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Comparison between current-voltage measurements and energy
band diagrams of metal/p-type cupric oxide contacts
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The need to generate ohmic contact between a metal and a semiconductor is fundamental for the development of electronic devices or
integrated circuits. The aim of this report is to study the electrical contact between platinum, silver and gold p-type cupric oxide films.
Thermal oxidation was carried out on copper sheets at 1000◦C for 24 h to grow cupric oxide films. The metal/cupric oxide contacts were
fabricated by evaporation of the metals on the surface of the cupric oxide films by the direct-current sputtering method. The crystal structure
of the cupric oxide films was determined by the X-ray diffraction technique. Electrical characterization of the metal/cupric oxide films was
performed by current-voltage measurements, where, independently of the metal used for the contact, all curves exhibited ohmic behavior.
Energy band diagrams of the metal/cupric oxide contact were developed based on the Schottky-Mott model. Current-voltage measurements
showed good agreement with the energy band diagrams only for platinum, which was favored by the high value of the work function of
platinum. Conversely, the energy band diagrams corresponding to the silver/cupric oxide and gold/cupric oxide contacts, exhibited rectifying
behavior. It was suggested that the mismatch between the current-voltage measurements and the energy band diagrams was due to the
presence of defects at the surface of cupric oxide films, which led to Fermi level pinning at the CuO surface, making the contact, independent
of the work functions.
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1. Introduction

Oxidation of copper can lead to the formation of several
phases, where the most stable are cuprous oxide (Cu2O) and
cupric oxide (CuO). However, CuO has proven to be thermo-
dynamically more stable than Cu2O [1]. CuO crystallizes in
the monoclinic structure, exhibits a relatively low bandgap
of around 1.5 eV, and exhibits intrinsic p-type conductivity
[2, 3]. Recently, CuO has been studied for the development
of heterojunctions, which have potential applications in so-
lar cells, gas sensors, and degradation of contaminants [4–9].
These applications require that CuO be connected to the “out-
side world” by electrical contacts, which are formed with sev-
eral metals, among them: silver (Ag), gold (Au), aluminum
(Al), and platinum (Pt) [10–14]. Selection of an appropri-
ate metal can lead to forming an electrical contact with lin-
ear behavior, bidirectional current transport, and low power
dissipation, which are expected characteristics of an ohmic
contact. Although the use of the above-mentioned metals to
form ohmic contacts with other semiconductors such as ZnO
or TiO2 is commonly found in the literature, reports about
rectifying or ohmic contacts to CuO are scarce. Based on the
Schottky-Mott theory, the formation of the type of contact re-
lies on the value of the work functions of both materials. Par-
ticularly, the formation of an ohmic contact between a metal
and a p-type semiconductor requires a higher work function
of the metal than that of the semiconductor. Although CuO is
a material with a relatively low bandgap, there are few metals
with sufficiently high work functions to form ohmic contacts

to CuO. Also, there are some phenomena such as the image-
force effect and the Fermi level pinning that can disturb the
ideal behavior of the metal/CuO contact. This work aims to
analyze the experimental current-voltage behavior of Ag, Au
and Pt contacts to CuO films, and compare them with their
corresponding energy band diagrams developed by using the
Schottky-Mott model.

2. Materials and methods

CuO films were grown by thermal oxidation of metal cop-
per (Cu). Cu sheets (purity of 99.99%, sized to2 × 2 cm)
were sonicated for 10 min in xylene, then 10 min in acetone,
10 min in ethanol, and finally, they were rinsed in distilled
water. The native oxide was removed by sonication of the Cu
sheets in a solution containing a 10:1 vol mixture of distilled
water and hydrofluoric acid. The Cu sheets were then oxi-
dized in a horizontal tube furnace (EVELSA CMOD-HAT-
1100-D25) at 1000◦C for 24 h in an ambient atmosphere
with an air flow-rate of 200 standard cubic centimeters per
minute. The CuO films were cooled down to room tempera-
ture naturally. Structural measurements by X-ray diffraction
(XRD) were done by using a Bruker diffractometer model D8
Discover with a CuKα radiation of 1.54Å. Electrical con-
tacts of the CuO films were deposited by the DC sputtering
method using an auto-sputter coater, Agar 108 A, performing
three cycles of 5 minutes for deposition of each metal. The
metals evaluated were Pt, Ag and Au, and were deposited at
the ends of the surface of the CuO films, leaving a free space



2 R. LÓPEZ

FIGURE 1. XRD diffractograms of the: a) Cu sheet, and b) CuO film grown by thermal oxidation of Cu.

of 1 cm between the metals. Current-voltage (I-V) measure-
ments were performed using a source-measure unit system
Keithley 2450. The electrical resistance was measured by the
two-point method using a digital multimeter STEREN, model
MUL-600.

