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Abstract: Germanium (Ge) is a critical material for applications in space solar cells, integrated
photonics, infrared imaging, sensing, and photodetectors. However, the corresponding cost and
limited availability hinder its potential for widespread applications. However, using Ge freestanding
membranes (FSMs) allows for a significant reduction in the material consumption during device
fabrication while offering additional advantages such as lightweight and flexible form factor for
novel applications. In this work, we present the Ge FSM production process involving sequential
porous Ge (PGe) structure formation, Ge membrane epitaxial growth, detachment, substrate cleaning,
and subsequent reuse. This process enables the fabrication of multiple high-quality monocrystalline
Ge FSMs from the same substrate through efficient substrate reuse at a 100 mm wafer scale by a
simple and low-cost chemical cleaning process. A uniform, high-quality PGe layer is produced on the
entire recovered substrate. By circumventing the use of conventional high-cost chemical–mechanical
polishing or even substantial chemical wet-etching, and by using an optimized PGe structure with
reduced thickness, the developed process allows for both cost and an environmental impact reduction
in Ge FSMs production, lowering the amount of Ge used per membrane fabrication. Moreover, this
process employs large-scale compatible techniques paving the way for the sustainable production of
group IV FSMs for next-generation flexible optoelectronics.

Keywords: germanium; porous lift-off; freestanding membranes; layer transfer; substrate reuse

1. Introduction

Germanium (Ge) is at the forefront of many applications in optoelectronics and pho-
tonics including lasers [1,2], wave guides [3,4], photodetectors [5–7], THz transmission [8],
thermophotovoltaic [9–11], and high-efficiency solar cells [12]. Moreover, thanks to the
closely matching thermal and crystallographic properties of Ge and gallium arsenide
(GaAs), Ge substrates provide a compelling alternative for epitaxial growth of III-V com-
pounds, while offering wafer diameters up to 300 mm. For these reasons, Ge is considered a
critical raw material [13,14]. However, its widespread adoption, outside high added-value
markets without alternatives, is hindered by its continuously rising high cost due to the in-
creasing demand for this rare material. Ge, representing a scant 0.00015% of Earth’s crustal
composition, is typically not encountered in its free state. This element is predominantly
sourced as a secondary product, being derived approximately 75% from zinc ore residues
and 25% from the ashes of coal combustion [12,13]. It is estimated that around 30% of
the world’s total Ge production comes from recycling. However, it comes predominantly
from new scraps generated during the manufacturing process of fiber-optic cables, infrared
optics, and substrates, which are reclaimed and fed back to the production process [15,16].
Although the recycling of old scraps has increased during the past decade, it comes mainly

Sustainability 2024, 16, 1444. https://doi.org/10.3390/su16041444 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su16041444
https://doi.org/10.3390/su16041444
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-5286-1385
https://orcid.org/0000-0002-6418-6233
https://orcid.org/0000-0002-3524-1256
https://orcid.org/0000-0001-9693-6054
https://doi.org/10.3390/su16041444
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16041444?type=check_update&version=2


Sustainability 2024, 16, 1444 2 of 12

from end-of-life fiber-optic cables and infrared optics, as the Ge recovery from electronic
devices is a very complicated process that has not been demonstrated at an industrial
scale [17,18].

