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33 10 ABSTRACT

36 11 Due to the presence of lone-pair electrons, it is challenging to attain lateral growth of thin
38 12 films of Group IV monochalcogenides. In this study, lateral growth of germanium monosulfide

40 13 (GeS) thin films with a minimum thickness of about 20 nm was attained on SiO,/Si and quartz
42 14  substrates at a growth temperature of 420 “C, employing a combined method that uses an
44 15  aluminum (Al) catalyst and a pre-deposited amorphous GeS layer. Grown GeS thin films using a

46 16 20 nm-thick Al show dendrite structures, likely attributable to defects introduced in the Al layer

48 17  when deposited at room temperature. Dendrite structures virtually eliminated by annealing

>0 18  substrates at 120 °C during Al deposition or by using a 5 nm-thick Al layer deposited at room

53 19  temperature. Time-dependent changes in grown GeS thin films using a 5 nm-thick Al on SiO,/Si

55 20  and quartz substrates were shown to exhibit a lateral growth rate of 2 - 3 um/sec. The
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birefringent properties of grown GeS with a Maltese extinction cross pattern were confirmed
using cross-polarized optical microscopy, indicating the formation of a spherulite-like structure.
It appears that Mullins-Sekerka instability dominates the growth front at the periphery of circular
domains, causing a dendrite morphology. A transition region dominated by kinetic-limited
diffusion occurs, forming the spherulite-like structure of GeS. X-ray diffraction and atomic force
probe investigation reveal the grown spherulite-like GeS, on insulating substrates, to consist of a
layered structure with a flat surface. The single-crystalline area of GeS appears to be larger than
200 nm in size as evaluated by selected area electron diffraction via transmission electron
microscopy. This study reveals a potential method of achieving lateral growth of GeS on
insulating substrates. This method may facilitate the use of GeS as functional semiconductors for
developing next-generation field-effect transistors with potential for all-optical manipulation,

such as in-memory sensing and computing devices.

KEYWORDS Lateral growth, germanium monosulfide, Al-catalyzed growth, birefringence,

spherulite-like structure

1. INTRODUCTION

Recently-rediscovered Group IV monochalcogenides, such as germanium monosulfide
(GeS), are promising layered semiconductors [17*] ; they exhibit unique properties that include
non-toxicity, earth-abundancy [4], a moderate bandgap [°], high Curie temperature [¢], Eshelby
twist [7], in-plane ferroelectricity [®], photostrictive properties [°] and other useful properties [1*-
14]. Tin monosulfide (SnS), which has a structure that is analogous to that of GeS, has been
shown elsewhere to exhibit bulk photovoltaic properties [!°], in-plane ferroelectric domain
transitions [!], high carrier mobility [!7] and other characteristics of interest [!® 1°]. Lateral
growth techniques for creating large-area thin films of Group IV monochalcogenides remain a
challenge, likely due to the presence of lone-pair electrons, resulting in a higher charge energy
between van der Waal layers than that of other transition metal chalcogenides [?°]. In our
previous investigations, a pre-deposited amorphous technique for taking Mullins-Sekerka

instability into account has been studied to achieve lateral growth of GeS thin films [>!-23].
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1

2

2 50 Centimeter-scale GeS continuous film has been achieved; however, the observed minimum

5 51  thickness of the grown GeS is still approximately 100 nm, and bulk-like GeS prisms are

? 52 generally observed in the center of grown circular GeS domains. Growing GeS thin films

g 53 laterally is still an ongoing project [*4-26].

10

:; 54 An effective method of achieving a self-limited growth mechanism or of minimizing

13 55  thickness in the growth of other two-dimensional materials, such as graphene [?7-2%] and

12 56 transition metal chalcogenides [2°3'], is to employ a metal catalyst. The first attempt to apply an
:? 57  appropriate metal catalyst to grow GeS took into account the vapor pressure and eutectic

18 58  temperature of aluminum (Al) and germanium [3233]. The eutectic temperature of both is about
;g 59 400 °C, and it is close to the growth temperature in our previous investigation that employed the
;; 60  pre-deposited amorphous GeS method [3*]. Aluminum is a commonly-used metal in the

;i 61  semiconductor industry. It is capable of being formed on the target substrate by thermal

25 62  deposition and atomic layer deposition [333¢]. Relaxation methods (e.g., post-annealing) for

;? 63  reducing defects in Al layer when deposited under vacuum conditions, such as atomic voids,

;S 64  internal stresses and so forth, are also applied [37-3°]. To attain GeS thin films on insulators, Al as
2(1) 65 the metal catalyst can be used to provide the appropriate activation energy that will minimize the
32 66  formation of bulk-like GeS prims [*°] and to obtain centimeter-scale crystalline GeS thin films.
gi 67  We believe this study to be the first investigation to use Al as a catalyst for the lateral growth of
g 2 68  centimeter-scale continuous GeS thin films. In addition, a slight modification of the susceptor
37 69  with a tilt angle is also implemented, analogous to the other investigation [#°], since the boundary
22 70  layer [*-#?] that results from fluid dynamics on the target substrates using vapor transport

2(1) 71  method is considered as an important factor to minimize thickness variation in the pre-deposited
g 72 amorphous GeS layer and the grown GeS thin films [3%41-42].

