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Abstract 

Tantalum oxide (Ta205) thin films were fabricated on R-coated Si, n +-Si, and 
poly-Si substrates by metalorganic solution deposition technique. The effects of 
postdeposition annealing on the structural, electrical, and optical properties 
were analyzed. The Ta205 films were amorphous up to 600 OC. A well- 
crystallized orthorhombic phase with strong a-axis orientation was obtained at 
an annealing temperature of 650 “C. The refractive index was found to increase 
with annealing temperature and a value of 2.08 (at 630 m-n) was obtained for 
films annealed at 750 “C. The electrical measurements were conducted on metal- 
insulator-metal (MIM) and metal-insulator-semiconductor capacitors. The 
dielectric constant of amorphous Ta205 thin films was in the range 29.2-29.5 up 
to 600 “C, while crystalline thin films, annealed in the temperature range 
650-750 “C, exhibited enhanced dielectric constant in the range 45.6-51.7. The 
high dielectric constant in crystalline thin films was attributed to orientation 
dependence of the dielectric permittivity. The dielectric loss factor did not show 
any appreciable dependence on the annealing temperature and was in the range 
0.006-0.009. The frequency dispersion of the dielectric properties was also 
analyzed. The films exhibited high resistivities of the order 10’2 -1015 &Y2 cm at an 
applied electric field of 1 MV/cm in the annealing temperature range of 
500-750 “C. The measurement of current-voltage (I-V) characteristics in MIM 
capacitors indicated the conduction process to be bulk limited. The I-V 
characteristics were ohmic at low fields, and Poole-Frenkel effect dominated at 
high fields. The temperature coefficient of capacitance was in the range 52-114 
ppm/“C for films annealed in the temperature range 500-750 “C. The bias 
stability of capacitance, measured at an applied electric field of 1 MV/cm, was 
better than 1.41% for Ta205 films annealed up to 750 OC. For a 0.15-pm-thick 
film, a unit area capacitance of 3.0 fF/pm2 and a charge storage density of 22.3 
fC/prnz were obtained at an applied electric field of 0.5 MV/cm. 
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Tantalum oxide (Ta205) thin films were fabricated on Pt-coated Si, n+-Si, and poly-Si substrates 
by metalorganic solution deposition technique. The effects of postdeposition annealing on the 
structural, electrical, and optical properties were analyzed. The TazOs films were amorphous up to 
600 “C. A well-crystallized orthorhombic phase with strong a-axis orientation was obtained at an 
annealing temperature of 650°C. The refractive index was found to increase with annealing 
temperature and a value of 2.08 (at 630 nm) was obtained for films annealed at 750°C. The 
electrical measurements were conducted on metal-insulator-metal (MIM) and metal-insulator- 
semiconductor capacitors. The dielectric constant of amorphous TazOs thin films was in the range 
29.2-29.5 up to 600 “C, while crystalline thin films, annealed in the temperature range 650-750 “C, 
exhibited enhanced dielectric constant in the range 45.6-51.7. The high dielectric constant in 
crystalline thin films was attributed to orientation dependence of the dielectric permittivity. The 
dielectric loss factor did not show any appreciable dependence on the annealing temperature and 
was in the range 0.006-0.009. The frequency dispersion of the dielectric properties was also 
analyzed. The films exhibited high resistivities of the order of 1012- 1015a cm at an applied electric 
field of 1 MV/cm in the annealing temperature range of 500-750 “C. The measurement of current- 
voltage (I-V) characteristics in MIM capacitors indicated the conduction process to be bulk 
limited. The I-V characteristics were ohmic at low fields, and Poole-Frenkel effect dominated at 
high fields. The temperature coefficient of capacitance was in the range 52-l 14 ppm/“C for films 
annealed in the temperature range 500-750°C. The bias stability of capacitance, measured at an 
applied electric field of 1 MV/cm, was better than 1.41% for Ta205 films annealed up to 750 “C. For 
a 0.15-pm-thick film, a unit area capacitance of 3.0 fF/pm2 and a charge storage density of 22.3 
fCl,um’ were obtained at an applied electric field of 0.5 MVlcm. 0 1999 American Institute of 
Physics. [SOO21-8979(99)07914-l] 

