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ABSTRACT

Layer-exchange crystallization of Ge using a group-V element has been investigated to develop a low-temperature (<500 °C) formation
technique of n-type tensile-strained crystalline Ge on insulator. Here, the Sb of a group-V element is employed as a catalyst. Annealing
(450°C) of a-Ge (100nm)/Sb (100nm) bi-layer stacked structures generates layer-exchange crystallization. Namely, Ge and Sb layers
exchange their positions, and Ge layers are crystallized on insulator substrates. However, Ge evaporation occurs during annealing, and a high
concentration of Sb (~20%) remains at the Ge/insulator interface. To solve these problems, the thickness reduction of Sb films and introduc-
tion of a-Ge thin under-layers are examined. By annealing (450°C) a-Ge (100 nm)/Sb (50 nm)/a-Ge (5nm) tri-layer structures, layer-
exchange crystallization of Ge layers on insulator without Ge evaporation or Sb residue has been achieved. This enables formation of n-type
tensile-strained (~0.3%) Ge layers (free electron concentration: ~5 x 10" cm™). Moreover, crystal orientation control of grown Ge films
through the introduction of the diffusion barrier is examined. These results demonstrate the possibility of layer-exchange crystallization

induced by a group-V element to realize functional thin-film devices for advanced electronics and photonics.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020489

Germanium (Ge) is a promising material for the realization of
next-generation large-scale integrated circuits (LSIs) because Ge has
high carrier mobility' * and superior optical properties” * compared
to Si. To merge Ge-based high-speed transistors and high-efficiency
optical devices onto LSIs, the development of formation techniques of
Ge on insulator with a low-thermal budget (<500°C) is essential.
Thus, low-temperature growth of Ge-on-insulator (GOI) has been
intensively investigated.” In line with this, various techniques such as
solid-phase crystallization (SPC),'°"** metal-induced lateral crystalli-
zation,' > metal-induced layer-exchange crystallization,'® " and
laser annealing”"*” have been developed.

Among them, metal-induced layer-exchange crystallization using
stacked structures of amorphous semiconductors and catalytic metals
is attracting much attention.'******* Previously, we investigated
layer-exchange crystallization of Si, Ge, and SiGe using various metals
such as Al'”* and Au'”*"** and achieved (111)- or (100)-oriented
large-grain (>50 um) crystals on insulator at low temperatures (e.g.
<500°C for Al and ~250°C for Au) by combining inter-diffusion
control between the semiconductor and metal layers. Such large-grain
growth with controlled crystal orientation is a big advantage of the

layer-exchange technique. In addition, based on these previous results,
we clearly showed that layer-exchange crystallization proceeds only
for stacked structures of amorphous semiconductors and the metals,
which form eutectics with the semiconductors, at a temperature below
eutectic points of semiconductor-metal systems.”*

However, all Ge films obtained in the previous works of Al- and
Au-induced layer exchange processes showed p-type conduction. In
semiconductor films obtained by layer-exchange crystallization, cata-
lyst atoms with thermal equilibrium solid solubility at growth temper-
atures are incorporated in grown layers.”” For example, in the case of
Al-induced crystallization, holes are generated from the shallow-
acceptor level of high-concentration Al atoms with thermal equilibrium
solid solubility (e.g., ~4 x 10**cm > at 400°C) in Ge. On the other
hand, in the case of Au-induced crystallization, although thermal equi-
librium solid solubility of Au is low (e.g, ~4 x 10°cm ™2 at 250°C),
holes (~2 x 10" cm ™) are generated from the shallow-acceptor level
of vacancy-related defects in Ge.”’

For device application, n-type Ge is also necessary. One of the
attractive points of n-type Ge is high-efficiency optical properties
owing to the high electron population in the ' band.”” Sun et al.
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reported that n-type doping above ~5 x 10" cm ™ enhanced photolu-
minescence of tensile-strained (~0.2%) Ge.” Thus, the development of
formation techniques of n-type Ge by layer-exchange crystallization is
desired. For this purpose, we propose an Sb of a group V element as the
catalyst for layer-exchange crystallization of Ge because Sb forms eutec-
tic with Ge at 592°C.”° Recently, SPC”" and laser annealing™ of Sb-
doped Ge were investigated, and very promising results were reported.
However, the possibility of layer-exchange crystallization using a group
V element has not been clarified yet.”” In the present study, we examine
Sb-induced layer-exchange crystallization of Ge on insulator.

