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Single-Crystal Germanium Growth on Amorphous Silicon


Growing single-crystal semiconductors directly on an amorphous substrate 
without epitaxy or wafer bonding has long been a significant fundamental 
challenge in materials science. Such technology is especially important for 
semiconductor devices that require cost-effective, high-throughput fabrication, 
including thin-film solar cells and transistors on glass substrates as well as 
large-scale active photonic circuits on Si using back-end-of-line CMOS tech-
nology. This work demonstrates a CMOS-compatible method of fabricating 
high-quality germanium single crystals on amorphous silicon at low tempera-
tures of <450 °C. Grain orientation selection by geometric confinement of 
polycrystalline germanium films selectively grown on amorphous silicon by 
chemical vapor deposition is presented, where the confinement selects the 
fast-growing grains for extended growth and eventually leads to single crystal-
line material. Germanium crystals grown using this method exhibit (110) 
texture and twin-mediated growth. A model of confined growth is developed to 
predict the optimal confining channel dimensions for consistent, single-crystal 
growth. Germanium films grown from one-dimensional confinement exhibit 
a 200% grain size increase at 1 μm film thickness compared to unconfined 
films, while 2D confinement growth achieved single crystal Ge. The area of 
single crystalline Ge on amorphous layers is only limited by the growth time. 
Significant enhancement in room temperature photoluminescence and reduc-
tion in residual carrier density have been achieved using confined growth, 
demonstrating excellent optoelectronic properties. This growth method is 
readily extensible to any materials system capable of selective non-epitaxial 
deposition, thus allowing for the fabrication of devices from high-quality single 
crystal material when only an amorphous substrate is available.
1. Introduction

1.1. Background

The production of high-quality crystalline material on an 
amorphous substrate using low processing temperatures is 
extremely challenging. For decades, researchers have attempted 
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to fabricate large-grained polycrystalline 
semiconductor materials on amorphous 
templates while keeping processing tem-
peratures low, using techniques such 
as laser annealing,[1–3] graphoepitaxy,[4,5] 
metal-induced crystallization,[6–10] or some 
combination thereof.[11] Increasing a poly-
crystalline material’s grain size decreases 
its grain boundary (defect) density and sub-
sequently mitigates such device-degrading 
issues as dark current, unwanted free 
carriers, and carrier scattering. A large 
amount of work has focused on attempting 
to increase the grain size of polycrystalline 
germanium (poly-Ge), as Ge has desirable 
optical and electrical properties. How-
ever, all previously-employed methods of 
increasing poly-Ge’s grain size have suf-
fered from serious drawbacks, such as 
low throughput and incompatibilities with  
complementary metal-oxide-semiconductor  
(CMOS) processing.

Here, we present a method that employs 
the selective growth of germanium on 
amorphous silicon by ultra-high vacuum 
chemical vapor deposition (UHVCVD) at 
low temperatures (T < 450  °C). Selective 
growth by UHVCVD gives control over the 
precise locations of germanium growth, 
and growth confinement promotes the 
selection of fast-growing germanium 
grains. These fast-growing grains serve 
as the seeds for further single-crystalline 
germanium growth. This high-throughput, CMOS-compatible 
method for the monolithic fabrication of germanium single 
crystals on amorphous silicon facilitates the fabrication of ger-
manium devices in applications requiring low processing tem-
peratures and lacking single-crystal substrates, such as back-
end-of-line photonic device manufacturing.

1.2. Theory

When a polycrystalline material is deposited on a surface, 
nuclei with random crystallographic orientations form and sub-
sequently grow into crystalline grains upon continued material 
deposition. A grain’s particular crystallographic plane parallel to 
the substrate surface defines that grain’s orientation (e.g., if a 
grain has its (110) plane parallel to the substrate, it has a (110) 
orientation).