1. INTRODUCTION 

The development of future generation of dynamic ran- 
dom access memories (DRAMS) will require the introduction 
of new materials with higher dielectric constant than the con- 
ventional Si02 or silicon oxide/nitride based systems. As the 
supply voltages of DRAMS and available area for the capaci- 
tor decrease rapidly, the thickness of the dielectric has to be 
decreased considerably to maintain similar charge storage 
densities. However, the conventional dielectric thickness has 
reached a lower limit set by electron tunneling through the 
dielectric. The use of high dielectric constant material will 
make it possible to achieve similar charge storage density as 
conventional dielectrics at relatively larger thicknesses and 
lead to the design of planar or nearly planar capacitor geom- 
etry and can significantly improve yield when compared to 
deep trench or stack capacitor designs. Among the dielectric 
materials under investigation, Ta205 is one of the most 
promising insulator materials for DRAM cell capacitors. 
Tantalum oxide thin films are attractive for scaled down ca- 
pacitor in ultralarge scale integrated (ULSI) circuits because 
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of their high dielectric constant, low dielectric loss, low leak- 
age current, low defect density, and good temperature and 
bias stability.1.2 The high dielectric constant and low dielec- 
tric loss materials are also attractive for microwave 
applications.3 Taz05 thin films have potential for numerous 
microelectronic applications such as gate dielectric of metal- 
insulator-semiconductor (MIS) devices,4 optical 
waveguides,’ electroluminescent display devices,6 and sur- 
face acoustic wave (SAW) devices.7 

For successful integration into microelectronic devices, 
extremely reliable Ta205 thin films are desired. Several thin 
film growth techniques such as anodization,* thermal 
oxidation,’ electron-beam evaporation,” reactive 
sputtering,” excimer-laser assisted chemical vapor 
deposition,‘2 metalorganic chemical vapor deposition 
(MOCVD),~~ ultraviolet photo chemical vapor deposition 
(photo-CVD),14 low-pressure chemical vapor deposition 
(LPCVD),” and plasma-enhanced chemical vapor deposition 
(PECVD)16 have been employed to fabricate good quality 
Ta20s thin films. The properties of Ta20s thin films have 
been reported to be strongly dependent on the fabrication 
method, nature,of substrate and electrode material, and post- 
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FIG. 1. Flow diagram for the MOSD processing of Ta20, thin films. 

deposition annealing treatment. The technical literature 
shows a wide variation in the reported structural, dielectric, 
and insulating properties of amorphous and crystalline TazOs 
thin films. The major focus of TaaO, thin film research has 
been to improve the leakage current characteristics of amor- 
phous TazOs thin films deposited on Si substrates for DRAM 
applications with little emphasis on structure-property cor- 
relation studies. An understanding of process-structure- 
property correlation is important to understand and compare 
various thin film studies reported in literature and exploit 
TaaOs thin films for devices. In this article, we report on the 
systematic study of structural, optical, dielectric, and insulat- 
ing properties of amorphous and crystalline Ta20s thin films 
fabricated by metalorganic solution deposition (MOSD) 
technique which has been extensively used in thin film 
technology.” Detailed studies were conducted on films de- 
posited on Pt-coated Si substrates to minimize the influence 
of film/substrate interface on the electrical properties and a 
comparison was made of the dielectric properties of films 
deposited on metal and semiconductor substrates to analyze 
the effects of film-semiconductor interface. The effects of 
postdeposition annealing temperature on the structural and 
electrical properties of Ta20s thin films were also analyzed. 
The dominant electrical conduction mechanism in amor- 
phous and crystalline TaaOs thin films was examined 
through measurements of leakage current versus voltage 
characteristics in metal-insulator-metal (MIM) capacitors. 

