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FULL PAPER

Photodiodes

Elucidating the Detectivity Limits in Shortwave Infrared

Organic Photodiodes

Zhenghui Wu, Weichuan Yao, Alexander E. London, Jason D. Azoulay, and Tse Nga Ng*

While only few organic photodiodes have photoresponse past 1 pm, novel
shortwave infrared (SWIR) polymers are emerging, and a better understanding
of the limiting factors in narrow bandgap devices is critically needed to predict
and advance performance. Based on state-of-the-art SWIR bulk heterojunction
photodiodes, this work demonstrates a model that accounts for the increasing
electric-field dependence of photocurrent in narrow bandgap materials. This
physical model offers an expedient method to pinpoint the origins of efficiency
losses, by decoupling the exciton dissociation efficiency and charge collection
efficiency in photocurrent-voltage measurements. These results from transient
photoconductivity measurements indicate that the main loss is due to poor
exciton dissociation, particularly significant in photodiodes with low-energy
charge-transfer states. Direct measurements of the noise components are ana-
lyzed to caution against using assumptions that could lead to an overestima-
tion of detectivity. The devices show a peak detectivity of 5 x 10'° Jones with a
spectral range up to 1.55 pm. The photodiodes are demonstrated to quantify the
ethanol-water content in a mixture within 1% accuracy, conveying the potential
of organics to enable economical, scalable detectors for SWIR spectroscopy.

1. Introduction

The materials used for the detection of infrared radiation are
dominated by inorganic crystals that require high-temperature
growth of epitaxial semiconductors and complex die-transfer
and bonding processes that are not scalable. Current tech-
nologies!! cost tens of thousands of dollars to manufacture
and are not economically viable for widespread use. Alter-
native semiconductors are being sought for applications in
the shortwave infrared (SWIR) spectral region (wavelength
A = 1-3 um), including solution-processed colloidal quantum
dots,> 2D materials,” and conjugated organics, % because
solution processing allows low-temperature, direct deposi-
tion on silicon readout chips that lowers costs compared to
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the time-consuming, expensive, transfer-
and-bond integration processes used in
current technologies. Among the novel
materials, organic molecules and poly-
mers are the most synthetically tunable,
and organic bulk heterojunction (BHJ)
photodiodes!™! have demonstrated detec-
tivities greater than silicon in the visible
and near-infrared spectral regions. Given
that organic BHJ solar cells show external
quantum efficiency,!2 (EQE) > 80% in
the visible region, there is great potential
for a polymer-based BH]J to achieve high
EQE in the SWIR. Owing to a paucity of
SWIR-absorbing organics,314 only a few
organic SWIR photodiodes have been
reported that exhibit a photoresponse
past 1 um,[®1% and they show low EQE
<10% for A > 1.2 um. A better under-
standing of the limiting factors in narrow
bandgap BH]J devices is critically needed
to predict and advance performance.

This paper studies a prototypical
BH] photodiode employing a conjugated donor—acceptor
copolymer with peak absorption at A = 1.2 um and extended
photoresponse to 1.55 pum, based on one of the best organic
photoresponsive SWIR material sets currently available. In
narrow bandgap devices, the photocurrent deviates from typical
models(™>"'8] used to describe the BH] photoresponse in the
visible spectrum. To reconcile these discrepancies, we present
an improved model to explain the electric-field dependence of
the photocurrent for SWIR photodiodes. This physical model
offers an expedient method to pinpoint the origins of efficiency
losses, by separating the exciton dissociation and charge collec-
tion efficiencies, as we modify device parameters such as film
thicknesses and BHJ composition. Our results indicate that the
main loss factor is due to poor exciton dissociation efficiency,
particularly common in SWIR BHJ photodiodes with low-
energy charge-transfer (CT) states. We examine the feasibility
and challenges of using bandtail photoresponse to expand the
spectral range of devices out to the limits of CT states. Through
these examples we describe the physical model providing
insights into device design guidelines and operating conditions
necessary for improving EQE.

Since the figure of merit for a photodetector is the detectivity
(D*), or signal-to-noise ratio, we examine not only the photo-
response but also the origin of noise in the SWIR photodi-
odes. Our direct measurements of the noise power spectrum
reveals that the thermally generated dark current becomes sig-
nificant at narrow bandgaps. The importance of measuring and
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understanding the origins!!” of the noise current is emphasized
as we clarify that calculations of D* from a shot noise assump-
tion may not be appropriate and can lead to overestimation by
an order of magnitude. The measured results that properly
include the thermal noise component show a peak detectivity
of 5 x 10'? Jones. Following discussions of the design rules for
maximizing D*, we demonstrate an application of our organic
BH] photodiodes for spectroscopic analysis, which encom-
passes two fiber-optic windows (980 and 1310 nm) and success-
fully identifies alcohol content with 1% accuracy. This demon-
stration conveys the potential of organics to enable economical,
large-area spectroscopic detectors in the SWIR spectral regions.

