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Polycrystalline Ge|_,Sn, (poly-Ge|_,Sny) alloy thin films with high Sn content (> 10%) were fabricated by co-
sputtering amorphous GeSn (a-GeSn) on Ge (100) wafers and subsequently pulsed laser annealing with laser energy density
in the range of 250 mJ/cm? to 550 mJ/cm?. High quality poly-crystal Geg g9oSng 1o and Geg grSng. g films with average
grain sizes of 94 nm and 54 nm were obtained, respectively. Sn segregation at the grain boundaries makes Sn content in
the poly-GeSn alloys slightly less than that in the corresponding primary a-GeSn. The crystalline grain size is reduced with
the increase of the laser energy density or higher Sn content in the primary a-GeSn films due to the booming of nucleation
numbers. The Raman peak shift of Ge-Ge mode in the poly crystalline GeSn can be attributed to Sn substitution, strain,
and disorder. The dependence of Raman peak shift of the Ge—Ge mode caused by strain and disorder in GeSn films on
full-width at half-maximum (FWHM) is well quantified by a linear relationship, which provides an effective method to

evaluate the quality of poly-Ge;_ Sn, by Raman spectra.
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1. Introduction

Ge|_Sn, alloys with Sn content higher than about 0.1 are
revealed to achieve the transition from indirect to direct band
gap.!1=3] Therefore, single crystalline Ge;_Sn, have been in-
tensively studied*>! as promising materials for light emitting
devices!®”! based fully on group IV elements. In addition,

8-101 a5 the solution to the

GeSn lasers have been reported!
problem of a lack of monolithic Si-based laser sources. With
high carrier mobility exceeding 500 cm?/(V-s),!'!l GeSn can
be used for high performance complementary metal-oxide-
semiconductor (CMOS) devices.!''=131 All of the above need
high-quality single crystalline Ge;_,Sn, which must meet
strict growth conditions. On the other hand, relatively few
studies of poly-GeSn which have significant potential for the
use in thin film transistors (TFTs) and infrared focal plane ar-
ray (IRFPA) detectors have been reported.!!*!>! Furthermore,
the characterization and analysis of disorder in poly-GeSn
have scarcely been reported. Therefore, the processing and
analysis techniques of poly-GeSn films with large grain size
and high Sn content have important values.

High-Sn content poly-GeSn reveals lower crystallization
temperature below 400 °CU16!71 and thermal conductivity
about 5-9 W-m~!.K~! l7] which is a suitable channel ma-
terial for high-performance TFTs rather than poly-Si. It even
potentially provides a material platform for better performance
flexible TFTs. However, the low solid solubility of &-Sn in Ge
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below 1 at.%!'%!° hinders the development of high-Sn content
GeSn. In order to overcome this problem, non-equilibrium
techniques such as pulsed laser annealing (PLA) have been

20211 The PLA process provides a local and

extensively used.!
rapid annealing source and then cools down in an ultra-short
time scale of nanoseconds, which is much shorter as compared
to rapid thermal annealing (RTA). Besides, PLA can confine
the thermally affected zone in the vicinity of the laser treated
area. Thus, high crystallinity and high Sn content GeSn can
be achieved by PLA.

In this work, we deposit a-GeSn on p-type Ge (100) wafer
with 0.088 Q-cm resistivity by magnetron sputtering and then
transform it into poly-GeSn with large grain size (50-94 nm)
and high Sn content (10%—-18%) using PLA. The GeSn grain
size is found to be reduced with the increase of the laser energy
density or higher Sn content in the initial a-GeSn. Disorder of
poly-crystal GeSn alloys, besides Sn content and strain, has a
great impact on the Raman peak shift of Ge-Ge mode. The
influence of the energy density of PLA and the Sn content in
the initial a-GeSn on the properties of the poly-crystal GeSn is
discussed in detail.