II. EXPERIMENT 

TaaOs thin films were fabricated by MOSD technique 
using tantalum ethoxide [Ta(OCzHs)s] as precursor. 
2-methoxyethanol ( HsCOCH2CH20H) was used as solvent. 
Figure 1 shows the general steps in the fabrication of Ta20s 
thin films by MOSD technique. In the experiment, tantalum 
ethoxide was initially dissolved in 2-methoxyethanol. Fi- 
nally, acetic acid (CH,COOH) was added to prevent rapid 

hydrolysis and precipitation of the metal oxide. The viscosity 
and surface tension of the solution was adjusted by varying 
the 2-methoxyethanol content. The precursor films were 
coated onto various substrates by spin coating using photo- 
resist spinner. Dust and other suspended impurities were re- 
moved from the solution by filtering through 0.2 pm syringe 
filter. The thickness of the films was controlled by adjusting 
the viscosity of the solution and spin speed. Pt-coated Si, 
n+-Si, and poly-Si substrates were used in the study. Prior to 
the deposition of the films, the silicon substrates were 
cleaned by a room-temperature technique entitled spin 
etchingI to remove the native silicon oxide and make the 
substrate surface hydrogen terminated. After spinning onto 
various substrates, films were kept on a hot plate (at 
-350°C) in air for 10 min to remove solvents and other 
organic. This step was repeated after each coating to ensure 
complete removal of volatile matter. The postdeposition an- 
nealing of the films was carried out in a furnace at various 
temperatures in an oxygen atmosphere. The structure of the 
films was analyzed by x-ray diffraction (XRD). The XRD 
patterns were recorded on a Scintag XDS 2000 diffracto- 
meter using Cu KLY radiation at 40 kV. The surface morphol- 
ogy of the films was examined by Digital Instrument’s Di- 
mension 3000 atomic force microscope (AFM) using tapping 
mode with amplitude modulation. The sample thickness and 
optical properties were measured by variable angle spectro- 
scopic ellipsometry using Woollam VB-200 ellipsometer. 
The electrical measurements were conducted on films in 
MIM and MIS configurations. Several platinum electrodes 
were sputter deposited through a shadow mask on the top 
surface of the films to form MIM and MIS capacitors. Ca- 
pacitance and tan S values were measured by HP4192A LF 
impedance analyzer. The capacitance-voltage (C-V) char- 
acteristics were also measured with HP4192A. The insulat- 
ing properties and dominant conduction mechanism in amor- 
phous and crystalline Ta,Os thin films were analyzed 
through the measurements of leakage current versus voltage 
(I-V) characteristics in MIM capacitors using HP4140B 
semiconductor test system. 

111. RESULTS AND DISCUSSION 

A. Structure and morphology 

The as-pyrolyzed films (at -350°C) films were amor- 
phous in nature, and postdeposition annealing was required 
to impart crystallinity. The postdeposition annealing of the 
films was carried out in the temperature range NO-750 “C in 
an oxygen atmosphere. Figure 2 shows the XRD patterns of 
the TaZOs thin films deposited on Pt-coated Si substrates as a 
function of annealing temperature. All the films were 0.15 
pm thick and annealed for 6fl min. The absence of diffrac- 
tion peaks in XRD patterns of films annealed up to 600°C 
indicated that these films were amorphous. It was possible to 
obtain a well-crystallized phase at an annealing temperature 
of 650°C with no evidence of secondary phases. As the an- 
nealing temperature was increased, the peak intensity in 
XRD patterns increased and the full width at half maximum 
(FWHM) decreased, indicating enhanced crystallinity and an 
increase in grain size with increasing annealing temperature. 
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FIG. 2. X-ray diffraction patterns of TazO, thin films annealed at various 
temperatures for 60 min. 

