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Abstract A lithography-free method for fabricating the
nanogrids and quasi-beehive nanostructures on Si sub-
strates is developed. It combines sequential treatments of
thermal annealing with reactive ion etching (RIE) on SiGe
thin films grown on (100)-Si substrates. The SiGe thin
films deposited by ultrahigh vacuum chemical vapor
deposition form self-assembled nanoislands via the strain-
induced surface roughening (Asaro-Tiller-Grinfeld insta-
bility) during thermal annealing, which, in turn, serve as
patterned sacrifice regions for subsequent RIE process
carried out for fabricating nanogrids and beehive-like
nanostructures on Si substrates. The scanning electron
microscopy and atomic force microscopy observations
confirmed that the resultant pattern of the obtained struc-
tures can be manipulated by tuning the treatment condi-
tions, suggesting an interesting alternative route of
producing self-organized nanostructures.
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Introduction

Periodical nanostructures are of great research interest
because of their potential applications in data storage [1-3]
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as well as in preparing photonic crystals [4, 5]. In order to
realize such opportunities, the development of lithography
techniques that are capable of fabricating large area peri-
odical nanostructures with reasonable control over their
size and periodicity is required. In general, two approaches,
namely the top—down and the bottom—up, have been coined
to label the techniques used to generate nanometer-sized
structures. The conventional lithographical methods,
including electron-beam lithography [6], photolithography
[7] and focused ion beam lithography [8], are the repre-
sentative top—down approaches widely implemented in
manufacturing nano-scale semiconductor devices as well
as nanostructures for various materials. However, these
techniques often require very high capital investment and
involve multiple-step processes, which not only limits the
facility accessibility but also results in relatively high
operation cost.

On the other hand, self-organized growth [9-11] has
been demonstrated to be a viable bottom—up method for
fabricating large area nanostructures with reasonable con-
trol of size and shape distributions. These structures can be,
in turn, used as templates for building nanometer-scale
structures. Here, we report a simple fabrication technique
capable of producing large area, well-ordered, periodic
nanogrids with sufficient size control in the sub-500-nm
region. The present method consists of two major steps.
First, the SiGe films deposited on Si substrates by ultrahigh
vacuum chemical vapor deposition (UHVCVD) were
transformed into self-assembled SiGe nanoisland arrays by
thermal annealing. Second, the resultant SiGe nano-island
arrays after subjected to subsequent reactive ion etching
(RIE) treatments were found to result in either the quasi-
beehive nanostructures or the self-organized nano-grids
(SONGs) on Si substrates, depending on the conditions of
RIE processes. It is noted that the current fabrication
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method is advantageous in several respects. First, since the
SiGe thin films were deposited in the UHVCVD system,
hence the issue of contamination during the annealing
process can be largely minimized. Moreover, owing to the
fact that no aqueous chemical solution and metallic mate-
rial were used in the manufacturing procedures, protection
of the RIE system from major pollution sources is guar-
anteed. Finally, the lithography-less anisotropic etching
process can reduce the fabrication cost significantly.

Experimental Details

Figure 1 displays schematically the experimental proce-
dures carried out in this work for fabricating the quasi-
beehive Si nanostructures. Briefly, prior to the growth of
SiGe thin film, the surface of Si substrate was cleaned by
the standard Radio Corporation of America (RCA) proce-
dures [12]. The Si wafers were then dipped in dilute
hydrofluoric acid to form a passive surface layer, which
allowed the wafers to maintain their clean surfaces when
transported through air before being introduced into the
loadlock chamber of the ultrahigh vacuum chemical vapor
deposition (UHVCVD, ANELVA SRE-612 Japan) system
[13, 14]. When the temperature reached 550°C and the
deposition chamber was pumped to 1.2 x 10~° Torr using
a turbo molecular pump, the wafers were transferred
directly into the deposition chamber from the loadlock
chamber. The inlet gas was a mixture of Si,H, (flow rate:
1 sccm) and GeH, (flow rate: 7 sccm). The SiGe epitaxial
thin films were grown on the p-type Si (100) substrate at a
growth rate of ~8 nm/min with a total thickness of about
100 nm (Fig. 1a) [15].

