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(NIR) spectral region, to estimate the ratio 
of oxyhemoglobin and deoxyhemoglobin 
in arterial blood. Transmission pulse 
oximeters restrict the sensing location to 
tissues that can be transilluminated, gen-
erally fingertips or ear lobes. To overcome 
this limitation, pulse oximeters should be 
used in reflective mode,[7] that is, sensing 
light that slightly penetrates in the tissue 
and is then reflected. This opens the possi-
bility to monitor pulse rate and blood oxy-
genation beyond the traditional sensing 
locations (e.g., fingertip and earlob).

Recent developments in the field of 
organic electronics have led to reflec-

tance oximeters based on organic photodiodes (OPDs).[8–11] The 
potential for large-area manufacturing using industrially scal-
able coating techniques,[12] combined with the wide absorption 
spectrum and high color selectivity,[13] makes OPDs attractive 
for this class of optoelectronic sensors. Organic reflectance oxi-
meters on light-weight flexible substrates[14] can easily adapt 
to complex shapes of the body, thereby potentially providing 
a versatile alternative to rigid conventional designs. Further-
more, the signal-to-noise ratio (SNR) of flexible oximeters is 
enhanced by the formation of a conformal sensor–skin inter-
face with lower effective impedance,[15–17] which reduces the 
electronic noise during PPG acquisition. Lochner et  al.[8] first 
combined organic light emitting diodes (OLEDs) with two OPD 
pixels in an all-organic pulse oximeter. This sensor successfully 
measured pulse rate and blood oxygenation level within an 
experimental error of 1% and 2%, respectively. In 2018, Khan 
et al.[9] presented a reflectance oximeter array composed of four 
red and four NIR OLEDs, and eight OPDs. Such configuration 
introduces the functionality of 2D oxygenation mapping capa-
bility. The sensor was used to measure oxygen saturation on the 
forehead with 1.1% error and to create 2D oxygenation maps of 
adult forearms under under normal and ischemic conditions.

Here, we develop an NIR sensitive OPD array of 16 × 16 pixels 
and demonstrate its potential in reflectance PPG. Each OPD 
pixel exhibits NIR sensitivity up to ≈ 950 nm together with a low 
dark current density in the order of 10−6 mA cm−2. As the OPD 
array is operated in reflective mode, a thin semi-transparent top 
electrode in each pixel is needed not to hinder light that reaches 
the fingertip and is then reflected. At the same time, the top 
electrode must form a continuous layer to ensure low series 
resistance. To fulfill both requirements, we use a 10 nm Ag top 
electrode. Notably, we use opaque bottom electrodes in combi-
nation with the semi-transparent non-patterned top electrode, 
so that only reflected light is detected by the OPD array.

Reflectance oximeters based on organic photodiode (OPD) arrays offer 
the potential to map blood pulsation and oxygenation via photoplethys-
mography (PPG) over a large area and beyond the traditional sensing 
locations. Here, an organic reflectance PPG array based on 16 × 16 OPD 
pixels is developed. The individual pixels exhibit near-infrared sensitivity 
up to ≈950 nm and low dark current density in the order of 10−6 mA cm−2. 
This results in high-quality PPG signals. Analysis of the full PPG waveform 
yields insight on the artery stiffness and the quality of blood circulation, 
demonstrating the potential of these arrays beyond pulse oximetry and 
heart-rate calculation.
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Pulse oximeters are noninvasive medical sensors that monitor 
heartbeat via photoplethysmography (PPG), a widely used 
optical technique to detect volume changes in the subcutaneous 
tissue caused by blood pulses. PPG has been used for a wide 
range of clinical applications, including measuring blood pres-
sure and cardiac output,[1] monitoring respiratory rate[2,3] and 
depth of anesthesia,[4] assessing arterial blood oxygenation,[5] 
and detecting peripheral vascular disease.[6] PPG signals are 
typically acquired by illuminating the skin with light-emitting 
diodes (LEDs) and detecting light transmitted or reflected by the 
tissue with a photodiode. Peripheral blood oxygenation (SpO2) 
can be assessed by using LEDs that sequentially emit light with 
different wavelengths, typically in the red and near-infrared 
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Our array enables PPG imaging over an area of 1.8 × 2.2 cm 
with a resolution of 20.3 pixels per inch (ppi). Table 1 shows a 
comparison between our organic oximeter array and previously 
reported work. The comparison is based on number (n) of OPD 
pixels, total area of the sensor, resolution, dark current density 
(Jd), maximum external quantum efficiency (EQEmax), and max-
imum absorption wavelength (λmax). Each parameter is subject 
of further discussion in the text.

