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Abstract We report on the epitaxial growth of crystalline Si and Ge thin films by standard radio fre-
quency plasma enhanced chemical vapor deposition at 175 °C on (100)-oriented silicon substrates. We also
demonstrate the epitaxial growth of silicon films on epitaxially grown germanium layers so that multilayer
samples sustaining epitaxy could be produced. We used spectroscopic ellipsometry, Raman spectroscopy,
transmission electron microscopy and X-ray diffraction to characterize the structure of the films (amor-
phous, crystalline). These techniques were found to provide consistent results and provided information
on the crystallinity and constraints in such lattice-mismatched structures. These results open the way to
multiple quantum-well structures, which have been so far limited to few techniques such as Molecular
Beam Epitaxy or MetalOrganic Chemical Vapor Deposition.

1 Introduction

In the field of solar energy, there is a continuous search
for ways to increase the cost-effectiveness of solar cells.
This is particularly the case of crystalline silicon solar cells
which is the leading technology and covers more than 80%
of the PV market. For this technology to keep its advan-
tage, reducing the thickness of expensive c-Si wafers is
mandatory. Various approaches have already been used to
produce efficient and thin ¢-Si solar cells resulting in effi-
ciencies above 22% for heterojunction c-Si solar cells on a
wafer thinned down to 98 pm [1]. However this approach
still requires to grow ingots and to slice them into wafers.
Another way to cut costs is to grow the mono or multi
crystalline silicon directly on a foreign substrate, using
for instance Chemical Vapor Deposition [2], or on a poly-
crystalline seed layer obtained by the crystallization of an
amorphous silicon layer, using a catalyst in the case of
aluminium induced crystallization [3] or in a catalyst-free
approach using solid phase crystallization [4]. However,
these processes usually lead to relatively low solar cell ef-
ficiencies since there is a non-monotonic relationship be-
tween grain size and solar cell efficiency that implies that
in the case of multicrystalline silicon one should have very
large grains, as reported by Bergmann [5].

More recently the epitaxial growth of Si films on
c-Si substrates has been achieved by various techniques
such as Plasma Enhanced Chemical Vapor Deposition
(PECVD) [6], Atmospheric Pressure CVD [7], Inductively
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Coupled PECVD [8] as well as by Hot Wire CVD [9]. In
most of these cases, except in reference [6], the substrate
was kept at a relatively high temperature to favor the epi-
taxial growth (7" > 700 °C). These high temperature ap-
proaches have resulted in solar cell efficiencies of 17% for
a 50 pm thick free-standing c-Si base material epitaxially
grown on a porous Si substrate before being detached [10],
or over 15% by growing a 20 um thick epitaxial Si base
on a seed substrate and also using diffusion processes [11],
and about 7% when growing a 2 pm thick epitaxial layer
by HWCVD at 700 °C [12].

Alike, epitaxial growth of Ge films was obtained by
PECVD on (100) NaCl substrates kept at 450 °C dur-
ing growth [13] or by Molecular Beam Epitaxy on (100)
GaAs [14]. This is of great interest since simulations
demonstrated the feasibility of efficient structures com-
bining Si and Ge materials [15].

Previous results obtained in our laboratory have shown
that it is possible to obtain epitaxial layers of Ge on (100)
gallium arsenide (GaAs) substrates [16] and of Si on (100)
silicon substrates [17-19], both by RF PECVD and at
substrate temperature as low as 175 °C. By doing so, we
have been able to obtain solar cells with an efficiency as
high as 7% for an intrinsic absorber layer of 2.4 um grown
at 165 °C [19].

2 Experiments

All the samples of this study were deposited in a multi-
plasma monochamber reactor PECVD reactor operated at
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Table 1. Process conditions used to grow the epitaxial films of Si and Ge at 175 °C.

Film on Film on Pressure SiH4 GeHyin He Ho RF power  Deposition rate
(111) ¢-Si (100) ¢-Si  (Torr) (scem) (scem) (sccm)  (mW/cm?) (As™h)
pe-Ge:H Epitaxial 1.4 0 5 200 31 0.15
pm-Si:H Epitaxial 1.2 12 0 200 25 0.5
a frequency of 13.56 MHz [20]. We used (100) and (111)- S| ST F ' ' ' L e
. . . 35 F —=—(100) c-Si 435
oriented Si substrates and (100)-oriented GaAs substrates : 111 ooSi ]
for the TEM experiments. All the crystalline substrates o (111) oI 1%
or - p - Al ¥ - ; 25 —0—(100) GaAs [, ik 125
were submitted to a 30 s dip in hydrofluoric acid, to re- 20F 120
move the native oxide, prior to being loaded in the re- 15 F 15
actor, which was pumped down to a base pressure below 10 {10
7 x 107 Torr. We emphasize that this procedure allows A  5P* 15
us to achieve heterojonction solar cells with efficiencies @ :. ] °5
up to 17% [18] and even homojonction solar cells when v 1ok POy SIE2RS0:68% 1t <inm { 4o
the- deposited layer is epitaxial [17] This is a good in.di— sk — anm 1.4s
cation of the excellent surface passivation and of the high 2L POly-Si 35nm J .20
quality of the epitaxial doped layers respectively, when 25| °'GS:Z:/;'GG§?1% T3nm {2
we use this cleaning procedure and this PECVD reactor. 30 (100) &-Si 4-30
ipe . . . . -35 1 . 1 | . 1 " 1 " 1 -35
The depositions were performed using silane (SiHy) and .5 20 25 3.0 35 2.0 a5

