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In this work, we report on the growth of hexagonal boron nitride (hBN) crystals from an iron flux at atmo-
spheric pressure and high temperature and demonstrate that (i) the entire sheet of hBN crystals can be detached
from the metal in a single step using hydrochloric acid and that (ii) these hBN crystals allow to fabricate high
carrier mobility graphene-hBN devices. By combining spatially-resolved confocal Raman spectroscopy and
electrical transport measurements, we confirm the excellent quality of these crystals for high-performance hBN-
graphene-based van der Waals heterostructures. The full width at half maximum of the graphene Raman 2D
peak is as low as 16cm−1, and the room temperature charge carrier mobilitiy is around 80000 cm2/(Vs) at a
carrier density 1×1012 cm−12. This is fully comparable with devices of similar dimensions fabricated using
crystalline hBN synthesized by the high pressure and high temperature method. Finally, we show that for ex-
foliated high-quality hBN flakes with a thickness between 20 nm and 40 nm the line width of the hBN Raman
peak, in contrast to the graphene 2D line width, is not useful for benchmarking hBN in high mobility graphene
devices.

I. INTRODUCTION

Two-dimensional (2D) materials are found as metals, semi-
metals, semiconductors, insulators or even magnets or su-
perconductors [1], and they can be used to create unparal-
leled van der Waals (vdW) heterostructures, providing an ex-
citing platform for both fundamental research and applica-
tions [2, 3]. Within the family of 2D materials, hexagonal
boron nitride (hBN) excels due to its insulating properties
(band gap of around 5.9 eV [4]), high thermal conductivity
[5, 6] and an ultra-flat surface that renders it an ideal sub-
strate material for other 2D materials [7, 8]. A large range
of vdW heterostructures that rely on high-quality hBN have
been developed, including graphene devices with ultra-high
carrier mobilities [7–9], well-tunable bandgap systems in bi-
layer graphene [10, 11] and high-performance optoelectronic
devices based on transition metal dichalcogenides [12–14].

The established method to obtain thin layers of crystalline
hBN that meets the rigorous quality for high-performance de-
vices involves the exfoliation (and dry transfer) from large,
isolated (bulk) hBN crystals. [15, 16]. Taniguchi and Watan-
abe pioneered the hBN crystal growth at high pressures
(> 4GPa) and high temperatures (HPHT method) and pro-
vide the most significant source of high-quality hBN crystals
within the 2D materials community [17, 18]. However, crys-
tals grown by this method may contain carbon-rich domains
and their dimensions and production capability are limited by
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the design of the hydraulic press [19, 20]. The experimen-
tally less demanding crystal growth at atmospheric pressure
and high temperature (APHT method) from Ni-Mo and Ni-
Cr fluxes was first demonstrated by Kubota et al. [21–23].
Subsequent research efforts led by Edgar’s group [24–28] and
later also by Wan’s group [29, 30] have successfully optimized
this method, resulting in the production of larger crystals
of comparable quality. Large crystalline hBN layers on top
of the metal ingots could be achieved with single-crystalline
domains ranging from 100 µm to 1mm [16, 31, 32]. This
demonstrates the potential of the APHT method to provide
hBN crystals of high quality suitable for the fabrication of
larger-scale devices based on graphene or other 2D materi-
als [33]. However, removal of the crystal layers from the metal
ingot via thermal release tape or mechanical force routinely
fractures them into small (mm2-sized) flakes [26, 32, 34] and
is limited in its ”scalability”. Recently, Edgar and Liu both
demonstrated that a single-component Fe flux is also suitable
for the growth of large hBN single-crystal layers despite the
predicted low solubility for nitrogen [32, 35]. Isolated hBN
crystal flakes up to 4cm2 were recovered from the Fe ingot
by exfoliating with thermal release tapes, while Li et al. [35]
could demonstrate the removal of the entire as-grown crys-
tal layer of similar size via mild chemical detachment by HCl
treatment [35]. However, the integration of wet-chemistry in
processing and handling 2D materials are often susceptible to
contaminations that may deteriorate the material quality [36].
Therefore, it remains an open question whether an acid treat-
ment that has also been used by Kubota [21] and Li [35] will
affect the quality of the hBN crystals and more importantly
their performance in state-of-the-art graphene-based vdW het-
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Figure 1. Growth of hBN with the APHT method and detaching hBN crystals using hydrochloric acid. (a) Schematic of the single-zone
furnace at 1550°C with melted iron in an alumina crucible. (b) Depiction of the temperature profile of the growth procedure: hBN crystals
start to form after the saturation phase (indicated as a darker shade of grey). (c) Schematic of the detaching process using hydrochloric acid.
(d)-(f) Optical images of the crucible with the iron ingot directly after growth (d), the iron ingot after taking it out of the crucible (e) and the
iron ingot in the hydrochloric acid with emerging hydrogen bubbles (f). (g) Optical image of the extracted hBN crystal and the remainder of
the etched iron (h). (i) Optical microscope image of a region on the crystal shown in (g).

erostructures.

