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Abstract— The bottom-contact CuO/Au transmission line
model (TLM) structures have been fabricated and measured
both in N2 and vacuum for the first time to obtain a cleaner
CuO/Au interface by avoiding the exposure of the inter-
face to the ambiance, compared to top-contact structures.
Considering different strip widths, CuO/Au TLM structures
measured in N2 show typical width-normalized contact
resistances (Rc · W) of ∼2.6 k�·cm, which is relatively low
compared to the total resistance of CuO. The linearity of
I–V curves further indicates an ohmic contact between Au
and CuO. All the CuO/Au TLM structures measured in N2
right after fabrication show repeatable and reliable effective
contact resistivities (ρc-eff) of ∼0.55 �·cm2 regardless of
the increased Rc with decreasing CuO widths. Measured in
vacuum, other thinner, more resistive CuO/Au TLM struc-
tures fabricated by the same processes exhibit lower Rc ·W
of ∼1.8 k�·cm and record low ρc-eff of ∼0.05 �·cm2 that
might be related to the reduction of the transfer length
with the increase of the CuO sheet resistance. Further
investigating the CuO/Au TLM structures, the degradations
of sheet and contact resistances have been observed along
time for the first time when measuring the devices in
vacuum at room temperature. Such aging is significantly
accelerated at 100 ◦C. The lack of stability of CuO/Au
contacts we investigated might shine some light on the
discrepancy of results widely reported in literature.

Index Terms— Aging, bottom contact, contact resis-
tance, CuO, degradation, transmission line model (TLM)
structure.

I. INTRODUCTION

METAL–SEMICONDUCTOR contact is a vital element
for any semiconductor device. The contact resistance

(Rc) significantly affects the injection and extraction efficien-
cies of charge carriers at the metal–semiconductor interface
and plays a notable role in the electrical performances of
thin-film transistors (TFTs) [1], [2]. Especially for short-
channel TFTs, the contact resistance could become dominant
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in the transistor performances [3], [4]. To optimize the design
of TFTs, an ohmic contact with a low Rc is always expected.
The transmission line model (TLM) structure, which consists
of various metal grids with unequal spacing between contacts,
is one of the commonly used methods to determine the contact
characteristics [5].

As one of the most promising p-type metal–oxide–
semiconductors, CuO thin films have been successfully
fabricated and characterized on glass [6]. Since CuO typ-
ically has a high work function over 5.19 eV [7], Au is
normally selected as the metal contact due to its high work
function up to 5.47 eV [8] and thus potential to form an
ohmic contact with CuO. Nevertheless, as-fabricated CuO
TFTs usually exhibit relatively low field-effect mobilities of
∼10−4–10−1 cm2

·V−1
·s−1 [9], [10], [11]. The contact between

CuO and metal could be a possible origin of carrier injection
limitation [12].

As a quantitative reference, when achieving an ohmic
contact to n- or p-type Si with W (tungsten), the contact
resistivity (ρc) typically ranges from 10−8 to 10−3 �·cm2

[13]. In comparison, in [14], CuO prepared by chemical
reaction exhibited a very high ρc of about 105 �·cm2 with Au.
Another RF-sputtered Cu2O exhibited a high Rc of 2.34 M�

with Au [15]. ρc was lowered by increasing the thickness
of RF-sputtered copper oxides in the case of Cu2O/Ni/Au
TLM structures [12]. The ρc values of CuO and Cu2O
prepared by MOCVD were, respectively, 1.45 × 103 and
2.1 × 103 �·cm2 with Au in [16]. As a reference, the lowest ρc

of 2.15 × 10−5 �·cm2 was reported for electrodeposited Cu2O
with Ti/Au contact for a very thick film of 10 µm in [17],
but it remains challenging to reduce the contact resistivity
of CuO with other metals. These previously reported TLM
structures were all top-contacted with metal electrodes on top
of copper oxides. In contrast, bottom-contact structures are
expected to exhibit a lower contact resistance due to the direct
contact of the semiconductor with the metal, as well as a clean
interface to limit the exposure of the contact interface to the
ambiance [18].

