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The Influence of Surface Roughness on the Electric Conduction Process
in Amorphous Ta2O5 Thin Films
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Amorphous Ta2O5 thin films were deposited by radio-frequency magnetron sputtering at the substrate temperatures of 100, 200,
and 3008C, respectively. The electrical properties of Ta2O5 thin films were investigated as a function of substrate temperature and
film thickness. The leakage current of the Ta2O5 films was in the order of 1025 to 1026 A/cm2 for an applied field of 1 MV/cm.
The charge storage capacitances (eEbreakdown) were 7.7 (1008C), 7.9 (2008C), and 3.7 (3008C) mC/cm2. Most of the electrical analy-
ses were performed with the data obtained for the Ta2O5 thin films deposited at 2008C substrate temperature because they showed
optimum electrical properties. The dominant conduction mechanism changed from Schottky emission current at low field to Poole-
Frenkel current at the high field. With increasing film thickness, the surface roughness increased, whereas the transition fields from
the electrode-limited current to the bulk-limited current process decreased. To verify the effect of this surface roughness on the
electrical conduction mechanism, a two-dimensional numerical simulator, MEDICI, was used to simulate the electric field distri-
bution at the bulk region of the thin film and the interface region between the thin film and electrode.
© 1999 The Electrochemical Society. S0013-4651(98)11-090-X. All rights reserved.
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Amorphous tantalum oxide (Ta2O5) thin films are being used
widely in industry as dielectric layers for thin-film capacitors.1

Ta2O5 thin films have many outstanding characteristics, including a
high capacitor density and high dielectric constant, and good refrac-
tive index match to ZnS for ac thin-film electroluminescent devices.2

Their dielectric properties, especially their dc electrical conduction
characteristics, have been studied a great deal and numerous reports
have been published. However, their leakage current level still poses
a serious limitation for practical applications.3-6 In addition, rela-
tively little knowledge about the electrical properties of sputtered
Ta2O5 in conjunction with structural parameters, such as surface
roughness, implies that more detailed studies are needed in order to
improve the properties of the films.

Many investigations have been carried out regarding the influence
of the metal-insulator roughness on breakdown7-9 but study has not
been done with regard to its effect on current-voltage characteristics.

In this work, Ta2O5 thin films were deposited by a radio-fre-
quency (rf) magnetron sputtering technique. We studied the electri-
cal properties, especially the mechanism of current conduction. An
attempt was made to clarify the effect of actual Al-Ta2O5 interface
roughness on the current conduction process with reference to atom-
ic force microscopy (AFM) analysis as well as two-dimensional
numerical simulation. It was confirmed that the electric field distri-
bution in the Ta2O5 films, evaluated using the MEDICI simulator,
agreed with the current-voltage characteristics of the Ta2O5 thin
films as a function of surface roughness.

Experimental
The Ta2O5 thin films were prepared by a rf-magnetron sputtering

technique onto glass (Corning 7059) coated with a transparent elec-
trode, indium-tin oxide (ITO), which has a sheet resistance of about
20 V/h. A 4 in. Ta2O5 ceramic disk sputtering target with 99.99%
purity was used. The base pressure in the chamber was adjusted to
2 3 1026 Torr, and the Ar (80%) and O2 (20%) gas mixture pressure
during the deposition was maintained at 1 3 1022 Torr.

Three types of samples were prepared by varying the deposition
temperature (100, 200, and 3008C) for the amorphous-Ta2O5 thin
films. The effect on the electric properties of Ta2O5 was investigated
as a function of the thickness (200, 300, and 400 nm) for the thin
films deposited at 2008C substrate temperature. An aluminum elec-
trode of 0.7 mm diam was formed on the thin films by thermal evap-
oration and then the electric properties of the capacitors with metal-
insulator-metal structure (Al/Ta2O5/ ITO) were investigated.

The surface morphologies of the Ta2O5 thin films were studied
using AFM analysis. The dielectric properties, such as capacitance
and dielectric loss, were measured by an impedance analyzer (HP
4912A). The current-voltage characteristics were obtained by a
Keithley 237 high-voltage source and measurement unit. 

