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Abstract

In the past studies have shown that the addition of Ge and Sn into Si lattice to
form SiGeSn enhances its carrier mobility and band-gap properties. Conven-
tionally SiGeSn epitaxial films are grown using Ultra-High Vacuum (UHV)
conditions with pressures ranging from 10® torr to 107" torr which makes
high volume manufacturing very expensive. On the contrary, the use of low-
pressure CVD processes (vacuum levels of 1072 torr to 107 torr) is economi-
cally more viable and yields faster deposition of SiGeSn films. This study out-
lines the use of a cost-effective Plasma Enhanced Chemical Vapor Deposition
(PECVD) reactor to study the impact of substrate temperature and substrate
type on the growth and properties of polycrystalline SiGeSn films. The onset
of polycrystallinity in the films is attributed to the oxygen-rich PECVD
chamber conditions explained using the Volmer-Weber (3D island) mechan-
ism. The properties of the films were characterized using varied techniques to
understand the impact of the substrate on film composition, thickness, crys-
tallinity, and strain.
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1. Introduction

The number of transistors in integrated microelectronic chips has increased ex-

ponentially with every tech node thus enabling ultra-high-performance compu-
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ting. But this has also resulted in dramatic increases in the power consumption
of these chips due to the drastically higher frequency of on and off operations.
Group IV crystals have played a pivotal role in developing the field of integrated
silicon photonics. They have also been employed to demonstrate high-performance
PMOS devices to enhance carrier mobility of intrinsic silicon for advanced logic
transistors [1] [2]. Germanium is an important semiconducting material which
has several attractive features like higher carrier mobility than Si, a smaller
energy difference between the I' point and the L/X point of 136 meV, longer
cut-off wavelength than Si (Ge has 1.55 um) and compatibility with the well-estab-
lished silicon CMOS process technology. Ge thin films have also been used as
passive components, such as waveguides and amplifiers, in integrated photonic
circuits [3]. Ge can also act as a buffer for the growth of group IV alloys such as
GeSn and SiGeSn on Si substrates to counter the issue of large lattice mismatch
between the alloys and the Si substrate.

The alloy of Sn with SiGe has been a topic of interest as varying the concen-
tration of Sn provides band-gap tunability and variable lattice parameters. Re-
search has shown that these alloys possess a diamond-like crystallinity with
equal probability of the constituent elements in each location [4]. Due to this
characteristic, the composition of the alloy can be modified without a change in
the lattice parameter which results in the tunable band-gaps. The band-gap of
the alloy can be varied from 0.6 eV to 1.1 eV by tuning concentrations of Si and
Sn. G. Sun et al [5] [6] also indicated that the alloy transitions from an indirect
to a direct band-gap as the Sn concentration exceeds 13%. Although polycrystal-
line GeSn and SiGeSn alloys are not employed for photonic applications, their
enhanced carrier mobility compared to polycrystalline Si make them attractive
candidates in transistors and tandem solar cells [7]. They also find applications
in thermoelectric generators due to their low thermal conductivities [8]. Thus,
SiGeSn alloys can play a promising role in a wide variety of applications.

Crystal growth of GeSn and SiGeSn thin films involves several challenges. The
first key challenge is the lattice mismatch between elemental Si, Ge, and Sn. The
lattice constant of Sn is 6.493 A, Ge is 5.658 A and Si is 5.431 A. This mismatch
leads to non-homogeneity during film growth that causes severe surface rough-
ening as is the case of Ge heteroepitaxy on Si (001) substrate with a lattice mis-
match of 4.2% [9] [10]. The second issue is the low solubility of a-Sn in Ge and
Si. The thermodynamic solubility of Sn in Ge is approximately 1.1% and drops
below 1% closer to the eutectic temperature of 231.1°C while it is 0.1% in Si at
room temperature [11]. Thus, the solubility of Sn in the alloy significantly de-
creases with increasing Si concentration in the alloy. The third major issue is
that the semiconducting form of Sn (a-Sn) is unstable at room temperature and
the phase transforms into the metallic form (f-Sn). Hence it tends to precipitate
out of the epilayer passing through a phase transition from its semiconducting
phase with a diamond cubic lattice to a metallic phase with a body-centered te-

tragonal structure [12]. Thus, non-equilibrium growth techniques at low tem-
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peratures process must be employed to deposit GeSn and SiGeSn thin films with
Sn concentrations that exceed the solubility in Ge or SiGe.