We establish that the array photoresponse is linear with 
light intensity within the range used for PPG imaging in this 
work. Furthermore, we show the uniformity of the photore-
sponse over the whole pixel array, with negligible pixel-to-pixel 

variations in photocurrent under the same 
lighting conditions. This opens the pos-
sibility to map the PPG signal over larger 
area compared to previously reported reflec-
tance oximeter arrays.[9] The quality of the 
PPG signal can be increased when post-pro-
cessing the recorded data, by averaging the 
signal of adjacent OPD pixels with similar 
photocurrent output (at the expense of spatial 
resolution), eliminating signals that suffer 
from artefacts such as motion. The resulting 
high-quality PPG signal provides insight on 
the artery stiffness and the quality of blood 
circulation through a detailed analysis of the 

PPG second derivative, which has not been previously reported 
for organic oximeter arrays. The possibility of 2D oxygenation 
mapping capability combined with the high-quality PPG signals 
potentially provides substantial advantages in assessing tissue 
damaging or monitoring wounds, skin grafts, and organs.

We fabricated solution-processed NIR-sensitive OPDs based on 
poly[[2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-
c]pyrrole-1,4-diyl]-alt-[2,2′:5′,2″-terthiophene]-5,5″-diyl] (PDPP3T), 
blended with phenyl-C61-butyric acid methyl ester (PC61BM). 
The chemical structures are displayed in Figure 1a. We used an 
inverted polarity OPD configuration where molybdenum oxide 
(MoOx) and amorphous indium gallium zinc oxide (a-IGZO) 
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Table 1. Comparison between reported organic oximeter arrays based on number (n) of OPD 
pixels, total area of the sensor, resolution, dark current density ( Jd), maximum EQE, and max-
imum absorption wavelength (λmax).

Reference n OPD pixels Area sensor [cm2] Resolution [ppi] Jd [mA cm−2]a) EQEmax
b) [nm] λmax [nm]

[8] 2 0.4 6.3 10−6 (−2 V) 0.47 (626 nm) 770

[9] 8 18.5 3.3 10−6 (−0.5 V) 0.35 (700 nm) 890

[17] 64 500 1.6 508 10−4 (−2 V) 1.0 (850 nm) 1000

This work 256 4.0 20.3 8.5 × 10−6 
(−3 V)

0.10 (900 nm) 950

a)Jd is measured under the applied bias indicated between brackets; b)EQEmax is measured at the wavelength 
indicated between brackets.
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Figure 1. OPD materials and performance. a) Chemical structure of the donor polymer (PDPP3T) and the fullerene derivative acceptor (PC61BM), and 
schematic of the OPD architecture. b) J–V characteristic in dark conditions. c) EQE spectrum at V = −3 V. d) Normalized photocurrent decay upon 
730 nm light pulses of 50 µs duration. Fall time tf, that is, time for response decrease from 90% to 10%, is 9.5 µs. The response of a Si-PD (dotted line) 
with the same active area is given for comparison.
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were used as hole and electron extracting contacts under reverse 
bias, respectively. The OPDs were finished with a semi-trans-
parent Ag (10 nm) top electrode.

The current density–voltage (J–V) characteristic recorded in 
dark conditions is shown in Figure  1b. The reverse bias dark 
current density (Jd) at V = −3 V is 8.5 × 10−6 mA cm−2. While 
state-of-the-art Jd for green-sensitive OPDs based on wide band 
gap polymers (E0 ≈ 2.0 eV) ranges around 10−7 mA cm−2,[18–20] 
NIR-sensitive OPDs typically exhibit higher dark current den-
sities.[21,22] This is mainly due to their smaller effective band 
gap (Eg), that is, the energy difference between the lowest 
unoccupied molecular orbital (LUMO) of the acceptor and 
the highest occupied molecular orbital (HOMO) of the donor, 
which enhances the probability of charge injection and/or bulk 
thermal generation in the active layer.[23] Indeed, the PC61BM 
LUMO and PDPP3T HOMO energies are −3.84 and −4.87 eV,[24] 
respectively, resulting in a rather low Eg of 1.03 eV. Nevertheless, 
the low Jd in the order of 10−6 mA cm−2 of our OPD is attributed 
to the charge blocking properties of a-IGZO, reducing the injec-
tion of holes under reverse bias.[25,26] This Jd value is compa-
rable to previously reported dark current densities for organic 
pulse oximeters.[8,9] Regarding the OPD stability, the J–V char-
acteristics show no visible signs of degradation after 2 weeks. 
In fact, previously reported OPDs based on the same architec-
ture were demonstrated to show no signs of degradation after 
more than 1 year.[26]

