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The application of thin films has always been a very impor-
tant subject for the semiconductor industry and the sci-
entific community. This is especially true for metal-oxide-
semiconductor field effect transistor (MOSFET) technology
in integrated circuits (ICs). The concept of MOSFET is based
on the modulation of channel carriers by an applied gate
voltage across a dielectric thin film. The electric charges in
dielectrics will respond to an applied electric field through
the change of dielectric polarization.The conduction current
in dielectric films at normal applied electric field will be
very small because their conductivities are inherently very
low. However, the conduction current through the dielectric
films is considerable when a relatively large electric field is
applied. This considerable conduction current is owing to
many different conduction mechanisms, which is crucial to
the successful applications of dielectric thin films.

In general, there are two types of conduction mecha-
nisms in dielectric films, that is, electrode-limited conduc-
tion mechanism and bulk-limited conduction mechanism
[1]. The electrode-limited conduction mechanism relies on
the electrical properties at the electrode-dielectric interface.
Based on this type of conductionmechanism, the key physical
properties are the barrier height at the electrode-dielectric
interface and the effective mass of the conduction carriers in
dielectric films [1]. Meanwhile, the bulk-limited conduction
mechanism relies on the electrical properties of the dielectric
itself. Based on the bulk-limited conduction mechanisms,
some important physical parameters in the dielectric films
can be obtained, such as the trap level, the trap spacing, the
trap density, the carrier driftmobility, the dielectric relaxation

time, and the density of states in the conduction band [1]. One
can find a review article in which the analytical methods of
conduction mechanisms in dielectric films are discussed in
detail [1]. Aside from the conduction mechanisms, the inter-
face properties between silicon channel and gate dielectric
are critical to the performance and reliability of MOSFETs.
The methods for the characterization of electrical properties
at the dielectric/Si interface can be performed by several
techniques, for example, capacitance-voltage method, charge
pumping method, gate-diode method, and subthreshold
swing measurement [2, 3]. Based on these techniques, the
surface state capture cross section at the interface between
silicon and gate dielectric can be obtained. The quality of
interface between silicon and dielectric film is associated
with the successful applications of dielectric thin films in
semiconductor industry.

Recently, the developments of next generation non-
volatile memory (NVM) devices are required because the
physical limitations of traditional flash memory devices are
approaching [4]. A variety of thin films have been studied
for the application of NVM devices. For example, BiFeO

3

film is antiferromagnetic at room temperature, and it is
promising for the applications of magnetic random access
memory (MRAM) and spintronic devices [5]. Moreover,
lead-zirconium-titanate (PZT) film is suitable for building
the ferroelectric random access memory (FRAM) because
of its ferroelectricity [6]. Recently, the resistance random
access memory (RRAM) device has attracted a great deal
of attention for the next generation NVM applications
[7]. Since the RRAM technology is well compatible with
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the CMOS process, the scaling of RRAM devices may keep
on in terms of the low power operation. This benefit will
bring a strong cost-competitiveness to RRAM. Additionally,
the advantages of RRAM include small cell size, simple cell
structure, high switching speed, high operation durability,
multistate switching, and three-dimensional architecture.
The resistance switching behavior has been reported for
a variety of materials such as binary metal oxides, solid-
state electrolytes, organic compounds, amorphous Si, and
perovskite-type oxides [4, 7]. All these materials mentioned
above were made by thin films for the applications of
advanced electron devices, for example, MRAM, FRAM, and
RRAM. Recently, the applications of organic electronics were
attractive due to the advantages of low cost, light weight,
large-area manufacturing, and mechanical flexibility. Thus,
the organic thin films were proposed and implemented for
the applications of organic thin film transistors, solar cells,
organic light-emitting diodes, and sensors.

In addition to the dielectric thin films used by the
fabrication of advanced electron devices, the metallic thin
films used by the interconnection between devices are also
required to be considered. In deep-submicron CMOS tech-
nology, Cu thin film has been used as an interconnect
metallization material to reduce the effect of the resistance
capacitance (RC) delay because of its lower resistivity and
higher electromigration (EM) resistance [8]. Aside from
the interconnection application, the metallic thin films can
be used in the fabrication of electron devices, such as the
ferromagnetic films used in MRAM devices.

We hope that readers will realize in this special issue not
only the thin film applications in advanced electron devices,
but also the characterization methods for the electrical
properties in thin films and their related interface, such as
the interface barrier height, the carrier effectivemass, the trap
energy level, the trap spacing, the trap density, the dielectric
relaxation time, and the density of states in the conduction
band, among others.

Fu-Chien Chiu
Tung-Ming Pan

Tapas Kumar Kundu
Chun-Hsing Shih
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To improve the field-effect mobility of all-inkjet-printed organic thin film transistors (OTFTs), a composite material consisted of
carbon nanoparticles (CNPs) and poly(3-hexylthiophene) (P3HT) was reported by using homemade inkjet-printing system.These
all-inkjet-printed composite OTFTs represented superior characteristics compared to the all-inkjet-printed pristine P3HT OTFTs.
To investigate the enhancement mechanism of the blended materials, the percolation model was established and experimentally
verified to illustrate the enhancement of the electrical properties with different blending concentrations. In addition, experimental
results of OTFT contact resistances showed that both contact resistance and channel resistance were halved. At the same time, X-ray
diffraction measurements, Fourier transform infrared spectra, ultraviolet-visible light, and photoluminescence spectra were also
accomplished to clarify thematerial blending effects.Therefore, this study demonstrates the potential and guideline of carbon-based
nanocomposite materials in all-inkjet-printed organic electronics.

1. Introduction

The extensive researches of organic semiconductors have
attracted considerable attention due to their potential in
printed and flexible electronics. Because of the advantages of
organic electronics, such as low cost, light weight, large-area
manufacturing, and mechanical flexibility, these researches
promote applications of organic electronics. For instance,
organic thin film transistors (OTFTs) [1], solar cells [2],
organic light-emitting diodes [3], and sensors [4] were pro-
posed and implemented. In spite of these promising develop-
ments, some crucial problems have blocked the path to com-
mercialization, such as themobility of organic semiconductor
and the feasibility of manufacturing. To address manufac-
turing technologies, solution processes are one of the can-
didates. These processes include spin coating, screen print-
ing, gravure printing, roll-to-roll printing, and inkjet print-
ing. Among these processes, inkjet printing has advantages
of mask-less deposition, etch-free fabrication, and low mate-
rial consumption [1, 5].

Although the inkjet printing technique can offer many
advantages in applications, the electrical properties of OTFTs
still need to be improved from the aspect of materials. To
enhance the effective mobility of the OTFT, commonly, the
self-assembled monolayers (SAM) have been used to modify
the interfacial properties between the organic semiconductor,
dielectric layer, and the contact electrodes [6–8]. However,
the SAM technique is not adapted for the all-inkjet-printing
process, because the solvent used in SAMmay easily dissolve
the inkjet-printed layer. On the other hand, the O

2
plasma

treatment can also improve the surface characteristics of
the dielectric layer [9]. But the plasma would break the
bonds at the dielectric surface which would drive the drain
current unsaturated [10]. To address these issues, some
researchers have directly printed blending composite mate-
rials to improve the electrical properties of OTFTs [11].
Blending carbon nanotubes (CNTs) and organic semicon-
ductive polymer as an active layer can enhance the carrier
mobility of OTFTs [12–15]. However, forming a homogenous
suspension of the CNT-blended material needs additional
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Figure 1: (a) 𝑉GS-𝐼DS characteristics and (b) 𝑉GS-𝐼DS
1/2 characteristics of all-inkjet-printed OTFTs.

treatments such as ultrasonication or functionalized CNT.
Compared with the CNTs/organic semiconductor in the pre-
vious reports, carbon nanoparticles (CNPs) could be a proper
choice for inkjet printing because the CNP-blended ink
has higher uniformity than CNT-blended ink does.

In this study, the OTFTs based on composite organic
materials, that is, poly(3-hexylthiophene) (P3HT) blended
with CNP, were fabricated to study themobility enhancement
phenomenon. In addition, a series of material analyses were
accomplished to verify its characteristics. For instance, X-
ray diffraction (XRD) measurements were used to study the
crystalline ordering in the composite film; Fourier transform
infrared (FTIR) spectra were used to confirm the bonding
formation between the CNP and P3HT; ultraviolet-visible
light (UV-Vis) and photoluminescence (PL) spectra were
conducted to explore the formation of the charge-transfer
complexes (CTC). The contact resistance measurements are
achieved to explore the interfaces between the electrodes and
the active layer, further to study the carrier injection barrier.
Based on the above analysis and the local electric field
enhancement model [13, 16, 17], the percolation theory inter-
preted the electrical properties of the OTFTs at the different
blended CNP concentrations.

2. Materials and Methods

The all-inkjet-printed OTFTs were fabricated by using a
homemade inkjet printing system. The fabricated OTFTs
was bottom-gate, bottom-contact structure.Weused 0.3wt.%
P3HT (Uni-Onward Corp., Taiwan), dissolved in p-xylene, as
an organic semiconductor. The P3HT solution was blended
with various concentrations of CNPs (Qf-Nano Tech. Co.

Ltd., Taiwan, model: QF-PHG-1P) including 1 wt.%, 5 wt.%,
10 wt.%, and 43wt.% with respect to P3HT. The manufactur-
ing process of the OTFTs is shown in detail in previous report
[18]. In this study, the channel length and width are typically
20𝜇m and 400 𝜇m, respectively. However, to verify the
contact resistance of OTFTs, a series of transistors was made
in different channel lengths (20, 60, and 100𝜇m), and the
channel width was expanded to 800𝜇m.The electrical prop-
erties of the fabricated OTFTs were measured by using Agi-
lent 4156C in a dark environment with humidity controlled
(relative humidity <25%) in atmosphere.

To identify the material properties of the blended semi-
conductors, the fabricated OTFTs were analyzed by a series
of methods. The solid-state UV-Vis absorption spectra were
determined by using Jasco V-570 UV/V-s/NIR spectropho-
tometer.ThePL spectrawere obtained by using Jasco FP-6300
with an excitation wavelength of 453 nm. The FITR trans-
mittance spectra were derived by using Thermo Nicolet
NEXUS470.TheXRDwere recorded by using PANalytical, X’
Pert PRO. The field emission scanning electron microscope
(SEM) images were performed by using JOEL JSM-6700F.

3. Results and Discussion

Figure 1 shows the transfer characteristics of the all-inkjet-
printedOTFTswith various CNP concentrations.The thresh-
old voltages (𝑉

𝑇
) of the OTFTs were obtained from the plot of

the𝑉GS-𝐼DS
1/2 at saturation region by extrapolating the fitting

line and locating the 𝑥-intercept, as shown in Figure 1(b).
However, the switching behavior of the transistor degener-
ated, while 43wt.% CNP blended, as shown in Figure 1(a).
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Figure 2: Output characteristics for (a) pristine P3HT, (b) CNP/P3HT = 1wt.%, (c) CNP/P3HT = 5wt.%, (d) CNP/P3HT = 10wt.%, and (e)
CNP/P3HT = 43wt.% OTFTs.
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Because the CNP dominated the channel conductance, the
𝑉
𝑇
of OTFT with 43wt.% CNP could not be defined.
To obtain the field-effect mobility, the output character-

istics of the OTFTs are shown in Figure 2. Three kinds of
methods were approached to calculate the average field-effect
mobility accurately for different OTFTs. Because the OTFTs
blended with 0wt.%, 1 wt.%, and 5wt.% CNP exhibited
saturation behavior (as shown in Figures 2(a)–2(c)), the field-
effect mobility of such OTFTs was calculated in saturation
region (𝑉DS = −70V) by plotting the 𝑉GS-𝐼DS

1/2 and fitting
the data to the equation [12, 14]

𝜇 =
2𝐿

𝑊𝐶
𝑖

(
𝜕√𝐼
𝐷

𝜕𝑉GS
)

2

, (1)

where the capacitance 𝐶
𝑖
= 11.0 × 10

−9 F cm−2. The OTFT
with 10wt.% CNP did not present saturation behavior (as
shown in Figure 2(d)) but was still modulated by the gate bias.
Consequently, the average field-effect mobility was estimated
in linear region (𝑉DS = −60V) by using the equation [19]

𝜇 =
𝐿

𝑊𝐶
𝑖
𝑉DS

𝜕𝐼DS
𝜕𝑉GS
. (2)

As shown in Figure 2(e), at the same time, the OTFT
with 43wt.% CNP had neither saturation behavior nor gate-
modulation effect. First, the conductivity was derived from
the channel length and cross-sectional area (𝐴 = 𝑊 × 𝑡) by

𝜎 =
𝐼DS
𝑉DS

𝐿

𝐴
, (3)

where the thickness 𝑡 = 100 nm. Then the mobility could be
estimated by [20]

𝜇 =
𝜎

𝑒𝑝
. (4)

The electrical properties of the OTFTs includingmobility,
on/off ratio, and 𝑉

𝑇
are summarized in Table 1. The effec-

tive mobility (𝜇eff) of OTFT ranges from around 10−4 to
10−2 cm2/V-s, which is comparable to those of inkjet-printed
P3HT OTFTs reported previously [11, 21]. The 𝜇eff can be
modeled by using percolation theory as described by the
following equation [22, 23]:

𝜇eff = 𝜇pristine-P3HT +
𝜇blend-max

1 + exp ((𝑝
𝐶
− 𝑝) /𝐶)

, (5)

where the 𝜇pristine-P3HT was the intrinsic mobility of pristine
P3HT; the maximummobility (𝜇blend-max) was obtained from
the OTFT with highest CNP blending concentration (i.e.,
43 wt.%); 𝑝 is the blending concentration of CNP; the 𝑝

𝐶

is percolation threshold; and 𝐶 is a fitting parameter. After
fitting the effective mobility to (5), the following parameters
were extracted: 𝑝

𝐶
= 7.5wt.% and 𝐶 = 1wt.%. The fitting

result is plotted in Figure 3. When the concentration 𝑝 < 𝑝
𝐶
,

CNPs would induce a local electric field, which would let
the P3HT near CNPs experience electric field larger than
the applied gate bias. As a consequence, the carrier density
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Figure 3: Percolation model for simulation and experimental data.

of P3HT can be increased [13] and the effective mobility of
the OTFTs was also increased. When the CNP concentration
is near or equal to the 𝑝

𝐶
, the percolation path is gradually

formed, which is caused by the aggregation of CNPs. While
the CNP concentration is above the 𝑝

𝐶
, the charge carrier

would travel directly through the percolation path, and the
CNPs will dominate the conductivity. It should be noted that
the local electric field, which was induced by CNP, would also
affect the threshold voltage of OTFTs. The threshold voltage
was shifted from −12.5 V (pristine P3HT) to 3V (CNP/P3HT
= 10wt.%), which increased with the CNP concentration.The
similar phenomena and the field enhancement factor have
also been reported [16, 17].

To investigate the mechanism of the improved
performance, the contact resistance between the P3HT
and the electrodes, poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) (PEDOT : PSS), was studied. In order
to exam the electronic properties at the interface, the OTFTs
were operated in linear region (𝑉DS ≪ 𝑉GT; 𝑉DS = −0.1V;
𝑉GT = 𝑉GS − 𝑉𝑇 = −5, −15, −25, −35, −45, and −55V) with
different channel lengths (𝐿 = 20, 60, and 100𝜇m) and
constant channel width (𝑊 = 800 𝜇m). Figure 4 shows the
on-resistance (𝑅on) as a function of channel length at fixed
𝑉GT for pristine P3HT and CNP-blended OTFT. The 𝑅on can
be represented by 𝑅on = 𝑅ch + 𝑅𝐶, where 𝑅ch represents the
channel resistance and 𝑅

𝐶
symbolizes the contact resistance.

The contact resistance and channel resistance of OTFT with
𝐿 = 20 𝜇m are summarized in Table 2. Figure 4 also shows
that incorporating CNPs with P3HT reduced the contact
resistance and channel resistance by an average factor of
two. These results suggested that incorporating CNPs could
modulate the hole-injection barrier between the PEDOT
and P3HT, which could reduce the contact resistance and
result in a higher effective carrier injection [14, 24].

The morphology of the CNP/P3HT nanocomposites was
observed by an optical microscope and SEM. Figure 5(a)
shows the optical images in the channel region of OTFTs
with 0wt.% CNP, 1 wt.% CNP, 5wt.% CNP, and 10wt.% CNP.
These images indicated that the CNPs aggregated when the
concentration of CNP increased. For the detailed dispersion
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Figure 4: On resistance (𝑅on) measurement as a function of channel length with various 𝑉GT for (a) pristine P3HT and (b) CNP/P3HT =
5wt.% OTFTs.

Table 1: Electrical properties of fabricated OTFTs.

Blending concentration Pristine P3HT CNP/P3HT = 1 wt.% CNP/P3HT = 5 wt.% CNP/P3HT = 10 wt.% CNP/P3HT = 43 wt.%
On/off ratio 3.67 × 10

5
2.26 × 10

5
1.20 × 10

5
4.13 × 10

2 2.1
𝑉
𝑇
(V) −12.5 −10 −7.5 3 n/a
𝜇 (cm2V−1s−1) 0.00035 0.00036 0.0035 0.0089 0.0123

of the CNP/P3HT nanocomposite, the SEM images with
various concentrations were performed in Figures 5(b)–5(f).
As aforementioned, CNP improved the injection barrier and
enhance the field-effect mobility at low blending ratio. When
the blending concentration reaches a critical value, however,
the CNPs form a percolation path, and the excess localized
aggregations increase the off-current. As a consequence, the
fabricated OTFT is turned into a resistor-like device and it
might be further dominated by the electrical properties of
CNPs. Based on the observations from Table 2 and Figure 5,
small groups of CNP would aggregate, but the percolation
path would not be connected when CNP/P3HT <10 wt.%.
When the CNPs concentration was up to 10wt.%, some
localized aggregations started to connect to each other.While
CNP/P3HT = 43wt.%, most of CNPs were aggregated and
the electrical properties of OTFT were dominated by CNPs.
In other words, the drain current of fabricated OTFT devices
was not modulated by the gate bias.

Previous investigations in XRD spectra show the intensity
of the (100) reflection, which is caused by the lamellar layer
structure, reduced with the increasing amount of CNP [18].
This result indicated that adding CNP into P3HT will disturb
the crystal ordering of the organic semiconductor. In general,

the decreasing of crystal ordering suppresses the carrier
transportation. However, adding CNP into P3HT improved
the field-effect mobility of OTFT. To further explore the
reason of this mobility enhancement, other analyses were
executed.

The functional groups were identified by the absorp-
tion band of the FTIR spectra for P3HT and CNP/P3HT
nanocomposite, as shown in Figure 6. The band at 721 cm−1
is associated with the methyl rock of P3HT. The peak at
819 cm−1 is contributed by the aromatic C–H, out-of-plane.
The band at 1377 cm−1 is assigned tomethyl deformation.The
band at 1457 cm−1 is assigned to the symmetric C–C stretch-
ing mode, and the 1509 cm−1 is assigned the antisymmetric
C=C stretching mode. We could mark the variation of the
average conjugation length of P3HT from the ratio between
the intensity at 1509 cm−1 and 1457 cm−1 [25, 26]. If the rela-
tive intensity increases at 1509 cm−1, the average conjugation
length will increase. From Figure 6, the intensity ratio is
kept the same, so the average conjugation length of P3HT
backbones did not change after adding CNPs, which means
that the molecule structure of P3HT is maintained. Conse-
quently, no new bonding was observed between CNPs and
P3HT.
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Figure 5: (a) Microscope images of channel region, from left to right, the CNP/P3HT, are 0wt.%, 1 wt.%, 5 wt.%, and 10wt.%, respectively.
SEM images for (b) pristine P3HT, (c) CNP/P3HT= 1wt.%, (d) CNP/P3HT= 5wt.%, (e) CNP/P3HT= 10wt.%, and (f) CNP/P3HT= 43wt.%.

Table 2: Contact resistance and channel resistance analysis.

𝑅
𝐶
(Ω) 𝑉GT = −5V 𝑉GT = −15V 𝑉GT = −25V 𝑉GT = −35V 𝑉GT = −45V 𝑉GT = −55V

P3HT 1.00 × 10
9

5.00 × 10
8

2.50 × 10
8

1.25 × 10
8

7.50 × 10
7

2.50 × 10
7

CNP/P3HT (5 wt.%) 5.00 × 10
8

2.50 × 10
8

1.50 × 10
8

7.50 × 10
7

5.00 × 10
7

7.50 × 10
6

𝑅ch (Ω), (𝐿 = 20 𝜇m) 𝑉GT = −5V 𝑉GT = −15V 𝑉GT = −25V 𝑉GT = −35V 𝑉GT = −45V 𝑉GT = −55V
P3HT 5.53 × 10

8
4.03 × 10

8
2.53 × 10

8
1.04 × 10

8
6.03 × 10

7
1.50 × 10

7

CNP/P3HT (5 wt.%) 2.08 × 10
8

2.00 × 10
8

1.03 × 10
8

5.00 × 10
7

3.50 × 10
7

6.43 × 10
6
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5 wt.%, 10wt.%, and 43wt.%.

To study interactions among the P3HT chains in the
CNP/P3HT, furthermore, the UV-Vis spectra of P3HT and
CNP/P3HT nanocomposites are shown in Figure 7. The
absorption peak which located at 453 nm represented to
the electron transition from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) of the P3HT [27, 28]. Geng et al. reported that the
𝜋 electrons of the blended CNTs would interact with the
conjugated polymers, which represent as the UV-Vis absorp-
tion peaks broadening [29]. The similar phenomenon could
be observed in the spectra of CNP/P3HT. Figure 7 shows that
the main absorption peak was broadened with the increasing

amount of CNPs because of the 𝜋-𝜋 interaction between the
conjugated chain of the P3HT and the 𝜋 orbital of CNPs.

The LUMO-HOMO relaxation could be observed from
the maximum emission peak (𝜆max) of the PL spectra [29],
as shown in Figure 8. The spectra mark the 𝜆max at 589,
586, 572, and 566 nm for 0wt.%, 1 wt.%, 5 wt.%, and 10wt.%
CNP/P3HT, respectively. The main emission peak appeared
small blueshift with the increasing concentration of the
blended CNP. This is because the ground state energy of the
composite material was lower than that of P3HT. This differ-
ence results in the increase of the energy gap of relaxation
[30, 31]. Another phenomenon that could be observed from
the PL spectra is quenching effect.ThePL quenching revealed
that the CNPs may offer another decaying path which com-
peting with the radiative relaxation and the quenching effect
becamemore obviouswith theCNPs concentration increased
[30]. Both the blue shift and quenching effects illustrated that
the charge transfers appeared from the LUMO of P3HT to
CNPs [29–32]. Consequently, the CTC state formed in the
CNP/P3HT composites and the energy level of the CTC state
was between the work function of CNP and the HOMO of
P3HT [33, 34].

According to the experiments shown in this paper, the
blending CNP/P3HT would not modify the molecular struc-
tures of P3HT or CNPs, either adjust the intrinsic mobility of
P3HT orCNPs.Therefore, three reasons for effectivemobility
enhancement by incorporating CNP/P3HT nanocomposites
could be concluded: (1) local electric field enhancement
resulted from theCNPs that will induce higher carrier density
of P3HT, (2) adding CNPs in P3HT matrix would reduce the
carrier injection barrier and improve the injection efficiency,
and (3) the formation of the CTC would enhance the carrier
transportation between CNPs and P3HT.

The band diagrams of CNP/P3HT illustrate the effect of
the local electric field, as shown in Figure 9. When the neg-
ative gate bias is applied, p-type organic semiconductor will
be operated in accumulation mode, as shown in Figure 9(b).
The addition of CNPs will induce local electric field to drive
the P3HT near CNPs experience larger gate bias than that of
external applied. Therefore, the P3HT will induce more car-
riers and further increase the effective mobility. Second, the
work functions are 5.2-5.3, 5.13, and 4.9 eV, respectively, for
PEDOT, CNP, and P3HT [35–38]. Adding CNPs into P3HT
matrix can reduce the injection barrier which was verified
by contact resistance measurement. Third, according to the
material analyses in this study, we proposed that the forma-
tion of CTC at the interface between P3HT and CNPs could
assist the carrier transportation in the channel region to
enhance the effective mobility.

