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a b s t r a c t

Y2O3 thin films were prepared by rf-sputtering under various sputtering pressures at room tempera-
ture. Spectroscopic ellipsometer, X-ray diffraction and semiconductor parameter analyzer were used
to characterize the studied films. The results show the crystallinity and leakage current density of the
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eywords:
2O3 dielectric films
eactive rf-sputtering

films improved with decreasing sputtering pressure. The effects of post-metallization annealing (PMA)
on optical, structural and electrical properties of the films were also evaluated. It is found that PMA can
significantly enhance the electrical performance of Y2O3 film, and the lowest leakage current is found
to be 1.54 × 10−8 A/cm2 at 1 MV/cm for the samples treated at 350 ◦C for 30 min. The leakage current
mechanisms were discussed as well, which reveals that space charge limited current dominates the

Schot
ost-metallization annealing
eakage current

as-deposited films while

. Introduction

With the ever increasing need for higher speed and lower power
onsumption device pushed the amorphous Si-based TFT to its
erformance limit, transparent thin-film transistors (TTFTs) have
ttracted considerable attentions for the use in active-matrix liquid
rystal displays (AMLCD), and TTFTs basically provide two princi-
al advantages over Si-TFT: less thermal consumption and lower
ost [1–4]. As a key element in TTFT, qualified high permittivity
high-k) dielectrics determine the performance of the device. The
TFT research community are now looking for such dielectrics to
e able to modulate enough charges under a practical gate bias,
s well as to realize large area and low temperature fabrication.
o far, the intensively investigated high-k materials include tran-
ition metal (TM) oxides (HfO2, Y2O3, Ta2O5, etc.) and their alloys.
mong them, Y2O3 has been considered as a promising candidate

or the characteristic of wide band-gap (5.5–6 eV), relatively high
ielectric constant (14–18), good thermodynamic stability (up to
325 ◦C), and the easy availability in large areas [5–8].

The reactive radio frequency magnetron sputtering (rf-
puttering) technique is widely used to fabricate thin films. Its

table procedure and easy-controllability guarantee the large scale
anufacture [9–11]. The structural, opto-electrical properties of

puttered films are closely related to the sputtering parameters.
ne of those is sputtering pressure and it is controlled by the flux

∗ Corresponding author. Tel.: +86 574 8668 5161; fax: +86 574 8668 5163.
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tky mechanism describes the PMA treated ones well.
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of sputtering gas. The change of pressure inside the discharge cham-
ber can alter the probability of mutual collision between discharge
ions and sputtered particles, which would greatly affect the mean
free path of the sputtered particles and eventually the film qual-
ity. Besides in situ parameters, ex situ treatments also influence
the quality of sputtered films, among which post-metallization
annealing (PMA) is an effective method to polish the proper-
ties of both materials and devices [12,13]. More specifically, the
low-temperature post-metallization annealing process has been
regarded as a useful procedure in metal-oxide-semiconductor
(MOS) technology to reduce the interface trap density by passi-
vating and repairing oxide-related trap charge [15].

In this work, we concentrate on the effects of sputtering pressure
and low temperature PMA treatment on the optical, structural and
electrical properties of Y2O3 dielectric films.

2. Experimental

Prior to the deposition of Y2O3 films, both the surface of ITO glass and Si sub-
strate were cleaned with acetone, methanol, and deionized water, in that order. The
Y2O3 films were prepared by reactive rf-magnetron sputtering from a 2-in. yttrium
metallic target (4 N) in a high vacuum chamber under a base pressure of around
5 × 10−5 Pa. Distance between substrate and the target is 14.5 cm. Before sputtering,
the substrate surface was cleaned by Ar+ bombardment for 5 min in order to further
reduce contaminations, and pre-sputtering was carried out in pure Ar ambient for
10 min to clean the target surface. The sputtering power was 100 W and the Ar/O2

gas flow ratio was fixed at 10:1 while total sputtering pressure was adjusted to be

0.33 Pa, 0.27 Pa and 0.22 Pa. In order to obtain a constant film thickness of ∼140 nm,
deposition time for each sample was varied, depending on the sputtering pressure.
After the deposition of dielectric, approximately 200 nm thick Al top electrodes were
formed immediately for the fabrication of metal/insulator/metal (MIM) capacitors
using a conventional dc-sputtering in Ar ambient through a shadow mask with a
circular contact area of 3.14 × 10−4 cm2. The samples with optimal overall perfor-

ghts reserved.
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ig. 1. Experimental (dots) and fitted (solid lines) SE data for samples (a) sputte
s-deposited; (d) SP = 0.22 Pa, 300 ◦C PMA; (e) SP = 0.22 Pa, 350 ◦C PMA; (f) SP = 0.22

ance under a sputtering pressure of 0.22 Pa were processed in 300 ◦C for 30 min,
50 ◦C for 1 min, 10 min, 30 min and 50 min, and 400 ◦C for 30 min, respectively, to
urther study the influence of PMA treatment.

