
lable at ScienceDirect

Journal of Alloys and Compounds 858 (2021) 157653
Contents lists avai
Journal of Alloys and Compounds

journal homepage: http: / /www.elsevier .com/locate/ ja lcom
Fabrication of SiGe/Ge nanostructures by three-dimensional Ge
condensation of sputtered SiGe on SiO2/Si substrate

Guangyang Lin a, b, Haiyang Hong b, Jie Zhang a, Yuying Zhang c, Peng Cui a,
Jianyuan Wang b, Songyan Chen b, Yong Zhao c, Chaoying Ni c, Cheng Li b, *,
Yuping Zeng a, **

a Department of Electrical and Computer Engineering, University of Delaware, Newark, DE, 19716, USA
b Key Laboratory of Low Dimensional Condensed Matter Physics (Department of Education of Fujian Province), Department of Physics, Xiamen University,
Xiamen, Fujian, 361005, People’s Republic of China
c Department of Materials Science and Engineering, University of Delaware, Newark, DE, 19716, USA
a r t i c l e i n f o

Article history:
Received 16 April 2020
Received in revised form
1 October 2020
Accepted 19 October 2020
Available online 20 October 2020

Keywords:
Three-dimensional Ge condensation
Heterojunction
Nanostructure
Schottky barrier height
* Corresponding author.
** Corresponding author.

E-mail addresses: gylin@udel.edu (G. Lin), lich@xm
edu (Y. Zeng).

https://doi.org/10.1016/j.jallcom.2020.157653
0925-8388/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t

In this work, three-dimensional (3D) Ge condensation of sputtered “Si/SiGe” nanostructures on SiO2/Si
substrate was investigated. Through varying the width of sputtered Si/SiGe structures from 50 mm to
400 nm, the Ge content of fabricated SiGe structures can be modulated from 0.49 to 1.0 after 3D Ge
condensation. By further constructing a width modified nanowire (NW) with adjacent widths of 800 nm
and 400 nm before 3D Ge condensation, a Si0.33Ge0.67/Ge heterostructure NW was fabricated after 3D Ge
condensation. Due to inter-diffusion of Si and Ge atoms, a ~2-mm-long region with gradually varied Ge
content from ~0.67 to 1.0 is formed between Si0.33Ge0.67 and Ge. The low Schottky barrier height
(0.29 eV) of Ge NW/metal contact and good conductivity of the Ge NW suggest that the 3D Ge
condensation technique is very promising for fabrication of scalable and low-cost SiGe or Ge nano-
electronic/photonic devices.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Germanium (Ge) has been considered as one of the most
promising candidate materials for silicon (Si) based electronic and
optoelectronic devices. The driving force for integration of Ge with
Si includes its high carrier mobility, large light absorption coeffi-
cient at telecom wavelength (~1550 nm), quasi-direct band struc-
ture and compatibility with Si processing technology. To date, the
application of Ge-on-Si material in metal-oxide-semiconductor
field-effect-transistor (MOSFET) [1,2], photodetector [3,4] and
even light emitting device [5,6] have been widely investigated.
With “on-insulator” structure, both the electronic and optoelec-
tronic performance of Ge-based devices can be further improved.
The isolation of Ge with substrate is beneficial to reduce parasitic
capacitance and leakage current. Additionally, light resonance and
confinement can be realized due to large difference of refractive
u.edu.cn (C. Li), yzeng@udel.
index between Ge and the insulator. Many techniques have been
developed to fabricate Ge-on-insulator (GOI) substrate such as
wafer bonding [7], smart-cut [8], solid-phase crystallization [9,10],
and Ge condensation [11,12]. Through cyclic oxidation and
annealing of SiGe-on-insulator (SGOI) material at high temperature
(�900 �C), Ge condensation can be used to fabricate high quality
GOI materials with thickness of <50 nm. Although many studies
have contributed to Ge condensation [13e16], previous in-
vestigations mainly focus on the Ge condensation effect of single
crystal SGOI sample with planar structure. Few studies have re-
ported on Ge condensation effect of SGOI with nanostructures
[17,18], especially for amorphous SGOI, which can be fabricated by
low-cost methods. Recently, we have carried out 3D Ge conden-
sation of single crystal SGOI nanowires (NWs) [19]. It is found that
the final Ge content of SiGe NW can be modulated by varying the
initial width of SGOI NW. However, the 3D Ge condensation effect
of amorphous SGOI nanostructures needs to be further
investigated.