The presence of intense diffraction peak corresponding to 
(200) plane and the relatively weaker diffraction from (001) 
and (002) planes implied that the deposited TalOS thin films 
possessed a strong preferential orientation. Similar trends 
were observed in the XRD patterns of Ta205 thin films de- 
posited on silicon substrates (n+ and poly) by the MOSD 
technique indicating preferential orientation. The lattice con- 
stants a, b, and c, calculated using (OOI), (200), and (l,ll,l) 
peaks in the XRD pattern, were 6.225, 39.8521, and 3.8609 
A, respectively. These values were in good agreement with 
those reported for bulk TaZ05 ; suggesting that that the films 
were crystallized in the orthorhombic phase.lg 

The surface morphology of TaZ05 thin films was ana- 
lyzed by AFM using tapping mode with amplitude modula- 
tion. The scan area was 1 X 1 pm*. The surface morphology 
of the films was smooth, as shown in Fig. 3, with no cracks 
and defects. The films exhibited a dense microstructure and 
fine grain size. The average surface roughness was found to 
increase with increase in annealing temperature with average 
surface roughness value of 4 nm at 750°C. There was no 
appreciable effect of the annealing temperature on the micro- 
structure of amorphous Ta205 thin films, while crystalline 
films showed an increase in grain size with increasing an- 
nealing temperature which is consistent with the XRD stud- 
ies indicating an increase in peak sharpness with annealing 
temperature. Larger grain sizes are expected with increasing 
annealing temperature because of amorphous to crystalline 
phase transformation and increase in surface mobility, thus 
allowing the films to decrease its total energy by growing 
larger grains and decreasing its grain boundary area. 

. 
B. Dielectric and optical properties 

The dielectric properties of Ta205 thin films were mea- 
sured in terms of the dielectric constant E, and loss tangent 
tan 6. The small signal dielectric measurements were con- 
ducted on MIM and MIS capacitors by applying an altemat- 
ing current (ac) signal of 10 mV amplitude. The effects of 

(4 (4 

FIG. 3. AFM photographs of Ta,Os thin films annealed at (a) 500 “C, (b) 
600 “2, (c) 650 “C, and (d) 750 “C. 

applied frequency, film thickness, and postdeposition anneal- 
ing temperature on the dielectric properties were also ana- 
lyzed. Figure 4 shows the loti field dielectric constant and 
dissipation factor of 0.15-,um-thick Ta205 film, annealed at 
750°C as a function of frequency. The small signal dielec- 
tric constant and dissipation factor at a frequency of 100 kHz 
were 51.7 and 0.008, respectively. The permittivity showed 
no appreciable dispersion with frequency up to about 1 MHz, 
as shown in Fig. 4, indicating that the values were not 
masked by any surface layer effects or electrode barrier ef- 
fects in this frequency range. The dielectric constant was 
found to decrease slightly with frequency as the frequency 
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FIG. 4. Dielectric constant and dissipation factor as a function of frequency 
for a 0.Spm-thick film annealed at 750 OC. 
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TABLE I. Effects of postdeposition annealing temperature on the dielectric 
and optical properties of TazOS thin films. 

T,,W) 

500 
6oil 
650 
700 
750 

E, n 
(at 100 kHz) tan S (at 630 nm) TCK (ppm/“C) 

29.2 0.007 1.98 +51 
29.5 O.OQ9 2.01 +52 
45.6 0.009 2.05 +66 
50.4 0.007 2.06 +77 
51.7 0.008 2.08 +114 

dielectric constant and the dissipation factors were in the 
range 4.5.6-5 1.7 and 0.006-0.009, respectively, for films an- 
nealed in the temperature range 650-750 “C. The increase in 
the dielectric constant of the crystalline thin films with an- 
nealing temperature may be attributed to improved crystal- 
linity and increase in grain sizes and density of the films as 
indicated by XRD and AFM studies. 