Each grain’s orientation determines the rate at which the 
grain grows during deposition. This orientation-dependent 
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grain growth rate is the grain growth velocity anisotropy, and 
its basis lies in the underlying crystal unit cell. Depending on 
the crystal structure, certain crystal planes will possess higher 
or lower surface free energies with respect to the other planes 
in the lattice. The plane with the lowest surface free energy 
will tend to grow very slowly in its normal direction, as there 
are few sites on the plane for atom adsorption. Conversely, the 
plane with the highest surface free energy will tend to grow 
quickly in its normal direction. The grains with the fast-growing 
plane’s normal oriented in the direction of the growth (i.e. with 
the fast-growing plane parallel to the substrate) will eventually 
overgrow the surrounding slower-growing grains and dominate 
the nature of the film. When the film no longer has a random 
distribution of grain orientations, it is said to have a certain tex-
ture (such that, for example, a film with predominantly (110)- 
oriented grains would be said to have a (110) texture).

Our work concerns the deposition of polycrystalline ger-
manium (Ge), so we will concentrate on Ge and its diamond 
cubic lattice. In the case of Ge, the {111} planes are of prin-
cipal importance because they have the highest planar atomic 
packing density, and thus the lowest surface free energy.[12] The 
{111} planes therefore often form the boundaries of a growing 
crystal, and two grain orientations are theoretically possible 
within the confines of the {111} surface boundaries – these are 
growth with a <100> orientation and growth with a <110> ori-
entation.[13] The <100> directions span between two tips of the 
octahedron bounded by {111} facets, and the <110> lie along 
the edges of the octahedron. Assuming equal normal growth 
velocities of the {111} bounding planes, the <100> directions 
should grow faster than the <110> because the enhanced 
growth rate seen at the octahedron’s tips from normal {111} 
growth is greater than that seen at its edges. This purely geo-
metrical argument, however, does not always produce the cor-
rect result: diamond films bounded by {111} facets have been 
grown with a (110) texture.

The concept needed to correct this apparent incongruence is 
that of twinning. The energy required to create a twin in Ge 
(as well as Si and diamond) is nearly zero,[14] and such crystals 
tend to twin easily on {111}, where the post-twin lattice grows 
at an angle of 60° to the pre-twin lattice. Thus, if a grain is 
growing with <100> orientation and twins, its orientation will 
no longer be <100>, as the <100> only form 90° angles with 
each other. However, if a grain is growing with <110> orienta-
tion and twins, it can still grow in a <110> orientation as some 
of the <110> form 60° angles with each other. Thus, twinned 
<100> orientations will no longer be favored for growth, but 
some twinned <110> orientations may continue to grow after 
twinning.

The {111} planes that bound each polycrystalline Ge grain 
have very slow normal growth and will thus cause the grain 
growth to stagnate as their slow normal growth impedes the 
growth of the crystal. However, as a twin in Ge requires very 
little energy, the material may form a series of twins that 
enhance the growth rate with negligible energetic penalty.[15] 
The twins intersect the crystal surface, and the line of intersec-
tion provides heterogeneous surface nucleation sites on the 
Ge crystal at which another layer may start to form; multiple 
twins are required for long-range growth, as the growth on one 
twin eventually self-terminates. In the case of <110> Ge crystals 
© 2012 WILEY-VCH Verlag Gwileyonlinelibrary.com
grown from the melt, the crystal growth is the result of simulta-
neous growth in two <211> directions, mediated by layer nucle-
ation at twin boundaries intersecting the crystal surface.[16,17] As 
growth from the melt and growth from the vapor phase both 
require crystal surface layer nucleation to continue the crystal 
growth, this twin-mediated growth phenomenon is expected to 
hold true for vapor-phase Ge crystal deposition as well.

Despite the large body of knowledge regarding polycrystalline 
germanium growth, the ability to obtain high-quality, single-
crystal germanium from growth on an amorphous substrate has 
eluded researchers for decades. The most frequently attempted 
method of single-crystal germanium formation on amorphous 
substrates, metal-induced lateral crystallization (MILC), has 
been shown to produce enhanced grain sizes over as-deposited 
samples, but suffers from a high metal content in the final 
material that can be detrimental to device operation. The metals 
used in MILC are often not compatible with complementary 
metal-oxide-semiconductor (CMOS) processes, so they cannot 
enter a CMOS fabrication facility. The MILC process also has 
low throughput. Other techniques, such as laser annealing and 
graphoepitaxy, also suffer from setbacks in throughput and/or 
cost and cannot be implemented in manufacturing.

