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Mg:Csy co-evaporation method has been performed to obtain fulleride of Mg.Cgp
thin films for carrier doping. Atomic concentration of the film has been examined
by x-ray photoelectron spectroscopy to calibrate the composition ratio, and the
results indicated that Mg concentration in the film was controlled well. Then, crystal
structure of the Mg: Cgsy mixing film has been examined by using grazing incidence
x-ray diffraction method. The diffraction patterns suggested that these films were
microcrystalline Mg..Cgy. Conductivity of the mixing films was increased as compo-
sition ratio of Mg increasing. It indicates that Mg atoms acted as carrier dopant.

Keywords Co-evaporation; grazing incidence X-ray diffraction (GIXD);
Mg, Cgo; X-ray photoelectron spectroscopy (XPS)

Introduction

Contact resistance within electrode/semiconductor interface is becoming a critical
limiting factor in conventional organic photovoltaics, because series resistance
degrades short-circuit current and fill factor. For that reason, the contact resistance
must be decreased for further improvement of the efficiency. It is known that carrier
doping in the vicinity of the interface decreases the contact resistance. Because high
carrier doping decreases thickness of depletion layer, and it results in enhancing tun-
nel injection [1]. It is known that alkali and alkaline-earth metals doping for fullerene
(Cgo) exhibit high conductivity and metallic behavior [2-4]. As an exception,
Mg-doped Cgo keeps semiconductor property [5,6], which means we are able to
modulate the conductivity and Fermi level of Mg-doped Cg. It is suggested that
Mg-doped Cgy have a high potential as n-type organic semiconductor. Chikamatsu
and co-workers reported that photovoltaics using top Mg:Ag electrode instead of Al
electrode reduced the contact resistance [7]. It is indicated that Mg atoms diffused or
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implanted into Cgq layer, and in that case, Mg atoms acted as carrier dopant. How-
ever, these types of doping technique have serious problem as follows. Diffusion or
implantation method is difficult to control dopant density and distribution. It is
especially disadvantage particularly for the thin film devices. Moreover, ion implan-
tation in Cgg leads to disintegration of Cgy molecules [8]. By contrast, co-evaporation
method is suitable for thin film devices, because we can control dopant density and
distribution. Mg doped Cg film by using co-evaporation method is worth to study
more.

In this study, we fabricated Cgo:Mg co-evaporated film, then, examined structur-
al and electrical characteristics of the film. We confirmed that fulleride of Mg,Cgg
was also obtained by the co-evaporation method.

Experimental Details

Polished Si (100) substrate was used as substrate. Substrate was cleaned with ultra
sonication and UV/O; treatment. Mg:Cgy mixing film was fabricated by
co-evaporation in high-vacuum chamber (10~ Pa). Deposition rate of Cg, was con-
trolled at 1 nm/min, and deposition rate of Mg was changed to control the compo-
sition ratio. Deposition rate was measured by quartz crystal deposition controller
(ULVAC CRTM-6000). Since sticking probability is varied with surface conditions
composition ratio was calibrated with atomic concentration examined by X-ray
photoelectron spectroscopy (XPS). XPS measurements were performed by Quantum
2000 (ULVAC-PHI) in AIST Nano-Processing Facility. Crystal structure of the thin
films was then examined by grazing incidence x-ray diffraction (GIXD). GIXD
measurement was performed by ATX-G (RIGAKU) at beamline BL46XU of
SPring-8. Conductivity of Mg:Cgy mixing films was examined by four-point probe
(FPP) method (KYOWARIKEN K-705RS).

Results and Discussions

Atomic concentration of the Mg:Cg, mixing film was examined by XPS to calibrate
the composition ratio. In most case, atomic concentration of the top surface is dif-
ferent from that of the bulk because of the surface contaminant. We cleaned the sur-
face of samples by Ar sputtering to avoid this issue. XPS depth profile of Mg:Cgq
mixing film was shown in Figure 1. Atomic concentration of the top surface was
different from that of bulk, which indicating surface contamination of the film.
We therefore used the value of bulk to reduce experimental error. We note that
organic materials are usually degraded by Ar sputtering. Some researcher used Cgg
ion beam and succeeded to minimize the sample degradation [9]. In the case of
low degradation samples, XPS spectrum shows no change in intensity throughout
the sputtering process. Here, the XPS depth profiles shown in Figure 1 were almost
constant value at the bulk region. Therefore, sputtering degradation of our work was
negligible. Composition ratio was transformed into the ratio of deposition rate using
following equation;

DRygDyg _ mvig  Myig (1)

b
DRceoDcso  ncso Mceo
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Figure 1. The XPS depth profile of Mg:Cg, mixing film. Argon ion was used for sputtering.
Sputter voltage was 1000 V. Sputter time of 0 min indicates top surface of the Mg:Cgq film.