The thickness and optical properties of Y2O3 films were determined ex situ using
spectroscopic ellipsometer (SE) (J.A. Woollam Co., Inc., M-2000DI). The ellipsomet-

ic angle and phase difference�were recorded ranging from 200 nm to 1700 nm
t incidence angles of 55◦ , 65◦ , and 75◦ . The structures of Y2O3 films were investi-
ated by X-ray diffraction (XRD) using a Brucker D8 Advance X-ray diffractometer.
he electrical characteristics of Y2O3 films were measured by using a semiconductor
arameter analyzer (Keithley 4200-scs) in the dark at room temperature.

. Results and discussion

.1. Optical properties

Spectroscopic ellipsometry (SE) is known as a sensitive and
ondestructive method to characterize the optical properties of
aterials. It has been reported that SE data can also provide infor-
ation about crystallization and densification of the film in terms

f the dielectric function [16].
The dependence of refractive index and band gap of Y2O3 films

n the diverse sputtering pressures and PMA conditions is demon-
trated based on the spectroscopic ellipsometry analysis. Assuming
2O3 could hardly react with Si at temperatures lower than 400 ◦C
17], we used a three-phase model of substrate/Y2O3 film/surface
oughness layer (60% Y2O3 film with 40% voids) to represent our
amples, as shown in the inset of Fig. 1. The dielectric function and

he optical parameters of the films, such as thickness and refrac-
ive index, can be obtained from ellipsometric parameters and�.
auc–Lorentz (TL) dispersion function [18] was adopted to extract
he dielectric functions of Y2O3 films. The imaginary part (ε2) of
ielectric function is obtained by combining the classical expres-
ressure (SP) = 0.33 Pa, as-deposited; (b) SP = 0.27 Pa, as-deposited; (c) SP = 0.22 Pa,
0 ◦C PMA. Inset is the schematic structure of the optical model.

sion of the imaginary part of the dielectric functions above the
band edge with the standard TL expression, and the real part (ε1)
of dielectric functions is a result of self-consistent Kramers–Kroig
integration of ε2. The following equations summarize ε1 and ε2 as
a function of photon energy E:

ε2(E) =

⎧⎨
⎩

0, (E ≤ Eg)
AE0C(E − Eg)2

(E2 − E0
2)

2 + C2E2
· 1
E
, (E ≥ Eg) (1)

and

ε1(E) = ε∞ + 2
�
P

∫ ∞

Eg

�ε2(�)
�2 − E2

d� (2)

Eqs. (1) and (2) are uniquely defined by five parameters: ε∞, A (tran-
sition matrix element), C (broadening term), E0 (peak transition
energy), and Eg (optical band gap). For each sample, the five TL
parameters and dielectric functions are determined by the least-
square fitting from the experimental data.

The experimental data (dots) and fitted (solids lines) SE data of
 and � shown in Fig. 1 are in good agreement with each other,
which implies the optical parameters of the films are simulated
with high precision. Also, the quality of fitted result was assessed
by the mean-squared-error (MSE) function, of which the values are
always smaller than 10, further assuring the reliability.

Fig. 2 displays the dependence of the refractive index (n) of Y2O3

films on the sputtering pressure as a function of photon energy. It
is obtained that the n values at 543.5 nm for the samples under a
sputtering pressure of 0.33 Pa, 0.27 Pa and 0.22 Pa are 1.80, 1.83 and
1.86, respectively. These values are comparable to those reported
for high density Y2O3 [19]. Refractive index (n) is closely related to
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ig. 2. The dependence of refractive index (n) of Y2O3 films on the sputtering pres-
ure as a function of photon energy. Inset is the Tauc plots to determine the band
ap.

he film density, which can be explained in the terms of the mean
ree path point. The mean free path of a sputtered particle passing
hrough the deposition chamber before it collides with discharge
as molecules is given by [9]:

