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The Origin of the High Off-State Current in
p-Type Cu,O Thin Film Transistors

Sanggil Han and Andrew J. Flewitt

Abstract—There is a need for a good quality p-type
accumulation-mode thin film transistor (TFT) using a metal oxide
semiconducting channel. P-type cuprous oxide (Cu,O) has been
proposed as a suitable semiconductor, but such TFTs have
suffered from unacceptably high off-state currents. This paper
studies the main origin of this high off-state current.
Capacitance-voltage  (C-V) characteristics  reveal the
accumulation of minority carriers (electrons) in the off-state
regime (i.e. for a positive gate voltage). The activation energy
extracted from the temperature dependence of the drain current
as a function of gate voltage shows an abrupt lowering of the
activation energy and pinning of the Fermi energy in the off-state
region, which is attributed to subgap states at 0.38 eV from the
conduction band minimum. This suggests that an electron flow in
the off-state causes the high off-state current in p-type Cu,O TFTs
and not an inability to deplete the channel of holes.

Index Terms—Cuprous oxide (Cu,0), off-state current, p-type
metal oxide, sputtering, thin film transistors (TFTs).

I. INTRODUCTION

Research on p-type metal oxide thin film transistors (TFTSs)
is required in order to realize metal oxide-based CMOS
circuits which enable low power consumption large-area
electronics [1]. Cuprous oxide (Cu,0O) has been one of the
promising candidates as an active layer for p-type metal oxide
TFTs. This is because, contrary to most metal oxides having
strongly localized O 2p orbitals at the valence band maximum
(VBM), Cu,0 has a unique orbital configuration resulting from
the close energy levels of the Cu 3d and O 2p orbitals, which
introduces considerable covalency into the ionic metal-oxide
network [2]-[5]. This leads to not only a significant decrease in
the localization of holes by O 2p orbitals but also a large
dispersion (i.e. low effective mass) near the VBM, and thus
more effective carrier transport [6].

However, a high off-state current is widely observed in
p-type Cu,O TFTs, resulting in an unacceptably low current
switching ratio (typically 10-10%) [2], [5], [7]-[11]; this is much
lower than the on/off current ratio exceeding 10 in n-type
metal oxide TFTs [1]. This is holding back the development of
metal oxide based large-area CMOS circuits. In this letter, we
identify the main origin of the high off-state current in Cu,O
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TFTs based on capacitance-voltage (C-V) characteristics and a
change in the activation energy extracted from the temperature
dependence of the drain current at various gate voltages.

Il. EXPERIMENTAL DETAILS

To fabricate bottom-gate staggered p-type Cu,O TFTs, Cu,O
active layers (~130 nm) were formed on a thermally-grown
SiO, on a p*-Si (0.01~0.02 Q-cm) substrate by remote-plasma
reactive sputtering using a high target utilization sputtering
(HITUS) system (Plasma Quest Limited) without substrate
heating (see the features and a schematic diagram of HiTUS in
[12]). The p*-Si and SiO, (~260 nm) were used as a common
gate electrode and a gate insulator, respectively. The reactive
sputtering condition is same as that in our previous work [5],
[13]. The as-deposited Cu,O thin films were subsequently
annealed using an Aixtron Cambridge Nanoinstruments Black
Magic 2 system in vacuum (9.5x10™* mbar) at 700 °C for 10
min (see film characteristics of the annealed Cu,O such as an
X-ray diffraction pattern and Hall measurement results in [5]).
An infrared (IR) radiation pyrometer (Infratherm IGA8 plus)
was used for monitoring the annealing temperature. The
temperature ramp rate was 5 °C-s™* and the annealed sample
was unloaded after the chamber was cooled for 20 min. Au (100
nm) was deposited on the annealed Cu,O active layers (without
an adhesion layer) as source/drain (S/D) electrodes using a
thermal evaporator (Edwards E306A). The channel
width-to-length ratio (W/L) is 10 with a channel length of 100
um. Here, the active layers and S/D electrodes were patterned
by a lift-off process using AZ5214E photoresist. The output
and transfer characteristics and the temperature dependence of
the drain current were obtained by an HP 4140B pA meter/DC
voltage source in a dark box at an ambient condition.

In addition, metal-oxide-semiconductor (MOS) capacitors
with a p*-Si/SiO,/Cu,0 structure and an Au top contact were
simultaneously prepared in order to measure the low frequency
(500 kHz) C-V characteristic of the Cu,O active layer. This was
measured using an Agilent B1500A semiconductor parameter
analyzer at room temperature, where a voltage was applied to
the p*-Si and the Au electrode was grounded.

