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Low-temperature fabrication of
amorphous carbon films as a universal
template for remote epitaxy
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Recently, remote epitaxy has been explored for the fabrication of freestanding semiconductor
membranes and substrate re-use. For remote epitaxy a thin 2D material layer is either manually
transferred to a substrate or grown directly on a substrate at high temperature, thus limiting the
process scalability or the choice of substrates. Here, we report on the low-temperature deposition
(300 °C) of ultrathin sp2-hybridized 2D amorphous carbon layers with roughness <0.3 nm on llI-V
semiconductor substrates by plasma-enhanced chemical vapor deposition as a universal template for
remote epitaxy. We present growth and detailed characterization of 2D amorphous carbon layers on
various host substrates and their subsequent remote epitaxial overgrowth by solid-source molecular
beam epitaxy. We observe that a low-temperature nucleation step is favorable for nucleation of Ill-V
material growth on amorphous carbon coated substrates. Under optimized preparation conditions,
we obtain high-quality, single-crystalline GaAs, cubic-AIN, cubic-GaN and In,Ga,_,As layers on
GaAs, 3C-SiC and InP carbon-coated (001)-oriented substrates. Our results demonstrate a universal

template fabrication process for remote epitaxy.

Epitaxy of a crystalline layer on a crystalline substrate is widely employed to
produce semiconductor heterostructures and is extremely important
nowadays for the production of functional semiconductor devices. How-
ever, the thermal and lattice mismatch of substrate and epitaxial layer often
limits the fabrication of more variable devices. Further, the fabrication of
epitaxial devices is challenging and expensive despite several techniques to
detach any epitaxial layer from an expensive substrate allowing subsequent
substrate refurbishment’. Van-der-Waals epitaxy and remote epitaxy were
recently proposed as ways to weaken the substrate-layer binding allowing to
peel-off the epitaxial film after growth”. In van-der-Waals epitaxy substrate
and layer are completely decoupled avoiding/reducing the formation of
dislocations but often the crystal quality suffers from poor surface wettability
resulting in the formation of polycrystalline films for instance for growth of
group-11I arsenide semiconductors’. Remote epitaxy has been presented as
an approach to partially weaken the substrate-layer-interaction but still
transferring the crystal orientation to the growing layer** so a film with high
crystalline quality can be realized. To date, remote epitaxy on 2D materials
has been extensively explored for the fabrication of freestanding semi-
conductor membranes and heterogeneously integrated devices™>**"". High-
quality film growth and fabrication of functional heterostructures has been

demonstrated in several semiconductor material systems e.g., group-III
arsenides®®"", group-III nitrides™"'™"* and oxides"™". The growing layer is
separated by a thin 2D material like graphene or h-BN from the substrate
allowing to peel-off layers from different substrates for monolithic 3D
integration fabrication'®'”. The main advantage of remote epitaxy is the
substrate re-usage after the epitaxial layer lift-off, therefore reducing pro-
duction cost of freestanding heterostructures and allowing fabrication of
versatile structures’. Mismatched film growth on monolayer graphene was
also demonstrated. Besides strain relaxation by the formation of dislocation
a layer slip over the graphene was proposed as a relaxation pathway of
mismatched layers®. However, layers exhibit still significant dislocation
densities. While for layer growth on SiC a monolayer graphene can be
formed by precisely tuning the sublimation conditions'>”", for other sub-
strates epitaxial or CVD graphene has to be transferred on the substrate
which is difficult to realize on wafer-scale and further comes along with its
own challenges like pinholes and wrinkles in the 2D material thus leading to
pinhole-seeded epitaxy or impede high quality remote epitaxy*>*’. Based on
the general understanding of remote epitaxy derived with 2D materials,
remote epitaxy was demonstrated on transfer-free, direct grown amorphous
carbon (a-C) layers’. Thin a-C layers were deposited on AlysGagsAs in
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MOCVD employing toluene and thin boron nitride (BN) films were
deposited on GaN in MBE employing elemental boron and nitrogen plasma
thus providing a cheap and scalable process to produce templates for remote
epitaxial growth’. The key for remote epitaxy is the dominant sp>-hybridized
in-plane bonding in the a-C and BN layer comparable to that of the 2D
material counterparts. However, subsequent overgrowth of these amor-
phous layers lead to larger defect densities in the epitaxial film. Not opti-
mized nucleation parameters and thickness control of the amorphous layers
were discussed as possible reasons’. Further, the employed high tempera-
tures required in the process reported in ref. 3 for a-C or BN growth are not
compatible with temperature sensitive substrates, e.g., InP which is an
important substrate for the fabrication of devices operating in the infrared
spectral range. A superior method for the fabrication of 2D materials on
arbitrary host substrates as a universal remote epitaxial template should
include a low-temperature, low-cost, high throughput, and complete
vacuum compatibility 2D-material deposition process'’. Overgrowth of the
produced 2D material layer must enable high crystal quality growth.

In this work, we present a universal method for the remote epitaxial
growth of semiconductor membranes based on sp>-hybridized a-C layers
and demonstrate the remote heteroepitaxial overgrowth with group-
III arsenide and cubic group-III nitride films. First, we present the fabri-
cation of thin a-Clayers on various substrates by plasma-enhanced chemical
vapor deposition (PECVD) following subsequent annealing at rather low-
temperature (300 °C) in UHV demonstrating a universal, cheap and fast
way for the fabrication of high-quality remote epitaxy templates on arbitrary
substrates, e.g., temperature sensitive GaAs and InP. We present detailed
characterization of the a-C layer and show a route for optimized a-C layer
fabrication following subsequent overgrowth by group-III arsenide and
cubic group-III nitride layers on a-C covered GaAs(001), InP(001) and 3C-
SiC/Si(001) substrates, respectively. X-ray reflectivity (XRR), atomic force
microscopy (AFM) and Raman spectroscopy measurements were used to
precisely characterize the a-C layer thickness, the carbon binding state and
the surface roughness. We demonstrate tunability of the substrate-layer
interaction by tailoring the a-C layer thickness and show that besides the
substrate ionicity, the growth temperature and the ad-atom species on the
surface guides the remote epitaxial nucleation on a-C covered substrates. In
the second part of this contribution, we show the wide application range of
our a-C layer preparation method by demonstrating growth of high-quality
In,Ga, ,As layers on a-C covered InP substrates and the growth of meta-
stable group-III nitrides on a-C covered 3C-SiC/Si(001) quasi-substrates.
Finally, we discuss the strain relaxation on a-C exemplary for highly mis-
matched Ing sGag sAs layers grown on a-C covered substrates.