44

45 73 Based on the aforementioned information, an Al layer as the catalyst, designed to be

j? 74  synergistic with the pre-deposited amorphous GeS layer method, was applied to grow GeS thin
jg 75  films on insulating substrates (SiO,/Si and quartz). Two substrates, i.e., SiO,/Si measuring 13

g? 76  mm X 13 mm and quartz measuring 15 mm X 15 mm were both placed in a region which had

52 77  a growth temperature of 420 °C. The birefringent properties of the grown GeS thin films were
54 78  observed on both the substrates using an optical microscope with crossed polarizers. The

2> 79  spherulite-like structure of the GeS thin films was confirmed by observation of the Maltese
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extinction cross pattern [43 44]. Spherulite crystals are found in a large number of materials
documented elsewhere, including polymers [+], salts [4>47], metals [*®*4°], and several human
diseases such as Alzheimer’s disease and kidney stones [3%5!]. A growth mechanism for
spherulite-like GeS thin films is considered and discussed later in detail in comparison with other
investigations [3>33]. The presence of the spherulite-like structure of GeS thin films is likely
attributable to ultrahigh supersaturation-induced condensation at the growth front, resulting in
the lateral growth of spherulite-like GeS thin films. The lateral growth rate for nonlinear
spherulitic growth obtained here is analogous to the supercooling-like method [3* >3] and is in the
order of several micrometers per second (2 - 3 pm/sec). In addition to the observed birefringent
properties, grown GeS thin films were investigated in this study by Raman spectroscopy, X-ray
diffraction (XRD), scanning electron microscopy (SEM) with energy-dispersive X-ray detection
(EDX), transmission electron microscopy (TEM), and atomic force probe. Despite techniques for
growing spherulites being more an art than a science [°'], emerging cylindrical symmetric
rotating crystals [3¢], and the potential to grow single-crystalline functional materials on
insulating substrates, as previously investigated for GeO, [*7], suggest that grown spherulite-like
GeS thin films hold the potential to achieve single-crystalline semiconductors on insulating
substrates such as Si0,/Si and quartz, taking advantage of the substrate engineering synergy that
benefits from the kink-pair nucleation mechanism (i.e., the Peierls energy barrier) [%%°] and
paving the way for the development of next-generation GeS field-effect transistors (FETs) with

the potential advantage of use in programmable FETs using the optic control method [0-67].

2. RESULTS AND DISCUSSION

Al as the catalyst layer was deposited on SiO,/Si and quartz substrates using a thermal
evaporation apparatus in a range of thicknesses from 5 - 20 nm, deposited at room and elevated
temperatures, followed by the vapor transport process for growth of GeS. A horizontal quartz
tube with two independently-controlled heating regions was then utilized to proceed with the
pre-deposited amorphous GeS layer and the growth of crystalline GeS thin films at elevated
temperatures. GeS powder was placed in the upstream heating region of the tube, while

substrates (300 nm-Si0O,/S1 and quartz) were positioned in the downstream heating region. The
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1

2

2 109  experimental heating profile is analogous to that used in our previous investigations [34]; in

5 110  addition, a further optimized strategy for locating the susceptor, analogous to other

? 111  investigations, [**#?] and a fixed growth temperature of 420 °C were utilized in the current study.
S 112 (See details in the Materials and Experimental Methods.) This was simply to minimize, as much

10 113 as possible, the variation in thickness of the grown GeS thin films on SiO,/Si and quartz
12 114  substrates to a greater extent than in our previous studies, in which the thickness of the grown

14 115 crystalline GeS films varied from 1 pm to 100 nm on a single substrate [*4].