2. Device Structure and Performance Metric
Definitions

The BH] in this work consists of an interpenetrating network
of a polymeric donor and a fullerene acceptor. The donor—
acceptor copolymer (CPDT-TQ)® is comprised of alternating
electron-rich bridgehead olefin-substituted cyclopentadith-
iophene (CPDT) and electron-poor thiophene flanked [1,2,5]
thiadiazolo[3,4-g]quinoxaline (TQ) building blocks, and the
molecular acceptor is [6,6]-phenyl-C;;-butyric acid methyl ester
(PC7;BM). Figure 1 illustrates the materials and device struc-
tures, along with the energy levels of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) for each material in the photodiode. Inter-
facial layers are incorporated to adjust electrode work functions,
using zinc oxide with polyethylenimine (PEIE)?%2l for the
cathode and molybdenum oxide (MoO;)?? for the anode. As a
side note, the molybdenum oxide interface is shown!?? to aid in
hole extraction but does not serve as an electron-blocking layer
in organic BHJ cells. The EQE of the photodiodes with different
BH]J thicknesses are shown in Figure 1c, which demonstrates

interfacial ™ [z
layers

CPDT-TQ

www.afm-journal.de

an EQE up to 10% at peak absorption at zero applied bias, with
a spectral range extending to A = 1.55 um. While these devices
and their performance represent the state-of-the-art level for
today’s organic SWIR photodiodes, we need to explain the low
EQE, and in the following we determine the limiting factors
and analyze the device physics for SWIR BH] photodiodes.

For device analysis, the performance metrics are defined as
follows:

i External Quantum Efficiency: the product of the efficiencies
of photon absorption, exciton dissociation, and charge collec-
tion, EQE = Mabsorb Mdissociate Tlcollect-

ii Internal Quantum Efficiency (IQE): the product of exciton dis-

sociation and charge collection, IQE = Ngissociate Neollecty Where

absorption efficiency is not counted (Napsor, = 1)

Detectivity (D*): a signal-to-noise ratio of EQE to dark current

noise. Specifically, it is defined as D* = (AAf)>R/i,,, where R

is the responsivity related to EQE = R (h¢/A9) = (Jpn/ Pittumin)

(he/Aq), A is the effective photodetector area, Af is the detec-

tion bandwidth, i, is the noise current measured in the dark,

h is Planck’s constant, ¢ is the speed of light, A is the wave-

length of the incident light, q is the electron charge, ]y, is

the photocurrent density, and Py, is the intensity of the
incident light.

=

ii

3. Results and Discussions

3.1. An Improved Model to Describe Photocurrent in Organic
SWIR Photodiodes

Figure 2a shows the typical photocurrent density—voltage char-
acteristics of an organic SWIR photodiode. The photocurrent
density Jon(V) = Ji(V) = Jp(V) is the difference between the cur-
rent density under illumination J; and the dark current den-
sity Jp. The voltage, Viuin, is the built-in
potential at which the photocurrent density
is canceled, namely when J; = Jp. In Figure
2b, the [,y data are plotted against the effec-
tive electric field E.¢= V.g/d, where the effec-
tive voltage is Vg = Vpuilein—V, With V being
the applied bias and d the BH]J thickness.
Prior work on BH] describes the electric-field

PC,BM

(b) zno PCBM CPDT- MoO,3
with  [70] TQ
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dependence of photocurrent density using
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where J, is the saturated photocurrent den-
sity dependent on the amount of absorbed

936V o

Figure 1. a) Device and materials structures. b) The HOMO/LUMO energy levels for each
material in the photodiode. c) External quantum efficiencies of photodiodes with different BH)
thicknesses. The inset is a photograph of four SWIR CPDT-TQ:PC;;BM photodiodes, each with

an active area of 9 mm?2,
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1400 light, and ut is the mobility-lifetime product
that characterize the capture cross section
and density of recombination centers. The
u and T are not independent variables; the
value of ut reflects the extent of bimole-

cular recombination(?®! or recombination via
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Figure 2. a) Photocurrent density versus bias voltage under laser diode
illumination, at 10.5 mW cm2 for A = 980 nm and at 250 mW cm™2 for
A=1310 nm. This photodiode has a BH] thickness of 350 nm. b) Photo-
current density versus the effective electric field, with fits according to the
Hecht model (blue dashed line) or to the improved model of Equation (3)
(solid lines). c) Internal quantum efficiency versus effective electric field.
The markers represent experimental data. The dashed lines are calculated
according to the Braun/Mihailetchi CT dissociation model. The solid lines
are fit lines based on Equation (3).

localized states.l?*l For example, in a device affected by bimole-
cular recombination due to an increase in carrier density under
intense illumination, the ut value decreases, reflecting a Jpn=V
characteristics with low fill factor.'¥! The phenomenological
Hecht equation often fits very well to the ]~V characteristics
of typical organic BH]J solar cells made from large bandgap pol-
ymers, for which the main limitation is recombination in the
charge collection process.?°!

