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Abstract

In the previous chapters, we have investigated the use of a tandem architecture to con-
struct solar cells comprising two layers based on the same large-bandgap polymer. How-
ever, it goes without saying that these device structures are especially suitable for com-
bining different polymer:fullerene blends in one device. The aim of this chapter is to
investigate the potential of several novel materials and device architectures in tandem
solar cells using optoelectronic modeling. Several aspects of the complex interplay be-
tween optics and electronics in polymer tandem cells are highlighted. It is predicted
for the materials under study that the maximum increase in efficiency relative to the
optimized single-junction cells is about 25%.



The design rule that is generally considered most important for series-connected inorganic
multijunction solar cells involves matching of the current densities at the maximum power
point. Losses due to current mismatch are minimized by adjusting the layer thickness for
each layer, depending on the bandgap and absorption coefficient of the absorber material.
The material with the largest bandgap is usually the first cell encountered by the incoming
light, as photons that are not absorbed in this layer are passed through a tunnel junction
and may be absorbed in the smaller-bandgap layer(s) underneath. However, since polymer-
based solar cells operate fundamentally differently, the optimal design of tandem devices is
not necessarily equal to that of inorganic multijunction solar cells. A notable example is
the ‘inverted’ device structure adopted by Kim et al., [1] in which the less-performing small-
bandgap PCPDTBT:PCBM heterojunction had to be placed in front of the large-bandgap
P3HT:[70]PCBM layer for best results.

At the basis of studies on the optimization of tandem polymer solar cells is the descrip-
tion of interference effects on light absorption in the thin-film structure, similar to the case
of single-layer cells. [2–5] As a first step, one can then attempt to minimize optical losses
by looking for subcell thickness combinations that result in an equal amount of absorbed
photons in both subcells. [6] In a more elaborate approach, a measure of the short-circuit
current density can be obtained by taking into account the internal quantum efficiency,
either as a constant [7] or semi-empirical value. [8] Conditions of equal Jsc in the front and
back cell can then be used as a guide for device optimization. However, differences in
electronic performance of the subcells generally affect not only the short-circuit currents,
but the fill factor as well. Persson and Inganäs calculated the currents at the maximum
power points of tandem subcells as a function of their layer thickness and found distinctly
different optimal results compared to the optimization of absorption alone. [9] An empir-
ical optimization procedure for polymer tandem solar cells, incorporating the influence
of changes in the shape of the J −V curves with layer thickness as well as the internal
electrical biasing of subcells with different Jsc,

[10] was reported together with experimen-
tal verification by Gilot et al. [11] Although the methodology serves as a convenient means
of determining the optimal subcell thicknesses, it provides little information on the actual
device-physical origin of limitations to the performance of the system under study.

In this chapter, we discuss the optimization of tandem polymer solar cells based on sim-
ulations using an integrated optoelectronic device model. The final output comprises the
J−V curves of front, back and tandem cells at varying subcell layer thicknesses. In Section
7.2, we compare optimization procedures based on optical and combined optoelectronic
considerations and we show by device simulations that the effects of optics and electronics
on the performance of polymer tandem cells are strongly intertwined. Next, the advantage
of using an additive in the processing of PCPDTBT:PCBM cells (see Chapter 3) on the effi-



ciency of tandem devices with a PF10TBT-based front cell is investigated in Section 7.3. We
conclude this chapter with a discussion of tandem cells with an inverted device structure
(Section 7.4).

This section considers tandem polymer solar cells containing subcells of P3HT:PCBM
and PTPTBT:[70]PCBM. PTPTBT belongs to a series of coplanar semiconducting poly-
mers identified as thiophene-phenylene-thiophene (TPT) derivatives which were synthe-
sized by the Industrial Technology Research Institute (ITRI) in Taiwan. [12] The polymers
contain a backbone of thiophene units fused to neighboring phenylene moieties. These
TPT derivatives are based on earlier work of Wong et al., [13] who designed novel copla-
nar chromophores for organic light-emitting diode (OLED) applications with the aim to
increase the degree of π-conjugation and, thus, to enable efficient photoluminescence and
high charge carrier mobilities. Aryl groups were added as peripheral substituents to reduce
intermolecular π−π interactions. A promising power conversion efficiency of 3.3% was
achieved for a TPT derivative that was blended in a 1:3 w/w ratio with [70]PCBM and
spin coated from a dichlorobenzene solution. Later, a 2,1,3-benzothiadiazole moiety was
incorporated to reduce the bandgap of the polymer, which for the original TPT deriva-
tives was found to be around 2.1 eV. [14] This resulted in the polymer PTPTBT, of which
the chemical structure is shown in Figure 1.7. PTPTBT does show enhanced absorption
at higher wavelengths and from the solid-state absorption spectrum (Figure 7.1) an optical
bandgap Eopt

gap of approximately 1.7 eV can be estimated.

Figure 7.1: Absorption spectrum of a thin film of PTPTBT that was spin coated from ODCB
on a quartz substrate. The optical bandgap Eopt

gap amounts to ∼ 1.7 eV.



