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We previously reported highly monochromatic electron emission from the planar-type electron emission
devices based on a graphene/hexagonal boron nitride (h-BN) heterostructure. In this paper, the elec-
tron energy distribution (EED) of these devices is examined to clarify the mechanism of monochromatic
electron emission. We find that the monochromaticity of the electron beam depends significantly on the
electronic structure of the substrate material; for the devices with an n-type silicon substrate, the narrowest
FWHM of the electron beam is 0.18 eV, whereas that of devices with a metallic (Nb) substrate is 0.33 eV.
At the same time, simulations considering the electron scattering by phonons acceptably reproduced the
shape of each EED spectrum considering the small energy loss due to out-of-plane acoustic phonon modes
in h-BN. Thus, the monochromatic electron emission from the graphene/h-BN/n-Si device is ascribed to
a combination of the narrow energy distribution of electrons at the conduction band of the n-Si substrate
and small phonon energy of the h-BN insulating layer. These features also realize the excellent emission
properties in addition to the monochromaticity of the beam, such as a high emission current density of
9.3A/cm2, insensitivity to environmental pressure up to 10 Pa, and long lifetime of more than 7 days with
little decay.

DOI: 10.1103/PhysRevApplied.15.014044

I. INTRODUCTION

Electron-beam (EB) applications such as electron
microscopy and EB lithography have been widely used
in numerous industries and academic studies, and the
electron source is the most upstream component of the
EB devices. Widely commercialized electron sources are
classified as three types according to their operation prin-
ciple: thermionic emission (TE) cathodes [1], cold-field-
emission (CFE) cathodes [2,3], and Schottky-emission
(SE) cathodes [4,5]. Although TE cathodes are relatively
inexpensive and stable under relatively low vacuum, TE
cathodes need high temperature in operation and emit-
ted electrons have a broad energy spread of more than
2 eV [6]. CFE cathodes have numerous benefits for EB
applications, such as high brightness of 109 A/cm2 sr at
20 kV and narrow energy spread of 0.3 eV [6]. How-
ever, because of the chemical and physical instability of
the tip with extremely small curvature, CFE sources need
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ultrahigh vacuum (UHV) conditions and a flashing process
to clean their emission plane [7]. SE cathodes are electron
sources that achieve stable electron emission and a rela-
tively small energy spread of 0.3–1.0 eV [6], but require
both high temperature and high extraction field. These
requirements of the commercialized electron sources, such
as high extraction voltage, UHV environments and high
temperature, make electron guns complex and expensive.
For electron microscopy and EB lithography, the energy
spread of the emitted EB is also critical for their spatial
resolution because of the chromatic aberration of electron
lenses [8]. Therefore, an inexpensive electron source that
achieves high emission current with small energy spread,
low operating voltage and the stability in the low vacuum
is desired for next-generation EB applications.

Planar-type electron emission devices are promising
alternative electron sources. A planar-type device has
a sandwich structure in which a thin insulating mate-
rial is located between two conductors, i.e., metal-
insulator-metal [9–11] and metal-oxide-semiconductor
[12–17] structures. These devices potentially have
excellent features such as low operating voltage, operation
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under low vacuum, and small divergence angle of
the EB. However, the conventional planar electron
sources also have critical disadvantages of the broad
energy spread of the EB and low emission efficiency,
which have hampered the practical use of the pla-
nar devices. Both of these disadvantages in the pla-
nar devices are mainly caused by the inelastic scatter-
ing of electrons in the insulating layer and the top gate
electrode [12,14]. When a gate voltage is applied to a gate
electrode, the potential barrier width decreases because of
the high field and electrons tunnel through the potential
barrier by quantum tunneling [18]. In the planar electron
source, electrons have to travel through the conduction
band of the insulating layer and top gate electrode, where
they lose their energy by scattering [19]. One strategy
to narrow the energy spread of the EB from planar-type
electron sources is thus to suppress the inelastic scatter-
ing of electrons in the insulating layer and gate electrode.
Recently, planar electron emission devices using graphene
gate electrodes have been developed to suppress elec-
tron scattering in the gate electrode [20–25]. A so-called
graphene-oxide-semiconductor (GOS) device realized a
high emission efficiency of 48.5% because electron scat-
tering in the graphene gate electrode was suppressed [26].
Thus, graphene is a suitable material for use as the gate
electrode of planar electron sources because of its high
electron transmittance [27,28]. However, electron scatter-
ing within the oxide layer [29] of GOS devices still widens
the energy spread. In fact, despite the graphene gate elec-
trode drastically suppressing electron scattering, a broad
electron energy distribution (EED) spectrum of more than
1 eV was observed from a GOS emission device [25].