However, in the SWIR photodiodes with narrow bandgap,
the electric-field dependence of photocurrent is not fully
accounted for by the Hecht model. The dashed line in Figure 2b
is a fitted curve based on Equation (1), and the poor fit indicates
that the Hecht model is insufficient to describe the data across
the range of electric fields. The Hecht equation attributes the
electric-field dependence of photocurrent solely to recombi-
nation losses during charge collection, as the Hecht model
assumes a “constant” exciton dissociation efficiency over all
electric fields. It overlooks that exciton dissociation processes
can vary with the electric field, depending on the BHJ energy-
level alignment. In BHJs with a large offset between donor—
acceptor LUMO levels, the exciton dissociation approaches
100%, while in BHJs with small donor—acceptor LUMO offset,
the exciton dissociation efficiency is low and can be increased
by applying an electric field.”’-?°] The latter case requires modi-
fications to the Hecht model.

The electric-field dependence of exciton dissociation must be
considered to describe the SWIR devices in this work. Braun!!!
and Mihailetchi et al.'®173% modeled the rates of exciton dis-
sociation kp, and recombination kg by invoking that excitons at
CT statesB!32 have a finite lifetime and either dissociate into
free carriers at rate kp or decay back to ground states at rate
k. The dissociation rate kp is electric-field dependent, while kg
is independent of electric field. The dissociation efficiency is
expressed by

Adv. Funct. Mater. 2018, 28, 1800391 1800391

ndissociate(Eeﬂf) = kD(EeFf) / [kD(Eeﬂr) + kR]

The rate kp is dependent on ky(Ee)= 3q¢u)

Aneqe.a’

_E
kT

exp( )

2

2 3
[1+b+ b + L +--1, where Ey= 4 s the binding energy of
3 18 g 4rmeoEa
CT exciton; b= ﬁ ; {1y is the local carrier mobility;**la
TEHVE,

is the initial separation distance between the electron and the
hole in a CT exciton; & is the vacuum permittivity; ¢, is the
dielectric constant of BHJ; k is the Boltzmann constant; and T
is the temperature, and for this paper T = 295 K. The physical
parameters &, = 3.4 and a = 1.3 nm are fixed in this work based
on materials properties. Due to the Gaussian distribution of
states in organics, the dissociation efficiency Ngissociate(Eeff) 1S
integrated over the electron—hole pair separation distance x, to
be found as

4 o
T)dissociate(Eeff) = W J‘() r,dissociale(x) Eeff )F(x) dx (2)

where F(x) = x*-exp(—x?/a?) is the state distribution function.

The functional form of the dissociation probability
Ndissociate( Eefr) 18 an “S-shaped” curve increasing with the electric
field, visualized by the dashed lines in Figure 2c. To aid readers
in exploring this dissociation model by Braun and Mihailetchi
et al., we include computational analyses in Figure S1 (Sup-
porting Information) on how the physical parameters &, a, (1),
and kg affect the dissociation probability of CT states. In com-
parison to typical organic solar cells, the dissociation probability
in SWIR devices is worse due to the lower built-in electric field
from the reduced CT-state bandgap and higher thermal decay of
CT excitons.['>3*] Note the experimental data deviate from the
above dissociation model especially at low fields in Figure 2c,
because Equation (2) is not designed to include the effects of
other processes, such as charge collection on the photocurrent.

We account for the electric-field dependence of both exciton
dissociation and charge collection processes in order to arrive
at a general phenomenological expression for the photocurrent
density. We combine Equations (1) and (2) and obtain the fol-
lowing formula to fit to data and study the dissociation and col-
lection efficiencies in our SWIR photodiodes

2UTE d
= Jsat” 1- - * Idissociate Ee
Jon =] Fi |: eXP( utEo )] Naissociate ( Eerr)

= J sat © ncollect (E eff ) : T’dissociate (E eff )

(3)

We determined the values in Table 1 by fitting Equation (3)
to the photocurrent densities in Figure 2b.

The fitting parameters {u) and kg relate to dissociation; ut/d?
describes charge transport; and Jg,, depends on incident light
power. The photocurrent density is converted to IQE through
dividing Jon(Eefr) by Jear- As seen in Figure 2b,c, Equation (3)
fits very well to the experimental data across all electric fields,
because our model eliminates the assumptions of either con-
stant dissociation or collection in the individual Hecht or
Braun/Mihailetchi model, respectively.

The improved model as denoted by Equation (3) offers a
straightforward method to separate the efficiencies of exciton

(3 of 9) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Fit values to Equation (3) for the device in Figure 2 illuminated
by 980 or 1310 nm light, under different incident power. The physical
parameters € = 3.4 and a = 1.3 nm are fixed in this work based on mate-
rials properties.

lllumination, A [nm] 980 1310
Light power [mW cm™2] 10.5 250
Wy 103 cm? V157 1.0£0.1 1.0£0.1
ut/d® [V 40+03 40+0.3
Jat [MA cm™] 74402 10.8+0.2
ke [107 7] 1.4£0. 1.9+0.1

The following values are reported for an applied bias V=0V, where E.=0.6 V
-1.

um:

MNdissociate [%] 12+0.2 9.5+0.2
Neollect [%6] 75+2 7442
IQE [%] 9.0+0.3 7.0+03

dissociation and charge collection processes, and subsequently
identify the limiting mechanism. The fit values to Equation (3)
are used to calculate IQE over a large range of electric fields.
Specifically in Figure 2c, the dashed line represents the Braun/
Mihailetchi model that assumes Ncopect(Ee) = 100%, such that
IQE depends on MNgissociate(Eer) only. At electric fields below
2 V um™!, the measured data deviate from the dashed line, and
the difference quantifies the drop in charge collection efficiency
from 100%. At electric fields above 2 V um™, the measured
data follow the dashed line quite closely, indicating that the
electric field is sufficiently high to reach 100% charge collec-
tion, and consequently the IQE drop is attributed to inefficient
exciton dissociation. For example, based on fit values to Equa-
tion (3) and the graphical analysis in Figure 2c, the dissociation
efficiency is at 12% while collection efficiency is 75% at zero
applied bias (where Eg = 0.6 V um™) under an illumination

wavelength of 980 nm. Thus, the low IQE in SWIR photodiodes
is mainly due to poor dissociation efficiency, and electric-field
dependence of exciton dissociation plays an important role in
the narrow bandgap materials.

3.1.1. Electric-Field Dependence of Exciton Dissociation Probed
by Measurements of Transient Photoconductivity versus Applied
Voltage

Since our fit results indicate a field-dependent charge generation
process, we test this interpretation with independent measure-
ments of transient photoconductivity!?®*! (Figure 3) to check
the dissociation loss versus the transport loss. As explained in
detail in ref. [35], transient photoconductivity differentiates the
two loss mechanisms, by measuring the photocurrent from the
mobile carriers at short times to extract the initial charge den-
sity before significant bimolecular recombination or charge col-
lection occurs. If the exciton dissociation process is not efficient,
an externally applied voltage provides an additional electric field
to separate the electron-hole pairs, and hence the initial charge
density will increase with an increasing reverse bias. On the other
hand, if the dissociation process is efficient, all the electron-hole
pairs are already separated into free carriers; an external bias
will have minimal effect on the initial charge density. Then the
initial charge density will be relatively constant across the range
of applied voltages, and this scenario has been observed in BH]J
solar cells.l3*3% Here we measure the transient photoconductivity
of our SWIR CPDT-TQ:PC;;BM photodiodes and compare it to a
P3HT:PC;;BM device with a CT-state bandgap of 1.0 eV, which is
0.4 eV larger than the SWIR devices here.

The transient photocurrent density is expressed as
Jon(Vitor) = a{u) N(V, to,) Ver/d, where £y, denotes the time just
after the illumination pulse, (u) = d?/(t,V.g) is the average
mobility estimated from the carrier transit time t, (namely,

. 20
(a) (©) 10 vl © o
3¢ g
=55l 58
53 3g
1.5V e E sE
_l—_battery ;é;“’ =
L = = 0f ]
0 50 100 0 50 100
Time (ns) Time (ns)
(b) g ' (f 70 I
S 6 & b °
E 8 g 90 .
8_ <
3 ° .
3 8 S30f,
gel S ¢
2o PR e S
w 0 05 0 L a—y 0
Time (“S) Vapplied (V) Vapplied (V)

Figure 3. a) Schematics of the transient photoconductivity measurement. b) Transient voltage under different applied bias on the SWIR photodiode.
c,d) Transient photoconductivity taken on the SWIR CPDT-TQ:PC;;BM device and e,f) on the P3HT:PC;;BM device. c,e) Transient photoconductivity
and d,f) carrier density after the excitation pulse at different applied voltages. The direction of the arrows in panels (c) and (e) indicates increasing
reverse bias. In panels (d) and (f), the solid markers are data extracted based on the assumption of a constant u, while the open markers account for

M= UoEesr -
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the time when the transient photocurrent decays to 1/e of the
peak value), and N(V, t, ) is the photogenerated charge density
soon after the illumination pulse. The mobile charge density

is N(V,to,) = No(V) f (tos) = NO(V)[l - %%Ve"], where the function

flto +) accounts for the percentage of charge collected within the
rise time of the measurement circuit; the rise time equals to the
product of resistance (R) and capacitance (C) of the circuit.>"!
Hence, the initial charge density Ny(V) at an applied voltage is
given by

Jph (V7t0+) 1
Veff [1 </J> t0+Veff
— T

=Ny (V d
] (V) a{u)/e @

All the parameters used in the following Ny(V) calculations
are directly measured quantities or material constants. The ini-
tial charge density for the SWIR device and the P3HT:PC;;BM
device in Figure 3 is estimated at ty, of 60 and 40 ns, respec-
tively, immediately following the transient peak signal.

Figure 3b shows a typical series of the transient voltage traces
Voscilloscope Under various biases, and the signals are converted to
Joh bY Joh = Voscilloscope/ ( Rioad - ar€a), where R4 is a resistor of 50
and the photodiode area is 9 mm?. In Figure 3c, we compare the
transient photoconductivity Jon/[Vesr flto+)] of the SWIR device at
60 ns after the illumination pulse. With higher reverse bias, the
transient photoconductivity value increases. The extracted initial
carrier density Ny(V) increases with the applied bias in Figure 3d.
This trend is indicative of an electric-field-dependent dissociation
process in which more free carriers are generated with the aid of
an external voltage applied to the SWIR photodiode.