4. Conclusion

Adding CNPs in P3HT matrix enhanced the effective mobil-
ity by a factor of 10.The improvement of the contact resistance
resulted from the injection barrier decreased at the interface
between PEDOT and P3HT by cooperating CNPs into P3HT
matrix. On the other hand, the improvement of the channel
resistance is caused by the formation of CTC. According to
the percolation model, local electric field is enhanced, while
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Figure 8: Photoluminescence spectra of CNPs, pristine P3HT, CNP/P3HT = 1wt.%, 5 wt.%, and 10wt.%.

EFM

LUMO

HOMO

EFS

(a)

LUMO

HOMO

EFM

EFS

(b)

Figure 9: Energy band diagrams for (a) equilibrium condition with 𝑉GS = 0V and (b) accumulation mode with 𝑉GS < 0V.

the blending concentration is less than the threshold concen-
tration.This enhancement can induce more carriers of P3HT
near CNPs to increase the effective mobility. If CNP concen-
tration is near 𝑝

𝐶
, the percolation path is gradually formed.

The local field enhancement will gradually diminish due to
the CNPs aggregation. After the percolation path formed,
charge will transport directly through the path. The perco-
lation paths formed from the considerable aggregations of
CNPs will dominate the electrical properties and degrade
transistor characteristics of the OTFT. In this work, the basis
of CNP/P3HT blended system has been analyzed for further
applications in OTFT.
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The conduction mechanisms in dielectric films are crucial to the successful applications of dielectric materials. There are two
types of conduction mechanisms in dielectric films, that is, electrode-limited conduction mechanism and bulk-limited conduction
mechanism.The electrode-limited conductionmechanism depends on the electrical properties at the electrode-dielectric interface.
Based on this type of conduction mechanism, the physical properties of the barrier height at the electrode-dielectric interface
and the effective mass of the conduction carriers in dielectric films can be extracted. The bulk-limited conduction mechanism
depends on the electrical properties of the dielectric itself. According to the analyses of bulk-limited conduction mechanisms,
several important physical parameters in the dielectric films can be obtained, including the trap level, the trap spacing, the trap
density, the carrier drift mobility, the dielectric relaxation time, and the density of states in the conduction band. In this paper, the
analytical methods of conduction mechanisms in dielectric films are discussed in detail.

1. Introduction

The application of dielectric films has always been a very
important subject for the semiconductor industry and the
scientific community. This is especially true for metal-oxide-
semiconductor field effect transistor (MOSFET) technology
in integrated circuits (ICs). The concept of MOSFET is based
on themodulation of channel carriers by an applied gate volt-
age across a thin dielectric. Dielectric is a material in which
the electrons are very tightly bonded. The electric charges in
dielectrics will respond to an applied electric field through
the change of dielectric polarization. Dielectric materials are
nearly insulators in which the electrical conductivity is very
low and the energy band gap is large. In general, the value of
energy band gap of insulators is set to be larger than 3 eV or
5 eV. Although not all dielectrics are insulators, all insulators
are typical dielectrics. At 0K, the valence band is completely
filled and the conduction band is completely empty. Thus,
there is no carrier for electrical conduction. When the
temperature is larger than 0K, there will be some electrons
thermally excited from the valence band and also from the
donor impurity level to the conduction band.These electrons
will contribute to the current transport of the dielectric mate-
rial. Similarly, holes will be generated by acceptor impurities

and vacancies will be left by excited electrons in the valence
band.The conduction current of insulators at normal applied
electric field will be very small because their conductivities
are inherently low, on the order of 10−20∼10−8Ω−1 cm−1.
However, the conduction current through the dielectric film
is noticeable when a relatively large electric field is applied.
These noticeable conduction currents are owing to many
different conduction mechanisms, which is critical to the
applications of the dielectric films. For example, the gate
dielectric of MOSFETs, the capacitor dielectric of dynamic
random access memories, and the tunneling dielectric of
Flash memories are of top importance to the IC applications.
In these cases, the conduction current must be lower than
a certain level to meet the specific reliability criteria under
normal operation of the devices. Consequently, the study of
the various conduction mechanisms through dielectric films
is of great importance to the success of the integrated circuits.

Tomeasure the conduction current through the dielectric
film, one must prepare some kind of sample devices for test-
ing. In general, there are two types of device structures used in
sample testing. One is metal-insulator-metal structure which
is called the MIM capacitor or the MIM diode. The consid-
ered issue in MIM capacitors is the possible asymmetry of
the electrical properties when the top and bottom electrodes
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Figure 1: Classification of conduction mechanisms in dielectric films.

are made of different metals. Different metals generally lead
to different work functions, and therefore result in different
metal-dielectric interface barriers. The main parameters in
this type of measurement are the barrier height of the metal-
dielectric interface and the effective mass of the conduction
carriers. The second type used to characterize a dielectric
film is the metal-insulator-semiconductor (MIS) capacitor.
Since MIS capacitor is the most useful device in the study
of semiconductor surfaces, it is of interest to characterize
the electrical properties of the device. However, the structure
of the MIS capacitor is inherently asymmetric and one
should be careful about the voltage drop across each layer.
If the MIS capacitor can be biased in such a way that the
semiconductor surface is in accumulation, the voltage drop
across the semiconductor is minimal and most of the voltage
will be applied across the dielectric film. If the semiconductor
surface is in depletion or inversion, some voltage drop across
the semiconductor will take place and then the voltage drop
needs to be considered in calculation of the electric field
across the dielectric film.

Among the conduction mechanisms being investigated,
some depend on the electrical properties at the electrode-
dielectric contact. These conduction mechanisms are called
electrode-limited conduction mechanisms or injection-lim-
ited conduction mechanisms. There are other conduction
mechanisms which depend only on the properties of the
dielectric itself. These conduction mechanisms are called
bulk-limited conduction mechanisms or transport-limited
conduction mechanisms [1–10]. The methods to distinguish
these conduction mechanisms are essential because there are
a number of conduction mechanisms that may all contribute
to the conduction current through the dielectric film at the
same time. Since several conduction mechanisms depend
on the temperature in different ways, measuring the tem-
perature dependent conduction currents may afford us a
helpful way to know the constitution of the conduction cur-
rents.The electrode-limited conduction mechanisms include
(1) Schottky or thermionic emission (2) Fowler-Nordheim

tunneling, (3) direct tunneling, and (4) thermionic-field
emission. The bulk-limited conduction mechanisms include
(1) Poole-Frenkel emission, (2) hopping conduction, (3)

ohmic conduction, (4) space-charge-limited conduction, (5)
ionic conduction, and (6) grain-boundary-limited conduc-
tion. Figure 1 shows the classification of conduction mech-
anisms in dielectric films.

2. Electrode-Limited Conduction Mechanisms

The electrode-limited conduction mechanisms depend on
the electrical properties at the electrode-dielectric contact.
The most important parameter in this type of conduc-
tion mechanism is the barrier height at the electrode-
dielectric interface. The electrode-limited conduction mech-
anisms include (1) Schottky or thermionic emission, (2)

Fowler-Nordheim tunneling, (3) direct tunneling, and (4)

thermionic-field emission. The current due to thermionic
emission is highly dependent on the temperature, whereas the
tunneling current is nearly temperature independent. Aside
from the barrier height at the electrode-dielectric interface,
the effective mass of the conduction carriers in dielectric
films is also a key factor in the electrode-limited conduction
mechanisms.

2.1. Schottky or Thermionic Emission. Schottky emission is
a conduction mechanism that if the electrons can obtain
enough energy provided by thermal activation, the electrons
in the metal will overcome the energy barrier at the metal-
dielectric interface to go to the dielectric. Figure 2 shows the
MIS energy band diagram when the metal electrode is under
negative bias with respect to the dielectric and the semi-
conductor substrate. The energy barrier height at the metal-
dielectric interface may be lowered by the image force. The
barrier-lowering effect due to the image force is called Schot-
tky effect. Such a conduction mechanism due to electron
emission from the metal to the dielectric is called thermionic
emission or Schottky emission.Thermionic emission is one of
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Figure 2: Schematic energy band diagram of Schottky emission in
metal-insulator-semiconductor structure.

the most often observed conduction mechanism in dielectric
films, especially at relatively high temperature.The expression
of Schottky emission is

𝐽 = 𝐴
∗
𝑇
2 exp[

−𝑞 (𝜙
𝐵
− √𝑞𝐸/4𝜋𝜀

𝑟
𝜀
0
)

𝑘𝑇
] ,

𝐴
∗
=

4𝜋𝑞𝑘
2
𝑚
∗

ℎ3
=

120𝑚
∗

𝑚
0

,

(1)

where 𝐽 is the current density, 𝐴∗ is the effective Richardson
constant, 𝑚

0
is the free electron mass, 𝑚∗ is the effective

electron mass in dielectric, 𝑇 is the absolute temperature, 𝑞
is the electronic charge, 𝑞𝜙

𝐵
is the Schottky barrier height

(i.e., conduction band offset), 𝐸 is the electric field across
the dielectric, 𝑘 is the Boltzmann’s constant, ℎ is the Planck’s
constant, 𝜀

0
is the permittivity in vacuum, and 𝜀

𝑟
is the optical

dielectric constant (i.e., the dynamic dielectric constant). In
view of the classical relation between dielectric and optical
coefficients, the dynamic dielectric constant should be close
to the square of the optical refractive index (i.e., 𝜀

𝑟
=

𝑛
2) [11]. It is worthy of note that the dielectric constant is

generally a function of frequency, why the optical dielectric
constant is used in this case. During the emission process, if
the electron transit time from themetal-dielectric interface to
the barrier maximum position is shorter than the dielectric
relaxation time, the dielectric does not have enough time to
be polarized; consequently, the dielectric constant at high
frequency or optical dielectric constant should be chosen.
This optical dielectric constant is smaller than the static
dielectric constant or the value at low frequency where
more polarization mechanisms can contribute to the total
polarization [10].

Figure 3 shows the current density-electric field (𝐽-𝐸)
characteristics of Al/CeO

2
/𝑝-Si MIS capacitors biased in

Schottky emission simulation
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Figure 3: Experimental 𝐽-𝐸 curves (symbols) and simulation of
Schottky emission (lines) for the Al/CeO

2
/𝑝-Si MIS capacitor.

accumulation mode at temperatures ranging from 300K to
500K. According to the optical characterization of CeO

2

films, the refractive index (𝑛) at 632.8 nm is about 2.33.
Therefore, the optical dielectric constant of CeO

2
films is

about 5.43. The measured 𝐽-𝐸 curves in [11] and the sim-
ulations of Schottky emission are shown in Figure 3. The
experimental data match the Schottky emission theory very
well at high temperature (≥400K) in a medium electric field
(0.5∼1.6MV/cm).The corresponding conduction band offset
between Al and CeO

2
is then determined to be 0.62±0.01 eV.

Besides the simulation method, Schottky plot is the most
popular way to identify the barrier height at the interface. For
a standard Schottky emission, the plot of log(𝐽/𝑇2) versus
𝐸
1/2 should be linear. The barrier height can be obtained

from the intercept of Schottky plot. For example, the 𝐽-𝐸
data measured at high temperatures (>425K) and in high
fields (>1MV/cm) correlate well with the Schottky emission
theory under the gate injection in an Al/ZrO

2
(17.4 nm)/𝑝-Si

MIS capacitor [13], as shown in Figure 4. Moreover, the fitted
optical dielectric constant in the plot of standard Schottky
emission is extremely close to the square of optical refractive
index (i.e., 6.25 = 2.5

2), and the extracted Schottky barrier
height between Al and ZrO

2
is about 0.92 eV.

Simmons indicated that if the electronic mean free path
in the insulator is less than the thickness of dielectric film,
the equation of standard Schottky emissionmust bemodified
[14]. When excited electrons pass through dielectric films,
the thermal electrons are affected by traps and interface
states, which are generated from oxygen vacancies and
thermal instability between dielectric and Si, respectively.
The thickness of dielectric films also affects the behavior
of Schottky emission. A trap-limited mechanism governs
the carrier transportation in dielectric films [13]. Therefore,
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(1) should bemodified into (2) when the electronic mean free
path (𝑙) is less than the dielectric thickness (𝑡

𝑑
):

𝐽 = 𝛼𝑇
3/2

𝐸𝜇(
𝑚
∗

𝑚
0

)

3/2

exp[

−𝑞 (𝜙
𝑏
− √𝑞𝐸/4𝜋𝜀

𝑟
𝜀
0
)

𝐾𝑇
]

(𝑙 < 𝑡
𝑑
) ,

(2)

where 𝛼 = 3×10
−4 A s/cm3K3/2 and 𝜇 is the electronicmobil-

ity in the insulator; the other notations are the same as defined
before. Notably, no clear distinction can be made between
the bulk- and electrode-limited conduction mechanisms, as
indicated by (2), because each is involved in the conduction
process [15]. By generating modified Schottky emission plots
for ZrO

2
films of various thicknesses, the electronic mean

free path in ZrO
2
films can be determined to be between 16.2

and 17.4 nm at high temperature (>425K) [13]. In addition,
the electronic mobility (𝜇) in ZrO

2
films can be determined

from the intercept of the plot of modified Schottky emission.
The obtained electronic mobility in ZrO

2
is 12-13 cm2/V-s in

a medium field at high temperatures [13].

2.2. Fowler-Nordheim Tunneling. According to the classical
physics, when the energy of the incident electrons is less than
the potential barrier, the electrons will be reflected. However,
quantummechanismpredicts that the electronwave function

will penetrate through the potential barrier when the barrier
is thin enough (<100 Å). Hence, the probability of electrons
existing at the other side of the potential barrier is not zero
because of the tunneling effect. Figure 5 shows the schematic
energy band diagram of Fowler-Nordheim (F-N) tunneling.
F-N tunneling occurs when the applied electric field is large
enough so that the electron wave function may penetrate
through the triangular potential barrier into the conduction
band of the dielectric. The expression of the F-N tunneling
current is

𝐽 =
𝑞
3
𝐸
2

8𝜋ℎ𝑞𝜙
𝐵

exp[
−8𝜋(2𝑞𝑚

∗

𝑇
)
1/2

3ℎ𝐸
𝜙
3/2

𝐵
] , (3)

where 𝑚
∗

𝑇
is the tunneling effective mass in dielectric; the

other notations are the same as defined before. To extract the
tunneling current, one canmeasure the current-voltage (𝐼-𝑉)
characteristics of the devices at very low temperature. At such
a low temperature, the thermionic emission is suppressed and
the tunneling current is dominant.

For F-N tunneling, a plot of ln(𝐽/𝐸2) versus 1/𝐸 should be
linear. Figure 6 shows the 𝐼-𝑉 data measured at 77 K for an
HfO
2
MIS capacitor biased in the accumulation mode [16].

The inset graph indicates that the fitting of F-N tunneling
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Figure 5: Schematic energy band diagram of Fowler-Nordheim
tunneling in metal-insulator-semiconductor structure.

theory in high electric fields is very good. The slope of F-
N plot can be expressed in (4) [17] and is also a function of
electron effective mass and barrier height:

slope = −6.83 × 10
7
√(

𝑚
∗

𝑇

𝑚
0

)𝜙
3

𝐵
. (4)

To identify electron effective mass and barrier height, it is
useful to measure the thermionic emission current at high
temperature and the tunneling current at low temperature.
Chiu [16] reported that the electron effective mass in HfO

2

and barrier height at theAl/HfO
2
interface can be determined

using the intercept of Schottky plot at high temperatures and
the slope of F-N plot at 77 K, as shown in Figure 7. In general,
𝑚
∗

𝑇
= 𝑚
∗ is assumed. Using a mathematical iterationmethod

for a 23.2 nmHfO
2
MIS capacitor, the electron effective mass

and barrier height at the Al/HfO
2
interface were extracted

to be about 0.4𝑚
0
and 0.94 eV, respectively [16]. These two

parameters are self-consistent with the intercept of Schottky
plot and the slope of F-N plot. For the case of a 12.2 nm
HfO
2
MIS capacitor, the electron effective mass and Al/HfO

2

barrier height were determined to be 0.09𝑚
0
and 0.94 eV,

respectively.
For HfO

2
films, the correlation between electron effective

mass, barrier height, equivalent oxide thickness, and current
conduction mechanism was summarized in [16]. In addition,
reports showed that the electron effective mass in SiO

2
tends

to increase with decreasing oxide thickness in ultrathin sili-
con dioxide layers [18, 19]. Both parabolic and nonparabolic
energy-momentum dispersion were used for measuring the
tunneling effective mass in SiO

2
. The latter has been found to

work better in many cases [18–21]. As the SiO
2
thickness is

increased beyond 4 nm, the nonparabolic tunneling effective
mass ultimately converges to electron effective mass in SiO

2

[19]. Also, the electron effectivemass in SiO
2
is approximately

constant over the voltage bias range studied [19, 20]. Based on

these results, the tunneling effective mass can be assumed to
be equal to the electron effectivemass for dielectric films with
wide enough thickness.

2.3. Direct Tunneling. There are two main gate current
conduction mechanisms in SiO

2
films. If the voltage across

the SiO
2
is large enough, the electrons see a triangular barrier

and the gate current is due to F-N tunneling. On the other
hand, if the voltage across the SiO

2
is small, the electrons see

the full oxide thickness and the gate current is due to directing
tunneling. The driving oxide voltage between the two mech-
anisms is approximately 3.1 V for the SiO

2
-Si interface. For

SiO
2
thicknesses of 4-5 nm and above, F-N tunneling domi-

nates and for SiO
2
thickness less than about 3.5 nm, directing

tunneling becomes dominant. The schematic energy band
diagramof direct tunneling is shown in Figure 8. Based on the
result of Lee and Hu on a polysilicon-SiO

2
-silicon structure,

the expression of the direct tunneling current density is [12]

𝐽 =
𝑞
2

8𝜋ℎ𝜀𝜙
𝐵

𝐶 (𝑉
𝐺
, 𝑉, 𝑡, 𝜙

𝐵
)

× exp{−
8𝜋√2𝑚∗(𝑞𝜙

𝐵
)
3/2

3ℎ𝑞 |𝐸|
⋅ [1 − (1 −

|𝑉|

𝜙
𝐵

)

3/2

]} ,

(5)

where 𝑡 is the thickness of the dielectric, 𝑉 is the voltage
across the dielectric, and the other notations are the same
as defined before.The tunneling current components include
electron tunneling from the conduction band (ECB), electron
tunneling from the valence band (EVB), and hole tunneling
form the valence band (HVB).The correction function𝐶 can
be expressed as [12]

𝐶 (𝑉
𝐺
, 𝑉, 𝑡, 𝜙

𝐵
)

= exp [
20

𝜙
𝐵

(
|𝑉| − 𝜙

𝐵

𝜙
0

+ 1)

𝛼

⋅ (1 −
|𝑉|

𝜙
𝐵

)] ⋅
𝑉
𝐺

𝑡
⋅ 𝑁,

(6)

where 𝛼 is a fitting parameter depending on the tunneling
process, 𝑞𝜙

0
is the Si/SiO

2
barrier height (e.g., 3.1 eV for

electron and 4.5 eV for hole), and 𝑞𝜙
𝐵
is the actual barrier

height (e.g., 3.1 eV for ECB, 4.2 eV for EVB, and 4.5 eV for
HVB).𝑁 is an auxiliary functionwhich is used as an indicator
of carrier population for ECB andHVB cases or transmission
probability for EVB case. For ECB and HVB tunneling
processes in both the inversion or accumulation regimes, 𝑁
is given by

𝑁 =
𝜀

𝑡
{𝑛invV𝑇 ⋅ ln [1 + exp(

𝑉
𝐺,eff − 𝑉TH

𝑛invV𝑇
)]

+ V
𝑇
⋅ ln [1 + exp(−

𝑉
𝐺
− 𝑉FB
V
𝑇

)]} ,

(7)

where V
𝑇
(= 𝑘𝑇/𝑞) is the thermal voltage, 𝑉TH is threshold

voltage, 𝑉FB is flatband voltage, and 𝑉
𝐺,eff = 𝑉

𝐺
− 𝑉poly is

the effective gate voltage after accounting for the voltage drop
across the polysilicon depletion region. The rate of increase
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of the subthreshold carrier density with 𝑉
𝐺
is indicated by

the swing parameter 𝑛inv, where 𝑛inv = 𝑆/V
𝑇
and 𝑆 are the

subthreshold swing which is positive for NMOS and negative
for PMOS. For EVB tunneling process,𝑁 can be written as

𝑁 =
𝜀

𝑡
⋅ {3V
𝑇
⋅ ln[1 + exp(

𝑞 |𝑉| − 𝐸
𝑔

3𝑘𝑇
)]} . (8)
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Figure 8: Schematic energy band diagram of direct tunneling in
metal-insulator-semiconductor structure.

Equation (5) can be simplifiedusing a binomial expansion
and neglecting higher order terms, which leads to

𝐽 ∼ exp{−
8𝜋(𝑞𝜙

𝐵
)
3/2

√2𝑚eff

3ℎ𝑞 |𝐸|
[
3 |𝑉|

2𝜙
𝐵

]}

∼ exp{−
8𝜋√2𝑞

3ℎ
(𝑚eff𝜙𝐵)

1/2
𝜅 ⋅ 𝑡ox,eq} .

(9)

Yeo et al. indicated the scaling limits of alternative gate
dielectrics based on their direct tunneling characteristics and



Advances in Materials Science and Engineering 7

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Inversion bias

RPN-SiON

ox,eqEquivalent SiO2 thickness t (nm)

103

100

10−3

10−6

G
at

e c
ur

re
nt

 d
en

sit
y
J G

(A
/c

m
2 )

|VG | = 1.0V

SiO
2

JVD
-Si3 N

4

H
fO

2

A
l2 O

3

La2 O
3

0 5 10 15 20
0

5

10

15

20

RPN-SiON

Sc
al

in
g 

lim
it 

EO
T 

(Å
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gate leakage requirements for future CMOS technology [22].
The tunneling leakage current for a given EOT (equivalent
oxide thickness, 𝑡ox,eq) is not only dependent on the 𝜅 value of
a gate dielectric but also tunneling barrier height (𝑞𝜙

𝐵
= Φ
𝐵
)

and tunneling effective mass (𝑚eff). They introduced a figure
of merit to compare the relative advantages of gate dielectric
candidates.The figure of merit is given by 𝑓 = (𝑚effΦ𝐵)

1/2
⋅ 𝜅.

Figure 9 shows the scaling limit for several gate dielectrics
when 𝑉

𝐺
or 𝑉
𝑑𝑑

is specified to be 1.0 V and the maximum
tolerable gate current density 𝐽

𝐺,limit is 1 A/cm
2. A dielectric

with a larger figure of merit possesses a lower scaling limit
EOT, as shown in the inset of Figure 9.The EOT scaling limits
of La
2
O
3
and HfO

2
are about 4 Å and 9 Å, respectively.

2.4. Thermionic-Field Emission. Thermionic-field emission
takes place intermediately between field emission and Schot-
tky emission. In this condition, the tunneling electrons
should have the energy between the Fermi level of metal and
the conduction band edge of dielectric.The schematic energy
band diagram of thermionic-field emission is shown in
Figure 10(a). The difference between thermionic emission,
thermionic-field emission, and field emission is shown in Fig-
ure 10(b). The current density due to thermionic-field emis-
sion can be roughly expressed as [8]

𝐽 =
𝑞
2
√𝑚(𝑘𝑇)

1/2
𝐸

8ℎ2𝜋5/2
exp(−

𝑞𝜙
𝐵

𝑘𝑇
) exp[

ℎ
2
𝑞
2
𝐸
2

24𝑚(𝑘𝑇)
3
] . (10)

3. Bulk-Limited Conduction Mechanisms

The bulk-limited conduction mechanisms depend on the
electrical properties of the dielectric itself. The most impor-
tant parameter in this type of conduction mechanism is the
trap energy level in the dielectric films. The bulk-limited
conduction mechanisms include (1) Poole-Frenkel emission,
(2) hopping conduction, (3) ohmic conduction, (4) space-
charge-limited conduction, (5) ionic conduction, and (6)

grain-boundary-limited conduction. Based on the bulk-
limited conduction mechanisms, some important electrical
properties in the dielectric films can be extracted, including
the trap energy level, the trap spacing, the trap density, the
electronic drift mobility, and the dielectric relaxation time,
the density of states in the conduction band.

