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ARTICLE INFO ABSTRACT

Article history: Nanocrystalline Ge;.xSny thin films have been formed after rapid thermal annealing of
Received 15 August 2016 sputtered GeSn layers. The alloy films were deposited onto the Silicon (100) substrate via
Accepted 19 August 2016 low cost radio frequency magnetron sputtering. Then, the films were annealed by rapid

Available online 21 August 2016 thermal annealing at 350 °C, 400 °C, and 450 °C for 10 s. The morphological, structural, and

optical properties of the layers were investigated with field emission scanning electron
Keywords: microscopy (FESEM), Energy-dispersive X-ray spectroscopy (EDX), Raman spectroscopy,
Thin films . . and high-resolution X-ray diffraction (HR-XRD). The Raman analysis showed that the only
Nanocrystalline materials . R . X . .
Germanium-tin observed phonon mode is attributed to Ge-Ge vibrations. Raman phonon intensities of
Sputtering GeSn thin films were enhanced with increasing the annealing temperature. The results
Raman spectroscopy clearly revealed that by increasing the annealing temperature the crystalline quality of the
HR-XRD films were improved. The XRD measurements revealed the nanocrystalline phase forma-
tion in the annealed films with (111) preferred orientation. The results showed the po-
tentiality of using the sputtering technique and rapid thermal anneal to produce crystalline
GeSn layer.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Ge1-xSny semiconductor alloy has received many interests in the last decade due to its potential major impact on mi-
croelectronic and photonic applications [1,2]. Fabrication of GeSn laser [3], GeSn light emitting diodes (LEDs) [4], p-GeSn/n-Ge
diodes [5], GeSn photoconductors on Si [6] and sputtered GeSn p-i-n photodetectors on Ge [7] are the most important
progress in this field. In addition, a wide range of Sn composition 0.025 < x < 0.19 have been used for device fabrication
[2,8—10]. One of the major driving force in attracting the interests is the incorporation of Sn in Ge, which convert the host
from indirect to direct bandgap material. Hence, more efficient devices can be built from this material. However, the epitaxial
growth and synthesis of Gej_xSny alloy is very challenging. First, Sn tends to segregate to the thin film surface [11]. Secondly,
the equilibrium solid solubility of Sn in Germanium is rather low (x < 0.01) [12]. Finally, there is a large lattice mismatch
(14.7%) between a-Sn and Ge. In addition, the lattice mismatch for a Ge_4xSny alloy on Si (100) substrate is large (4.2—19%),
which makes it hard to grow coherent epitaxial layer [13].
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Despite these difficulties, this alloy can be grown in non-equilibrium growth systems like molecular beam epitaxy [14],
chemical vapor deposition [15], pulsed laser deposition [16], solid phase crystallization [17] and sputtering [7]. Among
deposition methods, magnetron sputtering is a suitable and low-cost technique for growing GeSn alloy films. Sputtering
techniques allow us to easily control the deposition parameters, such as gas flow, substrate temperature, sputtering power,
alloy composition, and deposition time [18].

Sputtered GeSn thin films at room temperature (RT) and lower elevated temperature are usually amorphous. This is due to
the low surface mobility of adatoms at low temperature growth [19], which tends to induce additional point defect levels.
Therefore, the levels of defects and lattice disorder in amorphous films need to be reduced by post-deposition annealing [20].
However, the morphological, structural and optical characteristics of the deposited GeSn alloys may also change in a sub-
sequent thermal treatment. Nano crystalline and polycrystalline are the typical structures that formed during post deposition
annealing.

This study reports on the formation of GeSn nanocrystalline layer on Si substrate upon rapid thermal annealing (RTA).
GeSn thin films are co-sputtered simultaneously from high purity Ge and Sn targets onto a Si substrate at elevated substrate
temperature. Then, some samples were subjected to the RTA at 350 °C, 400 °C, and 450 °C for 10 s. The results showed the
effect of heat treatment on morphology, structural and optical properties of the co-sputtered GeSn thin films on Si substrates.
The higher annealing temperature led to improved crystalline quality and optical characteristics of the co-sputtered GeSn
layers.

2. Experimental procedure

Previously to growth, n-type Si (100) substrates were cleaned using RCA cleaning method. Ge;_xSny alloys were deposited
in a RF. Magnetron sputtering system (Edwards A500, UK) on Si substrates with a base pressure of 1.20 x 10~ mbar and Ar of
high purity (99.999%). The thin film was deposited at substrate temperature of 140 °C. Both Ge (99.999%) and Sn (99.999%)
targets have a diameter of 10 cm, and were set at a distance of 10 cm from the substrate. The magnetrons are located in planar
configuration. The targets were co-sputtered for 30 min under RF sputtering power of 100 W for Ge and 15 W for Sn. After
sputtering, some thin films were subjected to RTA at 350 °C, 400 °C, and 450 °C for 10 s in N; ambient. In a typical experiment,
the as-sputtered sample was cut into pieces, and one of them was used as a reference of the as-sputtered sample.