In this work, to optimize the CuO/Au contact resistivity
toward less than 1 �·cm2 as conventionally achieved with
other TFT materials, the contact properties between CuO and
Au are further investigated. First, the bottom-contact CuO/Au
TLM structures are fabricated and measured for the first time.
The sheet (Rsh) and contact (Rc) resistance properties are
characterized both in N2 ambient and vacuum considering
different structure dimensions, such as metal strip widths, CuO
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Fig. 1. Cross-sectional schematic views for the fabrication processes
and measurement setups of CuO/Au TLM structures with bottom con-
tacts (the white, blue, and orange areas are Au/Ti, photoresist, and CuO,
respectively).

width, and the CuO thickness. Second, the degradations of
CuO sheet resistance and its contact resistance with Au are
observed with aging (in over periods of several hours) for
the first time and analyzed in vacuum at room and elevated
(100 ◦C) temperatures. Finally, potential physical phenomena
are discussed.

II. DEVICE STRUCTURES AND FABRICATION DETAILS

The cross-sectional schematic views for the fabrication pro-
cesses and measurement setups of the CuO/Au TLM structures
are shown in Fig. 1. Soda lime glass (SLG) substrates with
a size of 4 × 4 cm2 were cleaned by acetone, methanol,
isopropanol, and deionized water, and dried by nitrogen.
UV reverse lithography was first done to define the metal
contact patterns. Au/Ti (10/100 nm) strip lines were e-beam
evaporated, where Ti (10 nm) was deposited between the SLG
substrates and Au to enhance the adhesion of Au on glass.
The samples were later placed in the acetone for lift-off.
UV reverse lithography and lift-off were also used next on top
of the Au/Ti contacts to pattern the CuO films deposited by
dc reactive magnetron sputtering (AJA sputtering system) [6].
A constant sputtering power of 50 W was set in the chamber
at a sputtering pressure of 10 m·Torr with an O2/Ar ratio
of 8/22 sccm. To increase the CuO thickness and achieve
a lower total resistance for TLM structures, samples were
sputtered at a long time of 5 h. Postannealing was carried out
in N2 ambient for 30 min at 250 ◦C. To avoid the influence
of subsequent processing on the CuO surface especially for
the high-temperature processes in the lithography, metal strips
were fabricated first, with the CuO process steps as the final
ones. To minimize the influence of internal resistance from
the probes and measurement system, four-probe measurements
were carried out on a LakeShore CPX probe station connected
to a Keithley 4200-SCS semiconductor characterization sys-
tem under dark. The leakage currents of all source-measure
units (SMUs) were measured at a pA current level from
−10 to 10 V. CuO/Au TLM samples were measured either
in N2 flow ambient or in vacuum after a pumping of 2 h.

Fig. 2. Top-viewed optical microscope photographs of CuO/Au TLM
structures on SLG substrates (the brown and white/greenish areas are
CuO and Au, respectively). (a) Structure A. (b) Structure B. (c) Struc-
ture C. (d) Structure D.

Four as-fabricated bottom-contact TLM structures with
different dimensions are presented in Fig. 2, showing the
top-viewed photographs of CuO TLM structures obtained
by an optical microscope (Zeiss Axio Imager Vario). These
structures feature the same increasing strip distance (d) of
25, 50, 100, 150, and 200 µm. Structures A and B have the
same CuO width (W ) of 1000 µm but different electrode
widths (L) of 25 and 50 µm, respectively. Structures B–D
have the same L of 50 µm but varying W of 200, 500, and
1000 µm, respectively. In this work, these structures were
fabricated by the same above processes on two samples with
CuO thicknesses of 830 and 750 nm, respectively. These four
structures are each repeated three times on the same chip, and
necessary tests were conducted to confirm the repeatability
and reliability of the measurements.

III. TLM CHARACTERIZATION RESULTS

Fig. 3 gives the top-viewed schematic of typical TLM
structures with increasing strip distance (d) from d1 to d5 for
contact strips S1–S6. The total resistance (RT ) between each
pair of adjacent strips is obtained from three-point derivatives
of current–voltage (I –V ) measurements (in our case, in the
range from −1 to 1 V). Upon flowing from one electrode to
the other, the current successively passes through Au metal
electrode, CuO/Au contact, CuO layer, and again CuO/Au
contact and Au electrode. Accordingly, RT can be modeled as

RT = 2Rc + Rmetal + Rsemi ≈ 2Rc + Rsh
d
W

(1)

where the metal line resistance (Rmetal) is much smaller than
the semiconductor resistance (Rsemi) and can thus be neglected.
Rsh = (ρ/t), where ρ is the CuO resistivity in �·cm and t is
the CuO thickness.

