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Temperature-Dependent Detectivity of Near-Infrared Organic Bulk
Heterojunction Photodiodes
Zhenghui Wu,† Weichuan Yao,† Alexander E. London,‡ Jason D. Azoulay,‡ and Tse Nga Ng*,†

†Department of Electrical and Computer Engineering, University of California San Diego, 9500 Gilman Drive, La Jolla, California
92093, United States
‡School of Polymers and High Performance Materials, University of Southern Mississippi, 118 College Drive #5050, Hattiesburg,
Mississippi 39406, United States

ABSTRACT: Bulk heterojunction photodiodes are fabricated using a new
donor−acceptor polymer with a near-infrared absorption edge at 1.2 μm,
achieving a detectivity up to 1012 Jones at a wavelength of 1 μm and an excellent
linear dynamic range of 86 dB. The photodiode detectivity is maximized by
operating at zero bias to suppress dark current, while a thin 175 nm active layer
is used to facilitate charge collection without reverse bias. Analysis of the
temperature dependence of the dark current and spectral response demonstrates
a 2.8-fold increase in detectivity as the temperature was lowered from 44 to −12
°C, a relatively small change when compared to that of inorganic-based devices.
The near-infrared photodiode shows a switching speed reaching up to 120 μs
without an external bias. An application using our NIR photodiode to detect
arterial pulses of a fingertip is demonstrated.

KEYWORDS: near-infrared photodetector, organic bulk heterojunction, detectivity, temperature dependence, physiological sensing,
activation energy

1. INTRODUCTION

Near-infrared (NIR) photodetectors are needed for a wide
variety of applications1−3 including surveillance, environmental
monitoring, optical communications, and spectroscopic in-
strumentation. For a broad, tunable response in the NIR
spectral region (0.8−1.4 μm), narrow bandgap conjugated
copolymers4−6 are a promising alternative to conventional III−
V inorganic semiconductors, which require high-temperature
growth and are limited by die transfer and bonding processes.
In contrast, organic semiconductors allow direct deposition and
low temperature processing (<200 °C) simplifying fabrication
and potentially enabling high spatial resolution in focal plane
arrays.
The bulk heterojunction (BHJ) architecture has been key to

making efficient organic photovoltaics6−9 and the same
attributes make it ideal for photodetectors.10−13 In the NIR,
state-of-the-art BHJ photodiodes13,14 show a relatively low
external quantum efficiency (EQE) up to 6.5%; however, due
to very low dark current, the organic photodiodes (OPDs)
reach a detectivity of 1012 Jones at room temperature, superior
to that of their uncooled inorganic counterparts. Previous work
by Zimmerman et al.14 employed a molecular porphyrin-tape
dimer with absorption peaks between the wavelengths of λ =
1050 and 1350 nm to fabricate NIR OPDs, but the crystallinity
of the material led to a relatively rough film morphology that
restricted the processing tolerance window. A hybrid organic
BHJ photodiode with PbS quantum dot sensitizers3 achieved
detection up to 1.8 μm; however, the photodiode rectification

ratio was only ∼6000 and did not allow high detectivity due to
the rough topology from the quantum dot particles. Instead of
crystalline materials, Gong et al.15 used an amorphous
conjugated polymer with absorption maxima (λmax) at 850
nm and a long absorption tail extending to 1400 nm. While
many strategies exist to modify the properties of conjugated
materials, molecular species with absorption profiles above 1
μm remain difficult to access and generally exhibit low optical
sensitivity.
Here, we demonstrate a NIR photodiode employing a new

conjugated polymer with λmax = 920 nm and an absorption edge
at 1200 nm. The molecular structure is shown in Figure 1, and
full details regarding the synthesis will be published elsewhere.
Due to the weak optical response at the tail of the absorption
spectrum, the BHJ film thickness is often increased to enhance
light absorption, while a reverse bias is applied to boost charge
collection.12,16,17 This study investigates the effect of film
thickness and the approach to maximize detectivity through the
use of thinner films without the need of an external bias.
Furthermore, we obtain the photocurrent and dark current
characteristics in a temperature range of 44 to −12 °C, typical
for indoor applications, to examine the carrier transport and
recombination processes.18,19 We also proceed to compare the
activation energy of both photocurrent and dark current.
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Previous work reported rising EQE with higher temperature in
organic photodiodes due to thermally activated transport in the
BHJ.20 While we observe this same trend, we present a
comprehensive temperature-dependent signal-to-noise analysis
and show how detectivity improves with decreasing temper-
ature in NIR BHJ photodiodes. Lastly, we characterize the
switching speed and demonstrate an application example using
our NIR photodiode to detect arterial pulses of a fingertip.

