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Germanium (Ge) is increasingly used as a substrate for high-performance optoelectronics, photovoltaics,

and electronic devices. These devices are usually grown on thick and rigid Ge substrates manufactured

by classical wafering techniques. Nanomembranes (NMs) provide an alternative to this approach while

offering wafer-scale lateral dimensions, weight reduction, waste limitation, and cost effectiveness.

Herein, we introduce the Porous germanium Efficient Epitaxial LayEr Release (PEELER) process, which

consists of the fabrication of wafer-scale detachable Ge NMs on porous Ge (PGe) and substrate reuse.

We demonstrate the growth of Ge NMs with monocrystalline quality as revealed by high-resolution

transmission electron microscopy (HRTEM) characterization. Together with the surface roughness below

1 nm, it makes the Ge NMs suitable for growth of III–V materials. Additionally, the embedded

nanoengineered weak layer enables the detachment of the Ge NMs. Finally, we demonstrate the wet-

etch-reconditioning process of the Ge substrate, allowing its reuse, to produce multiple free-standing

NMs from a single parent wafer. The PEELER process significantly reduces the consumption of Ge in the

fabrication process, paving the way for a new generation of low-cost flexible optoelectronic devices.
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tion (ESI) available. See DOI:

e manuscript.

6–4702
1. Introduction

Free-standing semiconductor nanomembranes (NMs) draw
tremendous attention in the eld of nanoscience and engi-
neering for their unique mechanical and structural properties.1

In this regard, they represent a powerful building block for
monocrystalline growth, layer release, and transfer to any target
substrate.2 This enables us to leverage semiconductor material
properties and manufacture novel devices such as transistors,3

sensors,4 photodetectors,5,6 and photovoltaic devices.7 Addition-
ally, NMs allow a signicant reduction in material consumption
compared to substrates manufactured by conventional wafering
techniques.8,9 This is especially appealing in the case of critical
and expensive materials such as germanium (Ge).10 This is
a major breakthrough for high-efficiency photovoltaics due to the
growth compatibility between Ge NMs and a wide range of III–V
alloy materials.11,12 By drastically reducing the Ge amount, the
NMs allow development of lightweight high-efficiency devices for
space applications such as multijunction solar cells. Indeed, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of Ge NM fabrication and substrate reuse
by the PEELER process.
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Ge substrate represents over 90% of the total solar cell's weight.13

The NM strategy further complements the on-going efforts in
development of a sustainable process ow from Ge extraction to
device processing.14,15

In recent years, various strategies for fabrication of detachable
membranes and substrate reuse have been proposed. For
example, the Smart-Cut™ process16,17 pioneered the fabrication of
NMs on oxide substrates, using ion implantation to create
a separation interface in the parent substrate, and wafer bonding
to transfer the layer on the inexpensive substrate holder. Another
technique called Epitaxial li-off of layers (ELO) uses a sacricial
layer with selective chemical etching to grow and release the
“active” epitaxial structure.18,19 However, this etching process is
extremely slow and can take tens of hours at the wafer-scale, which
is a major drawback of this method. Another technique that has
emerged in this eld is controlled spalling.20 Thismethod involves
the deposition of a metal strain-inducing layer on the bulk
material, allowing the top layer to be separated from the substrate.
Although, this generates various defects in the layer, it has been
shown that high efficiency devices can be still fabricated on such
a substrate, with limited inuence on their performance.21

Recently, another technique called Germanium-on-Nothing7,22

(GoN) has been demonstrated. This process uses a sequence of
photolithography, plasma etching, and annealing steps to engi-
neer a voided weak layer at the interface between the bulkmaterial
and the Ge NM, which enables the separation of the membrane
from the substrate. This approach shows the potential of engi-
neered substrates for fabrication of GeNMs.7,22 A similar result can
be also achieved using different nanostructures such as porous
layers.23–25 This is especially promising as they can further simplify
the process and reduce the cost. Although these demonstrations
present signicant advancements in the eld, there is still room
for improvement notably in the domain of substrate reuse.