In contrast, the measurements on a P3HT:PC,;BM device
show a very different transient photoconductivity response in
Figure 3e,f, where the J,p/[Vesr fltor)] and No(V) values do not
increase upon applying external bias. One caution regarding
the analysis of the poly-3-hexylthiophene (P3HT) blend device
involves accounting for the electric-field dependence of mobility.
In Equation (4), the mobility u is not constant over the range
of electric fields. For organics it is well known that mobility
increases with the electric field® by (u)=uyvE. After the
adjustment, Ny(V) is shown by the open markers in Figure 3d,f.
For P3HT:PC;;BM, the initial charge density is relatively con-
stant and maximized regardless of the external fields, while for
the SWIR blend, the amount of photogenerated charge can be
further increased with higher field, indicating field-assisted dis-
sociation. The transient photoconductivity results confirm that
exciton dissociation is a limiting factor for the SWIR photodi-
odes based on narrow bandgap polymers.

Besides the processes of exciton dissociation and free carrier
recombination, there are two other conditions that may poten-
tially contribute to the electric-field dependence of photocur-
rent: (1) a high density of deep trap states and (2) a high leakage
current. For condition 1, if many mobile carriers are captured
by deep traps and detrapping is relatively slow, the device may
exhibit severe time-dependent J-V hysteresis due to photocon-
ductive gain, and Equation (3) does not apply. A high density
of deep traps and space charges would be revealed in the low-
frequency region of electrochemical impedance spectroscopy
(EIS) measurements.*®l The J-V and EIS data of our SWIR

Adv. Funct. Mater. 2018, 28, 1800391 1800391

devices do not show hysteresis or a significant amount of deep
traps (Figure S2, Supporting Information). For condition 2, if
high leakage current is an issue, the shunt resistance would
be similar to the series resistance in the EIS data, which is not
the case for our devices. Both of the above conditions are not
observed in our SWIR devices and do not contribute to the elec-
tric-field dependence of photocurrent.

3.1.2. Delineating Nyissociater Neollec: Under Different Spectral Regions

Fitting [,V characteristics to Equation (3) allows us to isolate
the physical parameters that are affected under different stimuli
or by device designs (details of BH] composition in Figure S3
in the Supporting Information). For instance, when the inci-
dent excitation wavelength is changed in Figure 2, we observe
that the device under 1310 nm light shows greater electric-field
dependence than the same device under 980 nm light. After
accounting for the differences in incident power through nor-
malization by [, the IQE is found to be lower under the longer
wavelength light in the BHJ absorption bandtail. To interpret
this spectral effect, we find via fitting data to Equation (3) that
the transport parameters {u) and ut/d?> are not influenced by
incident wavelength, but the parameter kg is reduced under
980 nm light (Table 1). The decrease in recombination rate kg
with shorter wavelength light is due to the higher energy excitons,
in which the excess energy released in the charge-transfer
processB’l improves dissociation probability.

3.1.3. Delineating Napsory Mdissociater AN Neoltec in Devices
with Different BHJ Thicknesses

Since high electric-field dependence is observed in the photo-
current measurements, we proceeded to vary the BHJ film
thickness, which in effect changes the built-in electric field in
the photodiodes. The BH]J thickness affects both the photocur-
rent and dark current noise. Our discussion in the following
section focuses on the photoresponse, and Section 3.2 will
explain noise and the resulting detectivity.

Figure 4a displays the J;;—V characteristics for a set of SWIR
photodiodes with BH] thickness d ranging from 150 to 720 nm.
Under similar incident power from a laser of A = 980 nm, the
photocurrent density decreases with increasing film thickness.
The x-axis in Figure 4a is converted from the applied voltage to
the effective electric field in Figure 4b; after the x-axis conver-
sion, the trends in Figure 4a,b appear different because of the
normalization over thickness. To understand how thickness
affects the efficiencies of dissociation and collection processes,
the photocurrent density is converted to IQE versus the effec-
tive electric field, and the data are fitted to Equation (3) with the
resulting values included in Table ST1 (Supporting Information).
Figure 4c shows enhanced IQE by using thinner BHJ films. If
the devices are operated specifically at zero applied bias where
Eeff: Vbuilt-in/d’ both T’dissociate(Eeff) and T’collect(Eeff) are increased
in a thinner BHJ due to the higher internal electric field.