I1l. RESULTS AND DISCUSSION

The output and transfer characteristics (Fig. 1) show that the
fabricated Cu,O TFTs exhibit clear p-channel behavior
yielding an increase in the channel conductivity with an
increase in the magnitude of the drain-source current (Ips) for
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Fig. 1. (a) Output and (b) transfer characteristics of a typical fabricated Cu,O
TFT. The inset is a schematic structure of the Cu,O TFT.

negative gate voltage (Vgs). However, Fig. 1 (b) shows a high
off-state current and thus a low on/off current ratio (~2x10°),
which is consistent with previously-reported observations [7],
(8], [10].

Figure 2 shows the C-V characteristic of the Cu,O MOS
capacitor. Contrary to n-type metal oxides such as 1GZO
showing only majority carrier (electron) accumulation [14],
[15], interestingly, this shows that not only holes are
accumulated at Vgs < 0 V (i.e. in the on-state region) but also
electrons are accumulated at Vgs > 0 V (i.e. in the off-state
region). Calculated results of formation energies for intrinsic
defects in Cu,O as a function of the Fermi energy (Eg) [6], [16]
provide a possible interpretation of the electron accumulation.
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Fig. 2. The low frequency (500 kHz) C-V characteristic of a Cu,0 MOS
capacitor. The inset is a schematic structure of the capacitor.

To be specific, since the main hole producer, copper vacancies
(Vcu), has the lowest formation energy with a small &(0/-)
ionization level at E, + 0.28 eV, Cu,O has intrinsic p-type
conductivity. However, other defects, such as oxygen vacancies
(Vo) and copper interstitials (Cu;), can act as potential donors
for minority carriers (electrons) in Cu,O. Vo do not have a
charge transition level in the band gap, which means that they
are only stable in the charge-neutral state and thus cannot act as
donors [6], [16]. In contrast, Cu; are amphoteric defects with
both &(+/0) and ¢(0/-) charge transitions in the band gap; &(+/0)
lies at ~1.3 eV above the VBM (i.e. Cu; have a positive charge

state Cui+ when Eg — Ey < 1.3 eV) [6], [16]. This means that

they would act as donors for minority carriers in p-type Cu,0,
suggesting that the electron accumulation at Vgs > 0 V can be
due to minority carriers created by Cu; in Cu,0.

In order to verify that electron flow is the source of the high
off-state current, the activation energy (E,) extracted from the
temperature dependence of 15 was investigated as a function of
Ves. Ips is thermally activated and is described as

-E
Ips = pso€XP (k_'l'aj' 1)

where Ipg, k, and T are the prefactor, the Boltzmann constant
and temperature [17], [18]. Here, E, is the energy difference
between Er and either the edge of the valence band (i.e. Er— Ey
for a p-type channel) or the conduction band (i.e. Ec — E for an

n-type channel). Equation (1) can be written as
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Fig. 3. (a) Temperature dependence of the drain current obtained at various Vgs
and a fixed Vps of -1 V; scatter dots are measured data and the line gradients are
used for extracting the activation energy (E.), and (b) extracted activation
energy as a function of Vgs.
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In(|1 s ) = (E,)(1/KT)+In(|I pso|) , and as a result E, can be

extracted from the gradient of an In(||DS |) versus 1/kT graph,

as seen in Fig. 3 (a). The extracted E, as a function of Vg is
shown in Fig. 3 (b). In contrast to the usual case where E,
increases in the off-state region (see the case of n-type 1GZO
TFTs [17]), Fig. 3 (b) shows an abrupt lowering of E, in the
off-state region. This can be understood to be due to Eg
movement from near the VBM to near the conduction band
minimum (CBM) based on the C-V characteristic (i.e. the
channel inverts from p-type to n-type). The change in the
temperature dependence of Ips at Vgs > 0 V (i.e. an abrupt
reduction in the slope, see Fig. 3 (a)) also suggests that the
electron flow is the source of the high off-state current.