3.1. Poole-Frenkel Emission. Poole-Frenkel (P-F) emission
involves amechanismwhich is very similar to Schottky emis-
sion; namely, the thermal excitation of electrons may emit
from traps into the conduction band of the dielectric. There-
fore, P-F emission is sometimes called the internal Schottky
emission. Considering an electron in a trapping center, the
Coulomb potential energy of the electron can be reduced
by an applied electric field across the dielectric film. The
reduction in potential energy may increase the probability
of an electron being thermally excited out of the trap into
the conduction band of the dielectric. The schematic energy
band diagram of P-F emission is shown in Figure 11. For
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Figure 10: (a) Schematic energy band diagram of thermionic-field emission in metal-insulator-semiconductor structure. (b) Comparison of
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Figure 11: Schematic energy band diagram of Poole-Frenkel emis-
sion in metal-insulator-semiconductor structure.

a Coulombic attraction potential between electrons and traps,
the current density due to the P-F emission is

𝐽 = 𝑞𝜇𝑁
𝐶
𝐸 exp[

−𝑞 (𝜙
𝑇
− √𝑞𝐸/𝜋𝜀

𝑖
𝜀
0
)

𝑘𝑇
] , (11)

where 𝜇 is the electronic drift mobility, 𝑁
𝐶
is the density of

states in the conduction band, 𝑞𝜙
𝑇
(=Φ
𝑇
) is the trap energy

level, and the other notations are the same as defined before.
Since P-F emission is owing to the thermal activation under
an electric field, this conductionmechanism is often observed
at high temperature and high electric field. Chiu et al.
reported that the dominant conduction mechanism through
Pr
2
O
3
is the P-F emission at high temperature and high

electric field [23]. Figure 12 shows the measured 𝐽-𝐸 data and
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Figure 12: Characteristics of 𝐽-𝐸 plot and simulation of P-F
emission for the laminated Pr

2
O
3
/SiON MIS capacitors at high

fields.

the modeled P-F emission curves for the laminated Pr
2
O
3
/

SiON MIS capacitors. The experimental data match the
modeled curves very well in high electric fields (>1MV/cm)
from 300K to 400K. Therefore, the dominant conduction
mechanism is the P-F emission in high electric fields at
temperatures ranging from 300K to 400K. In addition, the
trap energy level in Pr

2
O
3
can be extracted by using the

Arrhenius plot, as shown in Figure 13. The determined trap
energy level in Pr

2
O
3
is about 0.56 ± 0.01 eV. Besides the

simulation method, P-F plot is also a popular way to identify
the trap energy level in dielectric films. For the P-F emission,
a plot of ln(𝐽/𝐸) versus 𝐸1/2 is linear. The trap barrier height
can be extracted from the intercept of P-F plot. Figure 14
shows the P-F plot for a 17.4 nm ZrO

2
MIS capacitor in
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Figure 13: Arrhenius plot of the P-F emission for the laminated
Pr
2
O
3
/SiONMIS capacitors at high fields.

the accumulationmode at high temperatures (>425K) and in
low electric fields (<0.6MV/cm) [13]. Under the constraint of
𝑛 = 𝜀
1/2

𝑟
, the trap barrier height in ZrO

2
films was extracted

to be about 1.1 eV according to the intercepts of the fitted lines
in the P-F plot.

Aside from the intercept of P-F plot for the trap barrier,
the slope of P-F plot is an important factor for determining
the optical dielectric constant (𝜀

𝑟
) in dielectric films. For the

case of Pr
2
O
3
MIS capacitors [23], the fitted 𝜀

𝑟
is 3 ± 0.3

and the fitted refractive index is 1.7 ± 0.1. The refractive
index obtained by the electrical method is fairly close to
the one obtained by the optical method (𝑛 = 1.7-1.8). This
implies that during the emission process, the electron transit
time from the trap site to the barrier maximum position is
shorter than the dielectric relaxation time. Consequently, the
dielectric film does not have enough time to be polarized
during the emission process and the optical dielectric con-
stant should be used in this case. Besides the trap energy
level and the optical dielectric constant, the electronic drift
mobility in dielectric films can also be extracted by the
analyses of P-F emission. One can find the result of electron
mobility in Pr

2
O
3
films in [23]. Note that Angle and Talley

proposed that the free electrons in P-F emission are emitted
from the donor centers [24]. If there are other defect states
such as trap states or acceptor centers in dielectric films, the
number of emitted free electrons from the donor center will
decrease. The existence of the trapping centers may influence
the relation of current density and electric field. Accordingly,
the P-F emission is dependent on the concentration of trap
centers (𝑁

𝑡
) and donor centers (𝑁

𝑑
). When 𝑁

𝑡
< 𝑁
𝑑
, the

conduction mechanism is called the normal P-F emission
[24]. When 𝑁

𝑡
≅ 𝑁
𝑑
, the conduction mechanism is called

themodified P-F emission or anomalous Poole-Frenkel effect
[24]. In such a case, the slope of P-F plot is reduced by half and
equals the slope of Schottky plot. To distinguish the Schottky
emission and modified P-F emission, the effect of different

electrode materials on the conduction characteristics is a
valuable means.

3.2. Hopping Conduction. Hopping conduction is due to the
tunneling effect of trapped electrons “hopping” from one
trap site to another in dielectric films. Figure 15 shows the
schematic energy band diagram of hopping conduction. The
expression of hopping conduction is [5, 10, 23]

𝐽 = 𝑞𝑎𝑛V exp [
𝑞𝑎𝐸

𝑘𝑇
−

𝐸
𝑎

𝑘𝑇
] , (12)

where 𝑎 is the mean hopping distance (i.e., the mean spacing
between trap sites), 𝑛 is the electron concentration in the
conduction band of the dielectric, ] is the frequency of
thermal vibration of electrons at trap sites, and 𝐸

𝑎
is the

activation energy, namely, the energy level from the trap states
to the bottom of conduction band (𝐸

𝐶
); the other terms

are as defined above. The P-F emission corresponds to the
thermionic effect and the hopping conduction corresponds
to the tunnel effect. In P-F emission, the carriers can over-
come the trap barrier through the thermionic mechanism.
However, in hopping conduction, the carrier energy is lower
than the maximum energy of the potential barrier between
two trapping sites. In such case, the carriers can still transit
using the tunnel mechanism.

Chiu et al. [23] reported that the experimental 𝐽-𝐸 data
match the simulated hopping conduction curves very well
from 300K to 400K in low electric fields (<0.6MV/cm)
in a Pr

2
O
3
MIS structure, as shown in Figure 16. From

the simulations of hopping conduction, the mean hopping
distance in the Pr

2
O
3
films was determined to be about 1.5 ±

0.1 nm. Using the slopes of Arrhenius plot in low fields, the
activation energy was determined to be about 50 ± 1meV,
as shown in Figure 17. Furthermore, according to (12), the
trap spacing can be extracted by the slope of linear part of
log(𝐽) versus 𝐸. Figure 18 shows the 𝐽-𝐸 characteristics at
temperatures ranging from 300K to 425K for a Pt/MgO/Pt
memory device in high resistance state [25]. Simulation
results show that the measured data match the theory of
hopping conduction very well when the electric field is larger
than about 0.25MV/cm. Based on the slope in Figure 18, the
trap spacing in MgO can be determined to be about 1.0 nm
[25]. In Figure 18,we can observe an interesting characteristic,
that is, a lower current density is observed at a higher
temperature.This finding is far different from the normal 𝐽-𝐸
characteristics in dielectric films in which the higher current
density can be achieved in a higher temperature. In the case of
Pt/MgO/Pt, a simulation work can be adopted by varying the
trapping level [25]. Therefore, the temperature dependence
of the trap energy levels in MgO can be obtained, as shown
in Figure 19. The trap energy level increases with increasing
temperature.This result indicates that the defects with deeper
level are activated by the elevated temperature. Hence, the
deeper trap level activated at higher temperature leads to the
exponential decrease in current density.

3.3. Ohmic Conduction. Ohmic conduction is caused by the
movement of mobile electrons in the conduction band and
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Figure 15: Energy band diagram of hopping conduction in metal-
insulator-semiconductor structure.

holes in the valence band. In this conduction mechanism,
a linear relationship exists between the current density and
the electric field. Figure 20 shows a schematic energy band
diagram of the Ohmic conduction due to electrons. Although
the energy band gap of dielectrics is by definition large, there
will still be a small number of carriers that may be generated
due to the thermal excitation. For example, the electrons may
be excited to the conduction band, either from the valence
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Figure 16: 𝐽-𝐸 characteristics and simulation of hopping conduc-
tion for a laminated Pr

2
O
3
/SiON MIS capacitors at low electric

fields.

band or from the impurity level. The carrier numbers will be
very small but they are not zero.The current density of ohmic
conduction can be expressed as

𝐽 = 𝜎𝐸 = 𝑛𝑞𝜇𝐸, 𝑛 = 𝑁
𝐶
exp[

− (𝐸
𝐶
− 𝐸
𝐹
)

𝑘𝑇
] , (13)

where 𝜎 is electrical conductivity, 𝑛 is the number of electrons
in the conduction band, 𝜇 is electron mobility, and 𝑁

𝐶
is
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the effective density of states of the conduction band; the
other terms are as defined above.

Because the energy band gap of a dielectric is very large,
we can assume that the Fermi level𝐸

𝐹
is close to themiddle of

the energy band gap; that is, 𝐸
𝐶
− 𝐸
𝐹
∼𝐸
𝑔
/2. In this case, the

ohmic conduction current is 𝐽 = 𝑞𝜇𝐸𝑁
𝐶
exp(−𝐸

𝑔
/2𝑘𝑇). The

magnitude of this current is very small. This current mecha-
nism may be observed if there is no significant contribution
from other conduction mechanisms of current transport in
dielectrics [10]. The ohmic conduction current due to mobile
electrons in the conduction band or similarly holes in the
valence band is linearly dependent on the electric field. This
current usually may be observed at very low voltage in the
current-voltage (𝐼-𝑉) characteristics of the dielectric films.
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Recently, the resistance switching behaviors in dielectric
films have been extensively studied [26–29]. The ohmic con-
duction can be often observed in low resistance state in the
resistance switchingmemory devices. Figure 21 shows the 𝐽-𝐸
curves in a double-logarithmic plot in low resistance state in
Pt/ZnO/Pt memory devices [29].The linear relation between
current density and electric field is observed, which matches
the ohmic conduction very well because the slopes are very
close to 1. In Figure 21, the current density increases with
increasing temperature. Hence, the linear relation between
electrical conductivity (𝜎) and inverse temperature can be
derived from Figure 21, as shown in Figure 22. Using the
Arrhenius plot, the Fermi level (𝐸

𝐹
) of ZnO is determined

to be about 0.4 eV below the conduction band edge in ZnO
(𝐸
𝐶
), as shown in the inset of Figure 22. Consequently, the

product of 𝜇 and𝑁
𝐶
at each temperature can be extracted by
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the combination of 𝐸
𝐹
and 𝜎. In addition, 𝑁

𝐶
is a function

of temperature, which is proportional to 𝛽𝑇
3/2, where 𝛽 is a

constant [30].The effective density of states of the conduction
band (𝑁

𝐶
) in ZnO at room temperature is 4.8 × 10

18 cm−3
[31].Therefore, the temperature-dependent electronmobility
(𝜇) and effective density of states of the conduction band
(𝑁
𝐶
) in ZnO can be obtained, as shown in Figure 23. At

room temperature the electronmobility in ZnOfilms is about
4.6 cm2/V-s.

3.4. Space-Charge-Limited Conduction. The mechanism of
space-charge-limited conduction (SCLC) is similar to the
transport conduction of electrons in a vacuum diode.

The thermionic cathode of a vacuumdiode can emit electrons
with a Maxwellian distribution of initial velocities (V). The
corresponding charge distribution can be written by the
Poisson’s equation:

𝜕
2
𝑉

𝜕𝑥2
= −

𝜌 (𝑥)

𝜀
0

. (14)

Moreover, in the steady state, with the condition V(𝑥) =

[2𝑞𝑉(𝑥)/𝑚]
1/2, the continuity equation is

𝑗
𝑥
= 𝑞𝑛 (𝑥) V (𝑥) . (15)

The current density-voltage (𝐽-𝑉) characteristic of a vacuum
diode is governed by the Child’s law:

𝐽 =
4𝜀
0

9
(
2𝑒

𝑚
)

1/2
𝑉
3/2

𝑑2
. (16)

In a solid material, the space-charge-limited current is
caused by the injection of electrons at an ohmic contact. The
continuity equation should include the diffusion component
and can be written as

𝑗
𝑥
= 𝑒𝑛 (𝑥) V (𝑥) + 𝑒𝐷

𝑑𝑛

𝑑𝑥
. (17)

A typical 𝐽-𝑉 characteristic plotted in a log-log curve for
space-charge-limited current is shown in Figure 24. The 𝐽-𝑉
characteristic in the log 𝐽-log𝑉 plane is bounded by the three
limited curves, namely, ohm’s law (𝐽Ohm ∝ 𝑉), traps-filled
limit (TFL) current (𝐽TFL ∝ 𝑉

2), and Child’s law (𝐽Child ∝

𝑉
2). 𝑉tr and 𝑉TFL are the transition voltage at the departure

from ohm’s law and TFL curve, respectively:

𝐽Ohm = 𝑞𝑛
0
𝜇
𝑉

𝑑
, (18)

𝐽TFL =
9

8
𝜇𝜀𝜃

𝑉
2

𝑑3
, (19)

𝐽Child =
9

8
𝜇𝜀

𝑉
2

𝑑3
, (20)

𝑉tr =
8

9
×

𝑞𝑛
0
𝑑
2

𝜀𝜃
, (21)

𝜃 =
𝑁
𝐶

𝑔
𝑛
𝑁
𝑡

exp (
𝐸
𝑡
− 𝐸
𝐶

𝑘𝑇
) , (22)

𝑉TFL =
𝑞𝑁
𝑡
𝑑
2

2𝜀
, (23)

𝜏
𝑐
=

𝑑
2

𝜇𝜃𝑉tr
, (24)

𝜏
𝑑
=

𝜀

𝑞𝑛𝜇𝜃
, (25)

where 𝑛
𝑜
is the concentration of the free charge carriers in

thermal equilibrium, 𝑉 is the applied voltage, 𝑑 is the thick-
ness of thin films, 𝜀 is the static dielectric constant, 𝜃 is the
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the effective density of states of the conduction band in low
resistance state in Pt/ZnO/Pt memory devices.
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ratio of the free carrier density to total carrier (free and
trapped) density, 𝑔

𝑛
is the degeneracy of the energy state

in the conduction band, 𝐸
𝑡
is the trap energy level, 𝑁

𝑡
is

the trap density, 𝑛 is the concentration of the free carrier in
the insulator, and the other terms are as defined above. It is
noticed that (20) is theMott-Gurney relation which indicates
the space-charge-limited current under the condition of
single type of carriers and no traps. If there are traps in the
dielectric, the SCL conduction can be described by (19) based
on the assumption of monoenergetical trapping levels in the
dielectric [5–7, 10].

At low applied voltages (𝑉<𝑉tr), 𝐽-𝑉 characteristics
followed the ohm’s law, which implies that the density of
thermally generated free carriers (𝑛

0
) inside the films is larger

than the injected carriers [32]. This ohmic mode takes place

in the electrically quasineutral state corresponding to the
situationwhen partial trap centers are filled at weak injection.
When the transition from the ohmic to the space-charge-
limited region, the carrier transit time (𝜏

𝑐
) at 𝑉tr (the min-

imum voltage required for the transition) becomes equal
to the dielectric relaxation time (𝜏

𝑑
) [2]. The onset of the

departure from ohm’s law or the onset of the SCL conduction
takes place when the applied voltage reaches the value of
𝑉tr. Accordingly, 𝜏𝑐 ≅ 𝜏

𝑑
can be extracted at the transition

point𝑉tr. If the applied voltage𝑉 is smaller than𝑉tr, then the
carrier transit time 𝜏

𝑐
is larger than the dielectric relaxation

time 𝜏
𝑑
. This implies that the injected carrier density 𝑛 is

small in comparison with 𝑛
0
and that the injected carriers

will redistribute themselves with a tendency to maintain
electric charge neutrality internally in a time comparable to
𝜏
𝑑
. Consequently, the injected carriers have no chance to

travel across the insulator. The redistribution of the charge
is known as dielectric relaxation. The ohmic behavior can
be observed only after these space charge carriers become
trapped. Figure 25 shows the schematic diagrams of carrier
distributions in dielectric film in SCLC mechanism under
the conditions of (a) very weak injection (𝑉 < 𝑉tr, 𝑛 < 𝑛

0
,

𝜏
𝑐
> 𝜏
𝑑
), (b) dielectric relaxation and carriers redistribution,

and (c) weak injection at 𝑉tr (𝑉 = 𝑉tr, 𝑛 = 𝑛
0
, 𝜏
𝑐
= 𝜏
𝑑
).

In the case of strong injection, the traps are filled up and
a space charge appears. When 𝑉 > 𝑉tr and 𝜏

𝑐
∼ 𝜏
𝑑
or 𝜏
𝑐
< 𝜏
𝑑
,

the injected excess carriers dominate the thermally generated
carrier since the injected carrier transit time is too short for
their charge to be relaxed by the thermally generated carriers.
It is noted that for𝑉 < 𝑉tr, 𝜏𝑐 increases with decreasing𝑉 but
𝜏
𝑑
remains almost constant, while for 𝑉 > 𝑉tr, 𝜏𝑐 decreases

with increasing 𝑉 and 𝜏
𝑑
also decreases with increasing 𝑉

since the increase in 𝑉 causes an increase in free carrier
density in the dielectric. The increase of applied voltage may
increase the density of free carriers resulting from injection
to such a value that the Fermi level (𝐸

𝐹𝑛
) moves up above

the electron trapping level (𝐸
𝑡
). The trap-filled limit (TFL)

is the condition for the transition from the trapped 𝐽-𝑉
characteristics to the trap-free 𝐽-𝑉 characteristics. It can be
imagined that after all traps are filled up, the subsequently
injected carriers will be free to move in the dielectric films,
so that at the subthreshold voltage (𝑉TFL) to set on this
transition, the current will rapidly jump from its low trap-
limited value to a high trap-free SCL current. 𝑉TFL is defined
as the voltage required to fill the traps or, in other words, as
the voltage at which Fermi level (𝐸

𝐹𝑛
) passes through 𝐸

𝑡
.

In the case of very strong injection, all traps are filled and
the conduction becomes the space-charge-limited (Child’s
law).Thus a space charge layer in the dielectric builds up and
the electric field cannot be regarded as constant any longer.
While the bias voltage reaches 𝑉TFL in the strong injection
mode, the traps get gradually saturated, which means that
the Fermi-level gets closer to the bottom of the conduction
band. This results in a strong increase of the number of free
electrons, thus explaining the increase of the current for 𝑉 =

𝑉TFL. For the voltage >𝑉TFL, the current is fully controlled
by the space charge, which limits the further injection of
free carriers in the dielectric. Square law dependence of
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Figure 25: Carriers distribution in dielectric film under carrier weak injection (𝑉 ≤ 𝑉tr) in space-charge-limited conduction. (a) Very weak
injection (𝑉 < 𝑉tr, 𝑛 < 𝑛

0
, 𝜏
𝑐
> 𝜏
𝑑
), (b) dielectric relaxation and carriers redistribution, and (c) weak injection at𝑉tr (𝑉 = 𝑉tr, 𝑛 = 𝑛

0
, 𝜏
𝑐
= 𝜏
𝑑
).

𝑉tr is the transition voltage at the onset of departure from ohm’s law; 𝑛 is the concentration of injected carriers; 𝑛
0
is the concentration of

thermally generated free carriers in dielectric film; 𝜏
𝑐
is the carrier transit time; 𝜏

𝑑
is the dielectric relaxation time.

the current (𝐽 ∼ 𝑉
2, Child’s law) is the consequence

of the space charge controlled current. Figure 26 shows
the schematic diagrams of carrier and trap distributions in
dielectric film in SCLC mechanism under the conditions of
(a) strong injection (𝑉 > 𝑉tr, 𝑛 < 𝑛

0
< 𝑁
𝑡
, 𝜏
𝑐
< 𝜏
𝑑
), (b)

trap-filled-limited conduction (𝑉tr < 𝑉 < 𝑉TFL, 𝑛 < 𝑛
0
< 𝑁
𝑡
,

𝐸
𝐹𝑛

< 𝐸
𝑡
): trapped behavior, parts of traps are filled up, and

(c) space-charge-limited conduction (𝑉 > 𝑉TFL, 𝑛0 > 𝑁
𝑡
,

𝐸
𝐹𝑛

> 𝐸
𝑡
): trap-free behavior, all traps are filled up.

A report [32] showed that the dominant conduction
mechanism through the polycrystalline La

2
O
3
films is space-

charge-limited current, as shown in Figure 27.Three different
regions, ohm’s law region, trap-filled-limited region, and
Child’s law region are observed in the current density-voltage
(𝐽-𝑉) characteristics at room temperature. Based on the
SCLC study in [32], some valuable electrical properties in
polycrystalline La

2
O
3
were obtained. For example, at room

temperature, the trap density (𝑁
𝑡
) is about 9.2 × 10

17 cm−3,
the trap energy level (𝐸

𝑡
) is about 0.21 eV, the trap capture

cross-section (𝜎
𝑡
) is about 1.2 × 10

−21 cm2, the effective
density of states in the conduction band (𝑁

𝐶
) is about

5.5 × 10
18 cm−3, the maximum of dielectric relaxation time

(𝜏
𝑑,max) is about 8.8 × 10

−5 s, and the electron mobility (𝜇)
is about 8.2 × 10

−7 cm2/V-s. In addition, some important
electrical properties in polycrystalline Dy

2
O
3
were also

obtained according to the SCLC mechanism [33]. At 350K,
the trap density (𝑁

𝑡
) is about 1.5 × 10

19 cm−3, the trap energy
level (𝐸

𝑡
) is about 0.20 eV, the trap capture cross-section

(𝜎
𝑡
) is about 3.2 × 10

−21 cm2, the effective density of states
in the conduction band (𝑁

𝐶
) is about 4.5 × 10

21 cm−3,
the maximum of dielectric relaxation time (𝜏

𝑑,max) is about
8.2 × 10

−6 s, and the electron mobility (𝜇) is about 1.2 ×

10
−6 cm2/V-s.

3.5. Ionic Conduction. Ionic conduction results from the
movement of ions under an applied electric field. The move-
ment of the ions may come from the existence of lattice
defects in the dielectric films. Due to the influence of external
electric field on defect energy level, the ions may jump
over a potential barrier from one defect site to another.
Figure 28(a) shows a schematic energy band diagram of ionic
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Figure 26: Carriers distribution in dielectric film under carrier strong injection (𝑉 > 𝑉tr) in space-charge-limited conduction. (a) Strong
injection (𝑉 > 𝑉tr, 𝑛 < 𝑛

0
< 𝑁
𝑡
, 𝜏
𝑐
< 𝜏
𝑑
), (b) trap-filled-limited (𝑉tr < 𝑉 < 𝑉TFL, 𝑛 < 𝑛

0
< 𝑁
𝑡
, 𝐸
𝐹𝑛

< 𝐸
𝑡
): parts of traps are filled up

(trapped behavior), and (c) space-charge-limited (𝑉 > 𝑉TFL, 𝑛0 > 𝑁
𝑡
, 𝐸
𝐹𝑛

> 𝐸
𝑡
): all traps are filled up (trap-free behavior). 𝑉tr and 𝑉TFL

are the transition voltage at the departure from ohm’s law and TFL curve, respectively; 𝑛 is the concentration of injected carriers; 𝑛
0
is the

concentration of thermally generated free carriers;𝑁
𝑡
is the trap density; 𝜏

𝑐
is the carrier transit time; 𝜏

𝑑
is the dielectric relaxation time; 𝐸

𝐹𝑛

is the Fermi level; 𝐸
𝑡
is the trapping level.

conduction without the applied electric field. Figure 28(b)
shows the condition with the applied electric field [10]. The
ionic conduction current can be expressed as

𝐽 = 𝐽
0
exp [−(

𝑞𝜙
𝐵

𝑘𝑇
−

𝐸𝑞𝑑

2𝑘𝑇
)] , (26)

where 𝐽
0
is the proportional constant, 𝑞𝜙

𝐵
is the potential

barrier height,𝐸 is the applied electric field, 𝑑 is the spacing of
two nearby jumping sites, and the other terms are as defined
above. Because the ion mass is large, the mechanism of ionic
conduction is usually not important for the applications of
dielectric films in CMOS technology.

