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Abstract

Recently, epitaxial Si layers have attracted strong attention, particularly in photovoltaics.
This successful application depends mainly on the easiness of their transfer to a foreign
carrier substrate. Therefore, developing a simple and efficient method to realize the transfer
is a key issue. A most delicate point is the lift-off of the epitaxial layer from its parent
substrate. In this work, we present a method to weaken the interface based on hydrogen
incorporation. We have been able to control the hydrogen content at the interface between the
crystalline silicon substrate and the epitaxial films by changing the epitaxial growth

conditions. Several bonding techniques have been tested and epitaxial Si films have been
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transferred successfully via anodic bonding. A hydrogen-assisted transferring mechanism is

presented.
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1. Introduction

Crystalline silicon (c-Si) thin films have many applications including photovoltaics[1-
5] and flexible electronics.[6, 7] However, in the case of solar cell applications, one of the
limiting factors is the cost of c-Si material itself, which can be reduced by decreasing the
thickness of the c-Si absorber.[8, 9] Many techniques have been developed to produce c-Si
thin films via “bottom-up”[9-12] and “top-down” approaches. [1, 3] Among these fabrication
techniques, epitaxial growth has proven to be the most appropriate way to produce ultrathin
monocrystalline films, since it enables the perfect control of the films thickness and their
doping. In addition, when performed at low temperature (<200 °C) by using radio-frequency
plasma-enhanced chemical vapor deposition (RF-PECVD),[11, 13-16] epitaxy is a low-cost

process.

Whatever the applications and fabrication techniques, transferring the c-Si thin film to
a foreign carrier substrate such as glass is mandatory in order to allow handling of fragile
free-standing c-Si thin films. Different transfer methods have been proposed. For example,
stress-induced techniques including SLIM cut;[17] and controlled spalling;[18] etching-
enabled techniques such as macroporous Si[19] and sacrificial films;[20] implantation-
induced techniques such as Smart-Cut process [21] as well as sintered porous-based
techniques such as epifree process [3, 22] and porous Si.[23, 24] A detailed review of layer
transfer techniques can be found in the literature.[9] Among them, two main techniques are
commonly used. The first one is the Smart-Cut process.[21] This is a cleavage approach

which is obtained by hydrogen ion implantation to create an in-depth fragile zone. However, a



high temperature annealing (> 600 °C) and a high-dose hydrogen ion implantation (1x10"’
cm) causing damage to the c-Si material are required to detach the c-Si thin film. The second
technique is based on the use of porous silicon films: at least two regions with different
porosity are created beneath the substrate surface by electrochemical etching in HF solutions
before epitaxy.[25] The drawback of this technique is that it requires high temperature (>
1100 °C) sintering in hydrogen ambient.[24] Therefore, developing a detach/transfer method,
which is fast, avoids the introduction of implantation-induced damage, and operates at low

temperature (below 300 °C), would reduce the thermal budget and processing cost.

In this work, we develop a method based on controlling the interface hydrogen
content during the initial stages of epitaxy in a PECVD reactor, where a change of plasma
deposition conditions is applied. We tested several bonding techniques and materials
including silicone, polyimide, high temperature glue, and anodic bonding to study the
transferring procedure. Various techniques such as spectroscopic ellipsometry, Raman
spectroscopy, high-resolution transmission electron microscopy (HRTEM) and atomic force
microscopy (AFM) are used to characterize the epitaxial interface. The pore formation

mechanism is discussed.
2. Experiments

Let us describe the standard transfer process, starting from the parent wafer and ending
with a transferred c-Si thin film, as illustrate in Figure 1. Step 1 (Figure 1 (a)): preparation of
a parent semiconductor substrate. This consists of removing the native oxide and surface
contaminants, via two kinds of cleaning methods: i) standard HF-based chemical solutions (5 %
HF, 30 seconds ) and ii) fluorine-based plasmas such as SiF4[26]. The parent wafer is then
loaded into a PECVD reactor. Here, a semi-industrial PECVD reactor (MVSystems Cluster

tools) is used. Step 2 (Figure 1 (b)): substrate surface engineering to produce a fragile