Several approaches have been used to grow SiGeSn thin films—pulsed laser
deposition, sputtering, molecular beam epitaxy and chemical vapor deposition.
The highest material quality films thus far have been achieved with Molecular
Beam Epitaxy (MBE) and Chemical Vapor Deposition (CVD). Solid and gaseous
precursors have been studied for MBE by [13] [14] [15] [16]. Polycrystalline,
diamond lattice GeSn with Sn concentrations of up to 30% were achieved at
growth temperatures of 170°C using MBE. Ion-assisted MBE enabled the growth
of pseudo-morphic Ge;..Sny epi layers on Ge with 0.035 < x < 0.115 and layer
thicknesses between 50 nm and 200 nm. SiGeSn epilayers with Sn content of 4%
- 15% and Si content of 20% - 45% have also been reported by MBE at growth
temperatures of 100°C - 250°C. Although MBE offers good composition control
at low growth temperatures, CVD has been the most used technique to deposit
SiGeSn films due to high growth rates, the possibility of selective growth and
uniform deposition over large-scale wafers in a cost-effective manner.

At low growth temperatures, the rate of deposition is governed by the surface
reactions. The rate is a strong function of precursor flow rates, substrate temper-
ature, and chamber pressure. The kinetics also depends on the design of the CVD
tool employed. By choosing and precisely controlling the appropriate growth
parameters in different types of CVD reactors, several groups have succeeded in
growing metastable, supersaturated, intrinsic and doped GeSn and SiGeSn alloys
on Si (001), Ge (001) substrates [17] [18]. The researchers at the Arizona State
University developed a hot wall ultra-high vacuum CVD system to deposit films
using higher-order silanes and germanes along with stannane (SnD,) as the pre-
cursors for Si, Ge and Sn [19] [20] [21]. The first growth of SiGeSn ternaries was
enabled using GeSn/Si (001) buffers under Ultra-High Vacuum (UHV) condi-
tions and a precursor combination of SiH;, GeH; and SnD,. In order to grow on
Si (001) directly and on the Ge-buffer layer, a novel precursor combination
SnD./Ge,He/SizHs had to be introduced and at low growth temperatures, SiGeHs
was added to fine-tune the Si concentration [22]. Following this, efforts were
made to use silane, germane and SnCl, instead of higher-order gases to lower
operational expenditure. These efforts have been recently proved successful by
the utilization of uniquely designed CVD reactors, such as cold wall ultra-high
vacuum CVD, reduced pressure CVD and atmospheric pressure CVD systems
[23]-[28]. Si-Ge-Sn CVD advancements in the past two decades have thus enabled
superior films for Si photonics and microelectronics.

This work attempts to characterize the less explored plasma-enhanced CVD
process that is thermally and economically viable to deposit polycrystalline Si-
GeSn films using germane (GeH,) for Ge, disilane (Si,Hs) for Si and tin chloride
(SnCL) for Sn as the precursors. PECVD enabled low substrate temperatures and
high deposition rates by providing additional energy for precursor bond dissoci-

ation through collisions with plasma ions. The effect of temperature and con-
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centration grading were discussed in prior manuscripts [29] [30]. The focal
point of this manuscript is the effect of the substrate type on the SiGeSn film

properties.