On the other hand, in our previous study, we con-
structed a device with a structure of graphene/hexagonal
boron nitride (h-BN)/n-type silicon (n-Si) in order to sup-
press electron scattering in the insulating layer [30]. This
device realized a high emission current of 2.4 A/cm2 and
small EB energy spread of around 0.28 eV. The insula-
tor h-BN [31–33] has an atomically flat surface and small
lattice mismatch with graphene, which allows these mate-
rials to form a sharp interface with graphene electrode
[34]. In addition, the electron scattering cross section of
h-BN, which consists of light elements of nitrogen and
boron, should be smaller than that of the conventional sil-
icon dioxide (SiO2). However, the details of the origin
of monochromatic electron emission, such as the scatter-
ing source within the insulating layer and inelastic mean
free path (IMFP) of electrons in the insulating layer, have
not been clarified. In particular, little is known about the
inelastic scattering properties of low-energy electrons (less
than 50 eV) in h-BN. The IMFP of electrons with ener-
gies above 50 eV in h-BN has been investigated both
experimentally [35] and by a theoretical simulation [36].

In this paper, in order to discuss the origin of
the highly monochromatic electron emission from our

graphene/h-BN/n-Si emission device, EED spectra from
these devices are systematically measured and analyzed
in detail by theoretical simulations considering the elec-
tron scattering caused by phonons in the insulating layer.
To examine the effect of the initial electron distribution of
the substrate on EED spectra, we fabricate the graphene/h-
BN devices with semiconducting (n-Si) and metallic (Nb)
substrates and find that EED spectra clearly reflected the
electron distribution of the substrate. This finding sug-
gests that the electron scattering within the h-BN layer
and graphene electrode is indeed so small that the initial
electron energy distribution in the substrate can determine
the energy width of the emitted electron beam. The fit-
ting of the EED spectra by the theoretical simulations
indicates that the low-energy, out-of-plane vibration (ZA)
modes in h-BN are responsible for the inelastic electron
scattering, which makes the total energy loss of the emit-
ted electrons in the h-BN layer significantly smaller. The
suppressed electron scattering is also beneficial to prevent
the breakdown of the device, which leads to a long life-
time of more than 7 days. In addition, it is found that
the graphene/h-BN/n-Si device exhibits narrow energy
spread of 0.68 eV even at a high emission current density
of 9.3 A/cm2, and these emission properties are insensitive
to the environmental pressure up to 10 Pa.

II. EXPERIMENTAL AND THEORETICAL
METHODS

The graphene/h-BN/n-Si device is fabricated as fol-
lows. An n-type Si substrate (2–5 � cm) with a 300-nm-
thick thermal oxide layer is prepared as a starting substrate.
An electron emission area of 10 × 10 µm is formed by
photolithography and buffered hydrofluoric acid (BHF)
etching. A h-BN insulating layer is formed on the n-Si
substrate by the dry-transfer technique. A graphene top
gate is directly synthesized on the h-BN layer by PECVD
at 700 °C. To isolate each emission area in the substrate,
the graphene electrode and h-BN layer are partially etched
using O2 plasma etching and SF6 reactive ion etching,
respectively. A Ni (100 nm)/Ti (10 nm) contact electrode is
fabricated by photolithography, EB evaporation, and a lift-
off process. To connect with the substrate, a Ni/Ti back
contact electrode is fabricated. Details of the fabrication
processes have been described elsewhere [30].