In this work, 3D Ge condensation of sputtered “Si/SiGe” nano-
structures on SiO2/Si substrate was investigated. By varying the
width of sputtered Si/SiGe structures from 50 mm to 400 nm, the Ge
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content in SiGe structures was modulated from 0.49 to 1.0 after 3D
Ge condensation. After 3D Ge condensation of a width modified
NW with adjacent widths of 800 nm and 400 nm, a lateral
Si0.33Ge0.67/Ge heterostructure NW was further fabricated. The low
Schottky barrier height (0.29 eV) of Ge NW/metal contact and good
conductivity of the Ge NW manifest that the fabricated nano-
structure has a very good potential for nano-electronic/photonic
devices. The proposed 3D Ge condensation of technique is very
promising for fabrication of scalable and low-cost SiGe or Ge
nanostructures.

2. Material and methods

Sample fabrication was based on a SiO2/Si substrate. The 300-
nm-thick SiO2 was obtained by thermal oxidation of a Si (100)
wafer. The substrate was firstly degreased by ultrasonic bath of
acetone, ethanol and de-ionized (DI) water, then blown dried with
nitrogen. Next, a 71-nm-thick Si0.77Ge0.23 layer and 5-nm-thick Si
cap layer were successively grown on SiO2/Si substrate via direct
current (DC) magnetron sputtering. The SiGe layer was obtained
through co-sputtering of Si and Ge targets under 0.4 Pa with a DC
power of 104Wand 9W, respectively. The structure diagram of the
as-grown sample is displayed in Fig. 1(a). Fig. 1(b) shows the depth
profiles of Si, Ge and O atoms for the as-grown sample taken from
Auger electron spectroscope (AES, Physical Electronics PHI 660). As
can be seen, a uniform SiGe layerwith an average Ge content of 0.23
was formed on SiO2. Fig. 1(c) exhibits the X-ray reflection (XRR,
PANalytical X’Pert PRO) curve (black curve) of the as-grown sample.
From fitting results of the XRR curve (red curve) with ‘Si cap/SiGe/
SiO2/Si substrate’ structure, the thicknesses of SiGe and Si cap layers
were verified. The observation of multiple fringe peaks in the XRR
curve indicates that the surface and interfaces in the structure are
rather flat [20]. To perform 3D Ge condensation process, the
deposited material was then patterned into NW structures by e-
beam lithography (EBL) and reactive ion etch (RIE) techniques.
Fig. 1(d) presents the structure diagram of a patterned NW struc-
ture. To fully isolated the NW, part of the SiO2/Si substrate was also
etched. The NW with length of 45 mm is fixed between two
Fig. 1. (a) Structure diagram of the sputtered “Si/SiGe” structure on SiO2/Si substrate for 3D G
AES; (c) XRR curve of the sputtered sample and related fitting result; (d) structure diagra
condensation process.

2

50 � 50 mm2 pads. The NW width in different patterns varies from
400 nm to 800 nm. The sample was then loaded into a 2-inch
furnace to carry out 3D Ge condensation process. Fig. 1(e) dis-
plays the key steps of the 3D condensation process. The whole
condensation process was conducted through C1, C2 and C3 steps at
900 �C. Each condensation step includes 10 cycles of 10-min
oxidation and subsequent 10-min annealing. The oxidation and
annealing process were performed in dry O2 with purity of 99.999%
and N2 with purity of 99.999%, respectively. The flow rate of O2 and
N2was 1.2 L/min. Sample evolution after each Ge condensation step
was characterized by Raman spectra, which was excited by a 488-
nm laser and collected by WITec alpha300 confocal micro-Raman
system.