1 = c1
�12

(3)

here c1 is the mean velocity of sputtered atoms and �12 is the
ean collision frequency between sputtered atoms and discharge

as molecules. Since the velocity of sputtered particles is much
arger than the gas molecules, �12 is given by:

12 = �(r1 + r2)2c1 ∗ n2 (4)

here r1 and r2 are the atomic radii of sputtered atoms and
ischarge gas molecules, respectively, and n2 is the density of dis-
harge gas. Then, the mean free path is simply given by:

1 = 1

�(r1 + r2)2n2

(5)

rom Eq. (5) it is concluded that a longer mean free path is realized
y decreasing the sputtering pressure. As it is well known that,
toms with bigger mean free path have higher surface mobility
o form a denser film resultantly [20]. Furthermore, Cheng et al.
5] believe that the atomic kinetic energy is dissipated by frequent
ollision with the ambient gases as pressure increases. So, the low
tomic kinetic energy reduces the possibility of adatoms to look for
ow energy site to reside before covered by the next layer of atoms.
rude equation [21] is introduced to confirm the above analysis,

.e.,

− p = n2
f − 1

n2
b

− 1
(6)

here nf is refractive index of porous materials, nb the refractive
ndex of bulk materials, and p the mean value of the porosity. The
efractive index (nb) of the bulk Y2O3 is 1.936 at 543.5 nm [22].
ased on Eq. (6), the porosity p of the samples under sputtering
ressure of 0.33 Pa, 0.27 Pa and 0.22 Pa are calculated to be 19.5%,
5.5% and 10.5%, respectively, confirming that the bigger refractive

ndex, the higher thin film packing density [23,24].
Another factor should be concerned is the optical band gap
Eg) derived from the inverted dielectric functions. A common
ethod to determine Eg is to use Tauc plot, which has already been

mployed to acquire Eg of Y2O3 [22]. As illustrated in the inset of
ig. 2, the band gap Eg is extracted by extrapolating a straight line
ear the band edge to zero from the plot of [n(E)˛(E)E]1/2 vs. photon
Fig. 3. Plots of refractive index (n) and band gap (inset) for Y2O3 films under a
sputtering pressure of 0.22 Pa with 300 ◦C, 350 ◦C and 400 ◦C PMA treated or not.

energy (E), where n(E) is the refractive index (n), and ˛(E) rep-
resents absorption coefficient of the film. The obtained band gap
displays a slight blue shift from 5.53 to 5.58 then to 5.68 corre-
sponding to the sputtering pressure of 0.33 Pa, 0.27 Pa and 0.22 Pa,
respectively. It is believed that the presence of defect and disorder
in the film would yield localized states in the band structure which
are responsible for the shrink of band gap [22]. Based on the anal-
ysis above, the deposited atoms having higher kinetic energy can
diffuse more freely on the film surface, which gives rise to reduce
the amount of defect and disorder localized in the band structure,
to densify the films, and to expand the band gap eventually.

Fig. 3 depicts the refractive index (n) of the sputtered Y2O3 films
(under a sputtering pressure of 0.22 Pa) with and without PMA
treatment. The refractive index (n) of the samples become bigger
after PMA treatment, and the mechanism is probably described
as follows: the as-deposited films are always in loose arrange-
ment with some voids incorporated during the sputtering, and
the annealing procedure can eliminate some voids and activate
the atoms to rearrange in the films, which leads to the forma-
tion of more closely packed films and correspondingly, the larger
refractive index. Kim et al. [25] also proved that low tempera-
ture annealing promoted thin film densification rather than cause
the interfacial layer growth. This assumption is also confirmed
by Drude equation, from which the calculated porosity values for
300 ◦C, 350 ◦C and 400 ◦C PMA treated samples are 9.7%, 9.6% and
9.5%, respectively, while for the as-deposited one, the calculated p
is 10.5%.

