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Abstract: Germanium-tin (GeSn) alloy is considered a promising candidate for a Si-based short-
wavelength infrared range (SWIR) detector and laser source due to its excellent carrier mobility and
bandgap tunability. Pulsed laser annealing (PLA) is one of the preeminent methods for preparing
GeSn crystal films with high Sn content. However, current reports have not systematically investi-
gated the effect of different pulse-width lasers on the crystalline quality of GeSn films. In addition,
the intensity of the spot follows the gaussian distribution. As a result, various regions would have
different crystalline properties. Therefore, in this study, we first provide the Raman spectra of sev-
eral feature regions in the ablation state for single spot processing with various pulse-width lasers
(continuous-wave, nanosecond, femtosecond). Furthermore, the impact of laser pulse width on the
crystallization characteristics of GeSn film is explored for different single-spot processing states,
particularly the Sn content incorporated into GeSn crystals. The transient heating time of the film
surface and the faster non-equilibrium transition of the surface temperature inhibit the segregation of
the Sn component. By comparing the Raman spectra of the pulsed laser, the continuous-wave laser
shows the most acute Sn segregation phenomenon, with the lowest Sn content of approximately 2%.
However, the femtosecond laser both ensures crystallization of the film and effective suppression
of Sn expulsion from the lattices, and the content of Sn is 8.07%, which is similar to the origin of
GeSn film.

Keywords: laser annealing; GeSn film; pulse width; crystallographic characteristics

1. Introduction

As silicon (5i) is an indirect bandgap material, it has a faint Franz-Keldisch effect, a
cut-off wavelength of 1.1 um, as well as not exhibiting a linear electro-optical effect. That
results in it unsuitable for direct application in photodetectors, light sources, and electro-
optical modulators. Therefore, it is necessary to introduce other materials to compensate
for these disadvantages [1,2]. Group III-V materials generally have excellent optoelectronic
properties, but they face problems such as incompatibility with Si-based CMOS processes.
Therefore, it is necessary to explore the potential of Group IV materials for optoelectronic
applications. Germanium (Ge), as a CMOS compatible Group IV diamond-cubic material,
has high carrier mobility [3,4]. Ge is an indirect bandgap semiconductor material, and
by incorporating tin (Sn) into the Ge lattice, the gap at the I'-point will be reduced [5,6].
And thus, a narrower bandgap can be achieved. When the content of the Sn component
incorporated into Ge is greater than 10%, an indirect to direct bandgap transition will
occur [7,8]. As a result, the germanium-tin (GeSn) alloy is considered a promising candidate
for a Si-based short-wavelength infrared range (SWIR) detector [9,10] and laser source [6]
due to its excellent carrier mobility and bandgap tunability. It also makes it possible for
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Si-based monolithic photoelectric integration, on-chip laboratory [11], and expanding the
working wavelength of the photodetector [9,10,12,13].

However, the low solid solubility of Sn in Ge (less than 1% at Ge-Sn eutectic tem-
perature) makes it laborious to induce a high Sn content into GeSn crystals, resulting
in Sn surface segregation [14,15]. Although non-equilibrium growth techniques such as
molecular beam epitaxy (MBE) [16,17] and chemical vapor deposition (CVD) [18] have
been proven to prepare the GeSn crystal films [19]. However, the lower growth temperature
and the stringent growth conditions have limited their application in the optoelectronics
industry. In contrast, the magnetron sputtering method is less costly and has relaxed film
growth conditions, making it suitable for large-scale fabrication [13,20,21]. Furthermore,
high-quality GeSn crystal films can be obtained by annealing amorphous GeSn (a-GeSn)
with a high Sn content.

