:3 donor-to-acceptor ratio shows the lowest
density of deep traps and the highest external quantum eﬃciency among the
diﬀerent blend compositions. The organic photodiodes are used to demonstrate a
single-pixel imaging system that leverages compressive sensing algorithms to enable image reconstruction.
KEYWORDS: organic photodetector, infrared, density of states, compressive sensing, capacitance spectroscopy,
space charge accumulation
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INTRODUCTION

Here we adjust the BHJ donor-to-acceptor ratio to study
how blend composition aﬀects the DOS and in turn inﬂuences
charge transport in narrow bandgap devices. Prior reports have
shown that higher fullerene acceptor concentration raises
polarizability and dielectric screening in BHJ and improves
charge-transfer (CT) state dissociation.21−23 This work oﬀers
insight into another aspect of the donor-to-acceptor ratio,
namely, on how it aﬀects the recombination and charge
collection process. As the blend ratio is tuned, we identify two
recombination mechanisms, one due to deep traps and the
other to poor extraction of accumulated space charges at the
electrodes. On the basis of the device characterization, the
optimal composition is used to fabricate a device for imaging in
the spectral range of 1−1.3 μm. We incorporate an etalon array
with a single photodiode and, through a compressive sensing
algorithm,24−26 reconstruct the captured image, demonstrating
the potential of using these solution-processed organic devices
for SWIR imaging applications.

Shortwave infrared (SWIR wavelength, λ = 1−3 μm) imaging
technologies are essential to many environmental monitoring
and medical applications,1 but their cost remains prohibitive
for widespread application. Solution-processed organic semiconductors oﬀer the potential to lower processing costs2−6 and
realize economical SWIR imagers. The recent progress in
tuning narrow bandgap polymers7−10 has enabled organic bulk
heterojunction (BHJ) photodiodes to show a photoresponse
out to 1.7 μm; however, the device external quantum eﬃciency
(EQE) is limited, with EQE ≤ 30% in state-of-the-art organic
SWIR photodiodes not using photoconductive gain.11−13 The
device EQE and detectivity (D*) are low due to increasing
nonradiative recombination14,15 because the bandgap is
reduced. To understand the recombination mechanisms in
SWIR BHJ devices, this work examines the density of states
(DOS) distribution and carrier transit time through
capacitance16,17 and transient photocurrent18,19 measurements.
The sub-bandgap DOS is important, because the DOS
connects the materials composition and optoelectronic properties and provides an understanding of dispersive transport and
recombination, particularly at localized trap states.20
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Table 1. Parameters of Equation 3 That Fit the Capacitance−Frequency Curves in Figure 2a
Gaussian distribution
D:A

thickness (nm)

1:1
1:2
1:3
1:4

160
190
160
120

NG (1015 cm−3)
6.2
5.7
3.4
3.8

±
±
±
±

0.1
0.1
0.1
0.1

σ (meV)
69
87
62
76

±
±
±
±

exponential distribution
EG0 (meV)

