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ABSTRACT: Using capacitance—frequency (C-f) analysis to characterize density-of-
states (DOS) distribution of defects has been well established for inorganic thin film
photovoltaic devices. While C-f analysis has also been applied to bulk-heterojunction
(BHJ) organic photovoltaic (OPV) devices, we show that the low carrier mobility in the
BHJ material can severely alter the C-f behaviors and lead to misinterpretations. Due to
the complicated nature of disorders in organic materials, artifacts from an erroneous C-f
analysis are difficult to identify. Here we compare drift-diffusion simulations with
experiments to reveal situations when the validity of C-f analysis for defect
characterization breaks down. When a flat-band region is present in the low-mobility
active layer, the capacitive response cannot follow the electrical modulation and behaves
as if the active layer is a dielectric at frequencies higher than the characteristic frequency
determined by carrier mobility and thickness. The transition produces a fictitious shallow
defect when defect analysis is applied. Even in fully depleted devices, the defect
distributions derived from C-f analysis can appear at spuriously deeper energies if the
mobility is too low. Through simulations, we determine the ranges of mobility and
thickness for which the C-f analysis can effectively yield credible defect DOS
information. Insight from this study also shed light on transport limitation when using

capacitance spectroscopy for defect characterization in general.



1. INTRODUCTION

Defect states are well-known to plague organic photovoltaic devices (OPVs) by
increasing charge recombination, deteriorating charge transport, and increasing exciton
annihilation [1-4]. Accurate defect state characterization is thus critical in OPV research.
Several techniques, such as capacitance-frequency (C-f) analysis [5], deep-level transient
spectroscopy [6], thermally stimulated current [7], and current density-voltage (J-V)
modeling [8] have been used to identify defect distribution in OPVs. It is well known that
the presence of defects modifies the frequency-dependent capacitance behavior [9-11].
The C-f analysis was first applied to investigate the defect state energy and distribution in
inorganic thin film photovoltaic devices by Walter et al. [12] and Hegedus et al [13], and
recently adapted to characterize defect states in OPVs[5,14-19] and perovskite
photovoltaic devices [20,21]. Another approach is to perform capacitance-voltage (C-V)
measurements under a few frequencies [11,22]. but this method can only roughly

estimates the total defect state density, not defect energetics obtained in C-f analysis.

In order for C-f analysis to probe the capture/emission process of defect states with
characteristic frequencies corresponding to their energy positions within the band-gap,
the capacitive response of the mobile carriers must be frequency independent over the
entire measurement frequency range (typically 0.1 Hz — 1 MHz). Generally, this
assumption is valid for inorganic materials, which usually have the mobility higher than 1
em”V's™ [23,24]. However, for the bulk-heterojunction (BHJ) type OPVs where charge
transport heavily relies on hopping processes, their effective charge mobility is usually
lower by orders of magnitude (10~ — 10”7 cm®V™'s™), especially at low temperatures [25-

27]. Under such circumstances, conducting carriers become unresponsive at high



frequencies, and the frequency dependence of capacitance is severely altered. As a result,
artifacts can arise from applying the same defect reconstruction from C-f data as in
inorganic studies without careful examination. Moreover, due to the complicated nature
of disorders in organic materials [28], spurious results due to transport are hard to be
distinguished from real defects, and thus misinterpreted. In the literature, several studies
have not considered the effect of low mobility in BHJ OPVs with published results
susceptible to transport related artifacts [14-19]. To the best of our knowledge, no
research on the effect of limited charge transport on defect characterization using C-f

analysis has been done.

In this study, we elucidate the transport effect on C-f analysis by performing
experimental studies of OPVs with varying thickness and mobility and comparing the
results with drift-diffusion simulations. An inevitable transition from depletion
capacitance to geometric capacitance is demonstrated in devices with a flat-band region,
which correspondingly introduces a fictitious shallow level into the derived defect
density of states (DOS). Even in fully depleted devices, the low mobility leads to more
reduction of capacitive response from real defects at higher frequencies, therefore, a shift
of the defect distribution to spuriously deeper energies which do not accurately reflect the
real defect position. Finally, we establish a zone of confidence in terms of mobility and
thickness ranges where accurate defect characterization by C-f analysis can be achieved.
Insight from this study also sheds light on the effect of transport on performing
capacitance based defect characterization on devices and materials in general beyond

OPVs, especially at low temperatures.



