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Summary (Abstract) of doctoral thesis contents

The potential low-cost of organic semiconductor devices has resulted in a great deal of
attention being paid to this type of semiconductor. In the case of organic photovoltaic cells,
co-deposited films, i.e., blends of two types of organic semiconductor, have been widely studied.
In addition, to design an energetic structure, impurity doping is the standard technique.

Furthermore, the standard method for separately and simultaneously determining the
carrier concentration (N) and mobility () in doped inorganic semiconductors is by making Hall
effect measurements. However, the use of this method for doped organic single crystals has not,
so far, been reported.

In this doctoral thesis, the author has focused on the development of a precise impurity
doping technique at the ppm level both for organic thin films and organic single crystals. The
carrier concentration per unit volume (N, cm®) and the mobility (n) of doped organic single
crystals were successfully determined using the Hall effect for the first time. Moreover, the
performance of organic photovoltaic cells was enhanced by directly doping co-deposited films

even with extremely low doping concentrations of 1 ppm.

This thesis consists of six chapters.

In chapter 1, the background to the impurity doping of both inorganic and organic
semiconductors and the motivation for carrying out the research work described in this thesis are

presented.

In chapter 2, the experimental equipment and methods are described. Rubrene single
crystals possessing band-like transport properties were employed for the Hall effect
measurements. Co-deposited films of fullerene and a-sexithiophene (Ce0:6T) were used for the
organic photovoltaic cells. Iron chloride (FeCls) and cesium carbonate (Cs2CO3) were used for
the accepter and donor dopants, respectively. Doped organic semiconductors were fabricated
using a ‘multi-component 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, 1/100, and

1/1000, which enabled us to control the doping concentration to as low as 1 ppm.

In chapter 3, the Hall effect measurements made on the doped organic single crystals is
described. Also, the first successful achievement of the fabrication of a doped homoepitaxial
single crystal layer on rubrene single crystal by an ultra-slow co-deposition technique is

described. The minimum deposition rate for 1 ppm doping with FeCls was 10° nm st A
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systematic study of both the hole concentration per unit volume (N, cm-3®) and the Hall mobility
(uH) of FeClsz-doped homoepitaxial rubrene single crystal was carried out using Hall effect
measurements. With 100 ppm doping, N = 2.6 x 1017 cm™® and pn = 1.4 cm?V-1s'! were obtained.
It was found that (i) the doping efficiency, i.e., the ionization rate of the acceptor dopant, of the
rubrene single crystal (24%) was higher than that of a rubrene vacuum deposited film (1.2%),
which can be attributed to the lower concentration of hole traps and that (ii) there was a decrease
in un from 4.6 to 0.13 cm?V-1s! as the doping concentration was increased from 10 to 1000 ppm,
which can be attributed to scattering effects due to lattice disturbances. These results are a first

example of Hall effect measurements made on doped organic single crystals.

In chapter 4, the field-effect mobility of doped organic single crystals are described.
FET mobility (uret) can be regarded as the drift mobility (up), which is dominated by carrier
traps. The drift mobility (up) was about two-orders of magnitude less than the Hall mobility
(1n). Since holes captured by traps cannot move under the influence of the Lorentz force, pH
contains no contribution from the trapped holes. So, we concluded that the lower pup values can
be attributed to the effect of hole traps formed by lattice disturbances, which decrease the
velocity of the holes by capturing them. The activation energy of the hole traps was determined

to be 0.37 eV by measuring the temperature dependence of pp.

In chapter 5, the effects of impurity doping in simple n*p-homojunction organic
photovoltaic cells are described. Here, + means heavily doped. The n*p-homojunctions were
formed in Ce0:6T co-deposited films with acceptor (FeCls) and donor (Cs;CO3) dopants. The
doping concentration of FeCls in the p-layer was varied from 1 to 1000 ppm. The doping
effects can be divided into three regions. Firstly, from 0 to 10 ppm, the fill factor (FF)
increased due to the appearance of majority carriers (holes). Secondly, from 10 to 100 ppm, the
photocurrent density (Jsc) increased due to an increase in the built-in potential, i.e., the formation
of an n*p-homojunction. Thirdly, above 100 ppm, FF and Jsc decreased due to the decrease in
hole mobility and depletion layer width, respectively. Thus, we confirmed that the photovoltaic

cell performance could be enhanced by the extremely low doping concentration of 1 ppm.