3. Results and discussion

3.1. XRD measurements

XRD patterns of Cu sheets and CuO films are shown in Fig. 1.
The three peaks observed in the XRD pattern of the Cu sheet
[Fig. 1a)], correspond to those characteristics of the crys-
talline metal Cu ((111), (200), and (220), PDF file 00-004-
0836). Peaks corresponding to the copper oxide phase were
not found. Figure 1b) shows the XRD pattern of the CuO
film where nine peaks can be observed. These peaks corre-
spond sequentially from the left to the right, respectively, to
the (-110), (-111), (111), (-202)(020),(202),(-113)(-311), and
(-220), planes of the CuO phase (PDF file 00-045-0937). No
peaks of the metal copper or other copper oxide phases were
found in the XRD pattern, indicating a full oxidation of the
surface of the Cu sheet and crystallization of a single phase
of copper oxide.

3.2. I-V characterization

The I-V curves of the Pt/CuO/Pt, Ag/CuO/Ag, and
Au/CuO/Au contacts are shown in Fig. 2a). The three curves
are linear, indicating that the three metals formed ohmic con-
tacts with the semiconductor CuO. Figures 2b), 2c), and 2d),
show the experimental array of the electrodes for the mea-
surements of the I-V curves for each metal/CuO contact. In-
directly, the highest value of the slope of the I-V curve of
the Au/CuO contact suggests that, among the three contacts
studied here, it formed the best electrical contact as it exhibits
the highest values of electrical current under the applied volt-
ages. According to the Ohm’s law and by using the values
of the slopes, the electrical resistance (ER) values of each

metal/CuO contact can be obtained by using the two-point
probe method. The ER value is dependent upon different
features of the contact such as the geometry of the sample,
contact surface, and experimental array of the measurement;
however, once the graph of the I-V curve exhibits a linear
characteristic in direct and reverse polarization, and setting
up an identical experimental array for the two-point probe
method, the value of the ER can be used as a first approxi-
mation for identifying the best ohmic contact among several
samples (Table I). The range of the ER is found in kΩ, and
it was reduced from the Pt/CuO/Pt, then to the Ag/CuO/Ag,
and finally with the Au/CuO/Au contact. In fact, the ER of
the Ag/CuO/Ag contact is more than twice the value of the
ER of the Au/CuO/Au and the ER of the Pt/CuO/Pt contact
is almost four times that of the Au/CuO/Au.

3.3. Band diagrams

For developing the energy band diagrams of the
metal/semiconductor contact, several parameters of the met-
als and of the CuO are needed. The work function (φ) of the
metals Pt (φPt), Ag (φAg), and Au (φAu), are, 5.7, 4.26 and

FIGURE 2. I-V characterization of the Pt/CuO/Pt, Ag/CuO/Ag,
and Au/CuO/Au contacts. a) I-V curves, b), c), and d), illustra-
tive photographs of the experimental array performed for the I-V
characterization.
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TABLE I. Electrical resistance (ER) of the three studied metal/CuO
contacts, obtained from the I-V curve by the two-point probe
method.

Sample Electrical resistance (kΩ)

Pt/CuO/Pt 136.419

Ag/CuO/Ag 98.156

Au/CuO/Au 35.531

and 5.1, respectively [15]. The band gap (Eg), the accep-
tor concentration (Na), the electron affinity (χCuO), the po-
sition of the Fermi level measured from the valence band
(δp), and the work function (φCuO), previously obtained for
the CuO films were: 1.51 eV,9.54 × 1012 cm−3, 4.07 eV,
0.46 eV, and 5.12 eV, respectively [16, 17]. According to
the Schottky-Mott theory, when an electrical contact is per-
formed between a metal and a p-type semiconductor, it is
ohmic if theφmetal > φsemiconductor, and it is rectifying if the
φsemiconductor> φmetal [18, 19]. Based on this model, the fab-
rication of ohmic contacts is difficult due to theφ of most
metals is under 6 eV and some semiconductors exhibit wide-
bandgaps. The energy band diagram of Pt and CuO before
the contact (left of Fig. 3), shows how the difference between
the value of the work functions (φPt > φCuO), supports the
formation of an ohmic contact. When these materials are
brought in contact, valence electrons from the surface of the
semiconductor CuO will move to the metal Pt (“holes move
from the metal to the surface of the semiconductor, at the va-
lence band”), leaving holes back; and thus, when the system
reaches thermal equilibrium, there is a hole accumulation at
the surface of CuO, making it more p-type. This “hole injec-
tion from the metal” makes CuO more p-type at the surface,
which is depicted by an upward band bending at the junc-