2. BACKGROUND

Using C-f analysis to determine the defect state DOS distribution in photovoltaics
was initially established by Walter et al. [12] and Hegedus et al. [13]. This method
consists of calculating the derivative of the junction capacitance with respect to the
angular frequency of the ac modulation, which is corrected by a factor accounting the
band bending and the drop of the modulation signal over the space charge region of
the junction. Figure 1 (a) demonstrates the band diagram of a fully depleted
semiconductor, simulating the active layer of a BHJ OPV device in the dark at
equilibrium (zero voltage bias). A band bending develops across the active layer as the
Fermi level (Ey) of the electrodes aligns with the Er of the semiconductor. In this study,
we consider hole traps with peak energy at £, between the mid-gap and valence band
edge (E,, or highest occupied molecular orbital (HOMO) in organic semiconductors),
since OPVs are typically p-type doped [7,29-31]. The occupation of such a defect
level at a given spatial position is determined by its energy with respect to the local Ef
as shown in Figure 1(a), with M denoting the position where Ej equals Ex Due to the
presence of the band bending, all the states spatially to the right of M (above E)) are
occupied by holes (filled hole traps, indicated by the solid line), while all the states to
the left of M (below Ejy) are not occupied by holes (empty hole traps, indicated by the
dashed line). In the capacitance measurement, a small perturbation of the ac voltage
effectively modulates the occupation of the defect states at M, i.e., capture and
emission of holes from these states, which in turn contributes to the junction

capacitance.



Energy

1

1

1

1

1

1

1

! <

I

1

1

1

1

1

1

1
m

Cathod
\
\

T
(@]
<
o

Anode

Active layer position

EromoE (eV)

0.5 0.4 0.3 0.2
6.0F 1 | T = 4
Eo
(b) v ~
37
@U
> ©
a
o
1 ©
=d--H0

~O

0
Frequency (Hz

FIG. 1. (a) Schematic band diagram of a p-doped device in dark at zero bias voltage. The crossing point
between the Fermi level £, and the defect energy £y, M, within the depletion zone marks the position of the
occupancy change. (b) C vs. f in the dark at zero bias (black solid line) of the device shown in (a) and the
corresponding defect DOS distribution (red dashed line) derived from C-f spectrum using Equation 3,

which has a Gaussian distribution with a peak energy at Eyand a disorder width o ,.

For the defects acting as hole traps, the characteristic time t of thermal emission from

a defect state residing within band-gap to the valence band is given by [13]

T exp (A
T=Y exp(kBT) (1)

b

where kgT is the thermal energy,y is the attempt-to-escape frequency (Y =UthGpNv ,



where vy, 1s the thermal velocity, g, is the hole capture cross section, and N, is the valence

band effective density of states), and AE is the difference between the defect energy

level and the valence band edge (AE=E —E >0). 1/t sets the maximal frequency at

which the defect states are still able to respond to the ac modulation and contribute to the

junction capacitance. The condition @t =1 (w=2xf is the angular frequency of the ac

modulation while f'is the measurement frequency) occurs at wg, which corresponds to a
demarcation energy E,,:

Y
E,=AE=k,TIn(-"-), )

E

E, defines the energy level (relative to E,) of defect states that can respond when
subjected to ac modulation with angular frequencies lower than wg. Thus, each
capacitance transition corresponds to a distinct defect state with demarcation energy

corresponding to the transition frequency according to Equation 2.

To probe the entire defect spectrum, the frequency of the ac modulation is varied from
1 to 10° Hz and Equation 2 is applied to obtain all demarcation energies associated with
different defect states. In this approach, it is assumed that the frequency dependence of
the junction capacitance is only determined by the defect emission rate, so the
capacitance spectrum reflects the defect energy landscape, with high frequencies
corresponding to energy levels near the valence band and sweeping towards mid-gap as
the frequency decreases. The defect DOS distribution is further taken to be proportional

to the derivative of the capacitance with respect to the frequency as [12]:
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where ¢ is the magnitude of elementary charge, d the depletion region width, and 7y, the
flat-band potential. For a defect with a peak DOS at E,, Figure 1(b) shows its C-f
behavior (black solid line) and corresponding defect DOS distribution derived from the

C-f specrum (red dashed line), which is typically analyzed by a Gaussian function:

__N (E,—EY’
DOS(E)= exp[— —] (4)
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where g is the disorder width and A, is the total defect density.
3. EXPERIMENTAL DETAILS
3.1. Device Fabrication

All chemicals were purchased from Fisher Scientific and used as received, and all
processing was performed in a N, glove box (Innovative Technology) unless otherwise
noted.

