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Size-dependent conductivity-type inversion in Cu2O nanoparticles
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X-ray photoemission spectroscopy and optical absorption studies have been carried out on Cu2O nanopar-
ticles prepared using the activated reactive evaporation technique. A strong shift of the valence band edge
~from 0.7 to 1.8 eV! has been observed on reduction of the nanoparticle size from 20 nm to 4 nm. The
size-dependent modifications in the energy level diagram and metal-Cu2O nanoparticle Schottky junction
characteristics confirm the observation of the inversion of conductivity type fromp-type bulk conductivity to
n-type conductivity in Cu2O nanoparticles at lower dimensions. This study can initiate a further methodology
for tailoring the semiconductor properties of a material by controlling the nanoparticle size.
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Quantum confinement of carriers and enhanced sur
effects at nanodimensions are expected to result in la
modifications in the structural, optical, and electronic pro
erties of nanoparticles.1–4 Experimental as well as theoretic
investigations of size-dependent optical properties of na
particles are widely reported. In comparison, there are v
few reports on the electronic properties of t
nanoparticles.5–7 Size-dependent changes in the electro
properties of semiconductor nanoparticles are not only
portant from the basic physics point of view but will have
important impact on the potential application of nanop
ticles in electronic devices. In theoretical investigations,
modification of the electronic properties of nanoparticles
been studied by simulating the changes in the band struc
or by calculating the binding energy of the dopant impurit
as a function of nanoparticle size.8–10 The band structure o
small clusters and nanoparticles has been simulated in
ous material systems like CdS, ZnS, GaP, and Si.8–10 The
changes in the binding energy of various dopant atoms
Al12xGaxAs, ZnS, and CdS nanoparticles have been att
uted to the decrease in dielectric constant with the reduc
of nanoparticle size.8 In limited experimental reports, the ba
sic band structure of semiconductor nanoparticles has b
studied in terms of the size-dependent shift in the valenc
conduction band edges.11,12X-ray absorption and photoemis
sion spectra have been used to measure the band edg
silicon nanoparticles, which show a shift of 0.70 eV and 0
eV in the valence band and conduction band edges, res
tively, on reduction of size to 2 nm.11 Similarly, a shift of
0.63 eV in the valence band edge with reduction in the na
particle size from 7 nm to 2.4 nm has been observed from
x-ray photoemission spectroscopy~XPS! studies on CdS
nanoparticles, and this has been related to the quantum
finement and dielectric solvation effects at smaller size12

Investigations related to the effect of nanoparticle chara
or size on measurable semiconductor parameters like
ductivity, carrier concentration, or conductivity type a
scarcely reported and are preliminary in nature.5–7 In this
communication, size-dependent modifications in the e
tronic nature of copper oxide (Cu2O) nanoparticles have
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been determined using two widely different techniques
XPS and Schottky junction characterization. Based on th
results, an energy band diagram of copper oxide nano
ticles having sizes of 4 nm, 9 nm, and 20 nm has been p
posed and compared with that of a coarse grained Cu2O.