3
3
2
4

500
505
499
530

±
±
±
±

2
2
2
2

NT (1020 cm−3 eV−1)
0.96
0.84
3.41
4.42

±
±
±
±

0.02
0.02
0.02
0.02

ET (meV)
40.0
40.0
36.0
37.0

±
±
±
±

0.1
0.1
0.1
0.1

Figure 1. (a) Chemical structures of the polymer and fullerene derivative. (b) Photocurrent versus applied voltage under incident broad spectrum
white light with the intensity of 4 mW/cm2. The light intensity was kept low to ensure all of the measurements were in the linear dynamic range of
the devices. The inset zooms in near the built-in bias. The various colors indicate diﬀerent donor to acceptor ratios. External quantum eﬃciency at
zero applied bias versus incident wavelength, in (c) linear scale and (d) logarithmic scale. The BHJ ﬁlm thickness for each D:A ratio is 180 nm for
2:1, 160 nm for 1:1, 190 nm for 1:2, 160 nm for 1:3, and 120 nm (blue solid symbols) and 200 nm (blue open symbols) for 1:4.
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recorded by an oscilloscope, and the curves in Figure 3 are the average
over ﬁve trials for each applied bias.
In capacitance spectroscopy measurements, a small ac voltage of
100 mV was used and this amplitude was chosen to maintain the
linearity of the response and minimize the measurement noise. The
noise spectral density was measured through a preampliﬁer (SRS 570)
connected to a power spectrum analyzer (HP 89410A).
Measurement Process for Image Reconstruction. The
Fabry−Perot cavity array was fabricated using grayscale electronbeam lithography as previously described by Huang et al.25,26 The
area of each cell in the cavity array is 500 × 500 μm2. The light source
was a supercontinuum laser (NKT Photonics SuperK COMPACT),
and the white light was passed through a monochromator (Horiba
iHR 550) to modulate the output wavelength over time. An infrared
camera (Hamamatsu C12741-03) was used to capture the transmission pattern of the cavity array for calibration. The calibration
pattern was adjusted by a ratio of spectral responsivity, to account for
the diﬀerence in spectral response between the infrared camera and
the organic SWIR photodiode. The sample to be imaged was a mask
patterned by inkjet printing black ink to block light transmission.
Since the black ink did not completely block out all SWIR light, a
small signal from the light leakage was subtracted from the
background. The photocurrent from our organic device was collected
with a lock-in ampliﬁer (SRS 830) and a data acquisition board (NI
USB-6009). The compressive sensing algorithm for image reconstruction is based on L1-regularized least-squares method, as
described by Kim et al.24

EXPERIMENTAL METHODS

The synthesis process and basic chemical properties of the polymer
C=CPhCDT-co-PSe are described in ref 10 and in the Supporting
Information. The fullerene derivative PC61BM was purchased from
Ossila Ltd. The chemicals were used as received without further
puriﬁcation. The device fabrication process is described in ref 9. In
brief, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS; Heraeus 4083) was diluted with isopropanol in 1:4
volume ratio to improve substrate surface wetting. The diluted
PEDOT:PSS was cast onto a cleaned ITO substrate and annealed at
130 °C for 10 min to form the hole extraction interfacial layer. The
solvent for the BHJ blends was a mixture of chlorobenzene and
chloroform in 3:1 volume ratio, with 3% 1,8-diiodooctane as an
additive. C=CPhCDT-co-PSe and PC61BM, in the weight ratio
ranging from 2:1 to 1:4, were dissolved into the solvent. Each solution
was stirred at 55 °C overnight inside a nitrogen-ﬁlled glovebox before
being spin-coated. The device thicknesses in Table 1 were measured
by a Dektak 150 surface proﬁler. A ZnO nanoparticle solution was
spin-coated onto the BHJ layer to form an ∼15 nm electron extraction
interfacial layer. Then 80 nm Al was thermally evaporated to ﬁnish the
photodiode structure. The devices were encapsulated with cover glass
slides glued onto the substrates with epoxy.
The device characterization equipment is described in ref 9. The
EQE is calculated with the expression EQE = R(hc/λq) = (Jph/
Pillumin)(hc/λq), where h is Planck’s constant, c is the speed of light, λ
is the wavelength of the incident light, q is the electron charge, Jph is
the photocurrent density, Pillumin is the intensity of the incident light,
and R is the responsivity.
For transient photocurrent measurements, the light source was a
520 nm pulsed laser with <10 ns pulse width. The RC time is
measured to be ∼90 ns, which is much shorter compared to the
carrier transit time. Laser intensity was 20 mW/cm2 and kept the
same for all measurements in the linear dynamic range of the devices.
The photodiode was in series with a load resistor of 150 Ω, and the
photocurrent was converted from the voltage dropped across the load
resistor (I = V/(150 Ω)). A set of 64 measurements was averaged and

■

RESULTS AND DISCUSSION
The photodiode semiconductors are a blend of the
copolymer10 comprised of a bridgehead oleﬁn (C=CPh)
substituted cyclopentadithiophene (CDT) donor and pyridal[2,1,3]selenadiazole (PSe) acceptor (C=CPhCDT-co-PSe) and
the molecule [6,6]-phenyl-C61-butyric acid methyl ester
(PC61BM). The polymer has a peak absorption at λ = 950
B
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Figure 2. (a) Capacitance versus frequency at zero applied bias. The markers represent the experimental data, and the black solid lines are
calculated ﬁts using eqs 2 and 3. (b) Density of states extracted from panel a. (c) Capacitance versus applied voltage at 10 kHz. Inset: dielectric
constants extracted from the capacitance measurements at a bias of −4 V. All of the measurements are taken in the dark.