Bi-layer sample structures illustrated in Fig. 1(a) are examined for
the initial trial. Stacked structures of a-Ge (thickness: 100 nm)/Sb
(thickness: 100 nm) were formed on fused-quartz (SiO,) substrates at
room temperature, where Sb and Ge were deposited by thermal evapo-
ration (base pressure: ~1 x 10~ Torr) and molecular-beam techniques
(base pressure: ~5 x 10~ '*Torr), respectively. Samples were annealed
in N,. The grown layers were analyzed by micro-probe Raman spec-
troscopy (laser spot diameter: ~1 um, wavelength: 532 nm, and laser
power: 200 mW) and Auger electron spectroscopy (AES).

Raman spectra of samples before and after annealing at 300°C
(100 h), 400°C (20 h), and 450 °C (20 h) are shown in Fig. 1, where
measurements were performed from the backside of samples through
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FIG. 1. Schematics of the bi-layer sample structure for the initial trial (a), Raman
spectra obtained from top side (b) and backside (c) of samples before and after
annealing at 300 °C (100 h), 400 °C (20 h), and 450 °C (20 h), and in-depth profiles
of Ge and Sb concentrations in samples before (d) and after annealing at 400 °C
(20 h) (e) and 450 °C (20 h) (f). The thicknesses of the a-Ge and Sb films are 100
and 100 nm, respectively.
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transparent substrates [Fig. 1(c)] as well as from the top side
[Fig. 1(b)]. Before annealing, no Raman peak is observed from the top
side as shown in Fig. 1(b), indicating that the top Ge layer is amor-
phous. On the other hand, a peak due to Sb-Sb bonding in crystalline
Sb is observed at ~150 cm ™! from the backside [Fig. 1(c)], indicating
that the bottom Sb layer is the crystal. After annealing at 300 °C, no
change is observed in Raman spectra. However, upon increasing
annealing temperature above 400 °C, Fig. 1(c) shows that intensities of
Raman peaks due to Sb-Sb bonding decrease and a large peak due to
Ge-Ge bonding in crystalline Ge appears at ~300cm ™ after anneal-
ing at 450 °C. On the other hand, in Raman spectra observed from the
top side [Fig. 1(b)], a large Raman peak due to Sb-Sb bonding appears
after annealing at 450 °C. These results suggest the movement of Ge
and Sb atoms from the top to the bottom layers and from the bottom
to the top layers, respectively, and formation of crystalline Ge films in
the bottom layer at 450 °C.

In-depth concentration profiles in samples are analyzed by AES
measurements. The results of the samples before and after annealing
at 400°C (20 h) and 450°C (20 h) are shown in Figs. 1(d)-1(f),
respectively. Figure 1(d) shows that a bi-layer Ge/Sb stacked structure
as shown in Fig. 1(a) is formed before annealing. After annealing at
400 °C, the Ge/Sb interface becomes broad, as shown in Fig. 1(e). This
indicates that inter-diffusion of Ge and Sb occurs at 400°C. After
annealing at 450 °C, Sb and Ge become dominant constituents in the
top and bottom layers, respectively, as shown in Fig. 1(f), which indi-
cates that dominant constituents in the top layer and the bottom layers
have been exchanged by annealing.

These results of Raman and AES measurements clearly indicate
that the layer-exchange crystallization is generated by annealing at
450°C (20 h). However, as shown in Fig. 1(f), the total film thickness
of the annealed sample (450 °C, 20 h) is decreased from ~200 nm to
~60nm, i.e., about one third of the initial thickness, which is attrib-
uted to thermal evaporation during annealing. Moreover, Sb atoms
with a high concentration (~20%) remain at the bottom-layer/
substrate interface due to insufficient layer exchange.

The vapor pressure of Sb at the annealing temperature (450 °C)
is as high as about 3 x 10~ *Torr.”” On the other hand, the vapor pres-
sure of Ge is less than 10~ '° Torr at 450 °C.”’ In addition, evaporation
of Ge was not observed in SPC of pure Ge films on insulator at a tem-
perature of ~450°C.'”"" The present results suggest that evaporation
of Ge is induced by high-concentration Sb. We speculate that Sb atoms
are introduced into Ge layers during annealing and weaken the
bonding between Ge atoms, which generates thermal evaporation of
Ge together with Sb during annealing at 450 °C. Thus, the decrease in
the Sb thickness is expected to be useful to suppress the Ge evapora-
tion. On the other hand, it is reported that introduction of a thin Ge
underlayer into the initial catalyst/substrate interface enhances the
layer-exchange crystallization in Al-induced crystallization.'® The
introduction of a thin a-Ge underlayer will also be useful to enhance
the layer exchange in Sb-induced crystallization, which will result in
the decrease in the residual Sb atoms at the bottom layer/substrate
interface.

