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The grain size and hole mobility of polycrystalline Sii.«Ge, thin films formed on glass by
solid-phase crystallization were significantly improved after preparing the amorphous
precursors by heating the substrate. By just controlling the deposition temperature of the
precursors (50-350 °C) for each SiGe composition, the grain size reached over 2 um
across the whole composition range. Reflecting the enlargement of the grain size, the hole
mobility values were improved by approximately one order of magnitude. These values
are comparable to those of single-crystal SiGe formed by Ge condensation and are the
highest among SiGe on insulators synthesized at low temperature (<900 °C). The SiGe on
insulator technology obtained in this study will greatly contribute to the development of

SiGe-based electronic and optical devices.
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I. INTRODUCTION
Tuning the composition SiGe alloys, an all proportional solid solution, enables a higher

1-5

carrier mobility than Si"™ and results in a large light absorption coefficient at a given

wavelength.>® Therefore, SiGe-on-insulator (SGOI) structures have been widely investigated

%10 and on-chip optical

for their use in thin-film transistors,”® thin-film solar cells,
interconnects.'!? A large number of SGOI-forming methods have been developed: layer
transfer,'® Ge condensation,*!#"'® laser annealing,”!'° rapid-melting growth,*!? chemical-vapor
deposition (CVD),>!"!8 sputtering,® solid-phase crystallization (SPC),>!°2?> and metal-induced

2324 including layer exchange.”>* Despite the variety of methodologies, it is

crystallization
still difficult to obtain a large-area SGOI with excellent crystallinity and electrical
characteristics by a simple method, suitable for practical applications.

SPC is one of the simplest techniques; it consists on the deposition and heat treatment of
amorphous (a-) SiGe layers on insulators.>!°?? In addition, because Ge vacancies in
polycrystalline (poly-) SiGe produce holes, auto doping to p-type is possible. In recent years,
the SPC of a-Ge has been actively investigated.>*>® Very recently, we have dramatically
improved the hole mobility of SPC-Ge from 140 to 340 cm?/Vs by controlling the deposition
temperature of an a-Ge precursor.’’ Furthermore, we achieved a Ge hole mobility of 450
cm?/Vs by thickening the Ge film and post-annealing at 500 °C.*® This hole mobility is the
highest reported for a thin film formed on insulators at temperatures below the melting point
of Ge (937 °C). In this study, we used the same technique for SiGe to fabricate SGOI
structures and achieved high quality via a simple process. Moreover, we demonstrate that the

grain size and hole mobility of SiGe can be greatly improved by controlling the deposition

temperature of the a-SiGe precursors over a wide composition range.

II. EXPERIMENT



Figure 1(a) shows the process of sample preparation. The 200-nm-thick SiGe precursors
were deposited on SiO; glass substrates using a Knudsen cell for Ge and an electron beam
gun for Si in a molecular beam deposition system (base pressure: 5 x 1077 Pa). The Ge
composition, x, in the Si;..Ge, precursors was 0.1, 0.25, 0.5, 0.75, and 1; it was controlled by
changing the deposition rate of Si and Ge up to 1.0 nm/min, respectively. We note that a pure
Si sample (x = 0) was excluded because its sheet resistance was too high to measure the
electrical properties unless impurity doping. The temperature of the substrate during
deposition, 7y, ranged from 50 °C to 350 °C. Ty spontaneously increased from room
temperature to 50 °C even though the substrate was not heated; this was due to the heat
radiation from the Knudsen cell and the electron beam gun. The samples were then loaded
into a conventional tube furnace under a N> (99.9%) atmosphere and annealed for 30 h at
450 °C for x = 0.75, 550 °C for x = 0.5, 600 °C for x = 0.25, and 650 °C for x = 0.1. All

resulting samples were 1 cm? square size as representatively shown in Fig. 1(b).

II1. RESULTS AND DISCUSSION

Figure 2(a) shows the Raman spectra obtained for 74 = 50 °C samples after annealing.
The peaks corresponding to the Ge—Ge, Si—Ge, and Si—Si vibration modes are, respectively,
located at around 300, 400, and 500 cm'. These spectra indicate that the SiGe layers were
crystallized for every composition under each annealing condition. Considering that the
growth rate improves as T increases,’’ the samples with T4 > 50 °C should be sufficiently
crystallized at these annealing conditions. The experimentally obtained SiGe compositions,

calculated from the Raman spectra using the equation proposed by Mooney et al.,*

were very
close to the expected compositions and independent of the measurement position and 74.

Figure 2(b) shows the scanning electron microscopy (SEM) image of the SiosGeos layer

surface after annealing obtained at 7¢ = 200 °C. The contrast in the SEM image likely



corresponds to the crystal orientation visualized due to the electron channeling effects, which
is characterized by SPC-Ge with large crystal grains and excellent carrier mobility.’” Figure
2(c) shows the Ge elemental map of the SiosGeo.s layer obtained using the energy dispersive
X-ray (EDX) spectrometer. The Ge distribution is uniform, suggesting that the in-plane
composition of SiGe is also uniform.