interface. In this work, the interface engineering is realized by depositing porous epitaxial Si
thin films using PECVD. Step 3 (Figure 1 (c)): epitaxial growth of a Si thin film using
PECVD. The epitaxial growth is realized by using SiH4 and H; as precursor and carrier gases,
respectively. Step 4 (Figure 1 (d)): bonding the epitaxial films to a foreign substrate for
transfer, for example, directly to glass at 250 °C and applying 1000 Volts for 10 min via
anodic bonding. Step 5 (Figure 1 (e)): detaching the c-Si thin film from the parent wafer by
applying a thermal annealing and mechanical force. Note that, in the case of solar cell
fabrication, a junction forming layer such as doped hydrogenated amorphous Si (a-Si:H) and a
back reflector layer/back contact layer such as Al will be deposited on the epitaxial Si layer
before bonding it to glass. For the reference/standard epitaxial sample, the epi-PECVD film is
grown directly on a cleaned parent Si wafer. In order to optimize interface engineering for
facile detachment, different ultrathin layers are deposited on the c-Si substrate prior to the

proper epitaxial growth.

Cathode
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Figure 1. Schematic illustration of a standard process to transfer a c-Si thin film. (a)
Preparation of a native oxide free parent Si wafer to serve as a seed for the epitaxial growth.
(b) Interface engineering of parent Si substrate prior to epitaxial growth. (c) Epitaxial growth
on the dedicated engineered surface. (d) Bonding to a foreign low-cost substrate such as glass
via a bonding technique, for example, anodic bonding (250 °C; 1000 Volts; 10 min). (e)
Detaching the ultra-thin film by annealing and applying a mechanical force. The parent wafer

can be reused for the epitaxy of following batch.



3. Results

Figure 2 shows some characteristics of as-deposited epitaxial PECVD (epi-PECVD) Si
thin films with and without interfacial layers. The results of spectroscopic ellipsometry
(HORIBA Uvisel 2) measurements on six samples are presented in Figure 2 (a) and (b). The
detailed epitaxial growth conditions are provided in Table 1. Briefly, sample A: standard
reference epitaxy; sample B: single layer interface (type 1); sample C: single layer interface
(type I1); sample D: bilayer interface (type I+11); sample E: bilayer interface (type I+l longer
deposition time); sample F: bilayer interface (type I+11 shorter deposition time). Note that the
deposition time for sample B and C are adapted to keep their layer thicknesses the same.
Insets in Figure 2 (a) and (b) show a zoom of low energy and high energy parts, respectively.
At low energy, the amplitude of the imaginary part of the pseudo-dielectric function &g;
oscillations is characteristic of the interface porosity between epi-PECVD and c-Si substrate.
At high energy range (3.4-3.5 eV), the amplitude of ; represents the crystalline quality. In
terms of layer transfer, samples with higher interface porosity (higher amplitude at low energy
part) while keeping good crystalline quality (higher amplitude at high energy part) are favored.
By combining Figure 2 (a) and (b), we can see that such a compromise is detected by
ellipsometry for the sample D (blue squares) grown with bilayer interface, as testified by the
higher amplitude of the oscillations in the low energy range, compared to the reference
epitaxy (black circles) and the high amplitude of ¢ at 3.45 eV, revealing a high crystalline
quality. To check the crystalline quality of the epitaxial layers with different interface
configuration, high resolution XRD was used as shown in Figure 2 (c). Similar dependence of
epitaxy quality on interface process conditions can be observed as obtained from the
ellipsometry data (Figure 2 (a)). A better crystalline quality of epitaxy in sample A and

sample D can be observed in Figure 2 (c) showing a narrower full width at half maximum



(FWHM). The very large FWHM values of samples B and C indicates that the crystalline

lattice in the epitaxial layers is distorted.
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Figure 2. (a) Spectroscopic ellipsometry data of the imaginary part of the pseudo-dielectric
function & of several Si epitaxial films with different interface process conditions for (a)
samples A, B, C, D and (b) samples D, E, F. Inset showing the zooming of low energy and

high energy parts, respectively. (c) High resolution XRD ®-26 scan data of Si epitaxy with

different interface design of sample A, B, C and D.

Table 1. Detailed growth conditions for different epitaxial layers. Note that bulk epitaxial
growth conditions are kept constant and only interface material process conditions are

changed.