Results and Discussion
Characteristics of Ta2O5 as a function of substrate tempera-

ture.—Figure 1 shows the dielectric constant and loss factor of
amorphous Ta2O5 thin films as a function of the substrate tempera-
ture during deposition. The dielectric constants are from 22 to 26
and are nearly independent of frequency in the range 1-100 kHz. The
loss factors increase with increasing the substrate temperature at
high frequency.

Optical transmittance was also investigated for the Ta2O5 thin
films on the ITO-coated glass for different substrate temperatures
during deposition, as shown in Fig. 2. The transmittance of the thin
films in the visible range was in the range 80-90%, regardless of sub-
strate temperature. From these data, the calculated indexes of refrac-
tion were 1.9-2.4.

Leakage current is a critical issue in semiconductor device appli-
cation. Figure 3 shows the current-voltage (I-V) characteristics of
the Ta2O5 thin film as a function of deposition temperature. The volt-
age was applied with a step of 0.5 V. The leakage currents of Ta2O5
are of the order of 1025-1026 A/cm2 at 1 MV/cm applied field. The

Figure 1. Frequency dependence of the dielectric constant for Ta2O5 thin
films.
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insulating layer for semiconductor devices and other applications
should have low leakage current as well as high charge-storage
capacitance (eEbreakdown) in order to achieve both low power con-
sumption and stable operation of the device. The charge-storage
capacitances are 7.7 (1008C), 7.9 (2008C), and 3.7 (3008C) mC/cm2.
The electrical characteristics of all Ta2O5 thin films, except the thin
film with 3008C deposition temperature, show very good character-
istics for the semiconductor devices, especially the ac thin-film elec-
troluminescent device (ACTFELD). Regarding the leakage current
and the charge-storage capacitance, it is reasonable to select the opti-
mum substrate temperature as 2008C.

I-V characteristics of Ta2O5 thin films.—The leakage current in a
dielectric film can be due to several conduction mechanisms. DC
electrical conduction in the dielectric films can be described in terms
of the electrode-limited or bulk-limited processes.

Voltage polarity dependence of the leakage current is observed
for the Ta2O5 thin films with 2008C deposition temperature in Fig. 4.
The leakage current is independent of the voltage polarity for high
electric field (region 1), as shown in Fig. 4. The current invariance
with the voltage polarity could be explained by a bulk-limited cur-
rent process, but the leakage current is dependent on voltage polari-
ty at low electric field (region 2). For the electrode-limited current,
the current is dependent on voltage polarity. This is attributed to the
difference in work function of the top and bottom electrodes.

Figure 2. Optical transmittance of the Ta2O5 thin films.

Figure 3. I-V characteristics of amorphous Ta2O5 thin films as a function of
substrate temperature during deposition.
In addition, film thickness dependence of the leakage current
must be considered. Ta2O5 films with different thicknesses were pre-
pared by varying the deposition time. The thicknesses of the Ta2O5
thin films were 200 nm (sample 1), 300 nm (sample 2), and 400 nm
(sample 3). To determine the dominant mechanism of the leakage
current, the current-voltage characteristics of the Ta2O5 thin films
were measured as a function of the film thickness. Figure 5 plots the
logarithmic current density as a function of the square root of the
electric field [ln(J) vs. E1/2]. For low electric field (<2 MV/cm) a
straight line can be obtained for samples 1 and 2, and there is very
little thickness dependence of leakage current. This is further evi-
dence for electrode-limited current, which is a Schottky emission
(SE) process across the interface between the metal and an insulat-
ing film as a result of barrier lowering due to the applied field and
image force. Thus, the dominant conduction mechanism at a low
field for samples 1 and 2 is determined to be a Schottky emission
process. At a high field (>2 MV/cm) the leakage current curve is
slightly deviated from straight line for samples 1 and 2.