Indeed, while conventional Ge substrates have a thickness of 140 µm, 225 µm, and
450 µm for diameters of 100 mm, 150 mm, and 200 mm [19], respectively, the efficiently
required thickness for device operation generally does not exceed 10 µm. Thus, over 90%
of the Ge material serves only as mechanical support without any added value to device
functionality or performance. This unnecessarily increases the price of optoelectronic de-
vices and increases the amount of hard-to-recover Ge in end-of-life products. A promising
solution to this issue consists in using thin, freestanding membranes (FSM) instead of
conventional thick substrates [20], to reduce the quantity of used material. Additionally,
FSM offers additional advantages such as being lightweight, flexible, and providing an
extra degree of freedom for integration compared to conventional heterointegration tech-
niques [21]. For instance, solar cells for space and vehicle applications are a perfect example
of a sector that would benefit from the lightweight FSM, as the power-to-mass ratio is
an important factor in this domain [22]. Similarly, the thin nature of the Ge FSM brings
added benefits for thermophotovoltaic applications, as the presence of the thick substrate
underneath the active layer results in an unwanted loss in efficiency due to the parasitic
radiative coupling [23,24]. Additionally, the freestanding nature of the membranes allows
for their direct integration on the structures incompatible with high-quality monocrystalline
growth as well as for stacking of materials with large lattice mismatch, which is impossible
with conventional heteroepitaxy [21]. The Ge FSM have already proven their potential for
thin, high-efficiency solar cells [25–28], thermophotovoltaics [29], photodetectors [30,31],
and biosensing applications [32,33]. The main domains and applications of Ge FSM are
illustrated in Figure 1.
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Figure 1. Illustration of Ge FSM applications. The central image depicts freestanding Ge membranes
on a flexible holder obtained in this work.

Various techniques have been demonstrated for Ge FSM fabrication, including substrate
thinning [34], epitaxial liftoff [35,36], Smart cut technology [37], mechanical spalling [38], 2D-
assisted epitaxy [39,40], and Germanium-on-Nothing [41,42]. Among them, the porosifica-
tion lift-off technique has recently received significant attention and development thanks to
its potentially high-throughput and cost-effective process [20,25]. This approach involves
the formation of a uniform and tunable porous Ge (PGe) layer [43] using electrochemical
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etching [44–47], followed by the deposition of a Ge membrane on top of it. The membrane
can then be detached from the parent substrate through the weak nanostructured interface,
forming a thin Ge FSM. Moreover, this technique enables the reconditioning of the parent
substrate by chemical etching and its reuse for the production of multiple Ge FSM [48],
further reducing the fabrication cost by avoiding the need for costly chemical–mechanical
polishing [49,50]. Overall porosification liftoff has shown its potential for large-scale
production of Ge FSM, with the significantly reduced consumption of Ge material than
standard wafering techniques. Even with all the recent advancements this technique holds
the potential to be improved and further reduce the quantity of Ge during the production
of Ge FSM.

Here, we present an optimized wafers-scale process enabling the Ge FSM fabrication
using a porosification lift-off technique, involving the PGe structures with a reduced
thickness and porosity, allowing for both reduced Ge consumption and improved Ge FSM
surface quality. We demonstrate a successful cleaning of the entire 100 mm substrate after
the detachment of the Ge FSM, using slow chemical etching of the PGe residues. The
reporosification of the recovered substrate is achieved, resulting in a new high-quality
uniform PGe suitable for the further production of Ge FSM from the same substrate. These
results highlight the potential of using Ge FSM to reduce rare material consumption during
optoelectronic device production, offering a sustainable pathway for the next-generation
high-performance devices.

2. Materials and Methods
2.1. Sample Preparation

PGe layers were formed using an optimized bipolar electrochemical etching (BEE)
process [43] on top of Ge substrates. The p-type gallium (Ga) doped, 100 mm Ge wafers
oriented along the (100) axis, with 6◦ off-axis miscut towards (111) orientation and resis-
tivity of 8–30 mΩ·cm were used in this study. Before the PGe formation, the Ge substrate
was deoxidized in a concentrated hydrofluoric acid (HF, wt%) solution for 5 min, fol-
lowed by rinsing in anhydrous ethanol (EtOH, 99 wt%) and drying under nitrogen (N2)
flow. The BEE was carried out in a custom-built 100 mm porosification cell, consisting
of a polytetrafluoroethylene (PTFE) body, copper (Cu) backside electrode, and platinum
(Pt) wire working electrode, filled with 300 mL of electrolyte solution composed of HF
(49 wt%):EtOH (99 wt%) in 4:1 (V:V) proportions. The SP-50 BioLogic generator was used
to apply cyclic square 1 s pluses of etching and passivation with 1.5 and 1.0 mA·cm−2

current density, respectively. Each cycle was separated by 1 s rest time and 420 cycles were
applied in total to produce the PGe layer. At the end of the process, PGe substrates were
rinsed with EtOH (99 wt%), dried under N2 flow, and subsequently placed into the loading
chamber of the growth reactor under a vacuum. Further details on PGe formation can be
found in our previous work [43].