The annealing methods for a-GeSn films are solid-phase crystallization (SPC), rapid
thermal annealing (RTA), and pulsed laser annealing (PLA) [22-24]. SPC and RTA enable
the annealing of a large area of film, but the longer annealing times will induce the precipita-
tion of large amounts of Sn components from the lattices [25]. That will have a detrimental
effect on the quality of GsSn crystal films. At the same time, SPC and RTA cannot accurately
anneal local surfaces. Compared with SPC and RTA, PLA can achieve high crystal quality
at low processing temperatures. A shorter exposure time of the pulsed laser will induce a
faster non-equilibrium transition of the surface temperature. It will enhance the content
of the Sn component in the GeSn crystal films. In addition, PLA enables the annealing of
specific areas of the sample, and it has also become a tool for the fabrication of periodic
arrays of crystalline microstructures [26]. In recent years, several studies have reported
on the crystallographic properties of RTA and PLA-treated a-GeSn films [22,26-29]. The
RTA-treated films showed more severe Sn segregation. PLA is a non-equilibrium annealing
method that can suppress the segregation of Sn to a certain extent. In PLA, the interaction
mechanism between laser and film with different pulse widths is complex. The interaction
mechanism has a significant effect on the degree of crystallization and the crystalline quality
of the film. In addition, the intensity of the spot follows the Gaussian distribution, with the
field intensity decreasing along the spot radius outwards. As a result, various regions in
the laser spot would have different crystalline properties. However, current reports have
not systematically investigated the effect of various pulse-width lasers on the crystalline
quality of GeSn films, such as the content of Sn-incorporated GeSn crystals.

Therefore, in this work, we first provide the Raman spectra of different characteristic
regions in the ablation state for single spot processing with various pulse-width lasers
(continuous-wave, nanosecond, femtosecond). In addition, we focus on the impact of
laser pulse width on the crystallization characteristics of GeSn film at different single-
spot processing states, particularly the Sn content incorporated into GeSn crystals. The
crystalline intensity of the GeSn crystal film and the Sn content in the GeSn crystals are
both characterized using Raman spectroscopy. The frequency shift of the Raman peak and
the FWHM can be used to describe how varied laser annealing pulse widths affect the Sn
content incorporated into GeSn crystals. The femtosecond laser processes GeSn films with
the highest Sn contents when compared with continuous-wave (CW) and nanosecond (ns)
lasers. In addition, the correlation between the length of pulse width and the Sn segregation
is clarified. The femtosecond (fs) laser’s extremely brief pulse width and ultra-short thermal
accumulation time enable rapid non-equilibrium temperature transitions at the film surface,
which can more effectively suppress the segregation of Sn.

2. Material and Methods

Amorphous Gey9Sng 1 (a-GeSn, the Sn content is 10%) film with a thickness of 100 nm
is deposited on a SiO, substrate by magnetron co-sputtering techniques. The substrate
samples are cleaned using the conventional RCA cleaning procedures prior to growth [30].
The substrate samples are dried with nitrogen after being rinsed in deionized water. The
ionizing gas used in sputtering is argon, and the working pressure is 3.75 mTorr. The
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temperature of the substrate is room temperature. The RF power of 100 W is applied to the
Ge target (purity: 99.999%). The DC sputtering power (Pdc = 6.8 W) on the Sn target (purity:
99.99%) is regulated to control the Sn content to 10%. Following the completion of the
material growth, scanning electron microscopy and a profilometer are used to characterize
the intrinsic information of the a-GeSn film, as shown in Figure 1.
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Figure 1. Intrinsic information of the a-GeSn films. (a) SEM image; (b) profilometer plots; and
(c) XRD patterns.