Inverted BHJ devices were fabricated on patterned indium tin oxide (ITO; Xinyan, 15
Q/square). A ZnO electron transport layer (ETL, ~30 nm) was spin- coated at 2000 rpm
in air using a solution having 0.5 M of zinc acetate dihydrate and 0.5 M of
monoethanolamine dissolved in a 2-methoxyethanol, and then was pyrolyzed at 300°C
for 10 min in air. For the BHJ active layer, poly (3-hexylthiophene) (P3HT, RMI-001E,
Rieke Metals, Inc.) and [6,6]-phenyl C61-butyric acid methyl ester (PCs;BM, Solenne
BV) were dissolved in anhydrous chlorobenzene (CB, Sigma-Aldrich) at varying

concentrations from 8 to 32 mg/mL and spin-coated at varying spin speed between 700



and 1500 rpm to obtain different thicknesses. All films were annealed at 170°C for 10
min in N, after deposition, and a 7 nm MoO; hole transport layer (HTL) and a 100 nm
Ag celectrode were thermally evaporated (Angstrom Engineering) to complete the
devices, with a junction area of 0.11 cm” each.

For the conventional fullerene-based devices, 30 nm of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Heraeus Clevios Al
4083) was spin coated onto pre-cleaned ITO substrates followed by 140 °C annealing in
N, for 10 min to form the HTL. P3HT and [6,6]-phenyl C71-butyric acid methyl ester
(PC71BM, Solenne BV) with a total concentration of 25 mg/mL were dissolved overnight
in CB solution with varying P3HT concentrations between 1 and 20 wt.%. Active layer
thicknesses between 60 - 70 nm were spin-cast at 1500-4000 rpm (to keep film thickness
constant for all P3HT concentrations) for 60s. All active layers were annealed at 70 °C in
N, for 10 min after deposition. Finally, Ca (7 nm) and Al (100 nm) were thermally
evaporated to complete the devices. For the hole-only devices MoO; (7 nm) and Ag (100

nm) were thermally evaporated following the active layer.
3.2. Device characterization

The J-V measurements were performed in a N filled glovebox under AM1.5G 100
mW/cm® illumination from a class AAA solar simulator (Abet Technologies) using a
low-noise sourcemeter (2635A, Keithley) controlled by a LabView program. The solar
simulator intensity was set using a NIST-traceable calibrated photodiode (Abet
RR 227KGS5). A 2.5 mm diameter aperture was placed in front of each device to
rigorously define the illumination area of 0.049 cm”.

Impedance spectroscopy (IS) measurements used for extracting capacitance value



were carried out in an O-ring sealed sample holder containing N, at room temperature
using a Zahner IM6 electrochemical workstation. They were performed in dark with an

ac bias (20 mV) modulating between 1 Hz and 1 MHz.

4. EXPERIMENTAL RESULTS AND DISCUSSIONS
4.1. Effect of flat-band region on defect characterization

It has been well documented that the active layer of OPVs is typically a moderately p-
doped material with a background carrier density from 5x10" to 7x10'® cm™ [7,29-31].
The p-type doping is typically unintentional and caused by oxygen, moisture and/or
impurities acting as p-type dopants [7,31,32]. Meanwhile, 200 — 300 nm has been
established as the optimal active layer thickness in several BHJ systems.[33-37]
However, due to partial screening of the built-in electrical field by background carriers,
the depletion region of active layer is usually limited to < 150 nm, leaving a non-
negligible flat-band (field free) region [30,31,35,38].