3.6. Grain-Boundary-Limited Conduction. In a polycrys-
talline dielectric material, the resistivity of the grain bound-
aries may be much higher than that of the grains. Therefore,
the conduction current could be limited by the electrical
properties of the grain boundaries. In this case, the con-
duction mechanism is called the grain-boundary-limited
conduction [10, 34]. The grain boundary will build a grain
boundary potential energy barrier (Φ

𝐵
) which is inversely

proportional to the relative dielectric constant of the dielec-
tric material. The potential energy barrier can be written as

Φ
𝐵
= 𝑞𝜙
𝐵
=

𝑞
2
𝑛
2

𝑏

2𝜀𝑁
, (27)

where 𝑛
𝑏
is the grain boundary trap density, 𝜀 is the rela-

tive dielectric constant of the dielectric material, and 𝑁 is
the dopant concentration. From (27), it can be seen that
the dielectric constant can significantly affect the potential
energy barrier at the grain boundaries.

Figure 29(a) shows the charge distribution across an
electron-trapped grain boundary and the existence of deple-
tion regions next to the grain boundary.The potential energy
barrier at the grain boundary is shown in Figure 29(b) due to
the charge distribution close to the grain boundary. Figure 30
indicates an energy band diagram of the grain-boundary-
limited conduction in a metal-insulator-metal MIM diode.

4. Summary

The conduction mechanisms in dielectric films are discussed
in detail in this review. There are two types of conduction
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Figure 30: Schematic energy band diagram for grain-boundary-
limited conduction in metal-insulator-metal structure.

mechanisms in dielectric films, that is, electrode-limited
conductionmechanism and bulk-limited conductionmecha-
nism.Themost important parameter in the electrode-limited
conductionmechanisms is the barrier height at the electrode-
dielectric interface; meanwhile, the most important param-
eter in the bulk-limited conduction mechanisms is the trap
energy level in dielectric films. During the analysis of con-
duction mechanisms, the dielectric constant is a key factor.
For the case of thermionic emission process, the dielectric
constant should be equal to the optical dielectric constant
if the electron transit time is shorter than the dielectric
relaxation time. Based on the electrode-limited conduction
mechanisms, the physical properties of the barrier height at
the electrode-dielectric interface and the effective mass of
the conduction carriers in dielectric films can be obtained.
Similarly, based on the bulk-limited conductionmechanisms,
the physical properties of the trap level, the trap spacing, the
trap density, the carrier driftmobility, the dielectric relaxation
time, and the density of states of the conduction band in
dielectric films can be determined. In general, the conduction
mechanism in dielectric films may be influenced by the
following factors: temperature, electric field, stress condition,
device structure (MIS or MIM), electrode material, film
species (SiO

2
, high-dielectric-constant material, or ferroelec-

tric material), film thickness, deposition method, and so on.
Because all the mentioned factors can affect the dielectric-
electrode interface and/or the dielectric bulk property, all the
factors are important in the studies of dielectric conduction
mechanisms.
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SiO
2
orCu-doped SiO

2
(Cu:SiO

2
) insulating films combinedwithCuorWupper electrodeswere constructed on theW/Si substrates

to form the conductive-bridging RAM (CB-RAM) cells. The CB-RAMs were then subjected to a constant-voltage stressing (CVS)
at room temperature. The experimental results show that the room-temperature CVS treatment can effectively affect the current
conduction behavior and stabilize the resistive switching of the memory cells. After the CVS, the current conduction mechanisms
in the high resistance state during the set process of the Cu/Cu:SiO

2
/W cell can be changed from Ohm’s law and the space charge

limited conduction to Ohm’s law, the Schottky emission, and the space charge limited conduction. Presumably, it is due to the
breakage of the conduction filaments during the CVS treatment that the conduction electrons cannot go back to the back electrode
smoothly.

1. Introduction

As the charge storagememory is approaching its scaling limit
[1], the next generation nonvolatile memory (NVM) tech-
nologies have been widely investigated in recent years. New
types of NVMs include the resistive random access memory
(RRAM), magnetic random access memory (MRAM), and
the phase-change random access memory (PRAM). The
conductive-bridging RAM (CB-RAM) is one of the RRAMs
within which metal cations, such as copper or silver, can
form conductive bridges or break the conduction filaments
between the top and the bottom electrodes via ionmigration.
The CB-RAMs can be switched between the high resistance
state (HRS) and the low resistance state (LRS) under different
bias polarities [2, 3]. The insulating materials between the
active electrode (e.g., Cu or Ag) and the inert electrode
(e.g., W or Pt) play important roles in the resistive switching
(RS) operation and are called the solid electrolytes. Several

kinds of the insulating materials, such as chalcogenide [4, 5],
oxide-based [6–9], carbide [10], and amorphous silicon [11],
have been used for the CB-RAMs. Among these materials,
SiO
2
-based films have advantages such as simple composi-

tion, no toxicity, compatibility with the COMS technology,
and low cost. In addition, most of the resistive switching
improvement works of the RRAMs were done at elevated
temperatures [12–14]. There is no room-temperature process
of Cu doping in oxide found in the literature. This work has
tried to develop the room-temperature process of Cu doping
into oxide following the constant-voltage stressing (CVS)
treatment for the RRAM application. In this work, improve-
ment on the switching characteristics of the SiO

2
-based CB-

RAM cells has been investigated with room-temperature
constant-voltage stressing (CVS). The conduction mecha-
nisms and the role of ion migrations in the resistive switch-
ing behavior of the conductive SiO

2
-based films are also

discussed.
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Figure 1: Schematic diagram of the CB-RAM cell.
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Figure 2: FTIR analysis of the deposited SiO
2
and Cu:SiO

2
films.

2. Experiment

In this work, SiO
2
or Cu-doped SiO

2
(Cu:SiO

2
) insulating

films combined with Cu or W top electrodes were con-
structed on the W/Si substrate to form the CB-RAM cell as
shown in Figure 1. First, the tungsten (W) bottom electrode
of 100 nm thickness was deposited onto the Si substrate by
DC sputtering. Secondly, SiO

2
or Cu:SiO

2
films of 10 nm in

thickness were deposited onto the W/Si substrates by RF
sputtering. Then, the Cu or W top electrodes of 100 nm in
thickness and 100 𝜇m in diameter were deposited by DC
sputtering with metal mask. The elemental compositions
of the as-deposited oxide films have been measured with
the X-ray photoelectron spectroscopy (XPS). Analysis of the
atomic percentage of the solid-electrolyte films will help the
explanation of the resistive switching behavior.Themolecular
bonding of the oxide films was examined with the middle
infrared Fourier transform infrared (FTIR) spectroscopy.
The resistive switching characteristics of the SiO

2
-based

films before and after the electrical stress treatment were
measured by the semiconductor parameter analyzer Agilent

4156C. The top electrode was applied with the bias voltage
while the bottom electrode was grounded during the elec-
trical measurement. In this work, the electrical CVS of the
Cu/Cu:SiO

2
/W cell was carried out at −1 V with stress time of

300 sec at room temperature.

3. Results and Discussion

The FTIR results of the as-deposited SiO
2
and Cu:SiO

2
films

are shown in Figure 2. The Si–O–Si bonding and the Si–O
bondingwere observed at 1060 cm−1, 835 cm−1, and 461 cm−1,
respectively, in the SiO

2
film. For the Cu:SiO

2
film, there was

additional Cu–Obonding appearing at 606 cm−1. Besides, the
intensity of the Si–O bonding of the Cu:SiO

2
film is lower

than that of the SiO
2
film. It indicates that some of the Cu

atoms have bonded with the oxygen atoms in the Cu:SiO
2

film. The bonding energy of the Si–O–Si becomes weaker
after the Cu doping in the oxide. Therefore, the Si–O–Si
signal of the SiO

2
:Cu has shifted to higher wave numbers as

compared to pure SiO
2
sample.
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Figure 3: I-V characteristics of (a) W/SiO
2
/W, (b) Cu/SiO

2
/W, and (c) Cu/Cu:SiO

2
/W cells.

Figure 3 shows the I-V characteristics of the W/SiO
2
/W,

the Cu/SiO
2
/W, and the Cu/Cu:SiO

2
/W cells, respectively,

after the electrical forming process. In Figure 3(a), the
W/SiO

2
/Wcell shows no resistive switching behavior after all.

For theW/SiO
2
/W device, theW atoms cannot be ionized by

the applied electric field to form the conduction paths during
the first forming process. After the soft breakdown, the oxide
layer is completely damaged and cannot be recovered.That is
why the W/SiO

2
/W device shows high conductivity.

If the W top electrode is replaced by copper (Cu),
the Cu/SiO

2
/W cell exhibits the bipolar resistive switching

between the HRS and the LRS, as shown in Figure 3(b).
For the Cu/SiO

2
/W device, the Cu atoms from the top

electrode can be ionized by the applied electric field to form
the conduction paths in the oxide layer during the forming

process. After the soft breakdown, the oxide layer is not
damaged completely. As the Cu/SiO

2
/W device is biased

reversely, the Cu ions will go back to the Cu electrode forced
by the applied electric field and the Cu conduction paths
are broken. Therefore, the Cu/SiO

2
/W device shows high

resistance state. Consequently, replacing the W top electrode
with Cu can improve the RRAM behavior. However, the
Cu/SiO

2
/W cell is not stable after continuous operation with

DC sweeping cycles and the resistive switchingwill eventually
go off.

Furthermore, Figure 3(c) shows that the bipolar resistive
switching I-V characteristics of the Cu/Cu:SiO

2
/W cell are

more stable than those of the Cu/SiO
2
/W cell. For the

Cu/Cu:SiO
2
/W RRAM device, the set voltage is 0.78V

with a set current of 0.9mA, and the reset voltage is
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W cell.

−0.75V with a reset current of 1.0mA. According to the
XPS analysis results, the SiO

2
film has a Si : O ratio of

30.8 at.% : 69.1 at.%, while the Cu:SiO
2
film has a Cu : Si : O

ratio of 6.22 at.% : 29.6 at.% : 64.18 at.%.These results indicate
that the oxygen content is richer in SiO

2
film than in the

Cu:SiO
2
film. When a positive bias is applied to the Cu

electrode, the Cu ion (Cu+) will be generated and migrate
towards the W electrode along the electric field in the SiO

2

film. The redox reaction will result in thin Cu connecting
filaments in the SiO

2
film that exhibits the resistive switching

behavior. At the same time, lots of oxygen ions (O−) will
also be generated and migrate towards the Cu electrode and
then recombine with the Cu ions. This will eventually cause
the resistive switching behavior to go off. With the Cu:SiO

2

film, the Cu/Cu:SiO
2
/W cell shows better stability in resistive

switching because extra Cu atoms are doped in the SiO
2
film

to effectively trap the extra oxygen ions avoiding the breakage
of the Cu connecting filaments.

Figure 4 shows the condition of the CVS treatment to the
Cu/Cu:SiO

2
/W cell. The current value was slowly decreased

with increased CVS time. During the electrical stressing, the
current value decreases drastically at a CVS time of 140 sec. It
can be attributed to the major breakage of the Cu conduction
filaments. In this work, the Cu/SiO

2
/W device is biased

reversely during the DC stress treatment. The Cu ions will
go back to the Cu top electrode forced by the applied electric
field and the Cu filaments will be broken eventually.

Figure 5 shows the I-V characteristics of the Cu/Cu:SiO
2
/

W cells without and with the CVS treatment. It shows that
the operation power of the cell can be reduced after the CVS
treatment. Besides, the 𝑅HRS/𝑅LRS ratio is more stable after
the CVS treatment that the resistive switching behavior of
the cell can be enhanced by the CVS treatment. In the HRS
during the set process of the Cu/Cu:SiO

2
/W cell without the

CVS treatment, two different conductionmechanisms, Ohm’s
law (I∝V) and the trap-fill limited (I∝Vn), are dominant,
as shown in Figure 6(a). In the low bias regime, the injected
carrier density is lower than the thermally generated carrier
density that theOhm’s law conductionmechanismdominates
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Figure 5: I-V characteristics of the Cu/Cu:SiO
2
/W cells without and

with CVS treatment.

the conduction behavior. However, in the high bias regime,
the space charge limited conduction (SCLC) with trap model
is dominant [15–20]. The SCLC characteristics include the
Ohm’s law, the trap-filled limit behavior, and the Child’s law
(I∝V2) [15, 16]. Figure 6(b) shows that the Cu/Cu:SiO

2
/W

cell after the CVS treatment has three different conduction
mechanisms. In the low bias regime, the Ohm’s law con-
duction mechanism is dominant. As the bias increases, the
conduction mechanism changes to the Schottky emission
mechanism (ln (I) ∝ ln (V1/2)) in the middle bias regime
(0.13–0.55V). The transition of the conduction mechanism
might be due to the breakage of the conduction filaments
during the CVS treatment that the conduction electrons
cannot go back to the back electrode smoothly. As the
positive bias increases further to 0.56V, the conduction
current increases drastically. This might be attributed to the
reconnection of several conduction filaments and the SCLC
mechanism of Child’s law is dominant in this regime [21].

In addition, the endurance characteristics of the
Cu/Cu:SiO

2
/W cell after the CVS treatment have been

measured that, after 100 continuous switching cycles, the
HRS/LRS ratio remains almost the same, as shown in
Figure 7. For the Cu/Cu:SiO

2
/W device, there are more Cu

conduction filaments and the size of the Cu conduction
filaments is larger before the CVS treatment. Some of the Cu
filaments cannot be broken completely during the RESET
process. Therefore, the RRAM behavior of the device is not
stable enough. After the CVS treatment, both the number
and the size of the Cu conduction filaments are reduced.
The Cu/Cu:SiO

2
/W device becomes easier to be operated

between the SET and RESET processes so that the RRAM
behavior of the device is improved. Therefore, the CVS
treatment can effectively affect the current conduction
behavior and stabilize the resistive switching of the CB-RAM
cell.
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4. Conclusions

In this work, room-temperature CVS has been used to
improve the bipolar resistive switching characteristics of
the CB-RAMs with Cu:SiO

2
insulating film. After the CVS

treatment, the current conduction mechanisms in the HRS
during the set process of the Cu/Cu:SiO

2
/W cell can be

changed from Ohm’s law and SCLC to Ohm’s law, Schottky
emission, and SCLC. Besides, the switching characteristics
of the Cu/Cu:SiO

2
/W memory cell exhibit a more stable

𝑅HRS/𝑅LRS ratio due to the reduction of the conduction
filaments. The room-temperature CVS treatment developed

in this work shows high potential to improve the operation
performance of the CB-RAM cells.
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The electrical conduction and bipolar switching properties of resistive random access memory (RRAM) cells with transparent
calcium bismuth titanate (CaBi

4
Ti
4
O
15
—CBTi144) thin films were investigated. Experimentally, the (119)-oriented CBTi144 thin

films were deposited onto the ITO/glass substrates by RF magnetron sputtering followed by rapid thermal annealing (RTA) at a
temperature range of 450–550∘C. The surface morphologies and crystal structures of the CBTi144 thin films were examined by
using field-emission scanning electron microscopy and X-ray diffraction measurements. The on/off ratio and switching behaviors
of the transparent Al/CBTi144/ITO/glass RRAM devices were further discussed in this work.

1. Introduction

Recently, various new nonvolatile memory devices were
investigated, such as ferroelectric random access memory
(FeRAM), resistive random access memory (RRAM), and
phase change memory (PCM). Especially, the RRAM that
composed of a simplemetal-insulator-metal (MIM) structure
has the advantages of low power consumption, high speed
operation, good retention, and high-density integration capa-
bility [1–3]. Recent RRAM research includes perovskite
oxides and metal oxides with different electrodes such as VO
[4], Pr

0.7
Ca
0.3
MnO
3
[5], NiO [6], La

2
O
3
[7], Dy

2
O
3
[8], and

ZnO [9].
Several perovskite materials, such as SrBi

4
Ti
4
O
15

(SBT) [10], (Ba
0.7
Sr
0.3
)(Ti
0.9
Zr
0.1
)O
3

[11], CaBi
4
Ti
4
O
15

(CBT) [12, 13], CaBi
4−xNdxTi4O15(CBNT) [14], and

Ca
1−x LaxBi4(Ti0.9W0.1)4O15 (CLBTW) [15], have been

developed and investigated recently. Especially, the CBT film
has high Curie temperature and low current density [16, 17].
In this study, we have investigated the bipolar resistive
switching properties of the CBTi144 thin films in the metal-
insulator-metal (MIM) structure for memory application.

2. Experiment

In this study, the CBTi144 thin films were deposited onto
the ITO/glass substrates by RF magnetron sputtering with
a ceramic CBTi144 target. Ceramic target of CBTi144 was
prepared by conventional solid-state reaction technique.
First, raw materials of Bi

2
O
3
, CaO, and TiO

2
were weighted

first according to the stoichiometric ratio of CaBi4Ti
4
O
15
.

After mixing of the raw materials, the mixed material was
ball-milled for 5 h. The mixture was then dried and calcined
at 1100∘C for 4 h. Finally, the CBTi144 target was formed with
a diameter of 2 inches.TheCBTi144 films of 300 nm thickness
were then deposited onto the ITO/glass substrates by RF
magnetron sputtering with the CBTi144 target. The prepara-
tion conditions of the CBTi144 thin films are summarized in
Table 1. To form the transparent MIMAl/CBTi144/ITO/glass
RRAM device structure as shown in Figure 1, the top Al
electrodes were patterned using a metal mask and deposited
on top of the CBTi144 film by thermal evaporation. The
phase and the surface morphology of the deposited CBTi144
films were characterized by X-ray diffraction (XRD) and
field-emission scanning electron microscopy (FE-SEM). The

Hindawi Publishing Corporation
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Figure 1: Metal-insulator-metal (MIM) capacitor structure of the CBTi144 RRAM device.

(a) (b)

(c) (d)

Figure 2: Surface morphologies of the CBTi144 films with (a) no annealing, (b) 450∘C RTA, (c) 500∘C RTA, and (d) 550∘C RTA.

leakage current characteristics of the CBTi144 thin films were
measured by a gain phase analyzer (HP4156C).

3. Results and Discussion

Figure 2 shows the FE-SEMmicrographs of the CBTi144 thin
films without annealing and with rapid thermal annealing
(RTA) at 450, 500, and 550∘C.As the annealing temperature is

increased, the grain size of the CBTi144 film slightly increases
and the porosity of the CBTi144 film decreases because the
oxygen vacancy concentration in the CBTi144 film decreases
[18].

Figure 3 shows the XRD patterns of the CBTi144 thin
films without and with 450–550∘C RTA. The XRD patterns
were used to identify the changes on crystalline structures
of annealed CBT thin films. The results of the XRD analysis
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Figure 3: XRD patterns of the CBTi144 thin films with different annealing temperatures.
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Figure 4: XPS of the CBTi144 thin films with different annealing temperatures: (a) Ca 2p3/2, (b) Bi 4f7/2, (c) Ti 2p3/2, and (d) O 1s.
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Figure 5: I-V characteristics of the CBTi144 RRAM cell without and with 450–550∘C RTA.
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Figure 6: Current conductionmechanisms of the Al/CBTi144/ITO/glass RRAM cell annealed at 450∘C: (a) in the entire switching operation,
(b) during the Set process, and (c) during the Reset process.
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Figure 7: Endurance test of the Al/CBT/ITO/glass cell with different CBT annealing conditions: (a) as-deposited, (b) 450∘C annealed, (c)
500∘C annealed, and (d) 550∘C annealed.

show that the CBT films are of polycrystalline and the peaks
of the XRD patterns correspond to the (006), (008), (119),
(2010), and (220) orientations of the perovskite crystal [19].
As the annealing is increased, most of the intensities of the
XRD peaks increase. This indicates that the grain sizes of the
CBT films increase with the RTA temperature.

Figure 4 shows the XPS analysis of the CBTi144 thin films
with different annealing conditions. It is noted that the
amounts of all the compositional elements in the CBT films
decrease as the annealing temperature increases. The oxygen
content decreases slightly for the cases of 450∘C and 500∘C
annealing that the oxygen vacancies may increase accord-
ingly. However, as the annealing temperature increased to
550∘C which is close to the melting point of the glass sub-
strate, the oxygen content decreases drastically presumably
due to the increased stress between the CBT film and the
ITO/glass substrate.

Figure 5 shows the current-voltage (I-V) characteristics
of the CBTi144 thin films without and with 450–550∘C RTA.
From the I-V measurement, the CBTi144 thin films show
good nonvolatile resistive switching properties.The transport
current of the CBTi144 thin film increases as the RTA temper-
ature increases up to 450∘C. However, the transport current
of the CBTi144 films will decrease if the RTA temperature
is increased to 500∘C and 550∘C. When the annealing tem-
perature increases, the concentration of the oxygen vacancies
in the CBTi144 thin film reduces that the bipolar resistive
switching characteristics of theCBTi144RRAMstructurewill
deteriorate.

Figure 6(a) shows the I-V characteristics of the trans-
parent Al/CBTi144/ITO/glass RRAM cell exhibiting bipolar
resistive switching behavior with different conduction mech-
anisms during the switching operation. With RTA tempera-
ture of 450∘C, the I-V characteristics of the CBTi144 RRAM
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Table 1

Target diameter (inch) 2
Substrate temperature (∘C) 30
RF power (W) 100
Chamber pressure (mTorr) 20
Oxygen concentration (%) 0
Deposition time (h) 2
Annealing temperature (∘C) 450–550

cell exhibit large on/off ratio over 100 at a bias voltage of
0.1 V. There are two conduction mechanisms, the Ohm’s law
(I/V) and the trap-filled limit (I/V

𝑛
), dominant during the

Set process of the RRAM cell, as shown in Figure 6(b). The
thermally generated carrier density is higher than the injected
carrier density in the low bias regime [7, 8]. Therefore, the
Ohm’s law mechanism dominates the conduction behavior
in the low bias regime. The SCLC characteristics include the
Ohm’s law (𝐼 ∝ 𝑉), the trap-filled limit behavior, and the
Child’s law (𝐼 ∝ 𝑉2) [7, 8]. However, the HRS has two kinds
of conduction mechanisms in the high bias regime where
the trapmodelwith space-charge-limited conduction (SCLC)
is dominant [20]. Figure 6(c) shows the current conduction
mechanisms during the Reset process of the RRAM cell. In
the LRS and HRS, the Reset process has similar conduction
mechanisms to the Set process.

Figure 7 shows the endurance characteristics of the
Al/CBT/ITO/glass cells with different annealing conditions.
For the case of 450∘C annealing as shown in Figure 7(b), the
endurance characteristics of the cell in the first 10 continuous
switching cycles still show an HRS/LRS ratio of 100. But after
10 continuous switching cycles, the cell shows an unstable
HRS/LRS ratio. For the case of 500∘C and 550∘C annealing
as shown in Figures 7(c) and 7(d), the HRS/LRS ratio is
even degraded. It is mainly because of the large reduction in
oxygen content at higher annealing temperatures that the cell
cannot switch properly in the HRS and LRS.