Cu2O nanoparticle layers have been synthesized using
activated reactive evaporation~ARE! technique. The deposi
tion technique and detailed structural and optical charac
ization of these layers have been described elsewhere.13,14 In
the present study, three copper oxide nanoparticle fi
samples, namely, samples A1, A2, and A3, were investiga
During deposition, pressure was maintained at
31023 Torr and the flow rates of oxygen and argon we
kept constant as 10 SCCM and 15 SCCM, respectiv
~SCCM denotes cubic centimeters per minute at STP.! The
particle size in these samples was controlled by changing
substrate temperature, 30 °C for sample A1, 200 °C
sample A2, and 300 °C for sample A3. For carrying out X
and Schottky junction characterization, Cu2O nanoparticle
layers were deposited on glass and indium tin oxide~ITO!
coated glass substrates, respectively. The thickness of
nanoparticle samples measured using a Talystep~Taylor-
Hobson, U.K.! is 800 Å. The electronic properties of th
nanoparticle films were determined by using a Keithley 2
programmable current source and a Keithley 2182 nanov
meter. A glancing angle x-ray diffractometer~GAXRD;
Geigerflex-D/max-RB-RU200, Rigaku! and transmission
electron microscope~TEM; JEOL TEM 200 CX! were used
to determine the size of the Cu2O nanoparticles. A double
beam UV–visible–near-IR spectrophotometer~Hitachi 330!
was employed to measure the optical reflectance and tr
mittance of the Cu2O nanoparticle films. An x-ray photoelec
tron spectrometer~Perkin Elmer 1257 using MgKa radia-
tion of E51253.6 eV and a hemispherical section analy
with 25 meV resolution! was used to study the valence ba
electronic structure of the Cu2O nanoparticle films. The full
width at half maximum~FWHM! of the MgKa line used for
XPS analysis is 0.6 eV and thus the energy resolution
expected to be of the order of 0.06 eV~10% of the FWHM!.
Keeping this in view, the energy resolution in the bindin
©2004 The American Physical Society19-1



se
ts
pl

er
C
e

RD
an
a
2

u

he
t

a
O

s

ai

o
o

t-
-
ea
he
v

he
ulk

the

of
the

ing
e
en-
ne-
ap
ass

ec-
d on

’s

e
er-
e
n
uc-
x-
ple

ure
by
e in
ss-

vel
he
the
are
b-
to

u

the

BALAMURUGAN et al. PHYSICAL REVIEW B 69, 165419 ~2004!
energy values obtained from the XPS analysis in the pre
study has been taken to be 0.1 eV. To compare the resul
XPS and junction measurements on nanoparticle sam
with bulk Cu2O, a pellet of high-purity~99.99%! coarse
grained Cu2O powder having particle size greater than 5mm
~from Sigma Aldrich! was fabricated by pressing the powd
in a hydrothermal process followed by annealing at 200 °
This sample will be refereed to as the ‘‘bulk sample.’’ Th
average values of particle size estimated from the GAX
studies are 4 nm, 9 nm, and 20 nm for samples A1, A2,
A3, respectively. The TEM micrographs show average p
ticle sizes of 5 nm, 10 nm, and 22 nm for samples A1, A
and A3, respectively. The values of nanoparticle size (D)
estimated from the GAXRD measurement~4 nm, 9 nm, and
20 nm for samples A1, A2, and A3, respectively! will be
used in the following discussion.

XPS valence band photoemission spectra of the C2O
nanoparticle film sample A1 (D54 nm) after sputter re-
moval of a 1.4 nm surface layer is shown in Fig. 1. T
features in the XPS spectra shown in Fig. 1 correspond to
Cu2O phase. In comparison to CuO (FWHM53.9 eV), the
valence band spectrum of Cu2O is narrower (FWHM
52.3 eV) due to the splitting of the Cu 3d and O 2p
peaks.15 The satellite feature on the higher-energy side
about 12–15 eV~which is a strong signature of the Cu
phase! due to the deionization from thed9 ground state to a
d8-like final state is also absent in the XPS spectra~not
shown in the figure!. Glancing angle x-ray diffraction studie
on these samples also show a single cubic Cu2O phase. It
may be mentioned that the Cu/O ratio stabilizes and rem
constant (Cu/O52) after the removal of about a 1.4 nm
surface layer, and thus the XPS spectra in Fig. 1 corresp
to the Cu2O phase in the nanoparticle core. The FWHM
the Cu 3d peak and other signatures of the Cu2O phase
~absence of the satellite peak! remain unaltered during spu
tering. This clearly shows that the Cu2O phase in the nano
particle core is stable and does not degrade on ion b
bombardment during depth profiling. As shown in Fig. 1, t
XPS spectra of samples A1, A2, and A3 have been decon