By plotting RT as a function of d, several parameters can be
extracted from the slope, x-intercept (xintercept) or y-intercept
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Fig. 3. Top-viewed schematic of typical TLM structures (the orange and
white/green areas denote CuO and Au, respectively).

(yintercept) of the linear fitting, as follows:

Rsh = slope × W (2)
LT = 0.5 × xintercept (3)
Rc = 0.5 × yintercept (4)

where LT is the transfer length.
When studying TLM structures with different dimensions

or contact technologies, effective contact resistivity (ρc-eff) is
an important figure of merit of the specific contact resistance
in �·cm2. Considering that L ≥ 1.5LT for all our CuO TLM
samples, ρc-eff can be obtained by [19]

ρc-eff = Rsh × L2
T = Rc Aeff = RcW LT (5)

where the effective contact area (Aeff) is defined as W · LT .
Reciprocally, LT , indicating the average length along the
electrode width used for the current transfer between CuO
and Au, stresses the opposite influences of ρc-eff and Rsh [19]

LT =

√
ρc-eff

Rsh
. (6)

A. TLM Structures With Lower Rsh Measured in N2

CuO/Au TLM structures with a thick CuO of 830 nm
were fabricated and characterized in N2 flow with different
contact geometries and CuO widths of Structures A–D. The
measurements repeated on the three exact same Structures A
and B of the layout exhibited close results. Taking Structure A
as an example, typical current–voltage (I –V ) curves of each
pair of adjacent strips are given in Fig. 4(a). Linear fittings
gave coefficients of determination (r2) > 0.9999 for all the
measured I –V curves. For all the measurements in this work,
similar I –V curves were measured, passing linearly by the
origin as expected for an ohmic contact and extremely low
leakage currents. The corresponding total resistances were
extracted at each applied bias by three-point derivatives. The
values keep almost identical in the range of applied biases
from −1 to 1 V and thus are arbitrarily presented at −0.5 V
in what follows. The RT –d curves of Structures A and B
with different strip widths of 25 and 50 µm are shown in
Fig. 4(b). In addition to the contact geometry, Structures B–D
with different CuO widths of 1000, 500, and 200 µm are
further investigated in Fig. 4(c). r2 on the linear regressions
of results in Fig. 4(b) and (c) is over 0.99. From these very
good linear fittings on the RT –d curves, the key parameters
of CuO/Au TLM structures are extracted and listed in Table I
according to (2)–(5).

TABLE I
EXTRACTED PARAMETERS OF STRUCTURES A–D MEASURED IN N2

FLOW DIRECTLY AFTER FABRICATION

With regard to Structures A and B, Rsh of CuO is
∼1.2 × 107 �·sq−1, while the width normalized contact
resistance (Rc · W ) between CuO and Au for both structures
is about ∼2.6 k�·cm. Rc · W is relatively low compared to
the total resistance of CuO, which confirms a good ohmic
contact between CuO and Au, consistent with the linear I–V
curves. Considering different strip widths of 25 and 50 µm for
Structures A and B, LT keeps almost the same to be ∼2.1 µm,
which is much shorter than the strip width. These relatively
wide electrodes have no influence on Rc · W , so Rc · W is
determined by the effective contact area instead of the physical
contact size.

The hole mobility (µ) of CuO can be estimated by:
µ = 1/(pq Rsht), where p, q, and t are the hole concentration,
electron charge, and CuO thickness, respectively. Considering
a hole concentration of ∼3.92 × 1014 cm−3 obtained from the
Hall measurement [6], µ in Structures A and B is calculated
to be ∼15 cm2

·V−1
·s−1, which is lower than a value of

34.2 cm2
·V−1

·s−1 observed in the bulk CuO thin film [6].
Compared to the bare CuO thin film, the additional fabrication
processes can affect the mobility of CuO. Here, lithography
and Au deposition could lead to photoresist contamination
and Au diffusion into CuO as two main sources of the
mobility difference. Organic photoresist can indeed affect
the CuO surface and introduce more defects in CuO during
dc sputtering [20], [21]. According to the band alignment,
a strong hole accumulation caused by Au diffusion can appear
at the CuO/Au interface, resulting in an increase of the hole
concentration in CuO [22]. The hole mobility would thus
degrade at a higher hole concentration as established in [6].
Such external Au diffusion can easily cause a long-term
degradation of semiconductor devices [23].

