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ARTICLE INFO ABSTRACT

Strain evolution in SiGe-on-insulator fabricated by a modified germanium condensation technique was studied.
As enrichment of Ge content, the condensation temperature was proposed to decrease from 1150 to 900 °C
through five steps, rather than only two different temperatures (1150 °C and 900 °C) were used as reported
previously. Compared to condensation recipe with only two different temperatures, the modified condensation
recipe was beneficial to obtain more uniform SiGe layers with lower surface roughness, thus better material
quality. As Ge content enriched to 0.54, the strain in SiGe is almost fully relaxed with surface roughness RMS of
less than 0.59 nm at condensation temperature of =1050 °C. After further condensation at 900 °C, the strain in
SiGe accumulated dramatically to —1.23% with a surface roughness RMS of 0.66 nm. At the final stage of Ge
condensation process, most of the compressive strain was sustained in Ge-rich SiGe layer. However, when pure
GOI was obtained, the compressive strain could be almost fully relaxed by intensive over-oxidation without
surface deterioration. The fully relaxed SiGe-on-insulator and germanium-on-insulator with low surface
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roughness could be a good template for secondary growth of strained Si and Ge, respectively.

Germanium (Ge) is considered as a promising material for silicon-
(Si-) based microelectronic and optoelectronic devices for its robust
advantage of high carrier mobilities, high absorptance at telecom wa-
velength (~1550 nm), quasi-direct band structure and compatibility
with incumbent Si processing technology. Compared to bulk Ge, Ge-on-
insulator (GOI) has greater advantages in both electrical and optical
performance. On one hand, the ‘on-insulator’ structure provides smaller
parasitic capacitance and leakage current for electronic devices. On the
other hand, the large refractive index difference between Ge and in-
sulator is beneficial to enhance light resonance and confinement in the
structure. High-performance MOSFET [1], photodetector [2] and even
light emitting devices [3] have been demonstrated based on this plat-
form. Many methods have been proposed to fabricate GOI substrate,
such as wafer bonding [4], smart-cut [5], solid-phase crystallization
[6,7] and Ge condensation [8]. Among them, Ge condensation method
receives abundant researches due to its facility of fabricating ultra thin
GOI and SiGe-on-insulator (SGOI) substrates (few to less than 50 nm)
[9-12], which is very promising for technology node of 7 nm and be-
yond. By combination with secondary growth technique [13,14], Ge
condensation can be also used to fabricate templates for epitaxy of
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strained Si [15] and Ge [16] to extend its application fields.

The strain condition in Ge (SiGe) layers can significantly influence
the properties of GOI (SGOI) substrates, such as surface roughness [17],
bandgap [18] and carrier mobility [19]. For microelectronics devices, it
is favorable to sustain large compressive strain in Ge (SiGe) layer to
enhance the carrier mobility. While for secondary growth of Si and Ge,
it is better to fully relax the strain in Ge (SiGe). To have a better control
of the material properties, the strain evolution in SiGe and Ge layers
during condensation process should be well understood. The strain
condition in SiGe layer is determined by many factors, such as initial
strain of SOI [20], Ge content of SiGe [21] before condensation. Pre-
viously, we have studied the strain evolution in SiGe layer during the
condensation process with two different condensation temperatures
(1150 °C for Ge content < 0.40, 900 °C for Ge content > 0.40) [17]. It
was suggested that the crystal quality of SiGe layer can be improved
through increasing the condensation temperature. Condensation recipe
with gradually reduced condensation temperature is preferable. How-
ever, few studies were reported for Ge condensation process with gra-
dually reduced temperature [22]. The strain evolution in SiGe layer
during Ge condensation with gradually reduced temperature has not
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been well understood compared to that during Ge condensation with
only two different temperatures.

