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raphene exhibits a unique band
G structure that allows charge carriers

to behave as relativistic particles
having zero effective mass."? Consequently,
graphene demonstrates exceptional prop-
erties such as high charge carrier mobility?
and high saturation velocity.* Such attri-
butes make graphene a promising candi-
date for radio frequency (rf) applications.>®
However, one of the key limitations to the
realization of graphene's full potential comes
from its interaction with dielectric interfaces,
which act to limit the excellent charge trans-
port properties of graphene.”° Typically,
top-gated graphene field effect transistors
(GFETs) are fabricated with SiO, or one of
various high-k gate dielectrics.>'® Such di-
electrics are usually grown either by atomic
layer deposition (ALD)"' ' or electron-beam
physical vapor deposition,'*'® creating an
imperfect electrical interface between gra-
phene and the dielectric. These dielectric
interfaces introduce scattering from charged
surface states,'®'” remote impurities,'® re-
mote surface optical phonons,'® and sub-
strate roughness,®® significantly degrading
the transport properties of graphene. One
promising dielectric for potential integration
with graphene is hexagonal boron nitride
(h-BN), an insulating isomorph of graphene
with a lattice mismatch of approximately
1.7%.2" Ultrathin films of h-BN have been
successfully demonstrated through a cataly-
tic thermal CVD growth process on transition
metals such as Rh,? Ru, 2 Pt Ni,>* Pd,*® and
Cu.”® These h-BN films can be subsequently
transferred to arbitrary substrates by removal
of the underlying transition metal substrate
via various transfer processes. Though it has
dielectric properties similar to SiO, (¢ ~ 4,
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Hexagonal boron nitride (h-BN) is a promising dielectric material for graphene-based electronic
devices. Here we investigate the potential of h-BN gate dielectrics, grown by chemical vapor
deposition (CVD), for integration with quasi-freestanding epitaxial graphene (QFEG). We discuss
the large scale growth of h-BN on copper foil via a catalytic thermal CVD process and the
subsequent transfer of h-BN to a 75 mm QFEG wafer. X-ray photoelectron spectroscopy (XPS)
measurements confirm the absence of h-BN/graphitic domains and indicate that the film is
chemically stable throughout the transfer process, while Raman spectroscopy indicates a 42%
relaxation of compressive stress following removal of the copper substrate and subsequent
transfer of h-BN to QFEG. Despite stress-induced wrinkling observed in the films, Hall effect
measurements show little degradation (<10%) in carrier mobility for h-BN coated QFEG.
Temperature dependent Hall measurements indicate little contribution from remote surface
optical phonon scattering and suggest that, compared to Hf0, based dielectrics, h-BN can be an
excellent material for preserving electrical transport properties. Graphene transistors utilizing
h-BN gates exhibit peak intrinsic cutoff frequencies >30 GHz (2.4 that of Hf0,-based devices).

KEYWORDS: graphene - epitaxial graphene - hexagonal boron nitride - h-BN -
CVD - gate dielectric - field effect transistor
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between graphene and h-BN is expected to exhibit a low
density of charge traps and adsorbed impurities and
is expected to incorporate less remote surface optical
phonon scattering. Indeed, it has been shown that h-BN,
as a supporting substrate, can significantly improve the
properties of exfoliated and CVD grown graphene com-
pared to SiO, and high-k dielectrics.?’?>° Recently,
h-BN/graphene/h-BN heterostructures have been fabri-
cated and shown to improve transconductance by 70%
and increase transistor cutoff frequency by nearly
2% compared to SiO,-supported, Al,05-gated GFETs.>'
Additionally, the potential for large-scale development
has been demonstrated with h-BN integrated as a
back-gate dielectric utilizing CVD grown graphene.?
Although the benefits of h-BN/graphene systems have
been demonstrated previously, current focus has been
limited to h-BN integration with CVD or exfoliated
graphene. The effects of h-BN on epitaxial graphene,
which is more conducive to large scale development and
commercialization, have not yet been investigated. Epi-
taxial graphene has been shown to produce uniform,
large area, and high quality graphene for high frequency
applications with an intrinsic current gain cutoff fre-
quency (fr) approaching 300 GHz.3* In addition, epitaxial
graphene has recently been further enhanced by hydro-
gen intercalation, where the interfacial (buffer) layer
present in epitaxial graphene is passivated by hydrogen,
forming a “quasi-freestanding” epitaxial graphene
(QFEG) which leads to mobility improvements of ap-
proximately 2.5x and extrinsic fr improvements
of >3x 343°