Results and discussion

Fabrication of a-C layers

To fabricate the a-C layers, we employed a PECVD process (see Meth-
ods) employing a methane (CH,)-argon (Ar) gas mixture and a sub-
sequent UHV annealing step (300°C) in our MBE system. Our a-C
deposition process is low-cost, scalable and avoids surface contamination
as it is performed in vacuum. It is suitable for temperature sensitive
substrates like group-III arsenides (i.e., InP, GaAs) as the a-C deposition
is done at room-temperature following subsequent annealing in UHV at
300 °C. The PECVD deposition process can be integrated in a cluster
with other systems operated in vacuum like MBE growth chambers to
avoid any air exposure of the a-C layer. The CH, molecules are cracked
by using a large ICP-power while a small RF-power is added to direct the
ions to the sample surface, thus keeping the sample ion bombardment
damage low. Carbon deposition with 0 W-10 W RE-power was tested. To
achieve similar a-C layer thicknesses for smaller RF-powers, the
deposition time had to be adjusted while all other parameters were kept
the same. We measured similar surface roughness and Raman-spectra for
all a-C layers independent of the RF power used. Figure 1a shows the
XRR-measurement of entire % of 3” wafers of a-C covered GaAs sub-
strates fabricated with different carbon deposition times together with
the corresponding fitted profiles of the observed Kiessig fringes. We

tested to fit a simple two-layer model consisting of an a-C layer on a
GaAs substrate and a more advanced model of two a-C layer of different
density and with a < 1 nm thin a-C layer directly on the GaAs substrate.
The latter model resulted in smaller residuals; fits and measured data
agree well allowing precise determination of the total a-C layer thick-
nesses. Figure 1b shows that the overall a-C layer thickness increases
linearly with the deposition time and thus is a not self-limiting process,
which allows to tailor the a-C layer thickness but also requires precise
optimization to reach monolayer-like a-C layer thickness. We performed
XRR measurements at different positions across the % 3” GaAs wafers
(see Supplementary Note 1 and Supplementary Fig. 1a) to identify the
a-C thickness homogeneity across the substrate. The a-C thickness
deviation is <1% around the wafer center (roughly 20 x 20 mm); this is
the part of the wafer we analysed with all other methods presented in this
manuscript. However, we also observed, that the a-C thickness decreases
by roughly 10% toward the wafer edges which is due to the PECVD table
size limitation and thus slightly different plasma conditions toward the
substrate edge. We further confirmed the deposition of a-C on GaAs by
AFM measurements employing a shadow mask approach discussed in
the Supplementary Note 1 and Supplementary Fig. 1b-d). The surface
topology of the fabricated a-C layers was measured by AFM revealing a
smooth surface with a root-mean-square (RMS)-roughness of <0.3 nm
equal to the surface roughness of <0.3 nm of our bare GaAs substrates
(see Supplementary Fig. 2a) proving homogenous and smooth carbon
deposition. To mimic the substrate-layer interaction gap introduced by a
monolayer graphene of roughly 0.5 nm’, we expect an a-C layer thickness
of approximately 0.5nm as suitable to provide a template for high-
quality remote-epitaxy. This corresponds to deposition times <30's for
10 W RF-power regarding the data shown in Fig. 1b). To precisely dis-
tinguish between a thick a-C layer, a quasi-monolayer and partial a-C
coverage of the GaAs substrates, we exploit the thermal oxide evapora-
tion of GaAs substrates at elevated temperatures in UHV: We first
deposited a-C on a GaAs substrate, then exposed the a-C covered GaAs
sample to air, then introduced the sample into the MBE system and
annealed it for 5 min at 600 °C in UHV under arsenic pressure. Figure 1c
shows two AFM measurements of a-C covered GaAs surfaces for two
different carbon deposition times. For too short carbon deposition (5 s)
the GaAs surface is not fully covered by the a-C layer. When exposed to
air these uncovered GaAs surface areas form a surface oxide layer.
Annealing at approximately 600 °C in our MBE system leads then to
typical deoxidation pits, which we also observe on bare GaAs surfaces
after annealing (see Supplementary Fig. 2b). Growth on partially covered
substrates is discussed in the Supplementary Note 2. In contrast, a
completely a-C covered GaAs surface protects the GaAs surface from
oxidation. This allowed us besides XRR measurements to precisely fine-
tune the a-C deposition time to reach monolayer like thick a-C layers.
We investigated the structure of the deposited carbon layers further and
performed Raman spectroscopy measurements and X-ray photoelectron
spectroscopy (XPS) measurement after sample annealing at 300 °C.
Figure 1d shows XPS-spectra in a binding energy range around the Cls
carbon peak of two a-C layers deposited for 10 s and 300 s corresponding
to an a-C thickness close to a monolayer and roughly (13 +1.5) nm
respectively together with a highly oriented pyrolytic graphite (HOPG)
reference sample. The asymmetric Cls peak of the HOPG reference
sample corresponds to sp>-hybridized carbon. We observe no traces of
impurities like oxygen or hydrogen for this HOPG reference sample. The
measured spectrum of the monolayer like a-C layer (t,.c = 10 s) exhibits a
similar spectrum and the same asymmetric peak shape thus revealing
that our a-C deposition process indeed allows the fabrication of mono-
layer like thin sp’-hybridized a-C layers. In contrast, the C1s peak shape
of the (13 £ 1.5) nm thick a-C layer (t,.c=300s) exhibits a slightly dif-
ferent peak shape due to the coexistence of sp’- and sp’-hybridized
carbon in the layer. Note that the sp’-hybridized contribution is still
dominant. A detailed decomposition of the Cls peaks and the atomic
ratios of observed elements for all samples is presented in Supplementary
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Fig. 1| Characterization of fabricated a-C layers. a Exemplary XRR measurements
of a-Clayers of different thickness on GaAs substrates with fitted curves (gray dotted
lines) and XRR of bare GaAs for comparison. b a-C thickness plotted against the a-C
deposition time derived from XRR measurements. ¢ 5 x 5 um> AFM images of a

sample after a-C deposition, air exposure and UHV annealing with complete surface
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coverage by a-C and incomplete surface coverage. d XPS measurements (red) and
cumulated fits (black) of HOPG and GaAs substrates covered by a-C layers
deposited for 10 s and 300 s respectively and annealed at 300 °C together with
individual fitted peaks. e Raman-spectroscopy measurements (black) of an a-C layer
deposited on GaAs substrate together with fitted Voigt-profiles (red).

