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ABSTRACT: We successfully demonstrated the improvement and 120 As-prepared

stabilization of the electrical properties of a graphene field effect 00| — e
transistor by fabricating a sandwiched amorphous boron nitride (a- 3 Afar 4 wonite
BN)/graphene (Gr)/a-BN using a directly grown a-BN film. The < 80| es aENCHBN

a-BN film was grown via low-pressure chemical vapor deposition 3 60

(LPCVD) at a low growth temperature of 250 °C and applied as a g Sraphene
protection layer in the sandwiched structure. Both structural and © af

chemical states of the as-grown a-BN were verified by various 20F

spectroscopic and microscopic analyses. We analyzed the Raman Vos=-01VY

spectra of Gr/SiO, and a-BN/Gr/a-BN structures to determine the 0 40 20 0 20 40

stability of the device under exposure to ambient air. Following Vs (V)

exposure, the intensity of the 2D/G-peak ratio of Gr/SiO,

decreased and the position of the G and 2D peaks red-shifted due to the degradation of graphene. In contrast, the peak position
of encapsulated graphene is almost unchanged. We also confirmed that the mobility of a-BN/Gr/a-BN structure is 17,941 cm?®/Vs.
This synthetic strategy could provide a facile way to synthesize uniform a-BN film for encapsulating various van der Waals materials,
which is beneficial for future applications in nanoelectronics.

KEYWORDS: amorphous boron nitride (a-BN), graphene, heterojunction, field effect transistor (FET), high mobility,
boron nitride encapsulation

H INTRODUCTION to obtain an h-BN film with a large area, a high growth
temperature and a long growth time are required. As an
alternative for the crystalized h-BN, amorphous boron nitride
(a-BN) has been considered a promising encapsulating material

Graphene has been widely used in a variety of applications, such
as in field effect transistors (FETs) and memory and tunneling

devices, because of its superior electrical properties.l_6 o !
However, graphene has a limitation in that all its carbon for 2DMs because it is relatively free of defects (traps and

. : li ires 1 h 2o
atoms are exposed to the external environment, which could dangling bonds) and requires low growth temperature

cause performance degradation of graphene-based devices.~° Glavm.et al. and Hong et all. explored tl}e dlelect?lc properties .of
. . ultrathin a-BN film and diffusion barrier behavior for ultrathin
After exposure to the external environment, silanol groups on

. ) : : lectroni ices.”*” in et al. confi that FETs of
the SiO, surface interfere with the movement of charge carriers, ereac }rlzglec ocllle\;;e: BN hlej'i(rlcl)riln;r fzcecsz)lull;lmee:hanie the lslo(l)e
resulting in localized charge accumulation at the interface grap

qeys 2
. Z and electron mobilities to 4980 and 4200 cm®/Vs, respec-
between graphene and SiO,.'’”'* Numerous approaches have . 30 » 4 /Vs, resp
. o tively.” Very recently, Lu et al. verified that a-BN film
been introduced to enhance the stability and performance of . .
. 13—15 ’ . . successfully suppresses current fluctuations and enhances carrier
graphene-based devices. Encapsulating such devices using . . 1031 o .
X - . . . mobility of 2D materials.”” However, fabricating a-BN films still
various 2D materials (2DMs) can prevent their deterioration - . o
16—21 . has several issues, such as the requirement of additional
due to external effects. In particular, hexagonal boron

nitride (h-BN) films have many advantageous properties such as annealing If)rocesieis at relatively h}gh temperatures, complicated
; ] ; processes for making the protection layer, and the debate over
a large band gap of approximately 6 eV, and a dielectric constant
of ~3.76. h-BN films have the same hexagonal atomic structure
and high crystallinity as 2DMs; thus, they can improve mobility
and stabilize device performance (Table S1).'"7*' Several
research groups have demonstrated the large-scale growth of h-
BN on metal catalytic substrates;**~>* however, because of the
wet-etching process of metal catalysts during stacking with other
2DMs, contamination at the interface is inevitable.”* In addition,
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Figure 1. Schematic illustration of the (a) growth mechanism of the a-BN film and (b) double-zone low-pressure chemical vapor deposition system.
The solid-phase precursor vaporizes in furnace 1 and is supplied into furnace 2. Optical microscopic (OM) images of 300 nm SiO,/Si substrates (c)
before and (d) after a-BN growth. (Inset) Dark-field OM image apparently shows the synthesized a-BN on 300 nm SiO,/Si.

the transfer process. Above all, experiments to confirm whether
a-BN can sufficiently protect 2D materials from the external
environment and help improve electrical performance have not
been appropriately explored or performed yet (Table S2).

