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Charge carrier transport is a key parameter determining the efficiency of organic solar cells, and is
closely related to the density of free and trapped states. For trap characterization, impedance
spectroscopy is a suitable, non-invasive method, applicable to complete organic semiconductor
devices. In order to contribute to the capacitive signal, the traps must be filled with charge carriers.
Typically, trap filling is achieved by illuminating the device or by injecting charge carriers through
application of a forward bias voltage. However, in both cases, the exact number of charge carriers
in the device is not known and depends strongly on the measurement conditions. Here, hole trap
states of the model blend layer ZnPc:Cg are filled by weak p-doping, enabling trap characterization
in a blend layer at a controlled hole density. We evaluate impedance spectra at different tempera-
tures in order to determine the density of occupied states (DOOS) directly from the capacitance-
frequency spectra by assuming a simple energy diagram. The reconstructed DOOS distribution is
analyzed at different doping concentrations and device thicknesses and compared to thermally
stimulated current measurements performed on the same devices. In both methods, a pronounced
Gaussian peak at about 0.4 eV below the transport level is found as well as deep, exponential tail
states, providing a deeper insight into the density of states distribution of this donor-acceptor blend
layer. Additionally, the effect of doping-induced trap filling on the solar cell characteristics is stud-

ied in these devices. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922587]

I. INTRODUCTION

Although the principle of donor-acceptor blend layers
for efficient exciton separation in organic solar cells is
known for more than 20 years,'” the processes limiting
charge carrier transport are still under debate.** In addition
to the generally low charge carrier mobilities of organic semi-
conductors, charge carrier transport and collection in blend
layers can be additionally hampered by a reduced amount of
available percolation pathways,’ increased recombination,®”
as well as density of states (DOS) modifications caused by
morphological changes as compared to neat materials.*
Furthermore, the mobility of organic semiconductors depends
on the electric field and/or the charge carrier density.lo_12 The
latter relies on the DOS distribution, which is often assumed to
be a Gaussian or exponential function of the energy.'’
Knowledge of the DOS distribution is crucial for understand-
ing the transport properties of donor-acceptor blend layers.

Experimental determination of the DOS distribution is
challenging, though various methods are available. Ultraviolet
photoelectron spectroscopy (UPS) measures the energy
resolved spectrum of electrons released upon excitation by
UV radiation, yielding the density of occupied states (DOOS)
distribution at low binding energies. Such spectra have previ-
ously revealed the presence of intra-gap states (traps).'*'®
However, the density of the trap states is often below the
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detection limit and results obtained with this technique refer
to the surface of an excited sample. Another method is the
measurement of thermally stimulated currents (TSCs), in
which the sample is cooled to cryogenic temperatures and
trap states are filled by a voltage and/or illumination pulse.
Subsequently, charge carriers are released by increasing the
temperature under reverse voltage.'®'” However, this method
only allows the characterization of shallow states in organic
semiconductors with =0.4 eV energetic distance to the trans-
port level and requires a transport model for extracting the
charge carrier density and DOS distribution.'®'® Moreover,
space-charge limited current (SCLC) measurements of unipo-
lar devices also reveal information on the DOS,zO’21 however,
determining a complicated DOS distribution composed of sev-
eral trap distributions is not unambiguously possible due to
the amount of free parameters involved.

Impedance spectroscopy (IS) is well suited for character-
izing trap states in fully functional solar cells under equilib-
rium conditions.?*** The challenge is to relate the measured
capacitance-frequency spectra C(w) to the DOOS distribution.
When the energy level diagram of the device is known in the
direction perpendicular to the substrate plane, the capacitive
contribution of a trap can be calculated at each position in the
device, and the DOOS distribution is obtained by fitting the
C(w) spectra, assuming a certain trap distribution.”* However,
it is not possible by this method to clearly assign the DOS to
either charge carrier type. Even more interesting is the reverse
approach, which provides direct access to the energetic

© 2015 AIP Publishing LLC
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distribution of the DOOS by assuming a simple energy level
diagram.”® That way the DOOS can be directly determined
from C-w spectra. This method has recently been applied to
air-exposed (oxygen-doped) P3BHT-PCBM solar cells for char-
acterizing trap states related to the presence of oxygen.”®
Nevertheless, this method has rarely been applied to organic
semiconductors and a comparison to other DOS extraction
methods on the same device has not been made, yet.

In this contribution, the DOOS distribution is deter-
mined for a model blend layer for vacuum processed small
molecule organic solar cells, ZnPc:Cg( (1:1), which is addi-
tionally p-doped by a strong acceptor complex. The use of
vacuum processing allows doping of this material system in
a reliable and controlled way. In this way, the Fermi level Er
is shifted towards the HOMO and holes are generated in the
ZnPc phase, which fill up trap states. Hence, the IS signal
can be attributed to holes only. In contrast, previous IS stud-
ies on blend layers used illumination or charge carrier injec-
tion (forward bias) in order to fill trap states. Thus, it was not
possible to distinguish electron and hole traps because both
charge carrier types contribute to the capacitance signal. >’
Here, UPS measurements are performed for determination of
the Fermi level position, enabling insight into the energy
level alignment. The DOOS is calculated from temperature
dependent C-o spectra by applying the Walter method,” the
basics of which are presented in the Appendix. To obtain the
necessary parameters, the following procedure is carried out:

(1) Record the temperature dependent C(w) spectra and
derive the depletion width d from the trap capacitance C;
at low frequencies.

(2) Determine the characteristic trap frequency w, from the
trap conductance G(w) and extract the attempt-to-escape
frequency v, from the T dependence of w, according to
Eq. (A4).

(3) Determine V4 from a Mott-Schottky analysis and Eg
from UPS measurements to determine the energy level
diagram.

(4) Evaluate the DOOS reconstruction at different doping
concentrations and intrinsic layer thicknesses.