around 1012 s−1 in typical organic photodiodes.17 Based on
analyses in refs 17 and 29, the trap DOS distribution is

nm, and the devices show the photoabsorption edge to λ =
1300 nm as shown in Figure 1. The BHJ energy band diagram
of the polymeric donor and the fullerene-derivative acceptor is
illustrated in Supporting Information Figure S1. The photocurrent near the built-in potential, Vbi, in Figure 1b shows “sshaped” kinks which indicate non-ideal charge extraction. The
Vbi is deﬁned27 as the voltage when Jph = 0, where the
photocurrent is the photoresponse Jillumin subtracted by the
dark current Jdark as shown in Supporting Information Figure
S2.
As the weight ratio of donor-to-acceptor (D:A) is varied
from 2:1 to 1:4, the photocurrent shows lower electric-ﬁeld
dependence with increasing acceptor concentration. The BHJ
with 1:3 ratio reaches the highest EQE of 6.2% without an
external bias in Figure 1c. If a reverse bias of −0.65 V is applied
to this photodiode, the EQE increases by ∼2 times due to the
electric-ﬁeld dependence as seen in Figure 1b. Devices with a
1:4 ratio are made with two diﬀerent ﬁlm thicknesses, to check
if optical absorbance (Supporting Information Figure S3) contributes to the EQE decrease beyond a 1:3 ratio. As the ﬁlm
thickness is increased from 120 to 200 nm, the devices with 1:4
ratio still show lower EQE than the device with 1:3 ratio. As
the ﬁlm thickness increases, a shift of the EQE peak for the
device with 1:4 ratio is observed. This shift is caused by
diﬀerent distributions of the light intensity due to the optical
interference eﬀect in diﬀerent ﬁlm thicknesses.
Diﬀerent D:A ratios are shown to aﬀect morphologies such
as crystalline packing and aggregation,28 therefore resulting in
the change of DOS. The measurements below extract the DOS
to determine the electronic state distribution. Knowing the
DOS will help to reveal recombination mechanisms and
explain why a 1:3 ratio is the optimal composition in our set of
SWIR devices.
Capacitance Measurements in the Dark. The DOS is
extracted from capacitance−frequency measurements,17,29
which determine the fraction of trap charge responding to an
applied ac ﬁeld that thermally excites trapped charges to
mobile transport states. The small ac bias alternately traps and
releases carriers from states near the Fermi energy. The trap
energy is expressed as a function of the measurement
frequency by
iω y
Eω = kT lnjjj 0 zzz
kω{

DOS(Eω) = −

Vbi dC(ω)
qAtkT d ln(ω)

(2)

where Vbi is the built-in potential, q is the electric charge, and
C(ω) is the capacitance measured with an ac perturbation of
angular frequency, ω. Here Vbi ranges from 0.25 to 0.3 V for
diﬀerent D:A ratios, and temperature is ∼300 K. The device
area is A = 9 mm2, and the BHJ thickness, t, is listed in Table 1.
Note that electron and hole traps cannot be distinguished in
the capacitance measurement and their sum is reported.
A rapid change in slope dC/(d ln(ω)) reﬂects an increase of
the trap DOS at the corresponding energy by eq 2. The device
with a D:A ratio of 2:1 showed the worst initial performance
among the series; its characteristics degraded rapidly and were
omitted in the following analyses. In Figure 2a, in the highfrequency region between 0.1 and 1 MHz, the devices
generally have a large DOS as evident from the rapidly
changing capacitance. Then the DOS decreases in the range
between 1 kHz and 0.1 MHz but rises again at a low frequency
below 1 kHz. This trend indicates the presence of separated
groups of shallow and deep traps located at diﬀerent energy
levels. To quantitatively describe this trend, we express the
DOS as a combination17,30 of an exponential distribution for
the band-tail with shallow traps and a Gaussian distribution for
the deep states:
ÄÅ
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ÅÅ (E − E )2 ÑÑÑ
NG
jij − Eω zyz
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ÑÑ
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z+
j E T zz
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σ 2π
2σ 2
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(3)