The graphene/h-BN/Nb device is fabricated as fol-
lows. The starting substrate is n-Si with a 300-nm-thick
thermal oxide layer, which is the same as that used in
the graphene/h-BN/n-Si device. A Nb underlayer with a
thickness of 200 nm is deposited on the entire surface
of the substrate by dc sputtering. A SiO2 field insula-
tor layer with a thickness of 300 nm is deposited on the
Nb underlayer by PECVD using tetraethoxysilane. Sub-
sequent fabrication processes are the same as those for
the graphene/h-BN/n-Si emission device except for the
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FIG. 1. Schematic diagram of the measurement system for the
electron emission properties of graphene/h-BN electron emission
devices.

formation of a contact hole for the back contact. The
emission area is patterned by photolithography and BHF
etching. A h-BN insulating layer and graphene gate elec-
trode are formed by dry transfer and PECVD, respectively.
Graphene and h-BN are partially etched to isolate the
device. To connect with the Nb underlayer from the sur-
face of the substrate, a contact hole with dimensions of
150×150 µm is patterned by photolithography and BHF
etching. A Ni/Ti contact electrode is then fabricated by
EB evaporation.

The fundamental emission properties of the devices are
measured at a pressure of 10−6 Pa using the setup depicted
in Fig. 1. Before the measurement, the devices are annealed
at 400 °C in a vacuum chamber at a pressure of 10−5 Pa to
remove residual photoresist on the graphene gate electrode.
An anode plate at a voltage of 1 kV is placed 5 mm from
the device to collect emitted electrons. Emission efficiency
η is defined as the following equation, using anode current
Ia and cathode current Ic:

η = Ia

Ic
. (1)

Energy analysis of electrons emitted from the device is
performed using a hemispherical electron energy analyzer
at a pressure of 10−6 Pa. Emitted electrons are selected
with a probe hole in an anode plate in front of the analyzer.
The probe hole is located 20 mm from the device surface
and a voltage of 2.5 kV is applied to accelerate the EB.

The theoretical simulation of the energy distribution
of emitted electrons is conducted using a combination
of Fowler-Nordheim (FN) tunneling [18] and the macro-
scopic scattering model of phonons in the insulating layer,
as shown in Fig. 2. We divide the one-dimensional simula-
tion model into four regions. In the case of the graphene/h-
BN/n-Si structure, we consider the energy distribution of
electrons at the conduction band of the semiconductor,
which is given by the product of the Fermi-Dirac distri-
bution f (E) and density of states of the conduction band

FIG. 2. Simulation model of planar-type electron emission
devices with a structure of graphene/h-BN/Nb or graphene/h-
BN/n-Si.

[37] as a supply function as follows:

E(E) = 1
2π2

(
2m
�

)3/2
(E − Ec)

1/2

1 + exp[−(E − Ef )/kT]
, (2)

where k, T, Ef , and Ec are the Boltzmann constant, tem-
perature, Fermi energy of the substrate, and energy of the
bottom of the conduction band in the Si substrate, respec-
tively. In the case of the graphene/h-BN/Nb device, region
1 is the supply function of electrons E(E), which is f (E)
and written as follows:

E(E) = 1
1 + exp[(E − Ef )/kT]

. (3)

In region 2, the energy distribution of electrons injected
into the conduction band of the insulating layer via FN
tunneling U(E) is calculated by multiplying the supply
function E(E) and transmission probability T(E) as fol-
lows:

T(E) = exp

[
−8π

√
2m

3heF
(φB − E)

3
2

]
, (4)

where h, e, F, m, and φB are the Planck constant, elemen-
tary charge, electric field applied to the insulator, effective
mass of electrons in the insulating layer, and barrier height
at the interface between the substrate and insulating layer,
respectively. The calculations are conducted using effec-
tive masses of 0.26 me and 0.40 me (me is mass of a resting
electron) for the h-BN [38] and SiO2 [18] insulating lay-
ers, respectively. In region 3, the scattering phenomena
by phonons while electrons travel through the conduction
band of the insulating layer are considered. We consider
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the scattering processes by phonons with an energy of -hω.
When an electron with an energy of E is scattered by a
phonon with an energy of -hω, the scattered electron dis-
tribution D(ε) is calculated using the mean free path of
electrons in the insulator λi [29,39,40],

D(ε) = 1

�ω
√

2π(wl/λi)
exp

(
−{ε − [E − �ω(wl/λi)]}2

2(�ω)2(wl/λi)

)
,

(5)

where wl is the travel distance of electrons in the
conduction band of the insulator, which is given by
wl = d − φB/eF. Therefore, the distribution of electrons
arriving at the insulating layer-gate electrode interface I (E)
is obtained as the convolution of (U × D)(ε). Because
inelastic scattering in the graphene gate electrode is neg-
ligible [26], the effect of scattering in the gate electrode
is not considered. Thus, in region 4, we only consider the
effect of spectrum broadening by the resolution function of
the electron energy analyzer. The EED of the emitted EB
is finally calculated as the convolution of the resolution
function and I (E). The resolution function of the analyzer

R(τ – E) is written as

R(τ − E) = 1
2r

√
π

exp

[
(τ − E)2

2r2

]
, (6)

where r is the FWHM of the Gaussian distribution. The
resolution of hemispherical energy analyzer r is taken to
be 30 meV according to the manufacturer specifications.

