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Effects of charge carrier behavior on device performance of
organic solar cells
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Summary (Abstract) of doctoral thesis contents

Organic solar cells (OSC) are unique energy harvesting devices due to their
flexibility, light weight and low fabrication cost. The performance of OSCs is
determined by three parameters; the short-circuit photocurrent (Jsc), the open-circuit
voltage (Voc) and the fill factor (FF). The value of Jsc is related to the
photo-generation process of the charge carriers. Recently, sufficiently high values of
Jsc for practical applications have been obtained by utilizing co-deposited films, i.e.,
with a blend of donor (D) and acceptor (A) molecules.

On the other hand, the values of Voc achieved are still too low for practical
applications. Therefore, in this thesis, the author has focused on the mechanisms
that determine the value of Voc. The value of Voc is primarily related to the energy
difference (Epa) between the highest occupied molecular orbital (HOMO) of the
donors (D) and the lowest unoccupied molecular orbital (LUMO) of the acceptors (A).
However, the observed values of Voc have so far been significantly less than Epa.
This loss in Voc is related to the energy band structure in the cell and the behavior of
the charge carriers, namely, recombination and carrier transport. These processes are
clarified in this thesis.

This thesis consists of five chapters.

In chapter 1, the motivation for this study and the fundamental principles of
OSCs are described. The charge carrier behavior in OSCs, including carrier transport
and recombination are also described, as are the impurity doping and alignment of the
energy levels.

In chapter 2, the hole and electron transport in phthalocyanine (H2Pc):fullerene
(Cs0) co-deposited films is described. The author has focused on charge carrier
transport in these co-deposited films. Hole- and electron-only devices were
fabricated by inserting heavily doped layers acting as ohmic contacts for holes or
electrons, respectively. The carrier mobility (x), the deep trapping lifetime (), and
the range (L) of the charge carriers, that is, the average distance that the injected
carriers can move until they are captured by the deep traps, for holes and electrons
were obtained selectively by impedance spectroscopy. The dependences of x4, zand L
on the HzPc:Ceo ratio were also obtained. For hole-only devices, un increases from
10-% to 10~* ¢cm? V! 57! and m decreases from 10~* to 10® s as the H.Pc ratio is
increased from 50% to 83%. For electron-only devices, e increases from 10~* to
102 cm? V-t st and m decreases from 10° to 10-® s as the Cgo ratio is increased from
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17% to 50%. Interestingly, Ln and Le remain constant and independent of the
H2Pc:Ceo ratio, with values of 0.34 and 9.4 um, respectively, obtained.

Because of the amorphous nature of the H2Pc:Cso co-deposited films, a multiple
trapping model is used to explain these results. Since holes are captured and
released by shallow traps many times, un is dominated by the number of shallow traps.
The author proposes that the magnitude of the disorder in H2Pc aggregates is related
to the number of shallow traps. The number of shallow traps decreases with
increasing H2Pc ratio since the magnitude of disorder decreases as the HzPc ratio
increases. Thus, un increases with increasing amounts of HoPc. Higher wun shortens
the time required for holes to reach the deep traps, i.e., the deep trapping lifetime ().
The increase in un and the decrease in = cancel each other out, so L is independent of
the HoPc ratio. This explanation is also valid for the observed dependences of e, z,
and Le on the Cego ratio.

Ln and Le are far greater than the typical thickness of co-deposited layers in
organic photovoltaic cells, which is around 100 nm. There is no recombination process
between holes and electrons in the hole-only and electron-only devices. Thus, the
author concluded that, under conditions without recombination, electrons and holes,
photo-generated in H2Pc:Ceo co-deposited films, can be collected at the respective
electrodes.

In chapter 3, the reasons for the loss in Voc in H2Pc/Ceo devices are described.
In the open-circuit condition, the photo-generated charge can be described by the
equilibrium between charge transfer and charge separation at the interface between the
donor and acceptor layers. The energy of the photo-generated charge under
open-circuit conditions is given by the charge transfer energy (Ect), which is equal to
Epba minus the exciton binding energy. If the recombination rate increases, the
observed Voc becomes lower than Ect. To clarify the relationship between the loss
in Voc and the charge recombination process, the author determined the energy loss
and the charge recombination properties.