Herein, strain evolution of SiGe-on-insulator fabricated by a mod-
ified germanium condensation technique was studied. As Ge content
enriched, the condensation temperature was proposed to decrease from
1150 to 900 °C through 5 steps, rather than only two different tem-
peratures (1150 °C and 900 °C) were used as reported previously. The
evolutions of strain and surface morphology of SiGe during the mod-
ified condensation process were studied by Raman spectroscope and
atomic force microscope (AFM), respectively. It is found that the
modified condensation recipe is beneficial to improve the material
quality. Detailed mechanisms were analyzed and discussed.

The material used for Ge condensation was grown on an 8-inch p-
type (100) silicon-on-insulator (SOI) wafer with a resistivity of
~10Q cm. The SOI wafer was fabricated by separation-by-implanted-
oxygen (SIMOX) technology. The thickness of top-Si and buried oxide
(BOX) layers is 190 and 120 nm, respectively. The wafer was cleaned by
standard Radio Corporation of American (RCA) method and blow-dried
with N, before loaded into a commercial reduced pressure chemical
vapor deposition (RPCVD) chamber. To initiate the growth, the wafer
was baked at 1100 °C in H,, carrier gas to remove the native oxide. Pure
silane (SiH4) and germane (GeH,) diluted at 10% in H, was used as gas
source for deposition of Si and Ge atoms, respectively. A silicon buffer
layer was firstly grown at 650 °C to obtain a clean epi-ready surface.
Next, a uniform Sig 76Geg 24 layer with thickness of 99 nm and a 5-nm Si
cap layer were successively grown at 600 °C. The structure diagram of
as-grown sample is displayed in Fig. 1(a). Fig. 1(b) shows the X-ray
diffraction (XRD) rocking curves of the as-grown sample along (004)
and (224) facets, from which a compressive strain of —0.69% (‘-’ de-
notes compressive) can be evaluated. Fig. 1(c) exhibits the elemental
depth profiles of Ge, Si and O atoms for the as-grown sample taken from
Auger energy spectroscope (AES). The uniformity and Ge content of the
as-grown structure are validated from the AES data.

The material was cleaved into pieces of 2 x 2cm? before loaded
into a 2-inch furnace. Fig. 2 illustrates the detailed modified con-
densation recipe. The whole condensation process was carried out
through seven steps (C0-C6), each of which includes several cycles of
10-mins oxidation and 10-mins annealing. Dry O, with purity of 99.5%
and N, with purity of 99.999% was used as processing gas during
oxidation and annealing, respectively. The flow rates were all set as
1.1 L/min. As enrichment of Ge content, the condensation temperature
was designed to gradually decrease from 1150 to 900 °C through five
steps based on the phase diagram of SiGe alloy [23]. For SiGe with Ge
content of < 0.4, 0.4-0.5, 0.5-0.6, 0.6-0.75 and 0.75-1.0, the con-
densation temperature was initially set as 1150 °C (CO and C1 steps),
1100 °C (C2 step), 1050 °C (C3 step), 1000 °C (C4 step) and 900 °C (C5
and C6 steps), respectively. During CO and C1 steps, the samples were
pre-oxidized at 900 °C before heated to 1150 °C to prevent Ge loss at
high temperature. After CO step, the surface oxide was removed by
buffered oxide etchant (BOE) to prevent self-limiting oxidation effect
[24]. The C6 steps were carried out through 6 substeps (C6j, ‘j’ donates
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1-6) to investigate sample evolution at the final stage of Ge con-
densation process. For comparison, Ge condensation with only two
different temperatures (named as “two-step” condensation recipe) was
also carried out. For the “two-step” condensation recipe, after C1 step,
the condensation temperature of the rest condensation process was
directly decreased to 900 °C as reported previously [17]. Raman spec-
troscope, AFM, and AES were employed to characterize the samples.