In the present work, we introduce the Porous germanium
Efficient Epitaxial LayEr Release (PEELER) process for wafer-
scale growth of monocrystalline Ge NMs and their detach-
ment, compatible with Ge substrate reuse. This approach
consists of four key steps: (i) wafer-scale porosication by
bipolar electrochemical etching (BEE) of Ge wafer,26 (ii) growth
of a monocrystalline Ge NM on porous Ge (PGe),25 (iii) Ge NM
detachment from the substrate, (iv) substrate reconditioning by
chemical etching to enable reuse of the substrate for production
of multiple Ge NMs.27 Here, we provide detailed structural
investigations of the epitaxial Ge NMs by High-resolution
transmission electron microscopy (HRTEM). The chemical
beam epitaxy (CBE) growth of single-phase GaAs on Ge NMs
shows the suitability of this type of substrate for the growth of
III–V heterostructures. The analysis of the Ge consumption of
the PEELER process testies considerable reduction of the total
Ge material used to produce high-performance devices,
compared to growth on conventional wafers.

2. Experimental section
2.1. PEELER approach

The PEELER approach is composed of four steps as illustrated
by Fig. 1. (i) A PGe layer is shaped on top of the Ge substrate by
© 2023 The Author(s). Published by the Royal Society of Chemistry
electrochemical etching. (ii) A Ge buffer layer is grown at low
temperature (LT) followed by an annealing step to transform the
porous layer into a weak voided layer underneath the Ge buffer.
Then, a Ge NM is thickened by growth at high temperature (HT).
(iii) The Ge NM is mechanically detached from the substrate.
(iv) The parent substrate is reconditioned by a wet-etch-
reconditioning process and the process is repeated to produce
multiple Ge NMs.
2.2. Porosication

PGe layers were formed by bipolar electrochemical etching
(BEE) in a custom-made 100 mm electrochemical cell. p-Type
gallium doped, 100 mm Ge wafers (provided by Umicore®)
with resistivity 10–30 mU cm and (100) crystal orientation with
6° miscut towards (111) were used as a substrate. A 4 : 1 ratio
solution of HF : EtOH was used as the electrolyte for the BEE.
During the process, asymmetric pulses were applied, with an
etching current density of 0.5 mA cm−2, passivation current
density of 1.0 mA cm−2, and equal pulse duration of 1 s for
a total process time of 2 h. Further details on the BEE process
can be found in our previous work.26
2.3. Epitaxial growth

Prior to the epitaxial growth, samples were cleaned in an acid
solution of HBr : EtOH to remove the native oxide and provide
a chemical passivation for the sample transfer to the growth
chamber.28 Aer introduction into the reactor chamber, an
annealing under high vacuum conditions (∼10−6 torr) is carried
out to desorb the chemical passivation provided by HBr.29 Ge
and GaAs were grown in a hybrid VG Semicon V90F CBE/MBE
reactor,30,31 with a liquid nitrogen cryopanel and a thermo-
couple for growth temperature monitoring. The Ge MN was
grown with a two-step growth with an in situ annealing in
between, using the solid source of Ge with the K-cell heated at
1250 °C (∼10−6 torr). First, a 200 nm-thick LT Ge buffer layer
was grown at 200 °C, and then annealed to reorganize the PGe
structure. Finally, the 500 nm thick HT Ge epi was grown at
475 °C. The growth of the 400 nm thick GaAs layer was carried
out at 425 °C, using the CBE mode with thermally cracked
arsine at 950 °C in a cracking cell before injection, as a source of
Nanoscale Adv., 2023, 5, 4696–4702 | 4697
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As, and triethylgallium as a precursor of Ga. The corresponding
growth steps are depicted in Fig. S1.† Aer the epitaxial growth,
the NM was separated from the parent substrate using a vertical
mechanical pulling.
2.4. Material characterization

Cross-section images were obtained using scanning electron
microscopy (SEM) (LEO 1540 XB®) to observe the porous
structure before and aer reorganization. An acceleration
tension of 20 keV was used. The surface roughness of the porous
layers and the Ge NMs was measured by atomic force micros-
copy (AFM) with a Veeco Dimension 3000® in tapping mode,
with a scan size of 10 × 10 mm2. The mapping of PGe layers was
performed by ellipsometry using a J. A. Woollam Co. VASE (R)
instrument (500–900 nm). 49 measurement points were
measured in the radial pattern with a distribution of 22.5° and
a radial spacing of 1.25 cm. The crystalline quality of the Ge
NMs was evaluated using a high-resolution transmission elec-
tron microscope (HRTEM, Talos 200X) and high-resolution X-
ray diffractometer (SMARTLAB, Rigaku).
3. Results and discussion
3.1. Epitaxial growth of Ge NMs on PGe