FIG. 1. Valence band x-ray photoemission spectra of the C2O
nanoparticle: curvea, sample A1 (D54 nm), curveb sample A2
(D59 nm), and curvec, sample A3 (D520 nm). Curved is for
the bulk sample.
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luted into two peaks. PeaksA and B correspond to Cu 3d
and O 2p XPS transitions, respectively. For comparison, t
valence band XPS spectrum of the sputter-cleaned b
sample is also given in Fig. 1. The Cu 3d XPS peak posi-
tions of the nanoparticle sample A3 (D520 nm) and the
bulk sample are observed at 2.9 eV, which is close to
reported value of 2.8 eV for bulk Cu2O.15 The observed shift
of 1.2 eV with respect to the bulk value on reduction
nanoparticle size to 4 nm is quite large as compared to
experimental resolution of 0.1 eV. The increase in bind
energy of the Cu 3d XPS peak with decrease in particle siz
is due to the modified electronic structure at reduced dim
sions. The increase in binding energy is a quantum confi
ment effect related to the broadening of the forbidden g
and can be explained in simple terms by the effective m
approximation.12

The optical absorption coefficient~a! of the Cu2O nano-
particle films in the visible wavelength region~0.35–0.85
mm! has been determined from the transmittance, refl
tance, and thickness data using a computer program base
Newton-Rapson’s iterative method following Tomlin
algorithm.16 To estimate the optical absorption edge (Eg) in
these films, the (ahn)1/n vs hn curves ~Tauc plots! were
plotted for differentn values (n51/2, 3/2, 2, 3!. The best
linear fit is obtained in the case ofn5 1

2 , which indicates a
direct allowed optical transition in copper oxid
nanoparticles.17 The optical absorption edge has been det
mined from the intercept of the straight-line portion of th
Tauc plots ata50. The Tauc plots given in Fig. 2 reveal a
increase in the band gap from 2.04 eV to 2.9 eV with red
tion in the nanoparticle size from 20 nm to 4 nm. As e
pected, the absorption edge of 2.04 eV for the 20 nm sam
is equal to the reported value for bulk Cu2O.18

The influence of size on the basic semiconducting nat
of the Cu2O nanoparticles has been further investigated
studying the size-dependent shift of the valence band edg
Cu2O nanoparticles from the XPS results. The fitted Gau
ian peaks corresponding to the Cu 3d transition in A1, A2,
A3, and bulk samples are shown in Fig. 3. The Fermi le
position is the zero point on the electron energy scale. T
binding energy values are referenced to this point as
spectrometer work function and incident photon energy
known.19 The position of the valence band edge was o
tained by extending the linear portion of the XPS peak

FIG. 2. Tauc plots showing the size-dependent blueshift in
band gap of Cu2O nanoparticles.
9-2
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zero intensity.11,12These results clearly show a strong shift
the position of the valence band edge as a function of na
particle size. The valence band edge in the Cu2O nanopar-
ticle sample A2 (D59 nm) lies at 1.2 eV~curve b) and in
the case of sample A1 (D54 nm) the valence band edge lie
at 1.8 eV ~curve a). On the other hand, the valence ba
edges in the Cu2O nanoparticle sample A3 (D520 nm) and
bulk sample lie at 0.7 eV~curvesc and d, respectively!. It
may be mentioned that the valence band edge in the p
crystalline Cu2O film has been reported at 0.64 eV below t
Fermi level.20

Energy level diagrams derived from the valence band
absorption edge values for the nanoparticle samples
shown in Fig. 4. For comparison, the energy level diagram
nanoparticle sample A3 and the bulk Cu2O powder are also
given in the figure. UsingDE values~shift in the absorption
edge value determined from the Tauc plot with respect to
bulk value!, DEV and DEC values were calculated. Tigh
binding calculations in the case of Si nanoparticles h
shown that the size-dependent valence band shift (DEV) is
larger than the conduction band shift (DEC).10,11 In the ab-
sence of a better possibility, (DEV)/(DEC) values calculated
for Si nanoparticles have been used for estimatingDEV and