16 116 In this, the first attempt to apply Al as the catalyst layer for growing GeS thin films, a 20
18 117  nm-thick Al layer for 15-min growth of GeS thin films was employed, as shown in Figure 1. The
20 118  growth of bulk-like GeS prisms and clusters were significantly suppressed as a result of use of
5> 119 the Al catalyst, compared to that without employing Al catalyst, as shown in Supporting Figure
23 120  Sla-Slc. However, large numbers of dendrite structures were observed in the grown Ge$ films,
25 121  asshown in Figure la. Two types of dendrite structures were identified here. Type 1 dendrite

27 122 structures, which are dark in color, occupy a smaller area, whereas Type 2 dendrite structure are
123 pale in color and occupy a larger area. Type 1 dendrite structures are present at the center of the
30 124  Type 2 dendrite structures. Corresponding EDX mappings of dendrite structures are shown in

32 125  Figure 1b-f. Lower signal intensities for Ge and S and higher intensities for Si and O are

34 126 observed in accordance with the smaller dark areas present at the center of Type 2 dendrite

35 127 structures, indicating that the Type 1 dendrite structure is attributable to the loss of Ge and S

37 128  (Figures 1b,lc,le,1f). Analogously, dendrite structures with lower signal intensities for Al are

39 129  observed in accordance with the large pale areas of dendrite structures as shown in Figures 1a
130  and 1d. The Type 2 dendrite structure is therefore attributable to the loss of Al catalyst. Position-
42 131  dependent measurements of Raman spectra are shown in Figure 1g from the center (#1 spot) to
44 132 the edge (#3 spot) of the dendrite structure. All three spots show typical Raman phonon modes
46 133 for GeS [%*] as indicated by B3z at 211 cm™!, A, at 239 cm™! and Ag at 269 cm™!, respectively
134 representing the vibration mode of the zigzag edge direction, the layer breathing mode and the
49 135  vibration mode of the armchair edge direction. A stronger peak intensity for the Si substrate at a
51 136  Raman signal of 521 cm™! is observed at the center of the dendrite structure, due to the loss of
53 137 grown GeS in Type 1 dendrite structures. The Raman signal of Si is lower at the #2 and #3 spots,
>4 138 likely attributable to the effect of Al. The typical surface morphology of the dendrite structures

56 139  was evaluated by AFM as shown in Figure 1i. The dendrite structures (darker areas) are thinner,
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as shown in the AFM mapping of Figure 1h. The corresponding line profile exhibits two steps in
its thickness, from Type 1 to Type 2 dendrite structures. The presence of a lower step (with a
Type 1 dendrite structure) and a higher step (with a Type 2 dendrite structure) is therefore
attributable to grown GeS and the loss of Al (approximately 20 nm thick), respectively, in the
light of the preceding investigations. Grown GeS thin films located at areas without dendrite
structures, i.e., at the #3 spot, show a flat surface on SiO,/Si substrates (Figures 1a and 1h). It
thus appears that the dendrite structures are attributable to defects such as internal stress and
atomic voids that were already present in the thicker thermally-deposited Al [3% ¢4]. These defects
are aggravated by the elevated temperature of the argon carrier gas containing GeS.
Identification of the starting point of dendrite structures will require a great deal of investigation,
since it is likely related to the elevated temperature, conditional pressure, speed of argon carrier
gas flux, concentration of GeS and other variables. Synergy with simulation methods in fluid

dynamics and phase-field models will therefore be examined in future investigations.

The XRD results confirm the orthorhombic structure of GeS to be in accordance with the
standard GeS reference (PDF#00-009-0231) as shown in Figure 1i. In the 26 scan mode,
diffraction peaks at 16.9° and 34.2° are obtained, representing (002) and (004) respectively,
indicating that the crystal orientation is along the c-axis (001), and normal to the van der Waals
stacking layers. However, additional (102), (012), (110) and (103) peaks are obtained. These can
likely be ascribed to the loss of Al, resulting in the formation of other crystal orientations.
Representative photographs and optical microphotographs are shown in Figure 1j-1, which reveal
almost complete coverage of grown GeS thin film on a 13 mm x 13 mm SiO,/Si substrate for a
growth time of 15 min. The grown GeS film exhibits various interference colors on the Al
catalyst without dendrite structures, and Type 1 and Type 2 dendrite structures as evaluated by
cross-polarized optical microscopy. The birefringent properties of grown GeS thin films are
likely attenuated by thick Al as described in Figure 1j-1 and Supporting Information Figure S1d-
e, whereas they exhibit stronger interference colors on dendrite structures. Analogous
birefringent properties have been noted elsewhere in an investigation of SnS flakes on a mica
substrate [!°]. Since this study is on the growth of GeS thin films, a thin film relaxation strategy

[37-3%], namely annealing, is implemented to limit the formation of dendrite structures.
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39 171 Figure 1. Evaluation of grown GeS thin films on SiO,/Si substrate with 20 nm-thick Al deposited at room

41 172 temperature. (a) Top view of SEM observation. (b-f) EDX mappings for Ge, S, Al, Si, and O, respectively. (g)
42 173 Raman spectra of measured #1, #2 and #3 spots, respectively indicated in (a). (h) Surface morphology and depth
43 74 profile of grown GeS thin films with 20 nm-thick Al. (i) XRD spectra of grown GeS thin films with the standard
45 175 GeS reference of PDF#00-009-0231. (j-1) Photographs and microphotographs for 15-min growth of GeS using an

46 176 optical microscope with and without a crossed polarizer.
49 177

5o 178 If annealing is applied at 120 °C during 20 nm-thick Al deposition, the grown GeS thin
>3 179  film exhibits no dendrite structures, as demonstrated in Supporting Figure S2a and S2b.