3. Results and discussion

Fig. 2(a)-2(d) display the evolution of Raman spectra for SiGe
pad, SiGe NW with initial width of 800 nm, 600 nm and 400 nm
before Ge condensation process (black curve), after C1 (red curve),
C2 (green curve) and C3 (blue curve) Ge condensation steps,
respectively. Four Raman modes are observed in the spectra:
GeeGe mode (250e300 cm�1), SieGe mode (~400 cm�1) and SieSi
mode (450e500 cm�1) from SiGe, SieSi mode (~520.6 cm�1) from
Si substrate. The observation of well-shaped SieSi, SieGe and
GeeGe modes of SiGe implies formation of SiGe nano- or micro-
crystal. As can be seen, from C1 to C3 Ge condensation steps, the
intensity ratio between GeeGe mode and SieSi mode of SiGe in all
structures gradually becomes larger manifesting continuously
enrichment of Ge. Under the same Ge condensation process, the
Raman spectra from structures with different widths vary greatly.
As the width of SiGe structure decreases from 50 mm to 400 nm, the
intensity ratio between SieSi mode and GeeGe mode of SiGe re-
duces suggesting that higher Ge content is achieved in narrower
SiGe structure. For SiGe NW with initial width of 400 nm, both
SieGe and SieSi modes of SiGe disappear after C3 Ge condensation
step manifesting acquisition of pure Ge NW.

Based on the peak positions of SieSi and SieGe modes of SiGe,
the calculation of Ge content (x) and strain (ε//) in Si1-xGex with
e condensation; (b) Si, Ge and O depth profiles of the sputtered sample measured from
m of the designed NW structure before 3D Ge condensation; (e) key steps of 3D Ge



Fig. 2. Raman spectra of (a) SiGe pad with dimension of 50 � 50 mm2, SiGe NW with width of (b) 800 nm, (c) 600 nm and (d) 400 nm before Ge condensation process (black curve)
and after C1 (red curve), C2 (green curve) and C3 (blue curve) Ge condensation steps, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 1
Evolution of Ge content (x) and strain (ε//) in SiGe wires with different widths after
Ge condensation steps of C1eC3.

SiGe width C1 C2 C3

x ε//(%) x ε//(%) X ε//(%)

50 mm 0.25 1.42 0.29 1.27 0.49 1.10
800 nm 0.29 1.37 0.44 1.13 0.68 0.90
600 nm 0.31 1.26 0.48 0.94 0.75 0.72
400 nm 0.37 0.97 0.67 0.78 1.0 0.56
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x < 0.5 has been investigated [21e23]:

uSi�Si

�
cm�1

�
¼ 520:6� 62x� 815ε==

uSi�Ge

�
cm�1

�
¼ 400:5þ 14:2x� 575ε==

(1)

With the integral intensity ratio between GeeGe (IGe-Ge) and SieGe
(ISi-Ge) modes of SiGe, the Ge content in Si1-xGex with x > 0.5 can be
evaluated by the following equation instead [23e25]:

IGe�Ge

ISi�Ge
¼ Bx
2ð1� xÞ (2)

where B is the coefficient related to Raman setup. For our Raman
system, B is determined to be 1 according to our previous studies
[25]. The solid lines in Fig. 3(a) display the evolution of Ge content
in SiGe structures after C1~C3 Ge condensation steps. The detailed x
values are summarized in Table 1. For SiGe with initial width of
50 mm, 800 nm, 600 nm and 400 nm, the Ge content after C1 step is
0.25, 0.29, 0.31 and 0.37, respectively; after C2 step, the Ge content
increases to 0.29, 0.44, 0.48 and 0.67, respectively; after C3 step, the
Ge content enriches to 0.49, 0.68, 0.75 and 1.0, respectively. The
evolutionary trend of Ge content during 3D Ge condensation of
amorphous SiGe is similar to that during 3D Ge condensation of
single crystal SiGe [19]. As Ge condensation process proceeds,
higher Ge content is achieved in narrower SiGe structure, and the
Ge content difference in different structures becomes larger.