Therefore, we examine the modified sample structure of tri-
layers, as shown in Fig. 2(a). The thickness of the Sb film is decreased
to 50 nm, and a thin a-Ge underlayer (0 — 5nm) is inserted between
the Sb layer and the substrate. The Ge underlayers were formed using
the thermal evaporation system, and deposition of the Sb films was
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FIG. 2. Schematics of the tri-layer sample structure (a), Raman spectra obtained
from top side (b) and backside (c) of samples after annealing (450 °C, 20 h), where
the film thicknesses of the top a-Ge, Sb, and underlayer a-Ge are 100, 50, and
0 —5nm, respectively, and composition profiles of samples with Ge underlayer
thicknesses of 0 (d), 1 (e), 2 (f), and 5 nm (g) after annealing (450 °C, 20 h).

performed in the same chamber without breaking vacuum. The depo-
sition of the top Ge films was performed in the molecular-beam depo-
sition system, where the samples were exposed to air for several
minutes before loading into the molecular-beam deposition chamber.
Raman spectra of the samples (underlayer thickness: 0, 1, 2, and
5nm) after annealing (450 °C, 20 h) are shown in Figs. 2(b) and 2(c),
which were obtained from the top side and backside, respectively. For
samples with underlayer thicknesses of 0 and 1nm, peaks due to
Sb-Sb bonding are observed from the top side, as shown in Fig. 2(b).
However, they are weak, and strong peaks due to Ge-Ge bonding are
dominant, which suggests that the top Ge layers are crystallized

scitation.org/journal/apl

without layer exchange. On the other hand, for underlayer thicknesses
of 2 and 5nm, strong peaks due to Sb-Sb bonding are observed from
the top side, while strong peaks due to Ge-Ge bonding are observed
from the backside. This suggests enhanced layer exchange for these
samples (underlayer thickness: 2 and 5 nm). It is noted that the inten-
sity of the Raman peak due to Ge-Ge bonding detected from the back-
side is the highest for the sample with the underlayer thickness of
5nm.

The composition profiles of the samples (underlayer thickness: 0,
1, 2, and 5nm) after annealing (450°C, 20 h) are shown in Figs.
2(d)-2(g), respectively. Here, the total thicknesses (~150 nm) of the
samples (underlayer thickness: 2 and 5nm) are almost the same as
those of the initial sample structures (152 and 155 nm) though those
of the other samples (underlayer thickness: 0 and 1nm) are signifi-
cantly decreased. These results indicate that thermal evaporation of
the Ge films is effectively suppressed by using the modified structures
with underlayer thicknesses of 2 and 5 nm. For these samples, the Sb
concentrations in the top layers become higher than those in the bot-
tom layers. The layer-exchange crystallization using a-Ge/Sb stacked
structures proceeds through the following steps: (a) supply of Ge
atoms into the Sb layer, (b) nucleation and subsequent growth of Ge
in the Sb layer, and (c) push up of Sb atoms into the upper layer. In
the present study, by introducing the Ge underlayers with thicknesses
above 2nm, step (a) is accelerated, and thus, the layer exchange is
enhanced.

However, the Sb concentration in the top layer is as low as
60% for the sample with the underlayer thickness of 2 nm, as shown in
Fig. 2(f). The results shown in Figs. 2(d)-2(g) indicate that layer
exchange is hardly generated or insufficient for the samples with
underlayer thicknesses of 0 —2nm, while almost completed layer
exchange is achieved for the sample with the underlayer thickness of
5nm. Moreover, there are no residual Sb atoms at the bottom-layer/
substrate interface, as shown in Fig. 2(g). These results clearly demon-
strate that the modified sample structure, where the Sb film thickness
is decreased to 50 nm, and thin (~5nm) Ge underlayer is introduced,
enables complete layer-exchange crystallization upon suppressing
thermal evaporation of Ge during annealing and without Sb residue
near the substrates. As a result, layer exchange crystallization using a
group V element, which never reported previously,” has been
realized.

