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ABSTRACT: The measurement of the external quantum
efficiency (EQE) for photocurrent generation at photon
energies below the bandgap of semiconductors has always
been an important tool for understanding phenomena such as
charge photogeneration via tail and trap states. The shape of
the subgap EQE can also reveal the subtle but important
physics of inter- and intramolecular states that lay at the heart
of charge photogeneration in molecular systems such as
organic semiconductors. In this work, we examine the
influence of optical and electrical noise on the sensitivity of
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EQE measurements under different electrical and optical bias conditions and demonstrate how to enhance the dynamic range to
an unprecedented >100 dB. We identify and study several apparatus-and-device-related factors limiting the sensitivity including:
the electrical noise floor of the measurement system; flicker and pick-up noise; probe light source stray light; the photon noise
of the light bias source; the electrical noise of the voltage bias source; and the shunt-resistance-limited thermal and electrical
shot noise of the device. By understanding and minimizing the influence of these factors we are able to detect EQE signals
derived from weak subgap absorption features in both organic and inorganic solar cell systems at photon energies well below

their bandgaps.

KEYWORDS: solar cells, sensetive external quantum efficiency, trap states, charge transfer states, sub-bandgap absorption,

photocurrent spectroscopy

S ensitive measurements of photocurrent in solar cells and
photodetectors is becoming increasingly important for
achieving a better understanding of the mechanism of light
absorption and charge generation. This is particularly the case
for semiconductors (such as the organics) which can be
considered as molecular with a high degree of disorder.
Accurate measurement of photocurrent, and more particularly
the external quantum efficiency or EQE, below the semi-
conductor optical bandgap is challenging because the
absorption coeflicient is orders of magnitude less than above-
gap. In most crystalline inorganic and perovskite semi-
conductor devices (such as solar cells and photodetectors)
the subgap EQE reveals information about the sub-band states
such as traps”” and energetic disorder.” > In the equivalent
organic semiconductor devices, the subgap EQE is often used
to investigate so-called charge transfer (CT) states.”™® The
contribution of these subgap states to the photocurrent also
plays an important role in the determination of the radiative
limit of the open-circuit voltage.’

In several seminal works, the subgap photocurrent has been
determined using Fourier transform photocurrent spectrosco-
py as a fast and sensitive method.'”~"> This technique can
reveal the contribution of photoactive species to the photo-
current with absorption coeflicients orders of magnitude lower
than direct band-to-band transitions. These and related EQE
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measurements have also proven to be sensitive enough to
quantify the contribution of subgap states such as the CT
states in organic semiconductors’ and, thus, have made a
significant impact on our understanding of the mechanism of
charge generation in organic optoelectronic devices and
particularly the physics of CT states. For example, by
measuring the EQE sensitively in combination with photo-
thermal deflection spectroscopy (PDS) Vandewal et al. have
shown relaxed CT states (directly excited by low energy
photons) can contribute to the photocurrent as efficiently as
those CT states populated via singlet excitons with energies in
excess of the CT state energy.7 Sensitive EQE measurements
are now often used in the literature for determination of CT
state energies as well as their reorganization energies.'”"*
Absorption coefficients and cross sections of CT states have
also been inferred from sensitive EQE measurements.”> All of
these parameters are crucial for understanding the open-circuit
voltage of organic solar cells and to determine nonradiative
voltage losses versus CT state energy in conjunction with
electroluminescent measurements via the detailed balance
principle.'

Received: October 21, 2019
Published: December 9, 2019

DOI: 10.1021/acsphotonics.9b01531
ACS Photonics 2020, 7, 256—264


pubs.acs.org/journal/apchd5
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.9b01531
http://dx.doi.org/10.1021/acsphotonics.9b01531
http://pubs.acs.org/page/policy/editorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

ACS Photonics

PerkinElmer A950

/ Dual monochromator
assembly
L7 I A B
%9 Reference, w K @

P _S]_‘/ - | /I/'