As a result, solar cells based on a blend of this polymer with [70]PCBM reached ef-
ficiencies up to 4.4% due to an increased Jsc of around 100 A/m2. [14,15] Moreover, using
a composite middle electrode based on sol-gel titanium oxide (TiOx) and PEDOT:PSS a
promising power conversion efficiency of 4.6% for a tandem cell of PTPTBT:[70]PCBM
and P3HT:[70]PCBM was obtained by Chen et al. [15] To find the best option for tandem
cells comprising P3HT and PTPTBT, we investigate devices in which the large-bandgap
cell is placed in front of the small-bandgap cell (P3HT/PTPTBT stack) and vice versa
(PTPTBT/P3HT stack). As a first step we determine the optical properties of the photoac-
tive materials and predict the optimum stack based on optical considerations only. Next,
we determine the electrical properties of the PTPTBT:[70]PCBM solar cells and design
the tandem structure based on matching of the short-circuit current density Jsc. As a final
step we do a global optimization based on the construction of the current–voltage curves
of the tandem cell and discuss the deviations that occur in comparison with the optical and
Jsc matching approach. We find that the highest efficiency of 4.9% is obtained when the
large-bandgap P3HT:PCBM subcell is placed in front, with active layer thicknesses of front
Lfront = 65 nm and Lback = 90 nm. When the order of the photoactive layers is reversed, the
optimal efficiency amounts to 4.6% at Lfront = 50 nm and Lback = 130 nm, which closely
agrees with experimental results reported by Chen et al. [15]

In order to assess the maximum attainable efficiency for tandem cells comprising these D–A
blends the optical constants of both BHJ systems are required. The n and k of a 1 : 0.8 w/w
blend of electronic grade P3HT from Rieke Metals Inc. and PCBM were taken from litera-
ture, [16] whereas those of PTPTBT:[70]PCBM were determined experimentally using the
VASE technique. In Figure 7.2, we compare the absorption coefficient α of the layers, calcu-

Figure 7.2: The wavelength-dependent absorption coefficient of P3HT:PCBM and
PTPTBT:[70]PCBM layers on glass.
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Figure 7.3: Number of absorbed photons Nph in the subcells of (a) a P3HT/PTPTBT stack
and (b) a PTPTBT/P3HT tandem cell versus front and back layer thickness. The darker surface
represents the back cell. The black lines indicate the intersection of the surfaces, i.e., points
where Nph,front =Nph,back.

lated from α = 4πk/λ. Indeed, the absorbance spectrum of PTPTBT:[70]PCBM extends
to longer wavelengths. Unfortunately the contribution of the polymer to the total absorp-
tivity appears to be limited as the main features resemble those of pure [70]PCBM. [17] It is
therefore expected that the significant overlap of the absorption spectra of both blends will
impede highly efficient operation of tandem cells.

With the optical constants known we can calculate the photon absorption profiles
in the various layers of the tandem stacks. Integration of the photon absorption pro-
files over the subcell layer thickness gives the number of photons absorbed in that layer,
Nph. This number is plotted for each subcell and tandem stack type (P3HT/PTPTBT and
PTPTBT/P3HT) versus front and back layer thicknesses between 10 and 300 nm in Fig-
ure 7.3. Comparison of Nph in the front cell of the two different stacks clearly shows that
the PTPTBT:[70]PCBM system absorbs more photons due to its enhanced spectral cov-
erage of the solar spectrum. Furthermore, absorption in the P3HT:PCBM back cell of
PTPTBT/P3HT stacks with a thick front cell is severely hampered by this strong absorp-
tion in the PTPTBT:[70]PCBM layer. In the thickness regime under study, the maximum
of the equal- Nph curve (isoline) of the P3HT/PTPTBT stack amounts to 5.4×1020 m−2s−1

at Lfront = 140 nm and Lback = 250 nm. These would be the layer thicknesses of choice based
on the optical optimization. For the PTPTBT/P3HT stack, the maximum of matched Nph

occurs at Lfront = 85 nm and Lback = 225 nm. Of course, thicker layers absorb more light
and most probably there are more local maxima at Lfront and Lback values beyond 300 nm.
However, device performance will undoubtedly go down due to electronic losses in such
thick cells.



Before we can calculate the J − V curves of tandem polymer solar cells containing a
PTPTBT-based subcell, we should be able to model the experimental data of single-layer
cells. The current–voltage characteristics of solar cells from blends of PTPTBT and PCBM
or [70]PCBM are shown in Figure 7.4a. Except for the value of Jsc, which changes due to
stronger light absorption by the less symmetrical [70]PCBM, [17] the photovoltaic proper-
ties of PTPTBT:PCBM and PTPTBT:[70]PCBM cells are very similar. As shown in Figure
7.4b, the record efficiency of 4.4% obtained by Chen et al. [15] could not be reproduced due
to a lower short-circuit current. The results for PTPTBT:PCBM, however, were closely
reproduced, with Jsc = 57 A/m2, Voc = 0.81 V, FF= 0.54 and η= 2.6%.