Here, we demonstrate the first 75 mm QFEG wafer
with CVD h-BN top-gated GFETs (Figure 1a). Although
the catalytic CVD growth of h-BN results in nonuniform
surface wrinkling, we show that the h-BN film does not
chemically or structurally degrade after transfer and
that the removal of the as-grown copper substrate
results in a significant relaxation of compressive strain.
Electrical characterization indicates that CVD h-BN
integration with QFEG results in significantly less re-
mote surface optical phonon scattering and introduces
less charged impurities to the system relative to HfO,
based dielectrics. Additionally, the overall benefit of
h-BN relative to HfO, dielectrics is found to be critically
dependent on the initial mobility of the QFEG samples
which results in unique limitations not typically ob-
served in h-BN integration with exfoliated or CVD
grown graphene. On high mobility QFEG samples
(>2000 cm?/(V-s)) with low carrier and impurity den-
sities, h-BN gate dielectrics are shown to effectively
preserve mobilities >3000 cm?/(V-s) at room tempera-
ture, ultimately leading to intrinsic transistor cutoff
frequencies of 33.5 GHz for 750 nm gate lengths.
However, for low mobility QFEG samples (<1500
cm?/(V-s)) with high carrier and impurity densities,
Coulombic scattering dominates transport and the
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benefits of h-BN are quenched relative to HfO, due
to its low dielectric constant.

RESULTS AND DISCUSSION

Chemical vapor deposited h-BN films exhibit high
crystalline and chemical quality; however the transfer
process presents challenges that must be addressed
for optimized device development. Scanning elec-
tron microscopy (SEM) of as-grown h-BN on Cu and
transferred h-BN on SiO, (Figures 1b,c) clearly demon-
strates the presence of wrinkles across the film,
similar to those observed elsewhere.®® The wrinkles,
also observed with atomic force microscopy (AFM) in
Figure 1d, results from the anisotropic thermal expan-
sion of h-BN, where a negative coefficient of thermal
expansion (CTE) exists in the plane of bonding.?’ This
negative CTE causes the h-BN film to expand during
cooling while the copper substrate shrinks, inducing a
compressive stress in the h-BN film. This compressive
stress results in as-grown film bunching over the Cu
step edges (Figure 1b) and local areas of film delami-
nation in the form of wrinkles. Following transfer of the
film (Figure 1c,d), the h-BN relaxes over the SiO,
substrate; however, large wrinkles are still apparent
after transfer. These wrinkles were measured with AFM
to be approximately 6—10 nm high for 10 nm thick
films and increase in height with increasing film thick-
ness. The variation in total film thickness that results
from wrinkling presents a challenge to graphene de-
vice fabrication, as h-BN wrinkles in the graphene
channel will result in a nonuniform electric field. This
phenomenon is also observed in transferred CVD
grown graphene, where wrinkling is significantly re-
duced by incorporating an additional PMMA applica-
tion step following initial transfer in order to relieve
stress in the film.*® Similar modifications to our current
process may also benefit from this additional step and
provide improved transfer morphology of CVD grown
h-BN films.

Raman spectroscopy verifies that the h-BN film
experiences a compressive stress during cooling which
is partially relaxed upon transfer. Raman was first
performed on the as-grown h-BN film on Cu. The same
film was then transferred to the QFEG wafer where
Raman scans were taken over Hall crosses and over
etched regions (bare SiC). The use of the same h-BN
film for Raman analysis was critical to rule out effects
of thickness variations between different samples.
Figure 1e clearly demonstrates a red-shift in peak
position from the as-grown (1373 cm ™) to transferred
film over SiC (1370 cm™ "), where the bulk value of the
h-BN E,4 phonon mode («°) is located at 1366 cm™'.>°
The Raman E,q4 peak shift (Awg, ) provides a means to
estimate strain relaxation in the h-BN film upon trans-
fer vig™® Aszg = —ZwoyEzge, where VE,, IS the Grlineisen
parameter for the Raman-active E,4 phonon mode of
h-BN (7, = 0.1)*' and ¢ is the strain tensor. Given that
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Figure 1. (a) Quasi-freestanding epitaxial graphene transistors fabricated on a 75 mm SiC wafer upon which a 50 mm x
50 mm h-BN sheet is transferred to and subsequently patterned. (b) SEM image of as-grown h-BN on a copper substrate. The
h-BN layer conforms to the steps of the Cu substrate, evident by the buckling of the overlying h-BN film. (c) SEM image of the
same h-BN film after transfer to a 300 nm thick SiO, substrate. The buckling induced from the Cu substrate relaxes over the
SiO, surface. However the wrinkles, induced from stress during cooling, remain. (d) AFM of h-BN transferred to SiO, shows
wrinkling of the h-BN sheet. (e) High resolution Raman spectra of as-grown h-BN on the copper substrate compared to

transferred h-BN on a SiC substrate and over QFEG.