tion (the valence band is closer to the Fermi level) (right of
Fig. 3). The built-in voltage (Vbi) is, in a rectifying contact
(metal/p-type semiconductor whereφsemiconductor> φmetal ),
the barrier seen by holes trying to move from the semicon-
ductor (CuO) into the metal (Pt). The difference between
φsemiconductorand theφ-metal represents the total downward
band bending of the valence band at the surface of the semi-
conductor. In contrast, for an ohmic contact, as commented
above, the accumulation of holes at the surface of the semi-
conductor is illustrated by the upward band bending. Thus,
when a positive voltage is applied to the semiconductor, there
is no barrier for holes trying to move from the semiconductor
to the metal. The theoretical barrier height (φbp), also known
as the Schottky barrier, is for a metal/p-type semiconductor,
the barrier seen by “holes trying to move from the metal to
the semiconductor” (barrier seen by electrons in the valence
band of the semiconductor trying to move to the metal). This
barrier should be as low as possible to develop a good ohmic
contact. Theφbp for the Pt/p-type CuO contact can be ob-
tained as in Eq. (1) [20,21]:

φbp = (EgCuO + χCuO)− φPt. (1)

Theφbp is measured from the Fermi level to the maximum of
the valence band at the junction, which in a rectifying con-
tact, is the sum ofδp (at the bulk) plusVbi. On the other
hand, for an ohmic contact, the higher value ofφmetal com-
pared to theφsemiconductornot only results in an upward band
bending in the semiconductor side but also makesφbp very
low or even negative. Thus,φbp = −0.12 eV for the Pt/CuO
contact. This lowφbp symbolizes a “very low barrier seen
by holes trying to move from Pt to CuO” (very low barrier
seen by electrons in the valence band of CuO trying to move
to Pt). The total upward band bending in the Pt/CuO ohmic

FIGURE 3. Ideal energy band diagrams of the Pt/p-CuO; before the contact (left), and under thermal equilibrium (right).
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FIGURE 4. Ideal energy band diagrams of the Ag/p-CuO; before the contact (left) and under thermal equilibrium (right).

contact is equal to the sum ofδp+φbp = 0.58 eV. The energy
band diagram of the Pt/CuO contact supports a first-order ap-
proximation of the ohmic contact under thermal equilibrium
condition, without application of an external electric field.

Based on the Schottky-Mott model and considering that
theφAg is lower than that of CuO (left of Fig. 4), the Ag/CuO
contact should exhibit a rectifying behavior. The comple-
mentary parameters required for the development of the en-
ergy band diagram of the Ag/CuO contact areφbp = 1.32 eV,
and Vbi = 0.86 eV. The corresponding energy band dia-
gram is shown at the right of Fig. 4. When the contact is
made, the bands are downward (the Fermi level moves away
from the valence band) due to there is a depletion of holes
at the surface of CuO promoted by electrons moving from
Ag to the valence band of CuO (“holes from the semiconduc-
tor move to the metal Ag”), completing bonds by occupying
“free spaces” (holes).

It is interesting to note that the low value ofφAg induced a
high value ofVbi, limiting the hole transport across the junc-
tion, which macroscopically is observed as a high value of
the electrical resistance. This effect can be analyzed under
reverse polarization of the Ag/CuO contact (a positive volt-
age applied to Ag in relation to CuO). That is, in the ide-
alized case whereφbp remains constant, the increase of the
applied voltage will induce an increase in the barrier height
that holes see when they try to move from the semiconduc-
tor to the metal, due to electrons injected from the negative
electrode of the power source (at the CuO side) can “fill”
the holes placed near the depletion region of CuO, increas-
ing the width of it. There is a mismatch between the I-
V curve [Fig. 2a)] and the corresponding energy band di-
agram of the Ag/CuO contact, where the first, which is an
experimental measurement, exhibited an ohmic curve, while
the theoretical model suggested a rectifying behavior. Al-
though direct evidence of interface states was not measured,

