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The possibility to fabricate van der Waals heterostructures on the wafer-scale would open up a wide
range of potential applications. Hexagonal boron nitride (hBN) is one of the most important components
in many structures of this kind. Obtaining high quality hBN and the ability to transfer large areas to
arbitrary surfaces is a must for future applications of many less durable and less stable van der Waals
materials. In this work, we point out key factors that allow us to delaminate large areas of hBN layers
grown by metal-organic vapor phase epitaxy on two-inch sapphire substrates. Using scanning electron
microscopy and X-ray diffraction, we also compare hBN layers before and after the delamination process.
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1. Introduction

Boron nitride (BN) is a wide bandgap material
with high chemical stability and thermal conduc-
tivity. Particularly interesting is its layered form
with sp2 hybridization, also called hexagonal boron
nitride (hBN). It has become an important element
of van der Waals heterostructures, which are made
of two-dimensional materials with diametrically dif-
ferent properties — hBN acts as an insulating bar-
rier in them [1]. More complex van der Waals struc-
tures, also called NanoLego, open up a wide range of
possibilities, for example for flexible electronics [2],
ultrafast transistors [3, 4] or single photon sources
used in quantum cryptography [5].

However, the application of hBN in everyday life
requires the development of a method for obtain-
ing high quality large area layers that are grown on
commercially available substrates (e.g. sapphire)
and mastering the process of delamination that al-
lows transferring a hBN layer to target substrates
or other two-dimensional materials.

One opportunity to achieve the above is to grow
sp2 BN layers by metal-organic vapor phase epi-
taxy (MOVPE). By growing samples under appro-
priate conditions one can obtain a material that
can be easily delaminated from the sapphire sub-
strate. As shown in Fig. 1a, after putting the sam-
ple on the surface of water, it penetrates between
the hBN layer and the substrate peeling off mate-
rial at the same time. This method of delamination
was presented by Chugh et al. [6] but its mechanism

is still unknown. As shown by Bera et al. [7], this
kind of delamination also reduces strain within the
material. In this work, we point out key parameters
that are important for the proposed method.

2. Methods

2.1. Sample growth

All samples presented in this article were grown
by MOVPE using an Aixtron CCS 3 × 2” system.
Two-inch diameter sapphire wafers were used as
substrates, hydrogen as the carrier gas, triethy-
loboron (TEB) was the precursor of boron and
ammonia — the precursor of nitrogen. Boron
nitride was grown in different growth parameter
regimes [6, 8–10].

The examined BN samples were epitaxial layers
oriented parallel to the sapphire surface with thick-
ness in the range from 1 to 30 nm. Prior to the
growth, the Al2O3 substrate surface was nitrided
in NH3 gas flow. The nitridation time before the
growth was from 0 to 3 min which resulted in dif-
ferent thickness and quality of AlN buffer layer.

2.2. Delamination procedure

All the samples in this work were delaminated
according to the same procedure. Before delamina-
tion, samples were heated on a hot plate at 80◦C
for 10 min. Then they were put onto the surface
of a 1–2 mm thick liquid solution layer. It is im-
portant to adjust the surface of the sample parallel
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Fig. 1. Solvent penetrating between the BN layer
and the sapphire substrate, peeling off the material.
For the experiment (a) water, (b) isopropanol, (c)
acetone, (d) toluene were used as a solvent.

to the surface of the liquid and prevent the sample
from sinking. If this happens, the liquid penetrates
from the edges of the sample between the hBN layer
and the sapphire substrate (as shown in Fig. 1a) de-
laminating it immediately. When the process was
too slow, an additional 1 mm thick layer of liquid
was added and the Petri dish was moved to ruffle
the surface of the liquid. After time, the hBN layer
fully peeled off from the substrate, floating on the
surface, whereas the substrate sank.

3. Results and discussion

3.1. Delamination in different solvents

We also studied how the usage of different sol-
vents affects the delamination process. To this end,
water was replaced by three types of solvents: polar
aprotic (acetone; purity 99.5%), polar protic (iso-
propanol; purity 99.7%) and non-polar (toluene; pu-
rity 95%). We used two samples (0.8 × 8 cm2) for
each approach, both from the same wafer.