hydrogen (Hs) gas mixtures for the silicon films and Hy
and germane (GeHy, 2%-diluted in Hsy) gas mixtures for
the germanium films. All the samples were characterized
via spectroscopic ellipsometry using a phase modulated
ellipsometer (UVISEL from HORIBA Jobin-Yvon). The
Raman spectrometer used in this work is a DILOR Jobin
Yvon XY with a He-Ne laser excitation at 632.8 nm. The
TEM microscope is a JEOL 2200 F'S, being able to operate
in the STEM (scanning TEM) or TEM mode. High an-
gle X-ray diffraction and grazing incidence X-ray diffrac-
tion measurements have been performed using a Rigaku
Smartlab high resolution diffractometer equipped with a
9 kW rotating anode and a 7-axes goniometer.

3 Results

Previous studies in our laboratory have shown that
plasma conditions leading to hydrogenated microcrys-
talline germanium films on glass can eventually lead to
an epitaxial growth when applied on a (100)-oriented
GaAs substrate [16]. We obtained the same results for
silicon films, for which conditions known to lead to hydro-
genated polymorphous silicon (pm-Si:H) on glass lead to
epitaxial growth when applied to (100)-oriented Si sub-
strates [17,18,21]. Other research groups also found that
a rather broad range of experimental parameters would
eventually lead to unwanted epitaxial films on (100) Si
substrates [22,23]. In the case of heterojunction solar cells,
this epitaxy is unwanted since this crystalline layer does
not provide any surface passivation [22]. However, one can
take benefit of this capability of PECVD to grow thick epi-
taxial layers and use them as the active material in solar
cells [19] or as the emitter of c-Si solar cells [17].

Table 1 summarizes the plasma conditions used to
achieve epitaxy on (100)-oriented substrates for the Si and
Ge films respectively. Figure 1 shows the SE spectra of a
multilayer stack co-deposited on (100) GaAs, (100) Si and

Photon energy (eV)

Fig. 1. Imaginary part of the pseudo-dielectric function of the
multi layer stack (905071) co-deposited onto various substrates
as deduced from SE measurements, the black line corresponds
to the fit obtained by modeling the stack deposited on the (100)
Si substrate using the optical model described in the inset.

(111) Si. The high photon energy part (3—5 eV) of the
SE spectrum is more sensitive to the top and also bulk
part of the films. The last deposited layer being silicon,
in Figure 1, we can see the characteristic spectrum of c-
Si, which has two peaks around 3.4 and 4.2 eV on both
GaAs and Si (100)-oriented substrates, whereas on (111)
¢-Si substrate, the silicon films are amorphous (a similar
spectrum was measured for the film co-deposited on glass,
not shown for clarity). The lower photon energy part of
the spectrum is sensitive to the bulk and thickness of the
film, the interference fringes providing information on the
thickness of the whole stack. The Bruggeman Effective
Medium Approximation (BEMA) model [24] used for the
film grown on (100) Si is shown in the inset of Figure 1
and the spectrum obtained from the model is also plot-
ted with a dark line. Interestingly, the measurement per-
formed on the film grown on the (100) GaAs substrate,
can be fitted using the same model as the one used to fit
the measurement performed on the (100) Si. This means
that we obtained the same stack on both (100) substrates.
Even though a fit based on crystalline silicon and ger-
manium materials provided a reasonable match with the
experimental data (with a figure of merit x? of 2.3), we
could improve the fit (x? = 1.5) by using the dielectric
function of large grains polysilicon material reference file
obtained by Jellison et al. [25] for the silicon layers and
a mixture of crystalline germanium and a small fraction
of germanium oxide (1-5%), as obtained by Aspnes and
Studna [26] for the germanium layers. There are at least
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Fig. 2. Raman scattering intensity as a function of the Raman
shift for the multi layer samples (905071) co-deposited on var-
ious substrates ((100) GaAs, (100) Si and (111) Si).

two reasons that may explain the better fit when consid-
ering polycrystalline dielectric function and introducing
GeOs in the Ge layers. The first one is that we cannot
expect to have films with no roughness so that among our
four interfaces, none is perfectly flat (as shown by the pres-
ence of a surface roughness of about 1 nm in the model of
Fig. 1). Introducing a rough interface between each layer
could even further reduce x2 but this is at the cost of dras-
tically increasing the number of parameters of the model.
The second one is that these films are produced at 175 °C
in a standard RF PECVD reactor without load-lock nor
special precaution concerning gas purity (no gas purifiers)
so that we can expect our films to contain carbon and
oxygen impurities as well as a significant amount of hy-
drogen. Those may slightly alter the dielectric functions of
the materials as compared to their calibrated crystalline
counterparts.