Typical characterization methods to benchmark the qual-
ity of hBN crystals are based on confocal Raman spec-
troscopy as well as photo- and cathodoluminescence measure-
ments [37] that demonstrate similar or equal quality as crys-
tals grown at high pressures. A more direct approach to test
the suitability of the hBN crystals for integration into high-
performance graphene-based vdW heterostructures is the ex-
traction of the electronic performance of an hBN-encapsulated
graphene [19, 38, 39].

In this work, we present a holistic process of APHT hBN
growth, high-yield detachment of the hBN crystal-layer from
the solidified metal solution by HCl treatment, and subsequent
integration of the hBN crystal-flakes for high-performance
graphene-based vdW heterostructures fabricated by dry trans-
fer. We confirm the high electronic performance of our de-
vices by spatially-resolved confocal Raman microscopy and
electronic transport measurements on structured Hall bar de-
vices. Temperature-dependent transport measurements reveal
ballistic transport at low temperatures, while at room temper-
ature, we identify ”intrinsic” phonon scattering to limit the
charge carrier mobility. Moreover, we benchmark the suit-
ability of hBN crystals grown by different methods (HPHT
and APHT) under various conditions for their integration into
graphene-based devices by comparing the hBN E2g Raman
peak width with the electronic properties of the hBN encapsu-
lated graphene.

II. RESULTS AND DISCUSSION

The hBN crystals that we used for the chemical detach-
ment experiments and subsequent integration into graphene
devices were grown from an Fe flux via the APHT method
in a similar manner as described by Li et al. [32] and Li et
al. [35]. The process is schematically depicted in Figs. 1(a,b).
Pieces of Fe (ChemPur, 0.5−1.5mm, 99.97%) were mixed
with 3.07wt% B powder (PI-KEM, 99.94−99.97%) under
inert conditions and loaded into a rectangular alumina cru-
cible (5× 2× 2 cm3) that was covered with a lid and placed
into a horizontal tube furnace. After three cycles of evacua-
tion and refilling with H2 (5% in Ar) to 1.1bar, the system
was sintered at 1550 ◦C for 24h under a continuous gas flow
of 25sccm to minimize oxygen and carbon impurities (see
Fig. 1(b)). The actual crystal growth process is performed
under constant flows of N2 and H2 (5% in Ar) at 125sccm
and 25sccm, respectively, while maintaining a constant pres-
sure of 1.1bar. After soaking at 1550 ◦C for 48h to saturate
the metal flux with B and N, the furnace is slowly cooled to
1525 ◦C with a rate of 0.5 ◦C/h and subsequently to 1400◦C
with a rate of 2◦C/h. Afterwards, the system is quickly cooled
to room temperature at a rate of 300 ◦C/h. A lower cooling
rate should provide a lower density of nucleation sites and
larger single-crystals but drastically increases the overall pro-
cess time [24, 26]. In our system, the combination of a slow
crystallization phase (0.5 ◦C/h) with a second, faster phase
(2 ◦C/h) produces more homogenous crystal layers while re-
ducing the presence of small, detached precipitates. A typical
result of the growth process is schematically depicted in the
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left panel of Fig. 1(c) and in Fig. 1(d) we show the success-
ful formation of a continuous hBN crystal layer covering half
of the Fe ingot. In accordance with the varied temperature
program and boron content, our crystal layers appear to be
thicker (> 100 µm) than those reported by Edgar (10−20µm)
and firmly adhere to the iron ingot. This prevents a damage-
free removal via thermal release tape and underlines the im-
portance of the mild and reproducible detachment procedure
that is schematically outlined in Fig. 1(c). After removing the
iron ingot from the crucible (see Fig. 1(e)) and thoroughly in-
vestigating the attached crystalline hBN layer via optical mi-
croscopy and Raman spectroscopy (see below), it is immersed
in concentrated HCl at room temperature. The HCl slowly
reacts with the iron ingot to form (solvated) Fe2+ and Cl−

