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We demonstrate a straightforward and economical way to obtain smooth germanium layers of high
quality on silicon. Thin amorphous germanium layers deposited by plasma enhanced chemical vapor
deposition on Si(111) substrates are transformed into single crystalline and smooth layers by solid
phase epitaxy in N, atmosphere. The crystal orientation of the substrate has a clear influence on the
crystal quality. This is most likely due to a different growth mode, namely, layer-by-layer for Si(111)
and three-dimensional growth for Si(001). The amorphous germanium layer can roughen during
annealing due to mobile atoms on the surface. This can be effectively suppressed by annealing in
N, ambient. Electrical measurements show high charge mobility. © 2009 American Institute of

Physics. [DOL: 10.1063/1.3098075]

Epitaxial Ge on Si is useful for extending conventional
Si complementary metal-oxide-semiconductor (CMOS) cir-
cuits. Indeed it can be used to integrate fast Ge photodetec-
tors and modulators on Si CMOS for optical
interconnections.' Furthermore Ge shows only a small lattice
mismatch with GaAs and can therefore be utilized as a vir-
tual substrate for the integration of III-V devices on Si.2
Ge(111) layers can also be used for epitaxial growth of
II-nitrides.” Besides extending conventional Si electronics,
epitaxial Ge on Si can enable the replacement of Si CMOS
by Ge electronics for high performance applications. Ge
transistors can be faster because of the higher charge mobil-
ity. Using bulk Ge substrates for CMOS is not feasible, as
there is insufficient material available to cover the market
needs.* However, by employing only a thin layer of Ge de-
posited on a suitable substrate, this problem can be avoided.
An important advantage of using epitaxial growth of Ge on
Si substrates is the scalability. Ge layers of larger diameter
can be obtained by simply using larger Si substrates.

Epitaxial growth is mostly utilized to obtain a crystalline
layer on top of another crystalline material. However, het-
eroepitaxial growth of Ge on Si is rather complicated be-
cause of the large mismatch of 4% between the two lattices.’
This difference in lattice dimensions leads to island growth,
causing high surface roughness and high density of threading
dislocations in the Ge layer. For the growth of 200 nm Ge on
standard Si(001) wafers by chemical vapor deposition
(CVD) at 400 °C, a root mean square (RMS) surface rough-
ness of ~25 nm for a 10X 10 um? atomic force micros-
copy scan has been reported.6 Additional annealing6’7 or
chemical-mechanical-polishing steps are often required to re-
duce the surface roughness. Obtaining high quality and
smooth crystalline Ge, directly on Si, is therefore challeng-
ing.
Regarding the difficulties of Ge heteroepitaxy on Si sub-
strates, we have looked into the possibilities of solid phase
crystallization. This method is mainly used to obtain large
polycrystalline layers on amorphous substrates® for low cost
applications, such as thin film transistors.” In the case of
solid phase epitaxy (SPE), a crystalline substrate is used to
impose its structure onto an amorphous layer. In this way it
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is possible to obtain a single crystalline layer. Crystallization
within the amorphous layer must be avoided during thermal
annealing. Therefore it is important to deposit a highly dis-
ordered layer onto the crystalline substrate. However the
deposition of such an amorphous layer is much more difficult
on a crystalline substrate than on an amorphous one. SPE is
extensively used to create epitaxial silicides on crystalline Si
layers.lo SPE of pure Ge on Si(111) substrates has been re-
ported for layers of a few nanometers thick deposited in ul-
trahigh vacuum.'' However this resulted in a non-planar
surface.!’ The growth process of SPE of Ge on Si therefore
seems similar to all other epitaxial growth techniques. Both
epitaxy as SPE seem to be dominated by the problem of
large lattice mismatch and show island growth leading to
high surface roughness and high density of threading dislo-
cations in the Ge layer.ll Surfactants, deposited on the amor-
phous Ge, have been used to suppress island formation dur-
ing SPE on Sj.l Capping the amorphous Ge with a Si
layer also suppresses island formation."” These measures re-
duce the surface diffusion of the Ge atoms, consequently
suppressing roughening. We will show that SPE of Ge on Si
can lead to smooth layers of high crystal quality without
using surfactants or a capping layer.

A chemical deposition method was used for Ge deposi-
tion on Si substrates: plasma enhanced chemical vapor depo-
sition (PECVD). The Si substrates were chemically cleaned
to remove metal contamination, particles, and native oxide.'
Immediately hereafter the samples were loaded into the
deposition system. No additional annealing step was ex-
ecuted before deposition. Ge deposition by PECVD is done
by cracking germane (GeH,) molecules in a plasma source at
a pressure of a few torr. As a consequence atomic hydrogen
is present during deposition and will be incorporated into the
Ge layer. In our experiments a mixture of 10% GeH, in H, is
used. Amorphous Ge was deposited at temperatures between
150 and 270 °C, at a rate of 1.0 um/h. After deposition the
Ge layers were transferred to a different system and crystal-
lized by thermal annealing at 600 °C for a few minutes.
X-ray reflectivity (XRR) was used to measure the surface
and Si-Ge interface roughness and the thickness of the de-
posited layer. The structural quality of the Ge layer was in-
vestigated by x-ray diffraction (XRD). Hall measurements
were used to determine the electrical quality.