In addition, it is observed that Er is not modulated by Vg in
the off-state region (see Fig. 3 (b)). This normally indicates
pinning of the Fermi energy [19], which in this case is
attributable to subgap states in the upper half of the band gap.
Photoconductivity [20] and photoluminescence [21] results
show that there is a subgap state at ~0.38 eV below the CBM in
Cu,0, and the authors attributed the origin of the subgap states
to V. However, density-functional theory (DFT) analysis [16]
strongly suggests that since the Vg level lies below the VBM,
Vo cannot be the source of this subgap state. Although the
origin of these subgap states is not certain, it is likely that it is
the same states that are observed in photoconductivity and
photoluminescence measurements which result in the Er
pinning observed in the TFTs in this work, and this results in
the accumulation of electrons in the off-state and the high
off-state current.
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Fig. 4. Transfer characteristics as a function of (a) Vps at W/L = 10, and (b) the
channel width-to-length ratio (W/L) at Vps = -5 V.

Figure 4 shows transfer characteristics as a function of Vps
and W/L. Contrary to n-type IGZO TFTs with complete channel
depletion in the off-state showing no dependence of the
off-state current on Vpg [22] and W/L [23], this shows that the
off-state current increases with an increase in [Vps| (see Fig. 4
(a)) and a reduction in the channel length (see Fig. 4 (b)). The
channel length dependence of the off-state current can be
understood by a decrease in channel resistance attributable to
the minority carrier (electron) accumulation with a reduction in
the channel length. The dependence of the off-state current on
Vps and W/L provides further support for the finding that the
high off-state current is due to minority carrier (electron)
accumulation. This also results in significant degradation of the
sub-threshold characteristic, and thus this leads to an
excessively high sub-threshold slope (SS) of ~35 V/dec.

I\VV. CONCLUSION

The temperature dependence of the drain current as a
function of gate voltage along with the C-V characteristics
shows that minority carriers (electrons) cause the high off-state
current in p-type Cu,O TFTs, and not an inability to deplete the
hole density in the channel. This electron accumulation in the
off-state is considered to be due to minority carriers formed by
Cu; in Cu,0O. Based on reported results of photoconductivity
and photoluminescence, pinning of the Fermi energy in the
off-state could be due to the subgap states at ~0.38 eV below
the CBM. Although the origin of these subgap states is not
certain, reducing their density will be critical for improving the
switching ratio in Cu,O TFTs.
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The Origin of the High Off-State Current in
p-Type Cu,O Thin Film Transistors

Sanggil Han and Andrew J. Flewitt

Abstract—There is a need for a good quality p-type
accumulation-mode thin film transistor (TFT) using a metal oxide
semiconducting channel. P-type cuprous oxide (Cu,O) has been
proposed as a suitable semiconductor, but such TFTs have
suffered from unacceptably high off-state currents. This paper
studies the main origin of this high off-state current.
Capacitance-voltage  (C-V) characteristics  reveal the
accumulation of minority carriers (electrons) in the off-state
regime (i.e. for a positive gate voltage). The activation energy
extracted from the temperature dependence of the drain current
as a function of gate voltage shows an abrupt lowering of the
activation energy and pinning of the Fermi energy in the off-state
region, which is attributed to subgap states at 0.38 eV from the
conduction band minimum. This suggests that an electron flow in
the off-state causes the high off-state current in p-type Cu,O TFTs
and not an inability to deplete the channel of holes.

Index Terms—Cuprous oxide (Cu,0), off-state current, p-type
metal oxide, sputtering, thin film transistors (TFTs).

I. INTRODUCTION

Research on p-type metal oxide thin film transistors (TFTSs)
is required in order to realize metal oxide-based CMOS
circuits which enable low power consumption large-area
electronics [1]. Cuprous oxide (Cu,0O) has been one of the
promising candidates as an active layer for p-type metal oxide
TFTs. This is because, contrary to most metal oxides having
strongly localized O 2p orbitals at the valence band maximum
(VBM), Cu,0 has a unique orbital configuration resulting from
the close energy levels of the Cu 3d and O 2p orbitals, which
introduces considerable covalency into the ionic metal-oxide
network [2]-[5]. This leads to not only a significant decrease in
the localization of holes by O 2p orbitals but also a large
dispersion (i.e. low effective mass) near the VBM, and thus
more effective carrier transport [6].

However, a high off-state current is widely observed in
p-type Cu,O TFTs, resulting in an unacceptably low current
switching ratio (typically 10-10%) [2], [5], [7]-[11]; this is much
lower than the on/off current ratio exceeding 10 in n-type
metal oxide TFTs [1]. This is holding back the development of
metal oxide based large-area CMOS circuits. In this letter, we
identify the main origin of the high off-state current in Cu,O
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TFTs based on capacitance-voltage (C-V) characteristics and a
change in the activation energy extracted from the temperature
dependence of the drain current at various gate voltages.

