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ABSTRACT In this study, we discuss Si-SiGe etch characteristics as well as SiGe surface composition
modification. It is required to etch Si and SiGe simultaneously for Si/SiGe dual channel Fin-FETs.
Therefore, etch control of these two materials is desired. However, not only halogen chemistries but also
physical sputtering etch SiGe selective to Si. We found that Si can be etched faster than SiGe by hydrogen
plasma. Our analysis presents that hydrogen bonds selectively with Si rather than Ge, which leads to
Si selective removal. As for SiGe surface modification, realizing Si-rich surface in SiGe is known to
improve SiGe/high-k interface quality in advanced CMOS. It is also presented that the low-temperature
hydrogen plasma induces Si-surface segregation (i.e., Si-rich surface) in SiGe, which is confined near
the top-surface region. We proposed this may be caused by ion-energy-driven surface reaction. Our study
also shows that Ge/Si ratio increases with plasma exposure time, which has correlation with surface
roughness. Using the hydrogen plasma and conventional halogen plasma, we successfully demonstrate to
etch Si/SiGe dual channel fins with depth and CD value control.

INDEX TERMS Hydrogen plasma, Si segregation, silicon germanium, interface trap density, FinFET.

I. INTRODUCTION
Logic CMOS device scaling still continues in order to fur-
ther improve the device performance. In the past years,
the MOSFET structure was changed from planar structure
to Fin-type structure (FinFETs), which improved short-
channel effects and led to higher drive current and lower
leakage [1]–[3]. However, further miniaturization is getting
more difficult as the gate length decreases down to less than
20nm because it requires very narrow fin width, which causes
drive current deterioration. One of the promising candidates
to further proceed the scaling is to replace conventional sili-
con (Si) channel by a new material with high carrier mobility,
such as silicon germanium (SiGe) [4]–[5]. In sub-10nm pro-
cess, SiGe is expected to be used for p-FET channel, while Si
remains as a channel material for n-FET [5]–[6]. In terms
of the anisotropic dry etching of the dual channel struc-
ture, Si and SiGe need to be etched simultaneously [7].

However, SiGe etch rate is faster than Si by not only halogen
chemistries, but also physical sputtering [7]. Therefore, it is
necessary to find an etching chemistry to obtain selective Si
etch over SiGe.
As for electrical performance, interface trap density in

SiGe/high-k interface deteriorates sub-threshold swing (SS)
and carrier mobility. Although SiGe is superior to Si with
respect to hole mobility, the interface is known to have large
interface trap density. One of themethods to reduce the density
is to modulate SiGe surface to be Si-rich [8]. Conventional
ways to realize the Si-rich surface are epitaxial growth of
Si cap over SiGe fin [9] and GeOx scavenging by thermal
annealing process [10]. These processes, however, require the
use of high temperature, which may cause strain relaxation in
SiGe channel [11] and Ge diffusion into Si [12]. Therefore,
low temperature process to induce Si-rich surface is required
in order to maximize the SiGe-base FET characteristics.
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In this study, we introduce low temperature hydrogen
plasma process. We found that the hydrogen plasma etches Si
selective to SiGe. The etch mechanism between Si and SiGe
is also discussed by utilizing Attenuated Total Reflectance
Fourier Transform Infrared Spectroscopy (ATR-FTIR) and
X-ray Photoelectron Spectroscopy (XPS). It is shown that
the hydrogen plasma, in combination with conventional
halogen chemistries, can control Critical-Dimensions (CDs)
and depths for the Si/SiGe dual channel pattern. We also
found that this hydrogen plasma induces Si-rich surface
by Si-surface segregation at the low temperature, which is
limited only near the top-surface region. The segregation
degree can be changed with different ion energies, which
can be explained by ion energy deposition model. We also
reveal the correlation between surface roughness and the
plasma exposure time.