2. Experimental

The reactor consisted of a cylindrical quartz chamber with two injection lines at
the top for the precursors (one for hydride precursors of silicon and germanium
and the other for the Sn precursor), a gas delivery system and a vacuum exhaust
system connected through flange at the bottom. The quartz chamber had an in-
ner diameter of 3 inches and a length of 1.5 ft. The substrates were placed on a
circular molybdenum susceptor within the quartz chamber. The susceptor was 2
inches in diameter and 1/2 inch thick. After the substrate placement on the sus-
ceptor, the top flange was attached, and the chamber was evacuated using a ro-
tary vane pump boosted by a root’s blower pump. Vacuum levels of up to 1072
torr were achievable. Once the vacuum was established, the susceptor was heated
using a set of 8 infra-red lamps arranged in a circle around it. The susceptor
temperatures were measured using pyrometers. Once the desired temperatures
were reached, the precursors were introduced into the reactor through gas inlets.
The Si and Ge precursor gases were delivered from the gas cabinet to the reactor
chamber via quarter inch pipes. The flow of the precursor gases to the quartz
chamber was controlled using mass flow controllers calibrated for each gas.
Commercially available GeH, (5% in H,), Si;Hs (10% in H,) and SnCl, (99.999%)
were selected as the precursors for Ge, Si and Sn respectively. As SnCl, is a liquid
at room temperature, a bubbler system was designed for a carrier gas (H,) to
bubble through the liquid and transport vapors of SiCl, to the chamber. Plasma
was generated in the chamber during film growth using a plasma induction Cu
wire wrapped around the quartz chamber powered by a 250 kHz 1 kW RF power
source. The schematic and the picture of the reactor are shown in Figure 1.

Buffer-free polycrystalline SiGeSn thin films were deposited on the various
substrates using the reactor. Films were grown on c-plane sapphire wafers, 100
nm SiO, coated silicon (100) wafers and phosphorus doped Si (100) wafers (re-
sistivity 107 Q-cm). The Si substrates were placed in a buffered HF bath for ~ 5
min, washed with DI water, blow dried with nitrogen, and immediately trans-
ferred to the growth chamber to minimize the growth of native oxide. The insu-
lating substrates viz. sapphire and silicon dioxide on silicon were placed besides
the Si substrate on the susceptor without any pre-deposition cleaning. GeH, and
Si,Hs flow rates were set at 200 sccm and 50 sccm respectively for runs 1, 2 and
3. For run 4 the GeH, flow rate was dropped to 50 sccm while Si,Hs flow rate was
still maintained at 50 sccm. Films were deposited for 40 minutes at a substrate
temperature of 380°C and chamber pressure of 1 torr.

Structural and optical properties of the deposited films were studied using
Rutherford Backscattering (RBS), X-Ray Diffraction (XRD), Scanning Electron
Microscopy (SEM) and Raman spectroscopy.
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Figure 1. Schematic (a) and pictures ((b), (c)) of the PECVD reactor.

The crystalline quality of the films was analyzed using XRD spectra obtained
from PANalytical XPert Pro MRD diffractometer with Cu Ka radiation. The ele-
mental profile measurements were carried out using a 1.7 MV Cockroft-Walton,
gas-insulated high frequency tandem accelerator with a beamline and analysis
chamber. 2 MeV He?* jons were used as the ion source and data collected at 10°
rotating random counts with 8° offset between ion beam and sample surface.

Top SEM images were obtained to study the impact of growth temperature on
the SiGeSn grain structure using a Hitachi S-4700-II scanning electron microscope.

Raman spectroscopy studies were performed at room temperature using a 532
nm 50 mW green laser coupled to a WiTec Alpha 300R Confocal Raman Imag-
ing system and a Princeton Instruments Acton SP2300 imaging spectrograph to

analyze the nature of bonding and strain present in the films.

3. Results and Discussions

3.1. Effect of Temperature on SiGeSn Film

The effects of temperature on SiGeSn thin film growth were discussed in a

prior manuscript to determine the optimal temperatures for film deposition

DOI: 10.4236/csta.2021.103004

43 Crystal Structure Theory and Applications


https://doi.org/10.4236/csta.2021.103004

V. Hariharan et al.

. . : ) :
10.0kV 12 Ornen x50 0k SE(U) 2320 19:42 2 Ilul;nl 10.0KV 12 3mm x45.0k SE(U) 2320 1933

