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We report the dynamic admittance, both in the dark and under illumination, of heterojunc-
tions made of poly(3-hexyl thiophene)/1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]Cs;
(P3HT:PCBM) blends, which are used in efficient organic solar cells. In the dark there
appears a huge low frequency negative capacitance which we associate with slow electron

hole bimolecular recombination at the heterojunction interfaces. Surprisingly, under pho-
toexcitation the negative capacitance gradually disappears with increasing light intensity.
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We attribute this positive photoinduced capacitance to the combined effect of (1) long
lived photogenerated charges at the P3HT:PCBM interfaces that increase electron-hole
bimolecular recombination rate, which in turn renders the capacitance less negative and
(2) trapped photogenerated charges that increase the capacitance upon re-emission.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

We report a huge dark negative capacitance (NC) and its
disappearance under illumination in organic bulk hetero-
junction devices made of poly(3-hexylthiophene)(P3HT)
and 1-(3-methoxy carbonyl)propyl-1-phenyl[6,6]Cs;
(PCBM). Photovoltaic cells based on P3HT:PCBM blends
are among the most efficient in this class of devices [1-
4]. The NC phenomenon in various devices, such as
inorganic Schottky diodes, inorganic homojunction photo-
detectors, organic light emitting devices and more, has
been reported previously, while its origin is still under de-
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bate [5-9]. In many cases, the frequency, w, dependence of
the NC spectrum, ((w), has been shown to be directly re-
lated to current relaxation [5,6] or electron-hole (e-h)
recombination in bipolar organic devices [7,9]. The pri-
mary cause for the NC is probably different in different sys-
tems. In the present case of organic heterojunction devices,
the NC is observed under bipolar charge injection condi-
tions. At low enough frequencies the NC saturates reaching
(in absolute value) up to ~500 times the geometrical
capacitance at low frequencies. The bias voltage and fre-
quency dependencies of NC enable us to determine the
e-h bimolecular recombination (BMR), which is responsi-
ble for the spectral behavior of the NC and the correspond-
ing dynamic sample conductance.

Upon photoexcitation the NC diminishes in magnitude
and the capacitance reaches even positive values under
sufficiently intense illumination. We attribute this positive
photoinduced capacitance to the combined effect of (1)
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long lived photogenerated charges at the P3HT:PCBM
interfaces that increase e-h BMR rate, which in turn
renders the capacitance less negative and (2) trapped
photogenerated charges that increase the capacitance
upon re-emission.

2. Experimental

Thoroughly cleaned indium tin oxide (ITO) covered
glass slides are used as substrate. An L~ 800 nm thick
photo-active layer made from a regio-regular (rr)-
P3HT:PCBM solution (1:1, 2% in chloroform) was cast by
the doctor blade technique on the substrate. The Al top
contacts were applied by vacuum deposition, followed by
an annealing step (5 min at 120 °C). The diodes (active area
A~ 12 mm?) showed a rectification ratio of ~10% at 1V
(Fig. 4, inset). Forward (positive) bias conditions are ob-
tained when the ITO is wired (+) and Al wired (-). An HP
4284A LCR-meter operated in the frequency range
f=w/2m =20-10° Hz (20 mV ac voltage) was used to
measure the complex admittance Y(w), from which the
capacitance (C(w)=ImY(w)/wo and the conductance
G(w) = ReY(w) were extracted. We carefully analyzed the
low frequency regime in order to make sure that the ex-
tracted C(w) and G(w) are not influenced by any parasitic
circuit reactance [10]. The 532 nm line of a Nd:YVOy4 laser
was used as light source for the photoinduced admittance
measurements. All measurements reported here were
done at room temperature.