The ~1 µm thick Ge membrane was grown in a VG Semicon VG90H CBE reactor at
300 ◦C, using a solid source of Ge, heated at 1250 ◦C, with a nominal deposition rate of
500 nm·h−1, as described previously [20].

After epitaxial growth, the Ge FSM is detached using an adhesive tape and is trans-
ferred onto a flexible Polyvinyl Chloride (PVC) substrate. The recovered Ge substrate has
been reconditioned by immersion in a concentrated hydrogen peroxide (H2O2, 30 wt%)
solution for 1 min, at room temperature, to transform the remaining PGe crystallites at
the surface in germanium dioxide (GeO2) and etch them slowly away. The substrate has
been subsequently deoxidized in concentrated HF (49 wt%) to dissolve the remaining
Ge oxides on the surface and recover a flat surface. The reconditioned substrate is then
reporosified, using the same BEE conditions as on the epi-ready substrate. The complete
list of specifications of all the chemicals used in this study can be found in Table S1 of
Supplementary Materials.
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2.2. Characterization

The PGe thickness, porosity, and their uniformity over the 100 mm wafer were char-
acterized using a J.A. Woollam Co. VASE instrument (Lincoln, NE, USA) in the spectral
range between 500 and 900 nm. The measuring points were radially paced every 30◦ with
an in-between point spacing of 5 mm along the radius of the wafer. The PGe thickness
was also verified using SEM imaging of the PGe layer cross-section, also revealing the
morphology of the nanostructure. The presence/lack of the PGe layer remnants on the
substrate after the detachment and cleaning process was observed using optical microscopy
(confocal microscope Keyence VK-X1100 (Mississauga, ON, Canada) with 150× lens) and
SEM imaging of the substrate’s plan view. All of the SEM observations were performed at
a 4.0 mm working distance with Thermo Fisher Scios 2 SEM (Toronto, ON, Canada) using
20 keV acceleration voltage for the electron beam.

The Park system NX20 (Burlington, MA, USA), atomic force microscope (AFM) was
used to evaluate the surface topology of the PGe layer, Ge FSM membrane, and of the
recovered substrate after cleaning. The AFM scans were performed in tapping mode using
a super sharp silicon probe (SSS-NCHR) and a scan resolution of 512 × 512 pixels over a
5 × 5 µm2 area. The scan data were then processed using Gwyddion software (Version 2.64)
to obtain the root mean square (RMS) roughness values.

The investigation of the structural properties of Ge FSM was conducted using the
Rigaku Smartlab (The Woodlands, TX, USA) high-resolution X-ray diffraction (XRD)
system in the in-plane configuration, equipped with Cu Kα X-ray source (wavelength
λ(Cu Kα) = 1.5406 Å), Ge (220) × 2 monochromator on the incident beam, and a two-
dimensional hybrid pixel array semiconductor X-ray detector (HYPIX-3000). The in-plane
pole figure XRD measurements were employed to assess the crystalline quality of the Ge
membranes while restricting the depth of beam penetration.