In this study, we succeeded in growing centimeter-sized
uniform a-BN films on arbitrary substrates (e.g., graphene/Ge
substrate and SiO,/Si substrate) at a low temperature. Using X-
ray photoemission spectroscopy (XPS), Raman spectroscopy,
and high-resolution transmission electron microscopy (HR-
TEM), we verified the high disorderness and near-stoichiometry
of the BN film. A capacitance—voltage (C—V) analysis was
performed to evaluate the electrical properties of the as-grown a-
BN film, and the dielectric constant of a-BN was approximately
1.25 at 1 MHz, very close to the x of air. Since the a-BN film
could be directly grown on the graphene/Ge substrate, we
assembled a-BN/graphene/a-BN heterostructure without a wet-
etching transfer process. Notably, we fabricated FET-based a-
BN-encapsulated graphene and confirmed the enhancement of
both stability and transport properties, even after 4-month of
exposure to ambient air conditions.

B EXPERIMENTAL DETAILS

Low-Temperature Growth of a-BN on an Arbitrary Sub-
strate. a-BN films were synthesized using a 2-inch double-zone low-
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pressure chemical vapor deposition system, which was divided into a
precursor-vaporization zone (furnace 1) and a reaction zone (furnace
2) (Figure 1). First, ammonia—borane complex (NH;-BH;, 97% purity,
10 mg, Sigma-Aldrich) powder and arbitrary substrates of 1.5 X 1.5 cm*
size (graphene/Ge substrate or 300 nm SiO,/Si substrate) were loaded
into furnaces 1 and 2, respectively. The detailed protocol for the growth
of graphene on the Ge substrate is described in Figure S1 in the
Supplementary Information.”” The chamber was evacuated to a high
vacuum (~1 mTorr) for 30 min. Then, furnace 2 was heated to 250 °C
while maintaining 110 Torr at a flow of 20 sccm of H, (99.999%) and
furnace 1 was heated to 100 °C for 30 min to form dehydrogenated
B;NgH; molecules. Simultaneously, evaporated B;NyH; molecules
begin to deposit on the substrate in furnace 2 (Figure 1b). After
obtaining the a-BN film of the desired thickness, both furnaces were
cooled to room temperature to avoid further growth. Figure 1c,d shows
OM images of a 300 nm SiO,/Si substrate before and after a-BN
growth, which indicates that the as-grown a-BN is uniform and
transparent (surface morphology and average thickness of a-BN is
described in Figure $2).”

Encapsulation and Device Fabrication. Both encapsulation and
device fabrication processes are schematically described in Figure S3a.
We deposited a 40 nm Au film on an a-BN film-coated graphene/Ge
substrate (a-BN/Gr/Ge) through thermal evaporation. Then, poly-
(methyl methacrylate) (PMMA) solution (PMMA A4, 4% by weight of
PMMA in anisole) was spin-coated on the samples at 2500 rpm for 60 s
and samples were baked at 120 °C for 10 min. Consequently, a thermal

https://doi.org/10.1021/acsami.2c18706
ACS Appl. Mater. Interfaces 2023, 15, 7274—7281


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18706/suppl_file/am2c18706_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18706/suppl_file/am2c18706_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18706/suppl_file/am2c18706_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18706/suppl_file/am2c18706_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18706?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18706?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18706?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18706?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c18706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(a) B1s region| (D) N1s region (c) O1s region
s S s
8 8 s
@ @
c 2 c
£ 2 £
185 190 195 394 396 398 400 402 530 531 532 533 534 535

Binding energy (eV)

Binding energy (eV)

(d)

— a-BN on SiO,/Si
— Bare SiO,/Si

/:-dBN

SITO  0y(9)

Intensity (a. u.)