3. Results

In Fig. 1 we display the measured frequency dependent
capacitance of the ITO-P3HT:PCBM-Al device in the dark at
various applied forward bias voltages. For Vs > 0.3V, we
observe a negative contribution to the capacitance and re-
late it to current relaxation [5] due to e-h recombination in
the bipolar injection regime [6,9]. This negative contribu-
tion becomes more dominant as the voltage increases
above 0.35V, where ((w) becomes more negative as the
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Fig. 1. Frequency dependent capacitance measured on an ITO-
P3HT:PCBM-AI device shown for various forward bias from 0.3 to 1.5V
(as marked). Symbols: data points, solid lines: fits to the data. The 0.3 V
data is multiplied by 10 for clarity. Inset: C(50 Hz) vs bias voltage. Black
squares — data points and red stars - fit (see text).

bias increases. The effect of increasing bias on NC is shown
in the inset of Fig. 1 where the measured capacitance at
50 Hz, (50 Hz), is plotted as a function of Vy;,s. At 1.5V,
C(50 Hz) ~ —200 nF, which is (in absolute value) ~500
times the geometrical capacitance, C; = ¢A/L ~ 0.4 nF
(& ~ 3¢y is the sample static dielectric constant and & is
the vacuum permittivity).

The decrease in capacitance as f decreases below ~5-
10 kHz, is accompanied by a corresponding increase in
the conductance, as shown in the inset to Fig. 2. The zero
value G(f ~ 0) corresponds to the static conductance di/
dV. Denoting AG(f) = G(0) — G(f), the quantity AG(f)/f (up
to f~ 10kHz) is proportional [11] to the corresponding
changes in ¢’(f), the imaginary part of the dielectric func-
tion associated with the process. In Fig. 2, AG(f)/f is dis-
played for various bias voltages, showing the bell shaped
curves characteristic to ¢’. Note the shift of the curves’
maximum towards higher frequencies for higher bias; this
is consistent with the observed faster recombination pro-
cess at higher voltages (see discussion below).
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Fig. 2. The frequency dependence of AG(f)/f = [G(20 Hz) — G(f)] /f for the
same device as in Fig. 1, showing the typical bell shaped loss function
behavior. Symbols: data points at various bias voltages (in V) as marked.
Inset: G(f) vs f for Vs = 1.5 V.
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Fig. 3. The capacitance of the ITO-P3HT:PCBM-Al device vs frequency
measured under laser illumination (532 nm) at I =5, 100, 250 pW, as
marked (Vyias ~ 0.6 V). For clarity, only the frequency range 0.02-15 kHz
is shown. Inset (a): the photoinduced changes AC = Ciigne — Caark (in nF) at
f=50Hz vs I; (on a log-log plot) for Vy;,s = 0.35 (black square) and 0.5 V
(red dots) The solid lines are fits to AC « I;’* law. Inset (b): AC (in nF) at
f=50Hz vs Vy,s for I; = 100 pW (red dots) and 250 pW (black square).
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We now turn to the effect of photoexcitation on NC. In
Fig. 3 the measured capacitances of a ITO-P3HT:PCBM-Al
device under 532 nm continuous irradiation (Cjign) are
shown in the bipolar charge injection regime for various
light intensities, I;. A significant increase in the capacitance
due to illumination is observed at low frequencies. Above
15kHz up to 1 MHz the photoinduced changes in the
capacitance are very small (not shown in Fig. 3). The pho-
toinduced changes in the capacitance, AC = Ciight — Caark,
are sensitive to both the light intensity and applied bias.
Inset (a) to Fig. 3 shows the dependence of AC(50 Hz) on
I, at fixed V. The observed AC o« I}/? for both Vi, =
0.35 and 0.5V is indicative of a BMR mechanism for the
photoinduced carriers. Inset (b) to Fig. 3 shows the depen-
dence of AC(50 Hz) on Vi, at fixed I;. Below Vs = 0.35V
AC(50 Hz) < 3-4 nF, then a sharp rise at Vy,,s ~ 0.35V fol-
lowed by a plateau (where AC(50Hz) > 100nF for
I, > 100 pW/cm?) above ~0.6 V are evident.