Note 2. Further XPS measurements confirm that the a-C layer protects
the underlying GaAs surface from oxidation. There are only minimal
As,0; and Ga,0s signals visible in the XPS spectrum obtained for H-Ar
plasma cleaned substrates compared to reference measurements per-
formed on GaAs substrates, which have not been plasma-treated (see
Supplementary Fig. 3). The structure of the a-C layers was further
investigated by Raman spectroscopy measurements exemplarily shown
in Fig. 1e). Two peaks at (1360 = 4) cm ™' and (1587 +2) cm ™" are derived
by two fitted Voigt-profiles. Please note that we do not observe the typical
graphene 2D peak at roughly 2690 cm™ in our samples. Highly crys-
talline graphite exhibits a Raman-peak at 1580 cm ™', diamond-like car-
bon only at 1330 cm ™' and microcrystalline and disordered graphite two
peaks at roughly 1580 cm™' and 1350 cm™ indicating that our carbon
layers are mostly in a highly disordered graphitic or amorphous
phase’”. In summary, XPS and Raman measurements confirm that our
deposited carbon layers are mostly graphitic/amorphous carbon with
dominant sp*-binding. This was reported as an important factor for
successful remote epitaxy: In-plane sp>-hybridized bonds only screen the
substrate potential but do not modulate it in growth direction®. In
summary, we want to highlight two aspects of our a-C fabrication pro-
cess: First, sp’-hybridized a-C layers are fabricated at room-temperature
in a scalable, cheap and vacuum compatible process. Second, although we
did not grow graphene, the a-C covered substrates are well suited as
templates for high-quality remote epitaxy as discussed later for several
examples. We have obtained very similar results for a-C layers fabricated
on Si(001) and 3C-SiC(001) and think that the a-C layer fabrication

process presented here can be adopted to any substrate that has decent
surface roughness and can withstand temperatures of at least 300 °C
tested here.

Nucleation of GaAs on a-C covered GaAs

After precisely tailoring the a-C layer thickness, we investigated as a model
system for homoepitaxial growth by remote epitaxy the nucleation behavior
of GaAs on a-C covered GaAs substrates. We performed GaAs nucleation
on a-C covered GaAs substrates with a-C layer thicknesses close to the
monolayer limit (t, c = 10 s-45s) at 300 °C and a III-V ratio of &~ 30 (see
Methods). We chose a low nucleation temperature due to the reduced
substrate-layer interaction and the lower substrate wettability induced by
the a-C layer””. First, we discuss the surface morphology of GaAs layers
grown on different a-C layers. Figure 2 shows 1 x 1 pm®*and 5 x 5 um* AFM
images of the surface morphology of GaAs layers with a nominal thickness
of 2 nm grown on a-C layers deposited for (a) 10 s, equivalent to a mono-
layer a-C, and (b) 45 s. The images reveal the growth of individual islands,
but a clear difference is that the a-C surface is nearly completely covered by
the epitaxial GaAs layer for t, ¢ = 10 s, while there are uncovered areas for
tac=45s a-C deposition. Obviously, the a-C layer alters the GaAs
nucleation which is in clear contrast to GaAs growth on bare GaAs sub-
strates for which we observe layer-by-layer growth and smooth surfaces (see
Supplementary Fig. 2e). We achieved growth of closed epitaxial layers at
300°C for thicknesses >2nm, which demonstrates that our low-
temperature deposition allows to create a closed film on the amorphous
carbon surface quickly. We think that the substrate potential damping
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Fig. 2 | Characterization of GaAs nucleation layers on a-C covered GaAs substrates. a—e 1 x 1 um’, 5 x 5 um”and 10 x 10 um’AFM image of 2 nm and 25 nm thick GaAs
layers deposited at 300 °C on a-C covered GaAs. f ADF-STEM image of the GaAs substrate/layer interface together with a Geometric Phase Analysis.

induced by the a-C layer leads to a reduced surface wetting by the ad-atoms
forcing Vollmer-Weber growth till the a-C layers are fully covered by
GaAs”. Figure 2c—e shows AFM images of 25 nm thick GaAs layer grown at
300 °C on a-C layers deposited for (c) 10, (d) 20s, (e) 45s. A general
statement is, the thinner the a-C layer, the smoother the surface. The surface
of the GaAs layer deposited on the monolayer thick a-C layer (10 s) exhibits
an RMS roughness of 0.4 nm, comparable to the GaAs surface RMS
roughness of 0.3 nm measured for growth on bare GaAs substrates. Dou-
bling the carbon deposition time (20 sec) results in a GaAs layer surface
roughness of 0.68 nm and increasing the carbon deposition time again (45 s)
causes an even rougher surface morphology with an RMS roughness of
3.1 nm. Please note that the RMS roughness of the as-deposited a-C is for all
layers <0.3 nm. The smooth GaAs surface morphology on 10 s a-C layers
verifies the rapid coalescence of the initial nuclei at low growth temperature
and for monolayer like thick a-C. A 10 x 10 um* AFM measurement of this
sample (see Fig. 2¢) verifies a smooth and flat surface with a surface
roughness of 0.32 nm also on a large scale. This demonstrates that growth on
our monolayer-like thin a-C covered substrates is suitable for the fabrica-
tions of optically and electrically active heterostructures requiring smooth
interfaces in general. We attribute the increase of surface roughness with
increasing a-C deposition time to a stronger substrate potential screening of
thicker a-C layer. Interestingly, we do not observe a clear boundary for the
remote epitaxial growth of GaAs on a-C in contrast to reported growth on
transfer or epitaxial graphene where GaAs remote epitaxial growth was
observed on 1ML graphene but polycrystalline growth on >2ML
graphene®'. We speculate that during the a-C deposition the GaAs is
exposed to C- and H-radicals and ion bombardment which forces inter-
actions of C- and H-atoms with the GaAs surface resulting probably in the