P3HT, the most well-studied polymer in OPVs, is known to be p-type doped with a
background carrier density of 5 x 10" to 5 x 10'° ecm™ [5,7,39]. While the optimal
thickness for P3HT:PCs;BM OPVs is ~ 200 nm [33], devices with thickness varying
between 100 [38] and 800 nm [40] have been studied. To understand how the flat-band
region impacts defect characterization, we investigate the C-f behavior (at dark and zero
bias) in inverted ITO/ZnO/P3HT:PCs;BM/M00O3/Ag devices with active layer thickness
varying between 55 and 500 nm (Figure 2(a), see Figure S1 and Table S1 for J-V

characteristics).[41] The capacitance value is extracted from the IS measurements [42]:

10
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where Z’ and Z” are the real (in phase) and imaginary (out of phase) components of the
measured impedance, respectively, R, is the series resistance, and L is the parasitic
inductance. Notice that within the common frequency range of IS measurement (107 -
10° Hz), while L can usually be ignored, R, should always be measured (the value of Z at
1 MHz is used for R, in our study as shown in Table S1) and included in Equation 5 to
obtain an accurate capacitance value [42,43]. Capacitance at high frequency decreases
severely without the R; correction, deviating from its real value (Figure S2).

All devices with varying thickness show continuous decrease in capacitance with
increasing frequency below 100 Hz (red dashed ellipse in Figure 2(a)), indicating the
existence of deep defect states. In the frequency range between 100 Hz and 1 kHz, all C-f
curves exhibit a plateau, which decreases monotonically with increasing active layer
thickness and saturates for thicknesses greater than 225 nm. The saturated capacitance
plateau value reflects the maximum depletion region width, which is approximately 130
nm with C = 2.7 nF at 1 kHz and z = 3.6¢, (Table S1) for these devices. Hence, while the
two thinnest devices are completely depleted, there must exist a flat-band region in the
active layer for the three thicker devices. In these devices, there is an additional step
decrease of capacitance (black dashed ellipse in Figure 2(a)) at higher frequencies (> 10
kHz), which is associated with the transition from junction capacitance (C,) to geometric
capacitance (Cg) with a characteristic frequency ;. C; originates from the charges
accumulated at the two boundaries of depletion region, which have to transport

throughout the quasi-neutral flat-band region to contribute to the capacitance signal,

11



while C, stems from the dielectric response of the material, i.e. local movement of
charges with net charges at the two electrodes. Such capacitance transition is due to
carrier freeze-out in the quasi-neutral flat-band region with poor conductivity, and details

can be found in Supplemental Material (Figure S3) as well as previous publications

[24,44].
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FIG 2. (a) C vs. f in the dark at zero bias for inverted P3HT:PC¢BM devices with different active layer
thicknesses: 55 nm (red), 120 nm (dark yellow), 225 nm (blue), 325 nm (green), and 500 nm (grey). DOS
of defect states derived from C-f analysis for 55 nm and 120 nm devices The solid line in (b) shows the
Gaussian fit of the defect DOS according to Equation 4; the corresponding fitting parameters are shown as
the inset. (¢) C vs. f for a 500 nm thick P3HT:PC¢BM device under different biases: 0.2 V (gray), 0 V
(black), -1V (red), -2 V(blue), -3 V (dark yellow), and -4 V (green). (d) DOS of defect states derived from
C-f analysis for 225 nm, 325 nm, and 500 nm devices. All color schemes used in (b) and (d) are the same as
in (a). The inset of (d) depicts the spurious shallow defect peak position E* vs. f/t for the three thicker

devices with a fit according to Equation 9.
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Figure 2(b) demonstrates the defect DOS distributions of the fully depleted 55nm and
120 nm devices derived from the C-f analysis using Equation 3. Very similar DOS
distributions located at ~ 0.5 eV are observed in these two devices. When fitted with
Equation 4, E) = 0.5 eV, a g,= 41 meV, and a N, = 1.58 £ 0.03 x10'® cm™ are obtained
(black line in Figure 2(b)), which are in good agreement with previous published results
[5].