In the ﬁrst term denoting the exponential distribution, NT is
the density of states near the mobility edge and ET is the slope
of the exponential band-tail. In the second term denoting the
Gaussian distribution, the NG is the density of deep states, σ is
the disorder spread, and EG0 is the mean energy of the deep
traps.
We calculate a model DOS using eq 3 and then solve for the
corresponding capacitance by integration with respect to ω
according to eq 2. In doing so, the error between the measured
and calculated capacitance is minimized, and the resulting ﬁts
are the black lines depicted in Figure 2a. Alternatively, we
extract the DOS from capacitance−frequency measurements
by computing the derivative C/(d ln(ω)) in eq 2. Although
there is considerable noise in the derivatives (Supporting

(1)

where k is Boltzmann’s constant, T is the temperature, and ω0
is the rate prefactor for thermal excitation from the trap and
C
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Figure 3. (a) Transient photocurrent at zero applied bias for devices with varying donor−acceptor ratios. (b) Schematics of drift and diﬀusion
current directions. The black arrows are for drift at a bias voltage below the built-in voltage, while the red arrows are for above the built-in voltage.
(c) Transient photocurrent under diﬀerent applied bias for a photodiode with a D:A ratio of 1:2 or 1:3.

devices with 1:3 and 1:4 ratios show fewer deep traps than the
others, and this correlates to the EQE results. In summary, the
Gaussian part of DOS contributes to the EQE loss and the
exponential part of DOS contributes to sub-bandgap
absorption. An illustration of the two DOS distributions is
included in Supporting Information Figure S5.
In addition to the capacitance−frequency characteristics, the
capacitance−voltage measurements in Figure 2c reveal two
changes upon increasing the acceptor concentration in BHJs:
(i) an increase in charge accumulation between 0 and 1 V and
(ii) a rise in dielectric constant. The dielectric constant, ε, is
calculated from the capacitance value at an applied bias of −4
V, where the device is fully depleted and the value is the
geometric capacitance C = εε0 A/t with ε0 being the vacuum
permittivity. The ε increase agrees with prior work that reports
higher polarizability22 in BHJ blends than in their pristine
constituents and increasing dielectric screening21 with more
fullerene. The enhanced dielectric constant presents an easily
polarizable environment that reduces the Coulombic attraction
between the electron and hole pair. As the exciton binding
energy is lowered, photogeneration can become independent
of the electric ﬁeld,33 because the dissociation process would
not need an external bias to assist in separating electron−hole
pairs. The devices here are not fully free of dissociation
problems,9,23 but the screening eﬀect explains the characteristics in Figure 1b, which shows lower electric-ﬁeld dependence
as ε increases, when the D:A ratio is adjusted from 1:1 to 1:4.
Regarding the charge accumulation34 between 0 and 1 V in
Figure 2c, the capacitance reaches a maximum peak at an
applied bias Vpeakcap, at which point the applied electric ﬁeld
suppresses the built-in ﬁeld, resulting in reduced charge
extraction. The Vpeakcap is a measure of the potential barrier
induced by charge accumulation. As the D:A ratio changes
from 1:1 to 1:4, the Vpeakcap increases and indicates a higher
potential barrier. The larger imbalance between donor and
acceptor contents contributes to worse percolation transport
for one carrier type (holes in this case) and leads to a rising
barrier due to space charge accumulation. The eﬀect of charge
accumulation is also observable in the dark current−voltage
characteristics in Supporting Information Figure S6, in which
devices reach space-charge-limited conduction at smaller bias
with higher acceptor concentration. The accumulated charge
will alter the built-in electric ﬁeld and potentially increase