Il. EXPERIMENTAL DETAILS

To fabricate bottom-gate staggered p-type Cu,O TFTs, Cu,O
active layers (~130 nm) were formed on a thermally-grown
SiO, on a p*-Si (0.01~0.02 Q-cm) substrate by remote-plasma
reactive sputtering using a high target utilization sputtering
(HITUS) system (Plasma Quest Limited) without substrate
heating (see the features and a schematic diagram of HiTUS in
[12]). The p*-Si and SiO, (~260 nm) were used as a common
gate electrode and a gate insulator, respectively. The reactive
sputtering condition is same as that in our previous work [5],
[13]. The as-deposited Cu,O thin films were subsequently
annealed using an Aixtron Cambridge Nanoinstruments Black
Magic 2 system in vacuum (9.5x10™* mbar) at 700 °C for 10
min (see film characteristics of the annealed Cu,O such as an
X-ray diffraction pattern and Hall measurement results in [5]).
An infrared (IR) radiation pyrometer (Infratherm IGA8 plus)
was used for monitoring the annealing temperature. The
temperature ramp rate was 5 °C-s™* and the annealed sample
was unloaded after the chamber was cooled for 20 min. Au (100
nm) was deposited on the annealed Cu,O active layers (without
an adhesion layer) as source/drain (S/D) electrodes using a
thermal evaporator (Edwards E306A). The channel
width-to-length ratio (W/L) is 10 with a channel length of 100
um. Here, the active layers and S/D electrodes were patterned
by a lift-off process using AZ5214E photoresist. The output
and transfer characteristics and the temperature dependence of
the drain current were obtained by an HP 4140B pA meter/DC
voltage source in a dark box at an ambient condition.

In addition, metal-oxide-semiconductor (MOS) capacitors
with a p*-Si/SiO,/Cu,0 structure and an Au top contact were
simultaneously prepared in order to measure the low frequency
(500 kHz) C-V characteristic of the Cu,O active layer. This was
measured using an Agilent B1500A semiconductor parameter
analyzer at room temperature, where a voltage was applied to
the p*-Si and the Au electrode was grounded.

I1l. RESULTS AND DISCUSSION

The output and transfer characteristics (Fig. 1) show that the
fabricated Cu,O TFTs exhibit clear p-channel behavior
yielding an increase in the channel conductivity with an
increase in the magnitude of the drain-source current (Ips) for
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Fig. 1. (a) Output and (b) transfer characteristics of a typical fabricated Cu,O
TFT. The inset is a schematic structure of the Cu,O TFT.

negative gate voltage (Vgs). However, Fig. 1 (b) shows a high
off-state current and thus a low on/off current ratio (~2x10°),
which is consistent with previously-reported observations [7],
(8], [10].

Figure 2 shows the C-V characteristic of the Cu,O MOS
capacitor. Contrary to n-type metal oxides such as 1GZO
showing only majority carrier (electron) accumulation [14],
[15], interestingly, this shows that not only holes are
accumulated at Vgs < 0 V (i.e. in the on-state region) but also
electrons are accumulated at Vgs > 0 V (i.e. in the off-state
region). Calculated results of formation energies for intrinsic
defects in Cu,O as a function of the Fermi energy (Eg) [6], [16]
provide a possible interpretation of the electron accumulation.

30

5

S

o

p-Si gate

Capacitance (pF)
N

765432101234567
Voltage (V)

Fig. 2. The low frequency (500 kHz) C-V characteristic of a Cu,0 MOS
capacitor. The inset is a schematic structure of the capacitor.

To be specific, since the main hole producer, copper vacancies
(Vcu), has the lowest formation energy with a small &(0/-)
ionization level at E, + 0.28 eV, Cu,O has intrinsic p-type
conductivity. However, other defects, such as oxygen vacancies
(Vo) and copper interstitials (Cu;), can act as potential donors
for minority carriers (electrons) in Cu,O. Vo do not have a
charge transition level in the band gap, which means that they
are only stable in the charge-neutral state and thus cannot act as
donors [6], [16]. In contrast, Cu; are amphoteric defects with
both &(+/0) and ¢(0/-) charge transitions in the band gap; &(+/0)
lies at ~1.3 eV above the VBM (i.e. Cu; have a positive charge

state Cui+ when Eg — Ey < 1.3 eV) [6], [16]. This means that

they would act as donors for minority carriers in p-type Cu,0,
suggesting that the electron accumulation at Vgs > 0 V can be
due to minority carriers created by Cu; in Cu,0.