the observed independence of contact behavior from metal
work function strongly suggests Fermi level pinning at the
CuO surface. The mechanism governing the carrier transport
across the interface of a metal/semiconductor contact can be
estimated by comparison between the Stratton-Padovani pa-
rameter (also known as the tunneling parameter and depen-
dent upon the carrier concentration)E00, and the value of
the thermal energy at room temperaturekT = 0.0259 eV
[20]. The mechanism is supported by thermionic emission
if E00 ¿ kT , which matched well for the CuO samples,
due toE00 = 0.00629 meV. It is known that for tunneling
transport at the interface between the metal and the semicon-
ductor, it is necessary to use a highly doped semiconductor,
which for CuO requires at least an acceptor concentration of
1019 cm−3 [22] . Thus, hole-tunneling across the Ag/CuO
interface is ruled out due to the low acceptor concentration
in the CuO samples (1012 cm−3). Thus, there are two inter-
esting effects observed for the Ag/CuO contact: one is that
its ohmic behavior firstly indicates a strong independence of
the work functions, even when the difference betweenφAg

andφCuO is relatively high. The other is that, based on the
energy band diagram, under reverse polarization, the holes
should be “easily” transported from the semiconductor to the
metal over the “high” potential barrierVbi. These effects can
be explained by the presence of surface defects at the side
of CuO, which “pin” the Fermi level and give rise to the fol-
lowing: independently of the metal used for the contact, for
n-type semiconductors this leads to rectifying behavior while
for p-type semiconductors, it leads to ohmic behavior [23].

Finally, the energy band diagram for the Au/CuO con-
tact can be drawn by considering theφAu, which is5.1 eV.
Rigorously, the Au/CuO contact should be rectifying due to
φCuO > φAu. Thus,φbp = 0.48 eV andVbi = 0.02 eV. Fig-
ure 5 shows the energy band diagrams of Au and CuO before
and after the contact. A comparison between the value of

Rev. Mex. Fis.72041006



COMPARISON BETWEEN CURRENT-VOLTAGE MEASUREMENTS AND ENERGY BAND DIAGRAMS OF METAL/P-TYPE CUPRIC. . . 5

FIGURE 5. Ideal energy band diagrams of the Au/p-CuO contact; before the contact (left) and under thermal equilibrium (right).

of φbp for Ag = 1.32 eV andφbp for Au = 0.48 eV, in-
dicates a lower threshold or activation voltage for a recti-
fying Au/p-CuO device under forward polarization (a posi-
tive voltage applied to the semiconductor in relation to the
metal). Conversely, under reverse polarization, the low value
of Vbi = 0.02 eV, initially indicates a narrower depletion re-
gion than that for the Ag/CuO contact. However, the effect
of increasing the voltage under reverse polarization will in-
duce an increase in the width of the depletion region, which
similar to the Ag/p-CuO contact, will make difficult the hole
transport across the interface between Au and CuO. However,
the experimental behavior observed through the I-V curve
was ohmic for the Au/CuO contact. Newly, the energy band
diagram of Fig. 5 does not consider the effects of surface
states, which could lead to the pinning of the Fermi level.
Although CuO is a material not much explored in terms of
metal/semiconductor contacts, Morasch and coworkers stud-
ied the ohmic contact between Au and p-type CuO thin films
with a bandgap of1.5 eV and an acceptor concentration of
1020 cm−3 [24]. They found that the Fermi level is very close
to the valence band due to chemical reduction of CuO when
it makes contact with Au, which places Au as a perfect metal
to fabricate ohmic contacts to CuO.

4. Conclusions

The study of the electrical contacts between Pt, Ag and Au to
p-CuO was made by comparing the experimental I-V curves
with the Schottky-Mott-based energy band diagrams. Only
the Pt/CuO contact matched well between the experimental
behavior and the theoretical model, because Pt has one of the
highest work functions among metals. Conversely, for Ag
and Au, the I-V curve exhibited ohmic behaviors for the con-
tacts formed to CuO, although their energy band diagram pro-
posed a rectifying behavior. This effect was explained based
on the Fermi level pinning effect.
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