II. EXPERIMENT
In this study, we used Hitachi microwave electron cyclotron
resonance (M-ECR) system. The source frequency and wafer
bias frequency are 2.45 GHz and 400 kHz respectively in
this system. A chamber has a shower plate through which
process gases are introduced. A 300 mm wafer is fixed
with electro-static chuck on an electrode, and the tempera-
ture of the wafer is controlled by back-side helium cooling
system. This system was previously described in detail [13].
In this investigation, an epitaxially-grown Si0.75Ge0.25 film
with (100) orientation on Si was used. Ar sputtering was used
for native oxide removal. Wafer temperature and process
pressure were maintained at 20 ◦C and 0.6 Pa respectively.
The gas flow for different gases (Ar, Cl2, HBr, SF6, CF4,
and H2) is set to be 150 ml/min for etch rate evaluation.
The value of peak-to-peak voltage for the wafer bias is set
to be 220V for this experiment.

III. RESULTS AND DISCUSSIONS – ETCH
CHARACTERISTICS FOR SI AND SIGE
SiGe etch rate normalized by Si etch rate is shown in Fig. 1.
The etch rate for SiGe is higher than that of Si, using halogen
chemistries plasma (Cl2, HBr, SF6, and CF4). Even physical
sputtering by Ar plasma shows higher SiGe etch rate than
Si etch rate. Several reasons are proposed to explain the
selective SiGe etch over Si. It may be attributed to lower
bonding energies of Si-Ge (3.12 eV) and Ge-Ge (2.84 eV)
than Si-Si (3.25 eV) [14]. Another reason is that this may be
caused by selective removal of high strained layer to stabilize
the system, because epitaxial grown SiGe on Si is strained
due to lattice mismatch [15]. The other reason is that because
of narrower bandgap of SiGe, the electronic effect may lead
to enhanced chemical reaction of SiGe etch [16]. In order
to control SiGe-Si etch, a chemistry to etch Si selective to
SiGe is necessary. In this study, it is found that hydrogen
plasma etches Si selective to SiGe, as is shown in Fig. 1.
Figure 2 shows ion energy dependence of poly-Si and

SiGe etch rate. Plasma potential and wafer potential were
measured [17], and the difference was taken to give ion

FIGURE 1. SiGe etch rate normalized by Si for different plasmas.

FIGURE 2. Dependence of poly-Si and SiGe etch rate on ion energy of
hydrogen plasma.

energy. The maximum value of this quantity is used in
Fig. 2. The result shows that both poly-Si and SiGe etch
rate decrease with increasing ion energy. Generally, etch rate
increases with higher ion energy [18], because incoming ion
with high energy enhances etching. However, in the case of
hydrogen plasma, the ions penetrate deep inside materials
with little collision due to the small atomic radius (i.e., lit-
tle sputtering effect). Thus, the etch rate trend is different
from the conventional trend under hydrogen plasma. This
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FIGURE 3. Absorbance spectra of (a) Si and (b) SiGe exposed to hydrogen
plasma for 10 and 20 s.

etch trend (lower etch rate with higher ion energy) can be
explained by the ion energy deposition model. It is proposed
by Sigmund that each ion penetrates some distance below the
surface along its trajectory, where the ion releases its energy
following a Gaussian distribution [19]. Ion penetration depth
is shallow at low ion energy, while ion penetration is deep at
high ion energy. Therefore, ion energy is deposited near sur-
face region when ion energy is low. The energy stored near
the top surface can be used for chemical reactions to etch
poly-Si and SiGe, which explains the result of higher etch
rate with lower ion energy. The poly-Si etch rate decreases
only by about 10 %, while SiGe etch rate decreases by about
95 %. This indicates that poly-Si etch rate is dominated by
reactions with radicals, while SiGe etch rate is dominated by
the enhanced reaction with the deposited ion energy. In both
cases, ion energy deposition model is applicable to explain
the etch rate trend with ion energy, but it’s more obvious for
SiGe. In the following analysis, lowest ion energy around
10eV is used.
In order to understand the Si-SiGe etch mechanism, we