/Ww/

MM\‘N«W

Raman shift (cm1)

1200 1300 1400 1500 1600 1700

(e)

Binding energy (eV)

Figure 2. (a—c) N 1s, B 1s, and O 1s region in XPS profiles for the a-BN film on a 300 nm SiO,/Si substrate. (d) Raman spectra acquired from the as-
grown a-BN film on a 300 nm SiO,/Si substrate (red) and bare 300 nm SiO,/Si substrate (blue). (e) HR-TEM image of the a-BN film. The inset image
shows a fast Fourier transform results of the area depicted in the yellow box inside Figure 2e, indicating a disordered arrangement.

release tape (TRT) was attached, and a mechanical exfoliation method
was used to separate a-BN/Gr from the Ge substrate. The stacked
TRT/PMMA/Au film/a-BN/Gr structure was transferred onto an a-
BN/SiO,/Si substrate using a thermal press at 100 °C for S min. After
detaching TRT at 120 °C, PMMA was removed using hot (50 °C)
acetone treatment for 1 h and dipping in isopropyl alcohol to remove
any residual PMMA. The Au film was removed using potassium iodide/
iodine (KI/L,) solution. The two-terminal device structure was
patterned by standard photolithography (width: 2.0 ym and length:
3.0 um). To expose the graphene edge, patterned a-BN regions were
etched away using plasma etching (a mixture of 10 sccm of Arand SFg at
100 W for 2 min). A thermal evaporator was used to deposit 15 nm Cr
and 85 nm Au metals as metal electrodes for the source and drain of the
FET devices. To compare the performance of the device, we prepared a
graphene-based FET device on a 300 nm SiO,/Si substrate (Figure
S3b).

Characterization. HR-TEM analysis was performed using a Seron
ATF 2100 (Philips CM30). Film thickness was characterized by HR-
TEM and atomic force microscopy (AFM, scan rate: 0.5 Hz, Park
NX10, Park System). Raman spectroscopy (Alpha300 M+, WITec
GmbH) with an excitation wavelength of 532 nm and a Nd:YLF laser
was used to investigate the crystal properties of the samples (graphene
and a-BN film for a laser power of S and 30 mW, respectively). The
chemical composition of amorphous boron nitride and graphene were
determined by XPS using an ESCA2000 spectrometer; a-BN (power =
120 W, calibration peak: C 1s with a peak at around 284.8 eV) and
graphene (power = 80 W, calibration peak: C 1s with a peak at about
284.6 eV). A Keithley 2400 was used to measure the I—V characteristics
of both types of graphene FET devices at room temperature
(compliance: 0.01 A and scan step: 0.1 V). The capacitance—voltage
(C=V) characteristics of the Ag/a-BN/Si/Ag configuration were
measured using a K4200A-SCS parameter analyzer system and a probe
station facility at room temperature under ambient conditions. The top
and bottom electrodes with thicknesses of 100 nm were deposited on a-
BN and Si.
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B RESULTS AND DISCUSSION

Chemical and Electrical Properties of the a-BN Film.
The elemental composition of the a-BN film was analyzed by
XPS. High-resolution XPS scans of the B 1s and N 1s depicted
single distributed boron and nitrogen atomic bonds, with peaks
at 190.4 and 398.1 eV, respectively (Figure 2a,b).”” The peak
locations and lack of secondary peaks indicate very low levels of
impurities in the a-BN film. Surface oxidation can hinder the
encapsulation of the a-BN layer and is commonly reported in BN
films.”> However, oxidation peaks (around 192.1 V) were
absent in the XPS spectrum, indicating that the a-BN thin film
surface was not oxidized. Figure 2b shows almost no fingerprint
of metallic B—B bonding, which appears at B 1s &~ 187 eV.
Additionally, the ratio of B to N was nearly 1 to 1, demonstrating
stoichiometric a-BN thin film growth. As shown in Figure 2c, the
O 1s peak was observed at 532.7 eV, originating from the bottom
SiO,/Si substrate. Compared to the O s peak of bare SiO,/Si
substrate, the hydroxyl groups on the SiO, surface were almost
eliminated during a-BN film growth, indicating that the as-
grown a-BN film well passivated the hydrophilic SiO, surface
(Figure S4).%*

Raman spectroscopy was performed to check the noncrystal-
line state of the a-BN film on the SiO,/Si substrate. As shown in
Figure 2d, the a-BN samples exhibit an amorphous growth status
compared to bare SiO,/Si. Three peaks were observed from
1200 to 1700 cm™ for the a-BN film. The small peak near 1300
cm ™! is ascribed as E, vibrational mode of BN, which has been
shifted to a lower wave number from the peak position of
hybridized BN with sp? bonds at around 1370 cm™'.*"*” This
large shift might be due to the random strain effect dominating
the degradation of the crystal structure.”*~** The broad peaks at
1450 and 1550 cm ™" were assigned to the third-order transverse
optical phonon originating from the Si substrate and the

