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Abstract. We report here deposition of crystalline Ge nanoparticle films using a radio
frequency magnetron sputtering method in argon and hydrogen gas mixture under a high
pressure condition. The size of Ge nanoparticles is deduced to be 6.3-6.4 nm from the peak
frequency shift of Raman spectra. Raman and X-ray diffraction spectra show that the films are
crystalline. The film crystallinity strongly depends on substrate temperature (T,). Highly
crystalline Ge nanoparticle films are successfully fabricated at T = 180°C.

1. Introduction

Semiconductor quantum-dot (QD) films have attracted much attention because of their application to
high efficiency solar cells [1-3]. The unique characteristics of QDs such as tunable band gap and high
multiple exciton generation (MEG) yield are expected to enhance the energy conversion efficiency
above the Shockley and Queisser limit of 33% [4]. MEG can produce more than two excitons by one
incident photon and represents a promising route to increase solar conversion efficiencies in single-
junction photovoltaic cells. Our interest has been motivated by QD solar cells using Si and Ge
nanoparticles [5-9], because Si and Ge are important materials of current electronics and solar cell
industries. Ge QDs have more outstanding quantum confinement effects than Si QDs due to the larger
excitonic Bohr radius of 24.3 nm for Ge QDs than 4.9 nm for Si ones [10-12]. Ge has also an inherent
advantage over Si since Ge is known to exhibit much larger absorption coefficient in infrared light
region than Si, and a high power conversion efficiency is expected for high solar light absorption.

In this study, we report fabrication of Ge QD films using Ge nanoparticles, where a high pressure rf
magnetron sputtering method is applied to the deposition of Ge QD films with high crystallinity. First,
we describe optical emission spectroscopy (OES) in argon and hydrogen gas mixture discharge plasma.
Then, we present Raman and X-ray diffraction spectra of deposited Ge nanoparticle films deposited
using a high pressure magnetron sputtering method.
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2. Experimental

Figure 1 shows a schematic of experimental apparatus. Ge nanoparticle films were fabricated using
13.56 MHz RF magnetron sputtering process in an Ar and H, gas mixture under a high pressure
condition of 200 Pa. At such high pressure, the mean free pass of Ge atoms is as short as the order of
micrometer, and gas-phase Ge nanoparticle formation is possible. The fabricated Ge nanoparticles
were transported to the quartz glass substrate located at 50 mm from the cathode by neutral gas flow.
Ar and H, gas mixture were supplied at total flow of 133-250 sccm in the direction from the cathode to
the substrate. H, dilution ratio Ry = H,/(H,+Ar) was set in 20 %. The RF magnetron sputtering
discharge plasma was generated by applying 13.56 MHz voltage to the powered electrode. The
discharge RF power (Pgr) was 10-50 W. The sputtering target was a poly-crystalline Ge disk (1 inch)
with a purity of 99.99 %.

Z direction | Quartz substrate

‘ Ge target
(1 inch)
rf magnetron O
Ar+H, | cathode 36 mm
985 | head
Ar+H,
gas !
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Figure 1. Experimental apparatus of high pressure RF sputtering.

3. Results and discussion

3.1. Optical emission spectroscopy of high pressure Av/H, gas mixture sputtering discharge plasmas
First, we observed optical emission spectroscopy (OES) to study Ge nanoparticle production in Ar/H,
sputtering discharge plasma. In our deposition system, Ge nanoparticles are nucleated and grow in
Ar/H, plasma, and they are transported to the downstream region by neutral gas flow [13-15].
Therefore, the number density of Ge atoms in the plasma is an important parameter to control the
particle size. Figure 2 shows a typical emission spectrum of Ar/H, discharge plasma. The collimator
lens of 1-inch diameter was set to face to the Ge target for collecting emission light, and the intensity
of light integrated in the z-direction was detected with spectrometer without setting a quartz substrate.
The gas flow velocity was 0.27 m/s for the total gas flow rate of 133 sccm, and Prr was 50 W. Ge 303
nm line (Ige: 3030m) 18 clearly detected in addition to Ar and H lines. As can be seen in figures 3 (a) and
(b), Ge emission intensity increases linearly with Prg, which is well consistent with the dependence of
Ar emission intensity on Prr because Ge target is mainly sputtered by Ar-ion bombardment. This
results indicates that the number density Ge atoms in Ar/H, plasma is controlled by Pgg.