2. Experimental procedure

The processes of sample preparation are schematically
shown in Fig. 1. After cleaning, the Ge wafer was pre-heated
to 450 °C for 30 min at a base pressure about 9 x 107> Pa
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to remove the native germanium oxide. Afterwards, a 50 nm
Ge-buffer was first deposited by RF magnetron sputtering with
0.8 Pa pressure using argon. The Ge-buffer layer could effec-
tively cover the surface of the Ge substrate that might contain
residual germanium oxide or defects to provide a clean sub-
strate for GeSn film deposition. On the other hand, during
PLA annealing, Ge-buffer would crystallize first to polycrys-
talline with plenty of grain bounds to release a large part of
strain in the GeSn film that is induced by the lattice constant
and thermal expansion coefficient difference between Ge and
GeSn. Then the wafer was cooled to 180 °C for a-Ge|_,Sn,
growth with thickness about 400 nm by RF and DC magnetron
co-sputtering. Two a-Ge;_,Sn, samples with Sn chemical
content x of 0.15 and 0.2 were deposited by maintaining a con-
stant RF power of 100 W for the Ge target, while adjusting the
DC power of 12 W and 16 W for the Sn target, respectively.
For comparison, an a-Ge sample was prepared using the same
experimental conditions without Sn element. A 248 nm KrF
excimer laser with a pulse duration of 25 ns with the energy
density varying from 250 mJ/cm? to 550 mJ/cm? irradiated the
a-Ge and a-GeSn films in nitrogen atmosphere. The beam size
was 4 mmx5 mm and the repetition rate was 1 Hz. The rel-
ative moving speeds between the sample and the laser beam
were fixed at 4 mm/s and 5 mm/s in two perpendicular direc-
tions by a moving stage.

it )

Ge-buffer
(50 nm)

a—GeI_zSnz

»

beam size:
4 mmX5 mm

B

moving

Fig. 1. (color online) Fabrication scheme of poly-GeSn films.

The crystalline phase and Sn content in the samples
were characterized by x-ray diffraction (XRD) patterns and
selected-area electron diffraction (SAED) patterns. The depth
analysis of chemical composition of poly-GeSn by Auger elec-
tron spectroscopy (AES) illuminated that the Sn segregation is
neither on the surface nor at the interface between the poly-
GeSn and buffer-Ge but at the grain boundaries. Transmission
electron microscopy (TEM) was used for structural charac-

terization. After etching off the segregated Sn by HCI solu-
tion for 3 min, the poly-GeSn grains were visibly observed by
scanning electron microscopy (SEM). Additionally, disorder
in poly-GeSn which lost long-range orders was analyzed by
Raman scattering spectroscopy (spot size: 4 um, wavelength:
532 nm).

3. Results and discussion

Figure 2 shows the XRD patterns of poly-GeSn films fab-
ricated from a-Geg gsSng 15 and a-Geg gSng, after PLA with
energy density of 250 mJ/cm?, 400 mJ/cm?, and 550 mJ/cm?,
respectively. The diffraction peaks of GeSn (111) and (220)
are observed obviously in samples a-GeggsSngis and a-
GeogSng, after the PLA process at energy density from
250 mJ/cm? to 550 mJ/cm?, while the diffraction peak of
GeSn (311) is difficult to be distinguished from the adjacent
background peaks. The peaks become narrower with increas-
ing laser energy density from 250 mJ/cm? to 400 mJ/cm?,
but wider with further increasing laser energy density to
550 mJ/cm?. Simultaneously, the diffraction peak of B-Sn
(101) appears in the samples after PLA at energy density of
400 mJ/cm? and 550 mJ/cm?, suggesting that serious Sn seg-
regation occurs during the crystallization of GeSn. Even more,
the irradiated regions by laser with 550 mJ/cm? show obvious
black traces and the surface becomes rougher. The highest
crystallinity after PLA is obtained at an energy density below
the occurrence of damage about 550 mJ/cm?. The substitu-
tional Sn concentration in poly-GeSn films is estimated from
the GeSn (111) and (220) peak positions in the XRD patterns
using Vegard’s law

a(()}el—xsnx _ aOGe (1 7)6) +agnx’ (1)

where qg is the lattice constant and x is the Sn content. Ge-
buffer would release a large part of the strain in the GeSn film
that is induced by the lattice constant and thermal expansion
coefficient difference between Ge and GeSn. In addition, the
strain would release at the poly-GeSn grain boundaries. There-
fore, we mainly consider the effect of Sn alloying on the lattice
constant. The GeSn (111) peak of the sample a-Geg g5Sng |5
after PLA with 250 mJ/cm? at 26 of 26.90° is detected at lower
angles compared with the Ge (111) peak at 26 of 27.32°. The
lattice constant of GeSn is calculated to be 0.5736 nm using
Bragg’s law. The Sn content is calculated to be 10.2% us-
ing Eq. (1). In the same way, the Sn content x for the poly-
Ge;_,Sn, films fabricated from samples of a-Geg g5Sng, |5 and
a-Ge gSng » after PLA are calculated and tabulated in Table 1.
We discover that the laser energy density of 400 mJ/cm? is the
optimized choice, with which high crystal quality and high-Sn
content poly-GeSn can be obtained.
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Fig. 2. (color online) XRD patterns of poly-Ge and poly-GeSn films