4. Discussion

The negative contribution to the dark C((w) is observed
here only at Vyi,s > 0.3V, under the conditions of bipolar
injection. NC is more pronounced at higher forward bias
voltages, where the conductance of the device is higher.
The maximum frequency at which NC is observed is re-
stricted approximately to f< 2 kHz at Vy,s = 1.5V where
NC is most pronounced. Such low frequencies represent
time scales which are much longer than the single carrier
transit time in this device (~5 ps at 1V). It is therefore
plausible to analyze the NC as a separate process dominat-
ing the other transport processes in this frequency range.
Previously, such an approach was used by Penin [5] in or-
der to account for NC in semiconductor Schottky diodes via
impact ionization of impurity atoms and in GaAs homo-
junctions via interface states mediated recombination [6].
In our previous publication [9] we have shown that the
NC spectrum measured in organic semiconductor devices
could be accurately described when treating NC as a sepa-
rate mechanism in addition to the effect of space charge. In
all these approaches the recombination plays an important
role. Under bipolar injection conditions (with dc conduc-
tance Go = dI/dV) and for a finite recombination time, 7,, a
negative contribution (of the order of 7,Gp) to the capaci-
tance should be expected at frequencies w < 1;!; this is
similar to the negative contribution to the capacitance
which occurs simultaneously with an increase in conduc-
tance at frequencies below the reciprocal transit time in
a unipolar SCLC device. The effect of recombination on
the capacitance and conductance can be summarized as
follows [5,6,9]:
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where G, is the conductance associated with the process.
As can be seen from Eq. (1), the maximum of the conduc-
tance (and most negative capacitance) occurs for o < ;!
near w ~ 0; at higher frequencies the conductance de-

creases due to the diminishing carrier density (x (wt,)™?
for w > 7;1) and the capacitance becomes less negative.

It is important to note that the shorter is the recombination
time, the wider is the frequency range in which NC can be
observed experimentally. We can now use Eq. (1) in order
to fit the data in the bipolar injection regime
(Vbias = 0.35V in Fig. 1). In the relevant range where the
NC is dominant (up to 5 kHz), the fits (solid lines, Fig. 1) ac-
count very well for C(w). In particular, we notice the exper-
imentally observed leveling off of C(f) below 30-40 Hz,
that is very well accounted for by Eq. (1). Furthermore,
the voltage dependence of C is also fully explained by our
analysis, as can be seen in the inset to Fig. 1, where the
stars denote the capacitance calculated using the parame-
ters obtained from the frequency fits at each voltage.

The losses due to e-h recombination in the bipolar
injection regime are clearly revealed in the AG(f)/f plots
shown in Fig. 2. The changes A&’(w) = [G/(0) — Gr(w)]
J® = Gow12/(1 + w?72) (Eq. (1)), can be ascribed to the
losses due to recombination. As formally expected from
the inter-relation between C(f) and G(f), exactly the same
parameters, 7, and Gy, obtained from the C(w) fits in
Fig. 1, account accurately for the peak frequency and peak
height of AG(f)/f in Fig. 2.

Interestingly, the voltage dependence of the fitted con-
ductance, G, follows exactly that of the static conduc-
tance, dI/dV, as seen in Fig. 4, where we find that
Gro(V) o< dI/dV for the entire bias range. The proportional-
ity of the fitted G,, (from the complex admittance experi-
ment, Figs. 1 and 2) and the measured dI/dV (from the dc
I-V experiment, Fig. 4, inset) further supports the inter-
consistency of the experimental results.