The main experimental inputs for our electronic model are the hole and electron mo-
bilities and the field-dependent charge generation parameters. To determine the hole mo-
bility in PTPTBT:[70]PCBM diodes, standard electronic-grade PEDOT:PSS could not be
used. The forward-bias current through ITO/PEDOT/PTPTBT:[70]PCBM/Pd/Au de-
vices was found to be injection limited, which makes a direct determination of the hole
mobility less obvious. By replacing the electron-blocking palladium back electrode by a
molybdenum trioxide / aluminum (MoO3/Al) hole-injecting contact, an ohmic hole con-
tact was realized which resulted in a J ∝V 2 dependence of the current density on voltage.
From temperature-dependent hole transport measurements on such PTPTBT:[70]PCBM
(1 : 3 w/w) diodes (Figure 7.5), we determined a low-field hole mobility of 1.5×10−8 m2/Vs
and an activation energy ∆ = 0.28 eV. The dark current of solar cells with PEDOT:PSS

(a) (b)

Figure 7.4: (a) Experimental J −V characteristics of PTPTBT-based solar cells with PCBM
and [70]PCBM as acceptor. The cells show Voc = 0.80± 0.01 V and F F = 0.53± 0.01, but Jsc
is 50% higher for the [70]PCBM cell (87 A/m2) compared to the cell with PCBM (58 A/m2).
(b) Experimental power conversion efficiency of PTPTBT:[70]PCBM solar cells, as taken from
Ref. 14 (filled circle, η = 4.4%) and as measured in the present study (open circle, η = 3.6%).
The line represents the result of an optoelectronic simulation discussed below.



(a) (b)

Figure 7.5: (a) Hole-only current density through an ITO/PEDOT/
PTPTBT:[70]PCBM/MoO3/Al device at various temperatures. In forward bias the
MoO3/Al electrode injects holes into the HOMO of PTPTBT. The applied voltage was
corrected for the built-in voltage (Vbi) and the voltage loss over the ITO electrode (VRs). The
lines denote numerical simulations with a field-dependent mobility. A low-field hole mobility
of 1.5 × 10−8 m2/Vs was obtained at room temperature. (b) The activation energy of the
mobility is determined to be∆= 0.28 eV.

and LiF/Al electrodes was assumed to be electron-dominated. From fits of the SCL current
under forward bias an electron mobility of 8.4× 10−8 m2/Vs was estimated.

The remaining input parameters are determined by modeling the field- and temperature-
dependent photocurrent of single-layer PTPTBT:[70]PCBM devices. In Figure 7.6, the ex-

(a) (b)

Figure 7.6: Temperature dependence of the experimental photocurrent (symbols). Saturation
at high reverse bias indicates that all charges are extracted. From fits using the Braun model
(lines), preliminary values of a and k f are determined. (b) Light intensity dependence of the
photocurrent (symbols), together with numerical device simulations (lines).



perimental data are shown together with calculated fits. Fits of the photocurrent at various
temperatures to Jph = qGL with G given by Eq. 2.2 according to the Onsager-Braun model
resulted in approximate values of the initial e–h pair separation distance a = 2.0 nm and
the bound pair decay rate k f = 2.5× 106 s−1 (see also Table 7.1). It is clear that Jph satu-
rates at high effective voltages, which allows an unambiguous determination of Gmax. Next,
the photocurrent was measured at various light intensities and numerical simulations were
performed to model the experimental data over the entire voltage range. At short-circuit
conditions, a light intensity dependence Jph ∝ I 0.97 was observed, which shows that the
photocurrent is not limited by space charge formation. This is in line with the lack of a
region with Jph ∝ V 1/2 and it is fully consistent with the high value of µh and the obser-
vation of a reasonable fill factor FF = 0.52. However, this fill factor is still considerably
lower than that of P3HT:PCBM devices, mainly originating from the larger k f value. This
shows that the dissociation probability in PTPTBT:[70]PCBM devices is reduced due to a
stronger recombination of the electron–hole pairs, similar to the case of PCPDTBT:PCBM
solar cells. [18]

The result of a calculation of the layer thickness dependence of the power conversion
efficiency of single-junction PTPTBT:[70]PCBM cells based on the derived device param-
eters is shown together with the maximum efficiencies achieved at ITRI [15] and in the
present study in Figure 7.4b. In agreement with the experiments, the simulations pre-
dict an attainable efficiency of 4.4%. Nevertheless, the model shows a strongly thickness-
dependent efficiency and indicates that for best results the PTPTBT:[70]PCBM layer should
be kept thin.
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Figure 7.7: Short-circuit current density Jsc of the subcells in (a) a P3HT/PTPTBT stack and
(b) a PTPTBT/P3HT tandem cell versus front and back layer thickness. The darker surface
represents the back cell. The black lines indicate the intersection of the surfaces, i.e., points
where Jsc,front = Jsc,back.



As a next step, the optimum tandem cell device structure is designed by incorporation
of electronic effects through optimization of matching Jsc. Note that the optical absorption
profiles are taken as an input for the electrical J −V calculations. This optoelectronic
modeling enables the determination of the short-circuit current of each separate subcell
and the layer thicknesses at which current matching is accomplished. We have plotted the
short-circuit current density of each subcell inside the two stacks versus Lfront and Lback (see
Figure 7.7). Each point on the Jsc surface is extracted from a simulated J −V curve.