The dash lines in Fig. 3(a) show the strain evolution in SiGe
Fig. 3. Evolution of (a) Ge content (solid) and strain (dash) in SiGe pad and SiGe NWs with in
image of SiGe with initial width of 50 mm after C3 Ge condensation step. The inset shows

3

structures after C1~C3 Ge condensation steps. Detailed ε//values are
listed in Table 1. For as-deposited film, a large tensile strain of 2.26%
is detected in the as-deposited film probably due to porous struc-
ture and grain boundary relaxation [26]. As Ge condensation pro-
ceeds, the tensile strain in SiGe gradually relaxes. The change of
strain may be related to the change of crystal quality and thermal
strain between SiGe and SiO2. The larger thermal expansion coef-
ficient (TEC) of SiGe (2.6e8.5 � 10�6 K�1) [27,28] than that of SiO2
(0.5 � 10�6 K�1) [29] would induce an extra tensile strain in the
SiGe film during sample cooling from 900 �C to room temperature.
However, as the Ge content gradually enriches, the crystal quality
improves. The film structure becomes denser leading to gradual
relaxation of the tensile strain. For the pure Ge, a tensile strain of
0.56% is detected. The improved crystal quality and tensile strain is
beneficial to enhance the carrier mobility [30,31].

To examine the crystal quality and orientation, the cross-section
images of 50-mm-wide SiGe after C3 condensation step were taken
itial width of 400e800 nm after C1~C3 3D Ge condensation steps. (b) Cross-section TEM
the FFT of the square area.
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by transmission electron microscope (TEM, FEI Tecnai G2 F20 S-
Twin), as shown in Fig. 3(b). Clear nanocrystals with different ori-
entations can be observed in the SiGe film suggesting poly-
crystalline structure of the film. The inset of Fig. 3(b) shows the Fast
Fourier Transform (FFT) of the square area. Some diffraction dots
located at two concentric circles are observed. The radiuses of the
outer and inner circles are measured as R1 ¼ 5.120 nm�1 and
R2 ¼ 3.118 nm�1, respectively. From R21 : R22z8 : 3, nanocrystals
along (220) and (111) facets can be confirmed.

From the above results, it is inferred that by varying the widths
of adjacent regions in SiGe NW, SiGe or SiGe/Ge heterostructure
NWs can be feasibly fabricated after same 3D Ge condensation
process. To verify this conjecture, we further carried out 3D Ge
condensation process of a width modified SiGe NW. The NW with
total length of 45 mm is fixed between two 50 � 50 mm2 pads. With
different width along the longitudinal direction, the NW can be
divided into three parts: the two adjacent to the pads has a length
of 20 mm and a width of 800 nm; the one at middle has a length of
5 mm and width of 400 nm. The structure was then subjected to
C1~C3 3D Ge condensation process as displayed in Fig. 1(e).