Figure  1c shows the EQE spectrum with NIR sensitivity up 
to ≈950  nm. The EQE reaches ≈0.1 at the maximum of the 
first allowed optical absorption band of the polymeric semi-
conductor (≈900  nm). For OPD pixels in reflectance oximeter 
arrays, EQE >0.35 was previously reported.[9] The lower EQE 
of our OPDs is mainly due to the absorption of NIR radia-
tion by the 10  nm Ag top electrode, resulting in a lower light 
intensity in the active layer. Substantial increase of the EQE in 
the NIR region can be achieved by replacing Ag with a trans-
parent ITO top electrode, leading to EQE above 0.3 at 900 nm 
(Figure S1, Supporting Information). Despite the relatively low 
values, the EQE spectrum covers a wide wavelength range, 
from 400 to 950 nm. This broad spectral response is beneficial 
for PPG and SpO2 applications.[27,28] Green wavelengths probe 
dermal arterioles, that is, the smaller-diameter blood vessels 
in the microcirculation that extends and branches out from 
an artery and leads to capillaries. With higher wavelengths, it 
becomes possible to probe deeper subcutaneous blood volume 
variations. Notably, green light has been shown to have the least 
influence from motion artifacts compared to red and NIR light 
PPG.[27] Pulse oximetry requires two distinct wavelengths and 
can be performed using green and red or red and NIR light, 
where the deeper penetration depth of NIR light was suggested 
to improve the invariance of SpO2 measurements to skin 
non-homogeneities.[28]

In addition, we investigated the OPD time response by 
measuring photocurrent transients upon pulsed 730  nm illu-
mination. We applied 50 µs pulses and recorded the decay in 
photocurrent upon the application of a light pulse, as shown in 
Figure 1d. The response of a Si photodiode is given for compar-
ison. For these measurements, a circular aperture of 0.75 mm 
in radius defined the active area of both photodiodes. The OPD 
fall time tf, that is, the time for response decrease from 90% 

to 10%, is 9.5 µs under a 16.1  mW cm−2 pulsed illumination. 
In this work, the PPG signals are obtained by sequentially 
measuring the signal at each wavelength: green (515 nm), red 
(630  nm), and near-infrared (850 and 940  nm). The measure-
ments are performed using light and dark periods of 85 µs. The 
OPD response time (tf = 9.5 µs) is nearly one orders of magni-
tude lower than the sampling time, indicating that the OPD is 
sufficiently fast for this application. The rise time is tr  = 8 µs 
(Figure S2, Supporting Information).

The 16 × 16 OPD array layout and operation are presented in 
Figure 2. The 256 pixels are arranged in a squared array with Y 
and X coordinates, as shown in Figure 2a. Each pixel is a square 
with a 0.9 mm side. The bottom electrodes of each pixel define 
the active areas, while the top electrode is common to all pixels. 
The pixel rows are spaced by 0.24 mm, while the columns are 
spaced by 0.5 mm to enable patterning of the conductive tracks. 
All metal interconnections are realized in the bottom layer. The 
yellow strip above the array is the area where the readout inte-
grated circuit (ROIC) is placed to electrically connect each pixel 
individually (Figure S3, Supporting Information).

To achieve accurate PPG imaging using the 16 × 16 OPD 
array, two main prerequisites must be considered, namely the 
linearity of the photoresponse in each pixel, to ensure sensitive 
detection of small changes in light intensity, and the uniformity 
of the photoresponse over the whole pixel array, with negligible 
pixel-to-pixel photocurrent variations under the same lighting 
conditions. Both prerequisites are fulfilled by the 16 × 16 OPD 
array, as shown in Figure 2b. The red line indicates the mean 
photocurrent values over the 256 pixels at V = −3 V upon white 
OLED illumination. The photocurrent scales linearly with 
light intensity over the entire relevant range for application. 
The standard deviation (shaded area) is limited to ≈ 10% of 
the average values, which indicates a uniform photoresponse 
of the OPD array. In addition, the current density uniformity 
at V  =  −3  V under 90  cd cm−2 white OLED illumination and 
in dark conditions is illustrated in Figure  2c,e, respectively. 
The distribution of photocurrent under illumination can be 
fitted with a Gaussian curve having a narrow full width at half 
maximum (FWHM) of 1.6 × 10−3 mA cm−2 (Figure 2d). In most 
pixels, Jd in the order of 10−6 mA cm−2 is measured. Higher Jd 
values (around 10−4  mA cm−2) are also obtained (Figure  2f). 
Although having a low dark current is, in general, beneficial 
for PPG application, we show that variations in Jd do not affect 
the quality of the final PPG signal as the array is operated at 
ambient light conditions.