formation of an interlayer or an a-C layer directly on the GaAs surface
forcing direct charge transfer between GaAs substrate and a-C layer*. In
contrast, there is only minor interaction of transferred graphene with a host
substrate. Further, a-C layers are not deposited in a layer-by-layer fashion,
but randomly forming an amorphous phase which is in contrast to
monolayer-by-monolayer stacking of graphene. Finally, the PECVD of a-C
layers allows to grow arbitrary thick a-C layers and perform remote epitaxy
in a certain range up to roughly 2 nm for which the substrate-layer inter-
action is successively reduces but still transferring the substrate crystal
orientation to the growing film. However, successively increasing the a-C
thickness results in surface degradation and as discussed below also favors
the formation of crystal defects. STEM (scanning transmission electron
microscopy) measurements were performed to gain deeper insights into the
atomic structure. Figure 2f shows an Annular Dark Field (ADF) STEM
image of the GaAs/a-C/GaAs interface with an a-C layer deposited for 10s.
The GaAs substrate crystal structure is transferred to the GaAs epitaxial
layer proving high quality crystal growth. Further, a darker contrast was
observed at the interface. A distinct interaction gap as reported in ref. 22
between GaAs layer and substrate is not observed here, neither carbon was
detected by EDX scans along the interface (not shown here), which contrasts
with our XRR, XPS and Raman spectroscopy measurements presented
above. However, Geometric Phase analysis applied to ADF images revealed
strain at the interface along the growth direction indicated by the red color at
the interface. We speculate that, although we did not directly detect carbon
by STEM measurements at the interface, this lattice stretching originates
from the present of our deposited a-C layer. Similar to remote epitaxy on
graphene, the substrate-layer binding is altered causing a different nuclea-
tion behavior on the a-C-substrate surface. While remote epitaxy on
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reciprocal lattice reflection of a 25 nm thick Ing g9Gag 9;As and Ing oGag 94As layer
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grown on a-C covered GaAs with an a-C layer deposition time of 10 s and 20 s
respectively. d 1 x 1 um® AFM image of the surface of a 2 nm thin AlAs layers covered
by 2 nm GaAs grown at 300 °C on a-C covered GaAs. e 1 x 1 um* AFM image of the
surface of a 25 nm thick GaAs layer grown at 500 °C on a-C covered GaAs.

graphene induces a clear interaction gap, deposition of an a-C layer causes a
tunable lattice stretching. We think that this lattice stretching appears
mainly for monolayer-like thin amorphous carbon thickness, e.g., for ana-C
thickness where either the leaking potential of the substrate guides the
nucleation on the amorphous carbon layer or there are pinholes in the a-C
layer guiding the nucleation. In both cases, the crystal structure/potential is
transferred to the growing layer, either by pinholes in the a-C layer or
through the a-C layer similar to remote epitaxy on graphene®’. For thicker
amorphous carbon layers, the substrate potential is either screened stronger
or pinholes are filled by the thicker a-C layers, thus the translation of the
substrate crystal lattice through the a-C to the film is impeded resulting in
defective crystal film growth on the a-C.

We investigated the crystal structure of epitaxial layers on large scale
with different aforementioned a-C thicknesses in more detail by HR-XRD
measurements. Most interesting are epitaxial layers grown on monolayer
like thin a-C layers (t,c=10s) as for these layers the substrate-layer
interaction is assumed to be strongest thus the best crystal quality is
expected. To distinguish between the reciprocal lattice reflection of substrate
and layer, we grow 25 nm thick In,Ga, yAs (x < 0.1) layers on a-C covered
deposited for 10s, 20's, 45 s on GaAs substrates. The epitaxial In,Ga;  As
(x<0.1) layers are pseudomorphic for such low indium concentrations
which we confirmed by reciprocal space maps (RSMs) of the (224)-reci-
procal lattice reflection (not shown here). Figure 3a shows w-26- and off
axis ¢-scans for a wide-angle range. A sharp (002)- and (004)-reciprocal
lattice reflection of substrate and Ing oGag o1 As layer grown on monolayer
like a-C (t,.c = 10 s) in the w-20-scans reveals transfer of the substrate crystal
orientation to the layer. For IngosGaggsAs layers grown on a-C layers
deposited for t, ¢ =20 s we observe a weaker layer peak and for t, c=45s
there is no layer peak observed, which points to reduced crystal quality of the
epitaxial layer with increasing a-C layer thickness. The ¢-scans reveal a clear
90° peak periodicity. The absence of any other reflections in both, the w-26-
and ¢-scans, indicate the absence of polycrystalline grains. To gain more
information about the crystal quality of the In,Ga; yAs (x<0.1) layers,
RSMs of the (004)-reciprocal lattice reflection were performed. Figure 3b
shows exemplarily the (004)-RSM for a 25 nm thick InggeGagg;As layer
grown on monolayer like a-C (t,c=10s). Pendellosung fringes are
observed indicating a smooth surface. We performed an w-scan of the
(004)-reciprocal lattice reflection of the layer. The FWHM
Aw =(0.013 £0.001) ° corresponds to an estimated dislocation density of

(3.58 £ 0.06) X 10° cm * (see Supplementary Note 4)°'. The GaAs substrate
exhibit a FWHM Aw =(0.006 + 0.001) ° in the used set-up. These results
demonstrate high crystal quality remote epitaxial growth on a-C layers, i.e.,
the dislocation density is similar to values we expect for growth on bare
GaAs. Probably our monolayer-like a-C thickness and the ultra-smooth
surface of our a-C layer are crucial to prevent the formation of dislocations
originating from the a-C layer. Increasing the a-C deposition time, thus
decreasing the substrate layer interaction, forces the degradation of the
epitaxial layer. We investigated the crystal quality of the 25 nm pseudo-
morphic Ing osGag 94As layer grown on the thicker a-Clayer (t,.c = 20 s) (see
Fig. 3c)) and observe that the FWHM of the (004)-reciprocal lattice
reflection increases to Aw =(0.72 + 0.02) ° thus the layer quality degrades
strongly. The corresponding estimated dislocation density is
(1.1£0.06) X 101 cm ™ (see Supplementary Note 4)"'. The dislocation
density is very sensitive to the a-C layer thickness. We performed com-
parative TEM measurements (see Supplementary Note 4 and Supplemen-
tary Fig. 4) of a 25 nm thick Ing goGag o1 As layer grown on a-C covered GaAs
(to.c=10s). We estimate a stacking fault density of the investigated area of
>10" cm . This density is larger than the dislocation density of <10’ cm ™
obtained from our HR-XRD measurements for a similar layer structure. We
speculate that the a-C layer thickness might vary locally on nanometer scale
thus causing a locally varying dislocation density. As discussed above the
dislocation density is very sensitive to the a-C layer thickness so the strong
increase of the dislocation density might be related to a slightly thicker a-C
layer for the investigated TEM cross section area. Further, the TEM mea-
surements probe a small cross section area (30 x 300 nm?), while the HR-
XRD measurements average over a much larger area (roughly 10 x 10 cm?).
Our results demonstrate that remote epitaxy on a-C is possible up to a
thickness of roughly 2 nm of the a-C layer, but smooth and high crystal
quality layers are obtained for monolayer-like thin a-C layers. The degra-
dation of the layer crystal quality exhibits the same trend as the roughening
of the surface morphology with increasing a-C layer thickness dis-
cussed above.