Analyzer

DC Blocker
B =

Figure 1. Schematic of the experimental setup for sensitive external quantum efficiency (EQE) measurements using a 4950 (PerkinElmer)
spectrophotometer. An optical chopper (OC) is used for modulating the monochromatic light source. Prior to focusing the light on the device
under test (DUT), different long pass filters (LPF) can be used to filter out parasitic stray light and harmonics of the monochromator. Using switch
S1, the current preamplifier amplifies the photocurrent signal and allows for biasing the DUT using its internal low noise voltage source. Switch S2
optionally allows for the measurement of EQE under open-circuit conditions using the high input impedance (1 T2) voltage preamplifier in series
with a DC blocker and a 100 kQ resistor (corresponds to a gain of 100 dB). A lock-in amplifier is used to read the amplified AC photocurrent signal
of the DUT at a specified electrical bandwidth. Switch S, enables the noise spectral density (NSD) measurements via a spectrum analyzer.
Optionally, an additional light source (LS2) with variable intensity can be used for measurements of the EQE sensitively under light bias.

The importance of measuring EQE spectra sensitively is thus Bl BASIC CONSIDERATIONS FOR RESPONSIVITY,

increasingly appreciated and this motivated our current study. SENSITIVITY, AND MINIMUM DETECTABLE EQE
In this regard, the aim of the present work is to push the The responsivity, R is defined as the first derivative of the
boundaries of EQE sensitivity by understanding what device photocurrent I with respect to incident light power L:
fundamentally limits its measurement and thus how to improve
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it. To achieve this, we have used a commercial spectropho- R=—=——*

tometer with a double monochromator architecture as an di e ¢Ph (1)

ultrastable wide spectral range light source and examined
P g 8 where A is the excitation wavelength, g is the elementary

inorganic and organic solar cells as model test systems to probe charge, h is the Planck constant, and c is the speed of light in

noise and sensitivity of the EQE measurements. We vacuum. Here, ¢, denotes the flux of extracted photogenerated
demonstrate how electrical and optical noise limits the electrons, whereas ¢,;, denotes the flux of incident photons of
sensitivity of EQE measurements and propose a simple energy % The ratio of ¢, and ¢,y is then defined as the

means to reduce them and to increase the minimum detectable external quantum efficiency (EQE):

EQE. This is especially important for measuring EQE

sensitively under white light or electrical bias, where the EQE = g _ he R(A)

device electrical shot noise or light bias optical shot noise are o 4 )
limiting factors. Finally, we show that with an apparatus limit

of 100 dB (equivalent to a minimum detectable EQE on the An important quantity characterizing an EQE measurement
system and its ability to detect weak EQE signals sensitively
over several orders of magnitude is the dynamic range (DR)
defined as the ratio of the highest (EQE,,,) and lowest

order of 107'° Hz™"/% corresponding to photocurrents smaller
than a fA) EQEs can be measured down to the thermal noise

limit at short-circuit, the electrical shot noise limit under (EQE,y;,) that is detectable above the noise floor. Assuming
electrical bias, and the photon shot noise limit for white-light EQE, to be 1 (i.e., in absence of any gain), the DR is then
biased devices. ultimately given by EQE,;:
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where I ;. (=INSD\/K , where Iygp is the noise current spectral
density and Af the electrical bandwidth) is the device average
noise current. While most conventional solar cells are designed
to achieve the highest EQE in the visible (Vis) wavelength
regime, EQE,;, will be typically located at longer wavelengths
(ie., at photon energies below the bandgap) in the near-
infrared (NIR). Subsequently, achieving a high DR (low
EQE,,,) requires in the first instance a light source with
particularly high power in the NIR and second, a low noise
current I, ;.. We note that I, ;. may be frequency-dependent if
flicker noise is present, and at large enough frequencies, it is
determined by the thermal noise (dependent on the device
shunt resistance) and the shot noise.'”*° From eq 2, it follows
that the noise equivalent EQE is given by

_ he INSD'\/Kf

EQE,.. =
Q'NE ql L

(4)

We note that, as a consequence of this simple equation for
EQEyy, every experimentally measured EQE signal (EQE,,)
can be assigned to either a real signal above the noise level
(EQ_Eexp > EQEyg) or noise (EQ'EeXP < EQEyg)-