where, DRy, is deposition rate of Mg [m/s], DRcgo is deposition rate of Cgo [m/s],
Dy, is density of Mg [kg/m], Dy, is density of Cgo [kg/m] nye is amount of sub-
stance of Mg [mol], nceo is amount of substance of Cegy [mol], My, is atomic weight
of Mg, Mcgo is molecular weight of Cgy, respectively. Then, composition ratio
obtained from deposition rate of quartz crystal deposition controller was calibrated
by that of XPS. Figure 2 shows result of the calibration. Calibrated composition
ratio was proportional to the square root of the deposition rate. It indicates that
Mg concentration in the mixing film was controlled well. For the application of elec-
tric devices, it is necessary to control not only doping density but also dopant distri-
bution. Since it was probable that Mg atoms diffused into Cgy layer, Mg density
distribution was examined by XPS depth profile. Figure 3 shows XPS depth profile
of Mg:Cego/Cso stacking film. Three different layers were identified in Figure 3.
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Figure 2. Calibrated result of composition ratio by atomic concentration ratio obtained by
XPS. Dashed line indicates fitted curve.
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Figure 3. The XPS depth profile of Mg:Cgy mixing film. Inset shows the sample dimensions.
Three layers with different composition ratio were stacked.

Boundary positions between each layer were not clear, because spatial resolution of
the XPS depth profile in this study was about 10 nm. Mg atoms were still observed at
pure Cgo layer (3rd layer) in the range of 0.1-1%. It indicates noise level because
there was no Mg peak in the XPS spectra. On the basis of above discussions, notice-
able diffusion of Mg atoms into Cgy layer was not occurred by performing
co-evaporation.

Crystal structure of Mg:Cgo mixing films was then examined by x-ray diffraction
method. Since co-evaporated film was very thin (about 100 nm), GIXD method was
used in this work. It is known that mixture of alkaline-earth atom and Cgg produces
fullerides of A Cgo. The alkaline-earth atoms occupy the octahedral and the tetra-
hedral interstitial site of Cg lattice [6]. Doping of Mg atoms results in the crystalline
phase transition from face-centered cubic to rhombohedral. It is reported that
Mg,Cgp is indexed with lattice parameters a=5=9.22 A, c=25.25 A, y=120°
[10]. It is also reported that Mg,Cgy (x =1.3-6.5) keeps rhombohedral phase [11].
Here, Figure 4 shows summary of the x-ray diffraction pattern of Mg:Cgg
co-evaporated films. Each Mg:Cqq profiles show broad peak at intermediate position
between (022) and (113) of pristine Cgy. These peaks were indexed as (110) of
Mg,Cgp, which is only appeared in rhombohedral phase of Mg,Cgo. Therefore,
Mg:Cg films fabricated by co-evaporation have a rhombohedral phase of Mg,Cep.
Weak and broad peaks in Mg:Cg mixing films suggested that disordered microcrys-
tal was grown on the substrate. In particular, diffraction peaks of Mg:Cgo=1.8:1
film were almost disappeared. It indicates that high doping of Mg prevent crystal
forming; result in a practical limitation of dopant density. Although poor crystal-
linity produces carrier mobility degradation, improving crystallinity of the
co-evaporated film is necessary for the application of electric devices such as organic
photovoltaics. Substrate temperature and deposition rate are taking a key role to
improve mobility of organic thin films [12]. Several researchers reported that the
mobility and crystallinity of vacuum evaporated Cg films were improved as sub-
strate temperature increasing [13-15]. In addition, Itaka and co-workers reported
that crystallinity of Cgy on flat pentacene monolayer were much improved [16].
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Figure 4. Summary of the x-ray diffraction pattern of the Mg:Cgy mixing films. Ticks indicate
reflection positions of Mg,Cg,. Grazing angle and wavelength of x-ray was 0.14" and 1.1807 A,

respectively.

We expect that the mobility and crystallinity of Mg,Ceo was improved by the same

manner.

Then, conductivity of Mg:Ceo mixing films was measured by four-point-probe
method. Figure 5 shows conductivity vs. composition ratio plot. Conductivity of
the film abruptly increased at Mg:Cgo = 1:1, then, conductivity increased as compo-
sition ratio of Mg increasing. Mg atomic density in the film is in this condition was
about 10*cm 3. In other words, enhancement of conductivity was only shown in

quite high dopant density.
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Figure 5. Conductivity vs. composition ratio plot obtained by FPP method. Electrode pitch

and diameter of the probe

was I mm and 150 um, respectively.
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high carrier trap density and very low mobility because of poor crystallinity of the
film which was suggested in Figure 4.

Conclusion

In conclusion, we have fabricated Mg:Cgy mixing films by using co-evaporation
method. Atomic concentration of the film was examined by XPS, and we found that
Mg concentration in the film was controlled well. GIXD and FPP measurement
confirmed that we have succeeded to make the fulleride of Mg,Cgo, and Mg acted
as carrier dopant. Further improvement of the crystallinity will be necessary for
the application of electric devices such as organic photovoltaics.
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