Next, we analyze the influence of different ad-atom species and the
substrate growth temperature on the epitaxy on a-C covered GaAs surface.
The initial state of growth is governed by the substrate and layer ionicity, the
kinetic processes of the ad-atoms on the a-C covered surface and the
wettability of the a-C covered surface”””. We compare here the nucleation
of GaAs and AlAs on a-C covered GaAs substrates for 300 °C to get insight
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after layer lift-off.

in the influence of adsorption and migration energies of different materials’
while keeping the substrate-layer lattice mismatch negligible. Figure 3d
shows an 1 x 1 um* AFM image of the surface of a 2 nm thick AlAs layer
grown on a-C covered GaAs at 300 °C. A smooth surface with a roughness of
0.3 nm is obtained for this 2 nm thin AlAs layer, which is smoother com-
pared to the grainy surface obtained for growth of 2nm thick GaAs
nucleation layers already presented in Fig. 2a. The energy barrier for Alatom
migration on the a-C covered GaAs is probably larger compared to that of
Ga so that AlAs covers the a-C layer better compared to GaAs because both
tend to not wet the surface but forming small islands on the surface. We
conclude, that the adatom species plays an important role in the nucleation
on a-C. For rapid and smooth surface coverage, low-temperature AlAs
nucleation should be performed on a-C covered GaAs substrates. We fur-
ther investigated the growth on a-C at elevated temperatures. Figure 3e
shows an 1 x 1 pum* AFM image of a 25 nm thick GaAs layer grown on a-C
covered GaAs at 500 °C. In comparison to the low-temperature growth at
300 °C presented in Fig. 2c, the layer exhibits a grainy surface, which seems
to consist of successively merged islands The growth temperature has a
major impact on the ad-atom migration and re-evaporation thus governing
the initial stage of growth on a-C covered GaAs substrates. This contrasts
with growth on bare GaAs substrates where we observe smooth growth of
GaAs or AlAs films in a wide temperature range of roughly 300 °C-650 °C
with our growth parameters. Deposition of individual GaAs islands on a-C
covered GaAs was also observed in ref. 29 for high temperature nucleation at
650 °C. The strong change of the surface morphology with increasing
growth temperature seems reasonable as the competing processes on the
surface (ad-atom migration, re-evaporation, nucleation) very probably
follow an exponential temperature dependence of thermally activated
processes. A high substrate temperature enhances the ad-atom re-eva-
poration from a-C surfaces and forces the successive growth of existing
nuclei on the a-C covered GaAs surface®. To achieve a smooth layer with
homogeneous a-C coverage, the growth temperature should be kept low
during the initial stage of growth on a-C layers. For applications, Al-rich
nucleation layers are probably preferred as they form closed and smooth
surfaces for lower film thicknesses.

The fabrication of heterostructures and devices usually requires thicker
films than discussed so far, so we performed subsequent overgrowth of our
thin nucleation layers and obtained smooth Al- and Ga-rich films (see
Supplementary Fig. 5a, b). Following the epitaxial lift-off approach pre-
sented in ref. 7, we performed the epitaxial lift-off of thicker epitaxial layers
(see methods). A photograph and optical microscopy image with large

magnification (see Supplementary Fig. 5¢) of a 300 nm thick Ing;GagoAs
film lifted-off from the substrate reveals that the entire transferred film is free
of cracks; beside the lower edge where we touched the film during lift-off
with a tweezer. AFM, 6/260- and Raman measurements clearly reveal the
successful lift-off of the Ing;GagoAs film (see Supplementary Note 5).
Figure 4 shows XRR, Raman and AFM measurements of the substrate and
the Ing ;Gag 9As film after lift-off, respectively. While Raman measurements
on the backside of the film show no traces of a-C, we observe a clear carbon-
related signal from the substrate after layer lift-off. This observation is
strengthened by the XRR measurements performed on the substrate after
lift-off. Compared to the XRR spectra of a bare GaAs substrate, the XRR
spectra of the GaAs substrate after layer lift-off shows a clear oscillation.
Both, the Raman and XRR measurement after lift-off are nearly identical to
the spectrum obtained after freshly preparing an a-C layer on the GaAs
substrates (see Fig. 1a, d) revealing that the a-C layer stays on the substrate
after layer lift-off. We investigated the surface morphology of the a-C layer
on the substrate after layer lift-off. The 5x 5 um* AFM image in Fig. 4c
reveals a smooth a-C surface exhibiting an RMS roughness of 0.3 nm similar
to a freshly prepared a-C covered GaAs substrate (as presented in Fig. 1¢). In
conclusion, our measurements show that the a-C layer remains on the
substrate after lift-off thus potentially allowing wafer recycling and reduc-
tion of production cost and also pave the way towards assembling different
membranes allowing versatile device fabrication™.