was increased above 1 MHz. At around the same frequency, 
the dissipation factor showed a rapid increase in value with 
frequency. For any dielectric material, the intrinsic frequency 
dependence of the material or the effects due to electrodes or 
any internal interfacial barrier may induce such a resonance. 
Presence of an appreciable resistance, which may be arising 
from intrinsic or extrinsic sources, in series with the dielec- 
tric film can affect the dielectric response at high frequen- 
cies. Similar frequency dispersion behavior due to finite re- 
sistance of the external electrodes has been reported for other 
dielectric materials.” In the present study, the resonance be- 
havior was found to be extrinsic in nature as similar reso- 
nance was observed at around the same frequency for thin 
films of other dielectric materials having similar order of 
capacitance. 21*22 The observed resonance behavior for amor- 
phous and crystalline Ta205 thin films was found to be de- 
pendent on the film capacitance and shifted towards lower 
frequencies for larger capacitances indicating that the source 
of resonance was extrinsic in nature. At the frequencies of 
the order of a few megahertz, the stray inductance L of the 
contacts and wires may induce an L-C resonance at a reso- 
nant frequency, f, , given by 

There is a wide variation in the reported dielectric con- 
stant of amorphous and crystalline Ta20S thin films. The 
dielectric constant of amorphous and crystalline thin films 
has been reported in the range (14-31)’ 1.‘6.23-2g and 
(~4~60),23.26.%-‘8 respectively. The dielectric properties of 
thin films strongly depend on the fabrication method, nature 
of substrate and electrode material, postdeposition annealing 
treatment, crystallographic orientation, microstructure, thick- 
ness of samples, and film-substrate interface characteristics. 
Ta205 exists in two modifications with a transition tempera- 
ture of 1320+2O”C. The low temperature modification, 
j?-Ta20, is isostructural with the low temperature modifica- 
tion of Nb20,, Y-Nb205, and it has an orthorhombic 
structure.‘” The anisotropy of the crystal structure of 
y-Nb20s results in a maximum of dielectric permittivity 
along a axis!’ Thus, the dielectric constant of &Ta20S thin 
films is expected to show a maximum along a axis. The 
reported dielectric constant of crystalline Taz05 thin films is 
usually higher for films showing strong u-axis orientation, 
while in most cases no structure-dielectric property correla- 
tion has been established to explain the observed high dielec- 
tric constant.7.38 The dielectric constant of Ta,O, can be es- 
timated using the Clausius-Mosotti equation 

f,=L 
274F’ 

where C is the capacitance of the sample under test. For thin 
films having capacitance of the order of 1 nF or so, a stray 
inductance of the order of a few micro-Henries can induce 
L-C resonance in the megahertz frequency range. As the 
resonance behavior was observed at a frequency higher than 
1 MHz, all the dielectric measurements were conducted at 
frequencies much lower than this resonance frequency. At 
these frequencies, the internal accuracy of the impedance 
analyzer was always better than 1%. 

Table I shows the effect of postdeposition annealing 
temperature on the dielectric properties of Ta2Os thin films. 
There was no appreciable effect of the annealing temperature 
on the dielectric properties as long as the films were in amor- 
phous state. The dielectric constant and the dissipation factor 
for amorphous Ta20s thin films were in the range 29.2-29.5 
and 0.006-0.009, respectively, up to an annealing tempera- 
ture of 600 “C. The dielectric constant was found to increase 
to 45.6 at an annealing temperature of 650°C as the films 
were well crystallized. The dielectric constant of crystalline 
Ta20s thin films was found to increase with increase in an- 
nealing temperature while the loss factor did not show any 
appreciable dependence on the annealing temperature. The 