Comparing Structures C and D with Structure B, a slightly
increased Rsh of ∼1.9 × 107 �·sq−1 and an increased Rc · W
of ∼3.2 k�·cm are obtained, which again proves the repeata-
bility and reliability of the measurements. Although processed
simultaneously, these structures were measured several hours
later than Structure B. In this duration, the sample was placed
in a chamber with N2 flow. However, the environmental influ-
ences could not be eliminated since the samples were not fully
isolated from the environment during transportation to and in
the chamber. Therefore, such phenomenon might indicate a
slight alteration of the CuO thin film when exposed to air. Such
an alteration is small and would not affect the conclusions
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Fig. 4. (a) I–V curves for each pair of adjacent strips in Structure A.
Total resistance versus strip distance of low-Rsh CuO/Au TLM structures
measured in N2 (b) with different strip widths and (c) with different CuO
widths.

of the measurement. Decreasing W from 1000 to 200 µm,
Rc increases from 26 599 to 159 526 � due to the decreased
contact size, which is consistent with (5). LT decreases from
2.06 to 1.72 and 1.64 µm with the decrease of W , mainly
due to an increased Rsh. In addition, with the decrease of W ,

TABLE II
EXTRACTED PARAMETERS OF STRUCTURES A′

AND B′ MEASURED IN VACUUM

Fig. 5. Total resistance versus strip distance of higher Rsh CuO/Au TLM
structures with different strip widths measured in vacuum.

stronger fringing electrical fields around the edges of the
diffused layer would affect the accuracy of the TLM and
cause the decrease of LT [24]. To eliminate the influence from
the contact size and have a standard quantity for comparison,
similar ρc-eff around 0.55 �·cm2 is calculated for all structures
by (5).

B. TLM Structures With Higher Rsh Measured in Vacuum
To figure out whether the degradation over time is influ-

enced by a process intrinsic to CuO or by measurement
conditions, other TLM structures (Structures A′ and B′ with
the same dimensions as Structures A and B) have been
fabricated and characterized in vacuum immediately after
deposition. After a sputtering of 5 h, a CuO thickness of
750 nm was obtained, which is thinner than the previously
sputtered CuO of 830 nm due to the consumption of Cu target
and the decrease of discharge voltage. Given the repeatable and
reliable measurements in N2, the measurements in vacuum
were conducted only once to minimize any possible aging
and to control every time point precisely. Following I –V
measurements in vacuum and extractions of corresponding
resistance values, the RT –d curves of Structures A′ and B′

are shown in Fig. 5 and fitted by linear regressions with r2

over 0.99. According to (2)–(5), the key parameters obtained
by linear fittings of RT –d curves are given in Table II.

In vacuum, Structures A′ and B′ show a higher Rsh of
∼7 × 107 �·sq−1 compared to Structures A and B due to a
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TABLE III
EXTRACTED PARAMETERS OF STRUCTURE B′ MEASURED OVER 3-H

AGING IN VACUUM AT ROOM TEMPERATURE

different and thinner CuO film and to a potential degradation
in air during a pumping of 2 h to achieve the target vacuum
level. The Rc · W for Structures A′ and B′ is ∼1.8 k�·cm,
which is lower compared to Structures A and B. As a result
of an increase in Rsh and a decrease in LT from ∼2.1 to
∼0.25 µm, ρc-eff decreases from ∼0.55 to ∼0.05 �·cm2,
in coincidence with (5). At higher Rsh and lower ρc-eff, the
current quickly flows into the contact at the edge of the
contact available for conduction [25]. In contrast, the current
path is expanded at high ρc-eff, requiring a larger contact
area for conduction. Similar LT in Structures A′ and B′

again proves that the wide electrodes have no influence on
Rc · W . These results again confirm the potential to obtain
an initially very low contact resistivity between CuO and Au,
no matter in N2 flow or vacuum, but dependent on the sheet
resistance. However, Structure B′ measured several minutes
after Structure A′ already shows a slight increase of Rsh and
a further reduction of LT and ρc-eff (Table II) similar to the
results obtained in N2 flow (Table I).