The method presented here overcomes these challenges and 
allows for the high-throughput, CMOS-compatible production 
of single-crystal Ge on amorphous silicon (a-Si) at low tempera-
tures. We employ selective Ge deposition, in which Ge deposits 
on Si and not on SiO2, to define specific locations in which the 
Ge nucleates on a-Si. By subsequently growing the polycrys-
talline Ge film in confined regions, we are able to utilize the 
film’s grain growth velocity anisotropy to select the fast-growing 
grains. These grains serve as the seeds for further single-crystal 
Ge growth at well-defined sites.

2. Results and Discussion

2.1. Crystallography

The two types of growth confinement structures employed in 
this work are illustrated in Figure 1a,b, where Ge selectively 
grows from areas of exposed a-Si. Figure 1a shows 1D (vertical) 
confinement of the Ge growth, where the Ge can only grow lat-
erally while it is under the top oxide. Figure 1b depicts 2D (ver-
tical and lateral) confinement of the growth, where the Ge can 
only grow from left to right within the oxide-enclosed region. In 
both the case illustrated in Figure 1a and that in Figure 1b, the 
confined area in which the Ge grows will be called the channel. 
In 1D confinement, as shown in Figure 1a, the channel’s length 
and height are given by d and h, respectively, such that the ratio d

h   
is the channel’s aspect ratio. In 2D confinement, as depicted in 
Figure 1b, the channel’s length and height are defined as in 1D 
confinement, but the dimension w is added to define the chan-
nel’s width. The aspect ratio for 2D confinement is d√

hw
.

Figure 2a shows a perspective schematic and a plan-view 
scanning electron microscope (SEM) image of a Ge growth 
emerging from a 1D confinement structure, like that in 
Figure 1a, with aspect ratio ∼2.5. The Ge nucleates selectively 
on the a-Si and grows in the plane of the wafer, eventually 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1049–1057
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Figure 1.  a) Cross-section schematic of the structure for 1D-confined 
Ge growth, where d is the channel length and h is the channel height.  
b) Schematic of the structure for 2D-confined Ge growth, with d and h as 
in (a) and w as the channel width. Dimensions are not to scale.

Figure 2.  a) A schematic of 1D-confined growth (not to scale), showing 
poly-Ge grain boundaries and one dominating, fast-growing grain (growth 
outside the channel removed for ease of viewing), and a plan-view image 
of 1D-confined Ge growth from a-Si (aspect ratio ~2.5), showing a large, 
dominating grain with obvious faceting developing among smaller 
grains. The Ge shown is that which emerges from the channel. b) Plan-
view image of barely-confined Ge (aspect ratio ~0.25). Faceting in (b) is 
not readily apparent, as it is in (a).
emerging from under the PECVD oxide; this type of growth will 
be called 1D geometrically-confined lateral growth (1D GCLG).

In the growth depicted in Figure 2a, the confinement in 
the vertical dimension serves to select some grains, but the 
lateral dimension (in the plane of the substrate wafer) is still 
unconfined. In some areas of the growth in Figure 2a, the fast-
growing grain is not selected before growing out of the channel. 
However, in one area, a fast-growing grain was able to over-
take its neighboring grains and dominate the growth. As the 
dominant grain is the fast-growing grain, it stands to reason 
that it produces the region with the most extensive growth (the 
largest bulge) in the SEM image of Figure 2a. Figure 2b shows 
a microscopy image of selectively-grown poly-Ge with very little 
confinement (aspect ratio ∼0.25) for comparison to Figure 2a; 
no faceting is obvious in Figure 2b. This comparison shows 
that confinement of the Ge during growth promotes the evolu-
tion of large Ge grains.