In chapter 6, the conclusion to this thesis and prospects for the future are presented.
The following summarizes the achievements made in this work.
1) ppm-level doped homoepitaxial rubrene single crystal was successfully fabricated by
means of an ultra-slow co-deposition technique with a deposition rate as low as 10-° nm s-1.
2) Hall effect in doped rubrene single crystal was systematically measured for the first time.
3) A relatively high doping efficiency, reaching 24%, and a decrease in py due to scattering
effects owing to lattice disturbances were observed in the doped rubrene single crystal.
4) Enhancement of the photovoltaic performance with an extremely low doping

concentration of 1 ppm was confirmed.
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The author believes that the work described in this thesis will lead to the following future
developments.
1) The detailed doping mechanism in doped organic single crystals, such as the state of the
dopants, the doping induced lattice disturbances, such as vacancies, interstitials, etc., will
be clarified.

2) New types of organic device using doped organic single crystals will be fabricated.



AR 3)
(Separate Form 3)
Mt CEASRLOHET
Summary of the results of the doctoral thesis screening

ARG EMICREINDEHPLERT S RZBWT, Al K— 2 7T HEARFA
RigFHiEE7ZoTWsD, L2, | ppm IZETHMME R—E L 7 OHRITHONTIE, H#F
THBIEE N ERMP oI, RELEFwHIXTIEL, ppm F—E 7 LI AHBER A O R — LR
PECHIR THID TRHREI L, ppm F—E > 7 L 7= A B IR K 158 it o Y6t & 7 Bk 3 52 1
LDEBORTARMINTE) LT,

F1ETIE, A XOEW, fRET LB TWDS, H2ETIE, 7787 % —
(FesCle) DA EEE A 10 nm/s £ TEBIKEIC T 2HEMIC LD ppm K= 7L, F—L%)
RICEDZ RV U7 ABERROX Y U TRE - BEIEOREE., EOERFIENERDL
NTWb, FEIWETIE, VI LV UABEMNS LICRETEYF Uy VRS ELLT L
i%%%m\%ﬁ177t7& Z 1705 1,000 ppm R—E 27 L, v U T7EELBH
BEx, R— B RICE > TEMAICHE L, AERERSDO F—E 7% (1 4 k)
ﬁ§M%T\T7%7v7701ﬁ¢)L2%uw”W%& CREWHREZDRRTWD, Fa4ETIX, L
O R—E 7 LT LB G OB AR (FET) BEE ORI E NS | R — /L 8) BT H
BLICE D FETBEEIZ N7 v I Lo TR INTNDHZ &, BLY, F—v 7 2h®RZX
F—Hyf’&ﬁ%?yf%ﬁ%%%ﬁé*&fé%ﬁﬁif%éﬁ PHEEIRRTND,
FOHETIE, pn REHEAZROAKRERKGEMICISW T, 1 ppn DMBfHE F—E 7 )
DERFEICEEBERBND 2, ThbbH, F@?ﬁtﬁ&—%ﬁo~mpmfw%ﬁ%v
U7 OFAEICL iBEERF2AE KL, 10~100 ppm TIXPEE R OB KIZ KV 6 E T A H
KL, 100~1,000 ppm TIEF ¥ U 7 BEHHEORKDIC L0 dfRR BB T 52 & &2 T
W5, FOETIL, MEBERIFLDELAZLOBENRBRILNTWVD,

UED X5z, Kamix, ARFEER~D ppm F—E 27 F—E 7 HERMEL S W
I, INFETIZRAWVWHDHLZHFEL WD,

IR ONRFIT, AFfM R CEEEIC, HEEPE I EZEL L TIH M BEHI AT
D, UbozZenb, FEZESITHBERXAEL (BY) OoRGICET L EL2E T
T L7,