2. RESULTS AND DISCUSSION
2.1. Materials and Device Structure. The device

structure of the NIR photodiode is shown in Figure 1 along
with the energy diagram of the materials. The low work
function of 80% ethoxylated polyethylenimine (PEIE)-modified
indium tin oxide (ITO) favors the collection of electrons at the
cathode.21 MoO3 is used as the electron-blocking layer at the
anode and matches the highest occupied molecular orbital
(HOMO) level of the polymer.22 The near-infrared absorbing
material used in the fabrication of the BHJ photodiode is a
polymer comprised of an exocyclic olefin subsituted 4H-
cyclopenta[2,1-b:3,4-b′]dithiophene (CPDT) donor and a
2,1,3-benzoselenadiazole acceptor (CPDT-alt-BSe) (with a
number-average molecular weight Mn = 10 kg mol−1 and
dispersity (Đ = 2.9). Closely related alternating donor/acceptor
units along the backbones of conjugated copolymers have
proven beneficial for achieving promising optoelectronic
functionality.4,5,23 This particular combination yields a reduc-
tion in the band gap when compared to other substitution
patterns. The details of the synthesis will be published
elsewhere. The unique and advantageous properties of this
polymer include: (1) solubility as high as 25 mg/mL, which
benefits solution-processed large-scale production; (2) sharp
absorption edge, which indicates low density of trap states and
ensures that the photoresponse within 1150 nm is due to gap-
to-gap excition that facilitates fast temporal response. Fullerene
derivative [6,6]-phenyl-C71-butyric acid methyl ester
(PC71BM) (Ossila Ltd.) and the cathode interfacial layer
PEIE (35−40 wt % in water, molecular weight 7000 g/mol,
Sigma-Aldrich) were used as purchased without further
purification.
2.2. Photoresponse and Dark Current. Figure 2 shows

devices with linear photoresponse up to the illumination power
Pillumin of 1 mW/cm2. Here we fabricated photodiodes with two
different BHJ layer thicknesses. The photocurrent of the thin

175 nm device is higher than that of the thick 310 nm device,
but the dark current is worse for the thin photodiode than for
the thick one, indicating a trade-off between the dark current
and photocurrent as the BHJ thickness is varied.24,25 The linear
dynamic range (LDR) is calculated from LDR= 20
log(Jmax,linear/Jmin,linear), where Jmax,linear and Jmin,linear are the
maximum and minimum photocurrent densities within the
linear photoresponse region (within 0.5 μW/cm2 to 5 mW/
cm2), respectively. The thick (310 nm) device shows LDR of
63 dB, and the thin (175 nm) device shows LDR of 86 dB,
which is comparable to that of the typical InGaAs photo-
detectors as provided in vendor specifications,26 where the
dynamic range is reported to be 13 000 to 16 666, equivalent to
82−84 dB according to the above LDR calculation.
The figure of merit for a photodetector is the detectivity,27 a

signal-to-noise ratio defined as D* = (AΔf)1/2 R/in, where R=
Jphoto/Pillumin is the responsivity in ampere/watt, A is the
effective photodetector area in cm2, Δf is the electrical
bandwidth in Hertz, and in is the noise current measured in
the dark. The detectivity unit is Hz1/2 cm W−1 or Jones. As
shown in Figure 2a, the lowest photocurrent detected by lock-
in amplifier at weak illumination for the two devices are around
2 nA/cm2. This value is already lower than that of the I−V
measurements. Therefore, it is reasonable to apply the
assumption that the detector noise is limited by the dark
current density,15 and we calculate the detectivity from D* = R/
(2qJd)

1/2, where Jd is the dark current density from I−V
characteristics and q is the electron charge. The photodiodes
need high photoresponse and low dark current density to reach
high detectivity. In the following section, we examine the
photocurrent and dark current characteristics under varying
temperature to gain insights into the carrier transport and
recombination limitations in the NIR BHJ photodiodes.