ions and H2 gas as indicated by the bubble formation shown
in Fig. 1(f). After a reaction period that varies from batch
to batch and may take several days, the HCl intercalates be-
tween the crystalline layer and the iron and facilitates a gentle
detachment of the as-grown hBN crystal layer from the iron
ingot that is aided by emerging H2 gas. The detached crys-
tal layers were thoroughly cleaned with fresh HCl until no
FeCl2 could be detected. After washing with distilled water
and isopropanol the crystal was dried under nitrogen. The
crystal layer is curved and has a dimension of 3 cm × 3 cm
(see Fig. 1(g)) with no visible damage or contamination from
the detachment procedure and acid treatment. The remainder
of the etched iron ingot is shown in Fig. 1(h). Microscopic
analysis of the hBN crystal as shown in Fig. 1(i) reveals large
crystal grains that are in the order of a few 100 µm.

The quality of our hBN crystals was evaluated via spatially-
resolved confocal Raman spectroscopy. The evaluation in-
volves mapping of the bulk hBN crystals directly after de-
tachment and additionally after mechanical exfoliation of thin
hBN flakes (20−40nm) on silicon oxide. To achieve this, a
piece of hBN crystal is cleaved from the large crystal shown
in Fig. 1(g) by pressing the top side of the crystal onto a tape
repeatedly until a sufficient number of hBN flakes have been
transferred to the tape. The resulting hBN flakes on the tape
have lateral sizes ranging from 100 µm to 1mm (an example
is shown in Fig. 2(a)), with a single crystal grain of hexago-
nal symmetry (see 120◦ label in Fig. 2(a)) and side lengths
of a few 100 µm. To obtain thinner hBN flakes (below 40nm)
suitable for integration into vdW heterostructures, the tape is
folded multiple times and then pressed onto a silicon oxide
wafer piece. The wafer pieces are subsequently scanned us-
ing our automated flake search tool, where the thickness of the
hBN flakes is determined via their optical contrast towards
the substrate (see Fig. 5(f) in Ref. [? ]). An example of a
suitable hBN flake is shown in Fig. 2(b), with a thickness of
approximately 30nm and a sufficiently large region of homo-
geneous thickness, making it a good candidate for graphene
encapsulation. In Fig. 2(c), a Raman spectrum of the exfo-
liated flake is presented, showing the E2g hBN Raman peak
at 1366cm−1 with a full-width-at-half-maximum (FWHM) of
ΓhBN = 9.8cm−1. The inset displays the spatial distribution
of ΓhBN for the hBN flake shown in Fig. 2(b), ranging from
9.5cm−1 to 10.3cm−1.

To gain a better understanding of the statistical distribution
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Figure 2. Optical characterization of exfoliated hBN crystals. (a) Op-
tical microscope image of a hBN crystal on thermal release tape. (b)
Optical microscope image of an exfoliated flake on a silicon wafer
with 90 nm SiO2. (c) Raman spectrum at one position of the flake
shown in (b). The inset shows the spatially-resolved FWHM of the
fitted E2g Raman hBN peak, ΓhBN. (d) Histograms showing data
taken from spatially-resolved Raman maps taken on hBN crystals di-
rectly after detaching as well as on exfoliated flakes from these crys-
tals. Three different batches (b1-b3), all grown using an iron flux and
all detached using the same process, are compared, where all maps
from the same batch were included in the respective histograms.

of the line width ΓhBN, we performed Raman measurements
to map various regions of the crystals directly after exfoliation
from three different growth batches using an iron melt, with
minor variations in growth parameters. The results are plotted
in Fig. 2(d) with three histograms from the different batches
(b1-b3) plotted on top of each other. Each histogram repre-
sents data from at least five Raman maps of both exfoliated
flakes or crystals directly after detachment. The ΓhBN val-
ues range from 9cm−1 to 11cm−1, with mean values around
10cm−1, and are comparable to values obtained from hBN
crystals prior to the acid treatment with HCl or to hBN flakes
exfoliated using blue tape. Values as low as 7.6cm−1 have
been reported in literature [40] and we also observe similar
values in crystals from other growth batches not shown here.
However, especially after exfoliation, the ΓhBN values were
around 10 cm−1, which is also observed by other groups [37].
Our statistical evaluation, which yields only mean values be-
low 10 cm−1 for all investigated regions, therefore confirms
the crystallinity across the entire detached crystal layer.
Next, we use our hBN crystals to build encapsulated graphene
devices and evaluated their electronic performance by exami-
nation of spatially-resolved Raman maps as well as electronic
transport measurements at various temperatures between 5K
and 300K. This allows us to use graphene to detect variations
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Figure 3. Characterization of graphene encapsulated in hBN. (a) Spatial distribution of the FWHM of the 2D Raman peak, Γ2D. (b) Histogram
of the FWHM of the Raman 2D peak shown in (a) and an optical image of the hBN-graphene-hBN heterostructure. The scale bar is 20 µm. (c)
Hall bar device with wiring scheme for the four-terminal measurements. The scale bar is 2 µm. (d) Four terminal conductivity and resistivity
as function of the back gate voltage VG (bias voltage of Vb = 1 V and a pre-resistance of Rp = 1MΩ has been used). (e) Transverse magnetic
focusing measurements taken at 1.7 K as function of magnetic field and gate voltage. The dashed curves correspond to the conditions where
magnetic focusing works (see text). The inset shows the measurement configuration and the classical trajectories of the first two ”modes”.
(f) Charge carrier mobility as function of carrier density for various temperatures. The yellow dashed line depicts the ballistic limit of the
mobility, given roughly by the sample dimensions (see text).