the as-grown and transferred film is of identical thick-
ness, the shiftin the E;4 peak may be directly attributed
to strain relaxation of h-BN during the transfer process
from the as-grown copper substrate to the supporting
SiC/QFEG substrate. The stress relaxation (~3 cm™'
shift in the E,4 peak position) associated with the
removal of the Cu substrate corresponds to a 42.3%
decrease in compressive strain upon transfer. The
overall blue-shifted Raman peaks observed here have
also been reported for as-grown atomically thin h-BN
films*? and h-BN nanotubes*® and are attributed to a
hardening of the E,4 phonons due to an increase in
h-BN's lattice constant from the lack of interaction from
neighboring sheets.** However, for this study, Raman
was performed on multilayer films (approximately
50 nm) to obtain a high intensity Raman signal and
to provide pinhole free dielectric layers for device
applications. Thus, the upward shift from h-BN's bulk
Raman frequency observed here is presumably due to
substrate induced compressive stress; although sub-
strate induced charge carrier doping cannot be ruled
out. The Raman spectra of the h-BN film over a
graphene Hall cross clearly shows the spectral con-
tribution from the under-lying graphene. The Eyq
phonon mode of graphene, or G-Peak, is apparent at
1591 cm ™. Additionally, a shoulder on the h-BN peak,
corresponding to the overlapping D-peak of graphene
(attributed to defects in QFEG),** is observed at ap-
proximately 1355 cm™'. The smaller peaks in the
spectral noise are remnants from the background
subtraction processing of the raw data.

Evident from X-ray photoelectron spectroscopy
(XPS), CVD deposited h-BN is chemically stable during
the transfer process. The high resolution B1s and N1s
core level peaks (Figure 2a, b) are located at 190.7 and
398.3 eV, respectively, matching reported values for
bulk h-BN, which give the N1s peak at 398.1 eV and
the B1s peak at 190.1 eV.**> Additionally, there is no
evidence of oxidation and the measured atomic

BRESNEHAN ET AL.

(a) T T T T T T
- Bls

h-BN transferred™|
| / \{osio, |

B h-BN as-grown 7]
- on Cu —

] | | | | 1
194 193 192 191 190 189 188 187
Binding Energy (eV)

(b) T T T T T T

. Nis h-BN transferred —|
to Si0y

Intensity (a.u.)

h-BN as-grown
on Cu

Intensity (a.u.)
T

| |
401 400 399 398 397 396 395 394
Binding Energy (eV)

() cuze | T T T

h-BN as-grown on Cu

TTTTT

N1s B1
S
15| c1s

Intensity (a.u.)

Ll

| | |

1200 1000 800 600 400 200
Binding Energy (eV)

(d) T T T T T

| h-BN transferred N1s _

to SiO;
- O1s -

o

I Fe2p Bls
¥ Cis

= Si2p]

1 1 |

1200 1000 800 600 400 200 0
Binding Energy (eV)

Intensity (a.u.)