2.3. Photoresponse and Dark Current at Different
Operational Temperatures. The temperature-dependent
characteristics for the two devices under 8 mW/cm2 white
light illumination are shown in Figure 3a. The temperature-
dependent measurements were conducted in the typical
working temperature range of wearable electronics (−12 to
44 °C) for the goal of physiological monitoring application.
With rising temperature, the current density increases, and the
open-circuit voltage decreases. The empirical Arrhenius
equation is used to quantify the temperature dependence of
the photocurrent density Jphoto(T) = J0,photo exp(−Δphoto/kT),
where J0,photo is a prefactor influenced by photogenerated
carriers, electrical field, and mobility; Δphoto is the activation

Figure 1. (a) Chemical structures of the organic materials used in the
fabrication of the NIR photodiode and the absorption spectrum of the
copolymer measured on a thin film. (b) Energy diagram of the
photodiode.

Figure 2. Comparison of two photodiodes with different BHJ
thicknesses. (a) Photocurrent density as a function of light intensity
at wavelength of 904 nm and at zero external bias. (b) Dark current
density as a function of the applied electric field.
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energy28 indicating the trap depth or the degree of disorder in
the photodiode under illumination; k is the Boltzmann
constant; and T is the temperature. Assuming that charge
generation and dissociation processes are not significantly
affected in the temperature range chosen for this study, the
activation energy is interpreted as the average trap depth that
determines the probability for re-emission of trapped carriers.
The parameter values in Table 1 are obtained by linear

regression as shown in Figure 3b. To compare the devices
properly under the same electric field, the applied reverse bias is
adjusted for BHJ thicknesses; for example, we use a reverse bias
at −0.18 V for the 310 nm device and one of −0.1 V for the
175 nm device so that the applied electrical fields are
equivalent.
The photocurrent prefactor J0,photo increases under reverse

bias. Δphoto is higher for the 310 nm film than for the 175 nm
one, which indicates that the trap depth is deeper, and it
requires more energy. Hence, it is more difficult to delocalize
the carriers stuck in trap sites in the thick device than in the
thin one. This finding implies worsening charge collection
efficiency and explains the reduced photocurrent in the thick
device. The overall photocurrent is lower at zero bias than
under reverse bias, but it is worth noting that Δphoto is smaller at
zero bias than under reverse bias. It seems counterintuitive that

charge detrapping may occur at low energy levels at zero bias.
The likely explanation is that at zero bias the only available
carriers are charge from shallow trap states whereas under
reverse bias carriers from deeper traps become accessible and
measurable in the photocurrent. The electric-field-assisted
barrier lowering29 results in carriers being released from the
traps and contributes to the increase of Δphoto under reverse
bias. In our particular system, the reduced Δphoto at zero bias
indicates a potential path to minimize temperature effects on
photocurrent through operating photodiodes at zero bias.
Figure 4 shows the temperature-dependent characteristics

measured in the dark. The dark current increases by an order of

magnitude upon applying reverse bias. The sharp increase in
dark current under an applied bias is due to Poole−Frenkel
electric-field-assisted emission30 of charge from trapped sites.
Moreover, injection current31 from one or both of the
electrodes may contribute to the dark current. While we have
already employed electrode interfacial layers to reduce
recombination at the electrodes, further optimization of the
charge blocking layers32 may reduce the dark current.
The empirical expression Jd(T) = J0,d exp(−Δd/kT) is used to

quantify the temperature effect on the current density in the
dark. Here activation energy Δd is influenced by thermal
generation and electric-field-assisted emission. The linear
regression values are summarized in Table 2. The dark current

Figure 3. (a) J−V characteristics at different temperature T under 8
mW/cm2 white light illumination. For the device with 175 nm BHJ
film, the measurements were taken at T = −12, 0, 12, 22, 30, 38, and
44 °C. For the device with 310 nm BHJ film, the measurements were
taken at T = −15, −9, 0, 12, 22, and 30 °C. (b) Natural logarithm of
photocurrent densities versus temperature under different applied
electric fields. Red data points are for the device with 175 nm BHJ
film, black for 310 nm film.