4. Conclusions

In this work, the resistive switching behavior of the transpar-
ent Al/CBTi144/ITO/glass RRAM cells has been investigated.
Our results show that the conduction switching behavior of
the CBTi144 RRAM cells is of bipolar switching. The current
conduction mechanisms of the CBTi144 RRAM cells have
also been discussed in this work.
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The surface state, electrical, and reliability characteristics of copper (Cu) interconnects after ammonia (NH3) or hydrogen (H2)
plasma treatment were investigated in this study. The experimental results show that H2 plasma treatment has excellent Cu oxide
removal efficiency, less impact on the formation of Cu hillocks, and less damage on low-dielectric constant (low-k) dielectrics in
comparison to NH3 plasma treatment. However, H2 plasma treatment results in a higher leakage current between the Cu lines and
shorter electromigration (EM) failure time due to a weaker adhesion strength at the Cu film interface. On the other hand, NH3
plasma treatment without the sufficient treatment time would lead to an increased probability of delamination at the Cu/barrier
layer interface since the Cu oxide layer can not be completely removed. As a result, extending NH3 plasma treatment time can
efficiently reduce the adhesion failure and enlarge EM resistance as well.

1. Introduction

Owing to the downscaling of devices to the deep sub-
micrometer level, the resistance capacitance (RC) delay of
interconnects is playing an increasingly important role in
determining the performance of an integrated circuit. To
reduce this effect, Cu has been used as an interconnect met-
allization material in deep submicron technology because of
its lower resistivity and higher electromigration resistance [1–
3]. However, since Cu is easily oxidized and diffused rapidly
into interlayer dielectrics (ILD, SiO

2
, or low-k dielectrics), a

diffusion barrier film (SiN, SiC, or SiCN) is required in Cu
metallization systems to prevent Cu diffusion [3–7].

However, in a real Cu and low-k dielectric dual dam-
ascene process, Cu can be oxidized by exposure to air
before the diffusion barrier is deposited. Thus the formed Cu
oxide layer negatively affects the electrical performance and
reliability of devices [8, 9]. Therefore, a chemical reaction to
remove this native Cu oxide is required before the barrier
layer is deposited to improve the adhesion between the Cu
film and the barrier layer. NH

3
and H

2
plasma treatments are

used in current Cu metallization as both generate H species,

which can remove the Cu oxide layer from the Cu surface
by an oxidation-reduction reaction [10]. Many studies have
investigated the effects of NH

3
and H

2
plasma treatments

on EM lifetime [11–13]. All such studies have revealed that
these plasma treatments improve EM reliability of Cu lines.
However, NH

3
and H

2
plasma treatments have also been

reported to have opposite effects [11, 13]. Additionally, the
effect of interface conditions on EM reliability is still unclear.

This study investigates the Cu surface state and physical
properties after NH

3
or H
2
plasma treatment. Additionally,

electrical results of the pattern wafers with dual-damascene
structures were evaluated and compared. Finally, the effect
of various plasma treatment conditions on EM reliability
performance was studied.

2. Experimental

Blanket Wafer. A film stack of SiN/Cu/TaN/SiO
2
/Si (sub-

strate) was prepared in a clean room for this study. First, a
200 nm thick thermal SiO

2
film was deposited on a blanket

Si substrate. Next, a 30 nm-thick TaN layer was deposited by
physical vapor deposition (PVD) to improve the adhesion
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Figure 1: AES depth profile of Si, N, O, and Cu atomic concentrations in the Cu/SiN multilayer structures (a) without plasma treatment and
(b) with 30 s NH

3
plasma treatment.

between Cu layer and SiO
2
film, followed by PVD Cu

layer used as a seed layer with a thickness of 160 nm. A
1.3 𝜇m thick electroplated Cu film was subsequently grown.
Chemical mechanical polishing (CMP) was then performed
to remove the top portion (∼0.4𝜇m-thick) of the Cu layer.
Then, the post-CMP clean using citric acid was used to
remove the backside Cu contamination. Finally, a 50 nm-
thick barrier layer of SiNwas deposited in a plasma-enhanced
chemical vapor deposition (PECVD) system. Before SiN film
deposition, two kinds of plasma treatment (NH

3
and H

2
)

were conducted in the same PECVD chamber. The plasma
treatment temperature were kept at 350∘C, with a rf power of
300W, pressure of 4.2 Torr, and gas flow of 300 sccm (cubic
centimeter per minute at STP).

Elemental analysis was carried out using depth-profile
Auger electron spectroscopy (AES) to check the oxygen (O)
concentrations between Cu film and the barrier layer (SiN).
The Cu oxide removal efficiency by NH

3
or H
2
plasma

treatment was determined by measuring the Cu reflectance
related to silicon substrate using ellipsometer. O

2
plasma was

treated on the post-CMP cleaning Cu wafer to form the Cu
oxide layer. Then, NH

3
or H
2
plasma treatment with various

times was performed to evaluate the reflectance change of Cu
film. X-ray photoelectron spectroscopy (XPS) analysis was
used to measure the bonding structure of the Cu film. The
adhesion ability was measured by stud-pull method.

PatternWafer.Three-layer metallization was fabricated based
on Cu dual-damascene technology. The dielectric material
used here was PECVD SiCOH film with the dielectric
constant of 2.8. After completing Cu CMP process, the
plasma treatment using NH

3
or H
2
gas and the deposition

of SiN barrier layer were subsequently performed and then
followed by the dual-damascene dielectric deposition, photo,
etch, and Cu processes to complete the next interdielectric

layer. The fabricated pattern wafers were inspected using
optical microscopy (OM) and scanning electron microscopy
(SEM). The leakage current was monitored on a 0.1m long
serpentine/comb structure with a 0.20 𝜇m line-width and
line-to-line space. EM testing was carried out on via-line
contact configuration, with a length of 250𝜇m and a width
of 0.20𝜇m. The stress temperature and current density were
350∘C and 1.5MA/cm2, respectively.The failure criterion was
a 10% relative increase in resistance.

3. Results and Discussion

AES depth-profile analyses were performed to determine
the concentration of oxygen at the interface between the
Cu film and the barrier layer. Figures 1(a) and 1(b) present
the elemental concentrations of Si, N, O, and Cu in the
multilayer structures without plasma treatment and with
30 s NH

3
plasma treatment. The interface between the Cu

film and the barrier layer in the untreated sample yielded
a significant oxygen peak (∼10.8% atomic concentration).
Plasma treatment clearly lowered the oxygen peak as shown
in Figure 1(b). Figure 2 presents the dependence of oxygen
atomic concentration on the treatment time for H

2
and

NH
3
plasma treatments. H

2
plasma treatment for 5 s sharply

reduced the oxygen atomic concentration to ∼2%. Under
the NH

3
plasma treatment condition, the oxygen atomic

concentration decreases as the treatment time increases,
reaching a saturated value of ∼2% after 30 s of treatment.This
result reveals that H

2
plasma treatment yields a higher Cu

oxide removal efficiency than NH
3
plasma treatment within

the initial period of plasma treatment. A possible cause is
that more hydrogen species are generated in the H

2
plasma

environment because the dissociation energy of H–H bonds
is lower. At longer plasma treatment times (>30 s), NH

3
and
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Figure 2: Oxygen atomic concentration at the Cu/SiN interface for
H
2
and NH

3
plasma treatments as a function of treatment time.

H
2
plasma treatments exhibit a similar Cu oxide removal

performance.
To evaluate Cu oxide removal efficiency rapidly, we

developed a new method by measuring the Cu reflectance at
a wavelength of 480 nm. As the Cu surface was oxidized, the
Cu reflectance decreased. Accordingly, the percentage change
in the Cu reflectance (𝑅%) was calculated by treating the
oxidized Cu film with H

2
or NH

3
gas plasma, according to

the following expression:

𝑅% =
CuRi − CuRO
CuRCMP

(1)

where CuRi, CuRO, and CuRCMP denote the Cu reflectance
after H

2
or NH

3
gas plasma treatment, O

2
gas treatment, and

post-CMP cleaning, respectively. This percentage change in
Cu reflectance is an index of Cu oxide removal efficiency.
A larger value means a higher Cu oxide removal efficiency.
Figure 3 compares the effectiveness of H

2
and NH

3
plasma

treatments with various durations. The result is similar to
that obtained from AES analyses. For a short treatment
duration (<20 s), H

2
plasma treatment causes higher percent-

age change in Cu reflectance as compared to NH
3
plasma

treatment, reflecting a higher Cu oxide removal efficiency.
Additionally, as the NH

3
treatment time increases to 30 s, the

Cu oxide removal efficiency reaches a value similar to that of
H
2
plasma treatment. However, as the NH

3
treatment time is

further increased beyond 40 s, the percentage change in Cu
reflectance decreases. The results of XPS analysis, shown in
Figure 4, suggest that this decline is a result of the formation
of Cu–N bonds in a NH

3
plasma environment. No Cu–N

bond was detected in the H
2
treated and untreated samples.

Figure 5 plots the adhesion strength between the Cu film
and the barrier layer under various treatment conditions
obtained from the blanket wafer. Five points were measured
under each condition to ensure reliability. As shown, the
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tested sample with NH
3
plasma treatment for a shorter time

(10 s) exhibits weaker adhesion than that with H
2
plasma

treatment. The reduced adhesion in 10 s NH
3
plasma treated

sample is probably due to the remaining Cu oxide at the
Cu surface. Increasing the treatment time to 30 s improves
the adhesion. Moreover, the tested sample with 30 s NH

3

treatment had a higher adhesion strength than theH
2
-treated

sample because the former treatment forms Cu–N chemical
bonds [14, 15]. The adhesion strength between the Cu film
and the barrier layer in H

2
-treated samples did not vary

significantly with the treatment time.
Following the CMP process, the pattern wafers were

conducted with the various plasma treatment conditions
before the barrier film was deposited. After completing
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three-layer metallization, these pattern wafers were ther-
mal annealed for 1 h at 425∘C with seven cycles. An OM
inspection was performed to check the pattern wafers for
25 sites. The NH

3
plasma treatment with short duration

(<20 s) produced some bubble-like defects on the Cu lines,
as presented in Figure 6(a). These bubble-like defects were
examined by SEM, revealing that the delamination occurred
at the interface between the Cu layer and the barrier layer, as
displayed in Figure 6(b). Figure 7 summarizes the probability
of formation of bubble-like defects under NH

3
and H

2

plasma treatments as a function of the treatment time. The
probability of formation of bubble-like defects is zero inde-
pendently of the duration of H

2
plasma treatment. However,

the probability is strongly correlated with the duration of
NH
3
treatment. The probabilities of formation of bubble-like

defects in the treated samples with NH
3
treatment for 5 s and

30 s were ∼80 and ∼36%, respectively, decreasing to 0% as the
treatment time exceeded 20 s. Interestingly, the trend in the
probability of bubble-like defect formation with treatment
time is consistent with the removal rate of Cu oxide layer
from the Cu surface. Based on the above results, the sufficient
removal of Cu oxide layer from theCu surface is critical in the
fabrication of high-quality Cu interconnects.

Hillocks are easily formed on a Cu surface in a thermal-
plasma environment and this formation must be minimized.
A previous study [16] pointed out that the formation of Cu
hillocks is related to the thermal budget. This study also
demonstrates that the density of Cu hillocks increases with
treatment time. However, different plasma gases produce
different amounts of Cu hillocks. For a fixed treatment time
of 30 s, the density of Cu hillocks in the H

2
-treated sample

(Figure 8(a)) is much lower than that in the NH
3
-treated

sample (Figure 8(b)), suggesting that the reactant gas also
contributes to the formation of Cu hillocks. The reduction
of Cu hillock formation by H

2
gas involves two mechanisms.

In the first, H
2
gas donates more reactive H species, which

chemically react with Cu lines. NH
3
gas provides more

physical sputtering due to N radicals. The other mechanism

5 𝜇m

(a)

Copper

Barrier layer

Copper

ILD layer

500 nm

(b)

Figure 6: (a) OM image of bubble-like defects; (b) cross-section
SEM images of a bubble defect.
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Figure 7: Probability of bubble-like defects formation under NH
3

and H
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plasma treatments as a function of the treatment time.

is that H
2
gas has a better thermal conductive coefficient,

resulting in a better heat transfer between the Cu surface and
the H

2
molecules.

In a standard Cu dual-damascene architecture, not only
the Cu surface but also the neighboring low-k ILD are
exposed to the plasma environment. Therefore, the effect of
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Figure 8: OM images of Cu hillocks (a) 30 s H
2
plasma treatment; (b) 30 s NH

3
plasma treatment.
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2
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plasma treatments as functions of treatment time.

the plasma treatment on the ILD must be taken into consid-
eration because the dielectric constant of the low-k dielectric
is the most essential factor in determining the RC delay
time of the interconnects. Figure 9 plots the dependence of
the plasma treatment conditions on the dielectric constant
of low-k dielectrics. NH

3
plasma treatment increases the

dielectric constant of low-k dielectrics more than H
2
plasma

treatment. The increase in the dielectric constant of low-k
dielectrics is caused by the nitridation process in the top
part of the ILD by NH

3
plasma treatment. Additionally, the

dielectric constant of low-k dielectrics increases with plasma
treatment time, saturating as the treatment time exceeds 20 s
because plasma bombardment reduces the carbon atomic
concentration in the low-k dielectrics, but the increase is less
than 10% for all treatment conditions.

Figure 10 presents the electrical results of sheet resistance
of Cu lines and leakage current between Cu lines under
various treatment conditions. The presented results were
obtained from pattern wafers with three-layer metallization.
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Figure 10: Sheet resistance of Cu lines and leakage current between
Cu lines after various plasma treatment conditions.

As shown,Cu sheet resistance is independent of the treatment
gas and the treatment time for both narrow and wide Cu
lines, revealing that plasma treatment did not significantly
change the granularity or constitution of the Cu lines. On
the contrary, the leakage current between the Cu lines was
sensitive to the plasma treatment conditions. Under NH

3

plasma treatment, a lower leakage current was detected
in comparison to H

2
plasma treatment. The main current

leakage path is along the interface between the Cu layer and
the barrier layer [17]. Therefore, the adhesion at the interface
between the Cu layer and the barrier layer becomes stronger
under NH

3
plasma treatment because of the formation of

Cu–N bonds. The increase in adhesion at the Cu interface
can effectively block the leakage current path, reducing
the leakage current [18]. H

2
plasma treatment time has

no significant impact on the leakage current. In contrast,
the leakage current is slightly reduced as the NH

3
plasma

treatment time increased from 10 s to 30 s.
Figure 11 presents the lognormal plot of EM failure times

of via-line test structures under various plasma treatment
conditions. The Cu test structure without any plasma treat-
ment is also displayed as a reference. Plasma treatment of
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treatment conditions.

the Cu surface clearly increases EM failure times, revealing
that the interfacial diffusion dominated the EM failure
mechanism [19]. Furthermore, NH

3
plasma treatment with

insufficient time (<20 s) yielded shorter failure times in
comparison to H

2
treatment. This result is consistent with

that of Vairagar et al. [11], because not all of the native
Cu oxide layer is removed by NH

3
plasma treatment for

insufficient time. The remaining Cu oxide layer at the Cu
interface reduces the adhesion strength between the Cu
line and the barrier layer under electrical stress, weakening
the Cu interface, facilitating the diffusion of Cu ions along
the surface, accelerating the formation of voids, and thus,
shortening EM failure time. In contrast, when the NH

3

treatment time is increased above 20 s, the failure times are
longer than those with H

2
treatment since the Cu oxide layer

is sufficiently removed andCu–Nbonds form, reinforcing the
adhesion strength of Cu lines with the barrier layer.

4. Conclusions

NH
3
andH

2
plasma treatments on Cu interconnects are used

to remove the Cu oxide layer. This study investigated the
surface state, electrical, and reliability characteristics of Cu
interconnects under these two plasma treatments. H

2
plasma

treatment yields an excellent removal rate of the Cu oxide
layer and has less impact on the formation of Cu hillocks
and the low-k dielectric layer in comparison to NH

3
plasma

treatment. However, it created no new detectable bonds with
Cu layer, which would have enhanced the adhesion strength
between the Cu layer and the barrier layer, resulting in higher
leakage currents between Cu lines and shorter EM failure
times. In NH

3
plasma treatment, an insufficient treatment

time leads to an increased probability of delamination at

the Cu/barrier layer interface. Hence, extending NH
3
plasma

treatment time can efficiently reduce the adhesion failures
and enlarge EM resistance.
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We adopted a lanthanumoxide capping layer between semiconducting channel and insulator layers for fabrication of a ferroelectric-
gate thin-film transistormemory (FGT)which uses solution-processed indium-tin-oxide (ITO) and lead-zirconium-titanate (PZT)
film as a channel layer and a gate insulator, respectively. Good transistor characteristics such as a high “on/off” current ratio, high
channel mobility, and a large memory window of 108, 15.0 cm2 V−1 s−1, and 3.5 V were obtained, respectively. Further, a correlation
between effective coercive voltage, charge injection effect, and FGT’s memory window was investigated. It is found that the charge
injection from the channel to the insulator layer, which occurs at a high electric field, dramatically influences the memory window.
The memory window’s enhancement can be explained by a dual effect of the capping layer: (1) a reduction of the charge injection
and (2) an increase of effective coercive voltage dropped on the insulator.

1. Introduction

Ferroelectric-gate thin-film transistors (FGTs) have attracted
much attention due to their nonvolatility, high write speed,
low power consumption, and high endurance. Various types
of FGTs composed of different stacked structures have been
investigated [1–11]. Nevertheless, these devices exhibited very
short retention time up to now, except for the case of epi-
taxial growth of the stacked ZnO/PZT/SrRuO

3
structure by

pulsed laser processing [6, 12]. The main causes of the
short retention time have widely been approved to be the
effect of depolarization field from an interlayer and leakage
current in the ferroelectric film on the Si surface channel
[13–18]. In recent, the directly stacked oxide semiconduc-
tor/ferroelectric structure using pulsed laser processing is
considered to be effective for forming a “clean” interface
[6, 12, 19]. The costly pulsed laser processing, however, is
unfavorable for industrial applications.

On the other hand, chemical solution processing can
offer many advantages such as low fabrication cost, high

throughput, large area deposition, direct patternability, and
direct printing of devices. We have been challenging to
use solution-processed indium-tin-oxide (ITO) as a channel
layer with combination of ferroelectric PZT gate insulator
for FGTs. However, it seems to be more difficult to obtain a
“clean” solution-processed ITO/PZT interface as compared
with its counterpart by means of vacuum process. That is
because of component interdiffusion (such as Pb, Zr, Ti, and
In) or reaction between ITO and PZT layer, which occurs
even at as low as 450∘C treatment [20–22]. In order to
solve the interface problem, we have proposed the use of a
lanthanum oxide (LO) as a capping layer between ITO and
PZT to prevent the reaction and interdiffusion between these
layers, as well as to improve the retention properties [23]. As
a result, the ITO/LO/PZT interface with atomically flat and
no undesirable interface layer was obtained. The fabricated
device exhibited a typical n-channel memory transistor with
a high “on/off” current ratio (𝐼on/𝐼off ) of more than 108 and a
large memory window (𝑀

𝑤
) of 3.0 V.
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Figure 1: The cross-sectional structure of the fabricated FGT device.

Furthermore, in the ferroelectric-gate FETs, the memory
window is theoretically equal to twice the coercive voltage
[24]. However, in the practical cases, the memory window
is not equivalent to double coercive voltage due to the
voltage drop across an interlayer between the ferroelectric
and the semiconductor. When a gate bias is applied to the
ferroelectric gate structure, the unsaturated electric field
applied to the ferroelectric film and the charge injection from
the semiconductor to the interlayer can dominantly reduce
thememory window because a high electric field is applied to
the interlayer.Thus, it has usually suggested inserting a buffer
insulator between the ferroelectric and the semiconducting
channel, resulting in decreasing the electric field applied
to the interlayer [25, 26]. In this work, the influence of
coercive voltage and charge injection on device performance
was investigated. It is found that the charge injection from
the channel to the insulator layer dramatically influences on
the memory window. The memory window’s enhancement
can be explained by a dual effect of the capping layer: (1)
a reduction of the charge injection and (2) an increase of
effective coercive voltage dropped on the insulator.

2. Experimental Details

To fabricate a FGT device, first Pt/Ti (100 nm/10 nm) filmwas
deposited on a thermally grown SiO

2
(500 nm)/Si substrate

by a radio-frequency magnetron sputtering as a bottom
gate [27]. Then, PZT gate insulator (180 nm) was formed by
the sol-gel method using alkoxide-based PZT (120/40/60)
precursor solution (8wt%, Mitsubishi Chemical Co.). This
solution was spin coated and dried at 240∘C in air for 5min.
The process was repeated 4 times to get the desire film
thickness. After that, the PZT layer was crystallized at 600∘C
for 20min in ambient air environment. Next, a LO layer was
fabricated by spin coating using a nitrate-based precursor
solution (0.1mol/kg, Sigma-Aldrich Co.), and then slowly
heated up to 550∘C (10∘C/min) and held for 10min in O

2
. In

the following fabrication steps, Pt source and drain electrodes
were sputtered at room temperature and patterned by a lift-
off process. After that, an ITO layer (∼30 nm) was deposited
by spin-coating using carboxylate-based precursor solution
(5wt % SnO

2
-doped, Kojundo Chemical Laboratory Co.)

followed by annealing at 450∘C for 30min in air. Device

region was patterned and isolated by the reactive ion etching.
The channel length and width of the fabricated devices
were 30 and 60 𝜇m, respectively. For comparison, we also
fabricated the conventional ITO/PZT sample by the solution
process [23]. A cross-sectional structure of the fabricated
FGT device is shown in Figure 1.

Cross-section high-resolution transmission electron
microscope (HRTEM) image and selected area electron
diffraction (SAED) patterns were obtained with a scanning
TEM, JEM-ARM200F system (JEOL). Polarization-voltage
(P-V) hysteresis loops of the PZT films were measured by
a Ferroelectric Characterization Evaluation System (TOYO
Corporation Model FCE-1). Capacitance-Voltage (C-V)
measurements were carried out using a precision component
analyzer (Wayne Kerr 6440B Model) at 1.0 kHz. Device
characterization was carried out at room temperature by
using a Semiconductor Parameter Analyzer (Agilent 4155C
Model).

3. Results and Discussion

3.1. Structural and Electrical Properties of the Solution-
Processed ITO/LO/PZT FGT Device. Figure 2 shows AFM
images of the conventional PZT (Figure 2(a)) and new
LO/PZT surface (Figure 2(b)). We found that the LO/PZT
surface, which consisted of small and uniform grains, was
much smoother than the conventional PZT surface. Namely,
theRMSvalues of the conventional PZT and the newLO/PZT
surface were 2.28 nm and 0.63 nm, respectively. Also, this
difference in surface roughness can be clearly seen when
comparing 3D-AFM images of the PZT and LO/PZT surface
as shown in the insets. From this result one can expect that the
carrier scattering at the interface between ITO and LO/PZT
layers would be less than that in the conventional ITO/PZT
structure.

The cross-sectional image of the ITO/LO/PZT structure
by HRTEM exhibited an atomically flat interface with no
defective layer (Figure 3).The thickness of the LO layer was as
thin as 2-3 nm. In addition, the high angle annular dark-field
scanning TEM (HAADF-STEM) image and the TEM-EDX
line analysis crossing ITO/LO/PZT interfaces apparently
showed high uniformity of PZT layer and negligible out-
diffusion of Pb, Zr, and Ti elements. Also, two dimensional
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Figure 2: AFM images of (a) PZT and (b) LO/PZT surface. The insets of (a) and (b) are 3D-topography images, respectively.

PZT

LaO

Pt

ITO

ITO

LaO

PZT

ED (ITO) ED (PZT)

50 nm

5 nm

C-protection layer

Tungsten (W)

Figure 3: Cross-sectional HR-TEM images of the ITO/LO/PZT/PT stacked structure and electron diffraction patterns of ITO and PZT layers.