Information Figure S4), the obtained values match and
conﬁrm our DOS models.
The DOS for diﬀerent D:A ratios are depicted in Figure 2b,
and the best-ﬁt values are listed in Table 1. For the D:A ratio
of 1:4, 120 and 200 nm BHJ thicknesses show a similar DOS
trend and therefore only 120 nm is listed in Table 1 as a
representative. The uncertainty is low for the Gaussian
distribution parameters describing the deep traps, as
capacitance measurements are reliable for deep trap estimation
corresponding to low frequencies. The high-frequency
capacitance, however, can be aﬀected by series resistance R
when ω > 1/RC. The recombination time limits the accuracy
of capacitance measurements beyond 0.5 MHz. Thus, the
accuracy decreases for DOS within 0.35 eV from the band
edge, as calculated from eq 1 using the frequency limit. The
parameters for exponential distribution in Table 1 are
underestimates since carriers are not able to respond to fast
ac perturbations, but values are probably correct within an
order of magnitude.
There is a possibility that when changing the D:A ratio, the
absorption of the CT state is aﬀected as well.31,32 In our BHJ,
the CT state energy is estimated to be 1 eV (Supporting
Information Figure S1), which corresponds to absorption at λ
= 1240 nm. We do not observe a speciﬁc absorption hump
around the CT state energy, probably because of the increasing
nonradiative decay of CT excitons in our narrow bandgap
system. In our devices, in lieu of direct CT state absorption,
the sub-bandgap absorption is from band-tail states as
illustrated in Supporting Information Figure S5. Light with
energy lower than the polymer bandgap would generate
excitons from these band-tail states located near the band
edges, which migrate to the D−A interfaces to become CT
state excitons.
The exponential DOS distribution characterizes the bandtail states located near the band edges. These band-tail states
are shallow and provide states for photoexcited carriers to
populate. Therefore, a wide band-tail distribution allows light
absorption further into the sub-bandgap. The Gaussian DOS
distribution characterizes the localized, deep trap states in the
band gap. Carriers are trapped in these deep states that are very
diﬃcult to escape before recombination occurs, and hence
deep traps contribute to poor charge transport, which is
manifested as a decrease in EQE. From the Gaussian ﬁts,
D

DOI: 10.1021/acsaelm.9b00009
ACS Appl. Electron. Mater. XXXX, XXX, XXX−XXX

Article

ACS Applied Electronic Materials
recombination. So far the analyses are for measurements in the
dark; to further understand light response and recombination
in organic SWIR photodiodes, transient photocurrent is
measured to check for factors limiting the collection of
photogenerated charge.
Transient Photocurrent Measurements. Measuring
transient photocurrent allows us to probe the kinetics of
dispersive transport and recombination. By using nanosecond
laser pulses to photogenerate charge carriers, the transient
photocurrent (TPC) shows the time it takes for carriers to be
swept out before recombination. The photocurrent follows the
stretched-exponential form18 as shown in Figure 3a. After
normalization to the peak amplitude, the TPC data indicate
the device with the D:A ratio of 1:3 has the shortest transit
time and the lowest recombination tail among all the blends.
The TPC data before normalization are included in Supporting
Information Figure S7.
In TPC measurements, the initial carrier concentration is
depicted as in Figure 3b and is the same for both electrons and
holes. Drift under an applied bias will produce current with the
same sign because of the oppositely charged carriers. On the
other hand, diﬀusive motion of the two carrier types will yield
current with opposite directions and therefore opposite signs.
When the applied bias increases from below to above the builtin voltage, the TPC is expected to change sign, because the
internal electric-ﬁeld direction is ﬂipped. The built-in voltage
of the devices is obtained from Figure 1b. In Figure 3c, the
photodiode with 1:2 ratio switches its photocurrent sign as
expected, as it transitions from zero to forward bias. In
contrast, the device with 1:3 ratio does not show photocurrent
for bias between 0.55 and 1.47 V. The forward-biased
photocurrent is limited by recombination, since the electrons
drifting toward the ITO electrode encounter accumulated
holes and the carriers recombine and are not collected by the
electrodes. It is also possible that as acceptor concentration
increases, there is more hole trap density in the BHJ and the
hole transport percolation pathways are disrupted. Thus, the
increased charge accumulation with higher acceptor concentration leads to an extraction barrier.
The recombination in our devices is shown to be inﬂuenced
by two factors, the potential barrier due to accumulated charge
and the deep trap density. There is less accumulated space
charge with decreasing acceptor concentration, but the
reduced extraction barrier is oﬀset by an increasing deep trap
density. From DOS measurements, the device with 1:3 ratio
has the lowest deep trap density and the highest EQE among
the diﬀerent blend compositions. The capacitance and
transient photocurrent measurements are applicable to probe
transport-recombination dynamics in the time scale of 0.1 μs
or longer, and it would be relevant to study systems with
ternary blends or polymer acceptors in the future.
For a photodetector, the signal-to-noise ratio, or detectivity,
is D* = (AΔf)0.5R/in, where R is the responsivity, A is the
eﬀective photodetector area, Δf is the detection bandwidth,
and in is the noise current. The current noise includes shot
noise, thermal noise, and 1/f noise, and the total noise is the
square root of the sum of squares of all components:

Figure 4. (a) Noise power spectral densities versus frequency. (b)
Detectivities of the photodiodes versus incident wavelength, where
the light source operates at 400 Hz. Solid symbols indicate devices at
zero applied bias, and open symbols indicate a device at a reverse bias
of −0.65 V.