[29]. Analysis showed that all the growth temperatures studied (350°C, 380°C,
400°C and 450°C) resulted in polycrystalline films. The results were attributed to
the presence of O, and water vapor inside the chamber during growth due to the
non-UHV conditions in the chamber. It was also observed that the temperatures
between 350°C and 380°C resulted in films with structurally uniform lattices
with roughnesses seen in the Nanoscale. On the contrary, the higher tempera-
tures of 400°C and 450°C resulted in the phase separation of S-Sn. These results
were explained by the low thermodynamic solubility of Sn atoms with Ge and
the higher temperatures increasing the mobility of Sn atoms which makes it ther-
modynamically more favorable for them to coalesce by the process called Ost-
wald ripening effect [29]. It was also observed that the lowest temperature of
350°C resulted in the highest Sn concentrations owing to the lowest mobilities of
Sn atoms at these temperatures. However, a higher thickness was observed at
380°C compared to 350°C. It was concluded that the higher temperature favored
higher precursor cracking rates thus leading to a faster rate of thin film deposi-
tion. Thus, 380°C was selected as the substrate temperature to study the impact
of substrate type in the next section. The surface morphology of the films ob-

tained at the various temperatures is provided in Figure 2.

3.2. Effect of Substrate on SiGeSn Film

Figure 3(a) shows the RBS spectrum of a film deposited on sapphire substrate.

) FLY Ty s N

Figure 2. Top down SEM images of SiGeSn films grown at (a) 450°C, (b) 400°C, (c) 380°C, (d) 350°C -
Ostwald ripening seen for runs (a) and (b).
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The black line indicates the data obtained from RBS while the red line indicates
the simulation fitted for the data using RUMP software. The position of the
edges in the spectrum corresponds to the different elements and their height is
related to their atomic concentrations. The signal from the different elements
present in the film ie, Si, Ge, and Sn, take the form of plateaus which indicate
the elements are uniformly distributed throughout the films. The thicknesses of
the films were estimated by dividing the observed surface atomic density with
the weighted volumetric atomic density as derived from the extracted composi-
tions. The composition and the thickness obtained from RBS studies for grown
films at different growth conditions are given in Table 1. Figure 3(b) is an overlay
of RBS spectra with film grown on two different substrates, sapphire, and silicon
dioxide.

The analysis of the RBS spectra of the grown films indicated that Sn and Si
concentrations up to 7% and 50% respectively were realized. Also, the use of

Table 1. Growth conditions and film compositions and thicknesses calculated using RBS.

Si:He GeHy SnCls SnCls H: Film
R fl fl bubbl bubbler t fl
un ow ow ubbler ubbler ow Substrate Si% Ge% Sn% thickness
No. rate rate flow rate emperature rate (am)
(sccm) (sccm)  (sccm) (°C) (sccm)
Sapphire 8.5 85.0 6.5 607
1 50 200 25 20 150 .
SiO» 84 849 6.7 583
Sapphire 25.6 71.9 2.5 234
2 50 200 15 20 150 :
SiO» 259 713 28 229
Sapphire 11.6 84.9 3.5 626
3 50 200 25 10 150 .
Si 12.0 84.0 4.0 616
Sapphire 53.0 45.0 2.0 284
4 50 50 20 15 150 i
Si 539 443 1.8 279
(a) Energy (MeV) @
0.5 1.0 15 2.0 i —Silicon. dioxide|
40 — T r — Sapphire
A —Runl ) Run 1
?1‘\ —— Simulation of Si-Ge-Sn ﬂ‘, o Ge
I\ ! : ]
- 30 -\.1“. ‘ \
5] | -1
> \"h ‘f @
E ", | E -
=20 ""“‘"»,\ | 1 3
< - { B
£ ‘ | | Sn
S ]
~ l J Si V\
10+ \ -
| L ’ ]
| 4
0 I \ | U I I S— S S S
' T ' ' 0 200 400 600
0 100 200 300 400 Channel
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Figure 3. (a) RBS raw spectrum and simulation of SiGeSn film grown on sapphire substrate; (b) RBS spectra overlay of SiGeSn
films with similar growth conditions grown on silicon dioxide and sapphire.
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different substrates was seen to not affect the composition or thickness of the
deposited films. It is theoretically proven that equilibrium is reached after the
first few atomic layers of SiGeSn are grown and hence the type of substrate has
no influence on the bulk composition and thicknesses [31]. The reactions and
the atomic transport theories at the interface are discussed later in this paper.
Further, increasing the SnCL bubbler flow rate (Runs 1 and 3) or bubbler tem-
perature (Runs 1 and 2) increases the Sn concentration due to the higher flux of
Sn precursor reaching the substrate. Also, as the Sn content in the film increases,
the Si content decreases correspondingly. This is attributed to Si and Sn atoms
competing for positions in the Ge lattice matrix and higher substitutional Sn
leading to limited lattice sites for Si atoms [25]. Thus, the compositions of the
films can be finely tuned by the relative flows of the precursors in the gas.