Growth on a-C covered InP substrate

In a next step, we transferred our approach from our model system GaAs to
material systems, which require more sensitive growth parameters. First, we
discuss the growth of pseudomorphic In,Ga, ,As layers on InP substrates
demonstrating the flexibility of our a-C preparation method. In previous
works, remote epitaxy has been reported for a-C and BN layers, respectively,
fabricated at elevated temperature of >680°C on AlysGagsAs and SiC
substrates™”. Such high temperatures are obviously not compatible with
temperature sensitive substrates like InP exhibiting a lower decomposition
temperature of roughly 550 °C. In contrast, with our room-temperature
PECVD method, we can prepare a-C layers on temperature sensitive sub-
strates as InP. We covered InP substrates with a-C deposited for 10 s and
performed subsequent epitaxial overgrowth of nearly lattice matched 25 nm
thick InysGag sAs layer at 300 °C with a III-V ratio of ~30. The inset of
Fig. 5a) shows exemplary an 1 x 1 um®> AFM image of the layer surface
revealing a smooth layer similar to layers grown on bare InP substrates. To
gain deeper insight in the crystal structure, HR-XRD measurements were
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845 °C on a-C covered 3C-SiC/Si(001) quasi-substrate and on the bare quasi-
substrate for comparison. f RSM of the (002)-reciprocal lattice reflection of the
320 nm thick c-GaN layer grown on a-C covered 3C-SiC/Si(001) quasi-substrate.
g1 x1pm?and 10 x 10 pum* AFM image of a thin c-AIN nucleation layer grown on
an a-C covered c-AIN/3C-SiC/Si(001) quasi-substrate at 760 °C.

performed. The w-260- and ¢-scan in Fig. 5a, b reveal the absence of poly-
crystalline grains in the layer and the (001)-crystal orientation of layer and
substrate. Figure 5¢, d shows the RSMs of the (004)- and (224)-reciprocal
lattice reflection of a more mismatched In,Ga;  As layer respectively
revealing a pseudomorphic layer for which we derive the indium con-
centration to x = (65 * 1) %. Pendellosung fringes in both RSMs indicate a
smooth surface of the IngesGagasAs layer, similar to the InggoGag o1 As
nucleation layer grown on an a-C covered GaAs substrate presented above.
We performed an w-scan of the (004)-reciprocal lattice reflection of the
Ing ¢5Gag 45As layer. The FWHM Aw =(0.015 + 0.001) ° corresponds to an
estimated dislocation density of (4.76 +0.06) X 10° cm™ (see Supplemen-
tary Note 4)*". The InP substrate exhibita FWHM Aw =(0.005 + 0.001) ° in
the used set-up. Further, we fabricated droplet etched Ings;Gagq3As

quantum dots embedded in an Ings,Aly4sAs matrix grown on an a-C
covered InP substrate (see Supplementary Note 6) and performed photo-
luminescence measurements at 16 K and 4.5 mW excitation power at
635nm (see Supplementary Fig. 6). A broad peak in the range of
1350-1600 nm is clearly visible in the spectrum revealing successful growth
of an optically active structure on our a-C covered InP substrates. We
attribute the broad peak shape to the non-optimized growth parameters on
the a-C covered InP substrate, i.e., the quantum dot size distribution might
be large resulting in broad emission. Consequently, using an a-C interlayer
on InP substrates paves a way for wafer-scale lift-off from a-C covered InP
substrates and the fabrication of freestanding In,Ga, ,As layers from InP
substrates. This might be of great interest for the fabrication of freestanding
heterostructures operating in the optical-C band because lifting-off
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membranes from InP substrates is quite challenging due to the lack of an
established epitaxial lift-off process.

Growth of metastable cubic AIN and GaN

Remote epitaxy of group-III nitrides has been investigated intensively and it
was shown that the thermal stability and large substrate ionicity compared
to the group-IlI-arsenides is favorable for remote epitaxial growth. It was
mostly reported on the remote epitaxy of group-III nitrides in the wurtzite
crystal structure™*'**' but Littmann et al.”* discussed remote epitaxy of
thick GaN layers grown in the metastable cubic crystal structure, which is
especially challenging. Growth of cubic (c-) group-III nitrides in the
metastable phase is challenging due to a narrow growth parameter window
and absence of lattice matched substrates and serves as a sensitive test
candidate for growth on our a-C layers™. The growing crystal is forced into
the cubic structure by the substrate so reducing the substrate-layer inter-
action impedes the growth of c-group-III nitrides. Littmann et al. discussed
remote epitaxy of c-GaN on transfer-graphene and pointed out that remote
epitaxy suffers from the growth of hexagonal GaN inclusions at graphene
grain boundaries, wrinkles and pinholes™. Further, the growth temperature
range is delicate for cubic nitride growth: c-AIN and c-GaN are grown at
>760 °C and the substrate temperature cannot be lowered for nucleation as
employed for GaAs growth. We first discuss the nucleation of thin c-AIN
layers grown on a-C covered c-AIN buffer layers grown on 3C-SiC/Si(001)
substrates at 760 °C. First, a few monolayer thin c-AIN layer was grown on
3C-SiC/Si(001) substrates to exploit the large ionicity of 0.449°*” of the
c-AlN layer for the remote epitaxial overgrowth. Then, this stack was cov-
ered by a-C deposited with monolayer-like thickness following subsequent
overgrowth by a c-AIN layer at 760 °C. Note that the substrate-layer mis-
match between 3C-SiC(001) and c-AlIN is 0.3% so we can assume a pseu-
domorphic c-AIN layer on both, the 3C-SiC/Si(001) substrate and the a-C
covered 3C-SiC/Si/AIN quasi-substrate. Figure 5g) shows exemplarily a
1x1pum®and a 10 x 10 pm* AFM image of an approximately 5 nm thick
c-AlN layer grown on an a-C layer (well below the critical thickness). We
want to highlight two points here. First, the c-AIN layer exhibits a closed
surface with an RMS roughness of 0.45 nm on 1 x 1 um” revealing proper
nucleation of c-AIN on the a-C layer. Second, we do not observe any cracks
or surface defects in the film. This demonstrates the remote epitaxy of
metastable crystals on a-C and also the temperature stability of a-C. Fol-
lowing these promising results we performed more delicate mismatched
growth (~3%) of roughly 320 nm thick c-GaN layers at 845 °C on the a-C
covered 3C-SiC/Si(001) substrate. Figure 5e shows a RHEED image mea-
sured in [110] direction of the c-GaN layer grown on a-C together with the
RHEED pattern of the bare a-C covered substrate for comparison. The
amorphous structure of the deposited a-C film leads to a diffuse pattern as
the streaky pattern of the substrate interferes with the diffuse signal from the
a-C layer. Subsequent overgrowth forces intense streaks typical for growth
of c-GaN on 3C-SiC/Si(001) substrates: The slightly spotty reflections ori-
ginate from electron scattering on islands while the long streaks indicate
formation of a 2D surface reconstruction. Besides that, hexagonal reflections
are not observed indicating dominant c-GaN growth™. To quantify this in
more detail, we performed HR-XRD measurements. Figure 5f shows the
RSM of the (002)-c-GaN reciprocal lattice reflection. An intense reflection
originating from the (002)-c-GaN reflections and a much weaker reflection
of hexagonal inclusions can be identified. The hexagonal inclusion fraction
of roughly 16% is calculated from the integrated intensities of the cubic and
hexagonal reflection™. This value is significantly lower than the 23% h-GaN
reported by Littmann et al. for optimized growth parameters and we
attribute this to the superior quality of our a-C layer in contrast to trans-
ferred graphene used by Littmann et al.”. Their layers suffered from large
cracks hosting h-GaN grains which they attributed to wrinkles or folds of the
transfer graphene. We think the reduction of hexagonal inclusion is a strong
indicator of the large-scale integrity of our a-C layer. Optimization of the
delicate growth parameter of the c-GaN growth, especially the nucleation on
a-C probably could reduce the number of hexagonal inclusions further, but
this is beyond the scope of this paper. To our knowledge this is the first