It can be seen that the combined electronic and optical effects cause a change in shape
of the 3D data surfaces as compared to the optical optimization (Figure 7.3). In Figure 7.7a,
for example, the smaller slope of Jsc versus Lback compared to that of Nph− Lback in Figure
7.3a causes a strong shift of the isoline towards lower Lfront for the P3HT/PTPTBT stack.
In other words, for thick PTPTBT:[70]PCBM back cells a match is found with thinner
P3HT:PCBM cells due to the low internal quantum efficiency of the former. According
to this procedure, the optimal P3HT/PTPTBT tandem device consists of front and back
subcells with layer thicknesses of 80 nm and 90 nm, respectively, and produces a (matched)
short-circuit current density of 58.7 A/m2. For the PTPTBT/P3HT stack the optimal
thicknesses are Lfront = 45 nm and Lback = 135 nm, with Jsc = 53.7 A/m2. These results are
rather different from the design following the optics-only analysis.

Matching of the short-circuit currents does not necessarily lead to the global optimum of
η. [11] Since the tandem cell is optimized for maximum output power at Vmpp > 0, there is

Table 7.1: Parameters used in the numerical simulations of the current–voltage characteristics
on which Figure 7.8 is based.

Parameter Symbol Value

P3HT:PCBM PTPTBT:[70]PCBM

Effective bandgap Egap 0.97 eV 1.21 eV

Electron mobility µe 3.0× 10−7 m2/Vs 8.4× 10−8 m2/Vs

Hole mobility µh 1.5× 10−8 m2/Vs 1.8× 10−8 m2/Vs

Effective density of states Nc 2.5× 1025 m−3 2.5× 1025 m−3

Relative dielectric constant εr 3.4 3.6

Initial bound pair distance a 1.8 nm 2.0 nm

Bound pair decay rate k f 2× 104 s−1 2.5× 106 s−1



(a) (b)

Figure 7.8: Calculated power conversion efficiency η of (a) P3HT/PTPTBT and (b)
PTPTBT/P3HT tandem solar cells as a function of front and back layer thickness. The cir-
cles indicate the global maxima of η.

no obvious reason why both subcells should produce the same amount of current under
zero bias. As a final step we calculate the full J −V characteristics of the tandem solar
cells and determine the efficiency for each tandem cell configuration. Table 7.1 shows
the model parameters that were used in the simulations. Those of PTPTBT:[70]PCBM
are based on the photocurrent modeling of the single-layer devices shown in the previous
paragraph and the values for P3HT:PCBM were taken from literature. [19,20] The results are
shown in Figure 7.8. The simulations show a slightly higher maximum efficiency when
the large-bandgap P3HT:PCBM subcell is placed in front: η = 4.9% at Lfront = 65 nm and
Lback = 90 nm. For the PTPTBT/P3HT stack, the maximum efficiency is η = 4.6% at
Lfront = 50 nm and Lback = 130 nm. Excellent agreement is found between our simulations
and the experimental results of Chen et al., who have reported an efficiency of 4.6% for
a PTPTBT/P3HT tandem cell using active layer thicknesses of 50 nm and 120 nm for the
front and back cell, respectively. [15]

Figure 7.9 shows all isolines based on the analyses of Nph, Jsc and η projected on the
Lfront − Lback plane, together with the corresponding optimized layer thickness combina-
tions. It is clear that the outcome of the optics-only analysis differs substantially from
those of the optimization procedures taking into account electrical effects. Tandem cells
designed on the basis of optical optimization alone would result in efficiencies of 3.2%
(P3HT/PTPTBT) and 3.6% (PTPTBT/P3HT), which shows that optical modeling alone
is not sufficient. The optimum layer thickness combination and device efficiency based on
Jsc matching in the case of the PTPTBT/P3HT stack is rather close to the global optimum
of η, determined by full optoelectronic modeling. Matching of Jsc leads to an optimal effi-
ciency of 4.5%, which shows that it is a good indicator of the overall optimum efficiency



(a) (b)

Figure 7.9: All isolines plotted in the Lfront − Lback plane for (a) P3HT/PTPTBT and (b)
PTPTBT/P3HT tandem devices. The open circles indicate the optimal layer thickness combi-
nations based on only optical considerations (solid isolines) and matching of Jsc (dashed isolines).
The filled circles mark global maxima of η.

of tandem cells for this particular layer stack. A larger difference is found in the opti-
mal Lfront of the P3HT/PTPTBT stack, which is mainly caused by the higher FF of thin
P3HT:PCBM front cells. In general, the differences in Jsc and FF of the subcells together
will determine whether Jsc matching is a good predictor of the optimal design or not (see
also Section 7.4).

Although the PTPTBT/P3HT stack has a lower global optimum of the efficiency com-
pared the P3HT/PTPTBT sequence, Figure 7.8b shows that there is a larger Lfront− Lback

window in which the efficiency depends on layer thickness only weakly. The η-isolines
indicate that for all front cell thicknesses between 75 and 100 nm, independent of Lback, the
PTPTBT/P3HT tandem solar cell has an efficiency of 3.5% or higher. In contrast, in the
same thickness region, the P3HT/PTPTBT stack has points where η < 3.0%. It is obvi-
ous that due to optical interference there is a strong effect of Lback on the efficiency of the
tandem cell, but it is not yet clear whether the effect is purely optical.