Fig. 3(a) shows the Raman spectra of as-grown sample and samples
after condensation steps of CO-C5. The signal was excited by a 532-nm
laser with a spot size of 4um and a power of 28 mW. The following
signals were detected for analysis: Si-Si peak (~520 cm™!) from Si, Si-
Si (480-510cm™!), Si-Ge (~400cm™ ) and Ge-Ge peaks
(270-300 cm ™ 1) from SiGe. For as-grown sample, Si-Si peak from SiGe
is incorporated into that from Si, Ge-Ge and Si-Ge peaks from SiGe are
barely observed due to low Ge content. After CO condensation step,
although the intensity of Si-Ge and Si-Si peaks from SiGe increases
slightly, Ge-Ge peak is still absent. The result implies that the inter-
diffusion effect of Si and Ge atoms overwhelms the Ge condensation
effect during CO step [25]. After C1 condensation step, Ge-Ge mode
emerges indicating that condensation effect is dominant during this
step due to reduction of SiGe thickness. After C2-C5 condensation steps,
Ge-Ge peak intensifies continuously, while Si-Si peaks from SiGe and Si
both weaken relatively suggesting continuous enrichment of Ge content
in SiGe.

The Ge content (x) and strain (g/,) in SiGe can be quantitatively
evaluated from Raman spectra. For SiGe with Ge content of < 0.5, x
and ¢, can be calculated from the peak positions of Si-Si (ws;_s;) and Si-
Ge modes (ws;—g.) by the equation [26]:

cos,-,Si(cm‘l) = 520.6 — 62x — 815¢,
wsi_ge(cm™) = 400.5 + 14.2x — 575¢); [¢))

For SiGe with Ge content of > 0.5, x can be deduced by the equa-
tion [27,28]:

IGe—Ge _ Bx

Iige 2(1-x) 2

where Ig._g. and Ig_g. is the integral intensity of Ge-Ge and Si-Ge
peaks, respectively. The coefficient B is determined to be about 1 for
our Raman system according to our previous studies [29]. Based on
equations (1) and (2), the Ge content of SiGe after CO, C1, C2, C3, C4
and C5 steps was evaluated to be 0.13, 0.35, 0.46, 0.54, 0.59 and 0.78,
respectively. Since the total amount of Ge atoms is conserved [30], the
thickness of SiGe after CO, C1, C2, C3, C4 and C5 steps was evaluated
[31] to be 178, 66, 50, 43, 39 and 30 nm, respectively. The lower Ge
content of SiGe after CO step than that of as-grown sample corroborated
that the inter-diffusion effect of Si and Ge atoms overwhelmed the Ge
condensation effect during CO step. Due to conservative oxidation of
SiGe, the Ge content of SiGe after each condensation step was lower
than the upper limitation of the designed value.

Fig. 3(b) summarizes the evolution of strain in SiGe layer versus Ge
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Fig. 1. (a) Structure diagram of the as-grown sample deposited by RPCVD for Ge condensation; (b) (004) and (224) XRD rocking curves and (c) Auger depth profiles

of Si, Ge and O atoms for the as-grown sample.
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Fig. 2. Modified Ge condensation recipe. As enrichment of Ge content, the condensation temperature was gradually decreased from 1150 to 900 °C through five
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Fig. 3. (a) Evolution of Raman spectra for samples after condensation steps of CO-C5, from which Ge content and strain in SiGe layer can be evaluated; (b) strain
variation in SiGe layer versus Ge content after condensation steps of C0-C5 calculated from Raman spectra. The data from “two-step” condensation recipe was also
summarized for comparison; (c) dependence of surface roughness RMS of SiGe on Ge content after condensation steps of C0O-C5. The result from “two-step”

condensation recipe was also included.

content after condensation steps of C0-C5. The strain in SiGe with Ge
contents of 0.61, 0.70 and 0.79 fabricated by “two-step” condensation
recipe is also presented for comparison. After condensation steps of CO
and C1 at 1150 °C, the compressive strain in SiGe due to lattice mis-
match between SiGe and Si is almost fully relaxed through plastic de-
formation of BOX layer and gliding dislocations along the {111} plane
[32]. For SiGe obtained from modified condensation recipe, the strain
remains almost fully relaxed after C3 condensation step (Ge content of
0.54, @1050 °C), then dramatically increases to —0.65% after C4 step
(Ge content of 0.59, @1000 °C) and —1.23% after C5 step (Ge content
of 0.78, @900 °C), respectively. For SiGe obtained by “two-step” con-
densation recipe, the compressive strain in SiGe increases continuously
during the whole investigated condensation process at 900 °C.
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However, the compressive strain in these SiGe layers is much smaller
than that from modified condensation recipe. Even with a Ge content of
0.79, the strain in SiGe obtained by “two-step” condensation recipe is
only —0.54%.