investigated Si and Si0.5Ge0.5 after hydrogen plasma expo-
sure with ATR-FTIR. Fig. 3 shows absorbance spectra of Si
and SiGe after the hydrogen plasma exposure for 10 s and
20 s. Stretching mode of Ge-H and Si-H peaks is assigned
to 1980 and 2100 cm−1 respectively [20]–[21]. For Si sur-
face shown in Fig. 3 (a), Si-H bond does not change after
10 s and 20 s of the hydrogen plasma exposure. On the
other hand, for SiGe surface shown in Fig. 3 (b), the broad
peak is found between Ge-H and Si-H bonds in the ini-
tial sample. The peak moves toward Si-H with increasing
hydrogen plasma exposure time, meaning Si-H bond is selec-
tively produced over Ge-H bond. The use of Si0.5Ge0.5 for
this analysis, instead of Si0.75Ge0.25, was selected to empha-
size the peak shift toward Si-H, since Si0.75Ge0.25 may not

FIGURE 4. SEM images of Si/SiGe dual channel fin profiles with and
without hydrogen plasma.

show the peak shift due to originally Si-rich sample. In
terms of hydrogen-silicon reaction mechanism [22], SiH4
is an etched byproduct, while SiHx (x=1-3) are adsorption
forms of hydrogen on Si surface. Therefore, the observed
Si-H bonding is adsorbed hydrogen on Si.
The past studies of hydrogen reaction with SiGe show that

hydrogen desorption occurs selectively on Ge sites rather
than Si sites in SiGe surface [23]–[24]. Therefore, fewer Ge
etched byproducts with hydrogen, GeHx, are expected to be
produced than Si etched byproducts with hydrogen, SiHx.
From this, it is considered that the etch mechanism of SiGe
under hydrogen plasma is selective removal of Si over Ge.
This also explains the etch rate suppression of SiGe under
the hydrogen plasma.
Fig. 4 shows profile comparison of Si/SiGe dual channel

fins with and without a hydrogen plasma in conjunction with
halogen chemistry plasma. Delta, �, shown in the figure
denotes a value subtracting CD or depth for Si from CD or
depth for SiGe. The CD of the Si fin is larger than that of the
SiGe fin, in case of the profile without the hydrogen plasma.
The etched depth in the SiGe fin is deeper than that in the
Si fin, as is expected from the result in Fig. 1. However, the
opposite trend can be obtained by the use of the hydrogen
plasma. The profile with the hydrogen plasma shows smaller
Si fin CD compared to the SiGe fin as well as larger etched
depth for the Si fin. Therefore, the etch rate control between
Si and SiGe is achieved in both etch rate and fin profile by
utilizing the hydrogen plasma.

IV. RESULTS AND DISCUSSIONS – SI SEGREGATION
INDUCED BY LOW-TEMPERATURE HYDROGEN PLASMA
In order to understand the surface condition, XPS analysis
was also conducted for 50 nm SiGe film on Si after hydro-
gen plasma exposure. The results of XPS spectra for Si 2p
and Ge 3p are shown in Fig. 5. 10◦ of take-off angle (TOA)
from the surface (i.e., grazing angle near the surface) is used.
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FIGURE 5. XPS Spectra for Si 2p and Ge 3p with 10◦ of take-off angle from the surface with and without hydrogen plasma exposure.

FIGURE 6. Ge/Si ratio of SiGe by XPS before and after hydrogen
plasma exposure.

Fig. 5 shows that Si-O and Si peak increase, while Ge-O
and Ge peak decrease, after hydrogen plasma exposure for
20 s. This indicates that Si-rich surface is induced by the
hydrogen plasma. In order to confirm that, the stoichiometry
change in SiGe surface was investigated in Fig. 6. The Si 2p
and Ge 3p were utilized to obtain Ge/Si ratio [16], because
photoelectrons have similar kinetic energy and escape depth
of 2.5 nm [25]. The Ge/Si ratio decreases after the hydro-
gen plasma exposure for 20 s. Thus, Si-rich surface is found
after the plasma exposure. Based on the etch mechanism of
SiGe with hydrogen plasma described above, Si is selec-
tively removed out of SiGe surface. However, the surface
becomes Si-rich. This seems contrary to the etch mecha-
nism described in previous section, but can be explained by
hydrogen-plasma-induced Si segregation.
In order to verify the Si segregation, we conducted the

following experiment. Epitaxially-grown SiGe film on Si
substrate was etched by hydrogen plasma down into the Si,
as is shown in Fig. 7. Fig. 8 shows the SiGe film remaining
with different hydrogen plasma exposure times. The Ge/Si

FIGURE 7. Schematics of epitaxially-grown SiGe film on Si etched by
hydrogen plasma.