3.2. Structural properties

It is clearly presented in Fig. 4 that the as-deposited films feature
polystalline nature in this study. Both the (2 2 2) and (3 1 0) peaks
are weak and broad for the sample under a sputtering pressure of
0.33 Pa, while for the samples under sputtering pressure of 0.27 Pa
and 0.22 Pa, the two diffraction peaks become a bit intense, suggest-
ing an improved crystallinity with decreasing sputtering pressure.
(2 2 2) Diffraction peak is the strongest in all the samples, indicating
that (1 1 1) plane is the preferential orientation of Y2O3 films [6] and
the sputtered Y2O3 films are dominated by (1 1 1) cubic phase [26].
For the samples treated with PMA, the intensity of (2 2 2) peaks
enhances significantly, implying that the crystallinity is also get-
ting better after annealing. Moreover, an obvious (4 0 0) diffraction

peak appears in the PMA-treated sample, implying that PMA con-
tributes to promote the grain growth. The variation of XRD pattern
of the as-deposited Y2O3 is consistent to that of optical properties
with different pressure. Since the sputtered particles are more eas-
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Fig. 4. XRD patterns of Y2O3 dielectric/ITO glass substrate (a) as-deposited samples wi
sputtering pressure of 0.22 Pa (3) as-deposited, (4) 350 ◦C/30 min PMA.
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ig. 5. The J–E curves as a function of sputtering pressure. Inset is J@1 MV/cm under
arious sputtering pressure.

ly to collide with each other or with the discharge ions in the case
f higher pressures, there are more particles with too low energy
o arrive at the substrate, which leads to less intensive diffraction
eak [27]. When treated with annealing, on one side, the atoms are
ctivated by heat energy to rearrange in the lattice; on the other,
rain size is allowed to grow larger, so the crystallinity is improved
onsequentially.

.3. Electrical properties

Fig. 5 represents the leakage current density–applied electric
eld (J–E) characteristics of Al/Y2O3/ITO MIM capacitors. The leak-
ge current values at 1 MV/cm are 5.34 × 10−5, 3.70 × 10−5 and
.58 × 10−5 A/cm2 under a sputtering pressure of 0.33 Pa, 0.27 Pa
nd 0.22 Pa, respectively, revealing that leakage current density
ets reduced with decreasing sputtering pressure. In particular, the
rop is calculated to be 70.4% from sputtering pressure of 0.33 Pa to
.22 Pa. The leakage current density is influenced by the film den-
ity, crystallinity, and surface morphology [28]. It can be derived
rom the optical and structural analysis that Y2O3 films have larger
acking density as well as better crystallinity with decreasing sput-
ering pressure. Also the surface roughness thickness obtained from
E is 13.3 nm, 12.0 nm and 10.7 nm under a sputtering pressure
f 0.33 Pa, 0.27 Pa, and 0.22 Pa, respectively, indicating improved
urface morphology with decreasing sputtering pressure [29].
Afterwards, the as-deposited samples under a sputtering pres-
ure of 0.22 Pa were selected to conduct PMA treatments at
ifferent temperatures as well as various durations, in order
o study the effects of PMA on the electrical performance of
l/Y2O3/ITO capacitors, as shown in Fig. 6. The asymmetry of leak-
th sputtering pressure of: (1) 0.33 Pa, (2) 0.27 Pa, (3) 0.22 Pa; (b) samples with a

age current curves for the top injection and bottom injection mode
is due to the asymmetry of ITO bottom electrode and Al top elec-
trode. Although some previous studies have reported that the
leakage current density increases after PMA treatment [30,31], it
is obvious that PMA can reduce the leakage current and enlarge
the breakdown voltage significantly in our studies. Most of the
samples remain un-breakdown when the electrical field is up to
2 MV/cm, except for the as-deposited sample and 400 ◦C/30 min
treated one. In comparison with the 300 ◦C and 400 ◦C treated
samples, the 350 ◦C processed one exhibits lowest leakage current
(Fig. 6b), while the sample annealed for 30 min at this temper-
ature shows the smallest leakage current density among all the
durations (Fig. 6a). The leakage current density under the optimal
condition of 350 ◦C/30 min, approaching 10−8 A/cm2 at 1 MV/cm,
reduces by three orders of magnitude compared to that of the
as-deposited one. Fig. 7 is the plots of leakage current density at
1 MV/cm vs. various PMA conditions, which reveals the leakage
current improvement after PMA treatment more directly.