The experimental arrangement for direct laser writing of a-Geg 9Sng ; films with dif-
ferent pulse widths is shown in Figure 2. The laser sources used in this research are the
continuous-wave laser (CW) with the wavelength of 532 nm, Nd: YAG nanosecond laser
(ns) with the center wavelength of 532 nm, the repetition rate of 10 Hz, and the pulse width
of 22.5 ns (FWHM), and Ti: sapphire femtosecond laser (fs) with the center wavelength
of 800 nm, the repetition rate of 1 kHz, and the pulse width of 130 fs, respectively. In
the schematic diagram of the laser direct writing setup, the pulse energy is continuously
regulated by adjusting the combination of a half-wave plate (HWP) and a polarized beam
splitter (PBS). The laser is redirected through the mirrors, focused vertically on the surface
through a 2.5x objective (NA = 0.3, Nikon, Tokyo, Japan). We use the computer to control
the scanning speed of the translation stage to obtain a single pulse for processing the film
surface. And the irradiation duration of the CW laser is acquired by controlling the shutter
time. In addition, the process and state of laser processing are monitored by a reflective
charge-coupled device (CCD) from the top view at any time.
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Figure 2. Schematic diagram of the device for laser direct writing of a-GeSn films with the different
pulse widths (CW, ns, fs).
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All experiments are performed at room temperature. The morphologies of the single-
pulse action regions are characterized by the scanning electron microscope (SEM, LEO 1530,
ZEISS, Jena, Germany) at an operating voltage of 20 kV. Moreover, the crystallographic
characteristics of the films after laser irradiation at various pulse widths are provided
by Raman microscopy (inVia, RENISHAW, Wotton-under-Edge, UK) at a wavelength of
785 nm.

3. Results and Discussion

At different pulse widths, the mechanism of laser-material interaction varies. It
indicates that the surface of the sample can exhibit a variety of morphologies when exposed
to laser irradiation at various pulse widths. Figure 3 shows SEM images in the crystalline,

melting, and ablation states at different pulse widths.
\
.
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Figure 3. SEM images of the surface of the GeSn films in the crystalline, melting, and ablation states.
(a1-a4) CW laser; (b1-b4) ns laser; and (c1-c4) fs laser.

After CW, ns, and fs laser irradiation, no visible grains or grain boundaries are ob-
served on the surface of the films in the crystalline state (Figure 3(al-c1)). The film only
shows mild discoloration, suggesting that the area irradiated is modified. With increasing
laser fluence, GeSn film has been beginning to melt under the CW laser irradiation, as
shown in Figure 3(a2). Due to the Gaussian distribution of the spot intensity, the white
flocculent crystal structures are only created at the spot’s center because the film there is
liquefied by the high temperature, then cooled and redistributed.

However, on the ns and fs laser-induced surfaces, the grain structures are apparent in
the melting state, as shown in Figure 3(b2,c2). The size of the crystalline grain structures
in the central region of ns laser irradiation is greater than that of the surrounding area,
indicating that melting has been induced in the center. Rapid melting and cooling cause
the material in the center to form larger grains. The melted material is de-wetted radially
outward, inducing the smaller grains on the surrounding area [31]. The fs laser’s non-
thermal ultrafast phase transition and subsequent thermal effects cause the creation of
disorganized small grains on the surface [32-34].
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The ns and fs action zones are significantly ablated as the irradiation energy density
rises, resulting in crater structures (Figure 3(b3,c3)). And the crystalline grain structures
are present only on the outside of the crater structures. However, more areas produce
white flocculent crystal structures under the CW laser irradiation (Figure 3(a3)). Besides,
the intensity of the spot follows the Gaussian distribution, which means that the area
of action covers a wide range of morphologies, especially the ablation state. As shown
in Figure 3(b3,b4), the laser irradiation area can be divided into four typical regions (the
central region, the ring region, the rim, and the outer-modified region) [35]. The droplet-like
structures appear in the ring region, and the size of the droplet-like structures near the rim
structure is more significant, implying melting phenomena occur in the ring region [35].
However, there are no apparent droplet-like structures inside the fs laser-induced crater,
purporting that the GeSn material is directly transformed into the plasma [36].

The laser spot intensity follows the Gaussian distribution, with the field intensity
decreasing along the spot radius outwards. As a result, various regions in the laser spot
would have different crystalline properties. Therefore, the Raman spectra of different
characteristic zones in the ablation state are examined. Figure 4 indicates the corresponding
Raman spectra for different typical regions after CW, ns, and fs laser irradiation. For CW
laser irradiation, the Ge-Ge mode peak (~300.4 cm~1) [8,37] of the crystalline GeSn (c-GeSn)
appears in both the center, the ring, and the out-rim region [38]. The intensity of the Raman
peak decreases along the spot radius outwards. If the irradiated laser is the ns and fs,
as shown in Figure 4(b1,b2,c1,c2), there is no Ge-Ge mode peak in the central region. It
certifies that the material in this region is immediately ablated by the higher fluence in
the center of the Gaussian spot. And the Ge-Ge mode peak appears in the outer-modified
region, indicating that this region has been crystallized.
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Figure 4. The corresponding Raman spectra for different regions after CW, ns, and fs laser irradiation
(black for the central region, blue for the inner-rim region, and the outer-modified regions are
represented by red, and green along the radius). (al,a2) CW laser, (b1,b2) ns laser, and (c1,c2) fs laser.