B RESULTS AND DISCUSSION

Sensitive EQE Experimental Details. Figure 1 shows a
schematic of the system for our high sensitivity EQE
measurements. In the apparatus, a commercial, high-perform-
ance spectrophotometer 4950 (PerkinElmer), conventionally
used for reflection, transmission and absorption measurements,
acts as the (probe) light source. A combined deuterium and
tungsten halogen lamp (LS1) provide an extended spectral
wavelength regime from 175 nm up to 3300 nm. Several
different optical components, such as filters, mirrors and lenses,
together with two double holographic grating monochromators
providing a spectral output width of S nm in VIS and 20 nm in
NIR (limited by the chosen slit width) are used to provide an
ultralow stray light source with high temporal stability and
flexibility to control spot size and polarization. The output light
from the spectrometer source is physically chopped by a

[0}

multiblade chopper wheel (OC) at frequency f= oy

(Thorlabs MC2000B) and different long pass filters (LPF,
Edmunds Optics OD4) were used to filter out remaining,
parasitic stray light. Switch S1 allows for the detection of the
photocurrent signal with a lock-in amplifier (Stanford Research
Systems, SR860) passing through a low noise preamplifier
(FEMTO, DLPCA-200) with variable gain (up to 10° VA™" at
low noise) and integrated low noise voltage source allowing for
adjustable bias voltages to be applied (+10 V). For EQE
measurements under open-circuit conditions, switch S2
enables the use of a high input impedance (1 TQ) voltage-
preamplifier (FEMTO, DLPVA-100-F-S) with variable gain
(up to 80 dB) in series with the device under test (DUT). A
DC blocker (Thorlabs, EFS00) is used to maintain the open-
circuit condition when light bias is used. This component is
not blocking at the frequency f (3>1 Hz) so that the total DC
current is zero (i.e., open circuit) but the AC component can
be measured. The 100 k€ resistor in parallel with the voltage
preamplifier is used to regulate the input impedance of this
preamplifier to reduce the RC-time constant of the circuit. The
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lock-in amplifier, providing integration times (.. electrical
bandwidths) from 1 s (10° Hz) up to 30 ks (~3.33 X 10~°
Hz) measures the preamplified photocurrent of the DUT.
Here, the OC is used as an external reference source for the
AC modulation frequency. For EQE measurements under light
bias an additional (pump) light source (LS2) with variable
output power can be used to illuminate the DUT. For the
calibration process a Newport NIST-calibrated silicon 818-UV
(for wavelengths between 200 and 1100 nm), germanium 818-
IR (for wavelengths between 780 and 1800 nm), and Thorlabs
indium gallium arsenide S148C (for wavelengths between
1200 and 2500 nm) photodiode sensor were used. A resolution
and video bandwidths of 1 Hz were utilized for measurements
of the NSD using a Keysight Spectrum Analyzer N9010B (SA)
operating under AC-coupling.