For the leakage current reduction mechanism after PMA treat-
ment, the hydrogen passivation model is adopted in this study,
which is also reported elsewhere [14,15,32,33]. Y2O3 films, fea-
turing high hygroscopicity in nature, are easily to absorb vapor in
the air. Therefore, the hydroxyl groups (the water molecules are
known to electrostatically dissociate into protons and hydroxyls)
gathered at the Al/Y2O3 interface could react with the Al contact.
Then the generated atomic H would diffuse into the dielectric and
passivate the traps present at the interface or even in the bulk of
Y2O3 films, making the defects that are responsible for the leak-
age current electrically inactive. The reaction can be described as
follows:

xAl + OH− +h+ = AlOx + H+ + e− (7)

In comparison with the other PMA-treated samples, 350 ◦C
treated one has the lowest leakage current. It is assumed that
the lower treatment temperature cannot provide enough kinetic
energy for hydrogen atoms to passivate the defects, while more
higher PMA temperature would interfere the hydrogen passivation
due to the decomposition of passivation center [15,33]. As to the
result of 400 ◦C PMA in Fig. 6(b), there is another reason worthy to
be mentioned. For a dielectric/substrate couple, a thermodynami-
cally stable bonded interface, which is intrinsically linked to both
dielectric and substrate, is important to maintain good adhesion

and thus obtain good performance [34]. When PMA is undertaken
at 400 ◦C, the ITO films are likely to get degraded and generate
dangling bonds due to poor thermal stability [35]. This will intro-
duce extra interface defects between Y2O3/ITO layers and finally
deteriorate the electrical performance of MIM capacitors.
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Fig. 6. Comparison of J–E characteristics of the samples at SP = 0.22 Pa with or without PMA (a) with different durations; (b) at different temperatures.

for the samples (a) with various durations; (b) at various temperatures.
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Fig. 7. The leakage current density at an applied field of 1 MV/cm

Furthermore, the leakage current mechanism is discussed to
nterpret the conduction behavior. The space-charge-limited cur-
ent (SCLC) model has been developed to describe the current
ehavior of numerous thin films, such as organic materials, nitride,
nd rare earth oxides [25]. A plot of J vs. E2 should be linear for SCLC
echanism as determined from Mott–Gurney Law [36]:

= 9
8
�εε0

E2

L3
(8)

here � is the free carrier mobility, ε is the dielectric constant
f the material, E is the applied electrical field and L is the distance
etween two electrodes. It is clearly displayed in Fig. 8(a) that linear
art fits well in most of the applied filed range, meaning the leak-
ge current is dominated by SCLC mechanism for the as-deposited
ample. It is generally considered high-k oxides have larger den-
ities of trapped charges and interface states than SiO2, causing
ore significant trap-induced current leakage. SCLC is such a typ-

cal mechanism responsible for the high trap density conduction
25].

As depicted in Fig. 8(b), the line extracted from the Schottky
echanism matches well with the PMA treated sample. The Schot-

ky emission conduction can be expressed as [37]:

= A ∗ T2 exp

[
−q(˚B −

√
qE/4�εrε0)

kT

]
(9)

For the Schottky emission, a plot of ln(J/T2) vs. E1/2 pro-
uces a straight line, and the fitted dynamic dielectric constant

i.e., the optical dielectric constant) can be obtained from the
lope of the plot, which is equal to square of the refractive
ndex (εr = n2) theoretically [37,38]. In this study, the extracted
r is 2.61, of which the square root is close to the n value
btained by SE. So it is believed that the Schottky emission mech-
Fig. 8. Leakage current mechanism for the SP = 0.22 Pa, as-grown and SP = 0.22 Pa,
350 ◦C/30 min PMA treated samples (a) The plot of J vs. E2 for the as-grown sample;
(b) the plot of ln(J/T2) vs. E1/2 for the 350 ◦C/30 min PMA treated one.
anism dominates the annealed films due to the reduction of
traps such as vacancies and dangling bonds [39], which confirms
the benefit of the H passivation arising from the PMA treat-
ment.
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. Conclusions

In summary, the effects of sputtering pressure and low temper-
ture post-metallization annealing (PMA) on the optical, structural
nd electrical performance of Y2O3 films were investigated. As
he sputtering pressure decreases, it is found that the crystallinity
s improved; meanwhile both the refractive index and band gap
ecome larger but the leakage current density gets smaller due to
he densification of the films. Post-metallization annealing treat-

ent can significantly reduce the defects and enhance the electrical
erformance of Y2O3 films, which is thought to attribute to the
tomic H making the defects at the interface or/and in the bulk of
2O3 inactive. The space-charge-limited current model is found to
t well with the leakage current curve of the as-deposited films at
ost range, while the Schottky emission mechanism is found to
ell describe the leakage behavior of the PMA-treated samples.
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