The electron emission properties of the fabricated
devices are measured in a vacuum chamber at different
pressures of 10−6 and 10−4 Pa, which are formed by
varying the evacuation velocity via turbomolecular and
scroll pumps. The atmospheres of 10−1 and 10 Pa are
formed by evacuation using a turbomolecular pump and/or
scroll pump after purging with N2. To prevent electric dis-
charge, the anode voltage is lowered to 200 V during the
measurements at pressures of 10−1 and 10 Pa.

III. RESULTS AND DISCUSSION

First, we characterize the current-voltage (I-V) prop-
erties of the graphene/h-BN devices on semiconducting
(n-Si) and metallic (Nb) substrates. Figures 3(a) and 3(b)
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FIG. 3. (a) Electron emission characteristics and (b) FN plots of anode current for the graphene/h-BN/n-Si device. (c) Electron
emission characteristics and (d) FN plots of anode current for the graphene/h-BN/Nb device. Blue dashed, red solid, and green dashed
lines indicate cathode current, anode current, and emission efficiency, respectively.
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show the electron emission characteristics and anode cur-
rent, which is replotted as a FN plot, of the graphene/h-
BN/n-Si device. The maximum emission current is 9.3 µA,
which corresponds to a current density of 9.3 A/cm2. This
maximum current density is several times higher than a
previously reported value [30]. The high current density is
caused by the decreased thickness of the h-BN insulating
layer in the present device; the thickness of the h-BN layer
estimated from the slope of the FN curve is 6.44 nm, which
is 2.11 nm thinner than that of our previously reported
device [30]. Note that the anode current in the gate volt-
age region of 0 to 8 V showed a slight decrease of a few
pA, which is due to the noise signal possibly originating
from the remaining charge in the coaxial cable. The max-
imum emission efficiency of this device is 0.088%. The
reason for this small efficiency is the large leakage cur-
rent resulting from the defects such as cracks and wrinkles
of the h-BN film. We note that the deviation from the lin-
ear behavior in the FN plot at a high gate voltage regime
in Fig. 3(b) is due to voltage drop caused by the leakage
current. Further optimization of the uniformity of the h-
BN layer is surely required to reduce the leakage current,
which would drastically improve the emission efficiency.
We show that by refining the device structure, maximum
efficiency of this type of device can be increased up to
70% [26].

Figures 3(c) and 3(d) show the electron emission
characteristics and FN plot of the anode current from
the graphene/h-BN/Nb emission device. The emission
characteristics are found to be similar to those of the
graphene/h-BN/n-Si device. The maximum anode cur-
rent is 0.27 µA, which corresponds to a current density of
0.27 A/cm2. Note that the maximum gate voltage exam-
ined for the graphene/h-BN/Nb device is smaller than the
case of the graphene/h-BN/n-Si device, due to smaller
breakdown voltage resulting from slightly thinner insu-
lating layer thickness. The thickness of the h-BN insu-
lating layer estimated from the slope of the FN plot is
6.00 nm. The maximum emission efficiency of this device
is 0.006%. Again, the small efficiency is due to the leakage
current.

The time drift of the anode current for the graphene/h-
BN/n-Si emission device during dc operation at a gate
voltage of 30 V is shown in Fig. 4(a). Only a slight decay of
the anode current is observed, and the device did not break
during continuous operation for 7 days. The lifetime of the
device is longer than that of conventional planar-type elec-
tron emission devices, which is anticipated in our previous
report [30]. Such a long lifetime is a signature of the small
scattering in the h-BN layer because inelastic scattering by
hot electrons in the insulator is one of the mechanisms for
electric breakdown [39,41]. Although considerable fluctu-
ation of the anode current is observed during the long-term
experiment, the fluctuation is as small as 7.9% during
a short-term measurement, as displayed in Fig. 4(b). In
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FIG. 4. Time drift of anode current for the graphene/h-BN/n-
Si emission device during dc operation (gate voltage: 30 V).

addition, the anode current from the graphene/h-BN/n-Si
emission device did not depend on the ambient pressure in
the range of 10−6 to 10 Pa, as shown in Fig. 5, which is
one of the virtues of planar electron emission devices.