The recombination rate, 7;!, extracted from the fits
shows a linear dependence on Vy;,,, as shown in Fig. 4.
From the dI/dV curve we see that bipolar injection (as well
as NC) starts at Vs ~ 0.35V; thus the actual injection
voltage is V = Vy,s — 0.35 V. The straight dashed line in
Fig. 4 is a linear fit to the data. The linear dependence on
Vimplies a BMR mechanism under bipolar injection, where
the average BMR rate, 75}, may then be written as [12]
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Fig. 4. The recombination parameters t;! (left axis) and Gy (right axis),
extracted from the fits to the NC data of Fig. 1, are shown vs Vy;,. The
straight dashed line is a linear fit, 1/t (m s~ ') = 0.55 + 1.45(Vp;as — 0.35 V).
The static admittance dI/dV (multiplied by 0.3) is overlayed (right axis) on
the extracted G,o for comparison. Inset: current density J (in mA/cm?) vs
Vbias (1[1 V)
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where y = voy is the BMR coefficient, v is the average e-h
microscopic relative velocity, gy is their recombination
cross section, and 71 is the average carrier density. The mea-
sured mobility of the carriers in annealed rrP3HT:PCBM is
of the order y ~ 10~ cm?/Vs for both electrons and holes
[13]. The linear fit of the data in Fig. 4 then yields
y ~ 107> cm?[s, similar to the value observed by other
techniques [7,14,15]. This BMR coefficient, y, is ~10° times
smaller than the Langevin BMR coefficient: 7y, =
2e(u, + t,)/€. Obviously, a high recombination coefficient
inhibits the efficiency of organic photovoltaic devices.
The reduced BMR coefficient has been suggested to be
the result of different pathways for electrons and holes in
the heterojunction device [14,16]. Being confined to differ-
ent phases or pathways, electrons and holes would recom-
bine only at the interfaces between the phases. Thus the
volume in which the recombination occurs is only a small
fraction of the total volume in which the current flows.

Under bipolar injection, where the NC is dominant, it is
surprising that by adding photoinduced carriers the NC de-
creases in magnitude, as shown in Fig. 3. Moreover, the
reduction in NC, AC, increases dramatically in forward bias
as seen in Fig. 3 (inset (b)). Inset (a) of Fig. 3 shows that
AC 12/2. Assuming that AC is proportional to the steady
state density of the photogenerated carriers, the square
root dependence on I; implies that the photogenerated car-
riers undergo BMR process, in agreement with previous
observations [14].

The photoinduced positive contribution AC increases
sharply at the onset of bipolar injection. It may therefore
be related to the phenomenon of negative capacitance,
which also appears only under bipolar injection. Such inhi-
bition of the negative capacitance may be due to an in-
crease in recombination rate by the photoinduced
carriers decreasing thereby the magnitude of the NC,
according to Eq. (1). Such photo-enhancement of the
BMR may not be surprising since the photoinduced charges
are predominantly created at the heterojunctions, where
the local electric field breaks the photoexcited excitons.
The increased carrier density at the heterojunction, where
most of the bimolecular recombination takes place, short-
ens thus the recombination time. Alternatively, positive AC
may arise from trapped photoinduced carriers: upon re-
emission from the traps the capacitance increases [17].
The effect of traps may be more evident from the maxi-
mum observed in the spectrum of Cig(f) at around
f~1KkHz (Fig. 3 at I, = 100 and 250 uW). It is plausible that
the 532 nm illumination excites deep compensated donors
or acceptors, which may then become deep traps for the
injected carriers. If the emission rate from these photogen-
erated traps (PGT) is epcr, then the increase of the capaci-
tance due to the traps is ACper(®) o 1/(1 + @?/eder) [18].
Taking now into consideration both the effect of NC inhibi-
tion (i.e. reduced NC under light) and the PGT contribution
(ACpcr), the frequency dependent admittance data under
illumination at I; = 0.1 and 0.25 pW is very well accounted
for with epcr ~ 3 x 10* s~! (Fig. 3, solid lines). Emission

rates of the same order of magnitude were previously
found for deep traps in organic diodes [19].

5. Summary

In summary, we have shown that in bulk heterojunction
diodes made of annealed composites of rrP3HT and PCBM
and under forward bias conditions a huge (up to ~500(,)
negative capacitance is observed. We show that finite elec-
tron hole recombination times make it possible to observe
the negative capacitance in the bipolar injection regime.
We extract the bimolecular recombination coefficient and
show that it is ~1000 smaller than the Langevin value. Un-
der illumination, the total capacitance becomes less nega-
tive reaching even positive values at sufficient intensities.
This phenomenon may arise from an enhancement of the
BMR rate at the heterojunction interfaces due to the extra
carrier photoinduced density at exactly these donor-
acceptor interfaces. Alternatively, it may arise from
trapped photoinduced carriers.
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