The parameters and the related uncertainties in the
reconstruction are discussed in detail. Moreover, TSC meas-
urements are performed in order to confirm the features
found in the reconstructed DOOS distribution. Additionally,
the J-V curves of the illuminated devices (i.e., the solar cell
characteristics) are shown to be hampered by the trap filling
in thick and highly doped blend layers, which is caused by a
reduction of the depletion zone necessary for charge carrier
separation. By comparing the DOOS to previous results
obtained for ZnPc:Cg blend layers, a conclusive picture on
the hole DOS of this prototype donor-acceptor blend system
is developed.

Il. METHODS

The p-doped bulk heterojunction layers are thermally
evaporated under high vacuum conditions (base pressure
<10~® mbar) using a wedging tool (Kurt J. Lesker Company)
in order to ensure the comparability of the devices. In
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particular, equal weight ratios of zinc phthalocyanine as donor
(ZnPc) and fullerene Cq as acceptor (both from CreaPhys) are
co-deposited with the p-dopant CgoFz¢ (Ionic Liquids
Technologies GmbH) in weight ratios of 0.25 and 0.5wt%
with respect to ZnPc (i.e., 0.07 and 0.13 mol. % relatively to
the whole blend). The triple blend layer is deposited on indium
tin oxide (ITO, anode) coated glass substrates in layer thick-
nesses L of 100nm and 200nm with an estimated relative
uncertainty of 10% in layer thickness and doping concentra-
tion. The devices are finished by a 100 nm layer of aluminum
serving as the cathode. Subsequently, the devices are encapsu-
lated. All samples have an active area of A =6.44mm”. An
undoped sample serves as reference sample.

IS measurements are performed using an Autolab
PGSTAT302N in an evacuated Peltier-heatable and -cool-
able chamber that allows for temperature variations from
about —50°C to 50 °C. Capacitance-frequency spectra C(w)
are taken at 0V bias voltage from 1 to 10°Hz using a signal
amplitude of 20mV. C-V sweeps are taken from —1to 0.5V
at a frequency of 100 Hz.

For in situ UPS measurements, p-doped ZnPc:Cg blend
layers with a layer thickness of 30nm are thermally co-
evaporated on solvent cleaned and ozone treated ITO. The
doping ratios are 0.25 and 0.5 wt %, controlled by rate moni-
tors and a rotating shutter (see also Ref. 27). Subsequently,
the samples are transferred into the UPS analysis chamber
without breaking the ultra-high vacuum (base pressure:
10~"" mbar). UPS spectra are acquired by a PHOIBOS 100
system (SPECS GmbH) using the He I (21.22eV) excitation
line and calibration to the Fermi level position of a sputter
cleaned gold foil.

TSC measurements are performed on the devices as
used for IS using a JANIS STVP-100 continuous flow cryo-
stat. Before the measurement, the encapsulation is removed
from the samples and they are immediately transferred to the
cryostat, where they are kept in inert atmosphere at all times
to prevent possible degradation. Trap filling is realized elec-
trically by driving the samples at the load temperature of
10K for 1 min in forward direction. Due to expected recom-
bination losses in the ambipolar sample structures, a number
of consecutive TSC experiments are carried out in order to
obtain the minimal necessary loading current, i.e., to see a
saturation of the trap level signal. After trap filling and a rest
time of 5 min, the TSC measurements are performed with a
linear heating rate of 5 K/min. The released charge carriers
are extracted by the built-in voltage of the samples, and the
current (TSC) is measured with a KEITHLEY 2635 A femto
amp source meter.

lll. RESULTS AND DISCUSSION
A. Impedance spectroscopy

Frequency-dependent capacitance measurements C(w)
are carried out in order to determine the capacitive contribu-
tion of charge carriers upon application of a small perturba-
tion signal at different temperatures. The molecular
structures of the used materials are presented in Figure 1(a)
and the device stack in Figure 1(b). Figures 1(c)—1(g) show
the measured spectra of the capacitance C(w) and the
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FIG. 1. Temperature dependent impedance spectra of devices using the molecules sketched in (a) and the device stack shown in (b): C(w) data and absolute
value of the phase for (c) undoped blend layer (200 nm layer thickness), (d) and (e) 0.25 wt % p-doped blend layers (100 nm and 200 nm, respectively), as
well as (f) and (g) 0.5 wt % p-doped blend layers (100 nm and 200 nm, respectively). Equal colors represent equal temperatures from 223 K to 323 K (10 or
20K steps). The according geometrical capacitance Cg, (calculated using ¢=4.7) is indicated by the dashed line and the saturated trap capacitance C, by

the dotted line.

absolute value of the phase ¢(w) for devices with varying
doping concentration from 0 to 0.5 wt % doping and with a
layer thickness L of 100 nm and/or 200 nm (see Figure 1(a)).

For the undoped blend layer, the C(w) spectra are gov-
erned by the geometrical capacitance Cye,, Which describes
the data well using ¢ =4.7. The small additional capacitive
contribution at low frequencies can be related to a few
charge carriers occupying trap states that are mostly empty.
It compares with previous impedance measurements per-
formed on this blend layer in a similar m-i-m structure.*
This device is not further evaluated, here. For the doped
devices, all C(w) spectra have a similar shape: From high to
low frequencies, C is governed by the serial resistance
(w >3 x 10°Hz), reaches a plateau at the geometrical capac-
itance of the device Cye, (for w <3 X 10°Hz, low tempera-
tures), and increases further due to an additional trap
response. Finally, the spectra saturate at a capacitance C, in
addition to Cy, at low frequencies (for 7> 263 K). The tran-
sition from Cy, to the low frequency plateau is shifted to
lower frequencies for decreasing 7, indicating a temperature
dependent occupation of the traps.

The trap capacitance observed in the doped devices is
characteristic for a depletion region, where charge carriers
can only be trapped and released at low frequencies, but not
at high frequencies when the whole device is completely
depleted (C(w) = Cyeo)- In other words, the trap capacitance
describes the slow charge carriers that require a certain acti-
vation (thermal activation through high T or electrical activa-
tion at low frequencies ) to contribute to the device
capacitance. Hence, the trap capacitance is a depletion ca-
pacitance in the part of the device, where the charge carriers
are trapped.