The EED spectra for the graphene/h-BN/n-Si and
graphene/h-BN/Nb emission devices are presented in
Figs. 6(a) and 6(b), respectively. For the graphene/h-
BN/n-Si device, the FWHM of the EED spectrum at a gate
voltage of 25 V is 0.18 eV. This value is extremely small
compared with those of conventional CFE and SE cath-
odes, as we have previously reported [30]. In contrast, in
the case of the device with a metallic (Nb) substrate, the
FWHM of the EED spectrum at a gate voltage of 9.3 V is
0.33 eV, which is comparable with that of a CFE tip [6].
Here, it is also useful to focus on the characteristic shape
of these EED curves. In particular, in the case of the device
with n-Si substrate, the shape of the EED spectra with a tail
on the high-energy side is unique among those of conven-
tional CFE devices. This characteristic shape of the EED
spectrum resembles the electron distribution at the con-
duction band of the n-Si substrate. On the other hand, in
the case of the device with metallic (Nb) substrate, the
shape of the EED spectra, which had a tail on the low-
energy side, is similar to that in the case of conventional
CFE from a metallic tip [3,42]. The observed difference in
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FIG. 5. Anode current density for the graphene/h-BN/n-Si
device at different pressures.

the shape of the EED spectra for the graphene/h-BN/n-Si
and graphene/h-BN/Nb devices should be related to the
different electron distributions in the substrate. It is consid-
ered that the very sharp EED spectrum with characteristic
spectral shape observed for the device on the n-Si substrate
reflects the narrow electron distribution in the conduction
band, whereas the moderate width and conventional shape
of the EED spectra of the device on a Nb substrate is a
consequence of its metallic electronic structure. Thus, it
can be considered that the EED spectra of these devices
reflects the electronic structure of the substrate. This fact
suggests that the electron scattering within the h-BN layer
and graphene electrode is so small and the electrons around
the uppermost energy in the substrate can be emitted with-
out significant broadening in the energy. This is in clear
contrast to the behavior of a device with a conventional
SiO2 insulating layer. Figure 6(c) shows the simulated and
measured EED spectra of a graphene/SiO2/n-Si (GOS)
device [25]. For the GOS device, the FWHM of its EED

spectrum at a gate voltage of 9.06 eV is 1.1 eV. In addition,
the spectrum is symmetric, unlike the case for the devices
with h-BN insulating layers. This result indicates that the
inelastic electron scattering in the SiO2 layer obscures the
information of the initial electron distribution in the sub-
strate, and this effect can be largely suppressed when h-BN
is used instead of SiO2.

To estimate the effect of the inelastic scattering within
the h-BN insulating layer, theoretical simulations of the
electron emission behavior of the present graphene/
h-BN/n-Si and graphene/h-BN/Nb devices taking the
phonon energy and electron mean free path into account
are conducted. Because the electron scattering in the
graphene electrode is shown to be negligible and con-
stant for all the devices examined here, we focus on the
scattering effect in the h-BN layer. For the electron emis-
sion from graphene/h-BN/n-Si and graphene/h-BN/Nb
devices, we simulate the scattering of the electrons in h-BN
layers with thicknesses of 6.44 and 6.00 nm, respectively.
For the initial electron distributions in the n-Si and Nb
substrates, we use the results obtained from Eqs. (2) and
(3), respectively, which are shown as dashed lines in Fig.
6. The best fitting of the experimental spectra for both
graphene/h-BN/n-Si and graphene/h-BN/Nb devices is
obtained with a phonon energy -hω of 0.04 eV and IMFP
λi of 1.0 nm, as indicated by the solid lines in Fig. 6.
The spectral shape is reasonably reproduced by the the-
oretical simulation with parameters of -hω = 0.04 [eV]
and λi = 1.0 [nm]. An IMFP of 1.0 nm is considered
to be a physically reasonable value based on the Penn
algorithm [36]. The phonon energy of 0.04 eV corresponds
to the reported phonon energy of the out-of-plane acoustic
(ZA) phonon mode of h-BN with larger density of states
[43]. In both graphene/h-BN/n-Si and graphene/h-BN/