The author fabricated planar heterojunction H2Pc/Ceo solar cells. Since Ecrt is
the low temperature limit of Voc, the temperature dependence of Voc was examined.
From this, Ect was determined to be 1.34 eV. The loss in Voc was also determined and
found to be 0.87 eV (= Ect — qVoc). In an ideal solar cell, the loss in Voc is due to
bimolecular recombination only. However, the measured dependence of Voc on the
light intensity indicates that there is both bimolecular and trap-assisted recombination
in the HoPc/Ceo devices. From the results of the temperature and the light intensity
dependences of Voc, the energy lost due to bimolecular recombination was found to be
0.55 and that due to trap-assisted recombination was 0.32 eV.

The dependence of the recombination lifetime on the charge carrier
concentration was estimated from a Cole-Cole impedance plot. The reaction order of



(AR 2)

(Separate Form 2)

the charge carrier recombination decreases as the temperature increases. A reaction
order of 2 means only bimolecular recombination occurs, whereas larger numbers
mean that trap-assisted recombination is also involved. The decrease in reaction
order with temperature indicates that bimolecular recombination is likely to happen at
higher temperatures because free charge is released from the traps.

The H2Pc/Ceo devices had a large loss in Voc related to trap-assisted
recombination. The temperature dependence of the reaction order revealed that
charge trapped at localized states was the main cause of the fast recombination. If
the number of localized states can be decreased, H2Pc/Ceo devices have the potential
to have larger values of Voc.

In chapter 4, controlling Voc by impurity doping is described. The energy band
structure near the interface between the donor and acceptor layers may change Voc
because alignment of the Fermi levels (Er) after the different layers are brought into
contact leads to a vacuum level shift near the interface and a change in Epa. The
author envisaged that the energy band structure could be controlled by the impurity
doping, as a result of which the Er of the organic layer could be manipulated. The
author applied impurity doping to the H2Pc/Ceo solar cells.

The doped H2Pc/Ceso devices showed that Voc decreased to 0.36 V when MoO3
was added to the HoPc layer as a p-type dopant, whereas it increased to 0.52 V with
Cs2C0O3 as an n-type dopant. Energy level mapping revealed that a vacuum level
shift had occurred near the donor/acceptor interface in the direction of decreasing Epa
with p-type doping and increasing Epa with n-type doping, corresponding to the
changes in Voc. To investigate the effect of impurity doping near the interface, the
author fabricated a number of HzPc/doped H2Pc/Ceo tri-layer devices with different
thicknesses for the thin doped H2Pc layer. For doped H2Pc layers from 5 to 10 nm,
the Voc changes gradually. The value of Voc of devices with 10 nm thick doped
H2oPc is almost the same as those with 50 nm thick doped H2Pc. The results indicate
that Voc is determined by the energy band structure within 10 nm of the interface
between the donor and acceptor layers.

The results demonstrate that the value of Voc in OSCs is determined by the
energy band structure near the donor/acceptor interface. The results also showed that
the energy band structure can be controlled through impurity doping and that Voc can
be increased by n-type doping. This impurity doping effect can be adapted to OSCs
in general.

In chapter 5, a summary of this thesis and the conclusions drawn from it are
presented. The future prospects are also given.
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This thesis can be summarized as follows.
The hole and electron ranges in the co-deposited films were estimated to be 0.34
and 9.4 um, respectively, by impedance spectroscopy. The charge carrier ranges
are far greater than the typical thickness of organic photovoltaic cells, indicating
that, in the absence of charge carrier recombination, electrons and holes
photogenerated in H2Pc:Ceo co-deposited films can be collected by their respective
electrodes.
The reductions in Voc due to bimolecular and the trap-assisted recombination in
the H2Pc/Ceo devices were estimated to be 0.55 and 0.32 V, respectively. The
temperature dependence of the reaction order revealed that charge trapped at
localized states was the main cause of the fast recombination. If the number of
localized states could be decreased, H2Pc/Ceso devices have the potential for larger
Voc.
The value of Voc can be controlled by impurity doping. The energy band
structure near the donor/acceptor interface has a major effect on the value of Voc.
n-type doping increased Voc to 0.52 V in H2Pc/Ceo devices due to the increase in
Epa resulting from the vacuum level shift.
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Summary of the results of the doctoral thesis screening

