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Inhomogeneous effect of particle size on core-level and valence-band
electrons: Size-dependent electronic structure of Cu;N nanoparticles
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The present study reports a clear evidence and physical significance of an inhomogeneous effect of
particle size on electrons originating from various electronic levels of copper nitride nanoparticles.
X-ray photoelectron and optical absorption spectroscopy studies reveal that a direct modification of
the valence band due to size effects explained by the more appropriate surface bond contraction
model results in a strong increase in the binding energy of valence-band electrons as compared to
core-level electrons. © 2006 American Institute of Physics. [DOI: 10.1063/1.2227632]

Size-induced modifications in the electronic structure of
semiconductor nanoparticles are expected to result in fasci-
nating optical and electronic properties.l’2 The consequences
of these size effects have been widely observed in the mac-
roscopic properties such as optical band gap, conductivity
type, carrier concentrations, electrical resistivity, and device
characteristics.”” To understand the origin of the size-
dependent properties, it is important to study the direct influ-
ence of particle size on electrons, which is addressed by a
few theoretical observations describing the modified density
of states, discrete band structure, and changes in the edges of
valence and conduction bands.*’ However, limited experi-
mental studies using x-ray photoelectron spectroscopy (XPS)
present the size-induced changes in the electronic structure
of nanoparticles but mostly describe the binding energy

and shape of the spectral features of core electrons.'"?
Size effects are expected to have strong impact on the
properties originating from valence-band as revealed by a
strong shift in the valence band edge away from the Fermi
level and associated conductivity-type inversion in
nanoparticles.‘"14 Thus, a systematic study on the effect of
particle size on valence-band and core-level electrons is
highly desirable for the fundamental understanding of the
nanoparticle characteristics.

The present study provides a direct experimental evi-
dence on how the particle size influences the electrons origi-
nating from various electronic levels by studying the size-
dependent electronic structure of copper nitride (Cu;N)
nanoparticles using XPS and optical absorption (OA) spec-
troscopy. Cu;N is a promising semiconductor having suitable
optical and electronic properties for potential device
applications.ls_17 For sample preparations, Cus;N nanopar-
ticles have been deposited on carbon coated molybdenum
grids, quartz, and silicon substrates by reactively sputtering a
highly pure copper target in high purity argon (Ar) and ni-
trogen (N,) plasma ambient using a radio frequency (rf) (fre-
quency of 13.5 MHz) magnetron sputtering. Particle size has
been varied by varying the deposition time (z4,) as 10, 15,
20, 30, and 240 s, while keeping the deposition pressure
(5 mTorr), substrate temperature (room temperature), rf
power (60 W) and flow rates of Ar [3 SCCM (SCCM de-

Y Author to whom correspondence should be addressed; electronic mail:
bala@cheme.kyoto-u.ac.jp

0003-6951/2006/89(3)/033112/3/$23.00

89, 033112-1

notes cubic centimeter per minute at STP)] and N,
(30 SCCM) as constants. Particle size, distribution, and
structure of CusN nanoparticles have been studied using
transmission electron microscope (TEM), atomic force mi-
croscope (AFM), glancing angle x-ray diffraction (GAXRD),
and XPS (in which Mg Ka excitation was used) measure-
ments. These studies show that isolated Cuz;N nanoparticles
have been formed at 74, <20 s, and 74,,=30 s has resulted
in the formation of nanoparticle films due to an extended
nucleation and growth of the sputtered atoms at larger 7,4, as
shown in a typical TEM micrograph [Fig. 1(a)] and AFM
image [Fig. 1(b)] of CusN nanoparticles deposited for 10 and
240 s, respectively. Thus, average particle size in nanopar-
ticle samples prepared for 10 s (4.8 nm), 15 s (8.5 nm), and
20 s (10.0 nm) has been estimated from TEM micrographs
and that for the samples prepared for 30 s (15.7 nm) and
240 s (21.4 nm) has been estimated from AFM images. In
addition, CusN nanoparticles crystallize into a cubic anti-
ReO; structure with a predominant (100) peak along with
weak intensity (200) and (210) peaks as shown in the x-ray
diffractogram of Cus;N nanoparticles deposited for 240 s
[Fig. 1(c)].
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FIG. 1. (Color online) TEM micrograph and AFM image of Cu;N nanopar-
ticles deposited for 10 s (a) and 240 s (b), respectively. X-ray diffractogram
of CusN nanoparticles deposited for 240 s (c) and OA spectra of Cu;N
nanoparticles having different average particle sizes (d) are also shown.
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FIG. 2. XPS spectra of Cu 2p;,, (a) and N 1s electrons (b) of CuzN nano-
particles having different average particle sizes: (i) 4.8 nm, (ii) 8.5 nm, and
(iii) 10.0 nm.