Samples |Epitaxial | H, SiH, Pressure | Power | Time
region (SCCM) [ (SCCM) | (Torr) (W) (seconds)
A Bulk 200 4 2.3 20 1800
B Interface | 200 2 1.8 10 250
Bulk 200 4 2.3 20 1800
C Interface | 200 1 1.7 5 450
Bulk 200 4 2.3 20 1800
D Bilayer 200 2 1.8 10 60
interface
200 1 1.7 5 60
Bulk 200 4 2.3 20 1800
E Bilayer 200 2 1.8 10 90
interface
200 1 1.7 5 90
Bulk 200 4 2.3 20 1800
F Bilayer 200 2 1.8 10 30
interface
200 1 1.7 5 30
Bulk 200 4 2.3 20 1800

Once we have grown Si epitaxy layer with a porous interface, we can transfer them via
bonding and lift-off. Since the typical thickness of epi-PECVD is below 10 um, a free-
standing epi-PECVD would be rather difficult to manipulate and therefore its bonding to a
foreign substrate such as glass is highly desirable. The key point for a successful transfer of
epi-PECVD is to find a bonding technique compatible with our interface weakening method,

based on hydrogen incorporation. Here, we tested different bonding techniques and materials



including silicone, polyimide, high temperature glue, and anodic bonding, to study their
effects on epitaxy lift-off processes. A standard epitaxial layer (sample A) without
intermediate layer of accumulated hydrogen is used as a reference. The transfer results are
summarized in Table 2. The annealing process (200 °C for 10 minutes) is applied for each
bonding technique before detaching the epi-PECVD thin film. As far as the standard epitaxy
is concerned, we can see from Table 2 that the lift-off process is not OK whatever the bonding
technique. For silicone, the bonding between epitaxial layer and the glass substrate before lift-
off is OK. However, bonding loss between epitaxial layer and glass substrate occurs after
annealing at 200 °C. In the case of polyimide, the lift-off process failed due to the loss of
bonding between epitaxial layer and glass substrate during detachment. The high temperature
glue formed bubbles during annealing and only tiny regions in the range of millimeter square
could be detached. We found that the anodic bonding is the most successful technique for the
transferring of epi-PECVD. In this case, the samples with epitaxial layers are put in contact
with glass (corning 7740: Pyrex containing alkaline elements) under anodic bonding
conditions (250 °C, 1000 V, 10 min). The glass side is connected to the cathode heating chuck.
Note that, for the standard case, no detachment of epi-PECVD occurs at 500 °C for 10 min,
even when the parent wafer was broken during lift-off process. Once samples properly
bonded to glass via anodic bonding, they were heated at 300 °C in air for 5 min. Meanwhile,
the lift-off of epitaxial thin film is performed, which is realized by applying a mechanical
force at the glass/c-Si interface with a tweezer which leads to a crack initiation and

propagation at the c-Si/epitaxy interface.

Table 2. Test of epitaxy transfer process (bonding and lift-off) with different bonding
techniques.

Sample Description Silicone Polyimide High Anodic
temperature glue | bonding

A Standard epitaxy Not OK Not OK Not OK Not OK




D Epitaxy with hydrogen | OK for bonding, | OK for bonding, OK for tiny region OK
incorporation at lift-off failed lift-off failed (mm?)
interface

TEM was used in order to study the influence of anodic bonding on the microstructure
of the epitaxial layers. The corresponding results are shown in Figure 3. for sample A without
hydrogen incorporation, we observe no qualitative difference before (sample A) and after
(sample A’) anodic bonding (Figure 3 (a) and (b)) but, for sample D with interfacial hydrogen
incorporation, there is difference before (sample D) and after (sample D’) anodic bonding.
Sample A has a less defective region at the top surface which is about 50 nm deep as it can be
seen from Figure 3 (a), while the depletion at the top surface of sample D is much shallower
(Figure 3 (c)). By comparing epitaxy with interfacial hydrogen incorporation of sample D
(Figure 3 (c)) and D’ and (Figure 3 (d)), we observe the formation of columnar structures in
sample D’. This gathering of defects in the form of columns also corresponds to a global
defect-density decrease (see below). There could be something like the beginning of a
"polygonization”, which happens in metallurgy when deformation-induced dislocations group

to form sub-grain boundaries. [27]
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Figure 3. TEM characterization of epitaxy interface quality under different conditions.
Reference Si epitaxy (a) before (sample A) and (b) after (sample A’) anodic bonding. Epitaxy
with interfacial hydrogen incorporation (c) before (sample D) and (d) after (sample D”) anodic

bonding.