(2D) EDX element mapping exhibited homogeneous compo-
sitional distribution of the ITO and PZT layers (not shown
here) [19]. In contrast, a HRTEM image at ITO/PZT interface
revealed an amorphous interlayer having a thickness of 7–
10 nm. In addition, approximately 10 at % loss of Pb and

Ti atoms were observed in 10 nm thickness from the PZT
surface by their diffusion into the ITO layer. Therefore, the
ITO layer actually contains Pb atoms as impurity [19, 21].The
electron diffraction patterns of ITO and PZT layers indicate
their polycrystalline structures, which are consistent with



4 Advances in Materials Science and Engineering

0 5 10

Gate voltage (V)

D
ra

in
 cu

rr
en

t (
A

) 0.0

G
at

e l
ea

k 
(A

)

−10 −5
1E − 12

1E − 11

1E − 10

1E − 9

1E − 8

1E − 7

1E − 6

1E − 5

1E − 4

1E − 3

VD = 1.5V
W/L = 30𝜇m

−4.0 × 10−9

−8.0 × 10−9

−1.2 × 10−8

−4.0 × 10−9

(a)

0.0

0.5

1.0

1.5

2.0

2.5

D
ra

in
 cu

rr
en

t (
m

A
)

Drain voltage (V)
80 2 4 6

VG = 8V

VG = 7V

VG = 6V

VG = 5V

VG = 4V
VG = 0–3 V

(b)

Figure 4: (a) Transfer and (b) output characteristics of the fabricated FGT device.

XRD analysis, with preferential orientation of (222) and (111),
respectively.

Figure 4 shows the transfer (𝐼
𝐷
-𝑉
𝐺
) and output (𝐼

𝐷
-

𝑉
𝐷
) characteristics of the fabricated FGT device. The 𝐼

𝐷
-

𝑉
𝐺
curve exhibited counterclockwise hysteresis loop due to

ferroelectric polarization of the PZT as indicated by the
arrows, which confirmed the nonvolatilememory function of
this device.The 𝐼

𝐷
-𝑉
𝐷
curve shows a typical n-type transistor

behavior with a good drain current saturation. We can see
that the gate leakage currents (in both negative and positive
regions) are relatively small (∼10 pA). The observed peaks
in the gate leakage current resulted from the polarization
currents of the ferroelectric PZT layer. Therefore, we may
consider that the rounded behaviour in the transfer curve at
the negative region is not mainly caused by the gate leakage
current. Once the device is turned on, it is not completely
switched off as the negative voltage applied, leading to the
rounded characteristic. We speculate that carriers in some
part of the channel layer might not be completely depleted.

In the conventional ITO/PZT structure, a relatively large
𝐼on/𝐼off ratio was obtained but the drain current ratio, that is,
the binary states, at a zero gate voltage, which is indispensable
for nonvolatile memories, was not sufficiently large owing to
a shift in the threshold voltage to the negative voltage side [19,
21, 23, 25]. On the other hand, the new ITO/LO/PZT struc-
ture presented an excellent 𝐼on/𝐼off and a Δ𝑉th of more than
108 and 3.5 V, respectively, which are much better than those
of previous reported FGTs [1–6]. The field-effect mobility of
15.0 cm2 V−1 s−1 was estimated from the saturation region of
the device’s output characteristics, which is comparable to or
higher than other reported oxide-channel TFTs by means of
vacuum processes [1, 12]. Furthermore, the threshold voltage
from a negative bias to a positive one was very close to a
zero gate voltage, which indicated that the amount of space
charge in the PZT film and at the ITO/LO/PZT interfaces was
relatively low [12].

It was demonstrated that the LO layer acted as a good bar-
rier film not only for preventing the interdiffusion between
the ITO semiconductor and PZT insulator layers, but also
for stabilizing the PZT surface structure. We speculate that
La3+ ions are incorporated into PZT structure by substituting
for Pb2+ ions, which effectively stabilizes PZT structure by
preventing Pb evaporation and formation of oxygen vacan-
cies. Consequently, the interdiffusion between ITO and PZT
layers were suppressed resulting in good ITO/PZT interface
properties [23].

3.2. Analysis on the Influence of Charge Injection on the
Memory Window of the ITO/LO/PZT FGT Device. In the
ferroelectric-gate structure, a differential form of Gauss’s law
describes the relationship between the maximum electric
field in the semiconducting layer, 𝐸sc, the ferroelectric dis-
placement, 𝐷fe, and any free charge, 𝑄

𝑖
, which might reside

near the ferroelectric/semiconductor interface [28]:

𝜀sc𝐸sc = 𝑄𝑖 + 𝐷fe, (1)

where 𝜀sc is the dielectric constant of the semiconductor.
Depending on the signs of 𝐷fe and 𝑄𝑖, the semiconducting
layer may either be inverted, depleted, or accumulated.𝐷fe is
known from ferroelectric hysteresis measurements. Typical
values of 𝐸sc calculated from (1) are so large that it is probable
that some carriers will be injected into the ferroelectric. For
our case, the relative dielectric constant of the semiconductor
is approximately 10, and 𝐷fe is 30 𝜇C/cm

2, then 𝐸sc is ∼3 ×
107 V/cm This injected “homocharge” is opposite in site to
𝐷fe, and if it becomes trapped (as 𝑄

𝑖
), 𝐸sc will drop, slowing

the injection process. Consequently, we might anticipate that
interface charge could play a role in device operation.

Figure 5(a) shows the P-V hysteresis loops of the
Pt/LO/PZT/Pt capacitor. As clearly seen, as increasing
applied voltage both the coercive voltage and remnant
polarization value increase due to switching of ferroelectric
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Figure 5: (a) P-V hysteresis loops and (b) the twice of the coercive voltages of the Pt/LO/PZT/Pt capacitor.
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Figure 6: (a) Transfer curves and (b) memory window as a function of gate sweep voltage.

domains. A variation of the coercive voltage as a function
of the applied voltage is summarized in Figure 5(b), which
indicates that hysteresis loops get saturated at approximately
5V.

Figure 6(a) shows the transfer characteristics of the
ITO/LO/PZT FGT device when the gate voltage was swept
from ±5 to ±14V. Increasing the gate voltage, the memory

window increases symmetrically, which reveals the excel-
lent ferroelectric polarization switching property. Figure 6(b)
summarizes the change of memory windows as a function of
gate voltage.

As mentioned above, the memory is severely reduced
by the charge injection from the ITO into the interlayer
between ITO and PZT layers. The following relationship
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𝑐
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the ITO/LO/PZT structure. The values of charge injection are 2𝑉
𝑐
−𝑉
𝑚
at the same gate voltage, where 2𝑉

𝑐
is twice the coercive voltage at the

real applied voltage on the PZT film only.

clearly expresses how much the memory window will be
reduced:

𝑉
𝑚
= 2𝑉
𝑐
− 𝑉ci, (2)

where 𝑉
𝑚
is the memory window, 2𝑉

𝑐
is the effective double

coercive voltage, and 𝑉ci is the flat band voltage shift due
to charge injection. Here, the effective coercive voltage can
be derived from Figure 5(a) after calculating the voltage
distribution across the series capacitance consisting of the
PZT, LO, and ITO layer. We have determined the effective
voltage applied to the capacitor by following relations:

𝑉
𝑓
=

𝜀
𝑠
𝜀
𝑖
𝑑
𝑓

𝜀
𝑠
𝜀
𝑖
𝑑
𝑓
+ 𝜀
𝑠
𝜀
𝑓
𝑑
𝑖
+ 𝜀
𝑓
𝜀
𝑖
𝑑
𝑠

𝑉
𝐺
,

𝑉
𝑖
=

𝜀
𝑠
𝜀
𝑓
𝑑
𝑖

𝜀
𝑠
𝜀
𝑖
𝑑
𝑓
+ 𝜀
𝑠
𝜀
𝑓
𝑑
𝑖
+ 𝜀
𝑓
𝜀
𝑖
𝑑
𝑠

𝑉
𝐺
,

𝑉
𝑠
=

𝜀
𝑖
𝜀
𝑓
𝑑
𝑠

𝜀
𝑠
𝜀
𝑖
𝑑
𝑓
+ 𝜀
𝑠
𝜀
𝑓
𝑑
𝑖
+ 𝜀
𝑓
𝜀
𝑖
𝑑
𝑠

𝑉
𝐺
,

(3)

where 𝑉, 𝜀, and 𝑑 are the effective voltages applied to
the capacitor, the dielectric constant, and the thickness,
respectively. The subscripts of 𝑖, 𝑠, 𝑓, and 𝐺 stand for the
insulator (LO), semiconductor (ITO), ferroelectric (PZT),
and gate, respectively.

To calculate the dielectric constants of the capacitors,
we assumed a dielectric constant value of the 7 nm-thick
interlayer between ITO and PZT films to be 5. The thick-
ness and dielectric constant of the LO layer are 2 nm
and 27, respectively. Based on the equivalent circuit of the

ITO/LO/PZT structure, the calculated dielectric constants of
PZT and ITOusing the accumulation region of theC-V curve
are about 457.6 and 50.8, respectively. Using these values and
(3) we can calculate the electric field distribution in the series
capacitor as follows: 𝑉

𝑓
= 0.493𝑉

𝑔
and 𝑉

𝑖
= 0.246𝑉

𝑔
. Using

(2) we can extract the 2𝑉
𝑐
and the𝑉ci dependence on the gate

voltage as shown in Figure 7(a).
Figure 7(a) shows a dependence of the effective coercive

voltage and the charge injection on the gate voltage. It is found
that the ITO/LO/PZT structure causes the memory window
enhancement due to the increase in the 2𝑉

𝑐
and the decrease

in the 𝑉ci. Interestingly, when the gate bias goes up to 7V
the 2𝑉

𝑐
seems to be saturated and the 𝑉ci starts to rise from

zero. Increasing the gate voltage led to the slight change of
𝑉ci.There was no severe charge injection observed even when
the gate voltage rises up to 14V, which can be confirmed
by the measurement of the memory window as shown in
Figure 6(b).

As for the conventional ITO/PZT structure, the cal-
culated voltage distributions across the series capacitance
consisting of the PZT, interlayer (𝑑

𝑖
∼ 5, 𝑡
𝑖
∼ 7 nm), and ITO

layer are 𝑉
𝑓
= 0.189𝑉

𝑔
and 𝑉

𝑖
= 0.711𝑉

𝑔
. Therefore, most

of the applied voltage dropped on the interlayer, which may
cause severe charge injection from the semiconductor layer
to it. As shown in Figure 7(b), the charge injection in the
conventional structure was severely raised at a rather small
𝑉
𝑔
of about 4V.
This result suggests that the memory window can be

enhanced by adjusting the LO layer thickness or thickness
ratio of LO to PZT layer. Inserting a thin LO layer, although
the effect field on the PZT is reduced, the memory window of
the ITO/LO/PZT structure increases since the electric field
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applied to the interlayer decreases, resulting in the reduction
of charge injection.

4. Conclusion

We fabricated and investigated operation of a solution-
processed ITO-channel ferroelectric-gate thin-film transistor
memory (FGT) which uses the LO as a capping layer. Good
transistor characteristics such as a high “on/off” current ratio,
high channel mobility, and a large memory window of 108,
15.0 cm2 V−1 s−1, and 3.5 V were obtained, respectively. The
impacts of effective coercive voltage and charge injection
effect on the FGT’s performance were also investigated.
The experimental and theoretical analysis reveals that the
memory window equals the difference between the effective
coercive voltage (2𝑉

𝑐
) (2𝑉
𝑐
) applied to the ferroelectric film

and the flat band voltage shift due to charge injection (𝑉ci).
The memory window’s enhancement can be explained by a
dual effect of the capping layer: (1) a reduction of the charge
injection and (2) an increase of effective coercive voltage
dropped on the insulator.
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Polycrystalline BiFeO
3
films have been magnetron sputter deposited at room temperature and subsequently heat-treated ex situ

at temperatures between 400 and 700∘C. The deposition was done in pure Ar atmosphere, as the use of oxygen-argon mixture
was found to lead to nonstoichiometric films due to resputtering effects. At a target-to-substrate distance 𝑑 = 2 the BiFeO

3

structure can be obtained in larger range process gas pressures (2–7mTorr) but the films do not show a specific texture. At 𝑑 = 6
codeposition from BiFeO

3
and Bi

2
O
3
has been used. Films sputtered at low rate tend to grow with the (001) texture of the pseudo-

cubic BiFeO
3
structure. As the film structure does not depend on epitaxy similar results are obtained on different substrates. A

result of the volatility of Bi, Bi rich oxide phases occur after heat treatment at high temperatures. A Bi
2
SiO
5
impurity phase forms

on the substrate side, and does not affect the properties of the main phase. Despite the deposition on amorphous silicon oxide
substrate weak ferromagnetism phenomena and displaced loops have been observed at low temperatures showing that their origin
is not strain. Ba, La, Ca, and Sr doping suppress the formation of impurity phases and leakage currents.

1. Introduction

Recently there is a revival of the interest in magnetoelectric
materials for novel multifunctional devices [1] and spin-
tronic [2] applications. BiFeO

3
(BFO) is both ferroelectric

(𝑇
𝐶
= 1100K) and antiferromagnetic (𝑇

𝑁
= 643K) at

room temperature, and thus it is very promising for such
applications [3]. Pulsed laser deposition [4–6] and sputtering
[7–10] are standard methods to deposit BFO films. Mag-
netron sputtering is a very reproducible and easily controlled
deposition technique that can be used to prepare heterostruc-
tures combining different types of layers. However, when
magnetrons are used to prepare binary oxide materials,
severe resputtering of the film during deposition can alter its
composition [11]. In order to find the conditionswhich lead to
formation of the crystalline BFO phase sputtering at different

substrate-to-target distances and process gas pressures have
been tested. Here, we present a study of magnetron sputtered
deposition of polycrystalline BiFeO

3
films in view of their use

as exchange-biasing layers.

2. Experimental

Polycrystalline BFO and iron oxide films have been mag-
netron sputter deposited at room temperature using a MAN-
TIS deposition system from a commercial BiFeO

3
(2 and

3
), Bi
2
O
3
(2), and Fe

3
O
4
(3) targets of Kurt J. Lesker. The

substrates are placed opposite to the sputtering targets (on
axis). Pure (5N) Ar was used as a process gas. Three different
methods have been applied: (i) deposition from a 2 BFO at
a substrate-to-target distance of 2, (ii) low rate deposition
from a 2 BFO at a substrate-to-target distance of 6, and
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Figure 1: XRD patterns of bismuth ferrite films deposited under
different sputtering gas pressures at a distance 𝑑 = 2.

(iii) codeposition from a BFO (3) and Bi
2
O
3
(2) targets

at a distance of 6. In order to achieve doping by elements
as Ba, La, Sr, and Ca, corresponding oxide powders have
been added either on the BiFeO

3
or on the Bi

2
O
3
target for

heavy or low doping, respectively. The BFO films have been
sputter deposited and subsequently heat-treated ex situ at
temperatures between 400 and 700∘C. The X-ray diffraction
(XRD) diagrams were collected with a Bruker D8 Advance
Diffractometer.Themagneticmeasurements were performed
with a Lake Shore vibrating samplemagnetometer (VSM) and
QuantumDesign SQUIDmagnetometer.Themicrostructure
was investigated with a JEOL JSM-5600 Scanning Electron
Microscope. The leakage currents have been measured by a
RT66B test system of Radiant technologies.

3. Optimization of the Deposition Conditions

In Figure 1, the XRD patterns of films deposited under
different sputtering gas pressures at a distance 𝑑 = 2 are
presented.The applied power is 100WRF. In all cases, BiFeO

3

is the main phase, and the stoichiometry (determined by
EDX) does not vary considerably, but it is close to Bi

47
Fe
53
Ox.

More specifically, the atomic percent of Bi was determined
to be 46.2, 47.5, and 47.1, for 2, 3.5, and 7mTorr of Ar gas,
respectively.

There is presence of bismuth oxide, mainly at higher
Ar pressure, and Bi

2
SiO
5
at lower Ar pressures. The former

is a result of the volatility of Bi and the decomposition of
the bismuth ferrite phase. If additional oxygen is used as a
reactive gas, then the films are severely Bi deficient (EDX
shows Bi

40
Fe
60
Ox) and the BiFeO3 phase does not form.This

may be attributed to resputtering as a result of oxygen anions
bombardment of the substrate [11]. The Bi

2
SiO
5
phase forms

on the substrate side, as suggested by the presence of Si, and
does not affect the properties of the main phase.

This can be proven by examining grazing incidence
XRD patterns acquired at different incidence angles. The
Bi
2
SiO
5
peak intensity increases with the angle of incidence

(Figure 2).
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Figure 2: Grazing incidence XRD patterns of BFO films measured
under different incidence angles. BiFeO

3
peaks are indicated by

crosses, those of Bi
2
SiO
5
by lines, and those of Bi

2
O
3
by stars.
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Figure 3: XRD patterns of bismuth ferrite films deposited Ar gas
pressure 𝑝 = 5mTorr at a distance 𝑑 = 6 on oxidized Si wafers.
The films show (100) texture of the pseudocubic unit cell which
corresponds to the (012) of R3c.

In Figure 3 the XRD patterns of 20 nm thick heat-treated
films deposited at𝑑 = 6 at Ar pressure of 5mTorrwith depo-
sition rate 0.03 nm/min. Similar results are obtained for films
deposited at Ar pressure of 2mTorr (0.25 nm/min). After ex
situ heat treatment at 500∘C, the BiFeO

3
phase with (100)

texture of the pseudocubic unit cell appears.This corresponds
to the (012) of rhombohedral phase (space group R3c) which
is the bulk unit cell, resulting from the symmetry reduction
due to the ferroelectric and accompanying distortions. The
optimum heat-treatment temperature is 600∘C while heat
treatment at higher temperatures leads to the formation of
the undesired phases as silicate, bismuth oxide, and in some
cases other ferrites as Bi

2
Fe
4
O
9
.

The degree of texture was estimated by profile refine-
ment of the XRD patterns using the WinPLOTR package
(Figure 4). The March preferred orientation function was
used. The March parameter estimated to 0.22 which gives
an average grain misalignment consistent with the rocking
curves around the (001) pseudocubic reflection. In general,
it was found that, under these conditions, the stoichiometry



Advances in Materials Science and Engineering 3

20 25 30 35 40 45 50 55 60 65
2𝜃 (deg)

0

100

200

In
te

ns
ity

 (c
ou

nt
s)

In
te

ns
ity

 (k
co

un
ts)

5 10 15 20
𝜃 (deg)

0

1

2

Figure 4: Rietveld fit of an XRD pattern of bismuth ferrite films
deposited Ar gas pressure 𝑝 = 2mTorr at a distance 𝑑 = 6 and
heat-treated at 500∘C. The line at the bottom shows the difference
between the theoretical and the experimental line. The inset shows
a rocking curve around the (001) reflection.

and BiFeO
3
formation thereof was very sensitive to target

usage partially due to magnetic field limitations of the 2
source. Therefore, we have chosen to use a 3 BiFeO

3
and

enhance Bi content by codepositing from 2 Bi
2
O
3
target.

The rates were 1.38 nm/min and 0.25 nm/min, respectively.
This small stoichiometry correction is crucial in reproducibly
achieving the BiFeO

3
phase. In thicker films (260 nm) pre-

pared under the same conditions, there is a strong presence
of the cubic Bi

25
FeO
40

phase. The impurity phases can be
leached by 10% diluted HNO

3
for 30 minutes.

4. Microstructure and Domains

SEM studies have been performed to heat-treated BFO
films which have been field cooled under 2 kOe from
above the Néel temperature. Thus the formation of the
ferroelectric domains is expected to be influenced by the
coupling to the existing AF domains, due to the multiferroic
nature of BFO that implies coupling between the two types
of order [12]. The ferroelectric domain structure can be
revealed by SEM using the brightness contrast between
antiparallel ferroelectric domains on an unmetalized polar
crystal surface [13–15]. Low accelerating voltage (down to
2 kV) and small beam current are used, in order to avoid
severe charge accumulation on the insulating surface of the
sample.

In BFO, the ferroelectric polarization can point along
any of the eight directions defined by the four diagonals of
the pseudocubic perovskite unit cell (with two antiparallel
polarities for each direction). Between these eight possible
different polar domains in BiFeO

3
[±1 ± 1 ± 1] there

are three possible types of ferroelectric domain walls 71∘,
109∘, and 180∘ degrees typical of rhombohedral crystals.
Different types of domains can be favored on the growth
conditions [16]. These domains are stripe-like, and their
width scales with film thickness. Very different irregular
domainmorphology has been observed in thin epitaxial films

[13]. In our case, the use of Si wafers covered with amorphous
Si oxide layers excludes the possibility of strain appearance
as relaxation mechanism in the morphology of domains. On
the contrary, the polycrystalline nature and grain boundaries
create complex multidomain structures.

SEM images of 125 nm thick films prepared at 𝑑 =
2
 show that the films consist of large 20–100𝜇m island-
like grains (Figure 5). The domain patterns are cloud-like
irregular with size 3–7𝜇m. This complex domain structure
may be attributed to the fact that, due to the existence
of isolated islands, a unique global minimum cannot be
achieved. Films prepared at 𝑑 = 6 look homogenous at
larger areas and are also characterized by a fine mosaic-like
domain structure in the range of 10 𝜇m (Figure 6).

5. Weak Ferromagnetism Phenomena

Weak ferromagnetism phenomena have been observed long
ago in antiferromagnetic (AF) fine particles and have been
explained as a result of unbalanced magnetic moments of
the two magnetic sublattices due to their finite size [17]. The
presence of uncompensated surface spins leads to anomalous
magnetic properties, such as large moments, coercivities,
and hysteresis loop shifts. The antiferromagnetic ordering
of BiFeO

3
is G-type that is, each spin is surrounded by six

antiparallel spins on the nearest Fe neighbors. This ordering
should give rise to magnetically compensated interfaces
which is not favorable to exchange biasing. Thus surface
magnetic heterogeneities, complexity of the underlying BFO
film and nanoscale domain wall features, are crucial for the
development of exchange biasing [14]. In sufficiently small
particles the reduced coordination of surface spins can cause
a fundamental change in the magnetic order throughout
the particle [18]. In this case, a clear distinction between
surface and bulk spin contributions to the total magnetic
moment cannot be done. In AF thin films these phenomena
are expected to dominate at low film thickness due to
the increased contribution of the surfaces. The hysteresis
loops at low temperatures (Figure 7) show ferromagnetic
contributions, coercivity of 150Oe, and a small exchange
biasing evidenced by the vertical displacement of the loops,
which is maximal (120Oe) for the 87 nm film. The high field
slope corresponds to the canting of the AF moments which
is maximal for the 43 nm thin film. The remanence values
are low and must be attributed to both bulk and surface
contributions.

These different contributions become clearer in the
magnetization versus temperature plots (Figure 8). The sur-
face contribution is enhanced below 20K. The thickness
dependence implies that there is a surface contribution of
6.4 𝜇emu/cm2 and volume contribution of 1.16 emu/cm3 at
5 K which become 4.3 𝜇emu/cm2 and 0.7 emu/cm3, respec-
tively, at 300K. These values range from 0.065 to 0.04𝜇B/Fe
atom. As the magnetization values are higher for thinner
films they must be attributed to surface contributions and
should not be confused with some weaker contributions due
to intrinsic mechanisms which could reflect an underlying
competition between antiferromagnetic and ferromagnetic
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(a) (b)

Figure 5: SEM images of a 125 nm thick BiFeO
3
film prepared at a source-to-substrate distance of 2. (a) was obtained with accelerating

voltage of 10 kV. (b) was obtained with 2.5 kV. Large (∼50 𝜇m) grains are observed along with smaller features related to the ferroelectric
domain structure.

(a) (b)

Figure 6: SEM images of an 87 nm thick BiFeO
3
film prepared at a source-to-substrate distance of 6.

interactions and the appearance of spin-glass state in the
intermediate temperature range. Similar thickness depen-
dence has been reported for spin-glass phenomena observed
in compressively strained BiFeO

3
films from 19 to 114 nm

epitaxially grown on LaAlO
3
[19]. The observation of similar

behavior in our films deposited on the amorphous silicon
oxide layers shows that strain mechanisms that have been
revoked are not the only possible causes leading to the
appearance of low temperature ferromagnetic contributions.