To remove Sb atoms in the top layers, selective etching of Sb was
examined using a diluted aqua regia for the sample (a-Ge/Sb/a-Ge
thickness: 100/50/5 nm) after annealing (450 °C, 20 h). To monitor the
Sb residue in the top layers, Raman measurements were performed
from the top side of the samples. Raman spectra obtained before and
after etching for 60, 120, and 180 s are shown in Fig. 3(a). This figure
shows that the intensities of the Raman peaks due to Sb-Sb bonding
decrease with the increasing etching time, and the Sb-Sb peak
becomes very small after etching for 180 s. The Ge and Sb concentra-
tion profiles obtained by AES analysis for the sample after etching of
Sb (etching time: 180 s) are shown in Fig. 3(b), which reveals that the
concentration of residual Sb in a wide region of the Ge layer (depth:
20 —50nm) is under the detection limit (~1%) though a small
amount of Sb atoms (<20%) remain in the surface region (depth:
0 — 20 nm) due to insufficient etching. This result indicates that almost
all the Sb atoms existing in the bottom layer before etching were
removed by etching by preserving the Ge region. This phenomenon is
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FIG. 3. Raman spectra (a), composition profiles (b), and EBSD image (c) of the tri-
layer sample (a-Ge/Sb/a-Ge = 100/50/5 nm, annealing: 450 °C, 20 h); EBSD (d),
SEM (e), and AFM images (f) of the tri-layer sample introduced with the diffusion
barrier (a-Ge/Al,04/Sb/a-Ge = 100/0.5/50/5 nm, annealing: 450°C, 100 h) after
etching. The etching times (0 — 180 s) for (a) are indicated in the figure, and those
for (b)—(f) are 180 s.

attributed to the fact that the Sb atoms in the bottom layer existed at
grain boundaries of Ge before etching and were removed by etching.
Analysis of the position of the Raman peak due to Ge-Ge bonding
showed a tensile strain (~0.3%) for the sample (etching time: 180 s).
The introduction of the tensile strain is attributed to the difference in
the thermal expansion between the Ge layer and the substrate (SiO,)
by cooling from 450 °C to room temperature.

It is noted that the total thickness of the Ge films is decreased to
~50nm after etching, as shown in Fig. 3(b). To obtain thicker Ge
films, it is useful to increase the thickness of the starting a-Ge films.
For Al-induced layer-exchange crystallization, growth employing
thicker a-Si,_,Ge, films (~500nm) is demonstrated,”””" as well as
thin films (~50 nm)."”"® This indicates that the thicknesses of semi-
conductor films employed in layer exchange processes can be scaled
up. We expect that thicknesses of Ge films obtained by Sb-induced
crystallization and subsequent etching can also be increased by thick-
ening the starting a-Ge films.

ARTICLE scitation.org/journal/apl

Crystal structures of the grown Ge films were analyzed using
electron backscattering diffraction (EBSD) measurements, where Sb
layers were removed by etching before the EBSD measurements. The
EBSD image indicating crystal orientations normal to the surface of
the sample (a-Ge/Sb/a-Ge thickness: 100/50/5nm) after annealing
(450°C, 20 h) is shown in Fig. 3(c). This image shows that the grown
Ge film consists of randomly oriented crystal grains with diameters of
~2 um. This result agrees with reports of Al-induced crystallization
and Au-induced crystallization without the diffusion barrier between
catalytic metal layers and semiconductor layers, where randomly
oriented bulk nucleation in metal layers is dominant.'”"***

For crystal-orientation control of Ge films, introduction of a dif-
fusion barrier into the interface between the top a-Ge and Sb layers is
investigated. By introduction of the diffusion barrier, supply of Ge
atoms into Sb layers becomes moderately slow, which will result in
suppression of randomly oriented bulk nucleation and domination of
preferentially oriented interface nucleation.'” """ To examine this,
the diffusion barrier of thin amorphous AlL,O; layers (thickness:
0.5 nm) was introduced into the interface between the top a-Ge (thick-
ness: 100nm) and Sb layers (thickness: 50 nm), where amorphous
Al,O; layers were deposited by sputtering.

The EBSD image indicating crystal orientations normal to the
surface of the sample (a-Ge/Al,O3/Sb/a-Ge thickness: 100/0.5/50/
5nm) after annealing (450 °C, 100 h) is shown in Fig. 3(d). Although
the image is composed of small domains (diameters: ~1 um), the
whole area is covered with only two colors, ie., red and green, which
indicate (001) and (101), respectively. From detailed analysis of the
EBSD data, it was found that almost all the in-plane crystal directions
of the red domains, having (001)-oriented surfaces, were aligned to
one direction, and those of the green domains, having (101)-oriented
surfaces, were aligned to another direction.