Let us now quantitatively measure the defects in epitaxial Si layer with the help of
TEM characterization. The principle of defect measurement in TEM is illustrated in Figure 4.
First of all, a hole is drilled in thin foil (TEM lamella) with the e-beam with a 30° tilt as
shown in Figure 4 (a). Then, the foil is tilted back to 0° for observation (Figure 4 (b)). We

have a relation of t=d/tan 30°, where t is the foil thickness and d is the apparent length of the
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drilled hole as illustrated in Figure 4 (c) and (d). The raw measurement of defect density (um™)
is counted directly from the TEM images, for example, TEM image in Figure 4 (c). Then, the
volume density (um™) can be obtained by dividing the raw measurement with foil thickness t.
The area density (cm™) equals to (volume density (cm™))?3. The raw measurement data is
collected from an average of 3 to 4 measurements. Based on this protocol, the platelet defect
density of samples A, A’, D and D’ can be calculated. The corresponding data is presented in
Table 3. We can conclude from Table 3 that the defect density near the surface is lower than
at the interface for all of these four samples. The higher defect density at interface is due to
the slight lattice difference between c-Si substrate and c-Si:H epitaxial layer [12]. Note that
the average error on the TEM density measurements is about 0.5x10™ cm™, except for sample
D' where it is about 0.2x10™ cm™ By comparing samples A and A’ (without interface
treatment), we can see that the standard epitaxial Si layer has a roughly constant defect
density. The interfacial platelet defect density is further increased to 2x10™ cm™ in sample D
of epitaxial Si with a gradient interface. Interestingly, this value has been greatly decreased to
0.7x10™ cm™ for sample D’ after anodic bonding. Moreover, the defect density near surface
of sample D’ has been also reduced to 0.7x10'! cm? which is a value much lower as

compared to other epitaxial samples at the same region near epitaxy surface. We can also
observe the presence of hydrogen platelet defects in Figure 4 (d). However, such kind of

platelets are aligned in sample D’ after anodic bonding. Because of alignment, the
coalescence of platelets occurs. As a result, the platelet defect density is decreased both near
surface and at interface. The reason of coalescence of hydrogen platelets will be presented in

the discussion part afterward.
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Figure 4. Schematic illustration of the method for defect measurement using TEM images. ()

Tilt at 30 ° to drill a hole in thin foil with e-beam then (b), tilt at 0° for observation. TEM

cross-section of epitaxial Si of sample D (c) and sample D’ (d). The white arrow in (c)

indicates the hole for foil thickness measurement.

Table 3. Platelet defect density of 4 different epitaxial Si layers near surface and at interface.

Samples | Regions Defect
density
(10" cm™)
A Surface 0.92
Interface 1.05
A’ Surface 1.1
Interface 1.5
D Surface 1.4
Interface 2.0
D’ Surface 0.66
Interface 0.68

12



To characterize the interfacial structure, the microstructural evolution of sample A to
A’ (standard epitaxy) as well as that of sample D to D’ (bi-layer epitaxy with hydrogen
incorporation at interface) is investigated by HRTEM. Figure 5 (a) and (b) show the HRTEM
characterization of samples A and A’ (as-deposited and after anodic bonding cases),
respectively. The corresponding interface HRTEM images are presented in the insets of
Figure 5 (a) and (b). Interestingly, we can see that the interface between epitaxy and substrate
is almost invisible. The presence of hydrogen platelets can be observed, which is typical for
PECVD-grown epitaxial layers.[16] We can observe in Figure 5 (c) as well as its HRTEM
image in the inset that there is a discontinuous interface contrast or porosity in sample D, for
which more hydrogen atoms were incorporated at the interface. The width of the interface is
estimated to be one monolayer. Interestingly, we can see that the width of the interface
increases to ~ 1 nm after anodic bonding as shown in Figure 5 (d). As evidenced in the inset
of Figure 5 (d), defects are observed at interface, which indicates that the interface becomes

amorphous or has a low atomic density. In other words, it becomes fragile.

Figure 5. High resolution TEM characterization of epitaxial Si/c-Si interface quality under

different conditions. (a) As-deposited reference epitaxy (sample A). (b) Reference epitaxy

13



after anodic bonding (sample A’). (c) As-deposited epitaxy with hydrogen incorporation at
interface (sample D). (d) Epitaxy with hydrogen incorporation at interface after anodic
bonding (sample D). Insets in (a), (b), (c) and (d) show the corresponding HRTEM images at

the interface between epitaxy and substrate.