55 180  Annealing during Al deposition to reduce defects (internal stresses, atomic voids, etc.) as
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evaluated here appears to be an effective method for growing GeS thin films. However,
annealing during Al deposition under vacuum may result in hillock growth, agglomeration and
other surface structures [>°] with increasing film thickness, as seen in the SEM images of the
thickness-dependent surface morphology of Al (Supporting Figures S2d-f). The thickness-
dependent surface morphology of Al is analogous to the structure between Zone 1 and the
Transition Zone [3°], at deposition temperatures below 0.3Tpax (Tiax i the melting point of the
deposited metal) as described by the extended structure zone model proposed by Thornton [°].
To prevent the formation of dendrite and surface structures in Al, we conducted a method using a
5 nm-thick Al deposited at room temperature. The as-deposited 5 nm-thick Al shows very few
surface structure, as seen in the SEM image in Supporting Figure S2g. Time-dependent changes
in the GeS growth process (3 and 5 min) with deposition at room temperature of 5 nm-thick Al
on both SiO,/Si and quartz substrates are shown in Figures 2a-h. Figures 2a and 2c are
photographs of 3-min growth and Figures 2e and 2g show 5-min growth of GeS on SiO,/Si and
quartz substrates. Dendrite structure-free GeS thin films are obtained on SiO,/Si and quartz
substrates with a 5 nm-thick Al layer deposited at room temperature, analogous to that for a 20
nm-thick Al layer deposited and then annealed at 120 °C. Since no vapor-liquid-solid growth
modes are observed, in the same way as seen with gold metal-catalyzed growth of GeS
nanowires [’], the Al appears to stabilize the pre-deposited amorphous GeS layer and suppress

the re-sublimation rate of the pre-deposited amorphous GeS layer.

Optical microscopy using a crossed polarizer is utilized to evaluate the birefringent
properties of GeS thin films grown on Si0,/Si and quartz substrates with growth times of 3 min
(Figures 2b,2d) and 5 min (Figures 2f,2h), respectively. The darker regions, the so-called
Maltese extinction cross pattern, are a common characteristic of radial anisotropic bodies
between a crossed polarizer. The Maltese cross is parallel to the polarizer, and the analyzer
orientations of the microscope are independent of the stage orientation. The Maltese cross results
from the cancellation of birefringence every 90° with a crossed polarizer; for this reason,
crystalline GeS along the vertical and horizontal directions is dark in the observed optical image.
This suggests that the grown GeS thin film possesses a spherulite-like structure, since spherulite
substances exhibit a Maltese cross pattern when observed using cross-polarized optical
microscopy. The observed interference colors of spherulite-like GeS are likely affected by the

thickness of the film and the underlying substrate, likely due to the birefringent properties of the
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1

2

2 212 grown GesS thin film on the SiO,/Si substrate. The thicker of the GeS film, the longer the

5 213 reflected wavelength of the color observed, that is, moving it toward the red end of the spectrum.
6

7 214 Conversely, the thinner the GeS film, the shorter the wavelength observed, moving it toward the
g 215  Dblue end of the spectrum. In addition, if the polarizer is slightly rotated, GeS thin films show

10 216  optically enhanced (blueish color) and weakened (reddish color) areas with different interference
12 217  colors, as demonstrated in Supporting Figures S2h-k. It appears likely that the colored area

14 218  shows the same structural orientation along the armchair or zigzag edge as sub-domains of

15 219 crystallized GeS, present in the circular domain of spherulite-like GeS thin films. The formation
17220  of spherulite-like GeS thin films is likely attributable to a sharp local phase gradient in the

19 221  adatom region of the growth front among the crystallized GeS, GeS vapor source and re-

51 222 sublimated GeS from the Al catalyst [** ]. The ultrahigh supersaturation-induced condensation
22 223 at the growth front likely results in the lateral growth of spherulite-like GeS at the interface of

24 224 the sharp local phase gradient [*7]. The diameter of one domain for spherulite-like GeS thin films
26 225  with a 3-min growth time is about 450 - 500 um, as shown in Figures 2b and 2d, whereas that for
226  a 5-min growth time is about 700 um, as shown in Figures 2f and 2h. The growth rate which

29 227 achieves one circular domain with a diameter of hundreds of micrometers within 3 - 5 minutes,
31 228 i.e., in the order of several micrometers per second (i.e., 2 - 3 um/sec observed in this study), for

33 229  the nonlinear spherulitic growth of GeS thin films, is analogous to the supercooling-like method.