Following the film growth, in situ thermal annealing was
carried out at 900°C for 30 min in the UHVCVD chamber
to form the well-ordered SiGe nanoislands, as illustrated
schematically in Fig. 1b. The annealed SiGe/Si assembles
were then placed into the reactive ion etching (RIE, TEL
TES000 Japan) chamber and, subjected to RIE using CF,
(40 sccm) and argon (200 sccm) at an RF power of 200 W
for 3, 5, or 10 min, respectively, as depicted in Fig. 1c. The
effect of ion bombardment was primarily determined by
the ion energy, which, in turn, was dependent on the RF
power and the self-bias. During the RIE process, when the
reactive ions passed through the sheath region, the positive
ions were accelerated under the inserted electric field to
produce the ion bombardment effect that, in turn, etches the
target materials to form the quasi-beehive Si nanostructures
and the SONGs, as shown in Fig. 1d.

The high-resolution cross-sectional transmission elec-
tron microscopy (XTEM) image of thin film was analyzed
with an operating voltage of 200 kV. The composition of
the films was analyzed by Auger electron spectroscopy

SiGe thin film
|

Si substrate
(a)

SiGe islands

(b)

iy

(c)

Si nanostrctures

(d)

Fig. 1 Fabrication procedures of quasi-beehive Si nanostructures and
self-organized nanogrids: a SiGe thin film is deposited on Si
substrate; b SiGe islands arrays are formed via the annealing
treatment; ¢ then plasma etching (RIE); d finally the self-organized
nanostructures are fabricated

(AES, VG Scientific Microlab 310F). The Auger analyses
were performed in a Physical Electronics-650 scanning
Auger microprobe with a background pressure of
1.0 x 107° Torr. High-resolution X-ray diffraction was
used to determine the phase formation and crystallographic
structure of all samples. High-resolution reciprocal space
mapping (HRRSM) was applied to observe the structural
features of SiGe thin films. The characteristics of the sur-
face morphology of the Si substrate as well as that of the
SiGe films were observed by field-emission scanning
electron microscopy (FESEM). Atomic force microscopy
(AFM) was also used to image the surface morphologies of
the fabricated samples.

Results and Discussion

A XTEM image of the as-grown SiGe thin film is displayed
in Fig. 2. From the XTEM observation, the interface of
SiGe/Si is atomically smooth and flat with no sign of
existence of any misfit dislocations, indicating the com-
pletely coherent epitaxial relations between the film and
substrate. In addition, the AES results displayed in the inset
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Fig. 2 The cross-sectional HRTEM image of SiGe/Si sample prior to
thermal annealing. Inset compositions of Si and Ge elements are
confirmed by Auger analysis

of Fig. 2 reveal that the Ge concentration is distributed
uniformly throughout the film on Si substrates. The aver-
aged Ge composition of the as-grown SiGe thin film was
estimated to be around 24.4%. It is surprising that, in the
present study, the apparent pseudomorphic growth of the
dislocation-free SiGe strained layer can maintain to a much
larger critical thickness than those reported previously [16,
17]. It is believed that the relative low growth temperature
might have played a significant role. As will be described
in more detail below, the strain relaxation and accompa-
nied surface roughening induced by subsequent thermal
annealing exhibited in the current films also displayed
marked differences comparing to those reported by Timb-
rell et al. [16] and Ozkan et al. [17], where generation of
dislocations and accompanied orientation change in surface
roughening morphologies were evidently observed.
Figure 3 shows the typical top-view image observed by
FESEM for SiGe films annealed at 900°C for 30 min. It is
clear that the high temperature annealing-induced surface
roughening has resulted in the formation of SiGe island
grids along the (100) and (010) directions. The cross-sec-
tional image of SiGe islands observed by XTEM displayed
in the inset of Fig. 3 further indicates that in the vicinity of
the interface between the SiGe islands and Si substrate
remains essentially free of relaxation dislocations during
the annealing process. Thus, the underlying mechanisms
leading to the present observations certainly require further
discussion. We first note that, unlike those reported by Xie
et al. [18] where the Ge islands have been deliberately
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Fig. 3 SEM observation the surface morphological image of SiGe
thin film at an annealing temperature of 900°C. Inset the XTEM
image of SiGe nanoislands on Si substrate