The interaction mechanism between the laser and the film also varies depending on
the pulse width. It not only affects the surface morphology of the film but also signifi-
cantly affects its crystallographic characteristics. Therefore, Raman spectroscopy is used to
investigate the impact of laser pulse width on the crystallization characteristics of GeSn
film at different single-spot processing states, particularly the Sn content incorporated into
GeSn crystals. Figure 5 represents the Raman spectra of the GeSn films in the laser-induced
crystalline, melting, partial ablation, and ablation states, respectively. In addition, the
positions of the principal peaks of crystallization are also marked in this figure.
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Figure 5. Raman spectra of GeSn films after laser annealing at different pulse widths. (a) Crystalline;
(b) melting; (c) partial ablation; and (d) ablation states. And the positions of the principal peaks of
crystallization are also marked in this figure.

Compared with the Raman spectrum of the a-GeSn film in Figure 5a, the Raman
spectrum is narrower, more intense, and blue-shifted following laser irradiation, suggesting
that the film is currently beginning to crystallize. However, the Raman peak also contains a
certain intensity of amorphous wave packets, as the left side of the Raman peak is more
skewed than the right side. Figure 5a reveals the Raman spectra of the laser-induced
crystalline state (CW, ns, and fs laser), with no significant frequency shift, and all these
principal peaks are located about 285 cm~!. As illustrated in Figure 5b, the peak width
further reduces, the peak intensity rises, and the Raman peak is essentially symmetrical
to the left and right in the laser-induced melting state, indicating a notable increase in the
crystallinity of the film. In contrast to the pulsed laser (ns, fs), the CW laser’s principal
peak is significantly shifted toward the high wave number. Additionally, the CW laser’s
Raman peak exhibits a more pronounced blue shift with a peak position of 295 cm ™! in the
partial ablation states (Figure 5c). In the ablation state, as shown in Figure 3(b3,c3), the film
surface is ablated; in this case, no crystalline peaks can be detected.

The Raman shift of the crystalline peak can be attributed to the effects of the in-
corporation of Sn and in-plan strain and the crystal disorder impact. The peak shift
(Aw = Awgesn — Awg,) can be defined as Aw = Awyjioy + AWstrain+ disorder- In this equation,
Awgijoy = ax is the Raman shift induced by the content of incorporated Sn, a = — (82 £ 4)
is the coefficient [39—41]. Awstraintdisorder = — (0.6 — 3.2) £ 0.3 is defined as the Raman
shift produced by the minimum residual amounts of strain and the disorder of the GeSn
crystal [42]. In Raman scattering spectroscopy, the disorder is always related to the peak
broadening, I' is the FWHM of the GeSn crystalline peak. Therefore, the frequency shift
of the Raman peak and the FWHM can be used to approximate the calculation of how
varied laser annealing pulse widths affect the Sn content incorporated into GeSn crystals.
Table 1 lists the calculated Sn content in the GeSn crystals and the Raman data for the GeSn
films in various processing states. After CW laser or pulsed laser annealing, most of the
Sn is incorporated into the crystal in its crystallized form. However, the blue shift of CW
becomes more severe in the partial ablation state, and the Sn content in the crystal is just
2%, indicating that most of the Sn precipitates out [43]. In addition, the Raman spectra will
shift when Sn segregation occurs during laser annealing. The blue shift of the crystalline
peak becomes more pronounced the more severe the Sn segregation.
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Table 1. Summary of Raman data and the content of Sn for samples after laser annealing at different
pulse widths in the crystalline, melting, and partial ablation states.