Noise Equivalent EQE. In order to optimize the EQE
apparatus and achieve the large DRs needed to detect weak
signals at photon energies well below the bandgap,
identification of optical and electrical noise sources is of the
utmost importance. The electrical noise of the EQE apparatus
was examined by measuring the NSD of the preamplifier at the
highest gain of 10° VA™" as a function of frequency (see Figure
2a). The noise level determines the apparatus limit of the EQE
measurement when an ideal device (with noise level smaller
than the preamplifier) is used. In this figure, the vertical,
dashed line marks the frequency of 273 Hz, at which the EQE
measurements were performed. Importantly, the frequency of
273 Hz consciously avoids the flicker noise at very low
frequencies (<10 Hz) (see Figure Sla—c) and the main hum
noise peaks at S0 Hz and multiples (both flicker and hum
reduce at higher frequencies). The frequency of the measure-
ment must clearly be chosen to be different to the hum noise
peaks. Failing to do so will result in a substantial increase to the
background noise of the measurement which cannot be
improved by lowering the electrical bandwidth as the hum
noise peaks will then appear as parasitic “signal” with constant
phase such that they cannot be averaged out by longer
integration times. However, one should also be aware that the
choice of frequency is not only limited by the technical aspects
of the EQE system (e.g., mechanical limitations of the chopper
blade or noise peaks of the preamplifier), but also by the
underlying physical processes of the DUT, such as charge
transport and RC-time of the device/circuit as well as trapping
and detrapping lifetimes of charge carriers within the active
layer. Therefore, higher frequencies greater than the cutoff
frequency of the device/circuit combination must additionally
be avoided. Failing to do so will result in an underestimation of
the EQE. As shown in Figure 2a, a preamplifier NSD of 1.62 X
107" AHz™'/? (at gain 10° VA™) at a frequency of 273 Hz («f.
Figure 2a, vertical dashed line) was measured with the
Spectrum Analyzer under dark conditions using an electrical
bandwidth of 1 Hz. Figure 2b shows the output light power L
of the 1950 measured with calibrated photodiodes. The EQEyg
is then calculated from eq 4 and shown as the dashed curve.
This represents the fundamental limit of the apparatus at an
electrical bandwidth of 1 Hz. As shown in Figure 2b, a
minimum EQEyg of approximately 1.14 X 107'° Hz™'/* was
achieved at 1200 nm, while an EQE of 2.15 X 107° was
obtained at 2500 nm. It is important to note that the noise
equivalent EQE (EQEy;) ultimately depends on the electrical
bandwidth (cf. eq 4), and subsequently, one has to decrease
the electrical bandwidth in order to reduce the total noise,
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Figure 2. (a) Noise spectral density (NSD) of the preamplifier (PA)
plotted as a function of frequency. The vertical dashed line marks the
light chopping frequency of 273 Hz, at which the sensitive external
quantum efficiency (EQE) measurements are performed. Flicker
noise is dominant at very low frequencies (<10 Hz) and hum noise
peaks at harmonics of SO Hz are evident. (b) Output power of the
2950 spectrophotometer (solid line) measured with calibrated silicon,
germanium, and indium gallium arsenide photodiodes and calculated
apparatus noise equivalent EQE spectrum of the current preamplifier
(dotted line) representing the minimum detectable EQE spectrum of
the apparatus at an electrical bandwidth of 1 Hz. (c) EQE spectrum of
a calibrated silicon photodiode. The vertical dashed line marks an
EQE of 1 (100%). When using the 1950 as a light source only
parasitic stray light (i.e., optical noise) limits the minimum detectable
EQE to 1077 (solid red line), while the thermal noise limit of the
photodiode is at the level of 107 at this electrical bandwidth (dotted
blue line), respectively. The use of an additional 1200 nm long pass
filter eliminates the parasitic stray light leading to a minimum
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Figure 2. continued

detectable EQE of 107° (green solid line). By lowering the electrical
bandwidth by a factor of 100 down to 0.33 mHz, the electrical noise
reduces 10 times to 107'" (dotted green line) resulting in meaningful
EQE values as low as 107'° (solid green line).

measure a lower EQE and thus achieve a higher DR. This, of
course, slows down the speed of the measurement.

We highlight that the total EQE measurement time depends
on both electrical bandwidth and (wavelength) step size. For
large EQE signals (typically at photon energies above the
bandgap) the electrical bandwidth (integration time constant)
can be increased (decreased) to 1 Hz (1 s), while for EQE
signals below the bandgap, we decreased the electrical
bandwidth to much lower values, down to 0.33 mHz,
corresponding to time constants up to 3 ks. The measurement
time is defined by the relaxation time of the lock-in, which is
typically four times larger than the time constant. Sub-
sequently, a total measurement time for a highly sensitive EQE
measurement over a broad wavelength regime (ie., from 300
nm up to 2500 nm) can easily take up to 24 h to complete.

Sensitive EQE of Inorganic Devices. Having understood
and characterized the apparatus-limited EQEyg, we then
investigated a crystalline silicon photodiode as a DUT (see
Figure 2c). The EQE measurements were performed at a
short-circuit of an electrical bandwidth of 33 mHz. The EQEyg
is calculated from the noise spectral density of the silicon
photodiode (see Figure S1a) and plotted in the same panel as a
dotted curve. When using the 1950 as a light source only (i.e.,
without additional long pass filters), the experimentally
obtained EQE,,, (cf. solid, red line in Figure 2c) exhibits an
apparent sub-bandgap plateau with an EQE of 107". Using an
additional 1200 nm long pass filter, the aforementioned plateau
disappears and the EQE,,, agrees with the thermal-noise-
limited EQEyg at long enough wavelengths. This implies that,
in the absence of the long pass filter, the minimum detectable
EQE was limited by the optical (parasitic stray light) noise of
the monochromator which in this case was on the order of —70
dB relative to the main monochromator signal. To further
improve the sensitivity, a 100X lower electrical bandwidth of
0.33 mHz was used, resulting in an EQEyg at 1800 nm of
approximately 107'° (cf. solid, green line in Figure 2c), and a
DR of 100 dB was thus achieved. The photocurrent generated
by the DUT at 1800 nm at the output power of our
monochromator was smaller than a fA measured at extremely
small electrical bandwidth.