(inhomogeneities) in the quality of the hBN-graphene inter-
face as well as to directly confirm the suitability of processed
hBN crystals for high-performance graphene devices. We em-
ploy standard dry transfer techniques based on a PDMS/PC
stamp to transfer hBN and graphene flakes [41]. Fig. 3(a)
shows a spatially-resolved map of the FWHM of the graphene
2D Raman peak, Γ2D, of the heterostructure optically shown
in the inset of Fig. 3(b). We extract a Γ2D line width down to
16 cm−1 indicating minimal amount of nm-scale strain varia-
tions [39, 42] and low doping [43]. Areas of larger Γ2D values
are related to either bubbles, folds or contaminate accumu-
lations between the layers, however, large areas of homoge-
neously low Γ2D indicate high-quality of the involved hBN
interfaces.

In the next step, Hall bars are structured in regions with no
visible folds, bubbles, i.e. in regions with Γ2D < 17 cm−1. We
use electron beam lithography followed by evaporation of an
aluminum mask and dry-etching with an Ar/SF6 atomic layer
etching process. The contacts are defined in a second lithogra-
phy step with subsequent Cr/Au evaporation. An example of a
Hall bar structure and the four-terminal constant-current mea-
surement scheme are shown in Fig. 3(c). The highly doped
Si substrate (covered by 285 nm SiO2) is used as back gate
(not shown). Fig. 3(d) shows the room temperature (RT) gate-
dependent four-terminal resistivity ρ = V4TW/(I L) (width
W = 2 µm, length L = 2 µm and I = 1 µA) and the conduc-
tivity σ = 1/ρ measured on the sample shown in Fig. 3(c).
The conductivity exceeds 500 e2/h at large back gate voltages
VG, i.e. at high charge carrier densities, mainly limited by
electron-phonon scattering [8]. The charge neutrality point
(CNP) is located at V 0

G = −5.2 V. Note that this trace was
taken after multiple temperature cycles and that the initial po-

sition of the CNP was at V 0
G = −0.4 V. The shift of the CNP

after multiple temperature cycles is also sometimes observed
in other devices.

The high quality of our hBN-graphene heterostructure is
further confirmed by conducting transverse magnetic focusing
(MF) measurements at low temperature (1.7 K), as depicted in
the inset of Fig. 3(e). Charge carriers are injected between a
smaller and larger contact and the response is measured non-
locally as a function of gate voltage and magnetic field. The
Lorentz force bends the electrons in-plane, and when the cy-
clotron radius matches half of the distance between the con-
tacts, the signal increases sharply. The magnetic focusing re-
sponse is expected to follow Bp = ph̄

√
n/(

√
πL), where L is

the distance between the injector and collector contact, p−1 is
the number of reflections at the edge [44] and n=α(VG−V 0

G),
where α = 6.1×10−12 cm2/V is the gate lever arm extracted
from quantum Hall measurement (in agreement with the plate
capacitor model) and V 0