In the following, we take into account the contributions of both the short-circuit cur-
rent and the fill factor to the efficiency by assessing the interference effects on the current at
the maximum power point Jmpp. To elucidate the difference between the situations inside
the two stacks, we take a cross-section of Figure 7.8 at an indicative front layer thickness
Lfront = 80 nm. As shown in Figure 7.10a, at this front layer thickness, the PTPTBT/P3HT
stack outperforms the P3HT/PTPTBT sequence for 120 nm < Lback < 200 nm. At these
back layer thicknesses, where one would intuitively expect a valley in η due to interference
effects on Jmpp, the profile of η versus Lback is flattened by a sudden bump in the fill factor



(a) (b)
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Figure 7.10: (a) The efficiency of the PTPTBT/P3HT stack varies less strongly with Lback. (b)
A sudden bump of the fill factor of the tandem cell is found, which originates (c) from the fact
that front and back cell are alternatingly limiting Jmpp. (d) In the P3HT/PTPTBT cell, the back
cell limits Jmpp for all Lback and no beneficial effect of FF is obtained.

of the tandem cell, which is plotted in Figure 7.10b. In the P3HT/PTPTBT stack, no such
rise in FF is observed. As shown in panel (c), this is related to the occurence of a change in
the cell that is limiting Jmpp. The fill factor of the tandem cell closely follows the fill factor
of the current-limiting cell, [21] which is the P3HT:PCBM back cell for Lfront = 80 nm and
Lback between 100 nm and 175 nm. For all other values of Lback the PTPTBT:[70]PCBM
front cell limits the fill factor of the tandem device. In the case of the P3HT/PTPTBT stack
(Figure 7.10d) the PTPTBT:[70]PCBM back cell is current-limiting for all back layer thick-
nesses and, therefore, the gradually decreasing FF does not ‘fill in’ the dip in the η− Lback

curve.



Bulk heterojunctions of the low-bandgap polymer PCPDTBT and PCBM exhibit signifi-
cant absorption at wavelengths between 600 and 900 nm. This materials system is therefore
a promising candidate for tandem solar cells when combined with a large-bandgap junc-
tion such as PF10TBT:PCBM. As shown in Chapter 3, the efficiency of single-junction
PCPDTBT:PCBM solar cells depends drastically on the solvent system that is used for
processing. Upon addition of 1,8-octanedithiol (ODT) to the polymer:fullerene solution,
the efficiency of PCPDTBT:PCBM solar cells was increased from 2.0% to 3.0% due to de-
creased recombination of photogenerated bound pairs. Here, we investigate the effect that
processing with the additive has on the optimization of a tandem cell.

A similar sequence of optoelectronic simulations as discussed in the previous section
was performed to find the optimal layer thickness combination with maximum efficiency.
No effect of the addition of ODT on the optical properties of PCPDTBT:PCBM layers
was assumed, which means that any change in absorption due to different PCBM loading
was neglected as well. The simulations of PCPDTBT:PCBM junctions as discussed below
were performed using the optical constants and electronic device parameters presented in
Chapter 3. For PF10TBT:PCBM, the values presented in Table 6.1 were used.

First, the layer thickness dependence of Jsc and FF of a single-junction PCPDTBT:PCBM
device are considered. The calculated data are shown in Figure 7.11, together with the best
experimental results. Since the simulations predict a slightly larger short-circuit current,
the resulting maximum power conversion efficiency is marginally higher than those found
in experiment (without ODT η= 2.1%, with ODT η= 3.2%).

(a) (b)

Figure 7.11: The influence of ODT on (a) the short-circuit current density and (b) fill factor of
single-layer PCPDTBT:PCBM devices with varying layer thickness, both simulated (lines) and
measured (symbols).



(a) (b)

Figure 7.12: Simulated power conversion efficiency of tandem cells with a PF10TBT:PCBM
front cell and a PCPDTBT:PCBM back cell, (a) without and (b) with 1,8-octanedithiol.

Next, a PF10TBT:PCBM and PCPDTBT:PCBM tandem stack with ZnO/PEDOT:PSS
interlayers was considered. Figure 7.12 shows the influence of ODT on the resulting
power conversion efficiency. Please note that with the applied simulation parameters for
PF10TBT:PCBM, a maximum single-layer efficiency of 4.3% is obtained. It turns out that,
without using the additive, the PF10TBT/PCPDTBT tandem cell produces a maximum
efficiency of 4.6%. The advantageous effect on efficiency of adding a potentially 2.1%
efficient low-bandgap cell to the PF10TBT:PCBM device is thus only 0.3% absolute. Obvi-
ously, using the more efficient ODT-containing device leads to a higher performance with
a maximum η of 5.1%.