35 230 Raman spectra of the grown spherulite-like GeS thin film on SiO,/Si and quartz

37 231  substrates are shown in Figure 2i, measured in four positions from the emanating center to the
39 232  circular periphery and outside of the circular domain, as respectively denoted as the Centre,
233 Middle, Fringe, and Remote areas. The Raman spectra noted at the emanated center (Centre),
42 234  Middle and Fringe areas of the circular domain show three typical Raman phonon modes for
44 235  GeS [%] as indicated by B3, at 211 cm™!, A, at 240 cm™! and A, at 270 cm™!, respectively

46 236  representing the vibration mode of the zigzag edge direction, the layer breathing mode and the
237  vibration mode of armchair edge direction. The Raman spectrum at 521 cm™! corresponds to the
49 238  Si substrate. Raman spectra of grown GesS thin films on quartz substrates are also obtained,

51 239  whereas they generally show a downshift compared to that of on SiO,/Si substrates. Raman

53 240 spectra of grown GeS thin films on both SiO,/Si and quartz substrates are not detected in the
>4 241  Remote area outside the circular domain. The lateral growth of GeS thin film is therefore

56 242  attained by using the Al catalyst and pre-deposited amorphous GeS layers. Since AFM
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measurements at the outside of the circular domains might affected by remaining pre-deposited
amorphous GeS and Al, we employed cross-sectional SEM observations to evaluate thickness.
These are described in the next paragraph. Therefore, only the surface roughness is shown in

Figure 2j-k.

AFM measurements with a surface roughness R,, of about 0.7 nm confirm the lateral
growth of spherulite-like GeS thin films exhibiting a flat surface on both SiO,/Si and quartz
substrates. The fractal dendrite at the circular periphery is observed for grown GeS thin films on
a quartz substrate as shown in the represented SEM image (Supporting Figure S21). This likely
confirms the Mullins-Sekerka instability at the growth front of the circular periphery [>!-23],
which is limited to only the normal growth mechanism for diffusion-limited growth; however,
spherulite formation at the inner body of the grown GeS appears to be controlled by kinetic
growth, since spherulites do not form under diffusion control. Diffusion-limited growth starts
from the growth front at the periphery of the spherulite-like GeS after nucleation, following
which there may be a transition region that facilitates a transformation from diffusion-limited
growth [¢7] to kinetic-limited growth [%8] for the body of spherulite-like GeS thin films. XRD
spectra of the Al-catalyzed lateral growth of GeS thin films on both Si0,/Si and quartz substrates
are highlighted by green and yellow lines in Figure 21. The XRD results confirm the
orthorhombic lattice structure of GeS, in accordance with the standard GeS reference of
PDF#00-009-0231. In the 26 scan mode, the diffraction peaks that occur only at about 16.9° and
34.2° for (002) and (004) respectively are obtained, indicating that the crystal orientation is along
the c-axis (001), and normal to the van der Waals stacking layers. This suggests that GeS thin
films grown on SiO,/Si and quartz substrates using 5 nm-thick Al and pre-deposited amorphous

GeS consist of layered structures.
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Figure 2. Evaluations of temporal change after 3 and 5 min for grown GeS thin films on SiO,/Si and quartz
substrates with 5 nm-thick Al deposited at room temperature. (a-h) Top view of optical microscope observations
with and without applied crossed polarizer. r and d respectively represent the radius and diameter of one circular
domain. (i) Raman spectra of measured spots at the Centre, Middle, Fringe and Remote spots on SiO,/Si and quartz
substrates as indicated in (a) and (c). (j-k) Surface morphology of grown GeS thin films with a 5 nm-thick Al on
Si0,/Si and quartz substrates, respectively. (I) XRD spectra of grown GeS thin films on insulating substrates with
the standard GeS reference of PDF#00-009-0231.
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Since a 15-min growth time is sufficient to fully cover the SiO,/Si substrates with GeS,
cross-sectional SEM measurements with EDX mappings were carried out to evaluate the
thickness of the grown GeS thin films. The thickness of a grown GeS thin film is closely related
to that of the pre-deposited amorphous GeS layer. To obtain various thicknesses of GeS thin
films using a 5 nm-thick Al, a pressure control with identical flow of inlet Ar gas flux to achieve
various thickness of pre-deposited amorphous GeS layer was applied. The observed various
thicknesses of grown GeS thin films using a 5 nm-thick Al from areas highlighted by dashed
circles are about 60 nm, 35 nm and 20 nm as shown in Figures 3a-c, attained by using pressures
of 6500 Pa, 7000 Pa and 7500 Pa respectively during the pre-deposited amorphous GeS layer
process. Insets of Figure 3a-c show overall photographs of Al-catalyzed grown GeS thin films on
Si0,/Si substrates. Cross-sectional EDX mappings for the elements Ge, S, Si and O in the grown
approx. 60 nm-thick GeS thin film (as referenced in Figure 3a) are shown in Figure 3d-g. Ge and
S are clearly obtained on top of the SiO,/Si substrate. The two represented thicknesses measured
using the provided software equipped with an SEM apparatus for the grown GeS thin film of
about 35 nm and 20 nm are illustrated in Supporting Figure S3. The Al-catalyzed grown GeS
thin films are much thinner than in our previous results (i.e., the observed minimum thickness of
GeS is about 100 nm) [**], with a much lower variation in thickness of several tens of
nanometers (in comparison with several micrometers in our previous results), facilitated by use