The Raman spectra of the films with varying composition deposited on the
different substrates (Runs 2 and 4 from Table 1) are shown in Figure 4. Peaks
correlating to the Ge-Ge bond and Si-Ge bond are seen in all spectra while the
peak correlating to the Ge-Sn bond are only seen as minor shoulders to the
Ge-Ge peaks. This is due to the low concentration of Sn in these films. Addi-
tionally, the peaks in all the spectra shift towards lower wavenumbers than their
expected positions implying the incorporation of Sn in the films. Thus, the
presence of the bonds and their red shift confirms the formation of the ternary
component in the deposited films. The magnitude of red shift of the Raman
peaks of different films is determined by the strain arising from the thermal

stress due to differences in the coefficients of thermal expansion between the

Si-Ge
Si-Sn

|

]

: ~—Run2-ALQ,
1 =Run 2 - SiO2
]

]

]

1

===---- Ge-Ge

=—Run 4 - AL,O,
==Run 4 - Silicon

PN T S U U SN S W N O O O O

|

Relative Intensity (a.u.)

P T N B B B B

I
I
I
|
|
TT T T T T T T T[T T LI I B B B B B |

100 200 300 400 500 600 700 800
Wavenumber (cm™')

Figure 4. Raman spectra of SiGeSn films with varying compositions on different sub-
strates.
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film and substrate as well as the differences in the lattice constants between Si,
Ge and Sn while the disorder is due to the various lattice imperfections present
in the polycrystalline film such as grain boundaries and misfit dislocations. It is
seen that, as Si:Ge precursor ratio increases, the concentration of Si-Sn bonds go
up as seen for runs 4. It is also seen that; the substrate type does not play a sig-
nificant role in the intensity of each type of bond. This indicates that, the crystal
composition of the bulk film is independent of the substrate type.

Figure 5(a) is the XRD spectra of thin films with varying composition depo-
sited on sapphire substrate, Figure 5(b) provides the spectra of films grown on
silicon dioxide, and Figure 5(c) presents the spectra of films grown on silicon
substrate. Peaks correlating with the (111), (220), (311) and (004) SiGeSn peaks
were observed with varying intensities in all the XRD spectra irrespective of the
composition, thickness, and the substrate. This implies that the deposited films
are polycrystalline in nature and have a diamond cubic lattice structure [28]. It
can be noted that the positions of the peaks shift with respect to the Ge peaks (as
can be seen in Figures 5(d)-(f)). This is attributed to the fact that Si has a lower
lattice constant (5.43 A) while Sn has a higher lattice constant (6.46 A) with re-
spect to Ge (5.66 A) causing an overall offset in the lattice constant of the ternary
alloy based on the composition of Si and Sn. Runs 2 and 4 (low Sn concentra-
tions) tend to offset the peaks to the right of pure Ge (111) while runs 1 and 3
(higher Sn concentrations) are seen to offset the peaks towards the left.

The polycrystallinity of the SiGeSn films on all the three substrates is explained
by the synergetic effect of the chemical affinity of atomic Si, Ge to atomic O and
the Volmer-Weber growth (also known as the 3D island growth) reported by

20 30

= Run1
(b R == Run2

004

Relative Intensity (a.u.)

