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The electronic transport in a metal/semiconductor/metal (MSM) structure,
consisting of cobalt oxide films with aluminum (Al) contacts, was investigated.
The cobalt oxides were grown by direct current (DC) magnetron sputtering
using different oxygen gas flow rates. The behavior of the electric conductivity
in the 200 K-350 K temperature range, the Schottky barrier heights (fg) and
specific contact resistances (R.) were investigated. The analysis shows that
small oxygen flow variations produce significant changes in electrical char-

acteristics of the MSM structure.
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INTRODUCTION

Polycrystalline semiconductors have been inten-
sively studied in recent decades owing to their
potential for applications in low-cost electronic
devices requiring high stability and efficiency, such
as solar cells and thin film transistors. Among
these, cobalt oxides are highly attractive for appli-
cations in catalysis’? gas sensors,® electrodes in
lithium-ion batteries*®, construction of capacitors,®
and photovoltaic cells.”®

Understanding the mechanisms of electronic
transport in polycrystalline cobalt oxide films is
fundamental to broaden and improve the applica-
tion of these materials in devices. However, the
electronic transport in these materials is consider-
ably complex owing to the small dimensions of the
crystallites that produce a high density of grain
boundaries per unit volume, reducing the average
electronic mobility.? In addition to the complexity of
the electronic interactions between the metal and
oxygen ions in the Co304 and CoO regular crys-
talline structures, the structural irregularities pre-
sent in the polycrystalline cobalt oxide films, must
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also be considered.'®!! The electrostatic interac-
tions between the metallic cobalt and oxygen,
together with the structural irregularities, enable
the existence of a large density of defect levels in the
material. The electronic transitions between these
levels define the electrical conductivity mecha-
nisms. Hence, electrical, optical, and structural
measurements must be complemented in the study
of electronic transport in cobalt oxide films.'*~1°

The electronic transport at the metal-semicon-
ductor interface is also of paramount importance
because the link between the electronic device built
with a cobalt oxide film and the remainder of the
circuit is made through metallic electrical contacts.
In this work, the electrical conductivity of alu-
minum/CozO4/aluminum (Al/Co304/Al) and alu-
minum/CoO/aluminum (Al/CoO/Al) structures were
studied in polycrystalline films grown by direct
current (DC) magnetron sputtering with different
concentrations of oxygen.

EXPERIMENTAL PROCEDURE

The cobalt oxide films were grown using a cobalt
metal target (99.95%) in an atmosphere composed of
a mixture of argon (99.9999%) and oxygen
(99.9999%), using silica glass substrates in a Kurt
dJ. Lesker, System I, sputtering equipment. Before
depositions, the substrates were carefully cleaned,
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dried, and fed to the system.'® In a residual
pressure of 4 x 107 kPa, substrates were heated
and kept at 720 + 10 K during the growth of the
films. Different oxygen flow rates, measured in
standard cubic centimeters per minute (sccm), using
an electronic MKS model 247 flow controller, were
used for each sample: 1.00 & 0.05 sccm (sample label
A), 1.50 £ 0.05 sccm (sample label B), 2.50 £+ 0.05
scem (sample label C), and 5.00 £ 0.05 sccm (sample
label D), while the Ar flow rate kept at 40 sccm in all
depositions. The deposition power (80 W) and total
pressure (6.6 x 10 kPa) were kept constant. The
deposition parameters are presented in Table I.

The structural characterization of the films was
performed using a Panalytical Empyrean_diffrac-
tometer with CuKo radiation (1 = 1.54060A) using
the 0—20 configuration at a measuring range of 15°
to 80° with a pitch of 0.01°.

The absorbance spectra in the UV/Vis/NIR region
were obtained with a Perkin Elmer Lambda 1050
spectrophotometer. Measurements were made in
the 250 nm—-2500 nm range.

Parallel aluminum electrical contacts, 10 mm in
length, spaced at 1 mm, 1.5 mm and 2.0 mm, were
deposited by thermal evaporation in vacuum (resid-
ual pressure 2 x 10”7 kPa) on the film surfaces using
shadow masks. The contacts were patterned at
different distances to measure the specific contact
resistance using the transmission-line method
(TLM).'” Electrical connection wires were welded
with silver epoxy (EPOTEK H20E) to the aluminum
contacts.