FIGURE 8. H2 time dependence of SiGe film remaining thickness and
Ge/Si ratio.

ratio is also shown in Fig. 8. The negative value in the SiGe
film remaining corresponds to the depth etched into the Si
substrate. After 55 s of hydrogen plasma exposure, SiGe
film is completely etched, and 40 nm of the Si under the
SiGe film is also etched. However, the Ge/Si ratio is still
shown to be positive value, indicating Ge diffuses into the Si
substrate. In Si segregation, Si is replenished to the SiGe sur-
face, while Ge is pushed down into bulk region. Therefore,
the Ge remaining after complete removal of SiGe film indi-
cates that Si segregation is induced by the hydrogen plasma.
The Si segregation is induced because Si-H bond formation
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FIGURE 9. Ge/Si ratio in SiGe with different take-off angles by XPS.

at the surface is energetically favorable to Ge-H bond [26].
This leads to Si-rich surface after the hydrogen plasma expo-
sure. However, it is known that Si segregation is observed
at high temperature above 250 ◦C by atomic hydrogen [26].
In this study, we found that hydrogen plasma also causes
Si segregation at the temperature as low as 20 ◦C. It is
obvious that the plasma energy is a driving force of this
segregation. This low-temperature hydrogen plasma process
gives an advantage to avoid thermally activated behavior
such as atomic diffusion at high temperature. These analyses
were done with SiGe (100). However, it is worth discussing
the case of SiGe (110) surface, because SiGe (110) is
exposed as a sidewall of SiGe fin and acts as a domi-
nant channel surface of SiGe FinFET. Since the mechanism
of Si segregation phenomenon is attributed to the differ-
ent bonding energy between Si-H and Ge-H, it is expected
that Si segregation can be still observed at (110) surface
orientation.
To understand the segregation thickness, Ge/Si ratio in

SiGe after hydrogen plasma exposure for 20 s was inves-
tigated as a function of take-off angles by XPS, shown in
Fig. 9. The initial sample has slightly higher Ge/Si ratio
for TOA of 10◦ and 30◦ (top surface region). This slightly
higher Ge/Si ratio near the surface might be related to Ge
segregation during the SiGe epitaxial growth [27]. The Ge/Si
ratio decreases after the plasma exposure for TOA of 10◦
and 30◦. This indicates that the thickness of Si segregation is
confined near top-surface region. Based on the escape depth
of the photoelectron described above, the thickness of the
Si-rich layer is estimated to be about 1.3 nm. On the other
hand, the Ge/Si ratio in the data for 50◦ or higher, increases
after the plasma exposure. This may prove that Si under-
neath the top-surface diffuses upwards, to the surface, and
the Ge originally on the surface is pushed below. Therefore,
it is also presented that Si segregation occurs only near the
SiGe surface layers by this hydrogen plasma.
Fig. 10 shows ion energy dependence of Ge/Si ratio by

XPS with TOA of 10◦ after hydrogen plasma exposure for

FIGURE 10. Ion energy dependence of Ge/Si ratio in SiGe after hydrogen
plasma exposure by XPS.

FIGURE 11. Plasma exposure time dependence of Ge/Si ratio.