60 70 20 30

27 2
20 (in deg)

40 50 60 40 50 40 5 60 70
20 (in deg) 20 (in deg) 20 (in deg)
d) E a— @ E = Runl @J = = Run 3
Sapphire 2 —Runs X g — Run2 & —— Run4
2 - ] Sio ) Silicon :
% A\ ] ! :
Fll ; 1 ERE :
L ™\ i CAE
2| : ! 2z
@a 3 . 1 17} |
g |4 - ] a s
Q|1 | [T
E { /\g_** 1 E 1
|| e E——— ' 1 S E|
2z : 1 21
=] ; ] B H
2. : ! 2 :
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Figure 5. XRD spectra of: (a) SiGeSn films with varying composition on sapphire substrate; (b) SiGeSn films with varying compo-
sition on silicon dioxide substrate; (c) SiGeSn films with varying composition on silicon substrate; (d)-(f) Peak offsets with respect

to Ge (111) for sapphire, SiO, silicon substrates respectively.
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several researchers for multiple systems where the adatom (Si, Ge)-adatom (O)
interactions are stronger than the adatom (Si, Ge)-surface (substrate) interac-
tions [32] [33]. The Volmer-Weber non-equilibrium growth is demonstrated in
Figure 6 as explained by L. Miglio and A. Sassella [34]. This phenomenon oc-

curs when:
Vi tVi>Vs

where yr= surface free energy of the SiGeSn film (J/m?);

y: = surface free energy of the substrate—SiGeSn film interface (J/m?);

y: = surface free energy of the substrate (J/m?).

The vacuum established by the mechanical pump was 107 torr. Using the
ideal gas equation shown below for the reactor volume of 0.023 m?, a chamber
temperature estimate of 523 K and ~21% of O, abundance in the air and two
atoms of oxygen per molecule, the number of oxygen atoms in the chamber at

this pressure were estimated to be ~10' - 10".

N = E*V £0.21%2

*T

where Nis the number of oxygen atoms;

P is the chamber vacuum attained before the introduction of the precursors
(kg-m™-s7%);

V'is the chamber volume (m?);

k=1.38*10"" m?*kg-s2-K™! is the Boltzmann constant;

Tis the chamber ambient temperature (K).

Elemental Si and Ge atoms are formed as the disilane and germane precursors
undergo cracking under plasma. During the initial growth phase of the film,
these Si and Ge atoms readily react with the O atoms. The chemical reactions

between Si and Ge atoms with atomic oxygen are outlined as below:
Si+20 — SiO,

Ge+20 — GeO,

It is known that the contribution of Sn is minimal due to it being the solute

and due to the lower reduction potential of its oxide (—0.12 V) compared to that

Islands of SiO, and GeO, during the onset of film growth in
the oxygen rich environment

o Interface surface free energy, v;

Substrate surface free energy, v,

A

> — Film surface free energy, vz

Substrate (AL,0.,/SiO,/Si)

Yt ¥i> Vs

Figure 6. Volmer-Weber growth to explain the polycrystallinity of SiGeSn on sapphire, SiO2 and Si substrates in
the oxygen abundant vacuum levels of PECVD chamber.
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of Si (—0.86 V) and Ge (-0.18 V).

These chemical reactions of Si and Ge atoms are more kinetically favorable
compared to the adsorption of the Si or Ge atoms on to substrates due to the
high affinity of these atoms to oxygen. The hence formed oxides of Si and Ge are
then adsorbed on the substrate. These adsorbed amorphous oxides create islands
on the substrate surface. The formation of these islands is expected to provide
multiple nucleation sites for the Si, Ge, and Sn atoms during the deposition of
the upcoming layers of film growth. Tensile and compressive stresses are created
during the coalescence events of the islands and lattice stacking that result in
high surface free energies of the SiGeSn film leading to the Volmer-Weber growth
mechanism as explained in Figure 5 [34]. This phenomenon is theorized to be
the reason for the onset of polycrystallinity.