demonstration of wafer scale remote epitaxial growth of crack or large area
defect free cubic group-III-Nitrides. Our results pave the way to lift-off cubic
group-III nitride layers and allows the fabrication of free-standing cubic
group-I1I nitride films which is nowadays quite challenging due to chemical
robustness of the group-III-nitrides and the 3C-SiC(001) pseudosubstrate.

Growth of highly mismatched In, Ga;_ As layers on a-C
covered GaAs

In this sub-section, we discuss the initial stage of remote epitaxial growth
of In_Ga,_, As layers (0.48 <x<0.52) on a-C covered GaAs as a model
system for large substrate-layer mismatch (roughly 3.6%). This material
system is also of technological interest because such indium concentra-
tion allows the fabrication of heterostructures emitting in the technolo-
gical important optical C-band and integration into the GaAs material
system allowing the in-situ growth of distributed Bragg reflectors. Fig-
ure 6a shows two AFM images of 25nm thick In,.,Ga,s,As layers
grown at 300 °C and a III-V ratio of =30 on a-C deposited for 10 s and for
20 s, respectively. Both surfaces exhibit a grainy morphology and an RMS
surface roughness of 0.7 nm and 1.7 nm, respectively. Increasing the a-C
layer thickness results in rougher surfaces like for GaAs growth on a-C
covered GaAs discussed above. However, the surface is significantly
rougher compared to the GaAs layers grown on a-C covered GaAs or the
lattice matched Inj5,Ga, 50As layers grown on a-C covered InP. We
conclude that the substrate-layer lattice mismatch and the layer relaxa-
tion play a crucial role during material nucleation on a-C layers. We
investigated the crystal structure in more detail by performing HR-XRD
measurements (see Fig. 6b-d). The In,Ga,_, As layer is free of poly-
crystalline grains and substrate and layer are oriented in the (001)-crystal
direction proven by w-26- and ¢-scans presented in Fig. 6¢, d. Further,
RSMs of the (004)- and (224)- reciprocal lattice reflection of In,Ga,_,As
layers (0.48 <x < 0.52) grown on a-C covered GaAs deposited for 10 s and
20s are shown in Fig. 6b) together with In,Ga, ,As layers
(0.48 <x < 0.52) grown with the same growth parameters on bare GaAs
substrates. We derived the degree of relaxation from the (224)-RSMs and
the FWHM of the In,Ga,_, As layer reflection from w-scans. All values
are summarized in Table 1 together with the layer’s dislocation densities
which were calculated using the FWHM following ref. 31 as shown
already above. In comparison to growth on bare GaAs, growth on a-C
leads to a stronger layer relaxation of 4+18% while the dislocation density
is similar. Further, the thicker a-C layer (20s) causes stronger layer
relaxation but also a larger dislocation density which is probably
attributed to a stronger substrate screening. We performed growth of a
200 nm thick In,Ga,_, As layer on a-C covered GaAs as well as on bare
GaAs and observed a similar trend. While the In, 5,Ga, 44As layer grown
on a-C is nearly fully relaxed, the In, ;,Ga, 5,As layer grown on bare
GaAs exhibit —11% relaxation. Both layers exhibit a similar dislocation
density. Our results show that In, Ga, _, As layers (0.48<x < 0.52) grown
on a-C are stronger relaxed compared to similar layers grown on bare
GaAs while showing similar dislocation densities. Such a relaxation
behavior was also observed for In,Ga,_, As growth on transfer graphene
but larger dislocation densities were measured attributed to a low transfer
graphene quality”’. Considering the high crystal quality and smooth
surface morphology of the In, ;Ga, ;As grown on InP, it is likely that
strain is a key factor for the comparatively/rather high defect density and
grainy surface of the In,Ga,_,As (0.48 <x <0.52) layer grown on a-C
covered GaAs. As a layer relaxation mechanism besides the formation of
dislocations on graphene covered substrates, a layer slip over the gra-
phene was discussed”*”**. Due to a weaker substrate-layer bonding, the
layer can partially release strain across this interface. We think that this
process could explain the 18% difference in the degree of relaxation
between layers grown on a-C covered and bare GaAs. The overall large
dislocation density of the grown layer is very probably due to the large
lattice misfit of 3.6% because we do not observe it for the lattice matched
layers discussed above. For such large mismatch, the corresponding
critical layer thickness is only a few nanometer so that relaxation sets in
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(004)- and (224)-reciprocal lattice reflection for different a-C deposition times and
of a 200 nm thick In 5,Gag 43As layer grown on a-C for comparison. ¢, d w-26-scan
and ¢-scan of the In,Ga, 4As (0.48 <x < 0.52) layer, respectively.

before the film covers the entire a-C film. As already shown, the
In,Ga,_,As (0.48 <x <0.52) layers growth starts in the Vollmer-Weber
mode on the a-C layer and the a-C coated substrates is not covered
completely before the critical thickness is reached. The individual islands
are strained and maybe the strain is relaxed by both, the formation of
dislocations in the initial islands and by a slip of the islands over the a-C
layer. Finally, we would like to stress that our results show superior
In,Ga,_,As (0.48 <x<0.52) quality on a-C covered InP compared to
growth on a-C covered GaAs.