Fig. 4(a) displays the mapping of Raman integral intensity of
SieGemode (340e410 cm�1) for the width modified SiGe NWafter
C3 3D Ge condensation step. The spatial resolution of Raman
mapping is 250 nm. As can be seen, the intensity from the NW
region with initial width of 800 nm is strong, while the signal from
the NW region with initial width of 400 nm can be barely detected.
Fig. 4(b) shows the mapping of Raman peak position of GeeGe
mode for the width modified SiGe NW after C3 Ge condensation
step. The appearing of GeeGe mode and absence of SieGe mode in
the NW region with initial width of 400 nm suggests formation of
pure Ge. The frequency of GeeGe mode in NW region with initial
width of 400 nm (~295.8 cm�1) is much higher than that in NW
region with initial width of 800 nm (286.1 cm�1) manifesting for-
mation of SiGe/Ge heterojunction NW. To further investigate the
Fig. 4. (a) Mapping of Raman integral intensity of SieGe mode (340e410 cm�1) and (b) map
Ge condensation step. (c) Calculated Ge content distribution along the SiGe/Ge heterojunctio
Ge condensation step. (e) AFM line profiles along the NW (blue) and substrate (black) extract
reader is referred to the Web version of this article.)
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uniformity of the 3D Ge condensation process, lateral distribution
of Ge content and strain along the heterojunction NW (in region I of
Fig. 4(b)) is analyzed using equations [1,2]. Fig. 4(c) shows the
distribution of Ge content (black) and strain (red) along the NW.
Around 1.0e1.2% tensile strain is observed in the detected region.
As the initial width of SiGe NW decreases from 800 to 400 nm, the
Ge content after 3D Ge condensation process gradually increases
from ~0.67 to 1.0 within the length of ~2 mm. The result suggests
that a SiGe/Ge heterojunction NW with gradually changed Ge
content is obtained, which is beneficial for carrier confinement in
the Ge region through tailoring the band profile [32]. The formation
of NW region with gradually changed Ge content is due to inter-
diffusion of Si and Ge atoms during Ge condensation process be-
tween adjacent NW regions with different initial widths.

Fig. 4(d) shows the surface morphology of the Ge/SiGe NW
taken by atomic force microscope (AFM, Bruker Multimode 8). The
surface SiO2 on NWgenerated during Ge condensation process was
not removed. The line profiles along the NW (blue) and substrate
(black) are compared in Fig. 4(e). The substrate is rather flat. As the
NWwidth decreases, a gradual increase of ~16 nm in height within
a length of ~2 mm is observed. As discussed in Fig. 4(c), as the initial
NW width decreases from 800 to 400 nm, the Ge content after 3D
Ge condensation process gradually increases from ~0.67 to 1.0. It is
reported that the oxidation rate of SiGe increases with the Ge
content [33]. Hence, the increase of surface height of the NW is due
to generation of thicker SiO2 during 3D Ge condensation process in
higher Ge content region.

To characterize the electrical property of the Ge NW fabricated
by 3D Ge condensation of a sputtered SiGe NW, a metal-
semiconductor-metal (MSM) structure was fabricated with 30-nm
Ni/50-nm Au as contact metal. The optical image of the fabricated
Ge MSM structure is displayed in Fig. 5(a). The width of metal/Ge
NW contacts and the spacing between the two contacts are both
1 mm. Fig. 5(b) shows the room temperature IV curves of the MSM
structure in semi-log (black curve) and linear (red curve) scales
ping of Raman peak position of GeeGe mode for a width modified SiGe NW after C3 3D
n NW in region I of Fig. 4(b). (d) AFM image of the width modified SiGe NW after C3 3D
ed from Fig. 4(d). (For interpretation of the references to colour in this figure legend, the



Fig. 5. (a) Optical image of Ge NW MSM structure and (b) corresponding IV curves in semi-log (black curve) and linear (red curve) scales. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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under dark, respectively. The dependence of current (I) on applied
voltage (V) is slightly nonlinear suggesting existence of a Schottky
barrier between Ge NW and Ni.

For a Schottky contact, the dependence of I on V can be analyzed
by the following equation [34]:

I¼ I0 exp
�
qV
nkT

��
1� exp

�
�qV
kT

��
; (3)

where I0 ¼ A*ST2 exp
�
�qf

kT

�
is the saturation current, A* is the

Richardson constant, k is the Boltzmann constant, T is the absolute
temperature, q is the electronic charge, S is the contact area, f is
Schottky barrier height (SBH) of metal/semiconductor contact, and
n is the ideality factor. For MSM structure, the IV curves can be
characterized by equation [3] under reverse bias. Under V � -0.5 V
and T � 370 K, equation [3] can be simplified as [35]:
Fig. 6. (a) Forward IV curve of fabricated Ge NW MSM structure under 289e323 K; (b) depe
on sample temperature; (d) log(I0/T2) as a function of 1000/T, from which a SBH of 0.29 eV
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I exp
�
qV
kT

