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Abstract

To explore the work function of a typical amorphous-CN film containing a nitrogen concentration of 23.5 at.%, surface potential images were
acquired using Kelvin probe force microscopy. Based on the Fermi level of the n-type Si and the contact potential difference between the
amorphous-CN film and the n-Si substrate, the work function of the amorphous-CN film was estimated to be 5.2+0.2 eV below its vacuum level.
Using the surface potential depth profile for an etched amorphous-CN film, energy diagrams of the amorphous-CN/SiO,/n-Si interface were
constructed based on the positional relationship of the Fermi level. These band diagrams showed that band bending occurred at the amorphous-
CN/SiO,/n-Si interface despite the Fermi level pinning effect of surface trapping due to the SiO, insulator layer.
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Nitrogen-doped amorphous carbon (amorphous-CN) [1,2] is
expected to be applied as an electron field emitter [3—6] and
low dielectric constant [7,8] material. In the evolving field of
such electronic devices, combined structures composed of a
metal/semiconductor and/or an n-type/p-type semiconductor,
which have demonstrated a remarkable effect on the perfor-
mance of electronic materials, have been successfully
employed as semiconductor devices. It is therefore critical to
consider the electron transport at the heterojunction interfaces
since it essentially governs the fundamental performance of
such devices. The accurate characterization and interpretation
of band diagrams, particularly at these interfaces, is of crucial
importance in the evaluation and design of device structure. To
achieve this, it is vital to measure the work function at
heterojunction interfaces, since the Fermi level depends on
doping levels, space charge regions and free carrier concentra-
tions [9]. Since the contact potential difference (CPD) between
two materials depends on the work function, CPD measure-
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ment can be used to obtain the work function. A common
method to measure CPD is the vibrating capacitor or Kelvin
method [10]. The Kelvin method provides high sensitivity for
potential measurement, but integrates over the entire plate area
and does not provide a lateral image of CPD variation on the
sample surface [11]. Kelvin probe force microscopy (KPFM) is
a powerful tool with high lateral resolution for CPD
measurement locally on a surface, since it can image two-
dimensional profiles of the difference in the work function of
materials and reflect local impurity distribution. Rezek et al.
[12] reported that, through surface contact potential images
referenced to gold or aluminum pads, the Fermi level of
hydrogen-terminated diamond surfaces was deduced to be
0.7+0.1 eV below the valence band maximum.

This paper describes research wherein we employed a
Kelvin probe force microscope as a measurement tool to
evaluate the work function of a typical amorphous-CN/SiO,/n-
Si heterojunction interface. Attained through detailed analysis
of X-ray photoemission spectroscopy and KPFM measure-
ments, we also show energy band diagrams of the amorphous-
CN/Si0,/n-Si interface, wherein band bending occurred due to
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the conservation of thermal equilibrium, based on the
positional relationship between the Fermi level and the valence
band maximum.

Amorphous-CN film was deposited by shielded arc ion
plating (SAIP) under the following conditions [13]. A 64-mm-
wide, 32-mm-thick sintered graphite target (Tokyo Tanso,
IG510, ash/incombustible impurities 10 ppm) was mounted on
a target holder and used as cathode. P-doped n-type Si(100)
wafers with a resistivity of 8—12 ) cm corresponding to a
phosphorus concentration of 4.0 x 10" ¢cm™> were used as
substrates. The substrates were sonically cleaned with ethanol
twice for 10 min and dried with nitrogen gas. Prior to film
deposition, the chamber’s pressure was lowered to 1.0 x 107>
Pa and then it was filled with nitrogen gas to maintain 1 Pa.
During the deposition, substrate bias voltage was applied at
—100 V and the cathodic arc current was kept at 60 A. Film
thickness was regulated to be approximately 70 nm. The
chemical composition of the amorphous-CN film was mea-
sured by an X-ray photoemission spectroscope (XPS, Shi-
madzu-Kratos, AXIS) with MgK, radiation, operating at 10
mA and 12 kV. The analyzer chamber vacuum was 10~ ® Pa.
Charge correction was calibrated using the gold 4f7/2 binding
energy. The nitrogen concentration of the film was estimated
from XPS measurements to be 23.5 at.%. Band-edge photo-
emission spectrum measurement of the amorphous-CN film
was also performed using XPS with monochromatized AIK,
radiation. CPD images were acquired in a nitrogen atmosphere
with a KPFM (Seiko Instruments Inc., SPA-300HV +SPI-
3800N) using a gold-coated silicon cantilever with a resonant
frequency of 27.5 kHz. An ac bias voltage of 2 V at a frequency
of 25 kHz was applied between the sample and the probe.
KPFM images of the sample surface were acquired at a probe
scan rate of 0.2 Hz. Prior to KPFM measurement, the chamber
was evacuated down to ca. 10~ * Pa and filled with nitrogen
gas. We conducted focused ion beam (FIB) etching with a
Ga 'FIB system (JEOL, JFIB-2300). A 30-keV Ga'FIB with a
beam diameter of 110 nm and beam current of 320 pA was
used to etch a square-shaped region of the amorphous-CN film
on the sample surface (Si substrate).