The trap capacitance C, of these devices is evaluated in
terms of a depletion region in Table 1. Theoretically, the ca-
pacitance of a depletion region should not depend on the de-
vice thickness and should increase by /N, with the dopant
density (i.e., a factor of V2 difference between 0.25 and
0.5wt% when the doping efficiency is approximately
assumed equal). Within the experimental error, the capaci-
tance values of Table I at a constant doping concentration
are equal for different thicknesses (deviations are smaller
than 1 nF or 10%). Comparing the different doping ratios,
the devices with higher doping ratio also have a larger trap
capacitance as expected (by a factor of 1.37 for the 100 nm
devices and 1.33 for the 200 nm devices). In contrast to the
undoped samples, a trap capacitance saturating at low fre-
quencies is observed in the doped samples, which is increas-
ing with increasing doping concentration indicating trap
filling by doping.

The temperature dependence of the transition from Cge,
to C, is caused by a temperature dependent activation of
traps. As explained in the Appendix, this transition can be

TABLE I. Trap capacitance C, obtained from the low frequency regime of
C(w) (plateau value less Cy,) and the according depletion width d assuming
a plane capacitor and a permittivity of ¢ =4.7 for the doped devices of
Figure 1.

Doping (wt %) L (nm) C, (nF) d (nm)
0.25 200 9.1 29.4
0.5 200 12.1 22.1
0.25 100 8.3 322
0.5 100 11.4 235
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FIG. 2. Frequency dependence of the trap contribution to the conductance
G/w and the capacitance change —wdC/dew for the 200nm device with
0.25 wt % doping for different temperatures (7' =234 — 324 K).

used to determine the attempt-to-escape frequency v, from
the emission frequency g of a charge carrier trapping pro-
cess. In order to do that the frequency o of the maximum in
the trap conductance G(w)/w is evaluated at different tem-
peratures. Equivalently, @, might be obtained from —wdC/
dw as both representations physically contain the same infor-
mation. Figure 2 shows the spectra obtained from both meth-
ods. However, the results are less reliable for the —wdC/dw
signal since the derivative dC/dw is used. Therefore, the fre-
quency of the maximum @ is determined from the G(w)/w
spectra in the following.

In Figure 3, the obtained w, values are plotted against
inverse temperature for all doped devices. The activation
energy E,, i.e., the energy between the trapped charge car-
rier and the transport level, as well as the attempt-to-escape
frequency v are obtained by fitting the data with Eq. (A4).
The four devices under investigation have similar activation
energies of (0.41 = 0.01) eV, whereas the attempt-to-escape

16
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14 b 0.25/200nm: £p=0.40 6V’ vg=56+10 Hz .
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FIG. 3. Arrhenius plot the determined frequencies @, of the maximum in
the G(w)/w spectra for devices with different doping concentrations (0.25
and 0.5 wt %) and thicknesses (100 and 200 nm).
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frequencies v, range from 5 x 10'°Hz to 2.0 x 10" Hz. The
accuracy of this fit is dominated by the uncertainty in @,
which is limited by the size of the frequency steps. Here, the
frequency steps are smaller for the 100 nm devices resulting
in a better accuracy. Within the resolution limit, a trend for
v and E, cannot be observed. Hence, v is considered a
constant material parameter and is averaged over all samples
to vg=1.3 x 10" Hz, in agreement with the values assumed
in the literature.?*-2%3%

B. Fermi level, Mott-Schottky analysis, and energy
level diagram

In order to relate the measured capacitance spectra to a
DOOS distribution, the potential drop over the depletion
region Vj is required (see also Fig. 5). Therefore, the energy
level diagram is determined from the Fermi level position in
the doped blend layer and the built-in voltage of the device.
The latter is obtained from a Mott-Schottky analysis and the
Fermi level from UPS measurements.

From the UPS spectra at room temperature, the Fermi
level is determined to be at 4.35 and 4.42 eV below the vac-
uum energy for the 0.25 and 0.5 wt % doping concentration,
respectively. Compared to the value obtained for undoped
blend layers before (4.33 eV),>! the Fermi level of the
0.25 wt % doped sample obtained here is very similar. Thus,
such low doping does not significantly influence the Fermi
level position, probably because the defect density in the
blend is similar to the doping concentration (see Sec. II1 C),
so that holes generated by doping are filling up trap states
first. In the 0.5wt% sample, the Fermi level is already
shifted by 0.09eV as compared to the undoped blend, indi-
cating the generation of free holes by doping. For all doping
concentrations, the according values of the ionization poten-
tial (IP) are equal (5.14 eV for doped samples and 5.12eV
for undoped blend layers®') within the measurement accu-
racy (=0.05eV), even though the value for the undoped
blend has been measured on a gold substrate.

Interestingly, the Fermi level position within the energy
gap of the undoped/weakly doped sample is not in the center
of the effective gap given by the electron affinity (EA) of
Ceo EA(Cgo) =4.0eV>? and IP(ZnPc) =5.14¢V as expected
for an intrinsic semiconductor. Instead, it is located close to
EA(Cgp) and the semiconductor seems rather n-type.
However, doping the blend by CgoF3¢ shifts the Fermi level
closer to IP(ZnPc), indicating the generation of free holes.
Thus, it can be concluded that p-doping works as expected.
A possible origin for the asymmetry in the Fermi level posi-
tion may be a large difference in the effective density of
states of ZnPc and Cgy, i.e., a large difference between elec-
tron and hole density that are able to contribute to charge
carrier transport (Ny/Nc would be 7 x 1073 in order to
account for the measured Fermi level position of the
undoped device).33 However, this estimation assumes the
transport level to be at the band edge, which is not true for
organic semiconductors. It will be shown in the following
that the hole transport level is located deep within the energy
gap as compared to IP(ZnPc), forcing the Fermi level posi-
tion closer to EA(Cgp). Altogether, the shift of the transport
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level as well as the Fermi level can be attributed to deep hole
trap states.