The electron backscattering diffraction (EBSD) images in Fig. 3(a) show that the grains
are randomly oriented and that the grain size strongly depends on 74 over the whole
composition range. Figure 3(b) shows that, for every composition, the average grain size
reaches a maximum at a certain 7y and then decreases again. This behavior possibly arises
from the precursor conditions, determined by three regimes: the low-density, high-density,
and nucleation regimes.?”*® The grain is the largest at the high-density regime because of the
elevated growth rate of SiGe crystals. As x decreases, the T4 at which the grain size becomes
maximum rises. This result reflects the fact that the temperature required for crystallization
increases as x in Sij.Ge, decreases.!*2!>* Generally, in SPC, the grain size tends to diminish
as x increases.?’ This is attributed to the difference in the activation energies of Si and Ge
required for nucleation and growth.?!** Here, we observed that large grains can be obtained
even for Ge-rich SiGe by controlling 74. The window at which 74 has an effect of increasing
the grain size narrows as x increases, though x = 0.1 does not follow this trend. The cause is
yet to be understood, but it is possibly related to the growth temperature. Thus, crystal grains
of more than 2 pm were obtained for all of the compositions by controlling 7§.

The electrical properties of the resulting poly-SiGe layers were evaluated via Hall effect
measurements. The Sip.oGeo.1 sample with 74 = 50 °C could not be measured because of the
high sheet resistance. All of the other samples showed p-type conduction, similar to
conventional non-doped SPC-SiGe.? Figure 4(a) shows that the hole concentration remains

practically constant with 7y at each x and is dramatically reduced with decreasing x. Because



dangling bonds in Ge provide shallow acceptor levels and then generate holes at room
temperature,*® the decrease in the hole concentration with decreasing x likely reflects the
reduction in hole-generating Ge vacancies. Figure 4(b) shows that hole mobility strongly
depends on both x and 7g4. For each Ge composition, the mobility reaches a maximum in the
vicinity of the 74 at which the crystal grain size is the largest. The maximum value of hole
mobility decreases as x decreases. This behavior is the same as that of bulk SiGe' and is
attributed to the fact that Si has a lower hole mobility and a higher grain boundary potential
than Ge.”7#!

The hole mobility for each x with the optimum 7y is plotted in Fig. 5. For comparison,
the carrier mobility of poly-SiGe prepared by conventional SPC, CVD, and Ge condensation
is presented. The hole mobility of SPC-SiGe with no heating deposition (74 = 50 °C) obtained
in this study is close to those previously reported.> Some deviation, especially in Si-rich
compositions, may reflect the differences in the deposition method, growth temperature, and
hole concentration affecting the grain boundary potential. The results demonstrate that the
hole mobility can be dramatically improved over a wide composition range by optimizing 7q.
The mobility values obtained in this study significantly exceed the carrier mobilities of
CVD-SiGe.’ This mainly reflects the difference in grain size; however, the comparison may
not be adequate considering that CVD-SiGe is obtained at low temperature (200 °C) to
achieve low carrier concentrations. Furthermore, these mobility values are comparable to
those of single-crystal SiGe obtained from a Ge condensation process (=900 °C), which are
the highest SGOI’s Hall hole mobility.* Among the SiGe alloys formed on glass at low

temperature (<900 °C), the current SiGe layers are of the highest quality reported.

IV. CONCLUSION

The deposition temperature 74 of the precursor for SPC strongly influenced the crystal



quality and electrical properties of the resulting poly-SiGe layers on glass. By controlling 74
for each SiGe composition, the grain size was dramatically enlarged, reaching 2 um or more
over the whole composition range. The hole concentration decreased as the Si composition
increased probably because of the reduction of Ge vacancies. Reflecting the large crystal
grain size, the high hole mobility values were achieved as Ge-rich SGOIs were synthesized at
low temperature (<900 °C). The technique used to obtain SGOIs is quite simple, allowing for

the practical application of SiGe-based electronic and optical devices.
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FIG. 1. (a) Schematic image of the sample preparation procedure. (b) Photograph of a

sample with x = 0.5 and 74 = 200 °C after annealing at 550 °C for 30 h.
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FIG. 2. (a) Raman spectra of the samples with 74 = 50 °C after annealing for SPC. (b) SEM

image and (c) EDX elemental map of Ge for the sample with x = 0.5 and 74 = 200 °C after

annealing at 550 °C for 30 h.
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FIG. 3. Grain size of the SPC-Si1xGe, layers. (a) EBSD images of SPC-Si;..Ge, summarized

as the matrix composed of 74 (50 °C, 150 °C, 200 °C, 250 °C, 300 °C, and 350 °C) and x (1,

0.75, 0.5, 0.25, and 0.1). The colors indicate the crystal orientation according to the inserted

color key. (b) T4 dependence of the average grain size calculated from the EBSD images for x

=0.1-1.
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FIG. 4. Electrical properties of the SPC-Sii..Ge, layers for x = 0.1-1, obtained from Hall
effect measurements with the Van der Pauw method. (a) Hole concentration and (b) hole
mobility as a function of 74. These values were averaged over five measurements for each

sample.
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FIG. 5. Hole mobility of SPC-Si1.xGex as a function of x, where the precursors were prepared
with heating (closed squares: 74 = 150 °C for x = 1, 200 °C for x = 0.75 and 0.5, and 300 °C
for x = 0.25 and 0.1) and without heating (open squares: 74 = 50 °C) during deposition. The
data of conventional Si;..Ge, obtained by SPC,> CVD,® and Ge condensation* are shown for

comparison. The carrier type is electron for CVD-Si1.xGe, (x < 0.75) and hole for the others.
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