Interestingly, the whole area shown in Fig. 3(d) consists of (001)
and (101)-oriented domains, where the in-plane crystal directions are
regularly aligned to each other with a constant angle. We discuss these
crystal orientations on the basis of the preferentially oriented interface
nucleation of Ge at Al,O5/Sb interfaces. It is reported that amorphous
ALO; layers are partially crystallized into the y-phase at 450°C.”
Namely, the ALO; diffusion barriers employed in the present
study heterogeneously consist of an amorphous phase and a crystal
y-phase formed during annealing (450 °C, 100 h). Preferentially, (001)-
oriented nucleation of Ge is dominant on amorphous AL,O;, due to
minimization of interface energy.””” This should result in generation
of a (001)-oriented Ge nucleus in the initial stage of the annealing and
subsequent growth of a (001)-oriented domain. On the other hand, the
origin of the (101)-oriented domain can be attributed to twin formation
on y-phase AL,O; during the lateral growth from the (001)-oriented
domain. With the increasing annealing time, twin formation of (001)-
oriented domains on amorphous Al,O; and (101)-oriented domains
on y-phase Al,O; proceeds repeatedly, and the whole area is covered
with (001) and (101)-oriented domains, as shown in Fig. 3(d). It is
reported that carrier scattering at twin boundaries is much smaller
compared to randomly oriented grain boundaries.”

These results suggest possibility of orientation control of grown
Ge films by employing preferentially oriented interface nucleation. To
achieve complete control of crystal orientations and remove twin
boundaries, the growth temperature should be decreased below 300 °C
to suppress formation of the crystal y-phase.”” Recently, we
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investigated Al-induced crystallization of Sn-doped Ge and found that
the growth temperature of Al-induced crystallization decreased from
400°C to 250°C by doping with a small amount of Sn (2%) into a-
Ge.”” To decrease the growth temperature in Sb-induced crystalliza-
tion, Sn doping into the top a-Ge layers will be useful.

Surface morphologies of the grown layers are analyzed using
scanning electron microscopy (SEM) and atomic force microscopy
(AFM). Figures 3(e) and 3(f) show the SEM and AFM images of the
sample after Sb etching (etching time: 180 s), respectively. The arith-
metic average value of roughness (Ra) obtained from the AFM mea-
surement is as small as 1.9 nm. These results indicate that the surfaces
of the grown layers are flat.

Hall effect measurements were performed for the grown samples
after Sb etching (etching time: 180 s) using the van der Pauw method.
The results for the sample (a-Ge/Sb/a-Ge thickness: 100/50/5 nm) after
annealing (450 °C, 20 h) showed that the grown Ge films were n-type
conduction with a free electron concentration of ~5 x 10'” cm ™ and
a mobility of ~70 cm>V~'s™". The value of the free electron concen-
tration is smaller than the thermal equilibrium solid solubility
(~3x10"®ecm ™) of Sb in Ge at 450°C, which was obtained by
extrapolation of the reported data at temperatures above 600 °C.”° We
speculate that the low concentration of free electrons in the grown Ge
films is mainly caused by compensation by high concentration accept-
ors originated from vacancy-related defects and grain boundaries in
Ge.'"”"" It is reported that these defects in poly-Ge films are reduced
by post-annealing.'”” Thus, the free electron concentration will be
increased through defect reduction by post-annealing. On the other
hand, the sample (a-Ge/Al,O3/Sb/a-Ge thickness: 100/0.5/50/5nm)
after annealing (450 °C, 100 h) showed n-type conduction by the ther-
moelectric probe method. However, it was difficult to evaluate the free
electron concentration and mobility by the Hall effect measurements,
probably due to insufficient Ohmic contacts. Detailed characterization
of the grown Ge layers is now under way.

In summary, we have investigated layer-exchange crystallization
using a group-V element. Annealing (450 °C, 20 h) of a-Ge (100 nm)/
Sb (100 nm) bi-layer stacked structures generated layer-exchange crys-
tallization though Ge evaporation and Sb residue at the bottom-layer/
substrate interfaces were observed. To solve these problems, we have
modified the sample structures, i.e., a decrease in the Sb film thickness
to 50 nm and introduction of thin a-Ge underlayers. Employment of
the tri-layer stacked structures [a-Ge (100 nm)/Sb (50 nm)/a-Ge
(5nm)] enables complete layer-exchange growth without Ge evapora-
tion or Sb remaining at the bottom-layer/substrate interfaces. As a
result, n-type tensile-strained (~0.3%) Ge films (free electron concen-
tration: ~5 x 107 cm™) on insulator have been obtained at a low
temperature (~450 °C). Moreover, the possibility of crystal orientation
control of grown Ge films by introduction of the diffusion barrier
(thin Al,O; layers) is obtained. This technique will facilitate realization
of advanced LSIs merged with functional thin-film devices.
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