In the following, C(V) measurements are performed in
order to determine the built-in voltage of the device V.
Additionally, the number of ionized dopants N, is analyzed
for different temperatures from a Mott-Schottky analysis as
presented in Figure 4. The inset shows the temperature acti-
vation of N, for the 0.5 wt % doped sample, which has an
activation energy of Ex- =44meV (Ex- =31 meV for
0.25 wt %, not shown). Comparing the room temperature val-
ues of N to the intended dopant density in the device leads
to a doping efficiency of 23% (28%) in the ZnPc:Cg matrix
for a doping ratio of 0.5 wt % (0.25 wt %). Assuming a uni-
form distribution of dopants in the blend and considering
that the dopant 1is not expected to dope Cgo
(EA(CgoF36) =54 eV and IP(Cgo) =6.4eV), the real dop-
ing efficiency in the ZnPc phase is actually higher by a factor
of 2, i.e., 46% (56%), respectively. In this regard, the doping
efficiencies compare well to those obtained for donor materi-
als with the same IP and doped with the same dopant (penta-
cene® or MeO-TPD?). Hence, it seems that the doping of a
donor-acceptor blend layer works in the same way as in neat
layers.

The built-in potential of the device Vy,; is obtained from
the Mott-Schottky plots to be 0.5+ 0.1 V for both doping
concentrations. It determines the work function difference of
the ITO and the Al contact. Using the Fermi level position of
the blend layer known from UPS measurements, the energy
level diagram results as demonstrated in Figure 5: At the Al
contact, a hole depletion region forms, where doping-
induced holes are trapped in deep states dominating the C(w)
spectra at low frequencies. Hence, the potential drop over
the depletion region Vg4 is given by eVy = |Ep — ¢p(Al)].
Table II summarizes the values obtained for V. The uncer-
tainty in Vg4 is mainly caused by the uncertainty of the UPS
measurement (0.05eV). Furthermore, there is a hole accu-
mulation zone for holes at the ITO contact V.., which is
thin and highly conductive. It does not influence the evalua-
tion of the C(w) spectra. Instead, the spectra are dominated
by the capacitance of the extended depletion region V.

4 T
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FIG. 4. Temperature dependent Mott-Schottky analysis for a doping concen-
tration of 0.5 wt %, L =200nm, and » = 100 Hz. Inset: temperature activa-
tion of the density of ionized dopants and the according activation energy
resulting from an Arrhenius fit of the data.
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FIG. 5. Schematic energy level diagram at 0 V: The effective energy levels
of the semiconductor are given by the electron affinity of Cgo (4.0eV) and
the ionization potential of ZnPc (5.14eV), the ITO workfunction results
from Vy;, and the Fermi level position from UPS measurements. The domi-
nant capacitance is caused by the depletion region at the Al contact, whereas
there is an accumulation region at the ITO contact. It is shown later that the
hole transport level is located around 4.7—4.8 eV, i.e., significantly above the
HOMO level.

C. DOOS determination

The DOOS distribution N(E,,) is reconstructed from the
C(w) spectra at different temperatures using Eqgs. (A5) and
(A8) with the parameters determined in Sections III A and
III B. Here, a parabolic depletion region at the Al contact is
assumed, which is justified since the Mott-Schottky plot
shows a straight line.” In Figure 6, the obtained N(E,,) spec-
tra are shown for the devices with 100nm and 200 nm or-
ganic layer at different temperatures (symbols) and with
error bars (determined as explained in the following). As the
capacitance is dominated by the hole depletion region at the
Al contact, the distribution represents hole-type trap states
and E, refers to the hole transport level.

Converting the frequency axis into the energy axis
requires the knowledge of v. If v is correct, the DOOS dis-
tributions of the same sample coincide for different tempera-
tures.”> Here, the good overlay of the spectra at different
temperatures for all samples around the peak position indi-
cates that v, was correctly determined. The fitting errors of
v, (Figure 3) cause an uncertainty in the demarcation energy
of AE,,=0.73 - kT (obtained from Gaussian error propaga-
tion). Furthermore, the uncertainty of the reconstruction in
N, is determined by the prefactor to dC/dw in Eq. (AS), i.e.,
the assumed shape of the energy level diagram and the
uncertainties to the used values. Here, only the uncertainty in
Vg is accounted for and AN, is calculated from a linear
approximation of the Taylor expansion. Fluctuations in the
region of deep states (E,, > 0.45eV) originate from the C(w)
spectra at low frequencies having a low phase and small
deviations in C(w) are enhanced by taking the derivative dC/
dw as a linear interpolation between neighboring data points.
In the 200 nm devices, the frequency steps are larger, causing
more outlaying data points. For reducing the noisiest data,
only data points with a minimum phase of 20° are used in
the plots. Moreover, frequencies @ >10° Hz are excluded

TABLE II. Voltage drop at the depletion region V4 determined from the
Fermi level Eg values obtained from UPS (with respect to the vacuum level)
for the different doping ratios.

Doping (wt %) Eg (eV) Va (V)
0.25 4.35 0.15
0.5 4.42 0.22
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from the evaluation in order to avoid artifacts from the serial
resistance.

The resulting DOOS distribution describes the ener-
getic distribution of the occupied states in the device, which
is modified by changing the temperature and the perturba-
tion frequency. In terms of energy, the DOOS reconstruc-
tion ranges from the Fermi level position (low demarcation
energies) further into the energy gap (by the size of the
energy level bending at the depletion region V). States that
are deeper than V4 from the Fermi level as well as those
above the Fermi level do not contribute to the C(w) spectra
and neither to the DOOS distribution because they cannot
be (de-)occupied. Relating the energetic range to the Fermi
level gives an estimate of the hole transport level position
within the energy gap (here ~4.7-4.8 eV from the vacuum
level for all devices). Note that the uncertainty of V4 does
not influence the energetic distribution of the spectra but
only the vertical position, because it only influences the
prefactor in Eq. (A8) and not Eq. (AS).