20 s. The dashed line shows the Ge/Si ratio of an initial
sample. Only the lowest ion energy around 10 eV decreases
Ge/Si ratio, while all other data shows little change of the
Ge/Si ratio from initial. This means that Si segregation is
induced when ion energy is very low. This may be also
explained by the ion energy deposition model described in
Fig. 2, meaning that ion energy deposited near the surface
is utilized for not only etch rate enhancement but also Si
segregation.
The time dependence of Ge/Si ratio with hydrogen

plasma exposure is shown in Fig. 11. The dashed line
represents the Ge/Si ratio of an initial sample. As the
plasma exposure time increases, the Ge/Si ratio increases.
The ratio for 10 s and 20 s almost saturated. Si segrega-
tion is caused even at 2s of the hydrogen plasma exposure.
In Fig. 12, the SiGe surface condition with different
plasma exposure times was also investigated by tilt view
of Scanning Electron Microscopy (SEM). The plasma expo-
sure times were changed from 2 s, 10 s, and 20 s. The
surface condition with the exposure time of 2 s is very sim-
ilar to initial in Fig. 12. However, as the exposure time
increases to 10 s and 20 s, the surface gets rougher. This
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FIGURE 12. Tilted images from SEM of SiGe surface with different exposure times to hydrogen plasma.

may indicate that the rough surface exposes Ge underneath
Si-rich top surface induced by Si segregation, which leads
to the increase of the Ge/Si ratio. In order to maximize
the electrical performance, Si-rich top surface is required to
achieve low interface trap density at SiGe/high-k interface.
We hereby successfully developed a low-temperature hydro-
gen plasma to induce Si-rich surface by Si segregation.
However, ion-radical separation test may be necessary as
a future study, in order to fully understand the mechanism
of Si segregation and surface roughness.

V. CONCLUSION
In this study, Si-SiGe etch control was investigated for the
application of Si/SiGe dual channel fin patterning. It is
presented that not only halogen chemistries but also phys-
ical sputtering etches SiGe selective to Si, while hydrogen
plasma etches Si selective to SiGe. This is because the Si-
H bond formation is energetically favorable to Ge-H bond
formation, that is, surface Ge would prevent the etch byprod-
uct formation. We also proposed an ion energy deposition
model to explain etch rate decrease with increasing ion
energy. By utilizing the developed etch chemistries, the dif-
ference of CDs and etched depths for Si and SiGe fins
were controlled from positive to negative values. During
this investigation, it is also shown that this low-temperature
hydrogen plasma induces Si segregation on SiGe surface.
This is also due to the energetically favorable hydrogen-
bonded Si surface. Even though the Si-rich layer is formed,
etching is still prevented since keeping the Si-rich layer is
energetically stable compared to SiGe surface. The Si-rich
layer is found to be limited near the top surface. We also
presented that low ion energy with short time plasma expo-
sure is necessary to maximize Si-rich surface, which is useful
to minimize interface trap density at Si/high-k interface in
terms of electrical performance.

REFERENCES
[1] D. Hisamoto et al., “FinFET-a self-aligned double gate MOSFET

scalable beyond 20 nm,” IEEE Trans. Electron Devices, vol. 47, no. 12,
pp. 2320–2325, Dec. 2000, doi: 10.1109/16.887014.

[2] C. Auth, “22-nm fully-depleted tri-gate CMOS transistors,” in
CICC Tech. Dig., San Jose, CA, USA, Sep. 2012, pp. 1–6,
doi: 10.1109/CICC.2012.6330657.

[3] C. Auth et al., “A 10nm high performance and low-power CMOS tech-
nology featuring 3rd generation FinFET transistors, self-aligned quad
patterning, contact over active gate and cobalt local interconnects,”
in IEDM Tech. Dig., San Francisco, CA, USA, Dec. 2017,
pp. 29.1.1—29.1.4, doi: 10.1109/IEDM.2017.8268472.

[4] O. Weber et al., “Examination of additive mobility enhance-
ments for uniaxial stress combined with biaxially strained Si,
biaxially strained SiGe and Ge channel MOSFETs,” in IEDM
Tech. Dig., Washington, DC, USA, Dec. 2007, pp. 719–722,
doi: 10.1109/IEDM.2007.4419047.

[5] H. Mertens et al., “Performance and reliability of high-mobility
Si0.55Ge0.45 p-channel FinFETs based on epitaxial cladding of
Si fins,” in VLSI Tech. Dig., Honolulu, HI, USA, Jun. 2014,
pp. 6.3.1–6.3.2, doi: 10.1109/VLSIT.2014.6894360.