Fig. 1(a) shows a CPD image of the amorphous-CN film as
referenced to the n-Si substrate. To expose the n-Si substrate,
we etched a 10 x 10-um? square-shaped region of amorphous-
CN film down 100 nm to a depth of 30 nm below the n-Si
substrate surface using the FIB apparatus. The dark and bright
regions correspond to low and high surface potential, respec-
tively. The CPD between the amorphous-CN and the n-Si is
described as [14]

Vern = —{o(2) — ¢(B)}/e (1)

where ¢ (i) and e are the work function of component i and the
proton charge, respectively. The surface potential for the as-
deposited amorphous-CN film was ca. 420 mV more negative
than that of the n-Si substrate. This indicates that the
amorphous-CN film had a higher work function than the n-Si
substrate. However, these results cannot be interpreted in terms
of absolute Fermi level, since the Fermi level for the n-type
silicon reference increased to higher than that of intrinsic

silicon due to the phosphorus doping. In order to estimate the
absolute work function difference between the vacuum level
and the Fermi level for the amorphous-CN film, the Fermi level
of the n-Si substrate was calculated using the impurity carrier
density of 4.0 x 10'> cm ™. The intrinsic carrier density n; is
described as

ni = Nc Nyexp( — Eg/kT) (2)

where Nc and Ny are the effective density of the states in the
conduction band and the valence band, respectively, k is the
Boltzmann’s constant, and 7 is the absolute temperature. The
electron density n is represented as follows

n = Ncexp{ — (Ec — Er)/kT} (3)
or
n = niexp{(Er — E;)/kT} (4)

where E;, Er and E are the intrinsic Fermi energy, the Fermi
energy and the energy for the bottom of the conduction band,
respectively. Assuming the band gap energy, E,=1.1 eV, and
the intrinsic carrier density, 7;=1.5 x 1010 cm™ 3, for intrinsic
silicon [15], the value of Er — E; is ca. 0.32 eV. Considering the
effective electron and hole mass for silicon, the Fermi level for
intrinsic silicon is approximately 0.013 eV higher than the gap
center. Based on these results and the work function of 4.9 eV
for intrinsic silicon, we obtained an estimate of ca. 5.0 eV
below the vacuum level for the Fermi level of the as-deposited
amorphous-CN film surface. However, this obtained value
could contain some error, since the n-Si surface etched by the
FIB is most likely different from that of the bulk n-Si. This
value also includes assumptions made in the calculations and,
in addition, may be affected by surface adsorbates. In
consideration of this, we measured the contact potential
difference between amorphous-CN film and platinum (Pt) by
the following procedure. First, Pt with a thickness of 20 nm
was deposited on the n-Si by sputtering. Next, an amorphous-
CN film was deposited onto the Pt/n-Si substrate. To expose
the Pt surface, we etched a 10 x 10-um? square-shaped region
of the amorphous-CN film down 80 nm to a depth of 10 nm
below the Pt surface using the FIB apparatus. The surface
potential for the as-deposited amorphous-CN film was ca. 250
mV more negative than that of the Pt surface. The work
function of Pt is known to be 5.6—5.7 eV [16]. Based on the
CPD and the reference value of Pt, we obtained an estimate of
ca. 5.2%0.2eV below the vacuum level for the Fermi level of
the as-deposited amorphous-CN film surface. The difference
between the calculated and measured values was ca. 0.3 eV.
This difference may be due to damage to the n-Si substrate
surface or to additional surface adsorbates originating from the
FIB etching [17,18], either of which may have changed the
surface Fermi level position. Assumptions made in the
calculations may also account for the difference.

In order to investigate the CPD at the heterojunction
interface, that is, the amorphous-CN/SiO,/n-Si interface, KPFM
measurements were conducted while progressively etching the
amorphous-CN film. Fig. 1(b) shows a schematic diagram of our
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