The DOOS reconstruction of all devices shows a peak at
around 0.4eV, which compares to the activation energy
determined from the Arrhenius plot of wq as expected.
Fitting this peak with a Gaussian distribution gives the den-
sity of charge carriers producing this peak. Note that the data
points further away from the peak center are broadened as
compared to the Gaussian fit, which is also observed in the
TSC measurements shown later in this work (Sec. IIID).
Here, the density of the Gaussian center of the peak is deter-
mined for simplicity. For both, the 100 and the 200 nm devi-
ces, the peaks of the 0.5 wt % devices (8.8 x 10'"°cm ™ and
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8.0 x 10'®cm ™) comprise 3—4 times more charge carriers
than those doped with only 0.25wt % (2.3 x 10'®cm ™ for
both L). As the densities at equal doping concentrations are
the same for different thicknesses, it is confirmed that the
measured trap capacitance refers to bulk traps. The differ-
ence in the charge carrier densities at different doping con-
centrations does not scale with the doping concentration,
which may be explained by a different degree of trap filling.
In particular, the holes generated by doping in the lower
doped sample are required to fill up deeper trap states,
whereas the additional dopants introduced at the higher dop-
ing concentration directly fill up the states of the Gaussian
trap. Possible origins of this trap will be discussed in Sec.
IITF together with the results from the TSC measurements.

The deep energy part of the doped devices (E,, > 0.45eV)
shows lower N, values representing an exponential tailing.
At both layer thicknesses, there is an offset in N, for the two
doping concentrations, whereas the slope is the same. If
these deep tail states are a property of the donor-acceptor
blend and are not created by the presence of the dopant mol-
ecules, they should be occupied by doping and the tail state
distribution should be the same for both concentrations.
However, on the one hand, the offset can hardly be distin-
guished within the uncertainty of N, (caused by V4). On the
other hand, keeping in mind that E,, refers to the transport
level, the apparent offset in N, might as well be related to an
offset in £, caused by a shift of the reference transport level
at different doping concentrations. Assuming that the hole
transport level shifts similarly to the Fermi level, the DOOS
distribution of the 0.25wt % sample would be shifted by
about 0.07eV to the right (not shown). Hence, the trap
peak would shift to deeper energies (i.e., higher E,) and the
exponential tail states would overlay for the two doping con-
centrations as expected. In future investigations, this inter-
pretation might by related to transport level investigations,
e.g., using Seebeck measurements.

Compared to previous results, the slope of the tail states
(i.e., the characteristic trap energy E,=0.14eV) compare
nicely to the exponential tail state distribution determined
for ZnPc:Cg (1:1) blend layers before?! (green dashed line).
The according trap density is difficult to compare because it
depends on the position of the transport level. Nevertheless,
the agreement of the data to the previously determined tail
state distribution is good. Furthermore, a Gaussian trap dis-
tribution obtained from IS measurements of p-i-n solar cells
by Burtone er al** (Ng=3.5%10"cm ™, 65=0.055¢V,
and Eg =0.458 V) is also in the same order of magnitude as
the DOOS reconstruction obtained here. Although the
method for determination of the trap DOS was similar to the
one used here (an energy level diagram was calculated using
drift-diffusion simulations in order to fit the trap capacitance
of an assumed trap distribution to the C(w) spectra), it was
not possible to distinguish between a Gaussian trap and ex-
ponential tail states, there. Consequently, that Gaussian dis-
tribution is broader than the peak obtained here and deeper
in energy, whereas the center of the Gaussian compares to
the center of the energy range accessed here. By using
p-doping in the present work, the traps can be clearly attrib-
uted to holes, which was not possible in previous IS studies.
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Altogether, the DOOS reconstruction presented here gives a
closer insight into the DOS distribution of ZnPc:Cgo blend
layers and refines previous impedance investigations of deep
intra-gap states.

D. Thermally stimulated currents

In order to validate the resulting trap distributions, the
200nm thick samples are measured with TSC. Measured
TSC spectra with and without electrical trap filling are plot-
ted in Figure 7. Both doped samples show a pronounced
peak at around 130 K, which can be attributed to a trap state
that is not occupied without trap filling (compare thin solid
lines). Furthermore, the peak position is shifted towards
lower energies and has more charge carriers in the case of
the 0.5 wt % sample as compared to 0.25 wt %. At T > 150K,
the samples start to release charge carriers, no matter
whether the traps have been filled or not. This effect is attrib-
uted to a leakage current and not further evaluated.

For quantitative evaluation of the trap spectra, the model
of Haering and Adams'® is applied, describing the evolution
of the TSC signal /(T) according to

dE - DOS(E)

E (T E ,
X exp [—k—T—fLo exp (— ﬁ)dT] (1)

using the mobility p, the charge carrier lifetime 7, the density
of states DOS(E), the heating rate { =5 K/min, as well as the
starting temperature 7. Related to the same trapping pro-
cess, g is chosen in accordance with the previous results of
the impedance measurement. The trap distribution remains
as the only free parameter to describe the energetic position
of the TSC peak maximum in temperature. Here, a distribu-
tion of trapping sites with according detrapping probabilities
must be included in order to describe the shape of the entire
TSC signal. In particular, a Gaussian trap distribution super-
imposed with exponential tail states is found to reproduce
the TSC signal well, which is in agreement with the IS

Vi
I(T) = Aqu,u'wOJ
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0.25 wt%, no fill
| 0.25 wt%, 1TmA fill
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| | |
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Thermally stimulated current / (pA)

-15

FIG. 7. TSC measurements of a ZnPc:Cgq device with 0.25 wt % as well as
0.5wt% p-dopant with and without a loading current (Ng=2.4/
2.8x10"%cm ™, 65 =0.016eV, and Eg =0.35/0.34 eV, respectively).
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measurements. However, due to the comparably small den-
sity of tail states, the focus is on the central Gaussian trap
representing the main TSC peak maximum. In total, the mag-
nitude of the TSC is given by the overall trap density Nt and
the product of mobility and lifetime pt of the free holes. The
former is directly correlated to the number of extracted

. I(t)dt
charge carriers Nt = /% = fAéL) .