6. Effects of Doping

The XRD patterns of the Bi
1−xBaxFeO3 series are shown in

Figure 9. Ba doping suppresses the formation of impurity
phases. In Figure 10, the variation of unit cell with Ba content
is shown.The data are compared with the simple Vegard’s law
for a solid solution, extrapolating between the end members
BiFeO

3
and BaFeO

3
(dashed line). The continuous line is

a fit based on a simple geometrical relation for the size of
the perovskite cell with the ionic radii as free parameters,
yielding 1.35 nm, 1.42 nm, and 1.45 nm for Bi3+, Ba2+, and

oxygen, respectively.These values differ from those tabulated
by Shannon [20] (1.03 nm, 1.35 nm, and 1.40 nm, resp.). The
systematic increase of the cell constant with doping shows
that Ba enters the main perovskite phase.

Low doping range is more interesting as it does not affect
the ferroelectric properties, and it is sufficient to suppress
the leakage currents. A compilation of the leakage current
measurements, under different doping, is shown in Figure 11.
Reduction of leakage is believed to occur because of the
reduced oxygen vacancy which stabilizes the oxygen octa-
hedral [21]. However, the abrupt enhancement of current
at a threshold voltage can be attributed to an electronic
localization-delocalization transition through band-filling
control since oxygen vacancy distribution should be continu-
ously varied by sweeping the applied voltage [22]. In general,
the effect of substitutions is not limited to the “chemical
pressure” due to ionic-radius mismatch with respect to Bi
(minimal for Ca, La, moderate for Sr, and highest for Ba) but
also to the effects to the stereochemically active (6s2) lone-
pair activity. In this case, the best results have been obtained
for Sr and Ca substitutions.
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cooling under a field of 70 kOe.

7. Conclusion

Polycrystalline BFO films have been grown by RFmagnetron
sputtering on different substrates. The formation of the BFO
depends very sensitively on sputtering conditions and heat-
treatment temperature. In general, it was found that, when the
substrate is placed close to the target 𝑑 = 2, the formation of
BFO ismore stable, that is, the phase can be obtained within a
wide range of conditions but the films do not show a specific
crystallographic texture, in contrast to those sputtered at
𝑑 = 6

. As the films have been grown on the amorphous
oxide layers of silicon wafers, it is proven that texture can
be achieved without epitaxy of 20 nm films and furthermore
that the low temperature weak ferromagnetism phenomena
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Figure 9: Grazing incidence XRD patterns Bi
1−xBaxFeO3 films.
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are not related to epitaxial strains. Doping suppresses the
formation of impurity phases and leakage currents.
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The interfacial properties between silicon and hafnium oxide (HfO
2
) are explored by the gated-diode method and the subthreshold

measurement. The density of interface-trapped charges, the current induced by surface defect centers, the surface recombination
velocity, and the surface state capture cross-section are obtained in this work. Among the interfacial properties, the surface state
capture cross-section is approximately constant even if the postdeposition annealing condition is changed. This effective capture
cross-section of surface states is about 2.4 × 10

−15 cm2, which may be an inherent nature in the HfO
2
/Si interface.

1. Introduction

Hafnium oxide (HfO
2
) has emerged recently as an essential

dielectric material in the semiconductor industry, currently
being used in logic gate stacks [1] and considered a promising
candidate for resistance switching memory devices [2, 3] as
well as surface passivation of advanced Si solar cells [4, 5].
Therefore, the determination of surface state capture cross-
section at the interface between silicon and hafnium oxide
is of great importance for the semiconductor industry, the
photovoltaic industry, and the scientific community. The
known characteristics of HfO

2
thin films include a large

band gap (∼6 eV) [6], a relatively high dielectric constant
(>20) [7], an acceptable breakdown strength (>4MV/cm)
[7], excellent thermodynamic stability [8], and an effective
mass of carrier transportation [9]. In this work, the inter-
face characteristics of the interface-trapped charge density
(𝑁it), the interface-trapped charge density per area and
energy (𝐷it), the effective capture cross-section (𝜎

𝑠
) of

surface states, the surface recombination velocity (𝑠
𝑜
), and

the minority carrier lifetime (𝜏FI J) are identified. The typi-
cally electrical measurements of current-voltage (𝐼-𝑉) and
capacitance-voltage (𝐶-𝑉) characteristics were performed
on the Al/HfO

2
/p-Si metal-oxide-semiconductor (MOS)

capacitors and metal-oxide-semiconductor field-effect tran-
sistors (MOSFETs). Both gated-diode method [10, 11] and
subthreshold measurement [12] were applied to evaluate

the capture cross-section of interface states for the HfO
2
-

gated MOSFETs. The gated-diode method is a simple way to
accurately identify the interfacial characteristics using only
a sweeping dc gate voltage, which was introduced in 1966
by Grove and Fitzgerald [10] to determine the surface-state
density in MOS structures. According to the gated-diode
measurements, the surface recombination velocity and the
minority carrier lifetime (𝜏FI J) in the field-induced depletion
region were extracted. In addition, the interface-trapped
charge density per area and energy (𝐷it) was determined by
using the device subthreshold measurement. Consequently,
the effective capture cross-section of surface states was deter-
mined to be about 2.4 × 10−15 cm2 by the combination of
gated-diode and device subthreshold measurements.

2. Experiment

Here, (100) 𝑝-type silicon wafers (1–5Ω-cm) were used
as the starting material. Following the standard cleaning
procedures, a 500 nm SiO

2
film was grown on silicon wafers

bywet oxidation.The source and drainwindowswere defined
by wet etching and doped by phosphorous diffusion. The
HfO
2
films were deposited by RF magnetron sputtering in

argon ambient at room temperature. The flow rate of argon
was 13.5 standard cubic centimeters per minute (sccm). The
total pressure during deposition was 20mtorr. The refractive
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Figure 1: (a) Cross-sectional diagram of an HfO
2
gated diode. (b) Effect of the depletion region on the reverse current 𝐼

𝑅
of the gated diode

at various gate voltages given a fixed reverse drain voltage 𝑉
𝑅
.

index, energy bandgap, and thickness of these thin films were
measured by an N&K analyzer. The optical refractive index
(𝑛) and energy bandgap (𝐸

𝐺
) were around 1.9–2.1 and 5.6–

5.8 eV, respectively. The deposited thicknesses of HfO
2
thin

films ranged from 12 nm to 47.1 nm. After HfO
2
deposition,

the postdeposition anneal (PDA) was performed in either N
2

or N
2
/O
2
(i.e., 50%N

2
and 50%O

2
) with a flow rate of 3 sccm

for 60 s at 500∘C. According to the X-ray diffraction analysis,
the HfO

2
films annealed at 500∘C were amorphous. The alu-

minum (Al) electrodes were evaporated and patterned using
a wet etching process. Postmetallization annealing (PMA)
was performed at 400∘C in N

2
for 30 s. The Al/HfO

2
/𝑝-Si

MOS capacitors and MOSFETs were measured by Agilent
4156C semiconductor parameter analyzer and Agilent 4284A
impedance analyzer. All the measurements were performed
under dark condition. Based on the high-frequency (1MHz)
𝐶-𝑉 measurements for the MOS capacitors, the effective
dielectric constant of HfO

2
films annealed at 500∘C in N

2
or

N
2
/O
2
was evaluated as 18.9 or 19.3, respectively (not shown

here). In this work, the relatively large devices were chosen to
avoid the short channel effectswhichmay cause the distortion
in analysis of surface state capture cross-section.The channel
width (𝑊) is 100 𝜇m and the channel length (𝐿) is 19 𝜇m.

3. Results and Discussion

The drastic irregularity of the oxide/Si interface should intro-
duce a large amount of density of states into the forbidden
gap near the interface. The interface state may cause the
charge trapping and lead to the device instability as well
as the degradation of subthreshold swing, off-state current,
carrier mobility, and oxide reliability. Charge carriers can be
trapped or captured while they come to the physical vicinity
of the center of the interface state. The capture cross-section
(𝜎
𝑠
) of the center is a measure of how close the carrier has

to come to the center to be captured. In this work, the gated-
diodemethod is used to identify the interface-trapped charge
density (𝑁it), the surface recombination velocity (𝑠

𝑜
), and the

minority carrier lifetime (𝜏FI J) in the field-induced depletion
region for the nMOSFET devices using HfO

2
gate dielectrics

annealed at 500∘C.The test structure described by Grove and
Fitzgerald to investigate surface properties inMOS structures
is identical to a MOSFET without or with an unconnected
source region. In this work, the gated-diode measurement
was made using a floating source and a grounded substrate
on MOSFET structures, as shown in Figure 1(a). The drain
is reversely biased with respect to the substrate (𝑉

𝑅
= 𝑉DB).

According to the theory of gated-diode method, the reverse
current of 𝑃-𝑁 junctions (𝐼

𝑅
) is a function of the gate bias

(𝑉
𝐺
). The 𝐼

𝑅
-𝑉
𝐺
characteristics may exhibit three distinct

regions [10], as indicated in Figure 1(b). The reverse current
of 𝑃-𝑁 junctions comes from the generation of electron-hole
pairs at generation-recombination centers in the depletion
region at room temperature. Hence, the magnitude of reverse
current depends on the density of such centers and the vol-
ume of the depletion region. As the volume of the depletion
region in gated diodes depends on the gate voltage, reverse
current also depends on the gate voltage. The HfO

2
/silicon

interface is in the accumulation mode when 𝑉
𝐺
is less than

the flat band voltage 𝑉FB, and the reverse diode current
originates from the generation-recombination centers in the
depletion region of themetallurgical junction (𝐼gen,MJ).When
𝑉FB < 𝑉

𝐺
< 𝑉
𝑇
(where 𝑉

𝑇
is the threshold voltage), the

field-induced junction is depleted, and the rapid increase
in the reverse diode current is caused by the generation of
electron-hole pairs at the generation-combination centers
of the surface region (𝐼gen,𝑠) and the field-induced junction
depletion region (𝐼gen,FI J). At 𝑉𝐺 > 𝑉

𝑇
, the field-induced

junction is in the inversion mode and the reverse diode
current is reduced by the filling of the interface-trapped
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charge states by the minority carriers. The magnitude of the
reverse diode current is the sum of the generation currents in
the depletion volume of the field-induced junction and in that
of the metallurgical junction. Based on the Shockley-Read-
Hall theory for the single-level centers [10], the equations for
the gated-diode are written as follows [13–15]:

𝐼gen,MJ = 𝑞𝑈MJ𝑊𝐴MJ, (1)

𝐼gen,𝑠 =
𝑞𝑛
𝑖
𝑠
𝑜
𝐴
𝑔

2
, (2)

𝐼gen,FI J = 𝑞𝑈FI J𝐴𝑔𝑥𝑑max =
𝑞𝑛
𝑖
𝐴
𝑔
𝑥
𝑑max

2𝜏FI J
, (3)

𝑠
𝑜
= 𝜎
𝑠
𝜐th𝑁it = 𝜎

𝑠
𝜐th (𝜋𝑘𝑇𝐷it) , (4)

𝑊 = √
2𝜀Si (𝑁𝐴𝑁𝐷)

𝑞 (𝑁
𝐴
+ 𝑁
𝐷
)
(𝑉bi + 𝑉

𝑅
), (5)

𝑥
𝑑max = √

2𝜀Si
𝑞𝑁
𝐴

(2𝜙
𝐹
+ 𝑉
𝑅
), (6)

where 𝑛
𝑖

= 9.65 × 10
9 cm−3 is the intrinsic carrier con-

centration in silicon [12]; 𝐴MJ represents the area of the
metallurgical junction; 𝐴

𝑔
= 1.9 × 10

−5 cm−2 is the gate area;
𝑠
𝑜
is the surface recombination velocity; 𝜎

𝑠
is the effective

capture cross-section area; 𝜐th = 107 cm/s is the thermal
velocity; 𝑉bi is the built-in potential of the 𝑃-𝑁 junction;
𝜙
𝐹
is the quasi-Fermi potential of the majority carriers of

the substrate; 𝑊 is the width of the depletion region of the
metallurgical junction; 𝑥

𝑑,max is the maximum width of the
surface depletion region; 𝜏

0,FI J is the minority carrier lifetime
in the field-induced depletion region; 𝑁it is the interface-
trapped charge density (i.e., density of the single-level surface
generation-recombination centers per unit area); 𝐷it is the
interface-trapped charge density per area and energy (i.e.,
the density of uniformly distributed surface generation-
recombination centers per unit area and energy); and 𝑈MJ,
𝑈
𝑠
, and 𝑈FI J are the generation and recombination rates

of carriers per unit volume in the depletion regions of the
metallurgical, the surface region, and field-induced region,
respectively.

Figure 2 shows the reverse diode current 𝐼
𝑅
versus 𝑉

𝐺

for the HfO
2
gated-diodes at 𝑉

𝑅
= 2V. Through the

gated diode method, the surface recombination velocity (𝑠
𝑜
)

and the minority carrier lifetime (𝜏FI J) in the field-induced
depletion region can be extracted. For HfO

2
films annealed

in N
2
/O
2
, 𝑠
𝑜
and 𝜏FI J are determined to be 4.1 × 103 cm/s

and 16 ns. On the other hand, for HfO
2
films annealed in N

2
,

𝑠
𝑜
and 𝜏FI J are determined to be 8.9 × 103 cm/s and 22 ns.

Obviously, the reverse diode current of nMOSFETs for HfO
2

annealed at 500∘C in N
2
/O
2
is smaller than that annealed

in N
2
. The reduction in reverse current may be attributed

to the decrease in oxygen vacancy related defects [16–19] in
HfO
2
. The oxygen vacancy is one type of trapping centers

and is easily formed in HfO
2
due to the transportation of

oxygen atoms from HfO
2
into Si [18, 19]. During the thermal

treatment of PDA in N
2
/O
2
ambient, the oxygen atoms can
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2
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2
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at 500∘C for 60 s.

diffuse into the HfO
2
films to partially passivate the existing

oxygen vacancies. Hence, the reverse diode current can be
reduced by N

2
/O
2
annealing.

Figure 3 shows the 𝐼DS-𝑉GS characteristics. The 𝐼on/𝐼off
ratio is larger than 106 at 𝑉

𝐷
= 0.05V, indicating that the

nMOSFETs with amorphous HfO
2
gate dielectrics have a

good current switch capability. The subthreshold swings (𝑆
𝑡
)

for the HfO
2
gate dielectrics annealed at 500∘C in N

2
and

N
2
/O
2
are about 85.1 and 76.4mV/dec, respectively. Accord-

ing to Figure 3, the density of interface traps per area and
energy (𝐷it) can be determined from the subthreshold swing
measurement, because 𝑆

𝑡
is expressed as 2.3(𝑘𝑇/𝑞)[1 + (𝐶

𝐷
+

𝐶it)/𝐶ox] [12], where 𝐶
𝐷
is the depletion-layer capacitance,

𝐶it is the capacitance associated with the interface traps,



4 Advances in Materials Science and Engineering

Table 1: Capture cross-section of surface states at the oxide/Si interface.

Oxide material Capture cross-section Deposition method Measurement technique
SiO2 1–4 × 10−16 cm2 Thermal oxidation Charge pumping [22–24]
ZrO2 5.8 × 10−16 cm2 rf sputtering Gated diode [25]
Al2O3 1.7 × 10−15 cm2 PECVD DLTS [26]
CeO2 8.7 × 10−15 cm2 rf sputtering Gated diode [27]
CeO2 9.0 × 10−15 cm2 rf sputtering Charge pumping [28]
HfO2 9.4 × 10−15 cm2 ALD Charge pumping [29]
HfO2 2.4 × 10−15 cm2 rf sputtering Gated diode (this work)
PECVD: plasma-enhanced chemical vapor deposition, DLTS: deep-level transient spectroscopy, and ALD: atomic layer deposition.
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and 𝐶ox is the dielectric capacitance. The determined 𝐷it
is about 4.6 × 1012 and 2.1 × 1012 cm−2-eV−1 for HfO

2

annealed at 500∘C in N
2
and N

2
/O
2
, respectively. Once 𝐷it

is determined, 𝜎
𝑠
and 𝑁it can be extracted using (4). For

HfO
2
annealed in N

2
, 𝜎
𝑠
and 𝑁it are extracted to be about

2.4 × 10−15 cm2 and 3.7 × 1011 cm−2, respectively; for HfO
2

annealed in N
2
/O
2
, 𝜎
𝑠
and 𝑁it are extracted to be 2.4 ×

10−15 cm2 and 1.7 × 1011 cm−2, respectively. It is worthy of
note that the same 𝜎

𝑠
value is obtained for HfO

2
annealed

both in N
2
and in N

2
/O
2
. This finding may imply that the

capture cross-section of surface states is an inherent nature at
the HfO

2
/Si interface. The universal constant of surface state

capture cross-section is around 2.4 × 10−15 cm2.
Figure 4 shows the channel electron mobility versus the

effective electric field. The effective surface field (𝐸eff) and
effective channel mobility (𝜇eff) can be expressed as 𝐸eff =

(0.5𝑄inv+𝑄𝐵)/𝜀Si and 𝜇 = (𝐼DS/𝑉DS)(𝐿/𝑊)/𝑄inv, respectively,
where 𝑄inv is the inversion layer charge, 𝑄

𝐵
is the bulk

depletion layer charge, and 𝜀Si is the dielectric constant of
Si. The linear approximation of 𝑄inv, 𝑄inv = 𝐶ox(𝑉GS−𝑉𝑇), is
used in evaluating the mobility. The rest of the symbols have
been defined earlier.Themaximumchannel electronmobility
for the HfO

2
annealed in N

2
/O
2
and N

2
was determined to

be 102 and 43 cm2/V s, respectively. Evidently the HfO
2
film

annealed in N
2
shows lower channel electron mobility than

the film annealed in N
2
/O
2
condition. In addition, the HfO

2

device has a lowered mobility as compared to a universal
mobility curve in SiO

2
MOSFETs [20]. The lowered mobility

may come from the larger surface states which cause the
increased interface charge scattering [21].

Table 1 lists the capture cross-sections of surface states
(𝜎
𝑠
) at the interface between silicon and oxides, for example,

SiO
2
, ZrO

2
, Al
2
O
3
, CeO

2
, and HfO

2
[22–29]. For SiO

2
, the

𝜎
𝑠
value is 1–4 × 10−16 cm2 [22–24] which is smaller than

those of high-k dielectrics. For CeO
2
, the 𝜎

𝑠
value is around

9 × 10−15 cm2 even if the adopted measurement method
is different [27, 28]. In this work, the experimental results
show that the HfO

2
films annealed in N

2
/O
2
have lower

interface state density (𝑁it) and higher channel electron
mobility (𝜇

𝑒
) compared to the HfO

2
films annealed in N

2
.

Although the different PDA conditions lead to the different
values of 𝑁it and 𝜇

𝑒
, the same 𝜎

𝑠
for HfO

2
deposited by

rf magnetron sputtering is obtained to be around 2.4 ×

10−15 cm2. This finding may suggest that the capture cross-
section of surface states for some thin filmdepositionmethod
may be an inherent nature at the interface between silicon and
hafnium oxide. It is worthy to note that the capture cross-
section of surface states may be influenced by the factors
of environment temperature, film thickness, film deposition
method, and especially surface preparation of Si substrate
prior to HfO

2
deposition.

4. Conclusions

The electrical properties at the HfO
2
/Si interface are inves-

tigated by the gated-diode method and the subthreshold
measurement. Although the HfO

2
films annealed in N

2
/O
2

result in lower interface state density and higher channel
electron mobility compared to the HfO

2
films annealed in

N
2
, the determined surface state capture cross-section at the

HfO
2
/Si interface is the same. This suggests that the surface

state capture cross-section may be an inherent nature at the
interface between silicon and hafnium oxide.

Conflict of Interests

The author declares that there is no conflict of interests
regarding the publication of this paper.



Advances in Materials Science and Engineering 5

Acknowledgment

The author would like to thank the National Science Council
of Taiwan, for supporting this work under Contract no. NSC
102-2221-E-015-MY2.

References

[1] G. D. Wilk, R. M. Wallace, and J. M. Anthony, “High-k gate
dielectrics: current status and materials properties considera-
tions,” Journal of Applied Physics, vol. 89, no. 10, pp. 5243–5275,
2001.

[2] H.-S. P. Wong, H.-Y. Lee, S. Yu et al., “Metal-oxide RRAM,”
Proceedings of IEEE, vol. 100, no. 6, pp. 1951–1970, 2012.

[3] Y. H. Wu, D. J. Wouters, P. Hendrickx et al., “On the bipolar
resistive switching memory using TiN/Hf/HfO

2
/Si MIS struc-

ture,” IEEE Electron Device Letters, vol. 34, no. 3, pp. 414–416,
2013.

[4] F. Lin, B. Hoex, Y. H. Koh, J. Lin, and A. G. Aberle, “Low-
temperature surface passivation of moderately doped crys-
talline silicon by atomic-layer-deposited hafnium oxide films,”
ECS Journal of Solid State Science and Technology, vol. 2, no. 1,
pp. N11–N14, 2013.

[5] J. Wang, S. Sadegh Mottaghian, and M. Farrokh Baroughi,
“Passivation properties of atomic-layer-deposited hafnium and
aluminum oxides on Si surfaces,” IEEE Transactions on Electron
Devices, vol. 59, no. 2, pp. 342–348, 2012.

[6] J. Robertson, “Band offsets of wide-band-gap oxides and impli-
cations for future electronic devices,” Journal of Vacuum Science
and Technology B, vol. 18, no. 3, pp. 1785–1791, 2000.

[7] J. McPherson, J.-Y. Kim, A. Shanware, and H.Mogul, “Thermo-
chemical description of dielectric breakdown in high dielectric
constant materials,” Applied Physics Letters, vol. 82, no. 13, pp.
2121–2123, 2003.

[8] K. J. Hubbard and D. G. Schlom, “Thermodynamic stability
of binary oxides in contact with silicon,” Journal of Materials
Research, vol. 11, no. 11, pp. 2757–2776, 1996.

[9] F.-C. Chiu, “Interface characterization and carrier transporta-
tion inmetal/HfO

2
/silicon structure,” Journal of Applied Physics,

vol. 100, no. 11, Article ID 114102, 5 pages, 2006.
[10] A. S. Grove and D. J. Fitzgerald, “Surface effects on P-N

junctions: characteristics of surface space-charge regions under
non-equilibrium conditions,” Solid State Electronics, vol. 9, no.
8, pp. 783–806, 1966.

[11] T. Giebel and K. Goser, “Hot carrier degradation of n-channel
MOSFET’s characterized by a gated-diode measurement tech-
nique,” IEEE Electron Device Letter, vol. 10, no. 2, pp. 76–78,
1989.

[12] S. M. Sze and K. K. Ng, Physics of Semiconductor Devices, John
Wiley & Sons, Hoboken, NJ, USA, 3rd edition, 2006.

[13] P. L. Castro and B. E. Doal, “Low-temperature reduction of
fast surface states associated with thermally oxidized silicon,”
Journal of the Electrochemical Society, vol. 118, no. 2, pp. 280–
286, 1971.

[14] P. C. T. Roberts and J. D. E. Beynon, “An experimental
determination of the carrier lifetime near the Si-SiO

2
interface,”

Solid-State Electronics, vol. 16, no. 2, pp. 221–227, 1973.
[15] F.-C. Chiu, W.-C. Shih, J. Y.-M. Lee, and H.-L. Hwang, “An

investigation of surface state capture cross-sections for metal-
oxide-semiconductor field-effect transistors using HfO

2
gate

dielectrics,”Microelectronics Reliability, vol. 47, no. 4-5, pp. 548–
551, 2007.

[16] K. Shiraishi, K. Yamada, K. Torii et al., “Oxygen-vacancy-
induced threshold voltage shifts in Hf-related high-k gate
stacks,”Thin Solid Films, vol. 508, no. 1-2, pp. 305–310, 2006.

[17] K. Tse, D. Liu, K. Xiong, and J. Robertson, “Oxygen vacancies
in high-k oxides,”Microelectronic Engineering, vol. 84, no. 9-10,
pp. 2028–2031, 2007.

[18] K. Xiong and J. Robertson, “Point defects in HfO
2
high K gate

oxide,”Microelectronic Engineering, vol. 80, pp. 408–411, 2005.
[19] H. Takeuchi, H. Y. Wong, D. Ha, and T. J. King, “Impact

of oxygen vacancies on high-k gate stack engineering,” in
Proceedings of the 50th IEEE International Electron Devices
Meeting (IEDM ’04), pp. 829–832, 2004.