Measurements of the current versus voltage
characteristics (IxV) and the conductivity as a
function of the inverse of the temperature (¢ x 1/
T), in the 200 K and 350 K range were performed in
vacuum (~ 10”7 kPa) using a Janis cryostat, model
CCS - 400/204, connected to a LakeShore 335
temperature controller. The electrical signals were
measured with a Keithley 6517A electrometer. The
experiments were controlled by GPIB interface
(National Instruments GPIB - IEEE 488.2) con-
nected to a desktop computer. A specially developed
MATLAB program was used in the experiment
control and data collection.

Table I. Deposition parameters of films prepared
by DC sputtering

Sample Label 0O, flow (scecm) Phase
A 1.0 Co0O?
B 1.5 CoO

C 2.5 00304
D 5.0 Co304

The constant parameters used during deposition were DC power,
80 W; substrate temperature, ~720 K; deposition time, 66 min; Ar
flow, 40 scem; pressure, 6.6 x 10 kPa.

21t presented metallic characteristics in the absorbance spectrum.

RESULTS AND DISCUSSION

The x-ray diffractograms of samples A, B, C, and
D display the structural evolution (Fig. 1) of the
films with the variation of the oxygen supply. It can
be observed that the films deposited with 1.0 scem
(sample A) and 1.5 sccm (sample B) present only the
cubic rock-salt CoO phase. For 2.5 sccm (sample C)
and 5.0 sccm (sample D) flow rates, the cubic spinel
Co304 phase is predominant.

Figure 2 displays the absorption spectra of sam-
ples A, B, C, and D. Sample A presented the highest
absorption in the near-infrared region. For wave-
lengths ranging from 750 nm to 2500 nm, the mean
transmittance of this sample was approximately
20%, indicating that the film has a metallic
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Fig. 1. X-ray diffractogram of samples deposited with different
oxygen flows.
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Fig. 2. Absorbance spectra of samples deposited with different
oxygen flows.
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character. In sample B (1.5 sccm), the absence of
absorption bands about 1320 nm and 1520 nm,
attributed to Co 3d transitions in the Co30,4 spinel
crystals,'® indicates the predominance of the cubic
rock-salt CoO phase, which had been previously
identified in the x-ray diffraction measurements
(Fig. 1). In the absorption spectra of samples C and
D, absorption bands in the near-infrared range are
observed; these are related to the 3d states of the
Co?* and Co®* ions located in the octahedral and
tetrahedral sites of the Co30, spinel structure,
respectively.’® These results are also consistent
with the x-ray diffraction measurements, which
indicated a predominance of the Co304 phase in the
films grown with oxygen flows of 2.5 sccm and 5.0
scem (samples C and D).

Figure 3 displays the electrical conductivity of the
metal-semiconductor-metal (MSM) structure of sam-
ples A, B, C, and D in the temperature range 200 K to
330 K. It was not possible to measure the conductiv-
ities of samples A and B below 200 K. This problem is
due to the relatively large distance between contacts
and to the low conductivities of the films.

The electrical conductivity was the highest in the
film with the highest Oy flow rate (5.0 scem, sample
D). This counter intuitive behavior can be attrib-
uted to two comgonents. The first, as pointed out by
Cheng et al. ™, can be due to structural and
morphological changes produced in the polycrys-
talline Co30, films. Similarly to the observed by
Cheng et al. the x-ray diffraction peak (311) of the
film grown with 2.5 scem (sample C) presents
greater intensity than that observed in the sample
D (Fig. 1). The dominant peak in the plane (311)
indicates an asymmetry in the structure, causing
greater spacing between the Co?* and Co®" ions,
which can reduce the conductivity attributed to
polaronic hopping of holes.'® A second contribution
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Fig. 3. Measurements of conductivity as a function of the
temperature of samples deposited with different oxygen flows.
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can be attributed to a larger amount of Co vacan-
cies, and consequently to a higher hole density in
the oxygen rich spinel structure. These are possibly
the factor that determines the lower conductivity of
sample C in relation to sample D.