3. Results and Discussion

The fabrication process of Ge FSM through the porosification lift-off technique consists
of four main steps, as illustrated in Figure 2. First, a high-porosity (60–80%) porous
germanium (PGe) layer is formed at the Ge substrate surface by electrochemical etching in
a HF:EtOH electrolytic solution. This is followed by a low-temperature deposition of the
Ge membrane on top of the PGe layer. The membrane is then mechanically detached from
the substrate, which is facilitated by the fragile nanostructured PGe interface between the
Ge bulk substrate and the Ge FSM. After detachment, the PGe remnants at the surface of
the recovered parent Ge substrate are oxidized using an H2O2 solution followed by their
complete dissolution in HF and reuse of the parent Ge substrate for reporosification and
repeating the process of Ge FSM fabrication. All steps were previously detailed in the
Materials and Methods Section, and the obtained results are discussed further below.
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The Ge FSM fabrication cycle begins with the formation of a high-quality PGe layer
on top of the Ge substrate. This is a crucial part of the process, as any major defects
or inhomogeneities in the PGe structure can be further transferred to the Ge membrane,
impacting its quality. Figure 3a shows a SEM cross-sectional micrograph of the PGe
layer used in this work. The typical sponge-like porous structure shows a well-defined
interface between the PGe layer and bulk material, with ~264 nm thickness and 63%
porosity. Furthermore, the ellipsometry mapping of the 100 mm wafer, shown in Figure 3b,c,
demonstrates the overall uniformity of the porous nanostructure in both the thickness and
porosity with respective variations of ±4 nm and ±1% across the entire surface of the
wafer. Moreover, the porous structure manifests a low surface roughness below 2 nm, as
illustrated by Figure 3c. The closely packed crystallites of the high-porosity PGe layers
(60–80%) make an excellent template for the growth of Ge membrane structures while
enabling an easy detachment without additional annealing steps or deposition of the
stressor layers to initiate the separation.
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A 1 µm thick Ge membrane is then grown, at 300 ◦C, on top of the PGe structure,
resulting in a smooth surface with RMS roughness around 0.7 nm, as demonstrated by
Figure 4a. A few shallow pits and undulations are still identifiable on the surface but can be
annihilated by increasing the membrane’s thickness. Depending on the targeted application,
the thickness of the membrane can be varied from ~100 nm to few µm. However, for
membranes thinner than 1 µm the surface roughness can increase up to 5 nm for the
thinnest membranes [20]. This way, the amount of Ge material used for device integration
can be directly controlled to use only the quantity of Ge necessary for its function and,
hence, limit the waste of material.

The crystalline quality of the membrane is verified using X-ray diffraction in in-plane
configuration, to limit the beam penetration. The resulting in-plane pole figure around the
Ge (220) axis displays four sharp peaks with 90◦ rotational symmetry around their central
axis, as depicted by Figure 4b. This pattern corresponds to the diamond-cubic crystal
structure of Ge, confirming the high crystalline quality of the Ge membrane. Interestingly,
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the central axis of the sample demonstrates a 6◦ shift from the measurement axis, as
illustrated by the red arrow in Figure 4b. This shift is attributed to the parent substrate’s 6◦

miscut from (100) orientation towards the (111) axis. Since the porous structure maintains
the original substrate orientation, it can transfer even this characteristic to the Ge membrane,
resulting in a monocrystalline epilayer with the same 6◦ off-cut as the parent substrate.
The pole figure of the Ge membrane deposited on the on-axis substrate can be found in
Figure S1.
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Once the Ge membrane is formed, the high-porosity nanostructure underneath rep-
resents a perfect fragile interface allowing for easy detachment and transfer to the host
substrate. Using an adhesive polymer tape, the Ge FSM can be separated from the parent
substrate and transferred to a flexible PVC holder. After the detachment, irregular remnants
of the porous structure are still present on the surface of both the substrate and membrane
as illustrated by Figure 5a–c. To eliminate these porous residues, a simple chemical cleaning
process is employed. The chemical etching of Ge in aqueous solutions functions on the
principles of the formation and dissolution of the GeO2, where H2O2 acts as an oxidizing
agent which transforms the Ge surface in GeO2 [51,52]. At the same time, the reduction
in the H2O2 at the surface of Ge provides the holes necessary for the dissolution of the
oxide [34,53]. When the substrate is immersed in concentrated H2O2, the solution trans-
forms the remaining PGe structure’s high-specific surface area in GeO2 and starts slowly
etching it away [54]. This chemical etching of Ge can be described by Equations (1) and (2),
where Equation (1) represent the formation of the GeO2 on the Ge surface, and Equation (2)
represents its dissolution into H2GeO2, a tetravalent form stable in aqueous solution with
pH < 8.5 [51]:

Ge + 2H2O2 → GeO2 + 2H2O (1)

GeO2 + H2O → H2GeO3 (2)

Compared to techniques involving high-temperature annealing and PGe reconstruc-
tion in crystallites with size superior to 100 nm [48,55], the high porosity nanostructure
with significantly higher specific surface area and only 5–10 nm thick pore walls, allows for
isotropic etching by H2O2 at a very slow rate (few nm/min). This avoids the substantial
chemical etching of the substrate (few µm) necessary for the planarization of larger features
while maintaining control over the etching process, due to the slow etching rate. The
remaining oxides on the substrate’s surface are then dissolved in an HF solution during
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the deoxidation step prior to the reporosification. This results in a remnant-free surface, as
shown in Figure 5d–f.
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The entire chemical cleaning process is schematically illustrated in Figure 6a. The AFM
scan of the recovered substrate in Figure 6b shows a flat surface with surface roughness
below 1 nm. The apparent waving of the cleaned surface represents a slight variation in
the initial Ge bulk/PGe interface formed during the BEE process, as the bottoms of the
pores are not all perfectly aligned. This effect is then partially mitigated directly by the first
anodic step of the BEE process during the formation of the new PGe layer [43,48].

The PGe remnants on the Ge FSM backside have the same nature as they are formed
by the separation of the uniform PGe layer. This means that the same approach can be also
used for membrane cleaning. However, its necessity should be evaluated depending on the
Ge FSM use. In the case of applications where the Ge membrane does not play an active
role in the final function and serves mainly as the crystalline substrate for the growth of
epitaxial structures, membrane cleaning should not be necessary.

To complete the cycle, the recovered parent substrate then undergoes a second porosi-
fication process to obtain a new PGe layer, presented in Figure 7a. For comparison, an
optical image of the PGe layer on an epi-ready substrate can be found in Supplementary
Materials Figure S2. The BEE conditions are identical to the ones previously used on the
epi-ready substrate. It presents the same thickness and porosity with high uniformity across
the entire 100 mm wafer as demonstrated by ellipsometry mapping present in Figure 7b,c.
The new PGe layer presents a thickness of 265 ± 5 nm and a porosity of 63 ± 1%; both of
these values are the same as on the original epi-ready substrate, demonstrating that the
small surface undulations on the recovered substrate do not influence the BEE process.
This new high-quality PGe structure then allows for a new deposition of the Ge membrane
and fabrication of multiple Ge FSM from the same substrate, by repeating the process. This
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demonstrates that the Ge FSM can be fabricated with a consumption of less than 300 nm of
the original Ge substrate, while allowing for easy substrate reuse without the involvement
of expensive reconditioning techniques such as chemical–mechanical polishing [49]. In the
context of our previous study, the use of an optimized PGe layer enables improvements in
both Ge FSM surface quality and material consumption of the substrate per cycle. The lower
porosity allows for more closely packed nucleation sites, resulting in a reduction in the
membrane’s surface roughness to 0.7 nm from 1.2 nm on 70% porosity PGe substrate [20].
Additionally, the reduced PGe thickness further lowers the substrate consumption by over
70%, while maintaining the ease of detachability of the Ge FMS.
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In numbers, around 300 nm of the original substrate is consumed per produced
membrane. This value includes the thickness of the PGe layer (~270 nm) and the front/back
etching of the substrate during the cleaning process (~30 nm). By considering a conventional
100 mm Ge wafer with a thickness of 175 µm, and its thinnest commercially available
counterpart with a thickness of 140 µm, around 35 µm of the substrate can be used for Ge
FSM production before losing its structural integrity. This results in over 100 membranes
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produced from a single 100 mm wafer. The number of reuses can be further increased by
the use of thicker substrates, which bring additional benefits such as a reduction in material
lost during the sawing process of Ge wafers from a solid ingot grown by the Czochralski
method [56–58]. Alternatively, the Ge substrate can be bonded on a holder (e.g., Si substrate)
for mechanical support, allowing for the use of almost the entire substrate’s thickness and
enabling over 500 reuses. This number is expected to further grow with scaling on larger
substrates, as larger diameter wafers are considerably thicker.