of the optimized tilt susceptor method [4042].

& 4L

7 ~60 nm

%ﬁxﬂhﬁﬂ@mﬂ]ﬂ

300 nm
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1

2

3 297 Figure 3. Cross-sectional SEM images for the thickness evaluation of 15-min growth of GeS thin films on SiO,/Si
4

5 298 substrates with 5 nm-thick Al deposited at room temperature. (a-c) Cross-sectional SEM observations with achieved
6 299 thicknesses of 60 nm, 35 nm and 20 nm. Insets are photographs of the corresponding samples. (d-g) Cross-section
; 300  EDX mappings for Ge, S, Si and O.

9

10 301

1

1 2 . . . . . . .

13 302 Since electron backscatter diffraction (EBSD) has been investigated to identify the

14 . . . . . . . - .

15 303 cylindrically symmetric-rotating crystal InSiO [*°] and the spherulite GeO, [*'], it is considered

16 304  to evaluate the crystallinity of grown spherulite-like GeS thin films and the Al deposited at

18 305 elevated temperature in this study as well. However, it is extremely difficult to obtain any usable
20 306  data using EBSD to identify the crystallinity or crystalline size of grown GeS thin films and the
21307 Al deposited at elevated temperatures. Observations of EBSD mappings, inverse pole figure

23 308 (IPF) and IPF with 2 degrees intensity plot are shown in Supporting Figures S4a-h.

25 309  Crystallinities of 5-nm and 20 nm-thick Al deposited at room-temperature and 120 °C on SiO,/Si
57 310  substrates exhibit amorphous-like states, analogous to that on bare SiO,/Si substrates. Only the
28 311 Al deposited on single-crystal Si (001) shows a single-crystal feature. In addition, crystallinities
30 312  ofabout 60 nm-thick GeS thin films using 5-nm and 20 nm-thick Al on SiO,/Si substrates show
32 313  quite a number of areas in amorphous-like states, whereas the crystalline orientation of GeS

314 (001) are slightly observed at certain areas. Observed amorphous-like crystallinities of Al-

35 315 catalyzed grown GeS thin films are somewhat inconsistent with aforementioned XRD and

37 316 Raman spectra, likely attributable to the amorphous GeS; shell developed using the vapor

39 317  transport method as investigated elsewhere [*]. It may simply be attributable to the uncertain

40 318  factor that sulfur-containing compounds are not readily identifiable by the EBSD apparatus, as
42 319  well. Thus, evaluation using transmission electron microscopy (TEM) is implemented for

44 320 identifying the crystallinity of Al-catalyzed grown GesS thin films instead of further discussions
46 321  regarding EBSD measurements of Al-catalyzed grown GeS thin films and deposited Al on

47322 Si0,/Si substrates at elevated temperature in the current study.

50 323 Evaluation of the crystalline size of Al-catalyzed grown spherulite-like GeS thin films
52 324  was investigated using TEM with selected-area electron diffraction (SAED) and EDX element
325  mappings as shown in Figures 4a-h. As-grown 60 nm-thick GeS thin films with 5 nm-thick Al on