Table 1. Parameters Obtained from Measurements of
Photocurrent Density versus Temperature under 8 mW/cm2

White Light Illumination

BHJ thickness
(nm)

applied electric field
(V/um)

Δphoto
(meV)

J0,photo
(mA/cm2)

310
0 26 ± 3 0.15 ± 0.02

−0.1 45 ± 2 0.40 ± 0.02
−0.6 75 ± 2 2.20 ± 0.11

175
0 20 ± 1 0.31 ± 0.01

−0.1 24 ± 1 0.39 ± 0.02
−0.6 31 ± 2 0.60 ± 0.03

Figure 4. (a) J−V characteristics in the dark at different temperature
T. For the device with 175 nm BHJ film, the measurements were taken
at T = −12, 0, 12, 22, 30, 38, and 44 °C. For the device with 310 nm
BHJ film, the measurements were taken a T = −12, 0, 10, 24, 38, and
47 °C. (b) Natural logarithm of dark current densities versus
temperature under different applied electric fields. Red data points
are for the device with 175 nm BHJ film, black points are for the
device with 310 nm film.

Table 2. Parameters Obtained from Measurements of Dark
Current Density versus Temperature

BHJ thickness
(nm)

applied electric field
(V/μm) Δd (meV)

J0,d
(mA/cm2)

310
0 303 ± 10 0.9 ± 0.3

−0.1 430 ± 14 1.3 ± 0.7
−0.6 424 ± 18 2.9 ± 1.7

175
0 302 ± 4 1.1 ± 0.2

−0.1 393 ± 25 5.7 ± 4.4
−0.6 377 ± 27 8.6 ± 6.8
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prefactor J0,d increases with applied bias. The thin photodiode
shows slightly higher J0,d and worse noise spectral density
compared to those of the thick device. The data in Tables 1 and
2 lead to the following three observations on the activation-
energy parameter: (1) The Δd’s are the same within one
standard deviation for both devices; hence, changing BHJ
thickness has negligible effect on the activation energy. (2) Δd
is higher under reverse bias than at zero bias. (3) Δd values
measured in the dark are at least 6× higher than Δphoto obtained
under illumination.
The first observation, that Δd is not affected by the BHJ

thickness, is in agreement with the BHJ model,6,32,33 where
thermalization of carriers is mainly influenced by the energy
level of charge-transfer states. The second observation is a
result of the electric-field-assisted emission30 that allows carriers
being released from the deep traps. The third observation
underscores that the dark current is more sensitive to
temperature than photocurrent. In the absence of an applied
field, the main contributions to dark current are from the two
temperature-dependent processes: (a) generation of intrinsic
carriers by thermal excitation from valence band to conduction
band and (b) generation−recombination (G-R) of intrinsic
carriers due to traps and defects. In contrast, the main
contributing factor to photocurrent is the photogeneration of
free carriers, and temperature has negligible effect on
photogeneration. Under illumination, temperature only affects
the carrier loss due to trap-assisted recombination in charge
transport and collection. Hence, the photocurrent density is
less sensitive to temperature changes than dark current density.
In terms of the noise spectral density, increasing the BHJ

thickness leads to counteracting effects on the dark current
density, in which on the one hand there is increased series
resistance lowering the dark current but on the other hand
there are additional G-R events adding to the dark current.
Therefore, increasing the BHJ thickness is only moderately
effective in suppressing the dark current in our system. In terms
of photocurrent density, more photogenerated carriers are lost
in the thick device than in the thin one because of deeper traps
as evident from comparing Δphoto. Similar to the thickness
dependence in organic photovoltaics, here the thin 175 nm
device shows detectivity D* better than that of the thick 310
nm device (Figure 5).
2.4. Analysis of External Quantum Efficiency and