Figure 3a shows a cross-section SEM image of GCLG Ge from 
a 1D confinement structure, giving a clear view of the structure, 
growth, and growth facets. Figure 3b is a cross-section trans-
mission electron microscope (TEM) image of a 1D-confined 
growth, in which a multitude of defects near the a-Si seed are 
visible as variations in the image’s contrast, showing that the 
top and bottom oxide walls serve as points for defect termina-
tion. Selected area diffraction in the TEM confirms that the 
Ge near the a-Si seed is highly polycrystalline, while Ge at the 
open end of the channel is monocrystalline. TEM and electron 
backscatter diffraction (EBSD) show that the grain size in a film 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1049–1057
grown from 1D confinement (aspect ratio 4.5) at 1 μm thick-
ness is approximately three times that in unconfined films at 
the same thickness.

Figure 4 shows a plan-view SEM image of Ge grown from 
a patterned a-Si seed layer for 2D-confined growth. The a-Si 
layer was patterned into very narrow and thin lines (<500 nm 
in width, <100 nm in height) followed by selective etching so 
that the growth channels were also correspondingly narrow; in 
this case, growth was confined in both the vertical dimension 
and one lateral dimension, and will be referred to as 2D geo-
metrically-confined lateral growth (2D GCLG). The 2D GCLG 
structure additionally allows us to specify the precise locations 
of large crystal growths on the sample, which is a requirement 
for the successful fabrication of devices from this material.
bH & Co. KGaA, Weinheim 1051wileyonlinelibrary.com
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Figure 3.  a) Cross-section SEM image of 1D GCLG from a-Si. Faceting 
is visible in the Ge. The PECVD oxide has been partially etched by the 
wet chemical cleaning process used to prepare the sample, widening the 
channel confinement region from the as-fabricated state. b) Cross-section 
TEM microscopy image (bright field, 200 kV) of the 1D GCLG structure 
and Ge growth. The PECVD oxide etching issue in this sample has been 
minimized.
In both Figures 2a and 4, it is evident that a region of the 
growth front (in the case of Figure 4, the entire growth front) 
has a faceted nature (i.e. is covered by multiple planar sur-
faces), across areas on the order of a micrometer in size. These 
© 2012 WILEY-VCH Verlag G52 wileyonlinelibrary.com

Figure 4.  Plan-view SEM image of Ge 2D GCLG. Note the faceting of the 
growth, indicating grain size on the order of the size of the growth. The 
channel is the bright white column in the bottom of the image. The {111} 
twin normal direction is indicated.
faceted regions are large crystals induced by the constraint of 
the material’s growth. As-deposited grains of poly-Ge on a-Si at 
these growth temperatures and times would be on the order of 
100 nm in size, so the confined growths show approximately 
an order of magnitude increase in grain size, and the size is 
limited only by the duration of the growth.

However, it is also evident from the crystal in Figure 4 that 
the faceting is interrupted by what appear to be line defects on 
the surface. Using EBSD, the presence of Σ3 (twin) and, in a few 
cases, Σ9 boundaries has been confirmed in the large Ge crystals 
grown from 2D confinement, but no other coincidence site lat-
tice boundaries are evident. As both Σ3 and Σ9 boundaries are 
coherent boundaries and thus have no dangling bonds that could 
cause mid-gap energy states,[14,18,19] we expect no adverse effects 
on devices made from material containing these boundaries. In 
Figure 4, the twin boundary visible in the image occurs on one 
of the {111} planes; the [111] normal direction is indicated in the 
figure. Our observation of twins in our large crystals matches 
with the prediction that our confined growths would have to con-
tain twins for long-range growth at a reasonable rate.

As previously mentioned, twinning in FCC polycrystalline 
materials causes (110) texturing; however, untwinned films 
may also grow with a (110) texture if they can sustain both (111) 
and (100) facets.[20] X-ray diffraction studies of our blanket poly-
Ge (unconfined) films confirm that our poly-Ge has a (110) 
texture, but EBSD studies of our Ge show that the facets are 
{111} and that twins are present in both confined and uncon-
fined growths. Thus, the (110) texture of our poly-Ge is caused 
by twinning. EBSD studies of our confined growths show that 
the 2D GCLG material is also (110)-oriented in the channels, as 
would be expected due to twinning in the confined Ge.