55 326  300-nm SiO,/Si substrates were immersed in diluted hydrofluoric acid solutions to dissolve the
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Si0, and metallic Al catalyst. The GeS thin films were then transferred to another beaker filled
with deionized (DI) water. The delamination of GeS thin films from the as-grown SiO,/Si
substrate was observed immediately on the substrate being immersed in DI water, since the
surface tension of the water is strong enough to separate the GeS from the substrate, which then
floats on the surface of the DI water. An amorphous carbon-enhanced copper microgrid is then
utilized to support the transferred GeS lamellae for TEM evaluations. High-resolution TEM
(HRTEM) imaging shows the lattice fringe of the Al-catalyzed grown GeS, clearly exhibiting an
orthorhombic structure [7°] with zigzag- and armchair-edge directions as illustrated in Figure 4b.
The fast Fourier transform pattern of the observed area in Figure 4b shows a clear, individual,
and distinct diffraction pattern, confirming the crystallization of Al-catalyzed grown GeS in the
limited observation area, as shown in the inset (Figure 4¢). To identify the size of single-
crystalline GeS, SAED with predetermined observation areas for aperture diameters of 200 nm to
16 um was utilized. Observations of the crystalline size of the grown GeS as a function of these
diameters are shown in Figure 3d-g. Typical GeS lamellae tend to adopt a clear single-crystalline
structure of 200 nm in size with an individual and distinct diffraction pattern. Abnormal
diffraction patterns, not associated with the orthorhombic atomic structure, are likely ascribable
to the markedly different orientation of the GeS stitched at grain boundaries, or corrugated and
overlapping structures resulting from the wet transfer process. On increasing the aperture to 800
nm in diameter, a slightly tiled and separated SAED pattern is observed, as shown in Figure 4e.
At a diameter of 4 um, the SAED pattern exhibits a slightly separated SAED pattern with a
strong signal, although the amorphous diffraction ring is distinct (Figure 4f). The SAED pattern
at a diameter of 16 um shows discernible lathy diffraction patterns within the amorphous
diffraction ring (Figure 4g). TEM, high-angle annular dark field scanning TEM (HADDF-
STEM) and EDX element mappings are shown in Figure 4h. Aluminum shows a much lower
signal than that of Ge and S, indicating that the Al should be removed so as to not affect the
SAED patterns. Even though typical spherulite lamellae are radial with a small degree of
divergence and observations of the Maltese extinction cross pattern under cross-polarized optical
microscope are confirmed as mentioned in preceding sections [+3-4850-37] it is not possible to
state with full confidence that Al-catalyzed grown spherulite-like GeS thin films possess in-plane
twisted structures as suggested solely by the observed lathy SAED patterns, without the

confirmation of EBSD observations as investigated elsewhere [7-46:47-36.57] " Although the
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1

2

i 358  rotating degree of diffraction patterns is relatively small and lathy, and the grown GeS thin films
5 359  are confirmed by cross-polarized optical microscopy to possess a spherulite-like structure

? 360 emanating from the circular domain center, it would be premature for us to conclude that the

g 361  observed area of GeS lamellae indicates a pure polycrystalline structure. Further

10 362  characterizations to identify the atomic lattice structures of grain boundaries and emanated
12 363  centers in spherulite-like GeS thin films utilizing TEM and focused ion beam techniques will be
14 364 needed in subsequent investigations. We therefore solely report a single-crystalline area of Al-

15 365 catalyzed grown GeS thin film exceeding 200 nm in size.

18 366

21 : ; = @200 mm ) @00 nm

37 367

39 368 Figure 4. TEM evaluations of the crystallinity of GeS thin films grown for 15 min on SiO,/Si substrates with a 5

41 369 nm-thick Al deposited at room temperature. (a) Top view of TEM observation supported by an amorphous carbon-
42 370 enhanced copper microgrid after the wet transfer process. (b-¢) High-resolution TEM image of a selected area, and
44 371 its corresponding fast-Fourier transform (FFT) pattern. (d-g) SAED patterns of the observed area in (a) with aperture
45 372 diameters of about 200 nm, 800 nm, 4 pm and 16 pm. (h) HADDF-STEM observations and corresponding EDX
373  mappings of elemental C, Ge, S and AL

49 374

52 375 3. CONCLUSIONS
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In this study, germanium monosulfide (GeS) thin films with a minimum thickness of
about 20 nm were laterally grown on Si0,/Si (13 mm % 13 mm) and quartz (15 mm X 15 mm)
substrates at a growth temperature of 420 °C, employing an Al catalyst synergistic with a pre-
deposited amorphous GeS layer. Grown GeS thin films using a 20 nm-thick Al show dendrite
structures. When annealing at 120 °C is applied during 20 nm-thick Al deposition, the grown
GeS thin film exhibits no dendrite structures. Annealing the substrate during the thermal
deposition of Al appears to be an effective method of reducing introduced defects caused by
internal stress, atomic voids and so forth when growing GeS thin films. However, annealing
during Al deposition under vacuum may result in hillock growth, agglomeration and other
surface structures that result in increased film thickness, as predicted by Thornton’s extended
structure zone model. To prevent the formation of Al dendrite and surface structures, a method
using a 5 nm-thick Al deposited at room temperature is implemented for the lateral growth of
GeS thin films. The lateral growth rate of Al-catalyzed grown spherulite-like GeS thin films was
observed to be 2 - 3 um/sec.

