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Size-dependent conductivity-type inversion in CyO nanoparticles
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X-ray photoemission spectroscopy and optical absorption studies have been carried oyOona@opar-
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 mej&-@anoparticle Schottky junction
characteristics confirm the observation of the inversion of conductivity type fraype bulk conductivity to
n-type conductivity in CyO 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 surfadeeen determined using two widely different techniques of
effects at nanodimensions are expected to result in largg&PS and Schottky junction characterization. Based on these
modifications in the structural, optical, and electronic prop-results, an energy band diagram of copper oxide nanopar-
erties of nanoparticles.* Experimental as well as theoretical ticles having sizes of 4 nm, 9 nm, and 20 nm has been pro-
investigations of size-dependent optical properties of nanoposed and compared with that of a coarse grainegdCu
particles are widely reported. In comparison, there are very Cuw,O nanoparticle layers have been synthesized using the
few reports on the electronic properties of theactivated reactive evaporatigARE) technique. The deposi-
nanoparticlesS~’ Size-dependent changes in the electroniction technique and detailed structural and optical character-
properties of semiconductor nanoparticles are not only imization of these layers have been described elsewfiéfén
portant from the basic physics point of view but will have anthe present study, three copper oxide nanoparticle film
important impact on the potential application of nanopar-samples, namely, samples A1, A2, and A3, were investigated.
ticles in electronic devices. In theoretical investigations, theDuring deposition, pressure was maintained at 5
modification of the electronic properties of nanoparticles has< 103 Torr and the flow rates of oxygen and argon were
been studied by simulating the changes in the band structukept constant as 10 SCCM and 15 SCCM, respectively.
or by calculating the binding energy of the dopant impurities(SCCM denotes cubic centimeters per minute at STRe
as a function of nanoparticle si?&'® The band structure of particle size in these samples was controlled by changing the
small clusters and nanoparticles has been simulated in varsubstrate temperature, 30°C for sample Al, 200°C for
ous material systems like CdS, zZnS, GaP, an8 %iThe sample A2, and 300 °C for sample A3. For carrying out XPS
changes in the binding energy of various dopant atoms imnd Schottky junction characterization, £u nanoparticle
Al;_,GaAs, ZnS, and CdS nanoparticles have been attribtayers were deposited on glass and indium tin oxide®©)
uted to the decrease in dielectric constant with the reductionoated glass substrates, respectively. The thickness of the
of nanoparticle siz& In limited experimental reports, the ba- nanoparticle samples measured using a TalysTgylor-
sic band structure of semiconductor nanoparticles has bedtobson, U.K) is 800 A. The electronic properties of the
studied in terms of the size-dependent shift in the valence ananoparticle films were determined by using a Keithley 224
conduction band edgé&?X-ray absorption and photoemis- programmable current source and a Keithley 2182 nanovolt-
sion spectra have been used to measure the band edgesnadter. A glancing angle x-ray diffractometéGAXRD;
silicon nanoparticles, which show a shift of 0.70 eV and 0.35Geigerflex-D/max-RB-RU200, Rigakuand transmission
eV in the valence band and conduction band edges, respeelectron microscopéTEM; JEOL TEM 200 CX were used
tively, on reduction of size to 2 nit. Similarly, a shift of to determine the size of the @D nanoparticles. A double
0.63 eV in the valence band edge with reduction in the nanobeam UV-visible—near-IR spectrophotometiitachi 330
particle size from 7 nm to 2.4 nm has been observed from thevas employed to measure the optical reflectance and trans-
x-ray photoemission spectroscogXPS studies on CdS mittance of the C4O nanoparticle films. An x-ray photoelec-
nanoparticles, and this has been related to the quantum cotren spectromete(Perkin Elmer 1257 using Mi « radia-
finement and dielectric solvation effects at smaller siZes. tion of E=1253.6 eV and a hemispherical section analyzer
Investigations related to the effect of nanoparticle charactewith 25 meV resolutiopwas used to study the valence band
or size on measurable semiconductor parameters like comlectronic structure of the GO nanoparticle films. The full
ductivity, carrier concentration, or conductivity type are width at half maximum(FWHM) of the MgK « line used for
scarcely reported and are preliminary in naftireln this ~ XPS analysis is 0.6 eV and thus the energy resolution is
communication, size-dependent modifications in the elecexpected to be of the order of 0.06 €10% of the FWHM.
tronic nature of copper oxide (GO) nanoparticles have Keeping this in view, the energy resolution in the binding
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FIG. 2. Tauc plots showing the size-dependent blueshift in the
band gap of Cy0O nanoparticles.