We also investigated the structure of the films by
Raman spectroscopy. The Raman spectra of the stack de-
posited on the three substrates are shown in Figure 2, the
substrates being (100) GaAs, (100) Si and (111) Si. The
Raman spectra of the multilayer films deposited on GaAs
and (100) Si show a sharp peak around 300 cm ™!, which
is consistent with fully crystallized Ge layers [27,28]. Tt
has been shown that a peak at 300 cm™! could also orig-
inate from Si substrates [29], but in our case, a compar-
ison between a Si substrate and a Si substrate capped
with a thin epitaxial Ge layer showed that no signal from
the Si substrate alone at 300 cm~! was distinguishable
whereas a very sharp peak would appear in the presence
of this thin Ge layer. On the other hand, the film deposited
on (111) ¢-Si substrate displays a shoulder towards lower
wavenumbers, indicating that the film is partially crystal-
lized and contains an amorphous phase, since the hydro-
genated amorphous Ge has a TO mode at 278 cm ™ [28].
The peak around 520 cm ™! can be assigned to crystalline
silicon [27], but does not give much information on Si
substrates where this peak is due to the substrate and

Fig. 3. HRTEM image of the multilayer stack on GaAs. The
inset zooms on the two first Ge and Si layers.

masks the small contribution of the amorphous film (at
480 cm 1) to the Raman spectrum. However, on the GaAs
substrate, we can detect the signal from the ¢-Si film de-
spite of its small thickness (see inset in Fig. 2). Moreover,
one can see that the film is fully crystallized as there is
no shoulder at 480 cm™!, as it would be the case if there
were an amorphous silicon phase.

We used the sample deposited on (100) GaAs for TEM
measurements. In Figure 3, we show an example of the
High Resolution TEM (HRTEM) images of the stack we
obtained. The red square in Figure 3 indicates the area
on which we zoomed in the inset to focus on the two first
layers and the two first interfaces. Based on such images,
we can get a reasonable estimate of the thickness of each
layer. The thicknesses are approximately 20 nm for the
Ge layers and 30 nm for the Si layers. These results are in
good agreement with the ones obtained by SE even though
some discrepancy exists for the first Ge layer, the closest
layer to the substrate. The fact is that the accuracy of the
SE fit is not very sensitive to the value of the thickness
of the first Ge layer so that the value we obtained had a
significant error bar (1.5 nm). On the inset of Figure 3,
it appears that they are very few defects in the first Ge
layer and that some start to appear at the interface be-
tween the first silicon layer and the first germanium layer.
In all these layers we could observe some dislocations but
it must be noted that that they do not propagate system-
atically from one layer to the other and that these disloca-
tions do not prevent our layers to keep a monocrystalline
structure, which supports the data obtained from spectro-
scopic ellipsometry and Raman spectroscopy.

Moreover, the microscope could also be operated in
the Scanning TEM mode and by doing so we could ob-
tain High Angle Annular Dark Field (HAADF) images
of our sample as the one we show in Figure 4. For such
images, the contrast in the gray scale comes from a differ-
ence in the Z value of the elements since we only collect
the electrons that have scattered to high deviation angles
and therefore the ones that are the most sensitive to the
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Table 2. Spacings between adjacent lattices and calculated lattice parameters obtained by XRD for Si and Ge.

Diffraction  Distance between  Si lattice parameter  Distance between  Ge lattice parameter
planes Si planes (A) (A) Ge planes (A) (A)
220 1.9183 4+ 0.001 aj = 5.4257 £0.003 197974 £ 0.001  a; = 5.5996 % 0.003
400 1.358 + 0.001 aj = 5.432 £ 0.004 — a; < 5.65325
004 1.3609 4+ 0.001 a, = 5.444 + 0.004 - aj > 5.65325

growing
direction

Fig. 4. HAADF image obtained by STEM of the multilayer
sample on GaAs.