In both cases, the PF10TBT:PCBM subcell in the optimized tandem device is 110−
120 nm thick and has an efficiency of approximately 3.0% with Jsc = 52± 1 A/m2, Voc =
0.97 V and FF = 0.56± 0.02. As expected, the increase in efficiency is therefore largely
due to an enhanced Jsc and FF of the PCPDTBT:PCBM back cell (Jsc = 59 → 69 A/m2,
FF= 0.43→ 0.55).

Since light absorption in this system is much more complementary than in the P3HT/
PTPTBT systems of Section 7.2, the presence of a thick front cell does not hinder photocur-
rent generation in the back cell. This can be seen clearly in Figure 7.13a. At Lback = 300 nm,
for instance, the current density at the maximum power point of the back cell hardly de-
pends on the front layer thickness. Furthermore, the isoline is now closer to the Lfront-axis
as light absorption in the back cell increases more strongly with its layer thickness due to
its narrower bandgap. In other words, a small increase in Lback requires a large increase in
Lfront in order to maintain a balance in Jmpp.
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Figure 7.13: (a) Conditions of current matching at the maximum power points of the subcells
and (b) distribution of light absorption inside a PF10TBT/PCPDTBT tandem cell, modeled
using the parameters obtained from data of ODT-processed devices.

The maximum efficiency of 5.1% is obtained for subcell layer thicknesses Lfront =
120 nm and Lback = 80 nm. Figure 7.13b shows the spectral and spatial distribution of
light absorption in such a tandem device. The position x spans both photoactive layers and
the middle electrode, i.e., it runs from the PEDOT:PSS/PF10TBT:PCBM interface (x = 0)
to the PCPDTBT:PCBM/LiF interface (x = 250 nm). The transparency of the middle elec-
trode is clearly resolved, as the absorbance of UV light in ZnO and near-infrared photons
in pH-modified PH500 feature only minor bumps. Several peaks arise in the photoactive
layers due to complex interference effects influenced by wavelength-dependent light incou-
pling. The absorption profiles for various characteristic wavelengths are shown in Figure
7.14.

Figure 7.14: Absorption profiles inside the tandem device at various characteristic wavelengths
(cf. Figure 3.2): equal absorption coefficient for both junctions (λ = 450 nm), absorption
maximum of PF10TBT:PCBM (λ = 560 nm) and absorption maximum of PCPDTBT:PCBM
(λ= 700 nm).



Up to this point, the tandem junctions discussed in this thesis are constructed of two series-
connected bulk heterojunctions with a regular bottom-anode-top-cathode device structure.
Stability issues related to electrode degradation can be reduced by employing a bottom-
cathode-top-anode architecture containing an interlayer that now serves as anode for the
front cell and cathode for the back cell. There are reports on solution-processed inverted
tandem polymer solar cells comprising a composite PEDOT:PSS/ZnO middle electro-
de, [22,23] but partly due to the electrodes no positive effect on the efficiency was found.
This section discusses the processing and modeling of an inverted tandem device structure
that, although not entirely processed from solution, can be made robustly and is expected
to enable highly efficient tandem polymer solar cells.

The tandem structure used here is based on the inverted device structure proposed by
de Bruyn et al. [24] A precursor-route ZnO on ITO serves as the transparent cathode of the
front cell and a thin MoO3 layer deposited via vacuum evaporation acts as hole-extraction
layer. The second subcell starts with a ZnO bottom contact on top of the MoO3 anode of
the front cell and is completed with a MoO3/Al top electrode (Figure 7.15).

As a benchmark for this device structure, we prepared inverted PF10TBT:PCBM double-
junction cells. The performance of such a device is compared to that of a single-layer in-
verted reference cell in Figure 7.16. An S-shape of the J −V curve around Voc is obtained,
which indicates that charges are prevented from passing through the middle electrode. The
measurements were performed under white light illumination with substantial UV in the
lamp spectrum. It is possible that UV absorption in the first ZnO layer prevents sufficient
photodoping of the second, although illumination for extended periods did not change the
shape of the curve at all. The MoO3/ZnO middle electrode therefore acts either as a coun-

Al
MoO3

Photoactive layer

ZnO

ITO

MoO3

Glass

incoming light

Photoactive layer

ZnO

Figure 7.15: Device structure of an inverted tandem polymer solar cell. The metal oxide layer
thicknesses are 10 nm for MoO3 and 20 nm for ZnO.
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Figure 7.16: (a) Current-voltage characteristics and (b) electric power output of an inverted
PF10TBT:PCBM double-junction device and a single-layer inverted reference cell. The inclu-
sion of gold clusters at the ZnO/MoO3 interface eliminates its charge-blocking behavior and
the inflection point in the J −V curve.

teracting p-n junction (for low conductive ZnO) or Schottky barrier (if ZnO is doped).
Either way, it limits the efficiency of the tandem cell to 2.7%, whereas the single-layer in-
verted reference cell is 4.0% efficient. The charge-blocking behavior of the middle electrode
can be lifted by the inclusion of very thin layer of metal clusters [25] at the MoO3/ZnO in-
terface. Thermal evaporation of 1 nm of gold on MoO3 prior to the deposition of ZnO
efficiently removes the inflection point and enables an efficiency of 4.1%.∗