Processing States Crystalline Melting Partial Ablation
Laser Types CW ns fs CW ns fs CW ns fs
Raman shift (cm™1) 15.1 14.7 15.1 8.4 11.4 13.1 54 10.4 12.4
FWHM (cm™ 1) 21 20.5 20.8 12.8 13.85 16.2 12.3 15.3 18.2
The Sn content 7.3% 7.6% 8.07% 4.2% 6.9% 7.3% 2% 6.05% 6.38%

In addition, the variation of the crystalline quality of a-GeSn films under multi-pulse
irradiation is also discussed, as shown in Figure 6. As the irradiation time of the CW
laser increases, the intensity of the Ge-Ge mode peak enhances and then ceases to change,
indicating that the film is fully crystallized at this location. However, with the increase
in irradiation time, the position of the Ge-Ge mode peak has a blue shift. Furthermore,
the Sn content in the GeSn crystals decreases continuously to only 1.5% after 1.0 s of laser
irradiation. Unlike CW laser, the Ge-Ge mode peak has a small frequency shift after the
ns and fs laser irradiation with fewer pulses. It demonstrates that the shorter laser pulse
width can more effectively suppress Sn segregation. Furthermore, the fs laser ensures both
the higher crystalline intensity and the higher content of the Sn component, as shown in
Figure 6¢ in the Raman spectrum after processing with 10 shots (N = 10).
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Figure 6. Raman spectra of the GeSn films after laser annealing at different pulse widths under the
multi-pulse irradiation. (a) CW laser; (b) ns laser; and (c) fs laser.

The laser annealing process based on an extremely fast cooling rate is essentially
non-thermal equilibrium processing [28,44]. However, a key factor affecting the rate of
non-equilibrium transition is the length of the pulse width. The mechanism by which
laser pulse width affects Sn segregation in GeSn film is illustrated by the two-temperature
model (TTM), which investigates the speed of the non-equilibrium transition of the surface
temperature different pulse-width laser irradiation.

d wR]d, 9
CegTe = exp [aTIZ] akeaTe —G(Te — T)) + (1 — R)aplp(t)exp(—apx) 1)
d
Ciz; T = 6(Te — Th) 2

The TTM model is described in Equations (1) and (2). Equation (2) describes the heating
of the lattice through electron-lattice coupling, with T, and T; representing the temperatures
of electrons and lattices, and G being the electron-lattice coupling constant [45,46]. C, and
C; are the specific heat capacities of the electrons and the lattice. (1 — R)aIo(t)exp(—apx)
is the radiation heating source term [47]. R is the reflectivity, and «j, is the radiation absorp-
tion coefficient. k. is the thermal conductivity. The electronic and lattice systems inside
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the system are regarded as being in thermal equilibrium when the pulse width is much
greater than the electron relaxation time and the lattice thermalization time. Consequently,

T, =T =T, exp [—a%ﬂ — 1. In contrast, the PTS model can be used to represent the
temperature transform process when the laser pulse width is substantially lower than the

T

In Figure 7a, the surface temperature after ns laser irradiation with different fluences
completes the transition in 200 ns, rising rapidly to the maximum and then slowly decreas-
ing, since the pulse width of the ns laser is larger than the electron relaxation time and
lattice thermalization time. Therefore, the ns laser can be considered the only heating source
during the interaction between the ns laser and the GeSn film. However, the heat transfer
and thermal diffusion processes of electron-lattice coupling and lattice-lattice coupling
cause the surface temperature of the film to decrease slowly [48]. Therefore, the slower
non-equilibrium transition of surface temperature during ns laser annealing allows the
surface of the film to be heated for a long time. The accumulation and transfer of heat result
in a slower cooling of the surface temperature. As a result, the accumulation and transfer
of heat led to the segregation of the Sn component during this process [28].

electron-phonon relaxation time, exp {faT—R} — 0.