Detectivity. The external quantum efficiency (EQE) is defined
as the ratio of the number of charge collected (ne) to the
number of incident photons (nph): EQE(λ) = ne/nph = (Jphoto/
q)(hc/λPillumin) = R(hc/λq), where Jphoto is the photocurrent
density, c is the speed of light, h is Planck’s constant, Pillumin is
the intensity of the incident light, and λ is the wavelength of the
incident light. EQE and D* are related by the responsivity R(λ)
= Jphoto/Pillumin. In Figure 5, for the range of 480−700 nm, the
additional photoresponse of PCBM makes the EQE spectrum
different from the absorption spectrum of the polymer alone as
shown in Figure 1. In the range of 700−1200 nm, the shape of
the EQE spectrum differs from the absorption spectrum of the
pristine polymer due to two reasons: (1) The blend film
includes charge-transfer states arising from interaction between
the polymer and PCBM; (2) Additional factors besides
absorption that affect EQE. Based on the working mechanism
of photodiode, EQE can be expressed as EQE(λ) =
ηabs(λ)·ηdiss(λ)·ηcoll(λ), where ηabs is the light absorption
efficiency in the blend layer, ηdiss is the dissociation efficiency
of the excitons generated in the bulk or at the D−A interface

due to charge transfer (CT) states, and ηcoll characterize the
efficiency of charge transport through the device. As shown
previously,10 the carriers generated at different wavelengths
show different spatial distributions due to different absorption
coefficients and interference effects, which in turn affect ηcoll.
ηdiss(λ) and ηcoll(λ) contribute to EQE; hence, the shape of
EQE spectrum for organic photodiode is usually not the same
as the absorption spectrum.
The spectral responses for the two photodiodes in Figure 5

show an interesting transition in EQE and D* near the
absorption edge at 1.2 μm. From the visible region to the near-
infrared region up to 1.2 μm, absorption corresponds to the
polymer or the fullerene bandgaps, and the thin device has
superior performance to that of the thick device. However, the
thin device response is overtaken by that of the thick device in
the region beyond 1.2 μm, where the absorption due to CT
states dominates.34,35 The thickness effect has been used to
tune the photodetector spectral window,10 but the previous
work is not aimed at the CT states as shown here. As the
thickness of the organic blend layer increases, the area of
donor−acceptor interfaces increases correspondingly. Larger
interface area means stronger absorption by CT states, which is
the reason that the thick photodiode performs better than does
the thin device at spectral region from 1200 to 1600 nm.
Figure 5 presents the photodiode spectral response at

different applied electric field and operational temperature. The
EQE improves by only 2% upon applying an electric field of
−0.6 V/μm. For the photodiodes in this study, the best
detectivity is achieved at zero bias because a small reverse bias
increases the dark current by 10 times but the photocurrent
does not increase as much. The detectivity of the photodiodes
operated at 22 and −12 °C is compared in Figure 5b, and the
effect of temperature is uniform across the spectral range except
near the absorption edge. Due to thermally activated hopping
transport in organic semiconductors, the photocurrent is
lowered as temperature decreases; nevertheless, as mentioned
in our earlier discussions on activation energies, the photo-
current decreases less than dark current does when operating

Figure 5. Spectral dependence of the external quantum efficiency and
the detectivity under different (a) applied electric field and (b)
operating temperature at zero bias. The black curves are measured on
the device with a 310 nm BHJ layer, and the red curves are on the
device with a 175 nm BHJ layer. The inset plot shows the detectivity at
λ = 900 nm of the 175 nm OPD at T = −12, 0, 12, 22, 30, 38, and 44
°C.
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temperature is reduced. As a result, the detectivity still improves
with decreasing temperature. For instance, the detectivity at λ =
900 nm of the 175 nm OPD increases by about 2.8 times as
temperature is lowered from 44 to −12 °C, with D*(44 °C) =
3.65 × 1011 Jones and D*(−12 °C) = 1.04 × 1012 Jones,
respectively. For the same temperature range, the detectivity of
inorganic photodetectors changes by an order of magnitude.36

In contrast, the temperature dependence of OPDs is relatively
small, indicating that organic photodiodes are suitable for
ambient operation, offering the option to bypass active
temperature control to cool the detector.
2.5. Temporal Response. Figure 6a shows the temporal