Since regular and inverted tandem cells contain different layers in a different sequence, it
is of relevance to compare the optimization of the two structures. For the back cell, we use
a small-bandgap copolymer of TPT and diketopyrrolopyrrole (DPP) referred to as PTPT-
DPP (Eopt

gap = 1.4 eV), which was synthesized at ITRI. [26] The optoelectronic properties of
PTPTDPP:[70]PCBM layers were determined in the usual manner, i.e., by measuring the
optical constants with ellipsometry and simulating the field- and temperature-dependent
photocurrent of representative single-junction (regular) solar cells. Figure 7.17 shows the
absorption spectra of PTPTDPP:[70]PCBM and PF10TBT:PCBM, as well as the simulated
J−V curves of optimized single-junction cells. Simulations based on the measured parame-
ters indicated an optimum layer thickness of 90 nm for single-layer PTPTDPP:[70]PCBM
solar cells with Jsc = 112 A/m2, Voc = 0.73 V, FF= 0.53 and η = 4.3%. These simulations
are in excellent agreement with the best experimental results obtained at ITRI. [27]

∗ The performance of the double-junction cell is limited by a lower fill factor of 0.55 (compared to 0.63 for the
single-junction device). The open-circuit voltage is virtually doubled with a loss of only 15 mV and the ratio of Jsc
in the tandem and single-layer cell amounts to 59%.
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Figure 7.17: (a) Absorption coefficient of PTPTDPP:[70]PCBM layers compared to
PF10TBT:PBCM. (b) Simulated J −V curves of the optimized single-junction cells.

We will now consider the PTPTDPP:[70]PCBM cell as the back cell in regular and
inverted tandem devices with a PF10TBT:PCBM front cell. After running the combined
optical and electronic simulations and constructing the J −V curves of the tandem cells,
the power conversion efficiency for varying layer thicknesses is calculated (see Figure 7.18).
The regular tandem cell has a maximum efficiency of 5.3%, which is an increase of 23%
compared to the optimized subcells. It is clear that the maximum efficiency of 5.0% for
the inverted structure is lower than that for the regular device and the corresponding front
cell thickness is smaller (160 nm versus 180 nm). Since the difference in efficiency is related
to a decrease in Jsc (see Table 7.2), the intuitive explanation would be that absorption in
MoO3 and related interference effects deteriorate light incoupling in the photoactive layers.
Indeed, the number of absorbed photons Nph is more unbalanced in the subcells of the

(a) (b)

Figure 7.18: Power conversion efficiency of (a) regular and (b) inverted tandem solar cells of
PF10TBT:PCBM and PTPTDPP:[70]PCBM. The maxima are indicated by the open circles.



Table 7.2: Simulation results for regular and inverted PF10TBT/PTPTDPP tandem cells. Op-
timized power conversion efficiencies are indicated in bold. The parameter limiting η of each
inverted tandem device (compared to the regular cell) is underlined.

Stack Cell L [nm] Jsc [A/m
2] Jmpp [A/m

2] Voc [V] FF η [%]

Regular Tandem 61 43 1.68 0.52 5.3

Front 180 57 40 0.96 0.50 2.8

Back 110 73 49 0.71 0.52 2.9

Inverted Tandem 57 40 1.67 0.52 5.0

Front 160 53 37 0.96 0.50 2.5

Back 110 78 53 0.71 0.51 2.8

Tandem 60 42 1.67 0.49 4.9

Front 180 56 37 0.96 0.46 2.4

Back 110 75 50 0.71 0.51 2.7

optimal inverted device with Lfront = 160 nm and Lback = 110 nm than in the most efficient
regular cell with Lfront = 180 nm and Lback = 110 nm. The short-circuit current density of
the inverted tandem cell is lower, as the current-limiting front cell absorbs less light than
in the regular stack. The question arises why the optimum for the inverted tandem cell
is not found at larger Lfront. After all, the optical simulations indicate that an inverted
stack with Lfront = 180 nm and Lback = 110 nm even absorbs 1% more photons than a
regular device with the same dimensions due to enhanced absorption in the back cell. As
indicated in Table 7.2, the decrease in efficiency relates to a lower fill factor of the inverted
device. Compared to the regular device, FF drops from 0.52 to 0.49 whereas no significant
difference in Jsc and Voc is found. The current-limiting PF10TBT:PCBM front cell with
FF= 0.46 is responsible for this result.

What causes the decrease in fill factor of the PF10TBT:PCBM front cell in the inverted
tandem device? The light enters the inverted cell through the transparent ZnO cathode,
whereas in the regular cell this occurs at the positive electrode. Since the absorption pro-
files in both cases have similar shapes and more light is absorbed close to the transparent
electrode, the photogenerated charge density is largest at the anode in the regular cell and
at the cathode of the inverted cell. This is illustrated by the dotted lines in Figure 7.19,
which represent the generation rate of bound pairs G versus the position x in the device,
taken as the distance from the cathode. Plotted in the same graph are the total generation
rate of free charge carriers (solid lines), given by the product of the dissociation probability
P and G, as well as the net free carrier generation rate U (dashed lines) at the maximum



(a) (b)