FIG. 1 Valence band x-ray photoemission spectra of thegQCu | ted into two peaks. Peaks and B correspond to Cu @
nanoparticle: curva, sample A1 D=4nm), curveb sample A2 54 5 25 XPS transitions, respectively. For comparison, the
(D=9 nm), and curves, sample A3 P=20nm). Curved is for \ 51ance pand XPS spectrum of the sputter-cleaned bulk
the bulk sample. sample is also given in Fig. 1. The Cu XPS peak posi-

tions of the nanoparticle sample AD E20 nm) and the
energy values obtained from the XPS analysis in the presemulk sample are observed at 2.9 eV, which is close to the
study has been taken to be 0.1 eV. To compare the results @éported value of 2.8 eV for bulk G®.'® The observed shift
XPS and junction measurements on nanoparticle samplest 1.2 eV with respect to the bulk value on reduction of
with bulk Cu,0, a pellet of high-purity(99.99% coarse nanoparticle size to 4 nm is quite large as compared to the
grained CyO powder having particle size greater thap®  experimental resolution of 0.1 eV. The increase in binding
(from Sigma Aldrich was fabricated by pressing the powder energy of the Cu 8 XPS peak with decrease in particle size
in a hydrothermal process followed by annealing at 200 °Cijs due to the modified electronic structure at reduced dimen-
This sample will be refereed to as the “bulk sample.” The sions. The increase in binding energy is a quantum confine-
average values of particle size estimated from the GAXRDment effect related to the broadening of the forbidden gap
studies are 4 nm, 9 nm, and 20 nm for samples A1, A2, andnd can be explained in simple terms by the effective mass
A3, respectively. The TEM micrographs show average parapproximation:
ticle sizes of 5 nm, 10 nm, and 22 nm for samples Al, A2, The optical absorption coefficieiitr) of the CyO nano-
and A3, respectively. The values of nanoparticle siBg ( particle films in the visible wavelength regioi®.35—0.85
estimated from the GAXRD measuremeatnm, 9 nm, and  um) has been determined from the transmittance, reflec-
20 nm for samples Al, A2, and A3, respectivelyill be  tance, and thickness data using a computer program based on
used in the following discussion. Newton-Rapson’s iterative method following Tomlin's