The present work also extends previous research performed 
on twin-mediated crystal growth. Ge crystals with <110> orien-
tation grow from the melt by the adsorption of Ge adatoms at 
the intersections of twin boundaries with the Ge surface.[16,17] 
As in the case of the Ge <110>-oriented crystals grown from 
the melt, we observed {111} planes bounding our crystals 
as well as twins on the {111} planes. We have also observed 
striking similarities to the ideal <110>-oriented crystal mor-
phology, shown in Figure 5a; in Figure 5b is shown a Ge 
crystal grown during our work with 2D GCLG, using a 6-hour 
growth at 450 °C and a subsequent 2.5-hour growth at 650 °C 
to accelerate the growth process. We also performed growths 
with obstacles between the a-Si seed layer and the channel 
exit in order to block line-of-sight twin propagation and we 
still observed twins in every emerging growth; we thus con-
firm that twinning is strongly preferred for growth, and that 
the twins may form during growth. We assert that the theory 
developed for Ge crystals grown from the melt at low under-
cooling holds for Ge crystals deposited from the vapor phase 
on a-Si by UHVCVD, and that our crystals grow primarily by 
twin-mediated surface atom adsorption.

2.2. Channel Design

Knowing the ideal channel geometry needed to obtain the best 
possible material would allow for the design of an optimal 
channel. We define the best possible growth outcome as one 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1049–1057
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Figure 5.  a) Idealized schematic from Ref. 17, showing the planes and 
facets associated with a <110> Ge crystal. b) Ge crystal grown in the cur-
rent work from 2D confinement. Reproduced with permission.[17] Copy-
right 1994, Elsevier.
in which growths emerge from every channel, are of uniform 
size, are as large as possible, and contain as few grains as pos-
sible (i.e., are most monocrystalline); the optimum channel 
geometry would lead to such a growth. In order to understand 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1049–1057
the effects of the channel geometry on the confined Ge growth, 
the channel was modeled as a rectangular prism, with dimen-
sions d, h, and w, as shown in Figure 1b. The ratio Ωc/Ωh was 
calculated, where Ωc is the solid angle of the channel’s opening 
as seen from the center of the a-Si nucleation seed, and Ωn 
is the solid angle of the four standard stereographic triangles 
surrounding a single (110) pole; outside the area defined by 
Ωn, the crystallographic symmetry dictates that another of the 
{110} would be closer to the a-Si normal, so Ωn defines the area 
swept out by the possible misorientations of one (110) pole with 
respect to the a-Si normal. The values of Ωc and Ωn are given by 
Equations (1) and (2):

c = 4 arcsin
hw

(4d2 + w2)(4d2 + h2) 	
(1)

and

n = 2π ∗
4

24
=

π

3 	
(2)

This ratio was multiplied by the approximate number of 
nuclei on the channel’s a-Si seed, equal to the area of the seed in 
the channel (hw) divided by the average area of a Ge grain, AG, 
on a-Si at 450 °C (approximately 500 nm2 from our TEM obser-
vations), to give the average total number of grains expected 
to emerge from a channel. This model assumes that poly-Ge 
nuclei orientations are random, which, based on x-ray diffrac-
tion data from very thin poly-Ge films deposited in our system, 
is nearly correct. The model also assumes that, if a grain does 
not have one of its <110> oriented such that it will intersect the 
area defined by the channel exit, it will self-terminate and not 
emerge from the channel in the time of the growth. Images of 
growths that have self-terminated in the channels support this 
assumption. The model further assumes there are no trans-
port issues for the GeH4 gas to reach the a-Si seed, which is 
correct, based on our experimental observations and the fact 
that the Knudsen number for such a system is extremely high 
in the channels (∼106), so flow in the channels must be molec-
ular. Finally, the model assumes the a-Si seed area is much 
larger than the size of the Ge grain on the seed, such that a 
multitude of grains may exist and so that probability may be 
employed. The total number of grains, NG, expected to emerge 
from a channel of height h, width w, and length d, is given by 
Equation (3):

NG =
c

h
∗

hw

AG 	
(3)