manipulated to nucleate on the intersections of misfit dis-
location networks generated at the interface of an under-
neath SiGe strain layer and Si substrate, the formation of
the present SiGe island array must have arisen from very
different mechanisms. On the other hand, Floro et al. have
demonstrated that heteroepitaxial stress between the SiGe
layer and Si substrate cannot only result in coherent
islanding of SiGe layer [19] but also have played the pri-
mary role in island shape transitions [20]. However, we
note that the abovementioned reports were all derived
based on observations performed during deposition, and
the islanding of the SiGe layer may behave differently from
that results from the post-deposition annealing. Indeed, as
pointed out by Jesson et al. [21] that, in the case of
annealed Si,Ge,_, films, especially at high supersatura-
tions, the strain-induced roughening can bypass faceting
and result in a transition with characteristics of the Asaro-
Tiller-Grinfeld (ATG) instability [22, 23]. Within the
context of the ATG instability, the strain field-induced
surface roughening of semiconductor films is manifested
by the appearance of continuous ripple morphology as
displayed in Fig. 3. The reason for this is that the Si,Ge;_,
film is under compressive strain with ¢ ~ —0.04 (1—x)
[24] such that an undulation in the surface allows lattice
planes to relax toward the ripple peaks. This lowers the
elastic energy stored in the strained film but, at the same
time, increases the surface energy relative to the planar
layer. The competition between these two factors, in turn,
gives rise to a condition for a minimum undulation length
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scale A, for which the morphology is stable. Here, /. can be
expressed as following:

Je =2muy/(1 = v)o® (1)

with u, 7, v, and ¢ being the shear modulus, the surface
energy density, the Poisson’s ratio of the SiGe layer, and
the misfit stress, respectively. Taking u ~ 40 GPa [21],
7 ~ 1J/m® [21], v ~ 0.25,' and ¢ ~ 1.4 GPa [19] one
obtains a 4. ~ 170 nm, which is much smaller than the
averaged island spacing displayed in the inset of Fig. 3
(~400-500 nm) and those reported in Ref. [17]
(~600 nm). Therefore, the obtained morphology can be
indeed explained by the strain-induced roughening gov-
erned by the mechanism of ATG instability.

As has been pointed out by Jesson et al. [21], since there
is no energy barrier to roughening except for mass trans-
port along the surface, one of the consequences of the ATG
instability-induced islanding is the formation of cusp. In
order to elucidate this effect, Fig. 4 shows the relationship
of the depth of self-organized nanoislands as a function of
the annealing temperature for a fixed annealing time of
30 min. In this analysis, areas of 20 x 20 um?® of the
annealed SiGe thin films are measured at various annealing
temperatures. Based on these shape analyses, there are only
sparsely distributed convex structures on the surface of the
as-grown SiGe film. Even at the annealing temperature of
700°C, there are only few convex structures observed,
indicating that at temperatures lower than 700°C the strain-
induced roughening is hindered by either the lack of
supersaturation or insufficient time for adequate mass
transport. Nevertheless, as the annealing temperature is
above 800°C the measured depth of the SiGe islands
increases rapidly and reaches an average height of
~ 100 nm at 900°C, as shown in the inset of Fig. 4. In this
case, the cusp feature is evidently displayed in the inset of
Fig. 3 with the average depth being about the original film
thickness. At this stage, we believe that film must have
relaxed most of its strain.