Here, the energy of the Gaussian trap level is located at
Es=0.35eV (0.34eV) for the 0.25 wt % (0.5 wt %) doping
concentration, respectively. Hence, the trap energies
obtained by TSC are reduced by about 0.06eV as compared
to the activation energies obtained from the temperature
dependence of the maximum change in the capacitance
(Figure 3). This effect can be related to the assumption of a
constant transport model, which is necessary for evaluating
the TSC data in order to limit the complexity of the problem.
For instance, the change in the transport level with tempera-
ture can be estimated from Ref. 28 to be in the range of
0.1-0.2eV between 200 and 300K for a broad, exponential
DOS, as it was previously observed for hole transport in
ZnPc:Cgy blend layers.21 Thus, at lower temperatures, the
transport level would be closer to the trap, reducing the acti-
vation energy. Since the TSC measurements are performed
at lower temperatures than the IS measurements, the reduced
trap energies obtained from this method are attributed to the
difference in the transport level as compared to the DOOS
peak determined by IS.

Furthermore, Ng of the main peak is found to be
24 % 10"%cm ™2 (2.8 x 10"°cm ™) for the 0.25 wt % (0.5 wt %)
doped sample, respectively. Compared to Ng of the peak
determined by IS, the absolute value is the same for
0.25wt% and it is reduced by about a factor of 3 for
0.5 wt %. This difference can be explained as follows: The
ut product is a fitting constant that is found to be
ur=9.6 x 107'° cm?/V (0.25 wt %) and 1.25 x 10~° cm*/V
(0.5wt%). These values are remarkably higher than
pt=3x 107" cm?/V reported previously by Ray et al.*®
However, a comparably high electron concentration due to
photoexcitation led to a diminished lifetime of free holes in
neat ZnPc films. In contrast, p-doping of our samples shifts
the Fermi level towards the hole transport level and creates
additional free holes increasing the hole lifetime and
the hole mobility. Assuming a mobility of 10~°cm?/Vs
(e.g., from Ref. 39) results in a lifetime of the free charge
carriers of 107>s, which is in the range of the traveling
time of a free hole through the sample.40 Therefore, it is
likely that charge carriers released far away from the
extraction contact do not reach the collecting interface but
recombine instead. This effect is expected to be more pro-
nounced in the device with the higher doping concentration.
In addition to the uncertainties of N, in the DOOS recon-
struction, this is a possible explanation for the difference in
the trap density of the 0.5 wt % doped sample obtained via
thermally stimulated currents as compared to impedance
spectroscopy. Altogether, the peaks observed in the TSC
measurements can be attributed to one and the same trap as
the Gaussian trap observed in the DOOS reconstruction
from IS.
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E. Solar cell characteristics

In order to investigate the effect of doping on solar cells,
the current-voltage (J-V) characteristics of the doped devices
are measured under illumination. Figure 8 presents the mea-
surement data for the doping concentrations 0.25wt%
(magenta) and 0.5wt% (blue) at device thicknesses of
100 nm (triangles and dashed lines) and 200 nm (circles and
dotted lines). The power conversion efficiency of these devi-
ces is low (0.08%—0.27%) because the devices lack in selec-
tive transport layers providing significant built-in potential
and preventing recombination at the contact. Hence, only the
charge carriers generated in the depletion region are effi-
ciently separated (by the depletion voltage Vj). Here, the
short circuit current Jgc and the efficiency increases with
decreasing device thickness and concentration. The 100 nm
device with 0.25wt% doping is most efficient, which is
reasonable as it has the largest depletion region (compare
Table I), particularly with respect to the overall device thick-
ness. As only a part of the device is depleted, charge carriers
generated outside the depletion region have to reach the contact
by diffusion, which is inefficient and leads to recombination
losses. Thus, the devices with higher doping concentration are
less efficient although they have a higher V4, but it does not
compensate for the small depletion zone.

Comparing the open circuit voltage V¢ of all devices,
those with the same doping concentration also possess the
same Voc as expected. Furthermore, Ve is larger for the
devices with the lower doping concentration. Furthermore,
differences in V¢ equal the differences in Vy,;, which is often
estimated from the crossing point of dark and illuminated
J-V curves (indicating zero photocurrent). This observation
is in agreement with previous work on V};.*' The absolute
values of Vy,; obtained from the photocurrent are in the range
of 0.3-0.4V, i.e., smaller than the value obtained from the
Mott-Schottky analysis, but still reasonable considering the
difficulties of determining V/,; from different methods.*?

Apart from the low Vo and Jsc as compared to
undoped samples, the fill factors of 36%—-40% are also
reduced as compared to complete BHJ solar cells with this
blend layer and with selective transport layers.*> The low fill

3 T T

0.25wWt%, 100nm, ill.
| 0.25wWt%, 200nm, ill.
0.5wt%, 100nm, ill.
0.5wt%, 200nm, ill.

1 -

Current density J (mA/cm2)

Voltage V (V)

FIG. 8. Room temperature J-V characteristics of the doped devices meas-
ured under 1 sun illumination (solid lines with symbols) and in dark (dashed
and dotted lines).
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factors indicate additional recombination in the doped devi-
ces that is explained by a higher hole density due to the
p-doping. Moreover, the J-V slope at negative voltages indi-
cates a voltage dependence of the photocurrent due to the
increasing depletion region. Here, the slope decreases with
increasing device thickness and doping concentration. On
the one hand, less charge carrier pairs are generated in the
thicker device (per volume) causing a shallow slope, and on
the other hand, in the higher doped sample more negative
voltage is necessary to increase the depletion region for addi-
tional charge carrier generation.