�
¼ I0 exp

�
qV
nkT

�
: (4)

It should be noted that absolute values of reverse current I have
been substituted into equation [4] to facilitate subsequent analysis.
By linear fitting of ln[Iexp(qV/kT)]~V curve, n and I0 can be obtained
from the slope (q/nkT) and intercept (lnI0), respectively. Through
further measurement of temperature dependent IV curves, f can be
extracted by:

f¼ k
q

d
h
ln
�
I0
.
T2

�i
dð1=TÞ z0:2

d
h
log

�
I0
.
T2

�i
dð1000=TÞ : (5)

Fig. 6(a) shows the IV curves of the Ge NW MSM structure at
25e50 �C under 0e2.0 V. The dependence of ln[Iexp(qV/kT)] on V
and related linear fitting results under different temperatures are
ndence of ln[(Iexp(qV/kT)] on V under 289e323 K; (c) extracted dependence of I0 and n
is extracted.
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displayed in Fig. 6(b). From the slope and intercept of the ln
[Iexp(qV/kT)]~V linear fitting curve, the n and I0 values under
different T can be calculated. Fig. 6(c) shows the dependences of n
and I0 on T. As T elevates from 25 to 50 �C, I0 increases from ~20 nA
to ~50 nA due to increase of thermal activated carriers; n slightly
increases from 1.04 to 1.12 suggesting that the current is dominated
by a diffusion mechanism [36] at 25e50 �C. Fig. 6(d) shows the
dependence of log(I0/T2) on (1000/T) and related linear fitting
result. Based on equation [5], a f of 0.29 eV can be calculated from
the slope. It has been reported that the charge neutrality level (CNL)
of Ge is pinned at ~0.1 eV above the top of valance band [37]. The
small f between Ge NW and Ni implies that the Ge NW is unin-
tentionally p doped induced by vacancies in Ge. The extracted f is
slightly higher than that of bulk p-Ge/metal contact (~0.1 eV) due to
quantum confinement effect in Ge NW, which induces an addi-
tional hole barrier.

The current of Ge NW MSM structure at ±1 V is 0.1 mA corre-
sponding to a current density of ~25 A/cm2. The current density is
comparable with that of bulk Ge/metal ohmic contact [38] mani-
festing good conductivity of the Ge NW. The good conductivity can
be attributed to large surface to volume ratio of NW and low SBH
between Ni and Ge NW. The good conductivity of the Ge NW
suggests the potential application in low-cost nano-electronic, such
as transistors and biosensors [39]. The SiGe/Ge heterojunction NW,
which can effectively confine the carriers in Ge region and may
provide carrier multiplication mechanisms [40], can be potentially
used for nano-photonic devices, such as solar cells [41].
4. Conclusions

In summary, 3D Ge condensation of sputtered “Si/SiGe” nano-
structures on SiO2/Si substrate was investigated. Through varying
the width of “5-nm Si/71-nm Si0.77Ge0.23 layer” wires on SiO2/Si
substrate from 50 mm to 400 nm, the Ge content of fabricated SiGe-
on-insulator (SGOI) can be modulated from 0.49 to 1.0 after 3D Ge
condensation. By further modifying the widths of the adjacent re-
gions of a “Si/SiGe” NW from 800 to 400 nm before 3D Ge
condensation, a Si0.33Ge0.67/Ge heterostructure NW was fabricated
after 3D Ge condensation. Due to inter-diffusion of Si and Ge atoms,
a ~2-mm-long region with gradually increased Ge content from
~0.67 to 1.0 was formed between Si0.33Ge0.67 and Ge. A Ni/Ge NW/
Ni MSM structure was fabricated to further characterize the elec-
trical property of the Ge NW. The achievement of low Schottky
barrier height of Ge NW/Ni contact and good conductivity of the Ge
NW suggest that the 3D Ge condensation method is very promising
for fabrication of scalable and low-cost SiGe or Ge nanostructures.
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