response of the photodiode with a 175 nm BHJ film, in which

the rise and fall times are 110 and 120 μs, respectively, under
illumination of 30 mW/cm2 and connected to a load resistor of
100 Ω. The switching time slows down to 320 μs when
illumination power is lowered to 30 μW/cm2. The switching
time measured at lower illumination power is longer for two
reasons: (1) There was less carrier density generated and lower
diffusion potential. (2) When the illumination power is low, a
larger load resistor was used to increase gain (100 kΩ for high
gain, 100 Ω for low gain). The load resistor is only a fraction of
the total resistance since the photodiode resistance is in the
MΩ range; however, the high-gain resistance is significant
enough to increase the RC time. If the load resistor is
unchanged and light intensity increases from 1 to 40 μW/cm2,
then the rise/fall time will shorten by about 10%. The temporal
response shown here is more than sufficient for tracking
physiological signals such as heart rate and blood oxygenation.
While previous demonstrations37,38 with flexible organic
photodiodes focus on the visible wavelength region, here we
utilize NIR detection, which has deeper penetration depth in
biological tissues.
Figure 6b is a schematic for using our NIR photodiode to

monitor heart beats through detecting light transmission
change at a fingertip. A volunteer signed a consent form for
the measurements of heart rate. Near-infrared light from a laser
diode (wavelength of λ = 904 nm and power at 1 mW/cm2) is

used as the light source, and a finger is placed between the light
source and the photodiode. As a person’s heart pumps blood
into the fingertip, the transmitted light is modulated according
to the changing blood volume. The light modulation is
measured by our photodiode, and the temporal signal allows
inference of the heart pulse rate. Figure 6c shows the
photodiode measurement of the heart rate for a person at
rest and after exercise.

3. CONCLUSIONS
In summary, the NIR photodiodes using a novel narrow
bandgap conjugated polymer demonstrated high detectivity up
to 1012 Jones at −12 °C and linearity dynamic range of 86 dB.
Here the detectivity was maximized by operating at zero bias to
suppress dark current; similar to organic photovoltaics, a thin
175 nm BHJ layer was used to facilitate charge collection
without reverse bias. Though the organic photodiode
detectivity tripled by cooling from 44 to −12 °C, the
temperature dependence of OPDs is relatively small compared
to that of inorganic NIR detectors. As an application example,
we successfully tracked a person’s heart rate by placing the
organic photodiode directly on a finger. A 904 nm, 1 mW laser
shone NIR light through the finger, and the transmitted light
was measured by the organic photodiode showing signal
modulation due to arterial pulses. The switching rate of the
organic photodiode reaches up to 120 μs and is promising for
future integration into a real-time NIR imaging system.

4. EXPERIMENTAL SECTION
The prepatterned ITO substrate was ultrasonically cleaned in
detergent and deionized water and 2-propanol for 15 min sequentially.
PEIE was diluted by 2-methoxyethanol to achieve a concentration of
0.4% by weight. The diluted PEIE solution was cast onto the cleaned
ITO substrate at a spin speed of 3500 rpm to form a ∼ 10 nm film,
which was annealed at 120 °C for 10 min in ambient. The polymer
and PC71BM in a 1:2 ratio were dissolved into a mixed solvent of 3:1
chlorobenzene/chloroform. The solutions were stirred on a hot plate
at 45 °C overnight in N2 atmosphere. Then, the solution with a
concentration of 14 or 22 mg/mL for polymer was spin-coated on the
PEIE/ITO substrate with spin speed of 1800 rpm to form films with a
thickness of 175 or 310 nm, respectively. To complete the fabrication
of the OPD, 15 nm MoO3, followed by 100 nm Ag, was deposited on
top of the blend film through thermal evaporation in a vacuum
chamber with a pressure of 3 × 10−6 mbar. The effective areas of these
photodetectors were 8.5 mm2, which were measured with the help of
an optical microscope. The devices were encapsulated between glass
slides bonded with epoxy. Subsequently, the devices were charac-
terized in air on a Peltier stage during variable temperature
measurement. The photodiode spectral response was amplified
through a low-noise amplifier with an internal load resistor of 100
kΩ (for high gain) or 100 Ω (for low gain) and measured with a lock-
in amplifier, using a monochromatic light source modulated by a
mechanical chopper at a frequency of 390 Hz. Cutoff filters at 455,
645, and 1025 nm were used to reduce the scattered light due to
higher order diffraction. The lock-in amplifier can accurately measure a
modulated photocurrent down to a magnitude of 2 × 10−11 A. For the
temporal response measurement, the photodiode signal was amplified
through a low-noise amplifier at gain of 20 μA/V before being
connected to an oscilloscope.
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