C. Aging in Vacuum With Time and Temperature

The degradation of thin semiconductor layers is often
influenced by environmental impacts, including temperature,
moisture, and other mechanical, physical, or chemical influ-
ence from the fabrication and measurement environments.
Among various elements, temperature is particularly important
since most degradation mechanisms are thermally activated.
The temperature variations in the device can be caused by the
external heating or the self-heating.

1) Fig. 6 displays the RT –d curves of Structure B′ while
maintained in vacuum at room temperature under dark
to avoid other environmental influences and fitted by
linear regressions with r2 over 0.99 again. The first
measurement noted “0 h” was taken after 2 h of pump-
ing, and subsequent measurements were taken every
hour thereafter. By linear fitting, the key parameters of
Structure B′ measured in 3 h are extracted from RT –d
curves in Table III by (2)–(5). The resistance between S1
and S2 increases from 1.92 × 106 to 3.82 × 106 � after
3 h in vacuum. Rsh of CuO increases from 7.1 × 107

to 1.1 × 108 �·sq−1 after 3 h in vacuum, while ρc-eff
of CuO/Au contact strongly degrades from 0.045 to
34.67 �·cm2.

Fig. 6. Total resistance versus strip distance of Structure B′ measured
over 3-h aging in vacuum at room temperature.

2) In order to further investigate the degradation of CuO
TLM structures, Structure B′ was submitted to a high
temperature of 100 ◦C in vacuum. Such method called
dry heating measurement accelerates the device aging
in a relatively short time. After heating up from 25 ◦C
to 100 ◦C and stabilizing the temperature in vacuum,
the electrical characteristics between S1 and S2 were
measured at 100 ◦C every 30 min again, and the
resistance between S1 and S2 was obtained as a func-
tion of time in Fig. 7(a). After 5 h at 100 ◦C, the
resistance measured at 100 ◦C increases gradually from
9.24 × 105 to 3.19 × 106 �, showing a significant accel-
erated degradation of the CuO TLM structure. Finally,
in Fig. 7(b), Structure B′ was remeasured in N2 at room
temperature after all these aging experiments. RT –d
results were fitted by linear regressions with r2 over
0.99 and compared with the first measurements done
in Fig. 5. Strong degradations of Rsh from 7.15 × 107

to 1.6 × 109 �·sq−1 and ρc-eff from 0.045 to 2.56 �·cm2

were observed.

IV. DISCUSSION

In summary, the degradation of CuO/Au TLM structures
over time was first observed in N2 and further studied in
vacuum. During the measurement in vacuum at room tempera-
ture, environmental impacts, such as temperature, moisture, air
exposure, and other mechanical, physical, or chemical influ-
ences from the fabrication and measurement environments,
could be ignored. Therefore, the degradation could only be
originated from the sample itself or from the self-heating
during the measurement. However, the Joule heating during
the measurement was too small to cause any temperature
increase. Therefore, the degradations of both Rsh and ρc-eff
might be attributed to the increase of defect states in CuO.
More bulk defects with the aging of CuO reduce the hole
mobility and cause an increase of Rsh. Increased interfacial
defects at the CuO/Au contact can induce a Fermi pinning
effect, frequently seen at interfaces with oxides [21], resulting
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Fig. 7. (a) S1S2 resistance variation with time measured in vacuum at
100 ◦C in 5 h. (b) Total resistance versus strip distance of Structure B′

before and after all the measurements.

in an increased ρc-eff. The increase of bulk and interfacial
defects could be attributed to the photoresist contamination,
TLM structure, Au diffusion, or bias-stress and illumination
during the measurement [26], [27]. Trapping and detrapping of
charges in the defect states of CuO also result in a well-known
long-term instability of CuO devices [27].

