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8 B Effects of Charge Carrier Transport on Device Performance of Organic
Crystalline Solar Cells

Single crystals are widely used in inorganic photovoltaic cells. However, in the
case of organic photovoltaic cells, most studies have been performed by using
polycrystalline films. The author believes that the ability of organic semiconductors
has not been fully utilized owing to the influence of grain boundaries. Thus, the author
tried to adopt organic single crystals to fabricate organic photovoltaic cells.

In this doctoral thesis, the author focuses on the effects of lateral charge carrier
transport on the performance of high-mobility organic crystalline photovoltaic cells.
The main objectives of this thesis are as follows.

(i) Lateral-type organic photovoltaic cells utilizing the long carrier range in
high-mobility organic single-crystalline films

Blended junctions consisting of donor and acceptor molecules are
indispensable to modern organic solar cells. However, the thickness of blended
junctions has a limitation owing to carrier accumulation arising from imperfections in
the electron- and hole-transport routes formed by percolation. The author proposes an
ideal structure, i.e., a lateral superlattice structure consisting of donor and acceptor
molecules that satisfy both exciton collection and carrier collection. Recently, organic
single crystals with high carrier mobilities (u) (reaching 43 em” V' s7') have been
reported. The high mobility observed in the direction parallel to the substrate due to
strong 7-7m interactions is greater than the mobility required for these proposed
photovoltaic cells. Therefore, the author attempted to fabricate lateral-type organic
photovoltaic cells utilizing the long carrier range in high-mobility organic
single-crystalline films.

(ii) Doped organic single-crystal photovoltaic cells

Recently, high hole mobility (40 em?Vls!) and long exciton diffusion length
(2-8 um) were reported for rubrene single crystals. Although these findings strongly
suggest the suitability of organic single crystals for photovoltaic cells, there remains
an obstacle related to carrier collection, which stems from the high resistivity of these
crystals owing to the absence of free carriers. On the other hand, we have a
bulk-doping technique for homoepitaxially grown rubrene single-crystal layers. This
technique can offer a doped high-conductivity route in organic single crystals for
carrier collection. Therefore, the author attempted to fabricate doped rubrene
single-crystal photovoltaic cells.



This thesis consists of six chapters.

In Chapter 1, the background on carrier transport and impurity doping in
organic semiconductors arc described. The motivations for carrying out the research
work in this thesis are presented.

In Chapter 2, the experimental equipment and methods are described.
Plate-like organic single crystals were grown by physical vapor transport. The
photovoltaic devices were fabricated using custom-made metal masks or a movable
mask system. Doped organic semiconductors were fabricated using a
"multicomponent co-evaporation’ technique." The deposition rates of the dopants were
monitored using a quartz crystal microbalance equipped with a computer monitoring
system. These rates were controlled using rotating shutters with aperture ratios of 1/10
and 1/100, which enabled the control of doping concentration to as low as 10 ppm.

In Chapter 3, we focus on the lateral transport and collection of electrons, and
adopted naphthalenetetracarboxylic dianhydride (NTCDA) single crystals as the lateral
electron transport crystal. The electron range (L.) was determined by varying the
inter-electrode distance (L). When L increased from 30 to 50 pm, the photocurrent
decreased significantly, i.e., the electron range (L.) was approximately 30 pm. Thus,
the operation of single-crystal organic photovoltaic cells using lateral electron
transport with macroscopic value of 30 pm was demonstrated. Based on the multiple
trapping model, since L. can be expressed by the equation L. = p.t.E (U electron
mobility, E: electric field), electron lifetime 7. was calculated to be 0.52 ms using L. =
30 pm and pe= 2.9 x 10Z%cm?V-'s™l, The large value of 1. close to the order of a
millisecond indicates the possibility of having electron ranges of the order of
millimeters.

In Chapter 4, the hole range of 0.4 mm was demonstrated using the high hole
mobility (un) organic semiconductor, dioctyl-benzothieno-benzothiophene (C38-BTBT)
(1s:43 cm®V's™h). In addition, the electron range of 0.2 mm was demonstrated using
the high electron mobility organic semiconductor, dioctyl-perylenetetracarboxylic
diimide (PTCDI-C8) (pe:1.7 em*V-'s!). Finally, lateral alternating multilayered
junctions combining C8-BTBT and PTCDI-C8 were demonstrated. A total of 93% of
the photogenerated electrons and holes were laterally collected over a long distance
(0.14 mm). The exciton diffusion length of 12 nm was obtained by changing the layer
thickness from 50 to 10 nm. The exciton-collection efficiency reached 75% with layer
thickness of 10 nm. A lateral organic alternating multilayered junction, which
completely collects both excitons and carriers, can be an alternative blended junction
for organic solar cells.

In Chapter 5, doped rubrene single-crystal photovoltaic cells were fabricated.
These photovoltaic cells can be regarded as a function-separated device. The p-doped
single crystalline layer acts as a p-type hole-transporting layer; the pn-homojunction
acts as the exciton dissociator; and the single crystal substrate acts as the exciton



collector. From the result of the area dependence of the pn-homojunction, the whole
photocurrent generated in the pn-homojunction with macroscopic area of 2 mm x 1 mm
was confirmed to be collected through the p-doped single crystalline layer. Namely, the
p-doped single crystalline layer can be regarded as a pseudo-electrode. In addition, the
analysis of the internal quantum efficiency depending on the light irradiation direction
showed that the single crystal substrate collected excitons to the pn-homojunction with
collection efficiency reaching 46%, owing to the long exciton diffusion length of 2.7
um,

In Chapter 6, the conclusions of this thesis and prospects for the future are
presented. The achievements of this work can be summarized as follows.

1) The operation of NTCDA single-crystal organic photovoltaic cells using lateral
electron transport with macroscopic value of 30 pm was demonstrated.

2) The hole and electron ranges of 0.4 mm and 0.2 mm were demonstrated for
C8-BTBT and PTCDI-C8 crystalline films, respectively.

3) A lateral organic alternating multilayered junction, which completely collects both
excitons and carriers, can be an alternative blended junction for organic solar cells.

4) The operation of a doped organic single-crystal photovoltaic cell was demonstrated.
The long exciton diffusion length of organic single crystals can eliminate the need
for blended junctions. The p-doped single crystalline layer can be regarded as a
pseudo-electrode.

The author believes that the work described in this thesis will lead to the
following future developments. First, a lateral device structure for organic solar cells
becomes possible using high-mobility organic single-crystal. Second, if whole doped
organic single-crystal substrates are realized, then doped organic single-crystal wafers,
similar to Si wafers, could be introduced.
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