We integrated the 16 × 16 OPD array into the experimental 
setup for PPG signal acquisition (Figure  3a). An LED array 
including green (515  nm), red (630  nm), and two different 
near-infrared (850 and 940 nm) wavelengths is used to illumi-
nate the OPD array uniformly. The LED light travels through 
the spacing between the OPD pixels in the PPG array, reaches 
the finger, and is then reflected. As an opaque bottom electrode 
is used, only reflected light is detected by the OPD pixels. 
Taking into account the absorption of the other OPD layers, 
most notably the organic photoactive blend for some of the 
wavelengths used, we estimate that the optical flux density on 
the fingertip is decreased to 25% of the initial value (for the IR 
wavelength of 940 nm) and to 8% (for 850 nm). Figure 3b illus-
trates the current density distribution over the array in contact 

Adv. Optical Mater. 2020, 8, 1901989



www.advancedsciencenews.com www.advopticalmat.de

1901989 (4 of 7) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with the finger. Higher photocurrent values are reached within 
the area where light is reflected by the fingertip, as approxi-
mately indicated by the white dashed line.

PPG imaging can potentially be achieved by recording the 
signal of each pixel in the 16 × 16 OPD array, thereby creating 
a 2D mapping of the PPG. Alternatively, the signal of adjacent 
pixels with similar photocurrent output can be averaged to 
increase the quality of the PPG. Since no substantial changes 
in the oxygenation level are expected over the area of the fin-
gertip, we deliberately use pixel averaging as a (post-recording) 
strategy to improve the quality of the measurement rather than 

measuring oxygenation over the entire sensor area. Thus, this 
averaging operation enables to gain accuracy at the expense 
of the resolution. We can typically choose to average the PPG 
signals of pixels that exhibit variations in photoresponse of 
less than 10%, eliminating signals that seem corrupted by, for 
instance, motion artefacts. As an example, four pixels with 
such photoresponse variation are labeled with numbers 1–4 in 
Figure 3b. First, the PPG waveforms of each pixel (Figure S4, 
Supporting Information) are filtered by using a band-pass dig-
ital finite impulse response (FIR) filter from 0.5 to 10 Hz. The 
filtered signals of pixels 1–4 show negligible variations, as 
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Figure 2. Operation of 16 × 16 OPD array. a) Photograph of OPD array. b) Linearity of photocurrent as function of light intensity for the 256 pixels upon 
white OLED illumination. The red line indicates the mean photocurrent values; the shaded area represents the standard deviation. Uniformity of the 
pixel array under c) 90 cd cm−2 illumination and e) in dark conditions. X and Y coordinates are defined as in (a). Current density distribution for the 
256 pixels under d) 90 cd cm−2 illumination and f) in dark conditions.
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shown in Figure S5, Supporting Information. Second, the indi-
vidual waveforms are averaged. Figure  3c shows the resulting 
PPG signals at various wavelengths. Pixel averaging effectively 
leads to higher quality of the PPG waveforms by smoothening 
the features that might generate from movement or measure-
ment artifacts during individual acquisitions (Figure S6, Sup-
porting Information). PPG signals measured over a longer 
timescale (Figure S7, Supporting Information) show average 
variation in the main peak height as low as 5%, illustrating that 
the PPG signal is relatively stable over time.

Valuable information can be derived from the obtained PPG 
waveforms. State-of-the-art PPG signals are typically charac-
terized by a rising edge (anacrotic phase) and a falling edge 
(catacrotic phase) of the pulse, related to the systole and dias-
tole, respectively. A dicrotic notch generally appears in the cat-
acrotic phase of individuals with healthy compliant arteries.[29] 
The location of systolic and diastolic peaks can be accurately 
determined from the zeroes of the PPG first derivative, as 
shown in Figure  4 for the case of 515  nm LED illumination. 
Here, the PPG signal is recorded from a 34-year-old male vol-
unteer. From the average systolic peak-to-peak interval a pulse 
rate of 86.7 beats per minute (bpm) is measured, which is 
within the normal resting rate range for individuals over the 