Field emission scanning electron microscopy (FESEM) (model FEI-Nova NanoSEM 450) was utilized to analyze the surface
morphology of thin films. Energy-dispersive X-ray spectroscopy (EDX) is utilized to identify the elements present in the
samples at 10 KV. Raman spectroscopy was performed using a Jobin-Yvon (HR800UV) spectrometer to characterize the local
atomic arrangements of the structures where the samples were excited at room temperature with an argon ion laser
(514.5 nm, 20 mW). A high-resolution X-ray diffractometer (HR-XRD) system (X'Pert3040) devoted for the crystallographic
investigation of the samples.

3. Results and discussion

The FESEM micrograph of an as-sputtered GeSn sample (Fig. 1(a)) showed coalesced small grains and a densely packed
morphology. The FESEM images of the annealed GeSn samples at various temperatures are shown in Fig. 1(b—d). The sample
annealed at 350 °C has almost the same morphology as the as-sputtered one. Significant difference were observed in the
morphology of the samples c and d, which annealed at higher temperature of 400 °C and 450 °C. In these samples, it can be
seen that the small clusters are joined to each other and made larger feathers, as shown in Fig. 1(c). In fact, the previously
smooth film has clearly coalesced into clusters. However, in Fig. 1(d), pores are observed for the film annealed at the higher
annealing temperature of 450 °C. The appearance of pores on the film surface suggested that is due to the Sn surface
segregation at this higher annealing temperature. There are no signs of Sn surface segregation on the surface of the as-
sputtered sample. Fig. 2 shows the cross sectional FESEM images of the thin films. The as-sputtered sample layer thick-
ness is about 240 nm, as shown in Fig. 2(a). The alloy films annealed at higher temperature of 400 °C and 450 °C show some
features when compared with that of the other samples. These results indicate the significant changes in the surface
morphology of GeSn films upon rapid thermal annealing.

Fig. 3 shows the spectra image obtained by typical EDX of the as-sputtered sample. Four basic peaks were formed at 0.52,
1.18,1.73, and 3.44 keV, which match to the spectral lines of O, Ge, Si, and Sn, respectively. Si originated from the substrate, and
0 is most likely due to the surface oxidation of GeSn film. The Ge and Sn concentrations of all of the samples are listed in Table
1. Sn atomic concentration of the as-sputtered sample is 12%, while it's concentration for the annealed samples at 350 °C,
400°Cand 450 °C continuously decreased to 7%, 3%, and 1.6%, respectively, after selective etching away of segregated Sn to the
films surface [21]. A sharp and intense Ge peak is related to the sputtered GeSn thin film. A reduction of the Sn content in the
annealed samples is attributed to the surface segregation, as evident in the FESEM image of the samples annealed at higher
temperature. It is clear that the RTA affected on the composition of the sputtered films.

Fig. 4 shows the Raman spectra of all samples taken at room temperature. The spectrum from bulk n-Ge (100) wafer was
also included in the inset of Fig. 4. The Ge spectrum revealed a strong Ge longitudinal-optical (LO) phonon peak at
~301.03 cm™~! [22]. The phonon peak position, intensity, full width at half-maximum (FWHM), and peak shift for all samples
are summarized in Table 2.



H. Mahmodi et al. / Superlattices and Microstructures 98 (2016) 235—241 237

— 500 nm ——

Fig. 1. FESEM images of (a) the as-sputtered and rapid thermal annealed samples at (b) 350 °C, (c) 400 °C and (d) 450 °C.

As-sputtered

Fig. 2. Cross-sectional FESEM images of the as-sputtered and annealed thin films.

Raman frequency modes corresponding to Ge-Ge, Ge-Sn, and Sn-Sn modes are expected to be observed in GeSn alloy films.
The observed peak at 520.1 cm ™ is belonged to Si substrate. Given that the grown samples are Ge-rich, the observed peak can
be definitely indexed to Ge-Ge vibrations. The Ge-Sn modes are not found in our spectra. Since the laser wavelength of
532 nm, used in this study, is far from the resonance condition with the E; - E; + A; optical transitions, as suggested by
D'Costa et al. [23,24]. The Ge-Sn bond is observed when the layer is excited by a laser with wavelengths of 633 nm [25,26] and
647.1 nm [24]. Sn-Sn peaks could not be found in the Raman spectra due to the small amount of Sn and peak broadening.