It can be seen from Figure 5 that, for the films grown on sapphire, the (111)
peak dominates the spectra in all films. This implies that most of the film has
been deposited in the (111) orientation. This phenomenon has been previously
reported for cubic structured films grown on c-plane sapphire substrates and is
attributed to the low substrate free energy (y;) provided by the (001) plane of
sapphire that favors the formation of (111) SiGeSn crystal planes [34] [35] [36].
The (111) is also the strongest peak for the films deposited on silicon dioxide but
it is not as dominant as for films deposited on (001) sapphire. This signals that
the degree of randomness in crystal grain orientation for these films is higher
than those deposited on sapphire. The grains being majorly (111) oriented has
been previously recorded for cubic Ge and SiGe films grown on silicon dioxide
[37] [38] [39] [40]. The films deposited on silicon substrate are seen to grow
majorly in both the (111) and the (004) directions. The (004) orientation of the
grains can be explained by the inclination of the film to grow epitaxially in (001)
direction to minimize the interface free energy () [5] [6] [15]. Polycrystallinity
occurs from the (111) orientation besides the (311) and the (220) orientations
due to the formation of the SiO, and the GeO; islands on the Si surface as explained
by chemical affinity combined with the Volmer-Weber growth mechanism.

To better visualize the preference of the crystal orientation of the grain do-
mains for the different substrates, the areas under the curves for the (111), (220),
(311) and (004) XRD peaks were calculated, added together and then the ratio of
the area under each peak to the total area was obtained. Thus, the percentage of
the domain growth in each orientation was obtained. This is shown in Figure 7.

The full width at half maximum (FWHM) of the (111) XRD peaks for the dif-
ferent films was obtained by fitting a modified Gaussian model and the values
were then used to calculate the size of the grains using the Debye Scherrer for-
mula [38] [41].

kA
- p*cosé

where tis the average grain size, kis the dimensionless constant shape factor, A
is the X-ray wavelength (1.5405 A for Cu Ka line), pis the FWHM (in radians)
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Figure 7. % area under the XRD peaks for films deposited on different substrates with
varying concentrations to depict the orientation preferences.

and 6is the Bragg angle. The value of & was taken as 0.9 for simplification. It was
observed that the grain sizes were in the region of 20 - 35 nm for the films. The
small size of the domains implies that deposited films have a high density of
grains. This is most likely brought about by the plasma assisted high cracking
rate of the precursors. The grain size of the films grown on sapphire is larger
than the films grown on silicon dioxide. This is explained by the large number of
nucleation sites offered by the amorphous silicon dioxide. The broader distribu-
tion of lattice orientation on the SiO, substrate makes it energetically more fa-
vorable to form smaller grains due to the added strain from multiple orienta-
tions. The grain size of the films grown on silicon is larger than the films grown
on sapphire. The reason for this behavior is not yet known.

The lattice constant of the SiGeSn films was calculated using the position of
(111) peak using Bragg’s law with the assumption that the lattice is cubic in
structure. The (111) peak was selected on account of its strong intensity in all the
spectra. The relaxed lattice constant for a SiGeSn film with a particular composi-
tion was computed by using Vegard’s law while considering the appropriate
bowing parameter [10] [13] [41]. The lattice constant was calculated using the

following equation:
8si,Geyysn, — Y * 8 T (1_ X— y) g, +X*8g, +Y* (1_ X— Y) *Dsige

+X# (1= X—y)*bgg, +X* Y *bgg,

eSn

where &g ce, sn, I8 the lattice constant of the relaxed ternary alloy, y; 1-x-y
and x are the concentration of Si, Ge and Sn respectively in the ternary alloy,
a5, a8z and ag, are the lattice constants of Si, Ge and Sn respectively with
a, =5431A, a,, =5.658 A and a,, =6.489 A, by, =-0.26A4,

Dgesy = —1.66 A and by, =0. The obtained values of the lattice constants,
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from Bragg’s law and Vegard’s law, are given in Table 2.