~
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molecular oxygen (e.g.,, ambient oxygen), respectively.”””® We
analyzed the as-grown a-BN films using top-view TEM images
(Figure 2e) to prove the noncrystalline structure and electron
diffraction patterns of the grown BN films and found the absence

BN).
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of long-range atomic order (refer to the amorphous nature of

To verify the electrical properties of the as-grown a-BN, we

prepared three samples with the Ag/a-BN/Si/Ag configuration
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(Figure 3). The thickness of a-BN was 20.4 nm for all samples
(Figure SS). The capacitance value decreased by more than 1
order of magnitude when the applied frequency was increased
from 100 kHz to 10 MHz (Figure 3a). For instance, the
capacitance at 3 V was reduced from 5.8 X 107'! to 1.48 X 10~°
F, when the frequency was increased to 10 MHz. The magnified
view of capacitance shows that capacitance increases as a
function of voltage (see Figure 3b) for a frequency of 500 kHz.
The relative dielectric constants (k) of a-BN at different
frequencies are shown in Figure 3c. At 1 kHz, the x value was
approximately 2.3, and it decreased to approximately 0.4 at 10
MHz, which is close to the findings reported in the
literature.””*" Significantly, the x value for a-BN was
approximately 1.25 at 1 MHz, very close to the x of air. This
low k value is probably due to the absence of crystalline order in
the a-BN structure, which hinders the dipole alignment.'” The
I-V characteristics of the a-BN film are shown for the three
samples in vertical electrode configurations (Figure 3d). The
current increased gently up to approximately 2 V (Poole—
Frenkel tunneling) and then dramatically enhanced due to
leakage current flow, resulting in an electrical breakdown in the
sample at approximately 2.6 V.

a-BN/Graphene/a-BN Encapsulation. Owing to its ultra-
thin layers, the structural morphology of graphene is severely
affected by the substrate, resulting in different degrees of local
structure.”' Furthermore, it has been proven that SiO, substrates
may facilitate the facile degradation of monolayer graphene
under ambient conditions by reducing its stability against
oxidation.”” These ambient-related factors modify the transport
properties, such as graphene’s carrier mobility and conductance.
Here, we fabricated sandwiched a-BN/Gr/a-BN structures on a
SiO,/Si substrate for the stability of the channel layer, which was
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then exposed to ambient air for 4 months. Figure 4a,b presents
the Raman spectra of a-BN/Gr/a-BN compared to those of Gr/
SiO, before and after exposure to ambient air. Three peaks were
identified: the D-peak at approximately 1350 cm™" comes from
transverse optical phonons around the Brillouin zone corner K,
the G-peak at approximately 1580 cm™' originates from the
emission of zone-center optical phonons (in-plane phonon
mode), and the 2D-peak at approximately 2700 cm™!
corresponds to the high-energy second-order process, which
was induced by preferential coupling to transverse optical
phonons near the edge of the Brillouin zone.*~*

In the case of Gr/SiO, as a channel layer, both G-peak and
2D-peak were red-shifted and broadened at the same time after
exposure to the ambient air: The peak position of G and 2D
peaks at 1577.9 and 2669.2 cm™" changed to 1588.7 and 2680.6
cm™!, respectively, and the full width at half-maximum
(FWHM) values of the G and 2D peaks increased from 17.1
and 30.2 cm™' to 18.14 and 37.4 cm™’, respectively (Figure
4c,d). A redshift is an increase in wavenumber, with a
corresponding decrease in the frequency of an electromagnetic
wave, which means that the frequency of phonons interacting
with the incident photon decreases.*”*’ Ambient conditions and
the adsorption of molecules, such as O,, on the surface of
graphene vary the chemical interactions, thus altering the peak
position and width in the Raman spectrum.”® Furthermore, we
observed that the peak ratio of G and 2D peaks ratio of the Gr/
SiO, samples decreased to 1.5 from its initial value of
approximately 3.5. Thus, we believe that when the graphene is
exposed to ambient air, disordering and oxidation of the
graphene can occur, increasing the concentration of charged
impurities in the graphene.”~* On the contrary, when the
graphene is perfectly encapsulated by the a-BN (a-BN/Gr/a-BN
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structure), we confirmed that the width of the peaks has
narrowed compared to those of the Gr/SiO, sample and there is
little change in the Raman spectrum after 4 months of exposure
to ambient air. Although the peak position of 2D slightly shifted
by around 4 cm™, there was no change in the 2D/G ratio and
FWHM values, indicating that the quality of graphene has not
degraded.