These ultrasensitive EQE measurements obtained through
minimizing the electrical and optical noise allowed for the
detection of photocurrent at photon energies well below the
bandgap of the crystalline silicon photodiode. As shown in
Figure 2c, deep trap states are revealed in the EQE spectrum at
wavelengths above 1400 nm (photon energies smaller than
0.89 eV). We then examined the EQEs of a crystalline (c-)
(part number KXOB22-12X1, IXYS), polycrystalline (poly-)
(JY03264, Shenzhen Yibai Network Technology Co., Ltd.),
and hydrogenated amorphous (model number JY03264) (a-)
silicon solar cell, as well as a germanium (Ge-) photodiode
(818-IR, Newport). These measurements likewise revealed
similar subgap absorption features at photon energies well
below the constituent semiconductor bandgaps (cf. Figure 3).
A trap-induced tail is revealed in the EQE spectra of ¢-Si and
poly-Si solar cells and c¢-Si photodiode at extremely low
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Figure 3. Normalized external quantum efficiency (EQE) of a
crystalline silicon (c-Si), a polycrystalline silicon (poly-Si), and a
hydrogenated amorphous silicon (a-Si:H) solar cell as well as a silicon
and germanium photodiode sensor plotted as a function of photon
energy (colored solid lines). Dotted lines mark the respective noise
floors (i.e., EQE,,, < EQEy;) for each device obtained at the

corresponding electrical bandwidth (varied between 33.33 and 0.33
mHz).

responsivities (—60 to —80 dB relative to the above-bandgap
EQE). One can also naturally see that in the a-Si:H solar cell
the band-edge is much broader than that in c-Si and poly-Si
solar cells/photodiodes due to the intrinsic and well-studied
energetic disorder. The trap-induced tail of the EQE in a-Si:H
is considerably stronger than that of ¢-Si and poly-Si with three
distinct sub-bandgap peaks due to charged-traps and defect
states.”!

Sensitive EQE of Organic Solar Cells under Electrical
Bias. Next, we examined a solution processed organic solar cell
which often exhibit a larger noise current due to their disorder
and structural defects. As mentioned above, sensitive EQE
measurements are conventionally used to investigate the
contribution of various inter- and intramolecular states in
organic solar cells.”” Here, the current (voltage) dependent
shot noise of the devices can strongly limit the sensitivity of the
EQE under electrical bias. Under the short circuit condition,
the noise current is limited by the device shunt resistance.”>**
Under short-circuit conditions the (thermal) noise current i,
is inversely proportional to the shunt resistance R, of the