In agreement with previous studies on doped blend
layers,** doping provides a tool for optimizing the solar cell
efficiency by trap filling. However, doping is only beneficial
for a solar cell if the depletion region is not much smaller
than the thickness of the solar cell, as it is the case for the
devices studied here. Hence, optimizing the solar cell by
weak doping is a trade-off between, (i) making the device
more conductive for efficient charge carrier transport, (ii)
keeping a built-in potential as the driving force for charge
carrier separation, and (iii) finding the optimal layer thick-
ness where most of the light is absorbed.

F. Discussion

Deep, hole-type trap states, represented by a Gaussian-
shaped peak as well as exponential tail states, were identified
in the DOOS distribution reconstructed from IS measure-
ments. Using TSC investigations of the same samples, the
shape and energetic position of the Gaussian trap were con-
firmed. Studying the J-V curves of these samples under illu-
mination, the doping concentrations used for trap filling
were shown to be detrimental for ZnPc:Cgy solar cells as
they decrease the built-in potential, which is necessary to
separate charge carriers effectively. In agreement with the
literature,**> the deep trap states also constitute a source
of recombination losses in this blend layer. Aiming at
improving the solar cell efficiency, the traps must be charac-
terized and their origin identified. Thereby, the central ques-
tion is whether the traps are externally induced by the doping
or whether they are a property of the donor-acceptor blend
(i.e., they are also present in the intrinsic device but not
occupied) and, in this case, whether they are a property of
the donor or caused by blending with the acceptor.

Regarding the influence of the dopants on the DOS, the
doping process itself might cause additional states in the
DOS, which can trap charge carriers, e.g., if the Gaussian
trap is caused by ionized dopants that are negatively charged
and act as Coulomb traps for holes.*® However, in this case,
the activation energy of the doping process obtained from
the Mott-Schottky analysis should be similar to the tempera-
ture activation of the Gaussian trap. Here, the activation
energy of the dopants is by a factor of 10 smaller than the
trap energies found using IS and TSC. A similar Gaussian
trap (Eg =0.6eV, Ng = 1.2 x 10" cm ) observed in weakly
p-doped pentacene was already related to the matrix since
the trap concentration saturates upon increasing doping con-
centration.>> Furthermore, the activation energy obtained
from a Mott-Schottky analysis in that reference (54 meV)
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was comparable to the one reported here. Although the pres-
ent results do not show a saturation of the Gaussian trap den-
sity like in the reference, the similarity of the trap
distributions and activation energies at equal molar ratios
directs towards a common physical origin of the traps.
Hence, it seems reasonable to conclude that the Gaussian
trap observed in this work is related to the donor-acceptor
blend layer and not to the doping process itself.

In the undoped sample, the trap states are not occupied
and thus do not contribute to the IS signal. This observation
is in agreement with previous IS measurements of this blend
layer, where trap states had to be filled by illumination®® or
by charge carrier diffusion from adjacent doped layers** in
order to give a capacitive contribution in the IS. Here, dop-
ing has proven as an elegant solution for defined trap filling.
Furthermore, the energetic range of the DOOS reconstruc-
tion can be increased in future studies by extending the vari-
ation of doping concentration.

Asking whether the trap peak is related to the donor mate-
rial or caused by blending of the donor with an acceptor, the
results are compared to recent studies on neat layers doped with
widely varied doping concentrations. A Gaussian trap was
reported for neat ZnPc layers p-doped with F6-TCNNQ,?” how-
ever, with a higher trap density (Ng=7.2 X 1017cm_3) and
deeper in energy (1.2 eV off the HOMO onset, i.e., in the Cgo
LUMO of the blend layers). Nevertheless, this result does
not contradict this work as this trap might be present in addi-
tion to the one found here. The trap reported in that reference
is not relevant to blend layers because it would be located in
the LUMO(Cgp). Reversely, the trap found here might not be
resolved in that reference since it is only present at a low
density and a single Gaussian trap was assumed.
Additionally, exponential tail states with a characteristic
energy of E,=0.157 eV were reported,”’ in good agreement
with the tail state distribution determined before in this work
(E;=0.14¢V). Furthermore, the authors showed that ZnPc is
efficiently doped for molar ratios (dopant/matrix) between
10~* and 107>, Assuming that this result is independent of
the p-dopant, the observed occupation of trap states in the
devices doped with 0.07 and 0.13mol. % as well as the
obtained doping efficiencies agree very well with this refer-
ence. Altogether, the exponential trap states are suggested to
be an intrinsic property of ZnPc as neat and blend layers
have exponential tail states with a comparable characteristic
energy.?’ The Gaussian trap reported here cannot be related
to the one obtained in neat ZnPc layers before, but it might
have been overseen for having a low density. Hence, neat
ZnPc layers would have to be studied by IS for direct com-
parison, ideally using CgoF36 as a p-dopant, in order to iden-
tify the origin of the Gaussian trap.

Moreover, the DOOS distribution reported here for
ZnPc:Cg blend layers may explain the asymmetry in the
Fermi level position of the intrinsic ZnPc:Cgg, which is close
to the Cg-LUMO level and not in the center of the energy
gap: The Fermi level defines the energetic position, where
the probability to find free electrons and holes is the same. If
the density of free holes is reduced due to the deep hole
traps, the Fermi level must shift towards the electron trans-
port level accordingly. Hence, the Fermi level aligns close to
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the minimum in the DOS. In this case, this minimum is not
yet reached at the deepest energies (0.6eV) of the doped
devices, in agreement with the Fermi level offset from the
HOMO(ZnPc) determined by UPS (0.7-0.8 eV). Thus, com-
bining UPS measurements with the DOOS distribution ena-
bles novel insights into the energetic position of the charge
carriers relevant to the transport.