XPS valence band photoemission spectra of theQCu algorithm!® To estimate the optical absorption edgg,) in
nanoparticle film sample A1O=4 nm) after sputter re- these films, the ¢hv)" vs hv curves(Tauc plots were
moval of a 1.4 nm surface layer is shown in Fig. 1. Theplotted for differentn values (=1/2, 3/2, 2, 3. The best
features in the XPS spectra shown in Fig. 1 correspond to thknear fit is obtained in the case of=%, which indicates a
Cu,0 phase. In comparison to CuO (FWHM.9 eV), the direct allowed optical transition in copper oxide
valence band spectrum of @b is narrower (FWHM nanoparticled! The optical absorption edge has been deter-
=2.3eV) due to the splitting of the Cud3and O 2  mined from the intercept of the straight-line portion of the
peakst® The satellite feature on the higher-energy side afTauc plots aiw=0. The Tauc plots given in Fig. 2 reveal an
about 12-15 eMwhich is a strong signature of the CuO increase in the band gap from 2.04 eV to 2.9 eV with reduc-
phasg due to the deionization from th#® ground state to a tion in the nanoparticle size from 20 nm to 4 nm. As ex-
d®-like final state is also absent in the XPS spedimat  pected, the absorption edge of 2.04 eV for the 20 nm sample
shown in the figurg Glancing angle x-ray diffraction studies is equal to the reported value for bulk g8
on these samples also show a single cubig@phase. It The influence of size on the basic semiconducting nature
may be mentioned that the Cu/O ratio stabilizes and remainsf the CyO nanoparticles has been further investigated by
constant (Cu/&2) after the removal of about a 1.4 nm studying the size-dependent shift of the valence band edge in
surface layer, and thus the XPS spectra in Fig. 1 correspon@u,O nanoparticles from the XPS results. The fitted Gauss-
to the CyO phase in the nanoparticle core. The FWHM ofian peaks corresponding to the Cd &ansition in A1, A2,
the Cu 3 peak and other signatures of the ;Quphase A3, and bulk samples are shown in Fig. 3. The Fermi level
(absence of the satellite pgalemain unaltered during sput- position is the zero point on the electron energy scale. The
tering. This clearly shows that the g phase in the nano- binding energy values are referenced to this point as the
particle core is stable and does not degrade on ion beagpectrometer work function and incident photon energy are
bombardment during depth profiling. As shown in Fig. 1, theknown!® The position of the valence band edge was ob-
XPS spectra of samples Al, A2, and A3 have been deconvaained by extending the linear portion of the XPS peak to
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1.04(@D=4rm AE( for Cu,O nanoparticles. In the case of Si nanoparticles
& (b)gfgo"’“ the ratio is 2 at a particle size of 2 nm and increases to 3.5
8 fg; Bulk o with increase in the particle size to 3.6 nm. Further increase
;,5, in the particle size results in a slight increase in the ratio to
% 0.5 41011 Thus, we have taken the values ohH,)/(AEc)
§ equal to 3.5 and 4 for samples ADE4 nm) and A2 D
‘g =9 nm), respectively. The effect of nanoparticle size on the
S semiconductor charactefconductivity type can be de-

0.0-0 scribed in terms of the position of the Fermi level in the
BE (V) energy level diagram. In the case of fQu nanoparticle
sample A3 D=20nm) as well as the bulk sample with