Next, as the temperature is increased, the total resistance
typically decreases in the beginning of the aging measurement,
showing a lower S1S2 resistance at 100 ◦C than that at
25 ◦C in Fig. 4. At high temperatures, more free carriers
are indeed created after gaining enough thermal energy to
overcome the bandgap [28]. This phenomenon contributes
to the increase of carrier concentration in CuO and thus
decreases the resistance. However, keeping the structure at
100 ◦C for a longer time, an additional degradation effect
became dominant, demonstrating a significant increase of S1S2
resistance. At elevated temperatures, Na release from the SLG
substrate and Na diffusivity from the SLG substrate into CuO
would be greatly enhanced [29]. Na diffusion would create
more bulk and interfacial defects like copper vacancies and
oxygen vacancies at the grain boundaries of CuO [30]. As time
passes at 100 ◦C, more defects in CuO could be created from
Na diffusion, significantly accelerating the degradation process
at high temperature.

TABLE IV
COMPARISON WITH LITERATURES

Finally, compared with top-contact CuO/Au TLM structures
reported in literature (Table IV), a record low ρc-eff of only
0.045 �·cm2 is obtained in this work for bottom-contact
CuO/Au TLM structures measured in vacuum just after fabri-
cation (Structure B′ ), which is 2.3 × 106 and 4.7 × 104 times
lower than [14] and [16]. Such a low ρc-eff is also close to a
standard value of less than 0.08 �·cm2 for CIGS/MoSe2 [31],
[32] and much lower than other metal contacts with copper
oxides like Cu2O/Au and Cu2O/Ni TLM structures with values
over 103 �·cm2 in [12] and [16]. The improvements reported
in this work might be attributed to two possible hypotheses.

1) The degradation of the CuO/Au interface and the growth
of a thin oxidized film at the interface are more
pronounced in top-contact TLM structures. Such an
interfacial layer might be reduced in this work as we
deposited CuO after Au patterning to avoid exposing the
CuO/Au interface directly to the air, when CuO surface
can absorb oxygen molecules, resulting in the formation
of electron traps and a thin oxidized film, degrading the
device performance [33].

2) A higher Rsh and hence a lower doping level of a
few 1014 cm−3 in this work lead to a better ohmic
contact between CuO with a workfunction (ϕ) esti-
mation of 5.3 eV and Au (ϕ = 5.47 eV). On the
contrary, widely reported higher p-type doping levels,
e.g., ∼5 × 1017 cm−3 (ϕ = 5.49 eV) in [9] and
2.3 × 1016 cm−3 in [16], would lead to a CuO/Au
contact featuring a barrier to hole conduction and hence
much increased contact resistivity.

After initial measurements, Structure B′ experienced a
long-time degradation process in vacuum, including 3 h of
room-temperature (25 ◦C) aging, heating up from 25 ◦C to
100 ◦C, 5 h of high-temperature (100 ◦C) aging, and cooling
down to 25 ◦C. Even after such a strong stress experiment,
ρc-eff of Structure B′ obtained in this work is still 4.1 × 104

and 8.2 × 102 times lower than [14] and [16].

V. CONCLUSION

Due to a cleaner CuO/Au interface and a lower CuO doping
level, CuO/Au TLM structures are optimized both in N2 and
vacuum by bottom-contact structures with Au evaporation
prior to CuO sputtering. Considering different metal strip
widths and CuO widths, our measurements consistently reveal
an ohmic contact between CuO with Au. The initial effective
contact resistivity ranges from a low value of ∼0.55 �·cm2

for the structures featuring a CuO thickness of 830 nm and
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Rsh of ∼1.2 × 107 �·sq−1 measured in N2 to a record low
value of ∼0.05 �·cm2 for the structures featuring a CuO
thickness of 750 nm and Rsh of ∼7 × 107 �·sq−1 measured
in vacuum.

Furthermore, the degradations of bottom-contact CuO/Au
TLM structures in vacuum are observed with time and dis-
cussed for the first time. An increase of the sheet resistance
of CuO by a factor of 1.53 after 3 h in vacuum at room
temperature indicates the degradation. This degradation in
vacuum is significantly accelerated at 100 ◦C. With regard
to the effective contact resistivity, a strong degradation was
observed in vacuum at room temperature, finally reaching
2.56 �·cm2 when remeasured in N2 at room temperature after
all the high-temperature aging experiments. Potential relations
of our observations with different degradation mechanisms
have been discussed. Therefore, it is important in future works
to further study how to limit the environmental degradation of
CuO structures, e.g., by introducing a top passivation layer.
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