As can be seen in Fig. 4, the intensity of Ge-Ge peak increased after post deposition annealing. The samples annealed at
higher temperature of 400 °C and 450 °C exhibit highest phonon peak intensity than that of the as-sputtered one. The phonon
peak intensity of the corresponding peaks are almost 2.5 times higher than that of the as-sputtered one, which shows higher
interactions with incident photons. These features show an improvement in the crystallite structure of GeSn film upon heat
treatment.

The peak position of the Ge-Ge mode shifted during the rapid thermal annealing. Note that it shifts to higher frequency
with increasing the annealing temperature. In semiconductor alloys, the Raman frequency shift is known to be affected
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Fig. 3. The typical EDX spectra of the Ge;_xSny thin film, which belongs to the as-sputtered sample.

Table 1
The Ge and Sn atomic concentration of the as-sputtered sample and annealed samples at various temperature (Ge;_xSny).
Samples Atomic concentration (%)
Ge Sn
As-sputtered 0.88 12
350 °C 0.93 7
400 °C 0.97 3
450 °C 0.98 1.6
Ge-Ge ] c-Ge
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Fig. 4. The Raman spectra of (a) as-sputtered sample and annealed samples at (b) 350 °C, (c) 400 °C, and (d) 450 °C. The inset shows the spectrum from a bulk n-
Ge (100) wafer.

Table 2
The details of the Ge-Ge mode of Raman spectra for as-sputtered and annealed GeSn samples. The frequency shift value is compared to the as-sputtered
sample.

Samples Ge-Ge (cm™1) Peak intensity (a.u.) FWHM (cm™1) Raman shift (cm™') W /Wg
C-Ge 301.03 3218.00 3.88 — 1

A (As-sputtered) 292.17 974.22 16.12 — —

B (350 °C) 295.78 1230.25 15.47 3.60 2.01

C (400 °C) 296.60 2350.00 13.86 443 1.82

D (450 °C) 298.82 2318.50 9.03 6.64 1.74
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mostly due to the compositional variation and strain [27]. The highest annealed sample at 450 °C has the largest shift, which is
6.64 cm~!, compared to the as-grown sample. Meanwhile, the Ge-Ge peaks of all samples were left-shifted in comparison
with bulk Ge (301.03 cm™1).

The FWHM of the Ge-Ge peak began to reduce by increasing the annealing temperature. As shown in Table 2, the FWHM of
the sample D is 9.03 cm™, is smaller than that of the as-grown, which is 16.12 cm~ . This feature indicates an enhancement in
the crystalline quality of annealed samples at higher temperature compared to as-grown one.

A broadening and asymmetry can be observed in the entire Ge-Ge curves. This feature previously has been observed in the
Ge-Ge phonon peak in the GeSn alloy [28]. Broadening of the Ge-Ge peak, which is more obvious in the as-grown and 350 °C
annealed samples, is attributed to compositional fluctuations and local disorder [29,30]. However, this feature was reduced in
the samples C and D by increasing the annealing temperature, which indicates an enhancement in the crystalline structure.

Due to the asymmetry of the Ge-Ge Raman peaks, the half with at half maximum (HWHM) were obtained, as mentioned in
Ref. [31]. The Raman spectra show that the HWHM on the left low-energy side (W) is obviously larger than the right high-
energy side (WR). As given in Table 2, the W /Wg value was gradually reduced by increasing the annealing temperature, which
means decreasing the asymmetry, as well as indicating the increase in crystalline quality. As reported in Ref. [31], the ratio of
W /Wk has a direct relationship with Sn concentration, as observed in this study. Here, as the Sn concentration was reduced
there was a decrease in the Wi /Wg value. It is suggested that the observed asymmetry and shifted in Ge-Ge peak is due to the
Sn addition to the Ge. Thus, regarding the existence of asymmetry over the low frequency side of the spectra and considering
the ratio of Wi /Wy, it is suggested the presence and formation of nanocrystalline GeSn upon heat treatment.

Fig. 5 shows the HR-XRD patterns of the annealed GeSn layers. The spectrum of the as-sputtered sample was also provided
for comparison. The sharpest peak observed at 260 = 69.32° is attributed to the Si (400) substrate. The XRD measurement of as-
sputtered and annealed co-sputtered GeSn layers at various annealing temperatures are given in Table 3.