To analyze the effect of strain evolution in SiGe layers on the surface
morphology of SiGe, AFM images were taken from samples after each
condensation step. After removing the surface oxide, areas of
10 x 10 um? were randomly selected for scanning. The dependence of
surface roughness root mean square (RMS) on Ge content is displayed
in Fig. 3(c). For comparison, the result from “two-step” condensation
recipe is also exhibited in Fig. 3(c). The surface of initial sample is
rather flat with a surface roughness RMS of 0.42 nm. After CO step, the
surface roughness RMS increases to 0.50 nm due to relaxation of lattice
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Fig. 4. Si, Ge and O depth profiles of samples obtained by modified condensation recipe after (a) C1, (b) C2, (c) C3 steps and (d) sample obtained by “two-step”

condensation recipe taken from Auger electron spectroscopy.

mismatch at 1150 °C. Cross-hatch patterns are observed on sample
surface as a result of strain relaxation through gliding dislocations along
the {111} planes [32]. After C1 step, the surface roughness RMS in-
creases slightly to 0.52 nm. The evolution of surface morphology for
samples obtained by different condensation recipes differs evidently for
the rest steps. For samples obtained by “two-step” condensation recipe,
the surface roughness RMS dramatically elevates to 0.78 nm after Ge
content enriches to 0.70. For SiGe obtained by modified condensation
recipe, the surface roughness RMS is much lower. After C2, C3 and C4
steps, the surface roughness RMS is only 0.54, 0.58, and 0.59 nm, re-
spectively. Even after Ge content enriches to 0.78, the surface rough-
ness is less than 0.67 nm. The result suggests that the modified con-
densation recipe can effectively reduce the surface roughness.

The elemental depth profiles of Si, Ge and O atoms for aforemen-
tioned samples were taken by Auger spectroscopy after removal of
surface SiO,. To increase the conductivity of sample surface, samples
were fixed on sample stage through covering a carbon conductive tape
on sample surface and the stage. Fig. 4(a) and (b) and (c) shows the
results of sample after C1, C2 and C3 condensation steps, respectively.
For comparison, the result from samples with Ge content of 0.61 ob-
tained by “two-step” condensation recipe is presented in Fig. 4(d). The
distribution of Si and Ge atoms in SiGe layers is determined by the
competitive effect of Ge condensation and inter-diffusion of Si and Ge
atoms. The uniform SiGe layer obtained after C1 step (Fig. 4(a)) is re-
sulted from the fact that the inter-diffusion of Si and Ge atoms over-
whelms the Ge condensation effect at 1150 °C. According to previous
report, the activation energy of Ge diffusion in Si is 5.8 eV [33], while
the activation energy of O, diffusion in SiO5 is 1.17 eV [34]. This means
that the inter-diffusion of Ge and Si atoms is more sensitive to
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condensation temperature. For the “two-step” condensation recipe, the
condensation temperature is directly lowered to 900 °C after C1 step.
The condensation effect would preponderate the inter-diffusion of Ge
and Si atoms consequently. Even with an interval of 10-mins' annealing
between oxidation process, large concentration gradient is observed in
Ge depth profile, as shown in Fig. 4(d). According to previous study, the
large gradient of Ge profile in SiGe layer would lead to generation of
dislocations along with strain relaxation [25]. Thus, the large gradient
of Ge profile in SiGe layer is undesired. For samples with modified
condensation recipe, the condensation temperature reduces gradually
from 1150 to 900 °C through five steps. Due to continuous reduction of
SiGe thickness and insertion of annealing process during the con-
densation process, the inter-diffusion of Si and Ge is not affected sig-
nificantly. Consequently, uniform SiGe layers are obtained after C2
(Fig. 4(b)) and C3 (Fig. 4(c)) steps, which is beneficial to improve the
material quality. The O concentrations in samples after C2 and C3 steps
are abnormal high due to organic contamination from the carbon
conductive tape. For the rest condensation steps, uniform SiGe layers
can be sustained due to reduction of SiGe thickness and oxidation speed
of SiGe layers [17].