G =−80 mV marks the charge neutral-
ity point (at 1.7 K). The dashed black curves in Fig. 3(e) show
the expectations for p = 1 (no edge reflection) and p = 2 (one
edge reflection), where L = 2 µm is the distance between the
central points of the contacts. The responses for p = 1 and
p = 2 are strong and weak respectively, as expected for partly
diffusive edge scattering [44], both in agreement with theory
(see dashed lines). The responses are equally pronounced for
electrons VG > 0 and holes VG < 0, directly proving the bal-
listic nature of our device for both, electron and hole transport
with a mean free path exceeding 3 µm. The large mean free
path of the charge carriers is further confirmed by evaluat-
ing the temperature dependence of the mobility µ = σ/(en),
which is depicted in Fig. 3(f), for temperatures between 5K
and 285K. The yellow dashed line represents the mobility
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Figure 4. Comparison of room temperature carrier mobilities.
(a) Room temperature mobilities as function of charge carrier den-
sity for hBN-encapsulated graphene devices with hBN from differ-
ent growth processes. (b) The average FWHM of the graphene
Raman 2D peak Γ2D is plotted against the carrier mobility at n =
2×1012 cm−2 (taken from (a)). (c) Average Γ2D as function of av-
erage the hBN peak ΓhBN. Values are extracted from homogeneous
regions in the stack which were further used for Hall bar structuring.
Open symbols correspond to the mobility traces in (a).

calculated using a mean free path of 2.5 µm which is on the
same order of our sample size (i.e. sample width / length) and
provides good indications that the ballistic limit is set by the
device geometry.

Lastly, we compare the room temperature performance of
a number of different hBN-encapsulated graphene samples
using hBN grown in different batches and based on differ-
ent growth parameters, metal fluxes, or the isotopic distribu-
tion of the boron. The hBN crystals grown via the APHT
method are either grown by the group of Edgar at KSU (#1)
or as described above at RWTH (#2). The Drude mobil-
ity for electron doping of several different devices is pre-
sented in Fig. 4(a). The device, based on HCl-detached
hBN competes with other devices based on either HPHT
hBN, 10B or 11B hBN as well as APHT hBN also grown
from an iron flux (see labels in Fig. 4(a)), but with a purely
mechanical detachment of the hBN from the ingot. Val-
ues of the Drude mobility up to 120×103 cm2(Vs)−1 only
limited by scattering with phonons are achieved. How-
ever, we observe a sizable spread in the carrier mobility be-
tween devices from different growth batches, ranging from
60×103 cm2(Vs)−1 to 85×103 cm2(Vs)−1 at a charge carrier
density of n = 1×1012 cm−2 and around 40×103 cm2(Vs)−1

to 65×103 cm2(Vs)−1 at n = 2×1012 cm−2 making all these
heterostructures interesting for high-performance electronic
devices. Interestingly, there is strong indication that the high
carrier-density mobility of these devices is related just to the
flatness of the graphene layer (i.e. the absence of nanometer-
scale strain inhomogeneities), consistent with previous work
on HPHT hBN [9, 42]. This is shown in Fig. 4(b), where the
carrier mobility values appear to be (roughly) inversely pro-
portional to the degree of strain inhomogeneities expressed by
small average Γ2D values, in agreement with Ref. [42]. It is
noteworthy that the line width of the hBN Raman peak, ΓhBN,
with average values up to 10 cm−1 (see Fig. 4(c)) is not linked
to the carrier mobility in the nearby graphene layer. Further-
more, the large difference in the hBN peak width between 10B
or 11B and hBN with a natural isotopic distribution is related
to the broadening due to isotopic disorder (mass effect) [38].
The absence of a relation between ΓhBN and Γ2D shows the
limitation of using the hBN peak width as a measure of the
quality of hBN crystals for benchmarking high-performance
hBN-graphene heterostructure based devices.

III. CONCLUSION AND OUTLOOK

We conclude by stressing the importance of validating
the quality of the surface and interfaces of exfoliated hBN
crystals by directly probing the electronic quality of hBN-
encapsulated graphene. The use of graphene offers a sensi-
tive way to benchmark various hBN crystals for their suit-
ability as a substrate or encapsulant. In addition, we have
shown that high quality hBN crystals can be grown using the
APHT method and successfully extracted with high yields and
directly integrated into high performance graphene devices.
Most importantly, the electronic performance of graphene en-
capsulated in HCl-etched hBN is as high as completely dry-
processed hBN crystals. Our work, therefore, suggests us-
ing certain wet-chemical process steps to increase the over-
all yield of high-quality hBN crystals is acceptable. Interest-
ingly, the result of the statistical analysis of spatially-resolved
Raman maps has not let to any observable relation between
the graphene 2D and hBN peak widths for Γ2D < 18cm−1

and ΓhBN < 10cm−1. As a result, electronic transport mea-
surements on hBN-encapsulated graphene devices remain the
most important way to assess the quality of the hBN crystals
involved.

IV. DATA AVAILABILITY

The data supporting the findings of this study
are available in a Zenodo repository under
https://doi.org/10.5281/zenodo.7799200, reference num-
ber 7799200.
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