To further verify that the step decrease of capacitances at higher frequencies (> 10
kHz) in the 225 — 500 nm devices is due to the existence of a flat-band region in the
active layer, we perform the C-f measurement under different dc voltage biases. Figure
2(c) illustrates the C-f behavior of a 500-nm P3HT:PC¢ BM device under bias from 0.2 V
to -4 V. With increasing negative bias, the depletion width approaches the entire active
layer thickness. As a result, C; becomes closer to C,, and thus the capacitance transition
gradually disappears. Figure 2(c) unambiguously shows that the capacitance value above
10° Hz for all biases is C,, while C,; can only be measured below 10* Hz (also see Figure
S4); correspondingly, the transition between 10* and 10° Hz is not due to defects.
However, if one were to apply Equation 4 to the entire C-f spectra, a fictitious defect
corresponding to the Cy-to-C, transition at high frequency (black dashed ellipse in Figure
2(a)) appears at ~ 0.3 eV in the 225 — 500 nm devices (Figure 2(d)). Additionally, the
peak energy of the fictitious defect distribution (E/*) shifts to higher energy,
corresponding to lower characteristic frequency, with increasing active layer thickness.
The dependence of E/* on the fraction of flat-band region in the active layer is further

examined:

13
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where ¢ is the dielectric constant of the active layer, p is the hole carrier concentration,

Lt 1s the hole mobility, , f'is the width of flat-band region, 7 is the total thickness of the

active layer (t =d+ f). See Supplemental Material (Equation S3 and related discussion)

for detailed derivation. As shown in the inset of Figure 2(d), fitting £/* for devices with
different /7 yields a reasonable u, = 7 x10” cm® V''s [45], given that p is determined to

be 5.8 x 10" cm™ (Figure S4), ¢ is set to be 3.6gy (Table S1), anda y of 10" s is

adopted. While an accurate measurement of y is difficult in BHJ OPVs (We will discuss

more in detail later in this paper), values ranging from 10’ to 10'° s

are generally
used/reported in literatures [16,18,46]. Such a variation of vy only results in an
untertainty of £90 meV in the absolute energy position of the defects according to
Equation 2, without affecting the DOS distribution. Since we are not studying accurate
determination of defect energy positions in this paper but to elucidate the effect of poor
transport, a physically reasonable y value of 10'° s is adequate for the purpose.

Next, we use the SCAPS 1D drift-diffusion simulator developed by the group of Prof.
Burgelman at the University of Gent [47-49] to simulate the u;, effect on C; to Cq
transition and corresponding artifact in defect characterization by C-f analysis. No actual
defect is assumed in the simulations. Based on a 225 nm device with a flat-band region ~
90 nm (Figure S5(a)) and varying u; from 10~ to 10°em?*V™'s™, a range typically found
in BHJ materials [25], the simulations all show a capacitance transition (Figure 3(a)),

which translates to a fictitious shallow defect state (Figure S5(b)). The peak energy of

14



these fictitious defects (£,*) is plotted as a function of w; (Figure 3(b)), from which a
logarithmic decrease of E* with increasing u, is observed. These results indicate that
applying defect characterization using C-f analysis to OPV system with a flat-band
region, the capacitance transition from C, to C, and hence fictitious shallow defect states

would be unavoidable.
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FIG. 3 The simulated fictitious shallow defect position E,* for a 225 nm device with p = 5.8 x 10" cm™ and
hole mobility varying from 10°cm?V's" t010” cm®V™'s™. Inset: C vs. f for different mobilities: black (10

em?V7's™), red (10° ecm?V's™), blue (10* em®V™'s™), and green (107 cm?V™'s™).
While the existence of shallow defects as band-tail states are well known in OPVs

[50,51], based on this study, we caution that misinterpretations might be present in
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published literatures and emphasize that care should always be taken when interpreting
high frequency capacitance decrease in the C-f analysis of OPV devices [14-19].
Performing C-f measurements under varying biases, as shown in Figure 2(c), provides an
effective approach to probe the existence of flat-band region, and therefore is

recommended to ensure Cy is correctly measured before extracting defect DOS.

4.2.  Effect of low hole mobility in fully depleted devices

Recent high performance OPVs mostly use relatively thin (~100 nm), and therefore
fully depleted, active layers to ensure good charge collections [52,53]. To further assess
the effect of hole mobility in fully depleted devices, which doesn’t manifest the fictitious
shallow defect due to the Cy-to-C, transition (Figure 2), we investigate the PC;BM-
based OPVs with small amounts of P3HT (see Figure S6 and Table S2 for J-V
characteristics) [54]. As shown in Figure 4(a), in all P3HT concentrations, capacitance
decreases as frequency increases; additionally, with decreasing P3HT concentration, the
capacitance decrease shifts to lower frequency. The capacitance values shown are
normalized to the value at 1 MHz, i.e., the Cg, to remove the contribution from thickness
variation (see Figure S7(a) for the non-normalized capacitance data). As a result, the
corresponding defect state distributions derived from the C-f data (normalized to peak
value for clear comparison) show a large variation in energy: with decreasing P3HT
concentration, the defect DOS distribution shifts towards mid-gap (Figure 4(b), see
Figure S7(b) for DOS before normalization). To understand this phenomenon, we first
measure the hole mobility (Figure S8) on hole-only devices (ITO/ PEDOT:PSS/active

layer/MoOs/Ag) following the space-charge limited current (SCLC) modeling [55]. We