In comparison, techniques involving high-temperature annealing present large pillars
with a diameter superior to 100 nm, and cannot be reconditioned without the etching
of substantial material quantity (few µm) [55] or the involvement of costly chemical–
mechanical polishing (CMP) [41]. Considering single-sided chemical etching of 5 µm per
reuse, this approach presents more limited number of Ge FSM fabricated from a single wafer.
However, this approach holds its advantage for applications involving high processing
temperatures (>400 ◦C) as the high specific area PGe structure cannot be maintained under
these conditions.

2D-assisted epitaxy, in theory, could eventually offer infinite reuse of the substrate.
However, it is still in relatively early research stages, especially in case of group IV materials
such as Ge, which were demonstrated for the first time in late 2022 [39], using a new
approach on local nucleation and lateral overgrowth on the 2D interface [40,59]. Moreover,
other challenges such as large surface growth and the transfer of high-quality interfaces
need to be resolved for its viable application [60].

Considering the rarity of the Ge, the complexity of its recovery from end-of-life
optoelectronic devices, and the recent geopolitical situation around this material, the
Ge FSM represent a sustainable alternative to conventional Ge substrates. It offers to
significantly reduce the quantity of Ge material integrated into optoelectronic devices while
allowing for cost reduction, thanks to the limited Ge use and substrate recycling.

4. Conclusions

In conclusion, we demonstrated a successful substrate reuse and production of a highly
uniform PGe layer on recovered Ge substrate, setting the milestone for the production of
multiple Ge FSM from the same substrate. The reduced thickness of the PGe structure
allows for a reduction in Ge consumption per cycle, compared to previous studies, while
still maintaining the capacity to easily detach and transfer the membrane. Additionally, the
optimized porosity helps to improve the surface quality of the Ge FSM membrane. The
substrate cleaning is achieved through slow chemical etching of the PGe remaining on
the surface, enabling its complete dissolution and obtention of the surface with roughness
below 1 nm, without the necessity of substantial etching of the substrate material. The
recovered substrate enables the successful reporosification of the entire 100 mm wafer,
resulting in a new high-quality PGe layer with physical properties identical to the one
formed on the epi-ready surface. This allows for efficient substrate reuse, and the produc-
tion of multiple Ge membranes, with minimal consumption of the Ge material, due to the
optimized PGe structure employed in this work. The Ge FSM production and substrate
recovery opens the way for a sustainable alternative to conventional Ge substrates while
providing all the advantages of freestanding form for direct heterointegration and flexible
electronics. It offers to significantly lower the quantity of Ge material integrated into
optoelectronic devices, reducing the quantity of hard-to-recover material in end-of-life
products. Furthermore, this approach presents a high potential for the fabrication of FSM
from other group IV materials, such as Ge(Si)Sn alloys, presenting a small bandgap ideal
for near/mid-IR optoelectronic and photonic applications offering a non-toxic and low-cost
alternative to III-V materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su16041444/s1, Table S1: List of chemicals employed in porosifi-
cation and chemical cleaning of the substrates, Figure S1: In-plane pole figure of the Ge FSM around
Ge (220) axis of the on-axis Ge substrate, Figure S2: Optical image of PGe layer on epi-ready substrate.
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