For sample 3, the thickness dependence of the leakage current is
shown at over 0.3 MV/cm. To investigate these results, the insets of
Fig. 5 and 6a plot the logarithmic current density divided by the elec-
tric field as a function of the square root of the electric field [ln(J/E)
vs. E1/2]. The subsequent curves are straight lines at a high electric
field. The value of the dynamic dielectric constant that fits the opti-

Figure 4. Polarity dependence of the leakage current for Ta2O5 thin films
with 2008C substrate temperature during deposition.

Figure 5. Ln(J ) vs. E1/2 plot for the amorphous Ta2O5 thin films. The inset
figure is ln(J/E ) vs. E1/2 plot for the amorphous Ta2O5 thin films in the high
field region for samples 1 and 2. 
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cal dielectric constant from the slope of the straight lines11-13 was
found to be 5.1 for sample 1, 7 for sample 2, and 4.4 for sample 3.
These values agree with the optical dielectric constant obtained from
the transmission spectrum. Hence, the dominant conduction mecha-
nism at a high field is the Poole-Frenkel (PF) conduction mechanism.
According to these results, the conduction process of amorphous
Ta2O5 thin films changes from being the electrode-limited current
(SE current) at low field to being the bulk-limited current (PF cur-
rent) at high field, which agrees with other reports.3,5,14 These
processes have three distinct voltage regions to consider: (i) low volt-
age where the characteristic is determined purely by the thermal
processes (region a); (ii) intermediate voltage where the conduction
process is electrode-limited and in which (a) contact tunneling and/or
(b) impact ionization occur (region b); and (iii) high voltage where
the characteristic is determined by the bulk region (region c).14

Effect of surface roughness on I-V characteristics.—In Fig. 6b we
defined the transition field as an electric field of intersection of the
slope of the bulk-limited current (PF current) and that of the elec-
trode-limited current (SE current). The transition field for samples 1,
2, and 3 are seen in Fig. 6a. It is notable that the transition fields
from the electrode-limited to the bulk-limited conduction process
decreases with increasing film thickness. The transition fields for
samples 1, 2, and 3 were 2.2, 1.9, and 0.27 MV/cm for the samples
deposited to 200, 300, and 400 nm thickness, respectively.

Figure 7 shows the surface roughness of the Ta2O5 thin films on
the ITO with 0.98 nm surface roughness according to the different
thicknesses by AFM analysis. The AFM results are summarized in
Table I. The roughness increases with increasing thickness of the
Ta2O5 layer, because the peaks on the uneven growing surface receive
more incident flux than the valley and the nucleus growth at the val-
ley decreases in the rf-sputtered insulator. Figure 8b shows the root-
mean-square (rms) roughness (r) as a function of thickness (t) of
Ta2O5 thin films. The dynamic scaling theory15 predicts r ~ <t>b

where r, t, and b are rms roughness, film thickness, and the growth
exponent of Ta2O5 films, respectively. The log(r) vs. log(t) plot for
each value of <t> yielded a straight line with b 5 0.3. The rms rough-
ness of Ta2O5 thin films scales with film thickness as a power law.

The transition field of the Ta2O5 thin films was investigated as a
function of surface roughness and thickness, as shown in Fig. 8a. It
is noted that the transition fields are linearly dependent on the rms
value of surface roughness evaluated by AFM, but there is no linear-
ity of the relationship between the thickness and the transition field.
It is reported that at region b (transition field region) one of two
processes can occur. The field emission from the electrode into the

Figure 6. (a) Ln(J/E ) vs. E1/2 plot for the amorphous Ta2O5 thin films in the
high field region and transition field for samples 1, 2, and 3. (b) The defini-
tion of transition field for samples 1 and 2. 
conduction band of the insulator can occur, or the impact ionization
can occur in the contact region of the insulator.

In these results the contact resistance decreases rapidly with
increasing voltage bias. This means that the process from region a to
region b related to the surface properties. When this occurs, the ap-
plied field is shared equally between the contact and the bulk. There-
after, all the voltage in excess of the transition field falls across the
bulk, which is leading to a bulk-controlled process region c. 14

To verify this surface effect on the electric field in the surface and
the bulk of the Ta2O5 thin film, a two-dimensional (2D) numerical
simulator, MEDICI, was used to simulate the electric field distribu-

Figure 7. AFM image of Ta2O5 thin films in 1 3 1 mm square regions: (a)
200, (b) 300, (c) 400 nm.