The PEELER cycle starts with the formation of a uniform PGe
layer by BEE. The cross-sectional SEM image (Fig. 2a) shows
a well-dened interface between the PGe layer with sponge-like
morphology and the bulk Ge material. Non-destructive ellips-
ometry mapping with 49 measurement points was used to
determine the PGe layer characteristics and to evaluate its
uniformity over the entire 100 mm wafer (Fig. 2b and c). The
mean thickness of the PGe layer is 174 ± 3 nm (Fig. 2c) which is
consistent with SEM image analysis (Fig. 2a). In terms of
Fig. 2 (a) Cross-sectional SEM image of the PGe layer. Ellipsometry map
(d) Cross-sectional SEM image of the epitaxial Ge NM. (e) Optical image of
of the Ge NM surface with a RMS roughness of 0.7 nm.

4698 | Nanoscale Adv., 2023, 5, 4696–4702
porosity, the mean value is 42 ± 1% (Fig. 2b). These results
demonstrate excellent uniformity with a standard deviation
below 2% for both thickness and porosity. Moreover, the RMS
roughness of the PGe layer is approximately 2 nm (Fig. S2†). The
medium porosity combined with low surface roughness and
good lateral homogeneity make this PGe layer suitable as an
epitaxial template for Ge growth.

Ge epitaxial growth on the PGe substrate results in a 700 nm-
thick Ge NM structure, composed of the 200 nm-thick LT Ge
buffer layer and the 500 nm-thick HT epitaxial Ge, as shown by
the cross-sectional SEM image of the structure in Fig. 2d. The
initial LT Ge buffer has a purpose to create a crystalline seeding
layer for further growth,25 as well as to cap the porous structure
and conne it to the PGe/Ge buffer interface. Once a fully
densied Ge buffer layer is obtained on top of the PGe structure,
the nal thickness of the Ge NM can be tuned by growth time
and growth rate during the HT growth.

As revealed by the SEM cross-sectional image (Fig. 2d), the
PGe morphology is signicantly reorganized during the HT
annealing and the HT growth. This porous transformation is
based on the Ostwald ripening and Rayleigh instability,24,32

which allows the formation of the weak layer, and facilitates the
separation of the Ge epilayer from the substrate. The pillars in
the weak layer provide the mechanical stability of the NM and
enable its subsequent li-off. Similar shape transformations
into a voided region have been reported for porous structures of
other semiconductor materials such as Si,33,34 InP (ref. 35) and
GaN.36,37

Aer the growth, the visual inspection of the 100 mm Ge NM
shows a mirror-like surface (Fig. 2e). To further investigate the
surface quality of the Ge NM, an AFM surface analysis was
performed. Fig. 2f shows a smooth surface with an RMS
roughness of 0.7 nm, which is close to the roughness of the
parent Ge epi-ready substrate (RMS roughness ∼0.3 nm).
ping of the (b) porosity and (c) thickness across the 100 mm PGe wafer.
a typical epitaxial Ge grown on PGe/Ge at the wafer-scale. (f) AFM scan

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 HRXRD analysis of GaAs on Ge taken around (004) (a) and (115)
(b) reflections. (c) Triple axis reciprocal space (RSM) around (004) and
(d) asymmetric (115).
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To determine the crystal quality, the Ge NM was character-
ized by HRTEM along the zone axis [110]. The cross-sectional
image of the Ge NM structure (Fig. 3a) shows three regions:
the Ge substrate, the weak layer, and the Ge NM. No defects nor
dislocations are observed in the Ge epi-layer, which is further
supported by HRTEM zoom at the pillar/Ge buffer interface
shown in Fig. 3b. This also demonstrates that the crystalline
continuity between the pillars and Ge NM is conserved and
rules out the presence of dislocations inside of the buffer layer.
This is expected, as there is no strain introduced during the
homoepitaxial growth of Ge on PGe. The selected area electron
diffraction (SAED) pattern obtained from Ge NM (Fig. 3a-1)
shows diffraction spots corresponding to a monocrystalline
pattern of Ge. Moreover, the Ge epilayer pattern is identical to
the one from the substrate (Fig. 3a-2). This conrms that the
crystallographic information was transmitted from the
substrate to the Ge NM. This preservation of the crystalline
quality is also supported by the similarity of the crystallographic
planes' orientation, shown by the high-resolution zoomed
images of the Ge NM and the substrate (Fig. 3c-e). Fourier mask
ltering tools and the inverse fast Fourier transform (IFFT) were
applied to determine the interplanar spacing, shown by gener-
ated lattice fringes for the Ge NM and bulk Ge in Fig. 3d–f,
respectively. In these gures, the lattice fringes of the (1−11)
planes are indicated by two parallel lines. The interplanar
spacing is approximately 0.33 nm for both Ge NM and Ge, which
is in agreement with the d1−11 of the diamond cubic structure of
Ge.38 Therefore, HRTEM observations demonstrate the
successful growth of single-crystal Ge on PGe/Ge substrates with
the same crystal orientation.
3.2. GaAs growth on the Ge/PGe structure