Figure 2. XPS spectra of as-grown h-BN films on copper foil
and after transfer to 300 nm SiO,. (a,b) High resolution XPS
spectra of B1s and N1s core level peaks. The peak position of
both as-grown and transferred B1s and N1s peaks are
similar to literature values, and peak shape indicates no
apparent contributions from carbon or oxygen bonding in
the h-BN lattice. (c,d) Low resolution XPS survey spectra for
as-grown and transferred h-BN. The as-grown film contains
very little oxygen and carbon contamination. The trans-
ferred h-BN shows a small Fe 2p peak, indicating iron
contamination induced from the copper etchant during
the transfer process which will likely effect carrier transport
in QFEG.
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percentages indicate excellent stoichiometry with a
B/N ratio of 0.97. Both the B1s and the N1s core level
peaks exhibit no shift in peak position or shape after
transfer, indicating no modification of chemistry has
occurred. The symmetric shape of the as-grown and
transferred B1s and N1s peaks provide direct evidence
that no carbon—boron or carbon—nitrogen bonding
has occurred during synthesis or transfer, unlike pre-
vious reports for hybrid h-BN/graphene domains.*®
Therefore, the C1s peak observed in Figure 2¢,d is likely
due to adventitious carbon. Low resolution XPS spectra
of the transferred h-BN film (Figure 2d) also indicates
the presence of the Fe 2p peak, which correlates to an
iron impurity level of approximately 2 atomic %, pre-
sumably located at the h-BN/SiO, interface. Residual
iron impurities are likely due to the ferric chloride
etchant used to remove the Cu substrate during the
transfer process. Additionally, silicon and oxygen peaks
are due to the SiO, substrate utilized in XPS investiga-
tions. Nonlabeled peaks in the spectra are secondary
peaks of already established elements.

Despite the presence of stress-induced wrinkling
observed in AFM and SEM, room temperature Hall
effect measurements (Figure 3a) indicate that the
carrier mobility and concentration of the QFEG are
minimally affected upon integration with the h-BN
dielectric overlayer, although this is partially a result
of the initial low mobilities inherent to the epitaxial
graphene system (~1500 cm?/V secat 1 x 10> cm™).
Upon transfer, the QFEG experiences an average in-
crease in hole concentration of approximately 5 x
10" cm ™2 (<5 + 2%), which is coupled with a 14 (43)%
decrease in average Hall mobility, from 1741 cm?/(V-s) to
1499 cm?/(V-s). Hole doping of the graphene is attributed
to the presence of residual water at the h-BN/QFEG
interface subsequent to h-BN transfer. After a 20 min
anneal to remove residual photoresist and water at 400 °C
in Hy/N, (15% H,), the carrier concentration returns to as-
grown values, which indicates that the h-BN itself does
not significantly induce hole doping within the QFEG;
however, Hall mobility remains an average of 9 (£5)%
below its original value. These results were consistent for
h-BN films with thicknesses from 10 to 50 nm indicating
that doping induced by the h-BN layer is independent of
thickness. The degradation in mobility is attributed
mainly to the addition of impurities at the dielectric/
graphene interface during the transfer process (such as
Fe impurity contamination from the solution transfer
process as observed in Figure 2d) which act to increase
remote charged impurity scattering within the QFEG>'°
Figure 3b plots the temperature-dependent Hall mobility
before and after h-BN integration and confirms an in-
crease in remote charged impurity scattering. This is
shown by a reduction in the temperature-independent
portion of the curve after h-BN integration, which is
dominated by remote charged impurity scattering.*’
In another work (not yet published),*® physics-based
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Figure 3. Room temperature Hall mobility versus carrier
concentration (a) obtained from Van der Pauw test struc-
tures before h-BN integration, after h-BN transfer, and after
annealing at 400 °C for 20 min in Hy/Ar (15% H;) shows
minimum degradation of the carrier mobility. Inset: SEM
micrograph of Van der Pauw test structure after transfer and
patterning of h-BN dielectric layer. (b) Hall mobility versus
temperature before and after h-BN integration shows mini-
mal change in the surface optical scattering as well as the
incorporation of additional remote charged impurity scat-
tering. (c) Temperature-dependent Hall mobility shows the
potential of h-BN in preserving high mobilities for QFEG due
to reduced introduction of charged impurity and remote
surface optical phonon scattering compared to HfO,. Here,
Ny is the sheet carrier density (cm 2) and Nimp is the
approximate remote charged impurity density extracted
using techniques adopted from Konar et al.*