Germanium condensation steps of C61-C66 were designed to in-
vestigate sample evolutions at the final stage of Ge condensation pro-
cess. Fig. 5(a) displays the evolution of Raman spectra for SiGe layers at
the final stage of Ge condensation process. A close-up of Ge-Ge and Si-
Ge modes is shown in the insets of Fig. 5(a). As Ge condensation pro-
ceeds, the intensity of Si-Ge mode gradually diminishes compared to
that of Ge-Ge mode and a gradual red shift of ws;_g, is observed. From
equation (1), ws;_g, is proportional to x, under a constant ¢,. The red
shift of wsi_g. means an increase of ¢,. Since SiGe layer sustains
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Fig. 5. (a) Raman spectra of samples after condensation steps of C61-C66. A close-up of Ge-Ge and Si-Ge modes is shown in the insets; (b) strain evolution of samples

after condensation steps of C61-C66.

compressive strain (¢, < 0), The increase of ¢, indicates a gradual re-
laxation of compressive strain in SiGe layer. After C66 process, the Si-
Ge mode disappears and a pronounced red shift of Ge-Ge mode is ob-
served suggesting formation of pure GOI and a significant strain re-
laxation process. The thickness of final GOI is evaluated to be 24 nm.
Based on equation (2), the Ge content after condensation steps of C61-
C66 is evaluated to be 0.87, 0.89, 0.92, 0.94, 0.95 and 1.0, respectively.
Detailed strain evolution of these samples is concluded in Fig. 5(b).
With a Ge content of 0.87, the —1.23% compressive strain observed in
SiGe layer after C5 step is relaxes to —1.06%. After C61 to C65 con-
densation steps, the compressive strain only gradually reduces from
—1.06% to —0.90%. However, upon acquisition of pure GOI substrate
after C66 step, the —0.90% compressive strain dramatically relaxes to
—0.12%. For GOI substrate obtained by “two-step” condensation re-
cipe, the compressive strain has relaxed to —0.073% due to over oxi-
dation of the GOI substrate.