. . 4kgT .
device via i, = ®—Af, where kg is the Boltzmann
Rshunt

constant and T is the absolute temperature. To examine the
influence of electrical noise on sensitive EQE measurements
under electrical and light bias as well as under the open-circuit
condition, PCE12:ITIC, PCDTBT:PCBM, and
PBTTT:PCBM solar cells were measured at different applied
bias voltages and (pump) light intensities. Details of the
materials, device fabrication, and the current voltage perform-
ance of the organic solar cells are provided in the Supporting
Information. We note that we have chosen two conventional
bulk heterojunction polymer/fullerene systems
PCDTBT:PCBM and PBTTT:PCBM) and one polymer/
nonfullerene system (PCE12:ITIC); the so-called nonfullerene
acceptors (NFA) are the latest advance in organic photo-
voltaics and generate hitherto unrealised efficiencies >16%.
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Figure 4a shows the NSD of the PCE12:ITIC solar cell
measured at a frequency of 273 Hz and an electrical bandwidth
of 1 Hz plotted as a function of applied bias. All NSD
measurements were performed in the dark using a Spectrum
Analyzer and different bias voltages between —1.5 and 0.85 V
were applied using the internal, low noise voltage source of the
preamplifier. The corresponding frequency dependent NSD
spectra are provided in Figure SIb in the Supporting
Information. The horizontal dashed line in Figure 4a marks
the NSD of the preamplifier (at the highest gain of 10° VA™')
of approximately 1.62 X 107" AHz ' and, therefore,
represents the noise floor of the EQE apparatus. At zero bias
(short-circuit) the thermal-noise-limited NSD of the
PCE12:ITIC solar cell is approximately 1.36 X 107!
AHz V2. Here, the thermal noise due to the finite shunt
resistance of the device leads to an increased NSD of
approximately 3 orders of magnitude above the apparatus
noise limit. The (thermal) noise current (limit) of the device
can also be estimated from the shunt resistance of the device
(see Supporting Information). As shown in Figure 4a, when
increasing the forward or reverse bias, the electrical noise of
the PCE12:ITIC solar cell rapidly increases by almost 3 orders
of magnitude to roughly 107 AHz™/? at an applied reverse
bias of —1.5 V, respectively 0.85 V. This is due to the shot
noise induced by the bias current. Figure 4b,c shows the
experimentally obtained EQE,,, (solid lines) and the
corresponding noise floors (dotted lines corresponding to
the EQEyg spectra) of the PCE12:ITIC solar cell measured
over a broad range of wavelengths at different applied reverse
and forward bias voltages. As shown in Figure 4b,c, the voltage-
dependent shot noise of the DUT strongly influences the
sensitivity of the EQE measurements: while a minimum
EQE,,, at longer wavelengths of 1077 at zero bias could be
obtained (cf. black solid line in Figure 4b,c), only 10™* (cf. blue
solid line in Figure 4b,c) could be achieved at an applied
reverse bias voltage of —1.5 V, respectively forward bias of 0.85
V. The noise floors shown by the dashed lines were obtained
by blocking the monochromator beam. These values agree
with the EQEyg spectra calculated from the noise currents of
Figure 3a (see Supporting Information, Figure S3). This
confirms, that the EQE is predominantly limited by the
electrical shot noise under electrical bias and by the thermal
noise at short circuit condition.

Sensitive EQE of Organic Solar Cells under Light Bias.
In a similar manner, we further investigated the sensitive EQE
under light bias conditions. Under these conditions, the overall
noise current is limited by the thermal noise of the device and
the photon shot noise of the light bias source with the latter
being dominant at relevant light intensities up to 1-sun-
equivalent illumination. Figure S5a shows the NSD of the
PCE12:ITIC solar cell as a function of short-circuit current
density, J,.. This is obtained by varying the power of three
different bias light sources (a laser diode, an LED and a
Halogen lamp). The dashed line represents the ideal NSD of
the PCE12:ITIC solar cell as if it was light biased with a shot-
noise-limited light source (ideal laser) with the photon noise of
on = \/ (n), where (n) is the average photon number. We
should note that an ideal laser is shot noise limited and clearly
the laser used here is far from that limit. The 520 nm laser
diode source exhibits the largest noise, which is approximately
3 orders of magnitude higher than the photon shot noise. The
Halogen lamp exhibits the lowest noise and about 10X larger
than the photon shot noise of the ideal coherent source. A
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Figure 4. (a) Noise spectral density (NSD) of a PCE12:ITIC solar
cell plotted as a function of the applied bias. Due to the finite shunt
resistance of the device, the noise at zero bias (short-circuit) is larger
than the apparatus noise floor (horizontal dashed line). Increasing the
applied (forward or reverse) bias voltage results in a larger noise
current due to the shot noise associated with the background DC
current from the applied voltage. (b) External quantum efficiency
(EQE) spectrum of a PCEI2:ITIC solar cell measured at four
different applied reverse biases (solid lines) and compared with the
corresponding calculated noise equivalent EQE spectra (EQEyg;
dotted lines) for each bias. While at zero bias a minimum EQE of
approximately 10™% could be achieved, the bias-dependent shot noise
leads to a minimum EQE of only 107* at an applied voltage of —1.5 V.
(c) Repetition of (b) but under different applied forward biases.
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thermal light source exhibits super-Poissonian photon statistics
hence photon noise larger than the shot noise is expected.
Based upon the measured noise currents under illumination we
calculated the EQEyg spectra for our three different light
sources (frequency dependent NSDs spectra are provided in
Figure S4 in Supporting Information).