age of 10 years (60–100 bpm). The time delay ΔT between the 
systolic and diastolic peaks is related to the transit time of pres-
sure waves from the root of the subclavian artery to the sensing 
location.[29] Assuming the path length to be proportional to 
subject height (h), a large artery stiffness index SI =  ΔT/h 
of 6.6 is obtained, which lies within the typical range for adults 
(29–45 years of age). The value of ΔT (hence SI) decreases 
with age due to the enhanced artery stiffness and the higher 
pulse wave velocity in the aorta and large arteries.[29] We note 
that the finger PPG might be used to estimate the pulse arrival 
time (PAT) from the time delay between the electrocardiogram 
(ECG) R-peak and the maximum of the PPG waveform.[30,31] 
Typically, PATs in the order of hundreds of milliseconds are 
measured with this method,[31] indicating that the pulse arrival 
time is much shorter that the average peak-to-peak interval in 
the PPG signal.

Further insight on the blood circulation can be established 
from the second derivative of the PPG, also referred to as accel-
eration plethysmogram (APG).[32] The APG waveform typically 
includes four systolic waves (a–d) and one diastolic wave (e). 
These features are well visible in our APG. The location and 
height of each wave in the calculated APG waveform indi-
cates proper blood circulation, as typically observed for healthy 
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young people.[29] Notably, the b/a index (i.e., the height ratio of 
a and b waves) is considered to be the most promising index 
in the assessment of arterial health. We measured an average 
b/a index of −0.9. This falls into the experimental range for 
34-year-old healthy volunteers, in contrast to diabetes patients 
for which b/a > −0.4 is found.[33]

Pulse oximeters can estimate blood oxygen saturation by opti-
cally quantifying the concentration of oxyhemoglobin (HbO2) 
and deoxyhemoglobin (Hb). Interestingly, the molar extinction 
coefficients of HbO2 ε( )HbO2  and Hb (εHb) vary considerably with 
wavelength, being the ratio ε ε ε ε< >/ 2, / 6Hb HbO Hb HbO2 2 , and 
ε ε </ 3Hb HbO2  in the green, red, and NIR region, respectively.[9] 
Therefore, the concentration of HbO2 and Hb is typically meas-
ured combining red and green or red and NIR light to exploit 
the difference in molar extinction coefficient. The SpO2 is given 
by the ratio between the concentration C of oxyhemoglobin 
and the total concentration of hemoglobin: C

C C
SpO2

HbO

HbO Hb

2

2

=
+

. 

In presence of a pulsatile PPG signal, oxygen saturation in 
reflection-mode oximetry (SpO )2

r  is assessed by modeling light 
propagation in the tissue via a modified Beer–Lambert’s law in 
addition to an empirical correction, resulting in the following 
equation:[34]

R

R
SpO

DPF

DPF
2
r Hb 1 1 2 Hb 2

Hb 1 HbO 1 1 2 Hb 2 HbO 22 2

ε λ ε λ
ε λ ε λ ε λ ε λ[ ] [ ]

( ) ( )
( ) ( ) ( ) ( )

=
−

− + −
−

−  
(1)

The complete derivation of Equation (1) is provided in ref. [9].  
Here, εHb(λ) and ε λ( )HbO2  are the molar extinction coeffi-
cients of oxyhemoglobin and deoxyhemoglobin at wavelength 
λ, while the subscripts 1 and 2 indicate the red (630 nm) and 
infrared (850 or 940  nm) wavelengths, respectively. DPF1–2 is 
the differential pathlength factor accounting for multiple light 

scattering within the tissue, and R is the ratio of pulsatile (AC) 
to stationary (DC) signals at the two wavelengths, given by 
R

AC /DC
AC /DC

1 1

2 2

=  To estimate SpO2
r, we measured R using a combi-

nation of 630–850 or 630–940  nm LED lights. SpO2
r decreases 

with increasing R as predicted by the Beer–Lambert’s model[35] 
(Figure S8, Supporting Information). For instance, at SpO2 level 
of 99%, R is equal to 0.51 and 0.59 for 630–850 and 630–940 nm 
illumination, respectively. To obtain agreement with transmis-
sion-mode oximetry (SpO2

t) data measured with a commercial 
finger probe at SpO2 level of 99% using the aforementioned  
R values, we found DPF630–850 nm = 0.82 and DPF630–940 nm = 1.1. 
Indeed, DPF1–2 values in the order of unity have been previ-
ously reported at these wavelengths.[36,37] Therefore, the correct 
SpO2 level can be estimated using experimentally determined 
R values and assuming state-of-the-art DPF values in the order 
of unity.