fabricated from (a) a-Geg g5Sng |5 and (b) a-Geg gSng» after PLA with
energy density of 250 mJ/cm?, 400 mJ/cm?, and 550 mJ/cm?.
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30
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Table 1. Sn contents for poly-Ge;_,Sn, films fabricated from samples
a-Geg g5Sn¢. 15 and -Ge gSng » after PLA. The values x1, and x; are cal-
culated from the diffraction peaks of GeSn (111) and (220) in the XRD
patterns, respectively.

Laser energy a-Geg g5Sng.15-PLA a-Geg gSng 2-PLA

density/mJ.cm~2 X1, x2/% X1, x2/%
250 10.2, 10.6 14.9,15.2
400 11.6,13.9 17.6, 18.2
550 11.2,13.2 16.3,17.9

In order to analyze the disorder in the polycrystalline
films by Raman scattering spectroscopy, we have prepared
poly-Ge films on Ge (100) wafers with different crystalline
qualities using PLA with 250 mJ/cm? and RTA at 600 °C. Fig-
ure 3(a) shows the Raman scattering spectroscopy of bulk Ge
(red line), as-deposited a-Ge (black line), poly-Ge crystallized
by PLA with 250 mJ/cm? (green line), and RTA at 600 °C
(blue line). Because the deposited films and the substrates
are the same material Ge, the Ge—Ge mode peak shift com-
pared to that of bulk Ge is considered to be mainly induced
by the disorder, rather than strain, in the polycrystalline mate-
rial. Furthermore, the disorder is always associated with peak
broadening in Raman scattering spectroscopy. The data of the
Raman shift of the Ge—Ge peak and the full width at half max-
imum (FWHM) are plotted in Fig. 3(d). Narrower FWHM of
poly-Ge which illustrates higher crystallinity is attained by us-
ing PLA rather than RTA, which is in good agreement with the
results extracted from the XRD patterns (not shown here).

Figures 3(b) and 3(c) show Raman spectra of the poly-
Ge_,Sn, films with different Sn contents after PLA at energy
density of 250 mJ/cm?, 400 mJ/cm?, and 550 mJ/cm?, respec-
tively. The Raman shift of the Ge—Ge peak can be attributed to
Sn substitution of Ge into the lattice and in-plane strain as well
as the disorder influence. The peak shift (A® = ®Gesn—OGe)
compared to the Ge—Ge Raman peak from bulk Ge can be ex-
pressed as

A = A(Dauoy + AWsirain+ disorder @

where A@yjioy = ax is induced by substitutional Sn content x
with coefficient a = — (82 +4),?*! A@rain + disorder is defined as
a Raman shift induced by minimal residual amounts of strain
and the disorder of GeSn. With the Sn content x in the poly-
Ge_,Sn, extracted from the XRD patterns, the dependence of
the Ge—Ge mode peak shift AWgrain-tdisorder 1N a-Ge and poly-
Gej_Sn, (0 < x <0.18) on FWHM is calculated and plot-
ted in Fig. 3(d). The relationship between A®grqin-+disorder and
FWHM (I') can be well fitted with a linear relationship

Aa)stl’ain+dis()rder - — (O.6F — 3.2) +0.3. (3)

This linear relationship provides a non-destructive mea-
surement for conveniently evaluating the quality of poly-
GeSn with Raman spectroscopy.  Furthermore, Raman
shift A®srain-tdisorder Of the poly-Gej_,Sn, films which have
the highest crystallinity of poly-GeSn using PLA with
400 mJ/cm? is shown in Fig. 3(e).