TRLF— c BEME» O AEKEELO mERICHERTE O TS, FHEKE
AL OMEERE X, A EI(Jsc), Bk EIE (Vo). MK F(FF) TR I N D, ML EIR
WZoWTIE, BMEr U7 ONAERBENHEBZICHEL T, AENF— - Tk
— P OREERBEG N REME L THRFIN TS, —FH T, ERICTe T TIEB R
BIE(Voo) DR I AREMA S T\ ad, BMoRETE L, FEMIZIE R —52 10 HOMO %
W& T 78T HE—4FD LUMO ¥fLD T X)L X —E TRk S 2528, Bl Sh % B s
JEZH S ICIRWE & 72 D, RFmSCTIX, BIAUREEICE R Z Y T, B S EE O A
N=RALERATHELEHIC, F—E 7L 3 F—HMNEEIZL > T, HIFWIC
BAOREBEZ K SIEDLZ LKL TV D,

B1ETIE, KWRXOEWN, FEERPBXONTWS, FE2ETIE, 7T =
77— L (CO0:H2P) A EEICEWT, BF ALV =T AN RALKR—NF Y —=F A
AL, AV E—F U AGHIEIC LI > THR— NV EBFOBBE L Hama il xR,
ZEFN T TETAMICESVTENLENOREEL 0.34 um, 9.4 um & EREIZHRE L
oo SHIZ, ZOfEIE, AEKEGEMOBEFEED 0.1 um X0 X0 KREL, v
TEIEICB T LK NT v 7Y A N OFEEE S EERDOBERTIER2 N &2l T
Wb, FEIETILI., 77X a7 =2 (H2Pc)/7 77— L (C6OMNDB D 2@ LIEEIZS
WC, BRBOR FEE DR AR YE . JEIRERAFER & 2R L. C60/H2Pc R DX ¥ U 7 i
fEA DB EERD O FBEFERTHY , BEHEGEBICEI>T055V, M7 v 7 %5
LA EHREICL T 032V ORBmEERIPAZAELLZ L EENIZTRLTND, &
Bz, A =X 2G5 MEIZE D Cole-Cole 7' v v FH 53R D 72 FfEE KIS IRE D IR
FEARIFEND, BIRTHF Y VT BMBEEINDI XA —WITEN N T v 7B N7 v 7 Hifb
AOERFRTHLHZ L EMALTWD, LEORELSL, HABMEELZHRKIEL7D
\Z1EX, C60/H2Pc i Zf b L THEW NI v 7ORELZWD S E DL HFIENAD THDL Z L
AREL TS, F$4ETIT, L2 EMEAHEICONT n B F—,3 F Cs2C03 H 5
WIZp B R— R0 F MoO3 A L3 BE A EAER L, F—Er 282 R L T
Wb, R=Er7BORBKAEDRE RS C60/H2Pc S ¥ % D H2Pc i~ n B K —
Uk o TERMWICHEBSEBEIEEZ R TEDLZEE2EIEL, 20 R—E 2 78 RIL,
S EE O 10 nm BEEFEBICIT ) OATREITLHZ L EHLNIL TS, S HIZ, F—
I ROt EEBOE{LE AV E L AEICE D ERL, F—E 7 %@ THim
DRV —HEHNPBIECE /R, HHORELEZ 2 br— L TEREZ L ZFEHL TW
5, FHHEETIZ, UEORKENEHNINL TS,

Lo X oo, ARamsoid, B a0 8 2720 A B K 15 % i oo BR Al &8 £ o i 2K &
ERBICHEIR L2 T2 <, mrEre A MR E L ~m g 72 s gt & LT B i &
EHERKTEDLZLELHEFLTVDE, ZNOLOKEIR, HEEMBOT A T 7 2 &5, ik
AR, ISAMICIEFRICL L OE WA TH D LRI T E -,

IRHONFIT, AR CEEREC, HEELPFIEFZL L TIWMAT TIZHBES
e 1T8AT7 787 ban, MIZ1@ARBETTHL, UboZ b, FEZBESITH
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