In Fig. 1, we present images taken with a cam-
era connected to an optical microscope. One can
see that they differ from each other depending on
the solvent used. As shown in Fig. 1a, the sample
interacts with water, which penetrates under the
BN layer peeling it off. Water, while moving to-
wards the middle of the sample, lifts up big areas
of the material. This process can be very quick.
The attempt with isopropanol (Fig. 1b) was sim-
ilar to the one with water (Fig. 1a). Millimeter-
size areas of material were raised up. Even though
95% of the layer did not have contact with the sub-
strate anymore, the layer did not detach. Acetone
can easily penetrate between the BN layer and the
Al2O3 substrate (Fig. 1c). However, it raises only
a small amount of material. The layer resembled
a crumpled foil bag. Moreover, the sample that
was put on the acetone surface sank and the BN
layer did not peel off. When the sample was placed

onto the toluene surface, no interactions and no
changes could be seen. After 30 min, a high-density
of small wrinkles could be observed as presented in
Fig. 1d. Toluene penetration was the slowest among
all the solvents tested and led to the least promising
results.

Attempts with different solvents lead to the con-
clusion that water is one of the most important fac-
tors in the proposed method. This observation can
be explained by the character of interaction between
water and hBN presented by Tan et al. [11] who in-
vestigated peeling forces of hBN caused by water.

MOVPE-grown BN layers are usually very thin
and easy to be damaged. By using pure water,
the delamination process was rapid. To make it
more controllable, we added isopropanol. An op-
timization of the isopropanol to water ratio allows
to obtain a compromise between velocity of delam-
ination and surface tension. As a consequence, the
whole process becomes slower, easier to control and
less prone to damage, which is important from the
point of view of peeling off large area continuous
layers. Our established isopropanol to water ratio
that guarantees a good compromise is 1:8.

3.2. Morphology before and after delamination
in water/isopropanol solution

The surface morphology of the samples was stud-
ied by scanning electron microscopy (SEM) using
a FEI Helios NanoLab 600 system. An example of
a typical morphology of the studied BN samples is
shown in Fig. 2a. Characteristic wrinkles on the BN
surface are visible regardless of the number of de-
bris on the sample. The formation of wrinkles can
be explained by the difference in thermal expansion
coefficients of BN and Al2O3 [12, 13]. Figure 2b
shows the same sample but after the process of de-
lamination. No wrinkles can be seen. By using the
proposed delamination method we obtain a wrinkle-
free surface with less strain, in agreement with [7].
This fact constitutes a significant advantage over
other methods for transferring large area BN layers
that use, e.g., polymers like PMMA [14] or sput-
tered metals [15]. A strain-relaxed BN layer should
also be more suitable for the growth of other 2D ma-
terials like transition metals dichalcogenides [16].

Fig. 2. SEM image of an BN layer (a) as grown,
(b) redeposited on sapphire after the process of de-
lamination.
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3.3. X-ray diffraction measurements

A Philips X’pert diffractometer equipped with
a parallel beam Bragg X-ray mirror and Cu sealed
X-ray tube was used for structural characterization.
The X-ray diffraction (XRD) peaks, as shown in
Fig. 3a, are typical 2theta-omega scan results ob-
tained from BN layers on sapphire substrates [17].
The BN sample delaminated and transferred to
a silicon substrate (Fig. 3b) shows only a 002 peak
from the BN layers. The angular position and
FWHM of the BN peak remained almost unchanged
(compared to the as-grown sample, Fig. 3a) which
proves that the structure of the grown BN was pre-
served during the delamination process. The sap-
phire still showed a diffraction signal from the BN
layer after delamination (Fig. 3c). It had the same
FWHM but a decreased intensity. This means that
the delamination had not taken place over the en-
tire surface of the sample and a small amount of
the BN layer remained, mainly in the vicinity of
the edges of the sample. The intensity of the AlN
peak slightly decreased, which may be related to
a partial dissolution of the AlN in water.

3.4. Influence of growth conditions
and BN properties on ability of delamination

in water/isopropanol solution

We studied how different properties of BN sam-
ples can affect the ability to be delaminated with
the proposed method (delaminatability). To make
it more countable, we have introduced a five-point

Fig. 3. X-ray diffraction 2theta/omega scans for:
(a) BN on sapphire substrate (as grown), (b) de-
laminated BN transferred onto Si substrate, (c) sap-
phire substrate after delamination.