To demonstrate the viability of detachable Ge NMs for the
growth of III–V compounds, a 400 nm GaAs layer was grown on
top of the Ge NM. The structural quality of the GaAs/Ge/PGe
structure was evaluated by HRXRD in the u–2q conguration,
around (004) symmetric and (115) asymmetric atomic planes
Fig. 3 (a) Cross sectional TEM image of the epi-layer Ge structure, the co
(FIB) milling. Insets in (a) are the selected-area electron diffraction (SAED)
[110] zone axis. (b) HRTEM of the Ge-epi/PGe interface. (c) HRTEM of the
epi-layer showing only (1−11) crystalline planes. (e) HRTEM from the Ge
plane.

© 2023 The Author(s). Published by the Royal Society of Chemistry
(Fig. 4a and b). For the (004) plane, the full width at half
maximum (FWHM) of the Ge NM diffraction peak is 15± 4 arcs,
which is comparable to the value of bulk Ge (14 ± 4 arcs). The
FWHM of the GaAs on the Ge/PGe diffraction peak is 80 ± 4
arcs, matching with the GaAs reference grown on bulk Ge (76 ±

4 arcs) (as shown in Fig. S3 of the ESI†). The Ge and GaAs peaks
are sharp and show no signicant broadening, which proves the
same quality as the GaAs reference.

Fig. 4c and d display measured reciprocal space mapping
(RSM) of the structure around (004) and (115) planes, respec-
tively. Each RSM shows two distinct reciprocal lattice-point
maxima corresponding to Ge and GaAs epitaxial layers,
ntrast variation is due to thickness fringes induced by focused ion beam
patterns from the Ge epi-layer (a-1) and substrate (a-2), taken along the
Ge epi-layer. (d) The inverse fast Fourier transform (IFFT) from the Ge
substrate. (f) IFFT from bulk Ge displaying only the (1−11) crystalline

Nanoscale Adv., 2023, 5, 4696–4702 | 4699
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plotted as a function of their respective reciprocal space axes Qx

(in-plane) and Qz (out-of-plane). GaAs and Ge peaks are well
aligned along the vertical direction, which means that the GaAs
was grown pseudo-morphically. This behavior can be explained
by the fact that the deposited GaAs thickness is below the crit-
ical thickness,39 leaving a fully strained layer. These results
demonstrate the compatibility of Ge NMs with III–V materials.

3.3. Substrate reconditioning and reuse

To assess the possibility of reusing the parent Ge wafers at the
end of the process, we have designed a cost-effective recon-
ditioning method of the Ge substrate through a wet etching of
the surface.27 Aer Ge NM separation, the RMS surface rough-
ness of the substrate is 20.1 nm (Fig. 5a–c). This is due to the
presence of porous layer residues (Fig. S4 of the ESI†). This
leads to the formation of an inhomogeneous PGe layer with
defects, making it unsuitable for a further epitaxial
regrowth.40,41 To remove these residues, the substrate was
etched in a HF-based aqueous solution, with H2O2.27 The
combined use of an oxidizing agent (H2O2) and an etching agent
(HF) allows etching of the substrate surface.42 Then, we
demonstrated that a high concentration of H2O2 compared to
HF and water resulted in an efficient surface attening with an
RMS roughness of 1.3 nm (Fig. 5-d).