Figure 7.19: Generation and recombination in the PF10TBT:PCBM front cell of (a) a regular
and (b) an inverted tandem cell at its maximum power point. The position x is measured from
the LiF/Al (regular) or ZnO (inverted) cathode. The grey area represents the photogenerated
charges that are lost due to recombination. The potential drop over the front cell is 0.69 V for
the regular structure and 0.56 V for the inverted device.

power point of the tandem device. The difference between PG and U equals the amount
of recombined charges, which is given by the grey area between the curves. In the inverted
cell, the relatively slow holes in PF10TBT on average have to travel a longer distance to
the anode than in the regular cell. In steady state, this increases the average amount of
holes in the relatively thick subcell, which results in increased recombination and space
charge effects on the electric field. [28] At the maximum power point of the tandem device,
recombination losses amount to 14.9% in the regular cell and 17.4% in the inverted device.

It is noted that both panels (a) and (b) of Figure 7.19 illustrate the situation at the actual
maximum power point of the tandem device (MPPT) and not that of the front cell itself
(MPPF). This means that the potential difference over the front cell includes biasing effects
due to charging of the middle electrode at conditions of maximum output power for the
tandem cell. The determination of this voltage is illustrated for the inverted device in Figure
7.20a. At the maximum power point of the inverted tandem cell with Lfront = 180 nm and
Lback = 110 nm the current density equals 41.8 A/m2. Using Kirchoff’s law (horizontal
dotted line), we find that under these conditions the front cell operates at a voltage of
0.56 V, which is lower than its own Vmpp,F of 0.66 V (indicated by the uppermost filled
circle). The field in the front cell is therefore larger than at MPPF, whereas the back cell
experiences a slightly increased forward bias of 0.61 V compared to its maximum power
point at 0.54 V. This bias effect at MPPT is similar to the phenomenon that often occurs at
short-circuit conditions. [10,11]
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Figure 7.20: (a) Determination of the voltage over the front cell at the maximum power point
of the inverted tandem cell with Lfront = 180 nm and Lback = 110 nm. (b) Current density at
the maximum power point of the subcells. The darker surface represents the back cell; the solid
line denotes points where Jmpp,F = Jmpp,B.

The highest match of Jmpp,F and Jmpp,B in inverted tandem cells is 36.8 A/m2 at Lfront =
150 nm and Lback = 50 nm. No matches are found for Lback > 50 nm, since the back cell
produces much more current due to its broader absorption spectrum as shown in Figure
7.20b. It turns out that the overall maximum of Jmpp,T occurs in the inverted device with
Lfront = 180 nm and Lback = 110 nm, in which Jmpp,F and Jmpp,B are highly unbalanced (see
Table 7.2). At the global optimum of the efficiency, i.e., at Lfront = 160 nm and Lback =
110 nm, the currents at MPPF and MPPB are even more dissimilar. Although Jmpp,T is
lower at this front cell thickness than at Lfront = 180 nm, a higher FF and η are obtained as
it is compensated for by a larger Vmpp,T (1.23 V versus 1.17 V).

In this chapter, we investigated the influence of several design aspects in polymer tandem
solar cells. It was shown that device simulations should account for both optics and elec-
tronics in order to accurately predict the efficiency of polymer tandem solar cells. The
variation of the power conversion efficiency of a tandem cell with the thickness of its
P3HT:PCBM and PTPTBT:[70]PCBM subcells was found to be dependent on the or-
der of the photoactive layers, due to the simultaneous effects of optical interference and
dissimilar internal quantum efficiencies in the heterojunctions. Although PTPTBT has
a lower optical bandgap than P3HT, the beneficial effect of a tandem structure does not
seem to arise from complementary but rather more efficient absorption, similar to what
was found for PF10TBT:PCBM in Chapter 6. When PF10TBT:PCBM is combined with
PCPDTBT:PCBM, however, an efficiency enhancement of almost 20% can be expected if
the small-bandgap cell is processed with ODT. From a processing point of view, a tandem



cell of PF10TBT:PCBM and PTPTDPP:[70]PCBM is slightly more promising as simula-
tions indicate that a tandem cell efficiency of 5.3% may be achieved without the use of
additives or post-processing treatments. In an inverted tandem architecture the efficiency
of the relatively thick PF10TBT:PCBM front cell is reduced, as the inverted generation
profile causes increased recombination and space charge. At the maximum power point of
the optimized tandem solar cell, the front cell cannot match the high current generated by
the small-bandgap back cell.

A full understanding of the working mechanism of tandem polymer solar cells thus
demands meticulous modeling of their optical and electronic properties. The thin lay-
ered structure of polymer solar cells, their field-dependent photogeneration of charges and
the spatial and energetic disorder in organic materials yield the analysis distinctly differ-
ent from that of inorganic tandem cells. If photocurrent generation in polymer solar cells
were less field dependent and absorption more complementary, one would have more free-
dom in matching the currents at maximum power output by changing layer thicknesses
and higher efficiencies would be feasible. It remains to be seen whether it is possible to
design OPV materials with such properties. In any case, the possibilities for further op-
timization of (tandem) polymer solar cells will depend predominantly on the availability
and characteristics of novel materials.
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