Conclusion and outlook

We demonstrated the direct low-temperature deposition of ultrathin 2D
a-C layers on III-V semiconductors by PECVD as a universal template for
remote epitaxy. A route to fabricate thin a-Clayers on various sensitive III-V
host substrates enabling subsequent remote epitaxial overgrowth was pre-
sented. X-ray photoelectron and Raman spectroscopy measurements reveal
that the layers consist predominately of sp’-hybridized amorphous carbon.
Precisely tailoring the a-C layer thickness down to monolayer thickness via
the deposition time allows superior tunability of the substrate-layer
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Table 1 | Results of HR-XRD measurements of In,Ga,_,As
layers grown on a-C covered GaAs substrates at 300 °C

tac indium (004)- relaxation dislocation
(sec) fraction reflection (%) density
(%) FWHM (x10°cm™)
(deg)
25nm 0 48 +1 0.80+0.05 65+ 1 1.35+0.08
In,Gaq_xAs
ona-C 10 48 +1 0.80+0.05 751 1.35+0.08
20 49 +1 1.30+0.05 83 +1 3.58+0.14
200 nm 0 50+1 0.70 +£0.05 79 1 1.04 £0.07
In,Gaq_xAs
ona-C 10 52 +1 0.75+0.05 90 +1 1.19+0.08

The (004)-reflection FWHM, the layer relaxation and the dislocation density are shown for In,Ga.xAs
layers grown on a-C with different carbon deposition times. The dislocation density is calculated
employing the procedure outlined in ref. 31.

interaction. For remote epitaxy, a low-temperature nucleation step is
favorable for nucleation of III-V material growth on substrates coated
with thin a-C layers and lattice matched growth leads to high crystal
quality, low dislocation densities (<1 x 10”cm™) and smooth surfaces
with roughness <0.5nm, demonstrating the flexibility of our carbon
deposition process for temperature sensitive substrates like GaAs or InP
and metastable cubic group-III nitride layer growth. Layer release from
the substrate is demonstrated allowing the fabrication of versatile het-
erostructures from different membranes. Future investigation should
include more detailed investigation of the atomic arrangement at the
substrate-a-C-layer interface.

Methods

Fabrication of a-C layers

Thin a-Clayers were prepared on quarters of 3” GaAs and InP wafers and on
10 x 10 mm” pieces cleaved from 3” 3C-SiC/Si(001) wafers. The native oxide
layer on the substrates was removed by a gentle hydrogen-argon plasma
process employing a chamber pressure of 40 mTorr, 9 W RF-power and
10 sccm/5 sccm hydrogen/argon flux following subsequent amorphous
carbon deposition employing a methane-argon plasma with a chamber
pressure of 50 mTorr, 0 W-10 W RF-power, 300 W ICP-power and
35 scem/5 sccm methane/argon flux. Both processes were conducted in an
Oxford Instrument Plasma Plus80 system.

Sample characterization

Thin a-C layers were analyzed by XRR measurements, Raman- and XPS-
spectroscopy and AFM measurements. The crystal structure and quality
of the epitaxial layers were analyzed by TEM and HR-XRD and the
surface morphology by AFM measurements. HR-XRD and XRR mea-
surements were performed employing a Rigaku Smart-Lab system
operating at 45kV and 200 mA, Raman-spectra by a Renishaw inVia
Raman microscope with excitation at 532 nm and x20 magnification and
AFM measurement by a Bruker Dimension Icon instrument. XPS was
performed by means of an Omicron ESCA+ system at a base pressure of
<1 x 107* Pa. An XM1000 source with monochromatic Al Ka-radiation
(1486.7 eV) was used. The angle between source and analyzer was 102 °.
The take-off angle with respect to the surface plane was 60 °. Measure-
ments were performed without neutralization at a constant pass energy
of 100 eV for survey and 20 eV for element spectra. Data evaluation was
performed using CasaXPS Version 2.3.23PR1.0. Atomic level structural
studies were performed using ARM200F microscope with probe and
image aberration CEOS correctors operating at 200 kV. Annular dark
field images were obtained with a JEOL annular field detector with an
inner angle of 70 mrad, a fine imaging probe of ~23 pA and convergence
semiangle of ~22 mrad.

Epitaxial growth
For overgrowth, the carbon coated GaAs and InP samples were introduced
into a ITI-V solid source MBE system (Dr. Eber]l MBE Komponenten GmbH),

where they were first baked 1h at 200 °C in ultra-high vacuum and then
transferred into the growth chamber. The samples were annealed for 5 min
at 615300 °C under arsenic (As) overpressure to desorb any adsorbents,
especially attached hydrogen atoms from the plasma deposition process.
Then, the sample temperature was ramped to growth temperature and the
As-valve was closed. The substrate temperature was measured by a kSA-
BandiT via band-edge absorption. We initialized the growth by a monolayer
of group III elements as recommended in refs. 6,7 following subsequent
overgrowth to form a nucleation layer. The growth rate was 1 As™" and the
As to metal ratio =30 with an As-flux of p= 1.5 x 10”° mbar.

Growth of c-AIN buffer layers on bare 3C-SiC/Si(001) substrates
and overgrowth of c-AIN and c-GaN on carbon covered a-AIN/3C-SiC/
Si(001) substrates was performed in a Riber32 plasma assisted molecular
beam (PAMBE) system. The 3C-SiC/Si(001) substrates were cleaned
prior to overgrowth by ten gallium and aluminum flashes at 760 °C and
890 °C, respectively, resulting in an emergence of (2 x 2) surface recon-
struction lines™; a-C covered samples were not treated by this procedure
but were cleaned after transfer (through air) from the MBE to the
PECVD employing the aforementioned hydrogen-argon plasma step.
The c-AIN growth was initialized by ramping the substrate temperature
to 750 °C and depositing Al for 10s following 10s break to cover the
sample surface with a monolayer Al. Then, Al and N are deposited for 10
cycles of 30s deposition following 30's break at 750 °C. The Al beam
equivalent pressure was p = 4.1 x 10> mbar. c-GaN was grown at 845 °C
at a Ga beam equivalent pressure of p = 1.6 x 10”° mbar. For c-AIN and
c-GaN the N-plasma cell was operated at 260 W RF-power and
0.5 sccm N, flux.

Epitaxial lift-off

Epitaxial lift-off was performed following the approach presented in ref. 7 in
our home-built thermal evaporation chamber. First a 30 nm thin titanium
adhesion layer is deposited followed by roughly 760 nm nickel deposition
from alumina coated thermal evaporation boats. The chamber pressure was
<107 mbar. Thermal release tape was carefully stuck to the stack to peel of
the layer from the substrate.

Data availability

All data supporting the findings of this study are available within the article
and Supplementary Information files. They are also available from the
corresponding authors upon reasonable request.
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