where cyD is the dielectric polarizability, V,,, is the molar 
volume in cubic angstroms, E, is the real part of the complex 
dielectric constant, aionic is the ionic polarizability, and 
~~~~~~~~~~ is the electronic polarizability. For Ta,O, material, 
a dielectric constant of 45 has been calculated along a-axis 
using (Ye value of 19.72 A3 and bulk molar volume value of 
88.26 ,&3:‘g.4’ The Clausius-Mosotti relation shows that the 
dielectric permittivity strongly depends on the molar volume 
which in turn depends on the lattice constants. Thin films 
lattice constant values are strongly influenced by the nature 
of substrate, as one surface of the film is adhered to the 
substrate, as opposed to bulk material where all the surfaces 
are free. The lattice constant values of present thin films 
were found to be slightly different from those of bulk Ta205 
(a= 6.198, b=40.29, and c= 3.888 A).” The slight differ- 
ence in the thin film and bulk lattice constant values may be 
due to stress in the films since one surface of the films is 
attached to the substrate. The stress may also arise due to 
thermal expansion mismatch between the film and substrate 
and due to structure and growth of the films. So it is very 
important to compare the thin film structure, lattice constant, 
and morphology with bulk to establish structure-property 
correlation and understand the reported properties of Ta20s 
thin films fabricated by various techniques. For the present 
Ta20s thin films, the polarizability value was calculated us- 
ing the experimentally calculated values of lattice constants 

Downloaded 12 Apr 2001 to 128.6X165.69. Redistribution subject to AIP copyright. see http://ojps.aip.org/japo/japcr.jsp 



J. Appl. Phys., Vol. 86, No. 2, 15 July 1999 P. Joshi and M. Cole 875 

‘O------ 
60 

E 
2 50 
2 

00 40 

*g 30 

g 20 
cl 

10 

I T----- 
0.10 

0.08 
k 
ii 

0.06' 2 
s '3 

0.04 .is 
% .- 

0.02 n 

0.00 
0 50 100 150 200 250 300 

Thickness (nm) 

FIG. 5. Thickness dependence of dielectric constant and dissipation factor 
of TazOs thin films annealed at 700 “C. 

and dielectric constant and a comparison was made with the 
value reported for bulk material. The calculated value of (Ye, 
19.63 A3, was in good agreement with the reported value for 
bulk Ta205 suggesting that the high dielectric constant in the 
present crystalline Taz05 thin films was due to strong a-axis 
orientation which was also evident in XRD studies. This 
structural dependence of the dielectric properties and the 
wide variation in the values reported in the literature strongly 
emphasize the need to correlate the structural properties of 
thin films with their dielectric properties. 

In order to analyze size effects on the dielectric proper- 
ties, the dielectric measurements were conducted on TaZOs 
thin films as a function of film thickness. Figure 5 shows the 
variation of low field dielectric constant and dissipation fac- 
tor of TazOs thin films annealed at 700°C as a function of 
dielectric film thickness. The dielectric constant and the dis- 
sipation factor did not show any appreciable dependence on 
film thickness in the range 36-260 nm. At smaller thick- 
nesses the dielectric constant was found to decrease with film 
thickness while the loss tangent was found to increase. The 
measured dielectric constant and loss factor were in the 
range 43.2-50.4 and 0.008-0.022, respectively, for 17-260- 
nm-thick films. Similar thickness dependence of the dielec- 
tric properties has been reported by others for very thin 
Ta205 films. 2g*37 The suggested explanations for such thick- 
ness dependence include stress in the films and the existence 
of barrier layer near one or both the electrodes. The stress 
resulting from the difference in the thermal expansion coef- 
ficient of the film and the substrate and that from the struc- 
ture and growth of the films, which are usually found to have 
thickness dependence, may contribute to the thickness de- 
pendence of the dielectric constant. The dielectric film thick- 
ness effects on the properties are dominant in thin films 

. when the grain size is larger than or of the order of film 
thickness. Under these conditions, the thickness dependence 
of the grain size contributes to the thickness dependence of 
the dielectric properties. However, the possibility of surface 
layer effects at lower thicknesses may not be ignored. The 
effect of dielectric film thickness on the charge storage ca- 