Setting NG = 1 defines the channel’s geometry at which 
there is a cutoff point: for geometries giving NG < 1, growth 
is not expected to consistently emerge from the channel, while 
for NG ≥ 1, growths are expected from every channel. Figure 6 
shows experimental data for growth emergence vs. NG, taken 
from numerous channel arrays with at least 50 channels per 
array. The fabricated channels have heights between 35 nm 
and 120 nm, widths between 145 nm and 600 nm, and lengths 
between 450 nm and 1250 nm; the blanket growth from the 
same experiment had thickness ∼1650 nm, so the growth was 
of sufficient duration to potentially emerge from the channels. 
It can be seen that the model predicts nearly the correct relation 
bH & Co. KGaA, Weinheim 1053wileyonlinelibrary.com
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Figure 7.  a) Growth extent vs. NG, and b) growth extent coefficient of vari-
ation vs. NG, both with AG = 500 nm2. Dotted lines are added to guide the 
eye, and the error bars in (a) are ± one standard deviation.

Figure 6.  Percent of growths that emerge from their channels vs. NG, 
with AG = 500 nm2. 100% of growths emerge for values of NG higher than 
those shown here. The dotted lines are added to guide the eye.
between emergence and NG, as growths with NG greater than 
approximately 0.6 show consistent emergence. This discrepancy 
is easily understood, as the model conservatively assumes that 
any growing grain that does not have a {110} normal that will 
intersect the area defined by the channel exit will self-terminate, 
though we know that grains can also grow (albeit more slowly) 
in non-{110}-normal directions. Thus, we would expect to see 
growth emergence for even lower values of NG than predicted, 
as is indeed the case. Despite the discrepancy, the value of 
NG still has strong physical significance and is of paramount 
importance when determining the ideal channel geometry, as 
will be seen.

The relation between growth extent and NG as well as 
between growth extent variation and NG is depicted in Figure 7a 
and b, respectively. The growth extent is given as a length and 
is found by measuring at least 20 growths’ dimensions in the 
direction of their channels and taking the average, and the 
growth extent variation is calculated as the coefficient of varia-
tion (CV) of the growth extent. All channels investigated for the 
generation of the plots had lengths in the range of 500 nm to 
700 nm so as to minimize the effect of the channel length on 
the resulting growth extent. As seen in Figure 7a, the growth 
extent initially increases with NG as more fast-growing grains 
are correctly oriented to emerge from the channel and are also 
strongly confined. The growth extent then attains a maximum 
in the range 2.0 ≤ NG ≤ 3.0 and subsequently decreases as the 
confinement is further reduced (NG is increased) and the fast-
growing grains are no longer efficiently selected. In Figure 7b, 
the growths’ CVs are constant at approximately 0.3, though a 
minimum is observed in the range 2.0 ≤ NG ≤ 3.0. Based on 
the experimental data, the optimal NG, chosen to maximize 
growth emergence frequency, growth uniformity, and growth 
size, lies in the range 2.0 ≤ NG ≤ 3.0. However, in order to 
ensure that the fewest (110)-oriented grains emerge from any 
given channel while still maintaining consistent emergence 
© 2012 WILEY-VCH Verlag Gwileyonlinelibrary.com
across many channels, a value of NG in the lower part of this 
range (i.e. nearest 2.0) should be chosen. This finding sets 
restrictions on the relations among the length, width, and 
height of a channel to obtain the best material quality (emer-
gence, uniformity, extent, and monocrystallinity) from the con-
fined growths.

This single constraint is not enough to satisfactorily define 
the optimum channel geometry, however; for example, an 
extremely wide but very thin channel with a suitable length 
could have NG = 2.0, though it is obvious that this case is not 
ideal because a fast-growing grain could not overcome all other 
grains in a very wide (albeit thin) channel. Thus, the channel 
width and height should be chosen to be as equal in size as 
possible in order to maximize the symmetry of the channel and 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1049–1057
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thus minimize the distance any grains need to grow in order 
to overtake all other grains in the channel. Furthermore, the 
geometry of the channel should also be chosen to obtain the 
shortest channel length, within the above framework, in order 
to minimize the growth time needed for growth emergence 
from the channels. Thus, we define three ideal properties of a 
2D confinement channel:

(1)	NG = 2.0
(2)	Channel height = channel width (h = w)
(3)	Channel length (d) as short as possible, subject to satisfaction 

of (1)

2.3. Optoelectronic properties

One potential application for the single crystals deposited by 
this method is the back-end-of-line fabrication of photonic 
devices for use in electronic-photonic 3D-integrated circuits. 
For the successful fabrication of high-performance active 
p-i-n photonic devices, an intrinsic (undoped) region with 
low carrier density (∼1016 cm−3) is necessary. As-deposited, 
unconfined poly-Ge growth shows a strong p-type character 
(p∼1018 cm−3) that is attributed to the presence of acceptor 
states in defects.[21–26] Figure 8 presents data from Hall effect 
measurements on a number of samples, showing hole con-
centration versus thickness for three unconfined poly-Ge 
films as well as three films grown from 1D confinement struc-
tures. It is evident that thicker unconfined growths have a 
lower hole density compared to thinner unconfined growths, 
congruent with the concept of an increasing grain size with 
increasing film thickness and thus a decreasing carrier den-
sity due to a decreasing grain boundary density. The data 
also show that the films grown from 1D confinement have 
lower defect densities than all unconfined films measured, 
© 2012 WILEY-VCH Verlag G

Figure 8.  Hole concentration versus inverse film thickness for three 
unconfined poly-Ge films as well as three films grown from 1D confine-
ment. Lines are added to guide the eye and error bars are ± one standard 
deviation.
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indicating that the confinement structure reduces the film 
defect density from that of an unconfined film. Additionally, 
Hall effect measurements show an increased hole mobility 
in films grown from 1D confinement compared to blanket 
films of similar thickness; this result is also congruent with 
the concept of growth confinement lowering the Ge defect 
density, since defects cause carrier scattering and thus lower 
the mobility. Hall effect measurements were not performed 
on material grown from 2D confinement due to difficulties in 
contacting such small crystals.

We can attempt to calculate the expected number of car-
riers in a blanket poly-Ge film in order to quantitatively com-
pare our films’ electrical properties to that expected from a film 
with defect-caused p-type character. We consider only the grain 
boundaries to cause p-type defects here, as the boundaries will 
likely dominate the film’s defect population. We can use a close-
packed array of hexagonal prisms with the long axes through 
the film’s thickness to model the grains in the films. From TEM 
images we know that the average grain size in an as-deposited 
poly-Ge film of 1 μm thickness is on the order of 100 nm. If 
we define the grain’s size as the distance between two parallel 
edges of a hexagon in the array, this gives the length of each of 
the hexagon’s sides (L) as 57 nm, such that the area of each hex-
agon (grain) is 8660 nm2. Thus, in one cm2 of 1-μm-thick film, 
there are 1.15 × 1010 grains, each with 1.71 × 10−9 cm2 grain 
boundary area (3L × 1 μm), for a total grain boundary area of 
19.7 cm2. We can approximate there to be ∼1013 cm−2 carrier  
density in the grain boundaries.[27] Thus, in our 10−4 cm3 
of film, we expect to see 1.97 × 1014 carriers (19.7 cm2 × 1013 
carriers/cm2), or 1.97 × 1018 cm−3 carrier density. This is close 
to our observed carrier density of ∼1.6 × 1018 cm−3 for a 1-um-
thick as-deposited film.

Photoluminescence measurements on unconfined films as 
well as growths from 1D confinement and 2D confinement 
were performed, and the results are presented in Figure 9. The 
data in Figure 9a are normalized for film volume. In Figure 9b,  
while the unconfined material formed a continuous film, the 
materials grown from 1D and 2D confinement did not, so 
the data could not be normalized to film volume. However, 
such normalization would only serve to extend the difference 
between the unconfined and confined materials. The amount 
of material under observation between the 1D and 2D confine-
ment samples was, by inspection, approximately equal. How-
ever, the laser spot used in the PL measurement is large relative 
to the confining structure and penetrates the top oxide, so the 
poor material in the 1D GCLG channel is also probed, likely 
giving lower PL than if only the material outside the channel 
were investigated. These results demonstrate that the defect 
density in material grown from confinement is reduced as the 
degree of confinement is increased.