[6] R. Xie et al., “A 7nm FinFET technology featuring EUV pat-
terning and dual strained high mobility channels,” in IEDM
Tech. Dig., San Francisco, CA, USA, Dec. 2016, pp. 47–50,
doi: 10.1109/IEDM.2016.7838334.

[7] Y. Ishii et al., “Anisotropic selective etching between SiGe and Si,”
Jpn. J. Appl. Phys., vol. 57, no. 6S2, 2018, Art. no. 06JC04. [Online].
Available: https://doi.org/10.7567/JJAP.57.06JC04

[8] C. H. Lee, R. G. Southwick, III, and H. Jagannathan, “Engineering
the electronic defect bands at the Si1-xGex/IL interface: Approaching
the intrinsic carrier transport in compressively-strained Si1-xGex
pFETs,” in IEDM Tech. Dig., San Francisco, CA, USA, Dec. 2016,
pp. 766–769, doi: 10.1109/IEDM.2016.7838517.

[9] G. Tsutsui et al., “Leakage aware Si/SiGe CMOS FinFET for
low power applications,” in VLSI Tech. Dig., Honolulu, HI, USA,
Jun. 2018, pp. 87–88, doi: 10.1109/VLSIT.2018.8510639.

[10] C. H. Lee et al., “Selective GeOx-scavenging from interfacial layer
on Si1-xGex channel for high mobility Si/Si1-xGex CMOS applica-
tion,” in VLSI Tech. Dig., Honolulu, HI, USA, Jun. 2016, pp. 36–37,
doi: 10.1109/VLSIT.2016.7573369.

[11] S. W. Bedell, K. Fogel, D. K. Sadana, and H. Chen, “Defects
and strain relaxation in silicon-germanium-on-insulator formed by
high-temperature oxidation,” Appl. Phys. Lett., vol. 85, no. 24,
pp. 5869–5871, Dec. 2004, doi: 10.1063/1.1835532.

[12] F. Rozé et al., “Oxidation kinetics of Si and SiGe by dry rapid
thermal oxidation, in-situ steam generation oxidation and dry fur-
nace oxidation,” J. Appl. Phys., vol. 121, Jun. 2017, Art. no. 245308,
doi: 10.1063/1.4987040.

[13] K. Suzuki, S. Okudaira, N. Sakudo, and I. Kanomata,
“Microwave plasma etching,” Jpn. J. Appl. Phys., vol. 16, no. 11,
1977, Art. no. 1979. [Online]. Available: https://doi.org/10.1143/
JJAP.16.1979

[14] W. M. Haynes, Ed., Handbook of Chemistry and Physics, 97th ed.
Boca Raton, FL, USA: CRC Press, 2016.

[15] Y. H. Xie et al., “Semiconductor surface roughness: Dependence on
sign and magnitude of bulk strain,” Phys. Rev. Lett., vol. 73, no. 22,
1994, Art. no. 3006. [Online]. Available: https://doi.org/10.1103/
PhysRevLett.73.3006

[16] G. S. Oehrlein, G. M. W. Kroesen, E. de Frésart, Y. Zhang, and
T. D. Bestwick, “Studies of the reactive ion etching of SiGe alloys,”
J. Vacuum Sci. Technol. A, vol. 9, no. 3, 1991, Art. no. 768. [Online].
Available: https://doi.org/10.1116/1.577359

[17] D. Gahan et al., “Ion energy distribution measurements in RF
and pulsed DC plasma discharges,” Plasma Sources Sci. Technol.,
vol. 21, no. 2, 2012, Art. no. 024004. [Online]. Available:
https://doi.org/10.1088/0963-0252/21/2/024004

[18] J. M. E. Harper, J. J. Cuomo, P. A. Leary, G. M. Summa,
H. R. Kaufman, and F. J. Bresnock, “Low energy ion beam etch-
ing,” J. Electrochem. Soc., vol. 128, no. 5, 1981, Art. no. 1077,
doi: 10.1149/1.2127554.