Z wvalue. This means that we somehow get a “chemical
picture” of the stack. Even if the atoms remain in a very
crystallized arrangement the elements are not always the
same. At the interface between Si and Ge in Figure 4 we
can observe that there is a pronounced “chemical rough-
ness”. This means that we do not have perfectly flat inter-
faces and that we can still have Ge elements in the very
first nanometers of the following Si layer. This comple-
ments the observation of Figure 3 and can be explained
by the deposition technique itself rather than any diffu-
sion process since we used low temperature deposition but
we used the same chamber for Ge and Si films growth.

We coupled high angle 26/w X-ray diffraction and
grazing incidence X-ray diffraction (GIXRD) to study our
sample in order to get information about the crystallinity
of the films and also to get more quantitative information
regarding the lattice parameters. The Rigaku Smartlab
diffractometer, based in the LPN laboratory, allowed us
to study the diffraction from the crystallographic planes
parallel to the surface (lattice parameter: a;) by scan-
ning the 20 and w angles in the direction normal to the
surface. 20 is the angle between the diffracted beam and
the surface and w is the angle between the incident beam
and the surface of the sample. We also studied the diffrac-
tion of the crystallographic planes perpendicular to the
surface (lattice parameter: a)) by scanning 26x and ¢ an-
gles in grazing incidence (¢ corresponds to the rotation
of the sample on itself while 26 is the sample in-plane
angle between the crystallographic planes and the detec-
tion). This 20y /¢ in-plane configuration corresponds to
a 20/w configuration for crystallographic planes normal
to the surface. Figure 5a shows the GIXRD of the {220}
planes of the GaAs substrate and the Ge and Si layers.
Knowing the interplanar distance of the 220 GaAs sub-
strate planes, we can deduce the 220 interplanar distance

1.00e3 GaAs —~>

s ()

1.00e2

1.00e1

intensity (cps)

1.00e0

1.00e-1

42 44 46 48 50 52
20y, (deg)

1.00e7

(b)

1.00e6
1.00e5
1.00e4

Intensity (cps)

64 66 68 70
2-theta (deg)

Fig. 5. (a) XRD measurement of the 220 planes perpendicular
to the surface of the film. (b) High resolution XRD measure-
ment of the {004} planes parallel to the surface of the film.

for Ge and Si by measuring the mismatch between the Ge,
Si and GaAs peaks. These values are summarized in the
first row of Table 2.

We also performed GIXRD of the {400} planes normal
to the surface of GaAs, Ge and Si (not shown here). This
allows us to calculate the distance between planes in the
400 direction for Si (second row of Tab. 2). Unfortunately
we were not able to deconvolve the peaks due to GaAs
and Ge but based on the fact the graph showed a shoulder
towards higher angles around the 400 peak of GaAs, we
can assume that we have a lattice parameter lower than
the one of GaAs.

Finally we operated the XRD set-up in the high angle
20/w configuration in order to obtain the high resolution
diffraction from the planes parallel to the surface. We ob-
tained diffraction from the {004} planes that we show in
Figure 5b. Even though we could not observe a distinct
peak for Ge we could still notice the dissymmetry of the
GaAs peak towards smaller angles, indicating a Ge a lat-
tice parameter higher than the GaAs a lattice parameter.
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Nevertheless, we could again calculate the parameters for
Si and we summarized them in the third row of Table 2.

Based on these results, averaging the value of a| for
Si, and using the formula in equation (1) we could calcu-
late the bulk lattice parameter of Si. We used for Si the
following parameters: C;; = 16.6 x 10" dyncm™2 and
Cao = 6.4 x 10 dynem—2.

al — Qpulk

2012 aj — abulk
Apulk

o (1)

Abulk

We obtained apu = 5.4374 4+ 0.004 A. This parameter is
slightly higher that the theoretical value of 5.431 A. Fur-
thermore, we measure a < a_ indicating a slight com-
pressive constraint for Si.

For Ge, ay > 5.65325 A (GaAs lattice parameter) and
a; = 5.5996 + 0.003 A, that corresponds to an important
compressive strain. It is so far rather speculative to ex-
plain these results but we expect the process conditions
to play a major role on the constraints of the material.
Indeed, in the case of Ge, the layers were deposited from
GeH, which was 2%-diluted in Hy so that the plasma was
mostly a hydrogen plasma resulting in much more aggres-
sive deposition conditions compared to a-Si:H deposition
case.

4 Conclusions

In this paper we have demonstrated the epitaxial na-
ture of Si and Ge films grown on (100) crystalline Si as
well as the growth of Si on epitaxially grown Ge layers in
a PECVD reactor at 175 °C. Raman spectroscopy, Trans-
mission Electron Microscopy, X-ray diffraction and Spec-
troscopic Ellipsometry consistently showed that the films
were made up of monocrystalline layers. Further studies
are needed to get a better understanding of the growth
mechanisms and also to study the influence of the lattice
parameter of the substrate on the constraints in the re-
sulting films.
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