IV. CONCLUSION

In summary, the DOOS of a p-doped organic semicon-
ductor blend layer (ZnPc:Cgo) was determined from tem-
perature dependent IS spectra.”> The same samples are
measured with TSC for validating the trap distribution. The
DOOS distribution shows a Gaussian trap state, which is
more occupied at higher doping concentrations, as well as
deep, exponential tail states that compare to those previ-
ously determined in this blend layer. Being unoccupied in
the undoped sample, the trap states can be filled by doping
enabling a detailed trap characterization. The maximum
density of the trap states with Gaussian distribution is at
0.40eV (0.41eV) with respect to the hole transport level,
having a density of 2.3 x 10'®cm™ and 8.0 x 10"°cm > for
the 0.25wt% (0.5wt%) doped sample, respectively.
No influence of the dopant on the DOS is found. Instead,
it seems reasonable that the trap peak is related to the
donor material. For solar cell efficiencies, trap filling by
doping is shown to be detrimental at the concentrations
used here and a pathway for optimizing a solar cell by weak
doping is derived. Altogether, p-doping of blend layers
facilitates insight into the hole-type DOS distribution with
respect to the transport level and it reasons the asymmetry
in the Fermi level position observed in this blend layer sys-
tem. Future studies have to identify the trap origin and pos-
sible ways to avoid the traps in order to further improve
charge carrier transport and hence the efficiency of solar
cells.
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APPENDIX: THEORY

Electrical IS measures the current response of a device
to a small, sinusoidal voltage perturbation with frequency w
that is described by the complex impedance Z(w)
Z(w) = |Z(w)| - @) = R(w) + iX(w) (A1)
using the frequency dependence of phase ¢(w) and ampli-
tude |Z(w)| or of resistance R(w) and reactance X(w) in
terms of real and imaginary part. Equivalently, the admit-
tance Y(w) is defined by

Y(0) = —— = G(w) + iB(w). (A2)
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Here, real and imaginary part are given by the conductance

_ R _ Xl@)
G(CU) - Rz(w)j;(z((u) - Rz(w)j;ﬂ(w)'

Assuming a parallel R—C equivalent circuit, the system
is described by the frequency-dependent reactance X(w)

= —%ﬁg‘;gw), so that B(w) = wC(w), and Eq. (A2) can

be written as

and the susceptance B(w) =

Y(w) =G(w) +ioC(w). (A3)
Typically, the capacitance function C(w) is composed of a
frequency independent part, given by the geometrical capaci-
tance of the device Cyeo, as well as an additional, frequency
dependent part C(w), which is caused by time dependent
phenomena such as trapping or transport.

Focusing on the dynamics of a discrete level trap with
an activation energy E, with respect to the transport level,
the trap capacitance is characterized by a temperature de-
pendent frequency wo(T) given by

2
Ex = kTIn22.
o

(A4)

Here, k is Boltzmann’s constant and v is the attempt-to-
escape frequency. Relation (A4) relies on the Boltzmann-type
probability for a charge carrier to charge and discharge a state
of energy E by applying a stimulus of frequency w,. For w
< wy, the capacitance is given by Cge, + C;, while for o >
g, the total capacitance is given by C,., Hence, g is
defined by the inflection point of C(w). Practically, wy is typi-
cally determined by the maximum of the derivative of —wdC/
dow.* The temperature dependence of w reveals E5 and v.
It can be shown that this derivative is in first order equal to the
trap contribution to the device conductance G(w)/w = (G(w)
—Ggo)lo (with the dc conductance Gg. = R(w — 0)/
|Z(w — O)|2 ~ 1/R). In this work, G(w)/w is used to deter-
mine w for reasons explained in the text. Note that a tempera-
ture dependence of the transport level as expected in organic
semiconductors®® affects E 4.

The concept of (de-)charging a discrete level trap can be
generalized to describe a trap distribution, where a state
located at the demarcation energy E,, (with respect to the
transport level) can be charged and discharged by applying a
small stimulus of frequency @

2
E, = kTIn=2. (A5)
w

If the trap distribution has a distinct maximum (and only in
this case), the inflection frequency g of the trap maximum
can be determined from the maximum in wdC/dw or Gy/w,
equivalently to a discrete trap level. Accordingly, v, follows
from the temperature dependence of (. Assuming that v,
which is obtained from the trap maximum, is valid for all
energies of the distribution, the frequency spectrum of the
impedance signal can be translated into an energy axis E,,,.
Moreover, according to Walter et al.”® and Burtone
et al.,*® knowledge of the Fermi level and the transport levels
enables relating the capacitive contribution of the traps to the
energy resolved DOOS. While Burtone et al. varied the
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parameters of a trap with an a priori assumed energetic dis-
tribution for fitting the related capacitance to measured C(w)
spectra, Walter et al. used a simplified device energy level
diagram to calculate the density of trap states directly from
the C(w) spectra. Thereby, the differential capacitance that
decays over a depletion region described by a plane capacitor
with a potential drop V4 can be expressed as follows:

ld_Ciledq

—_—— = A6
Addw AdVidw (A6)
1 e dq dE,
= A7
AdV4dE,, do (A7)

using the device area A, the depletion width d, the total
stored charge density ¢, and the potential drop over the
depletion layer V4. The frequency change of the energy dE,,/
dw = —kT/w follows from Eq. (AS5). Furthermore, the
charges contributing to the capacitance dg/dE, constitute the
density of occupied trap states distribution N(E,).
Accounting for a certain charge carrier distribution depend-
ing on the shape of the depletion region (in the direction per-
pendicular to the substrate plane), Walter er al.*> derived the
following relations for DOS reconstruction for an n-i-p solar
cell with hole traps obeying a linear energy level diagram
and for an n*-p~ device with a parabolic energy level
diagram

Vg dC o (linear)
Ad[eVg — (Epno — Eo)] dokT
M(Eo) = 2v3/? dC o
- _— arabolic).
AdveJeVa—(Ea—Fy) dwkr  PPOHC)
(A3)

Here, Ep, is the equilibrium Fermi level of the n-doped
layer and E, is the transport gap of the weakly doped layer.
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