In summary, we developed a 16 × 16 OPD pixel array and we 
demonstrated its potential for PPG measurements and pulse 
oximetry. The discrete OPD pixels show spectral sensitivity 
over the visible and NIR spectrum up to 900  nm. The photo-
generated current in each pixel scales linearly with light inten-
sity across the range used in this work, and the photoresponse 
is uniform over the entire pixel array. Our OPD array can 
potentially map the PPG signal over a large area with higher 
resolution compared to previously reported works. In addition, 
the pixelated nature of the array allows further improvement of 
the PPG signal quality improved further in a post-processing 
stap by averaging the signal of adjacent OPD pixels with similar 
photocurrent output. The resulting high-quality PPG signals 
enabled to gain insights on the artery stiffness and the quality 
of blood circulation. Finally, oxygen saturation can be assessed 
correctly by using experimentally determined R values and by 
assuming differential pathway factors in the order of unity, 
in agreement with previously reported DPF values. Our OPD 
array potentially enables a smart bandage that has high-reso-
lution oxygenation mapping capability, which may find clinical 
value in skin health assessments monitoring wounds, skin 
grafts, and organs.

Experimental Section
OPD Fabrication: The discrete OPDs and the 16 × 16 OPD array were 

made using with the same fabrication method. A 130  nm chromium 
molybdenum alloy (MoCr) film was sputtered on glass and subsequently 
patterned with photolithography to form the bottom electrode. Next, 
a thin film (32 nm) of a-IGZO was sputtered on the bottom electrode. 
PDPP3T (CalOS) was blended with PC61BM (nano-c) 1:2 w/w in a 
chloroform solution with 7.5  vol% o-dichlorobenzene at 7  mg mL−1 
polymer concentration. The PDPP3T:PC61BM blend was cast by spin 
coating at 750 rpm in a N2-filled glovebox resulting in a ≈ 280 nm layer. 
The processing conditions to deposit the BHJ layer have been previously 
optimized to achieve optimal phase separation and morphology in 
terms of device photoresponse.[38] The active layer was dried overnight 
in a vacuum chamber at ≈6 × 10−7 mbar. The top electrode consisted 
of evaporated MoOx (60 nm) and Ag (10 nm) (both purchased at Alfa 
Aesar). The active area of the discrete OPDs was 2 × 2  mm. In the 
16 × 16 OPD array, a flexible thin film was used to provide the electrical 
connection between each pixel and the ROIC.

Discrete OPD Characterization: J–V characteristics in dark conditions 
were measured with a probe station in a N2-filled glovebox. The voltage 
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Figure 4. Analysis of PPG signal upon 515 nm LED illumination. The sys-
tolic and diastolic peaks can be accurately recognized from the analysis of 
the first derivative of the PPG signal. The location and height of each wave 
in the calculated acceleration plethysmogram (APG) waveform indicates 
proper blood circulation.
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was swept from −3  V to +2  V and back. Displacement currents were 
minimized using a slow scan speed of 0.05  V s−1. The EQE setup 
consisted of a tungsten–halogen lamp, a chopper, a monochromator 
(Oriel, Cornerstone 130), a pre-amplifier (Stanford Research Systems 
SR570), and a lock-in amplifier (Stanford Research Systems SR830 
DSP). The photocurrent transients were acquired by pulsing the NIR 
LED light with a waveform generator (Agilent 33250A) and recording the 
current as function of time with an oscilloscope (Tektronix TDS5052B). 
A circular aperture of 0.75 mm in radius defined the active area for the 
EQE and photocurrent transient measurements.

16 × 16 OPD Array Characterization: Photocurrent measurements 
as function of light intensity were performed illuminating the 16 × 16 
OPD array with a white OLED tile. The OLED emission spectrum is 
shown in Figure S9, Supporting Information. The OLED tile was driven 
using a voltage source (TTi EL302R Power Supply). PPG signals were 
acquired using an array of LEDs of four different wavelengths: 515, 630, 
850 and 940  nm (Würth Elektronik, 150141GS73100, 150141RS73100, 
15414185BA210, and 15414185BA210, respectively). Four LEDs were used 
per wavelength. In both cases, the OPD response was measured using 
a custom-made electronic system and software (LabVIEW based). A 
silicon readout IC (Analog Device AD71124) collects all the 256 pixels. 
The chip is biased at −1 V using a custom-made board and connected 
to an FPGA digital interface that reads the data. The FPGA interface is 
connected to a PC through a USB.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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