Device Stability of Field Effect Transistor (FET). Figure
Sa shows the top view of the optical microscope image of FET
devices with a sandwiched a-BN/Gr/a-BN structure and its
electrical properties based on the FET device. The Ip—Vpg
curves of the two samples (FETs based on a-BN/Gr/a-BN and
Gr/Si0,) were evaluated. The current level of Gr/SiO, was 137
uA (a-BN/Gr/a-BN: 319 pA) at Vg = 0.5 V. After 4 months,
the current level of both a-BN/Gr/a-BN and Gr/SiO, samples
were decreased to 114 and 297 pA, respectively. The a-BN/Gr/
a-BN FET device can be operated at a significantly higher I,
than that of the graphene FET (GFET) on the SiO, substrate, as
shown in Figure Sb. Furthermore, no hysteresis effect was
observed in a-BN-encapsulated FET devices, probably because
of the clean graphene/a-BN interface and the absence of
adsorbed impurities on the GFET channel surface.”*Figure 5c
shows the transfer curves (Ip—V) of the GFET devices. The
results demonstrate that the device performance of the
sandwiched a-BN/Gr/a-BN structure reached a positive
neutrality point voltage (Vyp) around —2 V, which resulted in
fewer charge traps. This leads to enhanced electron flow owing
to the surface dielectric screening effect.”* For the Gr/SiO, FET,
the neutrality point voltage shifted to 12.5 V, which is mainly
attributed to the dopants adsorbed on the graphene surface
owing to its storage under relatively humid ambient conditions.
As shown in Figure 5d, we extracted the field effect mobility
(upg) to compare the device performances of the sandwiched
structure of the FET device to that of the Gr/SiO, structure
using the following equation®”

L

_ Olpg
WCqVps

Mg Vs
where L, W, Vi, and Vg are the channel length, channel width,
drain-source voltage, and gate-source voltage, respectively, and
the capacitance per unit area (C) is £ye/d, with relative
permittivities of 4 and 2 for SiO, and a-BN, respectively. For the
Gr/SiO, FET device (Figure Sd), the field effect mobility
around the low-carrier-density regime (n~ 0.1 X 10"*cm™>) was
approximately 698 cm”/Vs, whereas that of a-BN-encapsulated
FET was 17,941 cm®/Vs, resulting in an approximately 26-fold
enhancement in carrier mobility. We conclude that the electrical
properties of the graphene channel a-BN can be effectively
improved and it can be protected from degradation under
external environmental exposure.

B CONCLUSIONS

In summary, we successfully synthesized large-area a-BN films at
a low temperature of 250 °C and performed optical, chemical,
structural, and electrical analyses. Chemical analysis revealed
that our a-BN film has sp>-bonded B and N. a-BN films have
been synthesized for various applications and can be used to
fabricate sandwich structures via dry exfoliation transfer
processes. We analyzed the a-BN film and stability of the a-
BN/Gr/a-BN structure compared to the Gr/SiO, structure and
fabricated FET devices to improve the field effect mobility. The
ppp of a-BN/Gr/a-BN was better than that of Gr/SiO,,
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achieving a value of 21,000 cm?/Vs. Also, the current of the
Gr/SiO, structured FET device was 114 uA at Vpg = 0.5V,
compared to 297 pA for the a-BN/Gr/a-BN structured FET
device. We believe that our study of FET devices with a
sandwiched a-BN/Gr/a-BN structure will be helpful for
applications in future nanoelectronics based on ultrathin vdW
materials.
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a-BN, amorphous boron nitride

Gr, graphene

FET, field effect transistor

LPCVD, low-pressure chemical vapor deposition
2DMs, 2D materials

h-BN, hexagonal boron nitride

OM, optical microscope

HR-TEM, high-resolution TEM

AFM, atomic force microscopy

XPS, X-ray photoelectron spectroscopy
I-V, current—voltage

C—V, capacitance—voltage

TO, transverse optical

FWHM, full width at half-maximum
GFETs, graphene FET's

Vxp, neutrality point voltage

Mg, field effect mobility
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