modeling of the temperature-dependent transport data
indicates remote charged impurity scattering as the
dominant scattering source in these samples and that
integration of CVD h-BN can introduce up to 6 x 10'?
additional impurities/cm? at the dielectric-graphene in-
terface, although this value was found to be roughly 4 x
less than that introduced by HfO, dielectrics and can be
aslowas 3 x 10'?cm™2 In this way, h-BN integration can
be beneficial in reducing the number of additional
remote charged impurity scatterers.
Temperature-dependent Hall effect measurements
indicate little contribution from remote surface optical
phonon scattering after h-BN integration (Figure 3c).
For a high mobility h-BN coated QFEG samples, exhibit-
ing mobilities greater than 3000 cm?/(V-s) and with a
low impurity density of 3.7 x 10'? cm ™2, the ultimate
decrease in mobility from the low temperature,
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impurity limited regime to the high temperature,
phonon limited regime is only 4.4% and can be ex-
plained simply as a result of intrinsic phonon scattering
within the graphene. The method presented by Konar
et al.*’” was adapted here to show that for a fixed carrier
concentration and charged impurity density of 9.3 x
10" cm ?and 3.7 x 102 cm 2, respectively, (given an
acoustic deformation potential of 4.8 eV, optical de-
formation potential of 25.6 eV/A, and intrinsic optical
phonon energy of 140 meV) the expected change in
mobility due to optical and acoustic phonon scattering
from 5—400 K is only 5%, which matches well with our
experimental results and indicates that phonon-carrier
coupling is extremely limited for the h-BN/graphene
system. These results are similar to results published
elsewhere for uncoated QFEG samples, which exhibit
minimal temperature dependence of Hall mobility and
confirm that pristine QFEG samples exhibit minimal
remote surface optical phonon scattering from surface
modes within the substrate.*® Importantly, our results
show that even with h-BN integration, this limited
effect of remote surface optical phonon scattering
can be preserved, suggesting that h-BN introduces
little additional remote surface optical phonon scatter-
ing. Alternatively, for a low mobility h-BN coated sam-
ple (Figure 3b,c), exhibiting mobilities ~1100 cm?/(V-s)
and with an approximate fixed impurity density of
1.1 x 10" cm ™2, the decrease in mobility was 7.7%
for the same temperature range and indicates an
increase in remote surface optical phonon scattering
for this sample. However, the change in temperature
dependence before and after dielectric integration
(Figure 3b) is minimal and again indicates that the
h-BN introduces negligible additional remote surface
optical scattering. Instead, the increased contribution
from remote surface optical phonons in both the as-
grown and h-BN coated sample is thought to originate
from the SiC substrate, where an increased SiC step-
edge density was found for this particular sample and
is thought to lead not only to a higher density of
remote charged impurities, evidenced by the reduc-
tion in the temperature independent mobility (remote
charged impurity dominated), but also to increased
phonon scattering and reduced mobility. Degradation
of transport properties with presence of step-edges for
epitaxial graphene is a well-known phenomenon and
has been reported elsewhere.®

In contrast, the HfO-coated QFEG sample exhibits a
14.5% degradation in temperature dependent mobil-
ity, which fits well with expected results and verifies
that the use of high-k dielectrics induces additional
remote surface optical phonon scattering compared to
h-BN dielectrics. Modeling of the temperature-depen-
dent data (not shown) indicate that remote surface
optical scattering contributes ~15% of the total mobil-
ity reduction in these samples. Despite this increase in
remote surface optical phonon scattering as well as
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Figure 4. (a) Drain current as a function of gate voltage
for h-BN and HfO,-gated GFETs. The p-type doping of the
h-BN-gated GFET shifts the minimum conductivity point
in the positive direction while use of an HfO, gate leads
to a minimum conductivity point close to zero volts.
(b) Intrinsic RF performance of h-BN and HfO,-gated GFETs.
For the high mobility QFEG sample with low impurity
density, the small degree of remote surface optical scatter-
ing from use of h-BN dielectrics leads to excellent RF
performance.