FIG. 3. Valence band x-ray photoemission spectra showing thy-type conductivity, the Fermi level lies closer to the valence
size-dependent shift in the valence band edge igQCnanopar- pand at about 0.7 eV above the valence band edge. At a
ticles: curvea, sample A1 D=4nm), curveb, sample A2 D pangparticle size equal to 9 nm, the Fermi level moves al-
=9nm), and curve, sample A3 D=20nm). Curvadisthe bulk ot 16 the middle of the gap and on further reduction of
sample. nanoparticle size to 4 nm it becomes closer to the conduction
band edge, indicating an inversion of conductivity from
zero intensity'?These results clearly show a strong shift in p-type bulk conductivity ton-type at lower nanoparticle
the position of the valence band edge as a function of nanasizes. The shift in the Fermi level position with reduction in
particle size. The valence band edge in the@uwanopar- particle size can be qualitatively explained as follows. Dop-
ticle sample A2 D=9 nm) lies at 1.2 eMcurveb) and in  ant binding energy calculations for nanoparticles has shown
the case of sample AID(=4 nm) the valence band edge lies that a shallow dopant level becomes deep with reduction of
at 1.8 eV(curve a). On the other hand, the valence bandparticle size® It was also shown that in the case of semicon-
edges in the G0 nanoparticle sample AAX=20 nm) and ductor materials having a small Bohr excitonic raditise
bulk sample lie at 0.7 eVcurvesc andd, respectively. It Bohr excitonic radius for &0 is 0.7 nm, the impurity level
may be mentioned that the valence band edge in the polysecomes exceptionally dep! The dopant ionization en-
crystalline CyO film has been reported at 0.64 eV below theergy also depends on the dielectric constant of the semicon-
Fermi level?° ductor material as it shields the attractive force between the
Energy level diagrams derived from the valence band andarrier(electron or holgand the dopant iof? In the case of
absorption edge values for the nanoparticle samples ameanoparticles, the dielectric constant has been observed to
shown in Fig. 4. For comparison, the energy level diagram otlecrease with a reduction of the particle iZedecrease in
nanoparticle sample A3 and the bulk Qupowder are also dielectric constant of the semiconductor matefigl at re-
given in the figure. Usin\ E values(shift in the absorption duced dimensions will thus result in an incredsg a factor
edge value determined from the Tauc plot with respect to thef 1/¢?) in the dopant ionization energy. The acceptor or
bulk valug, AE, and AE. values were calculated. Tight donor energy levels become deep, resulting in the redistribu-
binding calculations in the case of Si nanoparticles haveion of the electron and hole concentrations in their corre-
shown that the size-dependent valence band shi,( is  sponding bands which results in repositioning of the Fermi
larger than the conduction band shiiE¢).2%'!In the ab-  level. As already mentioned, the shift in the valence band
sence of a better possibilityAEy)/(AE) values calculated edge at reduced dimensions is larger compared to the con-
for Si nanoparticles have been used for estimatiig, and  duction band shift. Thus, the increase of dopant ionization
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FIG. 4. Energy level diagram of GO nanoparticle(a) sample Al,(b) sample A2,(c) sample A3, andd) 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 sample are