4000 5000

—8.165 Jlcm? ——2.994 Jicm? (c) ——2.994 Jlcm?
_ 3500 ——12292 Jicm? —3.946Jem?| __ ——3.946 Jicm?
2 14375 Jicm? —55790cm?| X 4000 ——5.579 Jicm?
= 3000 ——16.465 Jicm? -
< 2500 £
‘E % 3000
= 2000 hd
8 2 2000
g 1500 —_— £
S 1000 Time (ps) o
L F 1000
500
04 ! 0
0 50 100 150 200 250 300 350 400 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time (ns) Time (ps) Time (ps)

Figure 7. (a) Curves of surface temperature variation for different processing states of ns laser;
(b) Curves of electron temperature variation for different processing states of fs laser; (c) Curves of
lattice temperature variation for different processing states of fs laser.

Figure 7b,c show the temperature variation curves of the electrons and the lattices
under the fs laser irradiation, respectively. In Figure 7c, the lattice temperature transition
is complete at around 35 ps under the fs laser irradiation with the different fluence. For
an fs laser, the pulse width is much smaller than the electron relaxation time. The heating
is over before the electrons can transfer energy to the lattice. Therefore, the interaction
of the electrons with the lattice and the heat transfer between the lattices can be ignored
during the interaction of the femtosecond laser with the thin film [49]. The time for energy
accumulation during fs laser processing is extremely short, and the lattice temperature can
be non-equilibrium converted in the order of picoseconds.

However, the action time of the CW laser is much higher than that of the ns laser, the
film is heated for a longer time, and the non-equilibrium transition in surface temperature
is the slowest. When irradiated with the CW laser, the sample surface remains at a high
temperature for the longest time. The sample surface can be quickly heated and cooled
under fs laser irradiation. More Sn atoms can be incorporated into the Ge lattice by this
non-equilibrium annealing method. Therefore, the fs pulsed laser annealing method can
effectively suppress the surface Sn segregation.

We have characterized the crystallographic characteristics of GeSn films under the
CW, ns, and fs-laser irradiation. Figure 8 summarizes the ratio of Sn incorporated into
crystals in the crystalline, melting, and partial ablation states. As the laser fluence rises,
Figure 8 shows that Sn content doped into the crystal drops. It is a result of the more intense
thermal effect and slower non-equilibrium transition that occur at greater fluence, which
allows for more Sn to precipitate out. Under the fs laser irradiation, the contents of the



Coatings 2023, 13, 453

9o0f 11

Sn component in the crystalline, melting, and partial ablation states are 8.07%, 7.3%, and
6.38%, respectively. In the melting and partial ablation states, the Sn content incorporated
into the crystals after fs laser annealing is much higher than that of the CW laser and only
slightly higher than that of ns laser. With the shortest pulse width, the sample surface can
be heated and cooled rapidly, and more Sn atoms can be incorporated into the Ge lattice.
Therefore, thermal diffusion is not significant [49-51], and the temperature non-equilibrium
transition is fast, which is more favorable for obtaining GeSn crystalline films with a higher
Sn component.
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Figure 8. The content of Sn incorporated into crystals in the crystalline, melting, and partial abla-
tion states.

4. Conclusions

In conclusion, we have examined how the laser pulse width affects the crystallographic
characteristics of a-GeSn films in the crystalline, melting, partial ablation, and ablation
states, particularly on the issue of Sn segregation. Using Raman spectroscopy to correlate
the frequency shift of the Ge-Ge mode peaks with Sn segregation, the crystalline quality
of the GeSn film is evaluated. The fs laser processes GeSn films with the highest Sn ratios
compared with the CW and ns lasers. From the perspective of the temperature transition at
the film surface, the two-temperature model (TTM) is utilized to describe the mechanism
of the laser pulse width on the Sn segregation. After fs laser irradiation, more Sn can be
incorporated into crystalline GeSn from the amorphous GeSn, which is attributed to the
rapid non-equilibrium temperature transitions. Therefore, the fs laser annealing method can
effectively suppress Sn segregation, which is an effective annealing method for obtaining
GeSn films with high Sn contents.
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