Raman spectroscopy (532 nm excitation laser) was used to investigate the
incorporation of hydrogen for three epitaxial layers including samples A, D and D’. The
detailed data are presented in Figure 6. Similar crystallinity of samples A and D is evidenced
as shown in Figure 6 (a), where the corresponding full width at half maximum (FWHM)
values are 8.1 and 8.3, respectively. However, epitaxy after anodic bonding (sample D’)
exhibits a slightly higher value of FWHM of 10.1 indicating that some degradation of
epitaxial quality occurs during anodic bonding. Combing Figure 6 (b) and (c), it can be
observed that neither Si-H nor H-H bonding appear in epitaxial Si after anodic bonding
(sample D). This indicates that H atoms and molecules can be desorbed at a temperature as
low as 250 °C under 1000 Volts in 10 min. In pure thermal annealing conditions, H can only
be desorbed around 300 °C for the intrinsic epitaxial Si [28]. The much lower desorption
temperature must be related to the high voltage (1000 Volts) applied for anodic bonding. The
epitaxial layer was in contact with the cathode during anodic bonding and it is expected that
hydrogen (H+) in epitaxial Si will move towards the cathode, which will consequently desorb

hydrogen from epitaxial layer.
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Figure 6. Raman spectra of three epitaxial samples (A, D, D’) at different shift range with (a),
(b) and (c) corresponding to Si-Si bonds (520 cm™), Si-H bonds (2100 cm™) and H-H bonds

(4100 cm™), respectively.

The morphology of epitaxial Si surface (sample D’) is investigated with the help of
AFM (Asylum research, Oxford instruments). AFM tips (AC240TM) from Olympus were
used, which has a doped Si cantilever and a Pt coating. Two types of surface of epitaxial Si
were characterized including the top surface of epitaxy Si before bonded to glass and the
detached surface after transferring, which corresponds to the interface before transferring. The
corresponding results are shown in Figure 7. Figure 7 (a) presents the AFM characterization
of the top surface of Si epitaxial layer before it’s bonded to glass. From Figure 7 (a), we can
see that the top surface of epitaxial Si layer exhibits some humps and holes at nanoscale. The

root mean square (RMS) value can be calculated to be 1.2 nm. Figure 7 (c) shows the
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corresponding AFM image of the detached surface of the epitaxial Si after being bonded to
glass. As in the case of top surface of epitaxial Si layer, we can also detect several humps and

holes. The corresponding RMS value is the same as in the top surface of 1.2 nm.

Figure 7. AFM mapping of epitaxial Si layers. (a) and (b) present the AFM characterization of
top surface of Si epitaxial layer before being bonded to glass and detached surface of the

epitaxial Si layer bonded to glass, respectively.

4. Discussion

The mechanism of pore formation via interfacial hydrogen incorporation can be
discussed as follows. Based on our characterization results above, hydrogen atoms are
considered to be the dominant element causing the detachment of the Si epitaxial layer.
Therefore, we considered the evolution of hydrogen atoms in three steps: epitaxy, anodic
bonding and annealing. During epitaxial growth, the bilayer interface enhances the
incorporation of hydrogen atoms during film growth. This can be attributed to the higher
disorder in these layers as compared to monocrystalline Si. Compared to the introduction of H
atoms via ion implantation in a Smart-Cut process,[21] here H atoms are incorporated during
the epitaxial growth. During anodic bonding at 250 °C, it is reported that hydrogen ions (H")

in glass move in the same direction as Na* towards the cathode [29, 30]. Therefore, we can
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expect that hydrogen in the epitaxial Si layer moves also towards the cathode, away from Si
wafer. This can be evidenced by the Raman data in Figure 6 (a) and (c) showing the
disappearing of Si-H and H-H peak after anodic bonding. By comparing HRTEM images in
Figure 5 (c) and (d), we also observed that the interfacial defective region has been widened
and smoothed after anodic bonding due to the exodifusion of hydrogen in epitaxial Si layer.
The micro cavities formed during anodic bonding because of H, molecule evolution will be
further expanded with a tweezer-induced mechanical force upon annealing at 300 °C.
Therefore, a coalescence of these micro cavities occurs leading to the peel-off of epitaxial Si

layer.

5. Conclusion

In summary, we have developed an interface modification method based on the
deposition of a bilayer epitaxial Si to produce a fragile thin film interface for layer transfer.
By adding a thin bilayer prior to the bulk epitaxial growth, the interface porosity can be
greatly enhanced as evidenced by ellipsometry. The accumulation of H atoms at the interface
helps to fragilize the interface upon annealing. Anodic bonding is found to be compatible with
our transfer method of producing a fragile interface based on hydrogen incorporation. With
the help of HRTEM, we found that the micro cavities (porosity) are formed at the interface,

which is most likely due to the exodifusion of hydrogen during anodic bonding.
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