taken from the literaturé¢Ref. 20.]
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energy(which is the difference in the energy of the dopantA2. In the case of sample A3 and the bulk sample, the semi-
level and the corresponding band egdgemore pronounced conductor layer is positive with respect to Cu metal during
for acceptor levels than donor levels. Thus the changes in thigrward bias. The difference in polarity during forward bias

energy level diagram showing inversion of the conductivityconfirms that the difference in junction behavior is due to a
type are due to the combined effect @f increase in the change in conductivity type on reduction in nanoparticle
forbidden gap due to quantum confinemei, difference in  sjze.

the valence and conduction band shifig) increase in the According to the Schottky-Mott theory for an ideal metal-
dopant ionization energy, ar@) decrease in the dielectric semiconductor junction, a metal having a work function
constant, at lower nanoparticle sizes. higher than a semiconductor results in a rectifying contact in

Schottky junction analyses of metal—copper oxide nanothe case of an-type semiconductor and an Ohmic contact in
particle layers have been carried out to correlate the sizghe case of g-type semiconductor. When the metal work
dependent modifications in the energy level diagram with theunction is lower than the semiconductor work function, the
measurable electronic properties. The current-voltdg¥)(  resulting contact is Ohmic and rectifying in the cases of
characteristics of Schottky junctions formed using,Gu n-type andp-type semiconductors, respectivéfyit becomes
nanoparticle filmgsamples A1 and A2with aluminum(Al)  difficult to apply the above mentioned simple theory as the
and coppe(Cu) contacts are shown in Figs(@ and 8b). In reported work function values invariably depend on the sur-
the case of nanoparticle samples A1 and A2, Ithécharac-  face conditions of the metal or semiconductor matéfial.
teristics of CyO-Al and CyO-Cu junctions show good rec- More importantly, the behavior predicted by Schottky-Mott
tifying and Ohmic behavior, respectively. The lineV  theory is strongly influenced by the presence of surface lay-
characteristic of the GO junction with Cu and the rectify- ers, nonstoichiometry at the semiconductor surface, chemical
ing behavior of the C40 junction with an Al metal contact and physical interaction at the metal-semiconductor inter-
indicate that the C4D-ITO contact is Ohmic and the recti- face, or the presence of incomplete dangling bonds at the
fying 1-V behavior in the case of ITO-GOQ-Al is due to the  semiconductor surface. These factors make the barrier height
Schottky junction formed at the G@-Al interface. On the of the metal semiconductor less sensitive and in many cases
other hand, nanoparticle @0 sample A3 and the bulk insensitive to the relative work function values of the metal
sample[Figs. 5c) and 5d)] show rectifying behavior with and semiconductor materid$.In fact, it has been shown
Cu and Ohmic behavior with Al. This is opposite to what is that in the case of polycrystalline gD the barrier height is
observed in the case of nanoparticle samples A1 and A2 arid the range of 0.7—0.9 eV irrespective of the metal Sed.
points toward a change in the electronic character on redu®ue to the increased surface area at nanodimensions, the
tion of nanoparticle size. It is important to note that on ap-influence of the surface on the junction characteristics can be
plying negative bias to the GO nanoparticle film with re- more important in the case of nanopatrticle films.
spect to the metal contact, a higher value of the current is It is important to note that the junction behavior observed
observed, and this suggestsratype semiconducting nature in the case of the bulk sample prepared from coarse grained
of the Cy,0 nanoparticle films in the case of samples A1 andpowder and in sample A3 prepared by the ARE technique is
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similar. Cy,O polycrystalline films prepared using a variety ferred from the current-voltage behavior. The observation of
of deposition techniques with varying growth temperatureinversion of conductivity type is important for device appli-

and growth ambient and thus having different surface condications, as it is possible to form chemically compatible
tions also show rectifying junctions with Cu and nonrectify- nanoparticle-polycrystalline homojunctions. This study also
ing junctions with Al along withp-type conductivity:#:25-28 shows that Fh_e nanoparticle size may be a tool for tall_ormg
The junction behavior in terms of the rectifying/Ohmic na- the conductivity type and other semiconductor properties of

ture and polarity during forward bias changes on reduction omate”als'

the nanoparticle size from 20 nm to 9 nm. The nanoparticle In summary, based on the XPS and optical absorption

film samples Al, A2, and A3 and the metal-semiconductor".asuIts’ energy level diagrams for funanoparticles having

junction are prepared under similar conditions. This clearlySlzes of 4 and 9 nm have been proposed. These results show

L . S a strong shift of the Fermi level toward the conduction band
shows that the observed conductivity type inversion is due tg o - . ) .
: . ) dge, resulting in conductivity type inversion on reduction of
reduction of nanoparticle size and not due to any other effect; . . . .

i X nanoparticle size. This has been explained as due to a com-
It has been reported that single-phase,@wnanoparticles

have a thin CuO-like surface modified lay&r°® The pres- bined effect of the widening of the forbidden gap, the differ-
. ence in the valence and conduction band shifts, the decrease
ence of additional oxygen atoms at the surface may be &

factor responsible for the passivation of surface and defect the dielectric constant, and the increase in the dopant bind-

states, reducing the effect of surface states on the junctio'rq g energy at nanodimensions. This study shows a remark-

behavior. Passivation of defect states due to additional hy:zlble correlation between the measurable semiconductor char-

drogen in the case of silicon or metallic additives in the caseaCte”St'CS and basic electronic changes in the energy level

. ; 031 S . diagram of copper oxide nanoparticle films, and opens up a
of germanium is well knowA’3! The change in junction . X

. . . . further methodology for controlling the semiconductor prop-
behavior on decreasing the particle size from 20 nm to 4 nm__. . : . .
erties of materials by varying the nanopatrticle size.

is thus related to the change in conductivity type on reduc-
tion of nanoparticle size. The changes in the energy level The authors B.B.M. and B.R.M. acknowledge the Minis-
diagram derived from XPS and the optical absorption resultsry of Non-Conventional Energy SourcédNES), Govern-

support the conclusion of conductivity type inversion in- ment of India for financial support of the present research.
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