® 2009 American Institute of Physics
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FIG. 1. (Color online) XRD /26 scan of 100 nm crystallized amorphous
Ge on Si(111). An intense and narrow Ge (111) diffraction peak is observed,
indicating high crystal quality. The presence of fringes indicates a smooth
Ge surface and interface between Ge and Si.

In a first series of experiments Ge layers were deposited
on Si(111) substrates and were thermally annealed at 600 °C
in ultraclean N, atmosphere at atmospheric pressure. The
resulted Ge layers are crystalline with the {111} crystal
planes parallel to the {111} Si surface, as observed from
/26 XRD scans, see Fig. 1. The Ge crystal quality is high.
A XRD rocking curve scan of the Ge (111) diffraction peak
showed a full width at half maximum (FWHM) of only 146
arc sec for 100 nm Ge. Fringes are visible in the w/26 XRD
scan of Fig. 1 indicating a smooth Ge surface and interface
between Ge and Si. However when using a similar cleaning,
deposition and annealing procedure for Si(001) substrates, a
much broader and less intense XRD (004) peak was ob-
served, see Fig. 2. From this experiment it is clear the crystal
orientation of the Si surface has an important influence on
the crystallization process. A difference in seed nucleation or
seed growth related to the crystal orientation could be the
reason for the difference in crystal quality. A difference in
grain growth of amorphous Ge can be expected on Si(111)
and Si(001) substrates as crystallization of amorphous Si is
reported to be faster on Si(001) surfaces than on Si(111)."7
For this reason one could expect that crystallization of Ge on
Si(111) proceeds layer-by-layer, whereas on Si(001) crystal-
line seeds will grow in an island growth mode. Layer-by-
layer growth will lead to superior quality in respect with
island growth, explaining the difference in crystal quality.
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FIG. 2. (Color online) XRD w/286 scan of 100 nm crystallized amorphous
Ge on Si(001). A Ge (004) diffraction peak is observed, which is less intense
and broader than the Ge (111) peak on Si(111). This indicates that crystal-
lization on SH(001) leads to less good crystal quality than on Si(111).

Appl. Phys. Lett. 94, 112113 (2009)

We have investigated the crystallization of amorphous
Ge layers deposited by PECVD with mass spectrometry and
reflection high energy electron diffraction in ultrahigh
vacuum. The release of hydrogen could be observed during
the beginning of the crystallization process around 400 °C.
This hydrogen originates from the breaking of Ge-H bonds
inside the amorphous Ge layer during crystallization. The
layers that were thermally annealed in vacuum at 600 °C
however showed a rough surface, which is in agreement with
other reports.“’14 Our layers showed a RMS roughness larger
than 2.5 nm, as measured with XRR. Much smoother layers
were obtained for annealing in N, atmosphere at 600 °C. A
RMS surface roughness of 0.7 nm was measured for 100 nm
crystallized Ge on Si(111) by XRR. Therefore annealing in
N, seems effective in keeping the surface atoms immobile
during annealing and obtaining smooth layers. In this way
the surface roughness after crystallization is comparable to
the roughness of the as deposited layers. A possible explana-
tion could be the formation of a few monolayers of Ge ni-
tride during annealing, which protects the Ge layer from
roughening. Such a layer is formed when exposing Ge to
nitrogen plasma. ¥ However no Ge nitride layer was ob-
served by x-ray photoemission spectroscopy measurements
for annealing in N, atmosphere at 600 °C. Therefore it
seems that the Ge atoms are immobilized by collisions with
N, molecules. The crystalline Ge layers that were annealed
in N, atmosphere and in vacuum showed in both cases com-
plete relaxation. This indicates that the surface roughening is
not related to the relaxation of the Ge layer which exceeds
the critical layer thickness, but to the Ge surface mobility.
During annealing, when the Ge layer is not yet fully crystal-
lized, Ge atoms at the surface can become mobile and clus-
ter. This surface mobility should be limited during crystalli-
zation to keep the surface smooth.

Structural characterization of various samples has been
carried out using high resolution XRD. The influence of the
Ge thickness was investigated by preparing layers of 100, 50,
10, and 5 nm. For all these thicknesses the crystalline Ge
layer was fully relaxed, as observed by XRD. This indicates
that the lattice mismatch between Si and Ge is compensated
by the introduction of dislocations in the first 5 nm. There
does not seem to be an upper or lower limit in layer thick-
ness for crystallization. The crystallization must start at the
Si—Ge interface and then propagate to the Ge surface. Crys-
tallization in the bulk, before the crystalline front has
reached the surface must be avoided. This would lead to
polycrystalline layers. Therefore, there is a limit on the speed
of the temperature ramp and possibly on the total thickness
of the Ge layer. The high crystal quality of our Ge layers
indicates PECVD is well suited for depositing highly disor-
dered layers. The limited roughness after crystallization in
N, atmosphere indicates a layer-by-layer growth mode for
SPE of Ge on Si(111).