The emission intensity ratio of Hg 486 nm to H, 656 nm (L. 4g6nm/Iit: 656nm), Which corresponds to
the effective electron temperature [16], is almost constant, although Iy. 486nm/I1: 656nm Sharply increases
at Prr = 10 W (see figure 3(c)). The observed increase of Iy. s36nm/11: 656nm at Pre = 10 W is related to
the shrink of plasma volume induced by lowering input power, because the electron temperature is
determined by gas pressure and plasma volume [17].
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Figure 2. Typical optical emission spectrum from Figure 3. Discharge RF power (Pgg)

Ar/H, RF discharge plasma with the Ge sputtering dependence of emission intensity of (a) Ge

target. 303 nm and (b) Ar 750 nm, and (c)
emission intensity ratio of Hg 486 nm to H,
656 nm.

3.2. Deposition of Ge nanoparticle films

We deposited Ge nanoparticle films using the high pressure rf magnetron sputtering method. The gas
flow velocity was 0.50 m/s for the total gas flow rate of 250 sccm, and H, dilution ratio was 20 %.
Figure 4 shows Raman spectra obtained for Ge nanoparticle films at Prr = 10, 30 and 50 W, together
with that of single crystalline Ge (c-Ge). Substrate temperature (T;) was room one. Deposition rate
increases linearly from 0.0039 to 0.042 nm/s with increasing Pgr from 10 to 50 W, which is well
consistent with the Prr dependence of I Ge3030m, @S shown in figure 3(a). The peak frequency and the
full width at half maximum (FWHM) of each peak are also given in figure 4. All films show a sharp
peak at around 300 cm™, and these peaks are assigned to Ge crystals. Melting point of bulk Ge is as
high as 938°C, which is much higher than gas temperature. However, the melting point of Ge
nanoparticles is expected to decrease with decreasing nanoparticle size. The lower melting point for
nanoparticles plays important roles to produce crystalline Ge nanoparticles. The shift of peak
frequency with respect to that of reference single c-Ge depends on the nanoparticle size. There was no
significant change in particle size as RF power was increased from 30 to 50 W. The particle size was
deduced to be 6.3 - 6.4 nm from the relative Raman peak-shift frequency.

We also investigated the crystal orientation of Ge nanoparticle films. Figure 5 shows X-ray
diffraction (XRD) pattern of Ge nanoparticle films deposited at T; = room one and 180°C. Prrwas 50
W. X-ray diffraction spectra of Ge nanoparticle films show crystalline structure, where the diffraction
peaks appear at 20 = 27°, 45°, and 53° corresponding to the (111), (220), and (311) crystal planes of
Ge, respectively. A sharp peak with narrow width of 0.17 deg was observed for T = 180°C, and high
crystallinity Ge nanoparticle films were successfully fabricated by the high pressure RF sputtering
process. The H, dilution ratio, gas flow velocity, RF power, and substrate temperature are important
parameters for realizing higher crystallinity, and further experimental investigations will be carried out
to obtain deep understanding of the mechanism of Ge-nanoparticle crystallization.
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Figure 4. Raman spectra of Ge nanoparticle Figure 5. X-ray diffraction spectra of Ge
films showing crystalline structure. H, dilution —nanoparticles deposited at substrate
ratio = 20 %, gas flow rate = 250 sccm, and temperature (T;) = room one and 180°C.
substrate temperature (Ts) = room one. Discharge RF power (Prr) = 50 W, gas flow
rate = 250 sccm, and H, dilution ratio = 20 %.

4. Conclusions

We deposited crystalline Ge nanoparticle films by the high pressure rf magnetron sputtering method.
The peak frequency of Raman spectra shifts to high frequency with increasing Prg, and the particle
size is deduce to be 6.3 - 6.4 nm. The film crystallinity depends on T, and high crystalline Ge
nanoparticle films are successfully fabricated at T, = 180°C.
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