In order to verify that electron flow is the source of the high
off-state current, the activation energy (E,) extracted from the
temperature dependence of 15 was investigated as a function of
Ves. Ips is thermally activated and is described as

-E
Ips = pso€XP (k_'l'aj' 1)

where Ipg, k, and T are the prefactor, the Boltzmann constant
and temperature [17], [18]. Here, E, is the energy difference
between Er and either the edge of the valence band (i.e. Er— Ey
for a p-type channel) or the conduction band (i.e. Ec — E for an

n-type channel). Equation (1) can be written as
-18.5
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Fig. 3. (a) Temperature dependence of the drain current obtained at various Vgs
and a fixed Vps of -1 V; scatter dots are measured data and the line gradients are
used for extracting the activation energy (E.), and (b) extracted activation
energy as a function of Vgs.

Page 10 of 14



Page 11 of 14

©CoO~NOUTA,WNPE

IEEE Electron Device Letters

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

In(|1 s ) = (E,)(1/KT)+In(|I pso|) , and as a result E, can be

extracted from the gradient of an In(||DS |) versus 1/kT graph,

as seen in Fig. 3 (a). The extracted E, as a function of Vg is
shown in Fig. 3 (b). In contrast to the usual case where E,
increases in the off-state region (see the case of n-type 1GZO
TFTs [17]), Fig. 3 (b) shows an abrupt lowering of E, in the
off-state region. This can be understood to be due to Eg

Figure 4 shows transfer characteristics as a function of Vpg
and W/L. Contrary to n-type IGZO TFTs with complete channel
depletion in the off-state showing no dependence of the
off-state current on Vps [22] and W/L [23], this shows that the
off-state current increases with an increase in |Vpg| (see Fig. 4
(a)) and a reduction in the channel length (see Fig. 4 (b)). The
channel length dependence of the off-state current can be
understood by a decrease in channel resistance attributable to

movement from near the VBM to near the conduction band
minimum (CBM) based on the C-V characteristic (i.e. the
channel inverts from p-type to n-type). The change in the
temperature dependence of Ips at Vgs > 0 V (i.e. an abrupt
reduction in the slope, see Fig. 3 (a)) also suggests that the
electron flow is the source of the high off-state current.

In addition, it is observed that Er is not modulated by Vg in
the off-state region (see Fig. 3 (b)). This normally indicates
pinning of the Fermi energy [19], which in this case is
attributable to subgap states in the upper half of the band gap.
Photoconductivity [20] and photoluminescence [21] results
show that there is a subgap state at ~0.38 eV below the CBM in
Cu,0, and the authors attributed the origin of the subgap states
to V. However, density-functional theory (DFT) analysis [16]
strongly suggests that since the Vg level lies below the VBM,
Vo cannot be the source of this subgap state. Although the
origin of these subgap states is not certain, it is likely that it is
the same states that are observed in photoconductivity and
photoluminescence measurements which result in the Er
pinning observed in the TFTs in this work, and this results in
the accumulation of electrons in the off-state and the high
off-state current.

10-10
/L = 1000 um/100 um
10'“ . i A s . i i
-100 -80 -60 -40 20 0 20 40 60 80
Vas (V)
-6
10 —
W= 1000 mm
(b) —— L =100 mm
10'7 —— L =50 mm
—L=10mm

10| Pes=-5V
100 -80 60 40 20 0 20 40 60 80
VGS(V)

Fig. 4. Transfer characteristics as a function of (a) Vps at W/L = 10, and (b) the
channel width-to-length ratio (W/L) at Vps = -5 V.

the minority carrier (electron) accumulation with a reduction in
the channel length. The dependence of the off-state current on
Vps_ and W/L provides further support for the finding that the
high off-state current is due to minority carrier (electron)
accumulation. This also results in significant degradation of the
sub-threshold characteristic, and thus this leads to an
excessively high sub-threshold slope (SS) of ~35 V/dec.

I\VV. CONCLUSION

The temperature dependence of the drain current as a
function of gate voltage along with the C-V characteristics
shows that minority carriers (electrons) cause the high off-state
current in p-type Cu,O TFTs, and not an inability to deplete the
hole density in the channel. This electron accumulation in the
off-state is considered to be due to minority carriers formed by
Cu; in Cu,0O. Based on reported results of photoconductivity
and photoluminescence, pinning of the Fermi energy in the
off-state could be due to the subgap states at ~0.38 eV below
the CBM. Although the origin of these subgap states is not
certain, reducing their density will be critical for improving the
switching ratio in Cu,O TFTs.
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