When the Og flow is reduced to 1.5 scem (Sample B),
the electrical conductivity is significantly decreased
and reaches the lowest value in the set in the
analyzed temperature range. This decrease in elec-
trical conductivity is associated with the phase
transition from Cos04 to CoO. The reduction of
electrical conductivity with the decrease of the oxy-
gen flow was not observed for sample A (grown with
1.0 sccm). This behavior is attributed to the metallic
character of sample A produced by the low oxygen
supply. This metal character of sample A is apparent
in its absorbance spectrum shown in Fig. 2.

Measurements IxV for the MSM system, at room
temperature, are presented in Fig. 4. It can be
observed that for sample A (1.0 sccm) the aluminum
contacts did not present ohmic behavior, whereas
the curve obtained for sample B (1.5 sccm) indicates
a small deviation of the ohmic behavior at low
voltage only. Sample C (2.5 sccm) presented ohmic
behavior in the voltage range — 2 V to 2 V. A
deviation from linear can also be observed in sample
D (5.0 scem), indicating a non-ohmic behavior,
similar to that of sample A.

The different results observed in the IxV curves
are related to the potential barriers formed between
the metal and semiconductor (Schottky effect). The
MSM structure should be analyzed as two opposing
Schottky barriers (placed back-to-back). Thermionic
emission is the dominant process when a low
voltage is applied. With increasing voltage, quan-
tum tunneling becomes the dominant mechanism.
The electronic current through the MSM structure
is limited by the reverse-biased contact. According
to the thermionic emission theory, the reverse
current density in an ideal Schottky diode must
saturate in%’:

J, = AT? exp (_:;QB), (1)

where A is the Richardson constant, T is the
temperature, % is the Boltzmann constant, g is the
elementary electric charge, and (g is the height of
the potential barrier which is a decreasing function
of the applied reverse bias. For large values of the
reverse applied bias Af)g is given by?":

AQg ~ CY4V1/4, (2)

where C is related to the carrier density and
permittivity of the semiconductor. The current
deglsity for the MSM structure can be estimated
by~

1/4771/4
J=dJ, exp(qi—%}?) =d, exp(q%). (3

~
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Fig. 4. Current-voltage (/x V) plot of the samples deposited with different oxygen flows.

For a given temperature, J/, can be obtained from
the intersection with the current density axis in a
plot of InJ as a function of V/4. It is possible to
obtain the value of J, for different temperatures by
measuring the current density at each of these

temperatures. Plotting In (J 0/T2> as a function of

T-1, according to Eq. 1, it is possible to obtain (p
from the slope of the line. When determining (g,
care must be exercised to work with low voltage
values and high temperatures to ensure that the
thermionic emission is the dominant transport
mechanism.?!

Figure 5 displays a plot of InJ as a function of
V1/4 for the 290 K, 320 K, and 350 K temperatures
obtained from the IxV data of sample D. The inset

of Fig. 5 presents a plot of In (J 0/T2) as a function of

the inverse of the temperature and the respective (g
value obtained from the angular coefficient of the
line.
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Proceeding analogously for samples A, B, and C,
the heights of the potential barriers listed in
Table II were obtained.

Considering that the electrical resistance of the
contact with the film is directly proportional to the
height of the potential barrier (g, we used the
transmission-line method to analyze the specific
contact resistance. The technique requires the for-
mation of contacts with controlled geometry and
evaluates the difference in resistance between
equally sized pairs of contacts separated by different
distances.!” The specific contact resistance (R.) is
calculated from a measurement of the effective
contact resistance (Ry), the contact width (W), and
the transfer length (Lt):

R. = RyWLr. (4)

Figure 6 displays the measured resistance against
the contact separation for sample D (5.0 sccm). The
following values can be observed in this figure:
2R, = 3000Q and 2Lt = 1.2 x 10~® m. With the aid
of Eq. 4, for a contact width equal to 1 x 1072 m, we
obtain R, =9 x 1078 Q m? Proceeding in analo-
gously for samples A, B, and C, the specific contact
resistance (R.) listed in Table II were obtained.
The surface morphology of the films makes it
difficult to determine the areas of the contacts (W),
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Resistance (10° Q)

2R, =3000 0

1
T T T T T T T T T T T
0.0 0.4 0.8 1.2 1.6 2.0

Contact Separation (10“3 m)

Fig. 6. Evaluation of the specific contact resistance of Al contacts
using the transmission-line method.