0 50 100 150 200 250 300 

Thickness (nm) 

FIG. 6. Capacitance density of Ta,Os thin films as a function of film thick- 
ness. 

pacity was also investigated. For planar capacitors, the 
charge storage capacity is defined by C,,,,,=E~E,AI~. In 
conventional downscaling of physical dimensions of very 
large scale integrated devices, one has to reduce the area of 
the capacitor proportionally. Additionally, one reduces the 
thickness of the dielectric layer by the scaling factor, in order 
to achieve required capacitance density. In DRAM tech- 
niques, the attempt is to retain high Cstorage by optimizing 
these capacitor parameters. TaZ05 can offer an order of mag- 
nitude higher capacitance density, at relatively larger thick- 
nesses, in a DRAM cell capacitor compared to other conven- 
tional gate dielectrics such as SiO,. Figure 6 shows the 
capacitance per unit area of Ta,Os thin films as a function of 
film thickness. The unit area capacitance of a 17-nm-thick 
film was 22.5 fF/pm’. It is equivalent to a SiOZ, a conven- 
tional gate dielectric, thickness of 1.6 nm. The high charge 
storage capacitance per unit area of TazOs thin films even at 
smaller thicknesses shows their potential for high density 
DRAMS and integrated capacitor applications. 

The effects of substrate on the dielectric properties were 
analyzed by measurement of dielectric properties on MIM 
and MIS capacitors. The MIS capacitor is the most com- 
monly used active component for silicon ULSI circuits. The 
device technology has been hindered by the very high den- 
sity of states at the interface of Si and insulator. A poor 
interface of dielectric film with silicon leads to high leakage 
currents, higher frequency dispersion, and high defect 
trapped charges. Several attempts have been made to im- 
prove the effective dielectric constant and leakage current 
characteristics of Ta20, based MIS capacitors by optimizing 
the fabrication techniques and/or postdeposition annealing 
treatment.“.3’,35.42,43 In the present case, the TaZ05 thin films 
were deposited on n+-Si and poly-Si substrates to analyze 
the effects of Ta,05 film-silicon interface on the dielectric 
properties. Table II shows the effect of substrate on the di- 
electric properties of amorphous and crystalline TaZ05 thin 
films. The dielectric properties of TaZ05 thin films deposited 
on n’-Si and poly-Si substrates were compared with those 
deposited on Pt-coated Si substrates to analyze the effects of 
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TABLE II. Effect of substrate on the dielectric properties of Ta,O, based 
MIM and MIS capacitors. 

Substrate 

T Anncating=6CfJ ‘C T Annul!“s=750 “C 

6, tan 6 C, tan 6 

n+-Si 28.5 0.018 43.7 0.018 
poly-Si 29.0 0.008 45.7 0.017 
h-coated Si 29.5 0.008 51.7 0.008 

silicon oxidation on effective dielectric properties. The di- 
electric constant of TaaO, thin films was found to be lower 
on n+-Si and poly-Si substrates, as shown in Table II, as 
compared to films deposited on Pt-coated Si substrates due to 
the growth of interfacial oxide layer on silicon substrates. 
There was no significant difference in the dielectric constant 
of amorphous Taz05 thin films, annealed at 600 “C, depos- 
ited on various substrates indicating the absence of any ap- 
preciable oxide thickness at film-substrate interface. The 
films annealed at 750 “C showed much lower dielectric con- 
stant on silicon substrates as compared to films deposited on 
Pt-coated Si substrates indicating the presence of an appre- 
ciable oxide growth at the interface. The thickness of the 
oxide layer was calculated by comparing the dielectric con- 
stant of MIM and MIS capacitors by assuming the formation 
of a uniform oxide layer between the film and substrate with 
no interdiffusion. The thickness of the silicon oxide layer 
was calculated from the relation, l/CT= l/Cf+ l/CsioZ, by 
considering the total capacitance (Cr) of the MIS capacitor 
to be a series combination of Ta,O, film capacitance (C,) 
and SiOz layer capacitance (Csio,). For the present Ta20s 
films the thickness of the silicon oxide layer was found to 
less than 2.5 nm on both n+-Si and poly-Si substrates indi- 
cating that the combination of spin etching and MOSD tech- 
nique were effective in minimizing the film-substrate inter- 
face reaction and providing good interfacial properties. Low 
temperature processing is essential to obtain good filrn/Si 