remote charged impurity scattering, the ability of the
HfO, to screen the carriers from remote charged
impurities results in an average increase in carrier
mobility when initial as-grown mobility is heavily
dominated by remote charged impurity scattering.*’
However, for QFEG samples exhibiting a high initial
mobility (phonon limited regime), the increased sur-
face optical phonon scattering from HfO, results in a
large degradation in mobility compared to h-BN.
Therefore, QFEG's mobility is limited by HfO, for high
mobility QFEG samples and benefits from HfO, for low
mobility QFEG samples.'®* In contrast, the benefit of
h-BN is most evident in the high mobility QFEG
(phonon limited) regime. Additionally, Figure 3c shows
a small increase in Hall mobility with temperature for
the HfO,-coated sample before decreasing at higher
temperatures. This increase in mobility occurred in
conjunction with a decrease in the carrier density
and is attributed to the presence of temperature-
activated traps in the HfO, overlayer which capture
charges and lead to an increase in mobility. Similar
behavior has been reported for uncoated epitaxial
graphene where an increase in Hall density and sub-
sequent decrease in Hall mobility were reported and
attributed to donor traps in the SiC substrate.”’
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Electrical characterization of CVD grown h-BN and
HfO,-gated GFETs confirms that the use of h-BN di-
electrics can be effective in preserving the transport
properties of high mobility QFEG samples. Though
Britnell et al. suggests that exfoliated single-crystal
h-BN flakes show negligible tunneling currents at
thicknesses of only four layers,>?> CVD h-BN used here
resulted in significant leakage currents and Vg eakdown <
1V for thicknesses up to 20 nm, which may be a result
of pin-holes or nonuniformities in the transferred films.
Therefore, for GFET characterization, an h-BN thickness
of 50 nm was used to ensure sufficiently low gate
leakage currents (measured to be <1 x 10~ '°A/um? at
V4s = 1V). Figure 4a plots drain current as a function of
gate voltage (Vy4s = 1V) for typical h-BN and HfO,-gated
GFETs and shows the characteristic p-type transfer
curve of QFEG graphene for h-BN-gated GFETs, where
hole doping of the QFEG is a result of the intrinsic
spontaneous polarization charge of the hexagonal
SiC substrate.*® Alternatively, HfO,-gated GFETs exhibit
slightly n-type behavior and Vpjac much nearer to
0V, which is attributed to n-type doping by the HfO,
overlayer that competes with the substrate-induced
hole doping.*® The heavily p-type behavior of the h-BN
gated devices leads to increased drain currents over
the range of evaluated gate voltages compared to
HfO,-gated GFETs. Besides increased drain currents,
the shift in transfer curve also leads to reduced trans-
conductance over the same voltage range, evidenced
as adecrease in the on—off ratio. Despite this reduction
in transconductance, RF performance for h-BN-gated
GFETs can be up to 2.4x that of HfO,-gated GFETs,
although ultimate performance is found to be highly
dependent on initial mobility of the QFEG sample.
Figure 4b plots the small signal current gain for three
different GFETs as a function of frequency. The results
show that for low mobility QFEG, use of h-BN top-gates
shows no benefit compared to HfO, dielectrics, pro-
ducing current gain cutoff frequencies of 54 GHz
(4.05 GHz-um) compared to 13.8 GHz (10.4 GHz-um)
for HfO, coated GFETs, where the significant decrease in
RF performance for h-BN coated GFETs is partially

METHODS

Epitaxial graphene is grown on 75 mm wafers via the sub-
limation of silicon from 6H-SiC (0001) at 1625 °C for 15 min
under 1 Torr argon (Ar) background pressure.53 The wafers are
then exposed to 600 Torr hydrogen (H,) at 1050 °C for 120 min
tointercalate hydrogen at the graphene/SiC(0001) interface.>®
Van der Pauw (VdP) Hall crosses and radio frequency field-
effect transistor structures are fabricated using standard ultra-
violet photolithography. VdP structures are 5 um x 5 um
squares and often incorporate SiC step edges known to effect
carrier density and mobility,”® while transistors utilize two-
finger gates, 2 x (10 x 1 ,umz) (W x L) with 750 nm source-
drain spacing. Source/drain contacts (Ti/Au 10/50 nm) were
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attributed to the reduction in transconductance caused
by the p-type shift of the transfer curve. Alternatively,
for high mobility QFEG, use of h-BN leads to cutoff
frequencies as high as 33.5 GHz (25.12 GHz-um),
which is the highest fr- Ly product reported for h-BN-
coated graphene transistors and is attributed to a
reduced contribution from remote surface optical
phonon scattering and a lower density of remote
charged impuirities relative to HfO,-coated GFETs that
acts to preserve the excellent transport properties of
QFEG.

CONCLUSIONS

We have demonstrated the growth of high quality
CVD h-BN and its integration as a gate dielectric with
quasi free-standing epitaxial graphene-based devices
as well as its potential for wafer-scale development.
The as-grown h-BN was shown to be of high chemical
and crystalline quality, which does not degrade as a
result of the transfer process. We have also shown that
the h-BN film relaxes significantly from the compres-
sively strained as-grown state upon transfer. Despite
the presence of wrinkles on the h-BN surface, the
negligible introduction of remote surface optical pho-
non scattering and remote charged impurity scattering
compared to high-k dielectrics allows for the excellent
preservation of QFEG's transport properties. However,
we have shown that the benefit of CVD h-BN over
high-k dielectrics is highly dependent on the initial
carrier mobility of the QFEG sample, where remote
impurity scattering in low mobility QFEG (high impurity
density) can mask the potential benefits of h-BN
dielectrics. Alternatively, for high carrier mobility
QFEG, h-BN effectively preserves carrier mobility
>3,000 cm?/(V-s) at room temperature and results in
intrinsic cutoff frequency improvements of 2.4x over
HfO,-gated QFEG. With improvements in the growth of
epitaxial graphene and reduction of impurity contam-
ination from the h-BN transfer process, CVD h-BN may
prove to be an excellent dielectric for QFEG and other
types of graphene due to its low surface optical
phonon scattering contributions.