Table I. Roughness parameters of AFM images for Ta2O5
thin films.

Ta2O5 Thickness rms (nm) Average (nm)

1 (200 nm) 01.1 0.85
2 (300 nm) 02.1 1.60
3 (400 nm) 10.4 3.02
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Figure 8. (a) Transition field from electrode-limited to bulk-limited current
as functions of rms values obtained by AFM and thickness of Ta2O5 thin
films. (b) Plot of rms roughness as a function of thickness. 

Figure 9. Schematic diagram of the simulated metal-insulator-metal structure.
tion in the thin-film bulk and at the surface. The metal-insulator-
metal structure was used for 2D numerical device simulation, as dis-
played in Fig. 9. To investigate the effect of the surface roughness on
the electric field, the surface was divided into two regions, a rough
region and a smooth region. 

Figure 10a and b displays the calculated electric field distribution
in the vicinity of the Al/Ta2O5 interface and in the bulk Ta2O5 thin
films. The intensity of the electric field is shown in the neighborhood
of the interface. Near the ridges of the metal/insulator interface, the
electric field is much stronger than in the bulk, especially in the in-
terface region.

The visualization of the electronic roughness7 is enhanced when
the electric field intensity is plotted as a function of the vertical and
horizontal dimensions. Clearly, the electronic roughness is subjec-
tively higher for thin films with rougher surfaces. In addition, it is
now evident that the electric field is increased at the Al/Ta2O5 inter-
face due to the surface roughness. The higher field at the interface
between the metal and insulator can result in the field emission,
impact ionization, or higher SE current due to larger interface barri-

Figure 10. Electric field distribution in the Ta2O5 thin films: (a) electric field
contours at the interface between the metal and the insulator and (b) electric
field intensity as a function of the vertical (Y) and horizontal (X) dimensions
of the metal-insulator-metal structure.
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er lowering. It was reported that surface roughness yields on the
image potential were as high as even 10-60% compared to that of a
flat interface.9 In these results, the contact resistance of the Ta2O5
thin films with rough interfaces decreases more rapidly with increas-
ing field than that of Ta2O5 thin films with smooth interfaces.16,17

The leakage current is controlled by a bulk process at lower applied
field in the Ta2O5 thin film with a rough interface than with a smooth
interface.

In conclusion, the roughness of the Ta2O5 thin film can have an
important influence on electrical behavior, especially in the region
near the transition from electrode-limited to bulk-limited current.

Conclusions

The electrical properties of the Ta2O5 thin film obtained by rf-
magnetron sputtering were investigated. The leakage current of the
Ta2O5 thin films was of the order of 1025 to 1026 A/cm2 at an
applied field of 1 MV/cm and the charge-storage capacitances
(eEbreakdown) are 7.7 (1008C), 7.9 (2008C), and 3.7 (3008C) mC/cm2.
With regard to leakage current and charge-storage capacitance, the
optimum substrate temperature during deposition was 2008C. The
dominant conduction mechanism for amorphous Ta2O5 thin films
with 2008C substrate temperature changed from being electrode-lim-
ited (SE current) at low field to being bulk-limited (PF current) at
high field. To verify the effect of surface roughness on the electric
conduction mechanism, a 2D numerical simulator, MEDICI, was
used to simulate the electric field distribution in the thin-film bulk.
These studies demonstrated that the interface roughness between the
metal and high-dielectric-constant insulating film (Ta2O5) strongly
controlled the current-conduction mechanism and electric field dis-
tribution in the insulator. The results suggest that the surface electric
fields are modulated by the interface roughness between the metal
and dielectric film. The interface roughness of the dielectric and
metal layer is one of the physical factors which governs the electri-
cal performance of Ta2O5 thin films.

Korea University assisted in meeting the publication costs of this article.
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