Fig. 6 shows the variation of surface roughness RMS for samples
after C61-C66 steps. Due to strain relaxation, the surface roughness
RMS has elevated from 0.66 to 0.87 nm after C61 condensation step.
After C62-C65 steps, since the compressive strain does not relax sig-
nificantly, the surface roughness RMS only increases slightly with a
fluctuation between 0.9 and 1.0nm. After C66 steps, although the
compressive strain relaxes dramatically, the surface roughness RMS is
still only 0.94 nm. This implies that the mechanism of strain relaxation
in the final GOI is different from that in SGOI. From the AFM image of
the GOI substrate (inset in Fig. 6), some disordered lines, which are
originated from dislocation loops [35], are observed due to over-oxi-
dation of the GOI substrate. According to pervious report, Ge atoms will
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2 LT e —
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Fig. 6. Dependence of surface roughness RMS of samples after condensation
steps from C61 to C66. The data from “two-step” condensation recipe is also
presented for comparison.
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move out from crystalline position to accommodate the approaching
oxygen atoms. The compressive strain in GOI would dramatically relax
through over oxidation consequently [36]. While for GOI substrate
obtained by Ge “two-step” condensation recipe, the surface roughness
RMS has deteriorated to 1.23 nm after over oxidation.
Aforementioned analyses manifest that the proposed modified
condensation recipe has more advantages over the “two-step” con-
densation recipe in improving the material quality of fabricated SGOI
and GOI substrates. At 1150 °C, uniform low Ge content Si; ,Ge, layers
(x < 0.35) with almost fully relaxed strain can be obtained due to
stronger inter-diffusion effect of Si and Ge atoms than Ge condensation
effect. For the “two-step” condensation recipe, the condensation tem-
perature is directly decreased from 1150 to 900 °C during the rest
condensation process. The condensation effect overwhelms the inter-
diffusion effect of Si and Ge atoms leading to gradual formation of
nonuniform SiGe layers. Since the plastic deformation of BOX layer can
be neglected at 900 °C, which is lower than the viscous flow tempera-
ture of SiO, (~965 °C) [37], the compressive strain in SiGe layers ac-
cumulates gradually. However, the large gradient of Ge profile in SiGe
layer would facilitate generation of dislocations [25]. Most of the
compressive strain is relaxed through gliding dislocations along {111}
planes along with deterioration of surface roughness. The maximum
compressive strain that can be sustained in SiGe layers is only —0.54%.
Through gradually reducing the condensation temperature from 1150
to 900 °C, sufficient inter-diffusion of Si and Ge is assured during the
whole condensation process resulting in formation of uniform SiGe
layers. After Ge content enriches to 0.54 at 1050 °C, the strain is still
almost fully relaxed. The compressive strain mainly relaxes through
deformation of the BOX layer, thus the surface is quiet smooth with a
roughness RMS of only 0.58 nm. The high quality relaxed SiGe layers
can be used as a template for secondary growth of strained Si. As
condensation temperature reduces below 1050 °C, the effect of strain
relaxation through deformation of BOX layer becomes weaker and even
can be neglected. Additionally, the uniform distribution of Si and Ge
atoms alleviates generation of dislocations [25]. Hence, after Ge con-
tent enriches from 0.54 (@1050 °C) to 0.78 (@900 °C), the compressive
strain dramatically accumulates to —1.23% with a surface roughness of
0.67 nm. At the final stage of Ge condensation process, most of the
compressive strain is sustained in SiGe layers, which are supposed to
have enhanced carrier mobility. The highly-compressive SiGe with high
Ge content is very promising to be used as active channel for MOSFET.
After acquisition of pure GOI substrate, the large compressive strain is
almost fully relaxed due to additional oxidation of the material. With
the modified condensation recipe, the surface roughness RMS of final
GOI substrate is reduced by ~0.3nm (0.94 nm) compared to that from
the “two-step” condensation recipe. The relaxed GOI substrate can be a
good template for secondary growth of Ge. Overall, the modified con-
densation recipe is beneficial to obtain more uniform SiGe layers with
lower surface roughness, larger maximum compressive strain and less
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dislocations, thus better material quality. The modified condensation
recipe is preferably employed to fabricate SGOI and GOI substrates.

In summary, we have studied the strain evolution in SiGe-on-in-
sulator fabricated by a modified germanium condensation technique.
The condensation temperature was proposed to decrease from 1150 to
900 °C through five steps during the condensation process, rather than
only two different temperatures (1150 °C and 900 °C) were used as re-
ported previously. From AES depth profiles, it was found that uniform
SiGe layers could be obtained by the modified condensation recipe. As
Ge content enriched to 0.54, the strain in SiGe is almost fully relaxed
with surface roughness RMS of less than 0.59nmat condensation
temperature of =1050 °C. After further condensation at 900 °C, large
compressive strain (up to —1.23%) would be sustained in SiGe with Ge
content of 0.78 and surface roughness RMS of 0.66 nm. Compared to
condensation recipe with only two different temperatures, the modified
condensation recipe was beneficial to obtain more uniform SiGe layers
with lower surface roughness, larger maximum compressive strain and
less dislocations, thus better material quality. At the final stage of Ge
condensation process, as further enrichment of Ge content, most of the
compressive strain was sustained in the Ge-rich SiGe layers. However,
when pure GOI was obtained, the compressive strain could be almost
fully relaxed by intensive over-oxidation without surface deterioration.
The fully relaxed SiGe-on-insulator and germanium-on-insulator with
low surface roughness could be a good template for secondary growth
of strained Si and Ge, respectively.
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