signiﬁcantly aﬀected by the D:A ratio, and any diﬀerence is
mainly due to processing variations. In our devices, the thermal
noise can be calculated from the shunt resistance, Rshunt, by
i thermal = 4kT Δf /R shunt , as shown in Supporting Information
Figure S6. The calculated thermal noise values are listed in
Supporting Information Table S1. The thermal noise comes
close to the measured noise, indicating the thermal noise is the
dominant noise source at zero bias for our SWIR devices here.
The detectivity is higher at 0 V than at reverse bias, since the
device noise increases faster than the EQE at reverse bias.35 In
contrast, the noise level of typical visible photodiodes made of
wide bandgap polymers is less sensitive to reverse bias, and
therefore, strategically, their ﬁlms can be thickened to suppress
dark current and meanwhile high reverse bias is applied to
compensate for EQE. This approach has not been eﬀective for
low-bandgap SWIR devices here due to increased recombination in thick ﬁlms (performance of a device with 430 nm BHJ
is included in Supporting Information Figure S6). The goal of
selecting the BHJ thickness is to optimize the balance between
the optical absorption and the charge transport eﬃciency. A
ﬁlm that is too thin has insuﬃcient light absorption, while a
thick ﬁlm poses a long charge collection distance and reduces
the internal electric ﬁeld. Diﬀerent systems have diﬀerent
optimized BHJ thicknesses, depending on the charge transport
properties. In general, the optimized BHJ thickness for our
material system is in the range of 150−200 nm.
The measured noise at reverse bias of −0.65 V in Figure 4a
is an order of magnitude higher than at zero applied bias for
the device with 1:3 D:A ratio, while the EQE improves only by
2× at reverse bias. Therefore, the resulting detectivity at
reverse bias is lower than at zero bias, as seen in Figure 4b. The
detectivities for diﬀerent D:A ratios are calculated from the
measured EQE and noise, and D* reaches up to 3 × 1010 jones
or cm Hz1/2 W−1.
Reconstructive Imaging in the SWIR Spectral Range
Up to 1.3 μm. The organic photodiodes here show an
extended spectral range beyond the visible spectrum and are
used in single-pixel compressive imaging up to λ = 1.3 μm in
the SWIR region. Unlike active-matrix pixel arrays,4,5,23,36 a
single-pixel camera conﬁguration37 simpliﬁes detector requirements by leveraging computational techniques to process and
reconstruct signals. A single photodetector works in conjunction with an array of spectral ﬁlters and a monochromatic
light source as depicted in Figure 5a, and the detector captures

in = ishot 2 + i thermal 2 + i1/ f 2 . A direct measurement of
noise using a power spectral analyzer is essential to avoid an
overestimation9 of detectivity from using a shot−noise
assumption of substituting ishot = 2qIdark Δf as the in term.
The measured noise spectral density in Figure 4a is not
E
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Materials absorption, energy levels, measurement data
ﬁttings, and polymer synthesis procedures and the
associated characterizations (PDF)
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Figure 5. (a) Schematics of the measurement for image
reconstruction. (b) Transmission characteristics of a 10 × 10 etalon
array. (c) Photodiode current measured for a sample mask with the
capital letter “A”. The 1050 nm peak is due to the supercontinuum
seed laser. (d) Reconstructed image using the data of parts b and c.

the signal y(λ) = ∫ T(x,y,λ) Φ(x,y) dx dy. The spatial−spectral
encoder is an etalon array25 consisting of 10 × 10 cells, each
made to vary in thickness to transmit a unique spectrum of
light. In Figure 5b, the etalon array’s spectral transmission
pattern is measured to serve as the matrix T(x,y,λ). This
system can cover a wide spectral range from 500 to 1300 nm as
seen in Supporting Information Figure S8. Image recovery is
done with compressive sampling algorithms37,38 using matrix
calculations to minimize the error,24 |∑(TΦ) − y|2, between
the measured signal, y(λ), and the reconstructed image,
Φ(x,y). For example, a projected image of the capital letter “A”
is captured by the photodiode as the signal in Figure 5c. By
using the etalon matrix values in the corresponding spectral
range and computing through the compressive sensing
algorithm, we are able to reconstruct an image successfully
as shown in Figure 5d, which matches the projected pattern.
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