Table II. Schottky barrier height ()g) and specific
contact resistance (R.) for samples grown with
different oxygen concentration

Sample label O, flux (sccm) (g (meV) R, (Q m?)

A 1.0 180.0 3 x 10°¢
B 15 70.0 2 x 1077
C 2.5 30.0 5 x 1078
D 5.0 195.0 9 x 10°°

Angelico, Neto, and Da Silva

limiting the accuracy of the determination of the
specific contact resistance. Even with this difficulty,
the values obtained for the specific contact resis-
tances in the samples grown with different oxygen
flows are proportional to the Schottky barrier height
(Table II).

The metal and semiconductor work functions are
determinant in the characteristics of the metal/
semiconductor contact, although the formation of
alloys and/or interdiffusion at the junction can have
a strong influence.???* The ohmic (or non-ohmic)
behaviour in the metal/semiconductor junction can
be evaluated with the aid of the parameter
A=1E;— 0y +0s, with E; being the gap energy,
0 the metal work function, and (g the semicon-
ductor work function.?®?® For p-type semiconduc-
tors (hot tip thermopower measurements indicated
that the cobalt oxide films studied in this work are
of type p), the metal-semiconductor contact is ohmic
when the value of the parameter A is negative and
non-ohmic for positive values. As the average work
function of aluminum is 4.17 eV and the Co304 work
function varies between 4.30 eV and 4.50 eV %7, the
parameter A will always have positive values for
any value of gap energy (E,), suggesting a non-
ohmic contact for the Al/Cosz04 junction, in accor-
dance with the result of Fig 4 (sample D).

The oxidative state of the metal oxides changes
the electronegativity of the cations, causing the
work function of these oxides to be dependent on the
chemical and structural factors. The metal-oxide
work function decreases with oxygen deficiency.?®
This explains the ohmic behavior of sample C
(Fig. 4), which despite having a predominantly
cubic spinel Cos304 phase, had a reduced work
function owing to the lower oxygen flow provided
during the deposition process.

Owing to the reduction of oxygen flow to 1.5 scem,
sample B presented the cubic rock-salt CoO phase,
as indicated by the x-ray diffraction measurements
(Fig. 1) and absorption (Fig. 2). For this reason, the
Al/CoO contact of sample B did not present ohmic
behavior (Fig. 4). When the oxygen flow was
reduced to 1.0 sccm, the film presented metallic
characteristics, as indicated by the absorption spec-
tra (Fig. 2). The work function of metallic Co is
approximately 5.00 eV,?” making the parameter A =
%Eg — @m + s positive, and implying a non-ohmic
contact as displayed in Fig. 4 (sample A). These
results show that the variation in oxygen flow in the
growth process of cobalt oxide films by sputtering
enables obtaining different values of Schottky bar-
rier between these films and the aluminum
contacts.

CONCLUSIONS

Cobalt oxide films grown with O, flow rates of 2.5
sccm and 5.0 scem, at a constant power of 80 W,
presented cubic spinel Co304 as the predominant
phase, whereas the films grown with flows of 1.0
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scem and 1.5 scem presented a rock-salt CoO phase.
The electrical behavior of the MSM structure has
significantly changed for each Og flow, despite the
phase similarity of the oxide films noticed in the low
O3 and high O, flow ranges. This result attests the
high sensitivity of the electrical characteristics to
small Oy variations.

Among other effects, the work function of the
films increased when the transition from the Cosz0,4
to the CoO phase occurred. For this reason, the
aluminum contacts did not present ohmic behavior
in the rock-salt CoO films grown (1.0 sccm and 1.5
scem oxygen flow rates).

In the Al/Co304/Al MSM structures, the Schottky
barrier heights were demonstrated to be lower in
films grown with 2.5 sccm than in the ones grown
with 5.0 sccm oxygen flow rates. In the former, the
IxV curves indicated ohmic behavior in the — 2.0 to
2.0 V range. This result was related to the smaller
value of the work function of the films grown using
2.5 sccem and was attributed to oxygen deficiency
during the growth process.
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