Nb devices, the total energy loss caused by scattering
events is small enough that the emission spectra largely
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FIG. 6. Comparison of experimental (dots), simulated (solid line) electron energy distribution (EED), electron distribution in the
substrate (initial EED, dashed lines) spectra for graphene/h-BN devices with (a) n-Si and (b) Nb substrates. Fitting parameters -hω

and λi are 0.04 eV and 1.0 nm, respectively. (c) Comparison of experimental and simulated EED spectra for a graphene/SiO2/n-Si
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FIG. 7. Energy spectrum of emitted electrons from a
graphene/h-BN/n-Si emission device at a gate voltage of 35 V.

reflected the original electron distribution in the substrates.
However, a further sophisticated model is needed to fully
reproduce the tail shape of EED spectra in the device with
an n-Si substrate.

As shown in Fig. 6(c), the EED spectrum for the
graphene/SiO2/n-Si (GOS) structure [25], in which the
thickness of the SiO2 layer is 10.0 nm, is fitted using
parameters of -hω = 0.15 [eV] and λi = 0.9 [nm]. In this
case, the substantial scattering changed the shape of the
electron distribution of the n-Si substrate, in clear contrast
to the case for the devices with h-BN. The IMFP of 0.9 nm
for the device with a SiO2 insulating layer is comparable
with that of the devices with h-BN. In contrast, the phonon
energy of 0.15 eV corresponds to the longitudinal optical
phonon mode of amorphous SiO2 [44,45]. Thus, the fitting
of the EED spectrum for the GOS device is also physi-
cally reasonable. It is notable that the phonon energy in
the device with a SiO2 insulating layer is 3.8 times larger
than that of the devices with h-BN. These results indi-
cate that the greatly suppressed inelastic scattering in the
h-BN insulating layer is owing to the low energy of the
ZA phonon mode of h-BN, which is considered to mainly
interact with the low-energy electrons traveling vertically
through the atomic layers of h-BN. Therefore, it can be
concluded that the almost monochromatic electron emis-
sion from the graphene/h-BN/n-Si structure is caused by
the combination of the narrow energy spread of electrons
at the conduction band of the low-doped n-Si, and lim-
ited electron scattering in the h-BN insulating layer. The
detailed analysis of the dependence of the emission current
on the doping level of the substrate is now underway.

These characteristics of the present graphene/h-BN/n-
Si devices made it possible for them to emit a larger current
with small energy spread, as demonstrated at an elevated
gate voltage of 35 V (Fig. 7). The anode current density
in this case is as high as 7.3 A/cm2 and the FWHM is

only 0.68 eV. Note that at this extremely high gate volt-
age, the EED peak shifts to lower energy than that at lower
gate voltage because of the potential drop caused by the
large leakage current of a few milliamperes. These results
indicate that the graphene/h-BN/n-Si electron emission
devices, realizing large current density with relatively
small energy spread, are promising for EB applications.

IV. CONCLUSIONS

To discuss the origin of the almost monochromatic elec-
tron emission from planar-type electron emission devices
based on a graphene/h-BN structure, their electron energy
spectra are systematically measured and analyzed by the-
oretical simulations considering the electron scattering
caused by phonons in the h-BN insulating layer. Com-
parison of the EED spectra of graphene/h-BN devices
with semiconducting (n-Si) and metallic (Nb) substrates
revealed that the EED clearly reflected the electron distri-
bution of the substrate, unlike the case for conventional
devices with a SiO2 insulating layer. The fitting of EED
spectra indicated that the ZA phonons in h-BN are respon-
sible for the inelastic scattering of low-energy electrons,
which decreased the total energy loss of the emitted elec-
trons in the graphene/h-BN devices. It is concluded that
the almost monochromatic electron emission from the
graphene/h-BN/n-Si structure is caused by a combination
of the narrow energy spread of electrons at the conduction
band of the n-Si substrate and small inelastic scattering in
the h-BN insulating layer. The graphene/h-BN/Si device
displays a high emission current density of 9.3 A/cm2,
small energy spread of 0.68 eV with high emission cur-
rent, long lifetime of more than 7 days, and insensitivity to
environmental pressure up to 10 Pa.
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