16



find that the hole mobility is strongly dependent on the donor concentration in the
fullerene-based devices (Table S3), consistent with published literatures.[56-58] While

the 1, of the 1 wt.% P3HT device (7.0x107 em®*V™'s™) is close to the value of pristine

PC;BM,[56] it is two orders of magnitudes higher in the 20 wt.% P3HT device (3.0x107
cm’V's™).

While the capacitance of a dielectric is due to its polarization by the applied field, the
defect-induced capacitance involves charge transport. In response to the electrical
modulation, displacement current is generated from charges emitted from defects and
results in an effect on junction capacitance. Therfore, an effective C-f defect
characterization is realized only when the average charge transit time in the device 7y is
much shorter than 1/ @ (z; << 1/w). However, given a w, of the order of 10° cm’V's™, 74
is of the order 10 s in a ~100 nm thick device, and thus 7, << 1/w is no longer satisfied
at frequencies higher than 10 kHz. Consequently, contribution to junction capacitance
from charges emitted from defect states is reduced in the way that the capacitance
decreases more at higher frequency.

To quantify this observation, we simulate the mobility effect on the defect
characterization in devices with varying u, (7.0 x 107 — 3.0 x 10 cm*V''s™). We
introduce a defect DOS with a constant Gaussian distribution into the simulation at £,y =
0.26 eV (see Figure S9 for details). With the same input defect DOS, the simulations
reproduce the trend in C-f behavior with capacitance decrease shifting to lower frequency
(Figure 4(c)), and the corresponding defect energy shifting towards deeper energy with
decreasing u; (Figure 4(d)). Therefore, the shifts of the extracted defect distributions in

Fig. 4(b) are artifacts from the C-f analysis arising from the limited transport of holes.
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Given that all devices have the same materials, P3HT and PC;,BM, the defect is expected
to have the same energy level in all devices. Indeed, our previous work shows that the
energetics measured from the low energy quantum efficiency spectroscopy is the same in
all devices with varying P3HT concentration [54]. The experimental studies together with
the simulation results indicate that, even in fully depleted thin devices, the low mobility
can introduce artifacts and spurious measurements of defect energy position. Note that,
for the thicker devices shown in Figure 3, the real defect position has shifted to > 0.5 eV

(Figure 2 (d)), a consequence of the same limited charge transport effect discussed here.
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1 MHz. The arrow indicates the shift of C-f with decreasing 4 ,(P3HT concentration). (b) Defect DOS
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concentration). (¢) Normalized C-f simulated for the fullerene-based OPVs with different 4 ,values that
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correspond to P3HT concentrations. (d) Corresponding simulated defect DOS distributions (normalized).

All color schemes used in (b), (¢), and (d) are the same as in (a).

Table 1 Material parameters used for drift-diffusion simulation

Parameters Symbol [Unit] BHJ device | Fullerene-Based device
Electron affinity E,[eV] 3.7[59]
CB & VB effective density of states N,, [em™] 1x10% 1[29]
Anode work function Eyr4[eV] Aligned with active layer Fermi level
Cathode work function Eyrc[eV] 4.0 [59]
Bimolecular recombination coefficient k [cm’s] 2x10"2[39]
Electron mobility te [em?V's™] 2x107[39]
Background hole concentration p [cm™] 5.8x10"
Relative permittivity ¢ £ 3.6 4.5[54]
Effective bandgap E,[eV] 1.1[29] 1.45 [39]
Electron & hole capture cross section 0 ,plem?] 1x10178
Maximum of the defect distribution E;p[eV] 0.26°
Disorder of the defect distribution 0,[meV] 22°
Total defect density N, [em™] 6.02x10"°

* The hole & electron capture cross section was reported to be within in the range of 1x10™"®*-1x10"° cm™

[18,60]
b Use the adjusted experimental value of 20% P3HT device. See Figure S9 for details.