The results for the calculated EQEyg spectra under light bias
with different light sources are shown in Figure 5b. The dotted
line represents the expected EQEyy for the PCE12:ITIC solar
cell when a shot-noise-limited light source is used. Among the
three light sources, the halogen lamp exhibits the lowest noise
thus lower EQEyg. Therefore, for the rest of our experiment
we employed this light source. Here we should emphasize the
importance of the choice of the bias light source for measuring
light-biased sensitive EQEs. A thermal light source such as a
halogen lamp is often accessible while low noise (shot noise
limited) lasers with high enough power are rather expensive.
By using an intensity-squeezed light source where the photon
statistics are sub-Poissonian (hence, photon noise below the
shot noise), the EQEyj can be further reduced. However, such
sources are again expensive and difficult to achieve high
enough powers for light biasing. By decreasing the electrical
bandwidth, similar improvements can be achieved, but this of
course makes the measurement slower.

Figure Sc shows the EQE,, (solid lines) spectra of a

PCE12:ITIC solar cell measured at zero applied bias voltage
(short-circuit) for the different bias powers corresponding to a
range from O to 1 sun. The dashed lines indicate the EQEyg.
The EQE.,,, strongly depends on the shot noise of the solar cell
(Figure 55 induced by the DC illumination and limits the
sensitivity: while a minimum EQE,,, at high wavelengths of
approximately 107 could be obtained without additional
illumination (cf. black solid line in Figure 5c), only 10™* (cf.
blue solid line in Figure Sc) could be achieved at a 1 sun
equivalent output power. The calculated EQEyg again
confirms the strongly shot noise limited EQE spectra (cf.
dotted lines in Figure Sa). For the measurement of the EQE
sensitively under the open-circuit condition, a high impedance
voltage preamplifier was used (cf. Figure 1).
Figure 5d shows the EQE,,, of the PCE12:ITIC solar cell
measured under 1 sun equivalent DC output power of the
halogen lamp both under short- and open-circuit conditions,
and compared with the EQE spectrum obtained at zero bias
without bias illumination. The horizontal dashed lines mark
the corresponding noise floors at higher wavelengths. In this
case the EQE,,, obtained under the open-circuit condition is
almost 4 orders of magnitude lower than the EQE,,, measured
at short-circuit. Normalization of the EQE,, spectra (cf.
Figure S5 in the Supporting Informatior}lcs reveals no
significant change in the spectral shape of the contribution
of intra- and intermolecular states to the EQE between short-
and open-circuit conditions.

Finally, we expanded upon the applicability of the above
methodology to the other two model organic solar cell systems.
Figure 6 compares EQE measurements performed on
PBTTT:PCBM and PCDTBT:PCBM solar cells under both
electrical (cf. Figure 6a,c) and light bias (cf. Figure 6b,d),
including measurements of the EQE sensitively under the
open-circuit condition. The current voltage performance under
dark and artificial AM 1.5G illumination of the PBTTT:PCBM
and PCDTBT:PCBM devices together with details of
fabrication are provided in the Supporting Information (see
Figure S2). All EQE measurements were performed at a
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Figure S. (a) Noise spectral density (NSD) of a PCE12:ITIC solar cell (at short-circuit) plotted as a function of short-circuit current density, and
compared for the three different light sources. Increasing the pump light intensity (the short-circuit current density of the DUT) results in a larger
noise current due to the shot noise associated with the DC background current. (b) Calculated noise equivalent external quantum efficiency
(EQEyg) spectra under constant 1 sun equivalent pump intensity and compared for three different light sources. The dotted black line represents
the ideal noise equivalent EQE which can be only achieved when a shot-noise-limited light source (ideal laser) is used for light biasing. The EQEyy
(representing the minimum detectable EQE, normalized to the electrical bandwidth) strongly depends on the (optical) noise of the pump light
source. (c) External quantum efficiency (EQE) spectrum of a PCE12:ITIC solar cell measured for three different white light halogen pump
illumination intensities (solid lines), and compared with the corresponding calculated noise equivalent EQE spectra (EQEyg; dotted lines). While
at zero pump illumination intensity a minimum EQE of approximately 10™® could be achieved, the light bias-dependent shot noise leads to a
minimum EQE of only 107 at 1 sun equivalent illumination. (d) EQE spectrum of a PCE12:ITIC solar cell under constant 1 sun equivalent pump
intensity measured under short-circuit and open-circuit and compared with the EQE spectrum at zero pump intensity (at short-circuit).