prepared using an oxygen plasma pretreatment, as detailed in
previous work.>

Hexagonal boron nitride is grown on 99.8% pure Cu foils (Alfa
Aesar, part no. 13382) in a 75 mm diameter horizontal tube
furnace via a catalytic thermal CVD method utilizing a single
ammonia borane (NH3BHs) precursor (Sigma-Aldrich, part no.
682098) similar to previously reported methods.>* The Cu foils
are cleaned in a heated acetone bath and subsequently
annealed at 800 °C, 1 Torr for 20 min under Hy/Ar (15% H,)
flow to remove the native oxide. Solid ammonia borane powder
is sublimed at 135 °C and transported into the tube furnace
by Hy/Ar carrier gas (5% of total flow rate). Growth occurs at
1050 °C and 250 mTorr with growth times between 5 and
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30 min, depending on desired film thickness. After the growth
procedure, the ammonia borane carrier gas is turned off and
the furnace is allowed to slowly cool to room temperature in a
250 mTorr Ar/H, environment.

The as-grown h-BN films are characterized using Raman
spectroscopy, atomic force microscopy (AFM), scanning elec-
tron microscopy (SEM), and X-ray photoelectron spectroscopy
(XPS). A WITec CRM200 Confocal Raman microscope with a
488 nm laser wavelength is utilized for structural characteriza-
tion. For as-grown h-BN, the Raman background signal due to
the copper substrate is subtracted using a best-fit polynomial
technique while the h-BN films transferred to QFEG wafers
utilize a direct subtraction of the SiC substrate from the spectra.
For XPS, SEM, and AFM analysis, 15 mm x 15 mm h-BN films
were transferred to oxidized silicon substrates with an oxide
thickness of 300 nm due to the uniform smoothness of SiO,
relative to SiC, which has step edges that could influence the
transferred film morphology. A Digital Instruments Dimension
3100 with a scan rate of 0.8 Hz was utilized for AFM measure-
ments. A Leo 1530 field emission SEM with an accelerating
voltage of 5 kV was used to acquire SEM micrographs. A Kratos
Axis Ultra XPS system utilizing an Al ka. source with energy of
1486 eV was used for XPS analysis. For transfer to SiO, and QFEG
substrates, the h-BN on Cu films are coated with photoresist
(950 PMMA A3) and soft baked at 160 °C for 1 min. The Cu
substrate is removed using a ferric chloride solution, similar to
previously reported techniques for transfer of CVD grown
graphene from Cu.>* The remaining PMMA/h-BN film is then
transferred to a series of water baths to remove residual etchant
and subsequently transferred to the final substrate. Electrical
evaluations and large area development is accomplished using
50 mm x 50 mm h-BN films transferred to 75 mm QFEG wafers
previously patterned with ohmic level device structures. The
PMMA is then removed with acetone and the h-BN/substrate is
heated to 50 °C to drive off residual water. Removal of residual
PMMA is accomplished via a post-transfer anneal at 400 °C for
20 min in an Hy/N;, (15% H,) environment. For wafers with
graphene devices, the h-BN dielectric layer is patterned and
etched with an Applied Materials MERIE using a CHF,/CF,
mixture to clear the ohmic contacts of h-BN. Thickness was
determined through AFM measurements performed on the
edges of the transferred h-BN films. The thickness of the h-BN
film is controlled by varying the growth time, where films from a
few layers up to 50 nm thick have been grown and successfully
transferred to arbitrary substrates. Room temperature Hall
measurements of VdP test structures are taken before transfer,
immediately after transfer, and after a 400 °C anneal with a
Nanometrics Hall mobility measurement system, while tem-
perature-dependent Hall measurements of VdP test structures
are acquired using a Lakeshore cryogenic probe station.
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