Figure 5 depicts simulation results that show the combined effects of hole mobility
and active layer thickness on the validity of defect characterization using the C-f method.
The w; value (p axis) is varied within the range (1x107 - 1x107 ecm® V' s) [25], while
the thickness 7 (x axis, 50 — 130 nm) is set within the range of a fully depleted active layer
(based on the result of different thickness devices in Figure 2(a)), which also covers the
range most relevant to high performance OPVs [52,53]. The color indicates the energy
position shift, AE; = E, ; — E;y, where E;, is simulation output of the energy peak
position of the defect DOS distribution. The white line demonstrates a boundary below
which there is no artifact, i.e., the C-f analysis can be applied to characterize defect
distributions with accuracy (the green area). With decreasing u;, (moving upwards) and

increasing ¢ (moving rightwards), a larger AFE,, i.e., a more severe artifact, is observed.

The failure of the C-f analysis in this region is due to the long charge transit time set by
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the combination of charge mobility and device thickness. While a x; in the order of 107
em®V's” still ensures accurate defect characterizations by C-f analysis in devices with
active layer thinner than 60 nm, generally x;, ~ 10 cm*V™'s™ is the threshold for using C-

f analysis in practical devices with reasonably good performance (~100 nm).

un (cm?V's™)

-3 1 1 1 1

60 80 100 120
t (nm)

10

FIG. 5 Simulation results of devices with varying hole mobility (y axis) in logarithmic scale and active
layer thickness (x axis). The color indicates the energy position shift of the defect DOS distributions
between the output and input of the simulations. The white line demonstrates a boundary below which there

is no artifact.

The transport-limited C-f behavior, as addressed above, further sheds light on the
application of other capacitance based techniques for defect characterization. DLTS is
commonly used to study defects in semiconductors by measuring a capacitance transient
associated with the defect thermal emission [46,61,62]. In the case of low-mobility
materials and devices, the frequency used for measuring capacitance should always be
carefully evaluated to ensure that the defect contribution is accurately captured by the
capacitance measured. More importantly, low temperature measurements are often used
in capacitance based defect characterization (including both C-f analysis and DLTS) for
obtaining defect activation energy and the attempt-to-escape frequency [18,61-63].

However, in the BHJ OPVs, mobility is reported to decrease by orders of magnitude at
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low temperatures [26,27]. Even for the optimized P3HT:PCBM BHIJ OPV, which is
among the highest mobility OPVs, the mobility drops to 10° - 107 cm® V™' s below 100
K [26]. With such low mobility, the capacitance behavior would be severely altered
(Figure 5). As a result, defect activation energy and/or attempt-to-escape frequency
obtained from Arrhenius plot can be erroneous. Therefore, to accurately extract these
quantities in BHJ OPVs, a better modeling, which takes the temperature dependence of

mobility into account, is desired.

3. CONCLUSION

In summary, we have examined the accuracy of defect characterization by C-f analysis
in OPVs by comparing experimental data with drift-diffusion simulations. Since the C-f
analysis probes the capacitance contribution from the charges emitted from defect states,
the C-f analysis is only accurate when all the emitted charges can efficiently respond to
the electrical modulation at the measurement frequency (0.1 Hz — 1 MHz). The low
mobility in organic materials raises concerns in applying the C-f technique for defect
characterization. In an OPV device having a flat-band region in the active layer, a
fictitious shallow defect state is found to be inevitable, due to the limited charge transport
in the flat-band region that results in the capacitance transition from the depletion to the
geometric capacitance within the measurement frequency range. Even in devices with a
fully depleted active layer, low mobilities lead to an apparent shift in the derived defect
energy position, because the capacitance contribution from defects is more reduced at

higher frequencies. Simulations indicate that for a ~100 nm device, using the C-f analysis
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to extract defect DOS distributions produce true defect distribution when the hole
mobility exceeds 10 cm®V™'s™. Thus, special caution should be taken when using C-f
analysis for defect characterization in OPVs. Findings from this study indicate that there
could also be a transport limit on the validity of defect characterization techniques based
on capacitance spectroscopy when studying materials and devices in general beyond

OPVs, especially at low temperatures.
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