The pattern of the as-sputtered sample shows a low intensity peak at 20 = 26.37°, which are between those 20 angles for a-
Sn (111) and c-Ge (111), 23.7°~27.3°. This peak is attributed to the cubic GeSn (111) structure [32], which shows the evidence
of initial crystallization. The observation of this peak for the as-deposited sample was expected as the substrate heating was
used during deposition. This cubic peak became pronounced as the annealing temperature was raised, due to the
improvement in crystalline quality of GeSn films. The (111) diffraction pattern has shifted to higher angle for the annealed
samples, as compared to the as-sputtered sample. The peaks position for the annealed samples at temperature of 350 °C,
400 °C and 450 °C are observed at 20 = 26.95°, 27.12°, and 27.20°, respectively.

The average crystallite size was estimated from the FWHM by Scherrer's formula [33]:

0.91

D:(icosﬁ

(1)

where D is the crystallite size, § is the broadening of the diffraction line measured at half of its maximum intensity in radian, A
is the wavelength of the X-Ray used (1.54 A) and 4 is the diffraction angle. The largest crystallite size was obtained for the
sample annealed at 450 °C, which is 27.86 nm. For the as-sputtered sample, the crystallite size is 1.46 nm. It can be seen that
the crystallite size is increasing by raising the annealing temperature. The creation of the large crystallite size is due to the
high-temperature annealing, which leads to the high mobility of individual atoms over the crystallite surface [34]. The
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Fig. 5. HR-XRD spectra of (a) the as-sputtered GeSn thin films on the Si substrate and rapid thermal annealed films at (b) 350 °C, (c) 400 °C, and (d) 450 °C.
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Table 3
The XRD data for the GeSn samples with different annealing temperatures.
Sample Orientation 20 (Deg.) FWHM (Deg.) Crystallite size (nm) Sn composition (%)
As grown (111) 26.37 1.05 1.46 17
350 °C (111) 26.95 1.20 7.09 7.9
(220) 45,02 0.81 11.05
400 °C (111) 27.12 0.49 17.10 3.8
(220) 45.12 0.50 17.86
450 °C (111) 27.20 0.30 27.86 19
(220) 4522 0.40 22.11

improvement in the average crystallite size during annealing can be concluded from the reduced FWHM values of the layers
diffraction peaks. Thus, the results demonstrate an improvement in the crystalline quality of GeSn layers because of the post
deposition annealing. This is attributed to the mobility of atoms at different annealing temperatures [35].

Another diffraction pattern is observed just for the annealed samples at the orientation of (220), which are between those
20 angles for a-Sn (220) and c-Ge (220), 39.2° ~ 45.3°. This pattern is observed at 260 = 45.02°, 26 = 45.12°, and 20 = 45.22° for
the annealed samples at temperature of 350 °C, 400 °C and 450 °C, respectively. These small shifts to higher 26 angle were
observed by increasing the annealing temperature. It can be suggested that this is due to the Sn reduction in the films during
annealing due to the Sn surface segregation. The 26 shifts in (220) peak yield the same results.

The Sn concentration (atomic) in the GeSn films was estimated by Vegard's law on the basis of the lattice constant of GeSn,
for the 20 angle of (111) diffraction. The shift in (220) peaks yield the same results. For the binary compound Ge;_xSnx Vegard's
law has the form [36]:

a(x) = age(1 — X) + aspX + bgespX(1 — X) (2)

Where a is the lattice constant, x is the Sn concentration, and b is the bowing parameter of GeSn (b = 0.041 A) [37]. As shown
in Table 3, the estimated Sn compositions from XRD are 7.9%, 3.8%, 1.9% for the film annealed at the 350 °C, 400 °C, and 450 °C,
respectively. The lower Sn concentration for the sample annealed at 450 °C indicates the less Sn dissolving in GeSn, as evident
from the peak shifting to higher angle. This is in consistent with Raman results, which observed that the Ge-Ge phonon modes
were shifted to higher frequency with decreasing the Sn concentration.

The grown GeSn films in this study were crystallized at low crystallization temperature of 350—450 °C, which is com-
parable to other rapid thermal annealing studies [21,38].

4. Conclusions

Nanocrystalline Geq.xSny thin films have been successfully grown on Si(100) substrate by RF magnetron sputtering after
rapid thermal annealing. The Raman spectroscopy result shows an enhancement in the phonon intensities of annealed
samples with increasing the annealing temperature, indicating the improvement in the GeSn crystalline quality. The XRD
results indicated that upon rapid thermal annealing process, the crystalline phase of the material improved significantly with
(111) preferred orientation. The layer annealed at 450 °C had the most intense peak and largest crystallite size (27.86 nm)
compared to the layers annealed at lower temperatures. It was found that the higher annealing temperature significantly
improved the crystalline quality of the sputtered GeSn layers, and enhanced the optical characteristics. The results showed
the potentiality of using the sputtering technique and rapid thermal anneal to produce crystalline GeSn layer for photonic and
light sensing device applications.
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