The birefringent properties of Al-catalyzed grown GeS thin films with a Maltese
extinction cross pattern were confirmed by using a cross-polarized optical microscope, indicating
that the grown GeS has a spherulite-like structure. It is likely that the ultrahigh supersaturation-
induced condensation due to Mullins-Sekerka instability takes place at the growth front at the
edge of the circular domain, resulting in lateral growth of spherulite-like GeS thin films and
showing a fractal or dendritic morphology. A transition region dominated by kinetic-limited
diffusion likely occurs that creates the spherulite-like inner body of the GeS thin films, since
spherulites do not form under diffusion control; and Mullins-Sekerka instability is limited to the
normal growth mechanism of diffusion-limited growth. Moreover, the nonlinear spherulitic
growth obtained in this study is analogous to the supercooling-like method. XRD spectra and
AFM measurements show that the method applied in this study can result in the layered structure
seen in spherulite-like GeS thin films with (002) and (004) crystal orientation and on flat
surfaces on SiO,/Si and quartz substrates. The observed TEM-SAED patterns suggest the
crystals in the GeS to be larger than 200 nm. To summarize, this study proposes a potential
method of growing lateral spherulite-like GeS thin films on insulating substrates (Si10,/Si and
quartz). It may also suggest that spherulite-like GeS holds the potential to achieve non-epitaxial

single-crystalline functional semiconductors on insulating substrates, as previously investigated
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1

2

2 407  for GeO, [*7], for the development of next-generation GeS FETs (e.g., in-memory sensing and
5 408  computing devices) with the potential advantage of creating programmable FETs via all-optical
6

7 409  manipulation.

8

9

10 410

12411 4. EXPERIMENTAL METHODS

15 412 GeS thin films are grown on insulating substrates such as 300 nm-SiO,/Si and quartz

17 413 using a horizontal quartz tube furnace with two independently-controlled heating regions.

18 414 Approximately 20 mg GeS powder (99.99%, Sigma-Aldrich) is placed in a quartz boat in the

20 415  upstream heating region. The SiO,/Si (13 mm % 13 mm) and quartz (15 mm x 15 mm) substrates
22 416  are cleaned by sonication in acetone for 15 min, then by repeated rinsing in isopropyl alcohol

54 417 and deionized water. The substrates are then placed in the quartz tube in the downstream heating
25 418  region with a tiled susceptor in a similar way to that used in our previous investigation [34]. The
27 419  tube is evacuated to 0.015 Pa, followed by the supply of high-purity Ar carrier gas to reach the
29 420  base pressure of 90 Pa by adjusting the needle valve in the gas feed-in line. Fluxed Ar gas for
421  cleaning the growth environment of the quartz tube is maintained for at least 10 min. The growth
32 422 temperature of the upstream heating region is increased to 440 °C, and that of the downstream

34 423 heating region is increased to 420 °C 20 min later [3*]. The three sets of pressures for the pre-

36 424  deposited amorphous GeS layer are 6500, 7000, and 7500 Pa to grow GeS thin films about 60,
37 425  35,and 20 nm thick, respectively. The growth pressure is then maintained at around 6500 Pa by
39 426  adjusting the vacuum valve in the exhaust line. The growth times are set to at 3, 5, and 15 min to
41 427  evaluate the lateral growth and fully cover the substrates with GeS thin films. After growth, the
428  quartz tube is cooled down rapidly to stop the growth process as soon as possible. Aluminum

44 429  cut-wires (99.999% purity) are evaporated from an alumina-coated tungsten wire crucible and

46 430  deposited on the SiO,/Si and quartz substrates using a thermal evaporation apparatus with a

48 431  heating stage. The deposition rate for various Al thicknesses is calibrated as 0.5 A/sec using a

9 432 quartz crystal sensor. 5 nm-thick Al is deposited at room temperature (RT) and 20 nm-thick Al is
51 433 deposited at both RT and at the calibrated temperature of 120 °C.

54 434 Scanning electron microscopy (SEM) using a Hitachi SU8230 mounted with an energy-

s 435 dispersive X-ray spectroscopy (EDX) detector were employed to investigate the defect structures
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of grown GeS thin films. A Nikon Eclipse ME600 optical microscope with an angle-resolved
polarizer was utilized to investigate the birefringent properties of the Al-catalyzed grown GeS
thin films. The Raman microscopy observations were conducted at an excitation wavelength of
532 nm at a low laser power of about 20 uW to prevent any damage to the crystallized GeS. A
PANalytical X’Pert PRO MRD X-ray diffractometer (XRD) with a Cu Ka source were utilized
to collect XRD data in the range of 26 from 10° to 40° in 0.01° steps. Transmission electron
microscopy (TEM) operated at 200 kV with an EDX detector and selected area electron
diffraction (SAED) in an FEI Talos F200X field emission microscope was utilized to investigate
the crystallinity of the grown GeS thin films. The surface conditions were inspected using
Hitachi atomic force probe equipment and an SII SPA 400. Electron backscatter diffraction
(EBSD) measurements were conducted using a JEOL JSM-7900F with an EBSD detector.
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