This makes the reconditioned substrate suitable for the
reporosication and results in a PGe layer with a roughness
around 2.2 nm, which is comparable to that of the PGe layer on
the epi-ready substrate (∼2 nm Fig. S2†). This value is low-
enough to ensure the suitability of the reporosied substrate
for a new epitaxial growth. Finally, aer a second epitaxial
growth of Ge, the roughness of the epitaxial layer was measured
at 2.5 nm (Fig. 5a–e). This value remains low enough for a new
epitaxial growth of GaAs as achieved aer the rst growth of Ge
Fig. 5 (a) RMS roughness evolution at different steps of the reconditioni
after the first epi-growth, (c) as-detached substrate, (d) reconditioned su
epitaxial Ge grown on a PGe/Ge template and epitaxial Ge regrown on

4700 | Nanoscale Adv., 2023, 5, 4696–4702
(RMS = 0.7 nm in Fig. 5a and b). Fig. 5f shows the standard
wide-angle XRD of the Ge epilayer grown on the stack PGe/
reconditioned substrate. XRD patterns of the bulk Ge
substrate and the Ge epilayer (1st) growth are also included as
a reference. The (002) and (004) reections agree with those of
the reference. The structural investigations rule out the pres-
ence of amorphous or polycrystalline domains and suggest the
formation of a monocrystalline structure. These results
demonstrate a reuse sequence without loss of the surface or
crystalline quality of the Ge epilayer and emphasize the effec-
tiveness of the PEELER approach.

3.4. Ge consumption analysis

The PEELER approach signicantly reduces the portion of Ge
used for device fabrication compared to conventional Ge
wafers.43 As shown in Fig. 6, in the case of a conventional
100 mm Ge wafer substrate (not reused), having 145 mm of
thickness, 6.06 g of Ge is passed onto the device processing, e.g.,
solar cell production. During this manufacturing process, about
2.72 g of Ge is lost because of wafer thinning down to 80 mm.44

On the other hand, following the PEELER approach, a substrate
is expected to be reused multiple times for device
manufacturing (Fig. 6). Taking into consideration the growth of
a 5 mm Ge layer, as it is a thickness sufficient for a Ge bottom
cell,45 only 0.21 g of Ge is consumed for solar cell fabrication.
Adding up 0.06 g of Ge lost during wastewater recycling, only
0.27 g of Ge is used per cycle. This represents more than 95%
reduction of Ge consumption compared to conventional Ge
wafers. Moreover, by using 600 mm Ge wafers, the substrate can
be reused for up to 30 times before it becomes too fragile for
manipulation and is recycled. Use of thick wafers in the process
limits also the loss of Ge due to the wafer sawing and waste-
water treatments during the initial wafer production.46,47
ng process (b–e) AFM scan results (10 × 10 mm in tapping mode) of (b)
bstrate and (e) after epi-regrowth. (f) 2q scan of the Ge substrate, first
PGe/Ge after the reconditioning.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Comparison of Ge consumption between (a) the conventional
Ge wafer pathway and (b) the PEELER approach illustrated in the case
of solar cell fabrication.
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4. Conclusions

With the PEELER approach, we demonstrated the fabrication of
detachable monocrystalline Ge NMs and substrate reuse. The
proposed approach uses a BEE process, which is demonstrated
on 100mmGe wafers and allows the production of uniform PGe
layers. The PGe/Ge substrate is then used to grow high-quality
monocrystalline Ge NMs. The morphological transformation
of PGe during the HT annealing enables the detachment of the
Ge NMs. Thus, the produced Ge NMs are suitable for the
epitaxial growth of III–V materials.

Aer detachment of the Ge NM, the reconditioning of the Ge
substrate was achieved using a HF-based chemical solution to
selectively remove porous layer residues. This treatment reduces
the RMS roughness of the substrate from 20 nm to 1.3 nm
allowing the process to be repeated on the used substrate.
Monocrystalline Ge NMs were again obtained with a surface
quality suitable for III–V growth for solar cells. The PEELER
process enables the production of multiple Ge NMs from a single
substrate at the wafer-scale. A case study of its impact on the
sustainability of space solar cell production was presented, where
we estimated 0.27 g of Ge consumption per PEELER cycle
compared to 6.06 g consumed by the conventional wafer strategy.

Finally, this approach implements a sustainable process ow
by achieving a signicant reduction of Ge consumption in a real
case device fabrication. It implies a positive effect by avoiding
unnecessary resource depletion produced by the current Ge
wafer processing. Moreover, the Ge NMs take advantage of low
mass and exibility and offer a platform for a new generation of
Ge and III–V based lightweight and exible high-performance
optoelectronic devices.
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Zapata contributed equally to this work. N. Paupy, Z. O. Elh-
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