Structural investigation by XRD shows the presence of
Ge twins. This was observed by XRD phi scans of skew-
symmetric reflections, a typical result is shown in Fig. 3. The
(202) reflection was measured for different phi angles, cor-
responding with a rotation of the sample in the plane of
growth. Two types of Ge diffraction peaks are observed: at
the same phi angle as the Si diffraction peaks and in between
the Si diffraction peaks. The latter Ge diffraction peaks origi-
nate from Ge that is 180° rotated in plane. Avoiding the
formation of these twins would improve the crystal quality
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FIG. 3. (Color online) XRD phi scans of skew-symmetric reflections of Ge
(202) and Si (202) from 100 nm Ge on Si(111). The Ge and Si scans are
overlaid. The Si diffraction peaks are repeated every 120°, whereas the Ge
diffraction peaks are repeated every 60°. The Ge diffraction peaks in be-
tween the Si diffraction peaks indicate the presence of Ge twins.

further. It has been reported that Ga atoms can induce the
nucleation of twinned islands during epitaxial growth of Ge
on Si(111)."” Limiting the presence of impurities during Ge
deposition therefore could help to reduce the number of
twins in SPE of Ge on Si. Notwithstanding the presence of
twinned Ge, excellent crystal quality was obtained as ob-
served by XRD measurements.

The electrical quality of our layers has been investigated
with Hall mobility measurements. During deposition of hy-
drogenated amorphous Ge by PECVD, dopants were intro-
duced into the layer. Phosphine (PH;) was used to incorpo-
rate phosphor for n-type doping and diborane (B,Hg) to
incorporate boron for p-type doping. In view of the good
results of Ge crystallization on Si(111) substrates, 90 nm
doped Ge layers were deposited on insulating Si(111). After
crystallization at 600 °C in N, ambient, Hall measurements
were performed. Unfortunately, mobilities of high carrier
concentration are not available for Ge(111). Therefore we
compare our data to reported values for Ge(001)* and
Si(001)*'. Our first results look promising. The electron and
hole mobilities obtained are higher than for bulk Si(001) and
lower than bulk Ge(001), see Table I. It can be expected that
a thin Ge layer on a foreign substrate will show lower charge
mobility with respect to bulk Ge, because of the presence of
crystal defects and scattering at the interface. A reduction in
defect density and twin formation will most likely improve
the electrical quality further.

In summary, we have demonstrated a straightforward
and economical way to obtain smooth Ge layers on Si, with

TABLE 1. Comparison of charge mobility for 90 nm crystallized Ge on
Si(111) and bulk Ge(001) (Ref. 20) and Si(001) (Ref. 21) for electron and
hole concentrations of, respectively, 2.6 10'® and 5.4 X 10'8 ¢cm™.

Mobility
(cm?/V s)
2.6Xx10' 5.4x10'
Layer (e/ecm?) (h/cm?)
90 nm Ge on Si(111) 271 149
Bulk Ge(100) 550 350
Bulk Si(100) 150 80

Appl. Phys. Lett. 94, 112113 (2009)

excellent crystal and electrical properties. Amorphous Ge
layers deposited by PECVD on Si(111) substrates are trans-
formed into single crystalline and smooth layers by SPE in
N, atmosphere. This high quality can be obtained for thin
layers (=100 nm). We showed that the crystallization con-
ditions have a large influence on the surface quality. Above
the critical thickness the amorphous Ge layer can roughen
during annealing. This surface roughening is not related to
the relaxation of the Ge layer but to the Ge surface mobility.
N, ambient effectively suppresses surface roughening related
to mobile Ge atoms during crystallization. Both p- and
n-type doping can be achieved by introducing suitable dop-
ing gasses during deposition. The crystal orientation of the Si
substrate has an important influence on the final result. Si
surfaces of {111} orientation result in crystalline Ge of high
quality. On Si(001) the results are less good. The high crystal
quality and smooth Ge surface indicates a layer-by-layer
growth mode for SPE of Ge on Si(111). The low deposition
temperature and crystallization under N, atmosphere effec-
tively keep the Si—Ge interface and Ge surface smooth. This
is an important advantage of SPE of Ge in respect with het-
eroepitaxy. Hall measurements showed very good electrical
properties: an electron mobility of 271 ¢cm?/V's for 2.6
% 10'® e/cm® and a hole mobility of 149 c¢cm?/V s for 5.4
X 10'® holes/cm?.
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