The BH]J thickness affects the absorption efficiency in
an opposite trend to the dissociation or the collection pro-
cess, as light absorption increases with thicker BHJ film. We

(5 of 9) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Photocurrent density versus applied voltage, b) photocurrent
versus effective electric field, and c) internal quantum efficiency versus
the effective electric field for devices with different BH] thicknesses. The
solid lines are fits to Equation (3). The dashed lines are calculated from
Equation (2) which assumes Ngissociate(E) = 100%. The dashed arrows
indicate the magnitudes of internal E. at zero applied bias; the IQE, EQE,
and extracted N,psorp efficiency at zero applied bias are listed in the inset.
For clarity, the device with 720 nm BH) was omitted in panel (c) but its fit
values are reported in Table ST1 (Supporting Information).

examine the thickness dependence of N, in two ways: (1)
by extracting it through N,peor, = EQE/IQE using the measured
EQE and IQE in Figure 4¢; and (2) by measuring the photo-
diode reflectance spectra, shown in Figure S4 (Supporting
Information). The independent measurements confirm the
reliability of the results for n,so,. Due to the interference
effect of light through multiple subwavelength thin films and
the high absorption coefficient of the organic BHJ, the reflec-
tance spectra of our devices show 1,0, = 60% at a BHJ thick-
ness of 150 nm and saturates to N,peo, = 90% at a thickness of
350 nm, under an illumination wavelength of 980 nm. There-
fore, despite the thin absorption layer in our devices, N.psorp 1S
high and not the main bottleneck for wavelengths above the
polymer optical bandgap. Peak absorption efficiencies as high
as 80% have been previously reported in organic solar cell con-
taining only 80 nm BH]J.13¥4% Accounting for all the contribu-
tions (nabsorb7 TNdissociates ncollect) to photocurrent, the EQE values
are similar between the BH]J thickness of 150 and 350 nm as
shown in Figures 1c and 4c. For the 350 nm photodiode, the
lower IQE is compensated by an increased Mg in compar-
ison to the 150 nm device.

3.1.4. Comparison of EQE in Spectral Regions Above or Below
the Donor Optical Bandgap

Due to the wide distribution of bandtail states in organic semi-
conductors, there is measurable photoresponse below the
donor optical bandgap, in the bandtail spectral range of A =
1200-1600 nm (Figure 1). The bandtail photoresponse offers
an alternative approach to extend the device’s spectral range
beyond the donor bandgap. Theoretically, the minimum energy,
or the longest wavelength, that can be absorbed by a BH]J photo-
diode is defined by the energy gap of the CT state. For organic
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BHYJ, increases in trap states have been observed over operation
time,[*!l and subsequently the spectral response at the bandtail
is slightly increased due to the trap states. However, the band-
tail approach so far is restricted to low efficiencies, because the
bandtail states often act as recombination centers for free car-
riers. As discussed earlier in Figure 2, Ngissociate 1S reduced for
bandtail excitons due to higher recombination rate. In terms of
Nabsorbs €ven with a thick film of 480 nm, the sum of the absorp-
tion from the BHJ and electrodes is less than 50% in the band-
tail region (Figure S4, Supporting Information). Increasing BH]
film thickness to increase M,pso, Will adversely affect Ngigsociate
and Neopec, both of which rapidly drop with thickness (Figure 4).
To leverage the bandtail response, other researchers have
employed an optical cavity!1®*?] to increase absorption without
raising the BH]J thickness. Using this approach, the reported
EQE is enhanced to 20% at A = 900 nm but beyond that wave-
length the EQE is limited to <1%. The bandtail photoresponse
offers an extension to the photodiode spectral range but cur-
rently operating in the bandtail is not efficient. For devices
without optical structures such as microcavity and plasmonic
structures, it is preferable to tune the peak absorption of the
donor polymer and reduce bandtail states, because a reduction
in bandtail states will mitigate thermal decay and improve the
main bottleneck in dissociation efficiency. A recent study!*!
shows a promising path to enhance exciton lifetime by pro-
moting aggregate delocalization in SWIR materials, and such
morphological control may broaden the spectral response in
future work.

3.2. Identifying Dominant Noise Source and Avoiding
Overestimation of Detectivity

For photodiodes acting as a detector, a key figure of merit is the
detectivity D* (defined in Section 2), which, in addition to photo-
response, requires accurate assessment of the dark current
noise i,. Dark current measured with a power spectrum ana-
lyzer gives the noise spectral density i, (Af)° in Figure 5a that
accounts for all the noise components!'®—shot noise, thermal
noise, and 1/f noise. Here, the 1/f noise is negligible at fre-
quencies beyond 100 Hz. Individual white noise components
can be estimated from equations in Figure 5; the shot noise is
calculated from the dark current versus voltage (Jp—V) charac-
teristics (Figure 5b), and the thermal noise is computed with
the shunt resistance Rgy obtained through impedance spec-
troscopy (Figure 5c). The shot noise near zero external bias is
=107* A Hz %3, an order of magnitude lower than the thermal
noise. In comparison to photodiodes for visible wavelengths,
thermal generation becomes significant in narrow bandgap
SWIR materials, and thermal noise overtakes shot noise as the
dominant noise source. This analysis emphasizes the impor-
tance of direct noise measurement to account for all the noise
components; otherwise, using a shot noise assumption alone,
the detectivity will be overestimated by an order of magnitude.
As thermal noise is the major noise source, improving shunt
resistance will be key to mitigate noise. Increasing the thick-
ness of BHJ slightly raises shunt resistance, from Rgy = 32 kQ
for a 150 nm film to Rgy; = 48 kQ for a 480 nm film. A further
thickness increase did not improve Rgy, because there is a