frequency of 273 Hz and an electrical bandwidth of 33.33
mHz.

The horizontal dashed lines mark the noise floors at high
wavelengths. In both PBTTT:PCBM and PCDTBT:PCBM
devices a tail in the EQE can be clearly resolved at energies
well below the charge transfer states as indicated by the arrows
in Figure 6a,c. The observed tail in the EQE at photon energies
well below the charge transfer state energy indicates the
presence of deep trap states with a spectral shape affected by
the (micro-) cavity interference.”® This tail was also observed
for the PCE12:ITIC in Figure 3. Under light bias for both
short circuit and open-circuit, as shown in Figure 6a, the EQE
of the PBTTT:PCBM solar cell can be still determined
sensitively enough to obtain the charge transfer state
absorption peak in the range of 800—1200 nm. No significant
change in the spectral shape of the CT states is observed under
electrical and/or light bias. Due to the photon shot noise, the
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tail of the subgab (deep traps) absorption feature can no
longer be resolved when light bias is applied. Similar results
were obtained for the PCDTBT:PCBM system and shown in
Figure 6¢,d.

B CONCLUSIONS

In conclusion, in this contribution we have addressed the
question of sensitive EQE measurements under light and
electrical bias as well as open-circuit condition from a device
and apparatus perspective with particular focus on the
detection of weak photocurrent signals smaller than a fA at
photon energies well below the bandgap. We showed that both
optical and electrical noise can strongly limit the sensitivity of
the EQE measurements. Optical noise (e.g., parasitic stray
light) can in the first instance be reduced by the use of
additional long pass filters to eliminate parasitic stray light or
harmonics of the light source (spectrometer monochromator
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Figure 6. (a) External quantum efficiency (EQE) spectra of a PBTTT:PCBM solar cell measured for three different applied reverse bias voltages
(solid lines). The dashed horizontal lines mark the corresponding noise floor. While at zero bias (short-circuit) a minimum EQE of approximately
1078 could be achieved, the voltage dependent shot noise of the DUT leads to a minimum EQE of only 1077 at an applied bias voltage of —5 V. (b)
EQE spectrum of a PBTTT:PCBM solar cell under constant 1 sun equivalent pump intensity measured at short-circuit and open-circuit, and
compared with the EQE spectrum at zero pump intensity (at short-circuit). Higher-order recombination of photogenerated charge carriers leads to
a drop in EQE in the visible wavelength regime. (c) Repetition of panel (a) plotted for a PCTBT:PCBM solar cell measured at three different
applied bias voltages. (d) Repetition of panel (c) but plotted for a PCDTBT:PCBM solar cell under 0.5 sun equivalent pump intensity.

system). The electrical noise, on the other hand, depends on
both the EQE measurement system (e.g, preamplifier and
wiring), the DUT (e.g., thermal or shot noise), and (in case of
EQE under light bias) on the photon noise of the bias light
source.

In a broader sense, this work demonstrates how a relatively
simple direct photocurrent measurement methodology can be
optimized to reliably measure EQEs as low as 107'° and to
observe subgap absorption features at photon energies well
below the bandgap in both inorganic and organic optoelec-
tronic devices. This has considerable utility for probing subgap
states and is therefore of great importance for a better
understanding of the nature of inter- and intramolecular states
in organic and trap states in inorganic and organic solar cell
and photodetectors.
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Detailed description of device fabrication; current
voltage performance of different organic solar cells in
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