FIG. 3. Valence band x-ray photoemission spectra showing
size-dependent shift in the valence band edge in Cu2O nanopar-
ticles: curvea, sample A1 (D54 nm), curveb, sample A2 (D
59 nm), and curvec, sample A3 (D520 nm). Curved is the bulk
sample.
16541
o-

y-

d
re
f

e

e

DEC for Cu2O nanoparticles. In the case of Si nanopartic
the ratio is 2 at a particle size of 2 nm and increases to
with increase in the particle size to 3.6 nm. Further incre
in the particle size results in a slight increase in the ratio
4.10,11 Thus, we have taken the values of (DEV)/(DEC)
equal to 3.5 and 4 for samples A1 (D54 nm) and A2 (D
59 nm), respectively. The effect of nanoparticle size on
semiconductor character~conductivity type! can be de-
scribed in terms of the position of the Fermi level in th
energy level diagram. In the case of Cu2O nanoparticle
sample A3 (D520 nm) as well as the bulk sample wit
p-type conductivity, the Fermi level lies closer to the valen
band at about 0.7 eV above the valence band edge. A
nanoparticle size equal to 9 nm, the Fermi level moves
most to the middle of the gap and on further reduction
nanoparticle size to 4 nm it becomes closer to the conduc
band edge, indicating an inversion of conductivity fro
p-type bulk conductivity ton-type at lower nanoparticle
sizes. The shift in the Fermi level position with reduction
particle size can be qualitatively explained as follows. Do
ant binding energy calculations for nanoparticles has sho
that a shallow dopant level becomes deep with reduction
particle size.8 It was also shown that in the case of semico
ductor materials having a small Bohr excitonic radius~the
Bohr excitonic radius for Cu2O is 0.7 nm!, the impurity level
becomes exceptionally deep.8,21 The dopant ionization en
ergy also depends on the dielectric constant of the semic
ductor material as it shields the attractive force between
carrier~electron or hole! and the dopant ion.22 In the case of
nanoparticles, the dielectric constant has been observe
decrease with a reduction of the particle size.8 A decrease in
dielectric constant of the semiconductor material~«! at re-
duced dimensions will thus result in an increase~by a factor
of 1/«2) in the dopant ionization energy. The acceptor
donor energy levels become deep, resulting in the redistr
tion of the electron and hole concentrations in their cor
sponding bands which results in repositioning of the Fe
level. As already mentioned, the shift in the valence ba
edge at reduced dimensions is larger compared to the
duction band shift. Thus, the increase of dopant ionizat

e

sample are

FIG. 4. Energy level diagram of Cu2O nanoparticle:~a! sample A1,~b! sample A2,~c! sample A3, and~d! bulk sample.@The energy

positions of acceptor levels due to copper vacancies and donor levels due to oxygen vacancies and band gap values for the bulk
taken from the literature~Ref. 20!.#
9-3
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FIG. 5. I-V characteristics@forward (F) and
reverse (R) bias# of Cu2O-metal Schottky junc-
tions for ~a! nanoparticle sample A1,~b! nanopar-
ticle sample A2,~c! nanoparticle sample A3, and
~d! bulk.
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energy~which is the difference in the energy of the dopa
level and the corresponding band edge! is more pronounced
for acceptor levels than donor levels. Thus the changes in
energy level diagram showing inversion of the conductiv
type are due to the combined effect of~i! increase in the
forbidden gap due to quantum confinement,~ii ! difference in
the valence and conduction band shifts,~iii ! increase in the
dopant ionization energy, and~iv! decrease in the dielectri
constant, at lower nanoparticle sizes.