The electronic structure of Cu;N nanoparticles has been
studied using XPS and OA techniques. XPS spectra of Cu
2ps;, [Fig. 2(a)] and N 1s electrons [Fig. 2(b)] of Cu;N
nanoparticles clearly reveal a shift in their peak positions
towards the higher binding energy side on decreasing the
particle size to 4.8 nm. In the electronic structure of Cu;N,
Cu 1s, Cu 2s, Cu 2p, Cu 35, Cu 3p, and N 1s states belong
to core electronic levels and, on the other hand, Cu 3d, Cu
4s, Cu 4p and Cu 4d levels participate in the formation of
valence band along with the N 2s, N 2p, N 3s, N 3p, and N
3d electronic levels.!” In addition to the XPS spectra of core
electrons (Cu 2ps, and N 1s), the changes in the valence
band can also be obtained during XPS measurements by re-
cording the spectral features corresponding to Cu L;VV and
Cu L;M,V Auger transitions.'® During L;VV transition, a
valence-band electron fills a previously created core (L;)
hole and its excess energy causes ionization of a second
valence-band electron, and in case of L3;M,;V transition, a
core electron (M,3) fills a previously created core (L3;) hole
and its excess energy causes ionization of another valence-
band electron.'®!” The recorded spectral features correspond-
ing to Cu L;VV [Fig. 3(a)] and Cu L3;M,;V [Fig. 3(b)] Auger
transitions are also observed to be size dependent and exhibit
a strong shift as compared to XPS spectra of Cu 2p;3,, and N
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FIG. 3. The recorded Cu L;VV (a) and Cu L;M,;V (b) Auger transitions of
Cu;N nanoparticles having different average particle sizes: (i) 4.8 nm, (ii)
8.5 nm, and (iii) 10.0 nm.
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FIG. 4. A plot of AEgg vs particle size for various spectral features recorded
during XPS measurements of Cu;N nanoparticles (a). Size-induced shift in
the band gap (AE,) is also plotted as a function of particle size (b).

Ls electrons. With no considerable shift observed in the peak
positions of both the XPS and Auger transitions of nanopar-
ticles prepared for #4,,=30 s (particle size =15.7 nm), the
peak positions of those transitions corresponding to CusN
nanoparticles deposited for 240 s (particle size =21.4 nm)
have been taken as corresponding bulk values (marked as a
line in Figs. 2 and 3). The shift in the peak positions with
respect to the bulk value (AEgg) for Cu 2ps,, N 1s, Cu L3 VYV,
and Cu Ly;M,;V transitions is plotted as a function of particle
size [Fig. 4(a)]. On decreasing the particle size to 4.8 nm, the
peak position of the XPS spectra of Cu 2p5,, and N 1s core
electrons exhibit an increase of 0.3 and 0.9 eV, respectively,
with respect to the bulk value, where as that of Cu L;VV and
Cu L3M,;V Auger transitions originating from the valence
band exhibit a strong increase of 1.4 and 1.6 eV in their peak
positions, respectively. These results clearly reveal that the
effect of size in the binding energy of electrons is not homo-
geneous across the band structure of CusN nanoparticles. In
brief, the present study shows that the binding energy of the
spectral features (Cu L;VV and Cu L3;M,;V transitions) origi-
nating from the valence band is strongly influenced by the
nanoparticle nature of CuzN than that of the spectral features
(XPS spectra of Cu 2p;,, and N 1s electrons) corresponding
to the core electronic levels.

As observed by XPS studies, the modified electronic
structure of CusN nanoparticles is also evident from the size-
induced blueshift of their OA spectra [Fig. 1(d)]. To estimate
the band gap, Tauc’s plots [(a@hv)'" vs hv curves] were plot-
ted for different n values (n=1/2,3/2,2,3) and the best lin-
ear relationship was obtained by plotting (a/hv)? against pho-
ton energy (hv) (n=1/2), indicating a direct band gap nature
of CuzN nanoparticles.20 The transition of electrons from the
valence-band minimum to conduction band maximum
(which lie above each other in momentum space) in direct
band gap materials will directly take place upon absorption
of photons without a phonon mediation, known as electron-
phonon coupling, which is expected during the OA process
for conserving the momentum in indirect band gap semicon-
ductors (in which the momenta of the valence-band maxi-
mum and conduction-band minimum are not the same).21
Thus, the OA of CusN nanoparticles arises only from the
transition between the band edges, and the size-induced blue-

Downloaded 31 May 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



033112-3 B. Balamurugan and T. Maruyama

shift in the band gap (AE,) with respect to bulk value (cor-
responding to 21.4 nm particle size) has been plotted [Fig.
4(b)].

An evidence of an inhomogeneous effect of particle size
in the binding energy of core-level and valence-band elec-
trons along with a size-induced band gap expansion is an
important result of the present study. As compared to bulk
materials, the size effects are expected to influence the elec-
tronic structure of nanoparticles, which results in size-
dependent optical and electronic properties. For better under-
standing of the present results, it is more suitable to point out
the surface bond contraction model, which explains both the
band gap expansion and increase in the binding energy of
core-level electrons of nanoparticles. According to this
model, the modified crystal field at nanodimensions, which is
determined by the contraction of surface bonds in conjunc-
tion with an increase in the surface to volume ratio of nano-
particles, has been observed to result in an expansion of band
gap22 and an increase in the binding energy of core
electrons.'">3% Thus, the size-induced increase of the peak
position of core-level XPS spectra and band gap expansion
in CusN nanoparticles are in good agreement with the sur-
face bond contraction model. In addition, size-dependent in-
crease in the band gap of Cu;N nanoparticles with respect to
bulk value [Fig. 4(b)] together with the surface bond contrac-
tion model also reveals a direct and strong modification of
valence and conduction bands.”* In particular, the expan-
sion of band gap is the combination of the size-induced shifts
in the edges of the valence (AE,) and conduction bands
(AE,) in which AE, is expected to be stronger than AE,.**%
Thus, a direct modification of the valence band due to the
size effects results in a strong increase in the binding energy
of valence-band electrons as compared to core-level elec-
trons and leads to inhomogeneous changes in the electronic
structure of CusN nanoparticles with respect to particle size.

In conclusion, the present study reveals an experimental
evidence of an inhomogeneous effect of particle size on elec-
trons originating from the valence band and deep core levels
of Cu;N nanoparticles. XPS and OA studies reveal that a
size-induced shift in AE, with a decrease in particle size to
4.8 nm leads to a strong increase in the binding energy of
valence-band electrons as compared to that of core-level
electrons. The observed size-induced changes in the elec-
tronic structure are important to understand the optical and
electronic properties of nanoparticles.
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