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

12
(a) - 150 nm - 480 nm (b) 10_2 /shot noise = ’\/2q/DA f aasast (d)1 0 L
—~-350nm  ~720nm gl

. E 10 -
—~ (3] ) L
g';‘ Fa 3 6 g
% < 10° 3
gt 1 108l Z 110}
- 10-12¢ i, -0 0 05 5
5 f‘*ﬁ%ﬁa&‘) Voltage (V) 3
% = : (C) /!hermal noise = vV 4kTA ﬂRSH a
3 g 20 —.
2101F 15 i p
% i/ E Rsy; 108
z ' | ' .

10 100 . 0 20 600 1000 1400
Frequency (Hz) Re Z (kQ) Wavelength (nm)

Figure 5. a) Noise spectral density of photodiodes with different BH) thicknesses at zero external bias. For clarity, only two thicknesses are shown. The
shaded area indicates the shot noise level calculated from the dark current measured at —0.1 mV, for BH| thickness between 150 and 720 nm. b) Dark
current versus applied bias. c) Shunt resistance estimated from impedance spectroscopy at zero external bias. d) Detectivity calculated according to
the actual measured noise (colored traces). The dashed line represent an overestimated detectivity calculated using only shot noise. The star markers
represent the detectivity of a previously reported SWIR photodiodel* based on a blend of organics and quantum dots.

trade-off between a long carrier collection path, countered by
an increased volume for thermal generation of carriers. The
detectivities of photodiodes with different BH]J thicknesses are
similar (Figure 5d). Research on electrode interfacial layers is
ongoing to improve shunt resistance. For our SWIR photodi-
odes under reverse bias, there is a sharp rise in noise that is
only partially compensated by a minor EQE improvement. At an
applied bias of —0.2 V, the noise current density is at least three
times that at zero bias, while the photocurrent only increases by
about 30% (similar results found in ref. [45]). The overall detec-
tivity is worse under reverse bias than at zero external bias.
Thus, to maximize detectivity in the above devices, it is prefer-
able to operate at zero external bias and use BH]J film thickness
of <350 nm. Our set of SWIR photodiodes reach a detectivity
up to 5 x 101 Jones, which is higher than that of devices using
a blend™¥ of organics and quantum dots. The main reason for
the increased performance is the lower leakage current and
noise in our devices, compared to the quantum dot blends with
high leakage current probably due to rough morphology.

3.3. Example of Spectroscopic Analysis via Organic SWIR
Photodiodes

Since our photodiodes provide a spectral range up to 1550 nm,
they allow demonstration of spectroscopic analysis at wave-
lengths relevant to applications such as medical oximetry,[*>7]
biological imaging with deep penetration depth,*® or internet-
of-things applications*! that monitor water content in agri-
cultural or industrial process inspections. For instance, water
and alcohol are indistinguishable in the visible spectrum,
but they differ in absorption for A > 1200 nm. Figure 6 illus-
trates an example of determining the ethanol percentage in
water. As measured with an organic SWIR photodiode, light
transmission increases with ethanol content in the spectral
range between 1200 and 1400 nm, whereas the transmission
percentages are constant at A = 920 and 1190 nm for all the
samples. The transmission spectrum of a beer sample (brand:
Modelo Especial) is also measured; due to light scattering from

Adv. Funct. Mater. 2018, 28, 1800391

1800391 (7 of 9)

CO, bubbles in the beer, we adjust the beer spectrum to the
same baseline transmission values at A = 920 and 1190 nm.
After this baseline adjustment, the beer spectrum matches
well to the spectra of a 5% ethanol-water mixture, in agree-
ment with the manufacturer’s value. Due to a gradual shift
in absorption peak with increasing ethanol content, the cali-
bration curve in Figure 6c¢ is obtained from the range of A =
1260-1340 nm, and the y-axis values are calculated from
1/n[z;:j:;:z::%T(sample)—2::2::;:3::%T(Water)} in  which
there were nine data points (n =9) to be averaged in the chosen
spectral range. In contrast to simple subtraction at a single
wavelength, this integration method yields a calibration curve
with higher accuracy, with an error bar of £0.5% in determining
the ethanol content in a sample.