1282 VOLUME 7, 2019

http://dx.doi.org/10.1109/16.887014
http://dx.doi.org/10.1109/CICC.2012.6330657
http://dx.doi.org/10.1109/IEDM.2017.8268472
http://dx.doi.org/10.1109/IEDM.2007.4419047
http://dx.doi.org/10.1109/VLSIT.2014.6894360
http://dx.doi.org/10.1109/IEDM.2016.7838334
http://dx.doi.org/10.1109/IEDM.2016.7838517
http://dx.doi.org/10.1109/VLSIT.2018.8510639
http://dx.doi.org/10.1109/VLSIT.2016.7573369
http://dx.doi.org/10.1063/1.1835532
http://dx.doi.org/10.1063/1.4987040
http://dx.doi.org/10.1149/1.2127554


ISHII et al.: ETCH CONTROL AND SiGe SURFACE COMPOSITION MODULATION BY LOW TEMPERATURE PLASMA PROCESS

[19] P. Sigmund, “Theory of sputtering. 1. Sputtering yield of amor-
phous and polycrystalline targets,” Phys. Rev., vol. 184, no. 2,
1969, Art. no. 383. [Online]. Available: https://doi.org/10.1103/
PhysRev.184.383

[20] G. Lucovsky, R. J. Nemanich, and J. C. Knight, “Structural
interpretation of the vibrational spectra of a-Si: H alloys,” Phys. Rev.
B, Condens. Matter, vol. 19, no. 19, 1979, Art. no. 2064. [Online].
Available: https://doi.org/10.1103/PhysRevB.19.2064

[21] Y. J. Chabal, “High-resolution infrared spectroscopy of adsorbates on
semiconductor surfaces: Hydrogen on Si(100) and Ge(100),” Surface
Sci., vol. 168, nos. 1–3, 1986, Art. no. 594. [Online]. Available:
https://doi.org/10.1016/0039-6028(86)90890-3

[22] S. Veprek, C. Wang, and M. G. J. Veprek-Heijman, “Role of oxygen
impurities in etching of silicon by atomic hydrogen,” J. Vacuum Sci.
Technol. A, vol. 26, no. 3, 2008, Art. no. 313. [Online]. Available:
https://doi.org/10.1116/1.2884731

[23] J. W. Sharp and G. Eres, “Kinetics of hydrogen desorption
in surface-limited thin-film growth of SiGe alloys,” Appl. Phys.
Lett., vol. 62, no. 22, 1993, Art. no. 2807. [Online]. Available:
https://doi.org/10.1063/1.109216

[24] J-H. Ku and R. J. Nemanich, “Hydrogen evolution from strained
SixGe1−x (100) 2×1: H surfaces,” J. Appl. Phys., vol. 80, no. 8, 1996,
Art. no. 4715. [Online]. Available: https://doi.org/10.1063/1.363426

[25] S. W. Robey, A. A. Bright, G. S. Oehrlein, S. S. Iyer, and S. L. Delage,
“Photoemission investigation of Ge and SiGe alloy surfaces after reac-
tive ion etching,” J. Vacuum Sci. Technol. B, vol. 6, no. 6, 1998,
Art. no. 1650. [Online]. Available: https://doi.org/10.1116/1.584424

[26] E. Rudkevich, F. Liu, D. E. Savage, T. F. Kuech, L. McCaughan,
and M. G. Lagally, “Hydrogen induced Si surface segregation on Ge-
covered Si(001),” Phys. Rev. Lett., vol. 81, no. 16, 1998, Art. no. 3467.
[Online]. Available: https://doi.org/10.1103/PhysRevLett.81.3467

[27] A. Benedetti, D. J. Norris, C. J. D. Hetherington, A. G. Cullis,
D. J. Robbins, and D. J. Wallis, “Strain and Ge concentration
determinations in SiGe/Si multiple quantum wells by transmission
electron microscopy methods,” J. Appl. Phys., vol. 93, no. 7, 2003,
Art. no. 3893. [Online]. Available: https://doi.org/10.1063/1.1558993

VOLUME 7, 2019 1283



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