In order to obtain a more quantitative measure on the
evolution of the structural quality upon annealing, we
chose the asymmetric (113)-reflection and the symmetric
(004)-reflection HRRSM to compare the characteristics of
the crystallographic structure of the as-grown SiGe sample
with the one annealed at 900°C for 30 min. Figs. 5a, b
reveal typical HRRSM around the asymmetric (113)
reflections of the as-grown SiGe sample and the annealed
sample, respectively. The HRRSM images are plotted on a
logarithmic scale as a function of the reciprocal lattice

' Various values (ranging from 0.22 [23] to 0.28 [15]) of the
Poisson’s ratio for Si,Ge;_, films have been reported. Here, we take
an average value for estimation only.
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Fig. 4 The depth of the self-organized nanoislands as a function of
the annealing temperature. Inset the shape analysis of SiGe thin film
with the annealing treatment at 900°C

vector parallel (Q,) and perpendicular (Q,) to the surface.
From Fig. 5a, it is clear that the scattering distributions of
the Si substrate and that of the SiGe thin film are in
perfect alignment, indicating that the SiGe thin film is
completely commensurate with the Si substrate. Moreover,
the scattering distributions of the SiGe film and substrate
are very narrow, indicative of the high crystalline quality
and the low defect density in the as-grown SiGe film. On
the other hand, Fig. 5b indicates that, after annealing at
900°C for 30 min, the scattering distributions of both
SiGe film and Si substrate broadened in two directions,
suggesting that significant degradation in crystallinity may
have occurred in both of the SiGe film and Si substrate.
This is consistent with the characteristics of ATG insta-
bility where the cusp regions are under tremendous
compressive strain and the transported mass is rapidly
accumulated at the island tips. The former is expected to
have effects on the substrate, while the latter is certainly
detrimental to the crystallinity of the resultant islands.
This can be further confirmed by the HRTEM images
displayed in Fig. 6, where the apparent degradation in the
crystalline structure of the annealed SiGe islands (Fig. 6b)
is clearly demonstrated by comparing that with the
as-deposited one (Fig. 6a). It is also noted that the center
of the scattering distribution of the SiGe film moves
toward that of the Si substrate, indicating that the
annealing processes has been accompanied by significant
strain relaxation. Based on the current HRRSM analyses,
the as-grown SiGe sample is apparently fully strained, and
about 36% of the strain has been relaxed by annealing the
sample at 900°C for 30 min.

Being inspired by defective structure revealed in the
HRRSM analyses presented in Fig. 5, we have further tried

@ Springer
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Fig. 5 Asymmetric (113) HRRSM of a the as-grown SiGe thin film
and, b the annealed SiGe thin film at 900°C for 30 min

to use the annealed sample as the template for creating
various self-organized nanostructures. Fig. 7 presents one
of the examples we have tried. The series of the SEM
images shown in Fig. 7 display the surface morphology of
the as-grown SiGe sample (Fig. 7a) and that of samples
being first annealed at 900°C for 30 min followed by RIE
etching with CF, gas for 3, 5, and 10 min (Fig. 7b, d),
respectively. The surface morphology of as-grown SiGe
sample is very smooth with a surface roughness of
~0.32nm over a 20 x 20 um> area (Fig. 7a). After
annealing at 900°C (30 min) and RIE for 3 min, small
cavities are evidently generated (Fig. 7b), which more or
less following the island morphology shown in Fig. 3. Note
here that, when compared with the AFM image shown in

@ Springer

Fig. 6 The HRTEM images of the a as-grown SiGe film and b SiGe
film annealed at 900°C for 30 min. The results clearly indicate the
degradation of crystalline structure resulted from the ATG instability-
induced surface roughening driven by strain relaxation