Fig. 4. Ability to be delaminated as a function of
(a) BN layer thickness, (b) BN lattice constant, (c)
unintentional AlN thickness, (d) AlN XRD peak
position.

scale. Every conducted delamination process was
different. They differ from each other in the dura-
tion or density of folds and their sizes. Therefore,
only 1 and 5 on our scale are strictly defined. The
situation in which the sample does not delaminate
at all and no sign of delamination can be seen corre-
sponds to a 1 on the scale. If it takes, however, only
up to 5 seconds until the layer fully delaminates, the
sample is ranked 5. All the other points on the scale
are set by taking into account the duration, density
of folds, and their sizes.

There is no direct relationship between delami-
natability and a single growth parameter, such as
temperature, pressure, NH3 and TEB flows. As
it was suggested by Chugh et al., delaminatability
depends, among others, on the BN layer thickness
dBN. Our study shows that it is indeed a critical pa-
rameter. As shown in Fig. 4a, there is a thickness
range of about 8–22 nm that maximizes the proba-
bility of BN being delaminated (area III). One can
see a different behavior in the delaminatability with
thickness in the case of area II and area IV. That
means that for delamination purposes it is better to
grow films with thickness of tens of nanometers. It
is connected with strain in the material. For very
thin BN layers (area I), the energy related to com-
pressive strain is insufficient to overcome the inter-
action between the layer and the substrate so the
material does not wrinkle. As a consequence, the
water cannot enter underneath the layer and delam-
ination cannot proceed. On the other hand, thick
layers are more rigid, preventing relaxation and, in
consequence, delamination.

In Fig. 4b, one can also see that the better crystal-
lographic structure of BN we have, the more likely is
delamination. Higher values of BN lattice constant
aBN are due to turbostratic BN (t-BN) contribution
to the material. The turbostratic phase is charac-
terized by the torsion of atomic planes and their
discontinuity. The resulting atomically thin flakes
within the film cannot efficiently transfer the energy
released during the relaxation of the material.
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Another key factor in the process of delamina-
tion is unintentional AlN formed on the BN–Al2O3

interface during the growth process. When the sap-
phire substrate is exposed to ammonia at high tem-
peratures and high pressure, the surface begins to
etch. The oxygen atoms are discharged from the
reactor and nitrogen atoms from NH3 replace them
and bind to aluminum [18]. This process is pos-
sible in two cases: during the intentional nitrida-
tion before the BN growth and nonintentionally at
the initial pulsed growth stage [10], when the BN
layer is not yet securing the sapphire, and subse-
quent ammonia pulses can lead to AlN. The qual-
ity of the formed AlN is highly dependent on the
compilation of many parameters — growth condi-
tions, time of intentional nitridation, the time of
NH3 pulses, etc. As Fukumoto et al. suggest, AlN
powder can be dissolved in water [19]. If we treated
the tiny and irregular layer of AlN as a powder, we
should expect a dependence between delaminata-
bility and AlN thickness dAlN. In fact, we find the
delaminatability not to depend on AlN thickness
as shown in Fig. 4c but it seems to be sensitive to
its defects.

In Fig. 4d, one can see that moving away from
the literature value for the AlN XRD peak position
2θAlN (36.04◦) [20] towards higher values, the prob-
ability for being delaminated increases. It strongly
suggests that there is more space between atoms
in more amorphous AlN which favors penetration
of water between the BN and the substrate. How-
ever, it is also possible to obtain BN samples with
a good AlN XRD peak position value that is able
to delaminate (gray area).

This fact is a clear indication that other parame-
ters like layer thickness or strain in the material are
more significant.

4. Conclusions

We have studied large-scale (∼ cm2) delami-
nation of boron nitride grown on sapphire sub-
strates by MOVPE. The use of different solvents
revealed that the presented delamination technique
proceeded fastest in pure water, however, better
control over the process was achieved with a wa-
ter/isopropanol solution, which supports peeling off
a BN layer from the substrate. We show that hBN
quality plays an important role for delamination
and identify a thickness range of tens of nanometers
to be favorable for delamination. We find evidence
that the quality of unintentional AlN on the BN-
sapphire interface cannot be neglected either. The
right amount of defects seems to increase the proba-
bility of delamination. All of the mentioned factors
have a strong impact on large-area hBN delamina-
tion. XRD measurements show that the process of
delamination happens at the Al2O3/AlN–BN inter-
face and SEM images prove that the delaminated
layer is continuous and wrinkle-free.

It is clear that more studies are needed to inves-
tigate the conditions and growth parameters that
allow us to obtain structures which would be easily
delaminated or resistant against delamination. Our
studies present a first step towards a prediction if
a BN layer will be easy to delaminate from the sub-
strate which is important for different applications.
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