The depth distribution of chemical elements in the
poly-Geg gsSng |5 film formed by PLA on a-GeggSngp, at
250 mJ/cm? was measured by AES and shown in Fig. 4(a).
The films were argon ion etched to the depth for analysis with
an etching rate of about 23 nm/min. As a result, the substitu-
tional Sn concentration in poly-GeSn was slightly lower than
the chemical Sn concentration. The result demonstrates that
the Sn profile in depth is uniform and Sn segregation occurs at
the grain boundaries rather than on the surface or at the inter-
face between the poly-GeSn and buffer-Ge. Figure 4(b) shows
the TEM image of the sample of poly-Ge g5Sng 5. Clear lat-
tice fringes in the high-resolution TEM images indicate high-
oriented poly-GeSn with high crystallinity. The SAED pat-
terns of poly-Geg gsSng 15 shown in Fig. 4(c) reveal the poly-
crystalline structure. Bright spots on the 111 ring of GeSn
crystals indicate it is highly (111) textured. Sn contents of
poly-Ge;_,Sn, calculated from 111, 220, and 311 halo rings
of GeSn crystals are 16.1%, 12.2%, and 15.2%, respectively.
The results are broadly in line with the data in Table 1. The
difference of Sn contents for different orientations might stem
from instrument measuring error, calculation error, or the in-

homogeneity of the sample.
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Fig. 3. (color online) Raman scattering spectroscopy of samples: (a) as-deposited a-Ge and poly-Ge crystallized by PLA with 250 mJ/cm? and RTA
at 600 °C, (b) a-Gep gs5Sng 15 and (c) a-Geg gSng» after the PLA process at energy density of 250 mJ/em?, 400 mJ/cm?, and 550 mJ/cm?. The insets
show trends of FWHM and A respected to (a) different crystalline qualities and (b), (c) different energy density. (d) The Ge-Ge mode peak shift
AWgtrain-+disorder 1N a-Ge and poly-Ge;_,Sn, (0 < x < 0.18) caused by strain and disorder depends on FWHM. The dash line is a linear fit to the data.
The inset zooms into the data of poly-Ge;_,Sn, (0 <x < 0.18). (e) The Ge—-Ge mode peak shift A®irain+disorder i poly-GeSn films fabricated from
a-Geg g5Sng 15 and a-Geo gSng » after PLA with energy density of 250 mJ/em?, 400 mJ/cm?2, and 550 mJ/cm?.
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Fig. 4. (color online) (a) AES scan, (b) TEM image, (c) and SAED patterns of the sample poly-Gep g5Sng ;5.

After etching off the segregated Sn at the grain bound-
aries by HCI solution for 3 min, the poly-GeSn grains were
visibly observed in SEM images as shown in Fig. 5. The av-
erage grain size of poly-GeSn becomes smaller with the in-
crease of the laser energy density or higher Sn content in the
primary a-GeSn films. With higher laser energy, enhancing

nucleation results in the reduction of the crystalline grain size.
The crystallization temperature of GeSn alloy decreases with
increasing Sn content and therefore the poly-GeSn grain size
reduces as well. High quality poly-crystal GeggoSng; and
Ge.82Sng 13 films with average grain sizes of 94 nm and 54 nm
were attained, respectively.
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Fig. 5. SEM images of poly-GeSn films fabricated from (a)—(c) a-Geg gsSng ;5 and (d)—(f) a-Geo g§Sng » after PLA with energy density

of 250 mJ/cmz, 400 mJ/cmz, and 550 mJ/cmz, respectively.

4. Conclusion

We demonstrated the growth of poly-Ge;_,Sn, films with
high Sn content (10%—-18%) on Ge substrates using pulsed
laser annealing on co-sputtered a-GeSn. It is shown that the
crystalline grain size of poly-GeSn decreases with the increase
of the laser energy density or Sn content in the primary a-GeSn
film, both of which enhance the nucleation of a-GeSn. High
crystal quality Geg 9oSng.; and Geg g2Sng 13 films with average
grain sizes of 94 nm and 54 nm were grown. The uniform dis-
tribution of Sn element in depth and SEM images of the etched
poly-GeSn films show that Sn segregation occurs at the grain
boundaries rather than on the surface or at the interface be-
tween the poly-GeSn and buffer-Ge. The dependence of Ge—
Ge mode peak shift caused by strain and disorder on FWHM
is well quantified by a linear relationship, which commend-
ably provides an effective method to evaluate the quality of
poly-Ge;_,Sn, by Raman spectra. As poly-Ge can be used for
multiple flexible devices such as metal-semiconductor—metal
photodiodes,?*! TFTs, and IRFPA,?* poly-GeSn should be
a very promising material to improve the performance of the
above devices for the electrical properties enhanced by the
doping of Sn into Ge. Hence, further study on high quality
GeSn is necessary and significant.
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