3. Conclusions

This work advances decades of research in numerous fields by 
demonstrating the possibility of single-crystal material growth 
from an amorphous substrate. By depositing Ge selectively 
on a-Si and growing it through confining channels, we obtain 
single-crystal Ge in well-defined locations. Growth confinement 
mbH & Co. KGaA, Weinheim 1055wileyonlinelibrary.com
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Figure 9.  Photoluminescence spectra from a) an unconfined film and a film grown from 1D 
confinement, normalized to film volume, and b) an unconfined film and material grown from 
1D and 2D confinement, not normalized to material volume. In (a), the 1D GCLG structure 
had an aspect ratio of 4.5; in (b), the 1D GCLG structure had an aspect ratio of 6.7 and the 2D 
GCLG sample had NG = 3.2.
selects the fast-growing grains, which serve as the seeds for 
single-crystal growth outside the confining region. The single 
crystals grow with (110) orientations and their growth is 
mediated by the formation of twins that both help select the 
(110) orientation and enhance the crystals’ growth rates in that 
direction. We developed a model to predict the optimal channel 
geometries for single-crystal growth so that other researchers 
may effectively utilize this method. The material grown from 
confinement was shown to have a lower defect density than as-
deposited blanket poly-Ge, signaling its improved applicability 
to device fabrication.

The low-T and CMOS-compatible nature of the single-crystal 
Ge deposition means this material is promising for the fabrica-
tion of back-end-of-line photonic devices, thin film transistors 
on cheap glass substrates, pseudosubstrates for III-V-on-Ge 
heteroepitaxial deposition, and a host of other potential appli-
cations. Furthermore, the deposition of single-crystal material 
on an amorphous substrate by confined growth is readily exten-
sible to any materials system capable of selective non-epitaxial 
deposition, thus allowing for the fabrication of devices from 
high-quality material when only an amorphous substrate is 
available.
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinwileyonlinelibrary.com
4. Experimental Section
Sample fabrication began with the growth of 
500 nm of thermal SiO2 on 150 mm p-type (100) Si 
wafers. Although this step does not conform to the 
low thermal budget of the process, it is accepted 
that low-T-deposited SiO2 (such as that deposited 
by plasma-enhanced chemical vapor deposition at 
400 °C) may be easily substituted with no effect on 
the experimental results; thermally-grown SiO2 was 
used solely to provide an oxide pseudosubstrate. 
Amorphous silicon of 40 to 120 nm thickness 
was then deposited by plasma-enhanced chemical 
vapor deposition (PECVD) at 350  °C on the 
thermal SiO2 and, in some cases, patterned using 
photolithography. This was followed by a deposition 
of 200–300 nm of PECVD SiO2 (oxide) on the a-Si 
at 400  °C. This PECVD oxide was patterned by 
photolithography and reactive ion etching to expose 
the underlying a-Si. The a-Si was then reactive ion 
etched and subsequently undercut etched beneath 
the top oxide using a tetramethylammonium 
hydroxide selective wet etch.

Samples were cleaned using piranha solution 
and the RCA method, and loaded into a hot-walled 
UHVCVD chamber idling at 450 °C and <10−8 Torr. 
The samples were annealed for up to 2 hours at 
450  °C to degas hydrogen from the PECVD a-Si 
and oxide. GeH4 was subsequently flowed at 
7.5 sccm for 4 to 16 hours at 450 °C for selective Ge 
deposition on the a-Si; the partial pressure of GeH4 
was 3 × 10−4 Torr in all experiments. The samples 
were then removed from the growth chamber and 
allowed to cool to room temperature before being 
removed from vacuum.

While the HF bath portion of the RCA clean did 
etch the SiO2 deposited by PECVD, this etching was 
easily controlled by limiting the time the wafers 
spent in HF and should not be a limitation to 
the viability of this process in a low-T fabrication 
environment.
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