Fig. 7f for the same sample, in the SEM images displayed
in Fig. 7b, e the regions with the convex dome shape
appearance are in fact cavities while the light curvy lines
are the ridges of the cavities. This is also consistent with
the results reported by Oehrlein et al. [25]. In their studies,
the etching rate of SiygGe, is more than two times faster
than that of pure Si when using CF, as the primary RIE gas.
In fact, it is generally conceived [26] that Ge is normally
more susceptible to fluorine and, as a result, higher amount
of fluoride (from CF, gas) often results in higher chemical
etching probability and more severe depredation in the
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Fig. 7 SEM top-view images of
SiGe thin films with a as-grown
sample, b 900°C annealed and
1 min RIE, ¢ 900°C annealed
and 5 min RIE, and d 900°C
annealed and 10 min RIE. e The
SEM and f AFM image of the
quasi-beehive Si nanostructures

original structural arrangements. In any case, Fig. 7
evidently displays that with the increasing RIE time the
nano-cavities grow bigger and deeper and finally form a
quasi-beehive surface structure on the Si substrate. The
results indicate that the amount and size of cavities and,
hence, the details of the quasi-beehive structure can be
closely monitored by controlling the RIE time.

To fully realize the application potential, we have fur-
ther tried to develop methods of creating the nanostructures
with more regular spatial arrangements. To this respect,
instead of using the etching gases commonly used in the

RIE system, we changed to use Ar plasma treatment on the
annealed island array. To our surprise, even with as short as
1 min of Ar Plasma treatment, the highly concentrated and
regularly distributed nanogrids consisting of nano-cavities
and nano-tapers are clearly visible on Si substrate, as
shown in Fig. 8a, ¢, d. The average diameter, height,
and density of the nanocavities were ~400-600 nm,
~50-80 nm, and ~3—4 pum™? respectively. With a slight
increase of Ar plasma treatment to 3 min, a significant
larger scale of nano-grids is obtained (Fig. 8b). It is noted
that Ar plasma treatment not only is very efficient in
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Fig. 8 SEM rop-view images of
SiGe thin films with a 900°C
annealed and 1 min Ar plasma,
b 900°C annealed and 3 min Ar
plasma. ¢ 2-D and d 3-D AFM
images of the self-organized
nanogrids (a)

removing the defective self-organized SiGe islands formed
after annealed at high temperatures but also is capable of
maintaining the original self-organized patterns to later
stages treatment. It is not clear at present why Ar plasma
treatment can make such a dramatic difference when
compared to that treated by more traditional RIE processes.
Presumably, since Ar plasma etching is a more physical
mean and no complicated chemical reactions are involved,
the etching is more isotropic and is easier to maintain the
original structural arrangements.

In any case, the present study has not only presented a
detailed account for the formation of the self-organized
nanoislands arrays by thermal annealing, but also has
indicated a very efficient method of producing the much
desired self-organized nano-grids (SONGs) on Si substrate
by using the self-organized nanoisland arrays as the
“sacrificing” mask. We emphasize that the present pro-
cess has completely avoided the usage of any lithographic
process, which should be of significant practical impor-
tance in future applications. Experiments using these
SONGs nanostructure as the template substrate to
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fabricate nanostructures of various interesting materials
are underway.

Conclusion

In summary, we have shown that it is possible to fabricate
self-organized nanogrids arrays on Si substrate by simply
combining the thermal annealing and RIE (or Ar plasma)
processes on the SiGe layers grown on Si substrate. The
compositions and structures of SiGe thin film are charac-
terized by using Auger and XTEM techniques to reveal
island formation mechanism. The results indicate that the
self-organized SiGe islands were formed via the Asaro-
Tiller-Grinfeld instability-induced surface roughening dri-
ven by the strain established between the heteroepitaxy
SiGe film and the Si substrate. A well-ordered self-orga-
nized nanogrids structure formed on the Si substrate was
successfully demonstrated by treating the annealed SiGe
film in Ar plasma for as short as only 1 min and without
resorting to any lithographical means.
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