4, Conclusions

Based on state-of-the-art SWIR BH] photodiodes, this paper
demonstrates a straightforward method to decouple the exciton
dissociation efficiency and charge collection efficiency in pho-
tocurrent—voltage measurements. The physical model offers
an accessible analytical tool to identify the limiting factors to
organic SWIR photodiode performance; this new model is
needed to properly account for the increasing electric-field
dependence of photocurrent processes in narrow bandgap mate-
rials. Our results provide an understanding of the fundamental
properties necessary to extend the utility of organics into a field
now completely dominated by inorganic materials. In addition
to improving the parameters (Lkg, T(u), Tut/d% Te), maximizing
built-in electric field is essential to improve the main bottleneck
in dissociation efficiency. This study shows that the dominant
noise source in organic SWIR devices is thermal noise, not shot
noise as is typical with photodetectors operating in the visible
spectrum. To optimize detectivity in the CPDT-TQ:PCBM photo-
diodes, it is preferable to operate the devices at zero external bias
and use BH]J film thickness of <350 nm in order to balance the
requirements for IQE, 1,,, and thermal noise. As novel organic
materials emerge, the device design rules discussed here will be
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Figure 6. Demonstration of spectroscopic analysis using an organic
SWIR BH] photodiode. a) Transmission spectra of deionized water, water—
ethanol mixtures, and ethanol. The water content increases from 0% to
100% by a step of 10%. b) Zoom-in view of the transmission spectra for
beer (asterisk markers) and mixtures of DI water with 10%, 5%, and 1%
ethanol (top blue curve: 10% ethanol; bottom black curve: 1% ethanol).
c) Percentage change in transmission as a function of ethanol content
in DI water. This calibration curve is based on the data from the spec-
tral range of A = 1260-1340 nm, indicated by the dashed box in panel
(a). Inset is a photo of the water, beer, and ethanol samples (left to right).

applicable to other SWIR BH]J systems and will be useful for
guiding the development of economical, scalable organic detec-
tors for the SWIR spectrum.

5. Experimental Methods

Materials: The synthesis process and basic chemical prop-
erties of the polymer CPDT-TQ is published in ref. [9]. The
fullerene derivative PCy;BM and regioregular P3HT were
bought from Ossila Ltd. The MoO3, Ag, and the cathode inter-
facial layer PEIE (3540 wt% in water, molecular weight: 7000 g
mol™!) were purchased from Sigma-Aldrich. ZnO nanoparticles
were synthesized from zinc acetate dihydrate and potassium
hydroxide, following the procedure described by Hermann-Jens
Womelsdorf.P% The chemicals were used as purchased without
further purification.

Fabrication: The prepatterned indium tin oxide (ITO)
substrates were ultrasonically cleaned in detergent, deion-
ized (DI) water, and 2-propanol for 15 min sequentially.
PEIE was diluted by 2-methoxyethanol to achieve a con-
centration of 0.4% by weight and mixed with ZnO nano-
particles in a ratio of 2:1 by weight. The mixture was cast
onto a 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 PC,;BM in 1:2 ratios were
dissolved in dichlorobenzene with 3% of 1,8-diiodooctane as
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additive. The solutions were stirred on a hot plate at 80 °C over-
night in N, atmosphere. Then the solution was cooled to 45 °C
and was spincoated on the PEIE/ITO substrate with different
spin speeds to form BHJs of different thicknesses. To complete
the fabrication of the photodiode, 15 nm MoO;, followed by
100 nm Ag, was deposited on top of the BHJ film through
thermal evaporation in a vacuum chamber with a pressure of
3 x 107® mbar. The effective areas of the photodetectors were
9 mm?. The devices were encapsulated between a cover glass
bonded with epoxy.

Characterization: The current-voltage characteristics were
measured with a Keithley 2400 Sourcemeter. Laser diodes with
either 980 or 1310 nm emission wavelength was used as light
sources. A series of neutral density filters were used to adjust the
illumination power. In the EQE measurements using a mono-
chromatic light source chopped at 400 Hz, the photocurrents
were amplified through a low-noise amplifier and measured
with a lock-in amplifier. Cutoff filters at 455, 645, and 1025 nm
were used to reduce the scattered light from higher order dif-
fraction. The lock-in amplifier allows accurate photocurrent
measurement down to 2 x 10710 A,

For the transient photoconductivity measurements, a pulsed
laser with <10 ns pulse width and an emission wavelength
of 520 nm was used as the light source. The intensity of the
pulsed laser was adjusted to 20 mW cm™ so that photogen-
erated charge density was below 20% of the CV.y (Where C
is the device capacitance and V.g is the effective voltage) and
space-charge effects were avoided. A 1.5 V battery connected in
series to a potentiometer adjustable to 100 Q was used to apply
external bias on the photodiode. The photodiode was in series
with the load resistor of 50 €, and the photocurrent was meas-
ured with an oscilloscope as the voltage dropped across the load
resistor. Each curve in Figure 3 is an average of 64 measure-
ments on the oscilloscope and 5 trials for each applied voltage.
The BH]J thickness of the CPDT-TQ:PC;;BM device was 135
nm, and the P3HT:PC;;BM was 160 nm.

The noise spectral densities of the photodiodes were
obtained by amplifying the dark current through a preampli-
fier (SRS 570) connected to a power spectrum analyzer (HP
89410A). The impedance spectroscopy of the photodiodes was
measured by a potentiostat (Bio-Logic SP200).

In the spectroscopic analysis, monochromatic light with
intensity between 5 and 10 pW was passed through the liquid
mixtures in cuvettes and subsequently detected by an organic
SWIR photodiode. The background signal of an empty cuvette
was subtracted from transmission spectra of the liquid mixtures.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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