Understanding the strain present in the films is of use as the band-gap of Si-
GeSn is dependent on the strain [19]. The difference in the lattice constant ob-
tained by XRD and that calculated based on composition is used for strain anal-

ysis. The strain% is calculated by

] a,.. —a
Strain% = —=% Ve 4100
aVegard
The obtained strain for the films deposited on the various substrates and with
the corresponding Sn compositions is given in Figure 8. The strain is tensile in
all the films irrespective of the chemical composition or substrate. Further, the

strain is a strong function of the concentration of Sn in all the films. A higher Sn

Table 2. Lattice constants obtained from Bragg’s law and Vegard’s law along with the
chemical composition of the films.

No. Si(y) Ge (1-x-y) Sn (x) Substrate aBragg (A) avegard (A) Aa (A)

1 0.08 0.85 0.07 Sapphire 5.70 5.59 0.11
SiO2 5.69 5.59 0.10
2 0.26 0.71 0.03 Sapphire 5.62 5.54 0.09
SiO2 5.62 5.54 0.08
3 0.12 0.84 0.04 Sapphire 5.67 5.59 0.09
Silicon 5.66 5.59 0.08
4 0.53 0.45 0.02 Sapphire 5.55 5.48 0.07
Silicon 5.54 5.48 0.06

- 0 1 0 N/A (bulk) 5.66 5.66 0

% strain corresponding to % Sn atomic composition in SiGeSn film for Runs 1,2,3,4

X

° 7 65 I

=]

=

= 6 ® Sn stomic composition, % ®Strain, %  Substrate = Run

[=}

="

g 5

3 4

2 4 3.5

g 2.8

w 3 2.5

=] 2 2

X 1.8 1.8

i 2 1.5 1.45 1.5 35 1.3 1.1

8 1

X

= 0 0

s 0

(E Sapphire Silicon Sapphire Silicon Sapphire Silicon Sapphire Silicon Pure

Dioxide Dioxide Germanium

Run 1 Run 2 Run 3 Run 4 Pure Ge 0% strain reference

Run# and substrate type

Figure 8. Lattice strain for SiGeSn films grown on various substrates by XRD and corresponding Sn atomic compositions in the
films.
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content leads to a higher lattice strain while a lower Sn content induces less
strain. This is attributed to the larger atomic radius of Sn compared to Ge [19]
[25]. Also, for films with a given Sn composition, the strain is higher for films
grown on sapphire as compared to films grown on silicon dioxide or silicon. The
relatively lower strain when using silicon as a substrate is attributed to the
smaller lattice mismatch between the ternary film and silicon compared to that
of the ternary film and sapphire (ag =5.431A vs Bsapphire = 475 A). The rela-
tively lower strain for films grown on silicon dioxide compared to sapphire is
explained by the higher density of grains and smaller grain sizes in the films
grown on silicon dioxide compared to those on sapphire. The higher density of
grains on the SiO, substrate results in the formation of larger grain boundaries

and misfit dislocations which facilitate strain relief in the film grown on SiO,.

4. Conclusions

The effect of growth temperature and substrate type on the film properties of
SiGeSn films deposited using a simplified plasma-enhanced non-UHV chamber
were studied. Temperatures above 400°C resulted in S-Sn coalescence and phase
separations. The lowest growth temperature of 350°C showed the highest Sn
concentrations in the lattice with crystal homogeneity although a higher tem-
perature of 380°C was seen to more than double the deposition rates due to
higher cracking energies. The polycrystallinity of all the films was explained by a
synergy effect between the chemical affinity of silicon and germanium atoms to
oxygen and the 3D island mechanism of the SiGeSn film deposition. The type of
the substrate was seen to have no impact on the bulk composition and the thick-
ness of the SiGeSn films. However, it played a strong role in the grain size, lattice
strain and the distribution of crystal orientation in the films. The amorphous sub-
strate SiO, was seen to broaden this distribution due to the presence of more
nucleation sites for film growth. The (001) sapphire substrate resulted in a do-
minance of the (111) orientation whereas the silicon substrate led to a higher
distribution of the (004) orientation.

Thus, the crystal orientation and grain sizes of the plasma-enhanced CVD-grown
films can be modulated by the choice of the substrate. This learning could be ap-
plied to achieve desirable film properties for not just silicon photonics, but a
wide variety of applications like thermo-electrics, transistors, waveguides, piezo-

electrics, etc.
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