[20] S.-I. Takagi, A. Toriumi, M. Iwase, and H. Tango, “On the
universality of inversion layer mobility in Si MOSFET’s: part I-
effects of substrate impurity concentration,” IEEE Transactions
on Electron Devices, vol. 41, no. 12, pp. 2357–2362, 1994.

[21] J. R. Hauser, “Extraction of experimental mobility data forMOS
devices,” IEEE Transactions on Electron Devices, vol. 43, no. 11,
pp. 1981–1988, 1996.

[22] D. K. Schroder, Semiconductor Material and Device Character-
ization, John Wiley & Sons, Hoboken, NJ, USA, 3rd edition,
2006.

[23] P. Masson, J.-L. Autran, and G. Ghibaudo, “An Improved time
domain analysis of the charge pumping current,” Journal ofNon-
Crystalline Solids, vol. 280, no. 1–3, pp. 255–260, 2001.

[24] G. Groeseneken, H. E. Maes, N. Beltran, and R. F. de Keers-
maecker, “A reliable approach to charge-pumping measure-
ments in MOS transistors,” IEEE Transactions on Electron
Devices, vol. 31, no. 1, pp. 42–53, 1984.

[25] C.-H. Liu andF.-C.Chiu, “Electrical characterization of ZrO
2
/Si

interface properties in MOSFETs with ZrO
2
gate dielectrics,”

IEEE Electron Device Letters, vol. 28, no. 1, pp. 62–64, 2007.
[26] P. Saint-Cast, Y. H. Heo, E. Billot et al., “Variation of the layer

thickness to study the electrical property of PECVDAl
2
O
3
/c-Si

interface,” Energy Procedia, vol. 8, pp. 642–647, 2011.
[27] C.-H. Chen, I. Y.-K. Chang, J. Y.-M. Lee, and F.-C. Chiu,

“Electrical characterization of CeO
2
Si interface properties of

metal-oxide-semiconductor field-effect transistors with CeO
2

gate dielectric,” Applied Physics Letters, vol. 92, no. 4, Article ID
043507, 3 pages, 2008.

[28] F.-C. Chiu, S.-Y. Chen, C.-H. Chen, H.-W. Chen, H.-S. Huang,
and H.-L. Hwang, “Interfacial and electrical characterization in
metal-oxide-semiconductor field-effect transistors with CeO

2

gate dielectric,” Japanese Journal of Applied Physics, vol. 48, no.
4, Article ID 04C014, 4 pages, 2009.

[29] J.-P. Han, E. M. Vogel, E. P. Gusev et al., “Energy distribution of
interface traps in high-k gated MOSFETs,” in Proceedings of the
Symposium on VLSI Technology, pp. 161–162, June 2003.



Hindawi Publishing Corporation
Advances in Materials Science and Engineering
Volume 2013, Article ID 971790, 7 pages
http://dx.doi.org/10.1155/2013/971790

Research Article
Comparison of Microstructural and Morphological
Properties of Electrodeposited Fe-Cu Thin Films with
Low and High Fe : Cu Ratio

Umut Sarac1 and M. Celalettin Baykul2

1 Department of Elementary Education, Bartın University, 74100 Bartin, Turkey
2Department of Physics, Eskişehir Osmangazi University, 26480 Eskişehir, Turkey

Correspondence should be addressed to Umut Sarac; usarac428@hotmail.com

Received 25 May 2013; Revised 12 August 2013; Accepted 27 August 2013

Academic Editor: Fu-Chien Chiu

Copyright © 2013 U. Sarac and M. C. Baykul. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Fe-Cu films with low and high Fe : Cu ratio have been produced from the electrolytes with different Fe ion concentrations at a
constant deposition potential of −1400mV versus saturated calomel electrode (SCE) by electrodeposition technique onto indium
tin oxide (ITO) coated conducting glass substrates. It was observed that the variation of Fe ion concentration in the electrolyte
had a very strong influence on the compositional, surface morphological, and microstructural properties of the Fe-Cu films. An
increase in the Fe ion concentration within the plating bath increased the Fe content, consequently Fe : Cu ratio within the films.
The crystallographic structure analysis showed that the Fe-Cu films had amixture of face-centered cubic (fcc) Cu and body centered
cubic (bcc) 𝛼-Fe phases. The average crystallite size decreased with the Fe ion concentration. The film electrodeposited from the
electrolyte with low Fe ion concentration exhibited amorphology consisting of dendritic structures. However, the filmmorphology
changed from dendritic structure to cauliflower-like structure at high Fe ion concentration. The surface roughness and grain size
were found to decrease significantly with increasing Fe ion concentration in the electrolyte. The significant differences observed in
the microstructural and morphological properties caused by the change of Fe ion concentration in the electrolyte were ascribed to
the change of Fe : Cu ratio within the films.

1. Introduction

The fabrication of electrodeposited thin film multilayers or
granular alloys consisting of magnetic and nonmagnetic
metals has attracted great interest due to their technological
applications [1]. Among them, Fe–Cu films find applications
in electronic industry [2]. Electrodeposition is a versatile
growth process for the fabrication of metallic thin film
materials, which find applications in electronics, magneto-
electronics,magnetic recording, andmicrosystems industries
due to its some unique features [3–7]. Aside from this,
electrodeposition process also provides the deposition under
ambient temperature and pressure and does not require
relatively expensive equipment [6, 8]. It is well known that
a small change in the growth parameters has a strong
influence on the properties of the electrodeposited films.

It has been shown that the composition of electrolyte is
one of the most important growth parameters affecting
strongly the properties of the electrodeposited thin film
materials deposited onto indium tin oxide (ITO) coated
glass substrates [9–11]. In previous works, we investigated the
properties of electrodeposited Fe–Cu films grown onto ITO
coated glass substrates at different electrolyte temperatures
and current densities [12, 13]. However, the effect of Fe : Cu
ratio caused by the change of Fe ion concentration in the
electrolyte on the structural and morphological properties
of Fe–Cu films prepared onto ITO coated glass substrates
has not been reported. The surface morphology of the
films produced by electrodeposition technique is critically
important and it can be controlled by varying the deposition
parameters.Therefore, in this research, electrodeposited Fe–
Cu films with low and high Fe : Cu ratio were produced from
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the electrolytes with low and high Fe ion concentrations onto
ITO coated glass substrates under potentiostatic conditions.
The variations of the microstructures, compositions, and
morphologies of the films were analyzed with respect to
Fe ion concentration in the electrolyte. In this study, it is
shown that the Fe ion concentration in the electrolyte has a
significant effect on the microstructural, compositional, and
surface morphological properties of electrodeposited Fe–Cu
thin films.

2. Materials and Methods

Fe–Cu specimens were grown from the electrolytes com-
posed of low, intermediate, and high Fe ion concentrations
(0.02, 0.04, and 0.08M, resp.), but the same Cu sulfate
(0.01M) and boric acid (0.1M) concentrations. All chemicals
were dissolved in deionized water. The bath temperature and
pH were 25 ± 1∘C and 3.8 ± 0.1, respectively. Although the
pH of the electrolytes decreased during the electrodeposition
process of the films, we did not use any additive in order
to obtain the stable electrolyte pH because of its possible
effect on the electrodeposition process. For the deposition
process, the electrodeposition system consisting of a poten-
tiostat/galvanostat (VersaSTAT 3) with a conventional three-
electrode electrochemical cell was used. Throughout the
electroplating process, a saturated calomel electrode (SCE)
was served as the reference electrode. A platinum wire and
indium tin oxide (ITO) coated conducting glass substrate
were used as counter electrode and working electrodes,
respectively. The working area was about 0.8 cm2. The ITO
electrodes were cleaned with acetone followed by ethanol
and then ultrasonically rinsed for 10min in water before
deposition of the films. In all cases, the films were produced
at a constant deposition potential of −1400mV versus SCE,
and the electroplating time was controlled to obtain equal
cathodic charge. In the present study, the thickness of all films
was set around 500 nm.

The structure of Fe–Cu deposit samples was character-
ized by means of Panalytical–Empyrean XRD diffractometer
using CuK𝛼 radiation (𝜆 = 0.154059 nm).The XRD data were
recorded in a range from 42∘ to 54∘ with a step width of 0.02∘.
The elemental constitutions were analyzed using an energy
dispersive X-ray spectroscopy (EDX). The surface morpho-
logical structure of resultant films was studied with the help
of Zeiss Supra 50Vpmodel SEMandAFM(VeecoMultimode
V) techniques. To avoid possible oxidation of the surfaces,
surface topographic images were obtained immediately after
the production process at ambient temperature and pressure.

3. Results and Discussion

The electrodeposition of Fe–Cu films has been carried out
from the electrolytes containing low, intermediate, and high
Fe ion concentrations. Firstly, the potentiostatic current–
time transients for the Fe–Cu films electrodeposited from
electrolytes with low and high Fe ion concentrations were
employed as a function of electroplating time during the

electroplating process in order to study the stability of elec-
trodeposition of the Fe–Cu films.The potentiostatic current–
time transients of the films grown from the electrolytes with
low and high Fe ion concentrations recorded for the first
50 s of electroplating process are illustrated in Figure 1. It is
clearly seen that the current density remains almost stable,
indicating that the proper films are electrodeposited from
the electrolytes with different Fe ion concentrations at a
constant deposition potential. As can be seen from Figure 1,
the current density was also observed to decrease towards
more negative values as the Fe ion concentration in the
electrolyte increased.

As a second step of this investigation, the elemental anal-
ysis of the films was done using EDX with respect to Fe ion
concentration in the electrolyte. The film produced from the
electrolyte with low Fe ion concentration consists of 33.5 at.%
Fe and 66.5 at.% Cu. However, for the film electrodeposited
from the electrolyte with high Fe ion concentration, the com-
position is 80.2 at.% Fe and 19.8 at.% Cu. These results reveal
that an increase in the Fe ion concentration in the electrolyte
increases the Fe : Cu ratio within the films. As mentioned
above, the value of the current density decreased towards
more negative values with increasing Fe ion concentration in
the electrolyte.Thus, a decrease in the current density towards
more negative values with the Fe ion concentration in the
electrolyte leads to Fe–Cu film with higher Fe : Cu ratio. It
has been shown that the Fe–Cu films are Ferich as the films
are produced at more negative current densities [13]. On the
other hand, the ratio of Fe : Cu within the films is found
to be lower than the ion concentration ratio of Fe+2 : Cu+2
in the electrolyte. The possible reason for this effect may
be preferentially Cu reduction process within the electrolyte
containing the Fe and Cu ions, since Cu is amore noblemetal
[14]. Consequently, according to results obtained from the
EDX measurements, it can be obviously said that the Fe : Cu
ratio within the films is affected significantly by the Fe ion
concentration in the electrolyte.

XRD measurements were performed in order to study
the effect of Fe ion concentration on the crystal structure
of the electrodeposited Fe–Cu films. XRD patterns of Fe–
Cu films electrodeposited from the electrolytes with low and
high Fe ion concentrations are presented in Figure 2. As
the fcc Cu peak positions are distinct from those of bcc
Fe, it is easy to determine and compare the bcc versus fcc
phase in the film [15]. In the XRD patterns, diffraction peaks
related to the fcc Cu (111), fcc Cu (200), and bcc Fe (110) are
observed irrespective of Fe ion concentration studied in the
experiment. These results obtained from the XRD patterns
pointed to the coexistence of fcc Cu (111) and bcc 𝛼–Fe (110)
phases. It has been shown that the structure of the Fe particles
in Cu matrix is strongly related to the Fe content depending
on the growth technique [16, 17]. In equilibrium, the Fe
and Cu elements have very small mutual solid solubility,
and the equilibrium Fe–Cu phase diagram does not exhibit
intermediate phases [18]. The iron is incorporated in the
fcc–Cu structure, giving rise to a Cu-based fcc Fe–Cu solid
solution for high Cu content. A single phase bcc structure
is obtained for Fe–Cu films for high Fe content. However,
the films show mixed fcc and bcc phase in intermediate
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composition range [15–17]. In electrodeposited Fe–Cu films,
the structure of Fe grains in Cumatrix is bcc as the Fe content
within the films is higher than 30%, while the structure of
them is fcc for the Fe content lower than 27% [19]. Thus,
in the present study, it is concluded that the Fe–Cu films
electrodeposited onto ITO coated glass substrates from the
electrolytes with low and high Fe ion concentrations consist
of amixture of fccCu and bcc Fe particles with respect to their
Fe content.These results obtained about our electrodeposited
Fe–Cu films are in good agreement with the results found
in previous published papers [12, 13, 20]. On the other
hand, it is found from the XRD patterns given in Figure 2
that the relative intensity of bcc Fe (110) diffraction peak
increases with the Fe ion concentration in the electrolyte. In
opposition to that, a decrease in the relative intensity of fcc
Cu (111) and Cu (200) diffraction peaks with increasing Fe
ion concentration in the electrolyte is also observed, as can be
clearly seen from Figure 2. These differences observed in the
structural properties can be ascribed to the increase of Fe : Cu
ratio within the films with increasing Fe ion concentration in
the electrolyte.

The average crystallite size in the direction perpendicular
to the plane of the sample was analyzed by application of
Scherrer’s formula [21]. The increase of Fe ion concentration
in the electrolyte induces change in the full width at half
maximum (FWHM) of the diffraction peaks. The average
crystallite sizes for the bcc Fe (110) peaks are determined
to be 35 and 26 nm for the films electrodeposited from the
electrolytes with low and high Fe ion concentrations, respec-
tively, indicating a nanocrystalline structure of the films.
This result also reveals that the average crystallite size of the
films decreases with increasing Fe ion concentration in the
electrolyte. As seen in Figure 1, the current density decreased
towards more negative values as the Fe ion concentration
within the electrolyte increased. Thus, it is expected that
a decrement of the current density towards more negative
values observed at high Fe ion concentration increases the
nucleation densities and consequently reduces the crystallite
size [13, 22–25].

SEM measurements were performed to characterize the
effect of Fe ion concentration on the surface morphology
of Fe–Cu films. It is observed that the electrodeposited
Fe–Cu films prepared from the electrolytes with low and
high Fe ion concentrations have also different morphological
features. SEM topographic images of electrodeposited Fe–
Cu films grown from the electrolytes with low and high
Fe ion concentrations are shown in Figure 3(a) and b,
respectively. Figure 3(c) shows the SEM image of Fe–Cu
film electrodeposited from the electrolyte with high Fe ion
concentration at lower magnification. It is clearly seen that
the surfaces of the films exhibit a compact and crack-free
morphology. As shown from Figure 3, there is notable change
in the surface morphology of Fe–Cu films with respect to
Fe ion concentration in the electrolyte. It is also clearly
seen that the film grown from the electrolyte with low Fe
ion concentration exhibits a morphology having dendritic
structures (Figure 3(a)). The dendritic growth observed in
the electrodeposited Fe–Cu film prepared from the elec-
trolyte with low Fe ion concentration may be attributed to
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Figure 1: Potentiostatic current–time transients of the Fe–Cu films
electrodeposited from the electrolytes with low and high Fe ion
concentrations.
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Figure 2: XRD patterns of electrodeposited Fe–Cu films prepared
from the electrolytes with low and high Fe ion concentrations.

the high Cu content within the film. Dendritic growth of
electrodeposited films with high Cu content was ascribed to
the diffusive growth mechanism of Cu [14, 26]. On the other
hand, on the surface of the film grown from the electrolyte
with high Fe ion concentration, the dendritic structures
disappear (Figure 3(b)). Such a disappearance of the dendritic
structures for the film deposited from the electrolyte with
high Fe ion concentration may be due to the change of
major component of the film from Cu to Fe as confirmed
by the EDX measurements. It can be clearly seen that the
surface of the film prepared from the electrolyte with high
Fe ion concentration is smoother and more uniform than
that of the film grown from the electrolyte with low Fe
ion concentration (Figure 3(b)); however, the cauliflower–
like structures formeddue to the agglomeration of the smaller
grains are also observed in some regions on the surface as
seen from Figure 3(c). According to results obtained from
the SEM and EDX analyses, it is concluded that the surface
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Figure 3: SEM topographic images of Fe–Cu films electrodeposited from the electrolytes with low and high Fe ion concentrations (a) 0.02M,
(b) 0.08M, and (c) 0.08M at lower magnification, respectively.

morphological structure of electrodeposited Fe–Cu films is
affected strongly by the change of Fe : Cu ratio within the
films caused by the change of Fe ion concentration in the
electrolyte. The film morphology changes from a dendritic
structure to a cauliflower–like structure by the increase of
Fe : Cu ratio within the films. Similar changes in the surface
morphology have been also observed in very recent studies
performed about electrodeposited Fe–Cu films prepared at
different growth conditions and have been also attributed to
the compositional differences [12, 13].

Significant changes observed in the surface morphology
with the Fe:Cu ratio may be also related to the amount
of hydrogen evolution reaction. As shown in Figure 1, the
current density is more negative as the Fe–Cu film is pro-
duced from the electrolyte with higher Fe ion concentration.
At more negative current densities and/or more negative
cathode potentials, the hydrogen evolution reaction takes
place and it is vigorous enough to change the electrochemical
conditions at the vicinity of the cathode, which gives rise
to change of morphological structure [27, 28]. Thus, it is
concluded that the reason of the differences observed in the
morphological structure with respect to Fe : Cu ratio may be
also attributed to the increase of the hydrogen evolution reac-
tionwith increasing Fe ion concentration in the electrolyte. In
recent studies, the changes of surface morphology of metal
films produced by electrodeposition technique at different
growth conditions have been also related to the amount of
hydrogen evolution reaction [29–33].

The surface morphology of electrodeposited Fe–Cu films
prepared from the electrolytes with different Fe ion con-
centrations was also studied using an AFM. Two-and-three
dimensional AFM images over a scan area of 1𝜇m × 1𝜇mand
one-dimensional line scans of the films deposited from the
electrolytes with low, intermediate, and high Fe ion concen-
trations are shown in Figures 4(a), 4(b), and 4(c), respectively.
Fe–Cu films exhibited granular growthmorphology irrespec-
tive of Fe ion concentration as seen in Figure 4. The one-
dimensional line scans given also in Figure 4 show that the
height and the width of the grains are considerably affected
by the Fe ion concentration in the electrolyte. It is clearly seen
that both the height and thewidth of the grains decrease as the
Fe ion concentration in the electrolyte increases. Accordingly,
it can be concluded that an increase in Fe ion concentration
in the electrolyte leads to higher nucleation density and
thus encourages the formation of smaller grains on the film
surface. The AFM image shown in Figure 4(c) for the film
grown from the electrolyte with high Fe ion concentration
confirms the existence of the smaller grains. It is well known
that the surface roughness of electrodeposited thin films is
generally related to the grain size [34]. The variation of the
average and the root-mean square (RMS) surface roughness
in Fe–Cu films as a function of Fe ion concentration in the
electrolyte is illustrated in Figure 5. The root-mean square
(RMS) surface roughness values are determined to be 71.4, 43,
and 18.2 for the films electrodeposited from the electrolytes
with low, intermediate, and high Fe ion concentrations,
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Figure 4: Two- and three-dimensionalAFM topographic images and one-dimensional line scans of electrodeposited Fe–Cu films grown from
the electrolytes with low, intermediate, and high Fe ion concentrations (a) 0.02M (b) 0.04M, and (c) 0.08M, respectively.
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Figure 5:The variation of the average and the rms surface roughness
in Fe–Cu films as a function of Fe ion concentration in the
electrolyte. All lines are guide for the eye.

respectively, indicating the surface roughness of the films
decreases strongly with increasing Fe ion concentration in
the electrolyte. As a result, the surface roughness of the
films decreases significantly with the increase of Fe ion
concentration in the electrolyte, and finally the film exhibits
a morphology having of smaller grains.

4. Conclusions

We examined and reported-the-variations of the microstruc-
tures, compositions, and morphologies of electrodeposited
Fe–Cu films with low and high Fe : Cu ratio synthesized
onto ITO coated glass substrates from the electrolytes with
different Fe ion concentrations. The variation of the Fe ion
concentration in the electrolyte changed the Fe : Cu ratio
within the films and, hence strongly affected the microstruc-
tural and morphological properties of the films. XRD results
showed the existence of separated fcc Cu and bcc Fe phases.
The relative intensity of the fcc Cu (111) and Cu (200) peaks
decreased, whereas the relative intensity of bcc Fe (110)
peak increased as the Fe ion concentration in the electrolyte
increased. The average crystallite size of the films decreased
as the Fe ion concentration in the electrolyte increased. At
low Fe ion concentration, the dendritic structures on the
film surface were observed; however, the cauliflower-like
structures appeared on the surface of the film at high Fe ion
concentration due to the change of the Fe : Cu ratio within
the films. Fe–Cu film electrodeposited from the electrolyte
with high Fe ion concentration exhibited a relatively smooth
surface. At low Fe ion concentration, the surface become
rougher. The RMS surface roughness was found to decrease
significantly from 71.4 to 18.2 nm with increasing Fe ion
concentration in the electrolyte. There was also a significant
decrease in average grain size as the Fe ion concentration
in the electrolyte increased, and finally the film surface

morphology consisted of smaller grains. Accordingly, the
significant differences observed in the morphological and
microstructural properties might be related to the change of
Fe : Cu ratio within the films, which can be controlled by the
change of Fe ion concentration in the electrolyte.
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“Mechanical alloying of Fe-Cu alloys fromAs-received and pre-
milled elemental powder mixtures,” Key Engineering Materials,
vol. 230–232, pp. 631–634, 2002.

[19] Y. Ueda and N. Kikuchi, “Structure and magnetic properties of
electrodeposited Fe-Cu alloy films,” Japanese Journal of Applied
Physics, vol. 32, no. 4, pp. 1779–1782, 1993.

[20] Y. Ueda, S. Ikeda, Y. Mori, and H. Zaman, “Magnetoresistance
and magnetism in Fe-Cu alloys produced by electrodeposition
and mechanical alloying methods,”Materials Science and Engi-
neering A, vol. 217-218, pp. 371–375, 1996.

[21] A. J. C. Wilson, “On variance as a measure of line broadening
in diffractometry general theory and small particle size,” Pro-
ceedings of the Physical Society, vol. 80, no. 1, article no. 333, pp.
286–294, 1962.

[22] J. C. Puippe and N. Ibl, “Influence of charge and discharge
of electric double layer in pulse plating,” Journal of Applied
Electrochemistry, vol. 10, no. 6, pp. 775–784, 1980.

[23] S. Hassani, K. Raeissi, and M. A. Golozar, “Effects of saccharin
on the electrodeposition of Ni-Co nanocrystalline coatings,”
Journal of Applied Electrochemistry, vol. 38, no. 5, pp. 689–694,
2008.

[24] A. M. Rashidi and A. Amadeh, “Effect of electroplating param-
eters on microstructure of nanocrystalline nickel coatings,”
Journal of Materials Science and Technology, vol. 26, no. 1, pp.
82–86, 2010.

[25] A. M. Rashidi and A. Amadeh, “The effect of current density
on the grain size of electrodeposited nanocrystalline nickel
coatings,” Surface and Coatings Technology, vol. 202, no. 16, pp.
3772–3776, 2008.

[26] E. Ben-Jacop, “From snowflake formation to growth of bacterial
colonies,” Contemporary Physics, vol. 34, pp. 247–273, 1993.

[27] M. Alper, H. Kockar, M. Safak, andM. C. Baykul, “Comparison
of Ni-Cu alloy films electrodeposited at low and high pH levels,”
Journal of Alloys and Compounds, vol. 453, no. 1-2, pp. 15–19,
2008.

[28] M. Boubatra, A. Azizi, G. Schmerber, and A. Dinia, “Morphol-
ogy, structure, and magnetic properties of electrodeposited Ni
films obtained fromdifferent pH solutions,” Journal ofMaterials
Science: Materials in Electronics, vol. 22, no. 12, pp. 1804–1809,
2011.

[29] M. Motoyama, Y. Fukunaka, T. Sakka, and Y. H. Ogata, “Effect
of surface pH on electrodeposited Ni films,” Journal of the
Electrochemical Society, vol. 153, no. 7, pp. C502–C508, 2006.
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