Schottky junction analyses of metal–copper oxide na
particle layers have been carried out to correlate the s
dependent modifications in the energy level diagram with
measurable electronic properties. The current-voltage (I -V)
characteristics of Schottky junctions formed using Cu2O
nanoparticle films~samples A1 and A2! with aluminum~Al !
and copper~Cu! contacts are shown in Figs. 5~a! and 5~b!. In
the case of nanoparticle samples A1 and A2, theI -V charac-
teristics of Cu2O-Al and Cu2O-Cu junctions show good rec
tifying and Ohmic behavior, respectively. The linearI -V
characteristic of the Cu2O junction with Cu and the rectify-
ing behavior of the Cu2O junction with an Al metal contac
indicate that the Cu2O-ITO contact is Ohmic and the rect
fying I -V behavior in the case of ITO-Cu2O-Al is due to the
Schottky junction formed at the Cu2O-Al interface. On the
other hand, nanoparticle Cu2O sample A3 and the bulk
sample@Figs. 5~c! and 5~d!# show rectifying behavior with
Cu and Ohmic behavior with Al. This is opposite to what
observed in the case of nanoparticle samples A1 and A2
points toward a change in the electronic character on red
tion of nanoparticle size. It is important to note that on a
plying negative bias to the Cu2O nanoparticle film with re-
spect to the metal contact, a higher value of the curren
observed, and this suggests ann-type semiconducting natur
of the Cu2O nanoparticle films in the case of samples A1 a
16541
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A2. In the case of sample A3 and the bulk sample, the se
conductor layer is positive with respect to Cu metal duri
forward bias. The difference in polarity during forward bia
confirms that the difference in junction behavior is due to
change in conductivity type on reduction in nanopartic
size.

According to the Schottky-Mott theory for an ideal meta
semiconductor junction, a metal having a work functi
higher than a semiconductor results in a rectifying contac
the case of ann-type semiconductor and an Ohmic contact
the case of ap-type semiconductor. When the metal wo
function is lower than the semiconductor work function, t
resulting contact is Ohmic and rectifying in the cases
n-type andp-type semiconductors, respectively.23 It becomes
difficult to apply the above mentioned simple theory as
reported work function values invariably depend on the s
face conditions of the metal or semiconductor materia24

More importantly, the behavior predicted by Schottky-Mo
theory is strongly influenced by the presence of surface
ers, nonstoichiometry at the semiconductor surface, chem
and physical interaction at the metal-semiconductor in
face, or the presence of incomplete dangling bonds at
semiconductor surface. These factors make the barrier he
of the metal semiconductor less sensitive and in many ca
insensitive to the relative work function values of the me
and semiconductor materials.23 In fact, it has been shown
that in the case of polycrystalline Cu2O the barrier height is
in the range of 0.7–0.9 eV irrespective of the metal use25

Due to the increased surface area at nanodimensions
influence of the surface on the junction characteristics can
more important in the case of nanoparticle films.

It is important to note that the junction behavior observ
in the case of the bulk sample prepared from coarse gra
powder and in sample A3 prepared by the ARE techniqu
9-4
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similar. Cu2O polycrystalline films prepared using a varie
of deposition techniques with varying growth temperatu
and growth ambient and thus having different surface con
tions also show rectifying junctions with Cu and nonrectif
ing junctions with Al along withp-type conductivity.18,25–28

The junction behavior in terms of the rectifying/Ohmic n
ture and polarity during forward bias changes on reduction
the nanoparticle size from 20 nm to 9 nm. The nanopart
film samples A1, A2, and A3 and the metal-semiconduc
junction are prepared under similar conditions. This clea
shows that the observed conductivity type inversion is du
reduction of nanoparticle size and not due to any other eff
It has been reported that single-phase Cu2O nanoparticles
have a thin CuO-like surface modified layer.14,29 The pres-
ence of additional oxygen atoms at the surface may b
factor responsible for the passivation of surface and de
states, reducing the effect of surface states on the junc
behavior. Passivation of defect states due to additional
drogen in the case of silicon or metallic additives in the c
of germanium is well known.30,31 The change in junction
behavior on decreasing the particle size from 20 nm to 4
is thus related to the change in conductivity type on red
tion of nanoparticle size. The changes in the energy le
diagram derived from XPS and the optical absorption res
support the conclusion of conductivity type inversion i
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