interfacial characteristics. Annealing temperature effects up 
to 1000 “C have been analyzed for TazOs thin films in an 
attempt to improve their electrical properties. Annealing at 
high temperatures severely degrades the film/Si interface and 
requires close control of processing parameters to improve 
the electrical properties. Low temperature processing is nec- 
essary to minimize interfacial reactions and integrate TazO, 
thin films into semiconductor devices. 

The temperature and bias stability of the dielectric prop- 
erties of TazOs thin films were also analyzed to establish 
their reliability for integrated electronic applications. Figure 
7 shows the dielectric constant and dissipation factor of crys- 
talline Ta20s thin film annealed at 750 “C as a function of 
measurement temperature. The dielectric constant and the 
dissipation factor were relatively unchanged with measure- 
ment temperature in the range 25-125 “C indicating good 
temperature stability of the present TazOs thin films. The 
temperature coefficient of capacitance (TCK) was calculated 
for the present films using the equation, AC/( CnA T) where 
AC is the change in capacitance relative to capacitance Co at 
25 “C and AT is the change in temperature relative to 25 “C. 
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FIG. 7. Dielectric constant and dissipation factor of Ta20, thin films as a 
function of measurement temperature. 

Table I shows the temperature coefficient of capacitance of 
Ta20s thin films, measured in the temperature range 25- 
125’C, as a function of annealing temperature. The films 
showed a low TCK of +52 ppml”C up to an annealing tem- 
perature of 600°C. The TCK for the crystalline films, as 
shown in Table I, was found to be higher than that of amor- 
phous films. Crystalline TaaOs thin films annealed at 750 “C 
exhibited a low TCK of +114 pprn/“C establishing good 
reliability of present TazO, thin films for integrated capacitor 
applications. The low temperature coefficient of capacitance 
for the present films indicates completeness of oxidation and 
low defect concentration in amorphous and crystalline TazOs 
thin prepared by MOSD technique. 

The optical properties of TazOs thin films were deter- 
mined by ellipsometry. The experimentally determined psi 
and delta values were transformed into refractive index by 
assuming an optical model consisting of single homogeneous 
nonabsorbing film on Pt-coated Si substrates. The refractive 
index and the band-gap values were found to be 2.08 (at 630 
nm) and 5.11 eV, respectively, for a 0.15-,um-thick film an- 
nealed at 750 “C. The refractive index value is comparable to 
that reported for crystalline Ta20s thin films prepared by 
MOCVD,t3 reactive sputtering,s7 and LPCVDM techniques. 
The effects of postdeposition annealing temperature on the 
refractive index were also analyzed. The refractive index 
value was found to increase with the increase in annealing 
temperature, as shown in Table I, which may be attributed to 
change in microstructure of the films from amorphous to 
crystalline, and increase in crystallinity and density of the 
films. There is a considerable variation in the reported refrac- 
tive index of amorphous (1.70-2.18) and crystalline (1.74- 
2.32) Ta,Os thin films.2g The refractive index of thin films 
strongly depends on impurities, imperfection, and voids in 
the films, which are incorporated during growth process. The 
combined effect of crystal structure, voids, imperfection, 
film-substrate interactions, processing conditions, etc., may 
be responsible for the wide variation in the reported refrac- 
tive index values of Ta,Os thin films. It is difficult to com- 
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FIG. 8. C-V characteristics of TazO, thin films annealed at 750 ‘C. 

pare the data of different workers unless porosity and oxygen 
content of the film are known. 

C. Capacitance-voltage (C-V) characteristics 

The C-V measurements were conducted on MIM ca- 
pacitors to analyze the bias stability. Figure 8 shows the 
C- V curves of Pt/TaZOS /Pt capacitors obtained by applying 
a small ac signal of 10 mV amplitude and of 100 kHz fre- 
quency across the capacitor, while the direct current (dc) 
electric field was swept from a negative bias to positive bias. 
There was no appreciable change in the capacitance of amor- 
phous Ta,05 thin films up to an applied electric field of 1 
MVlcm indicating good bias stability. It was possible to 
measure the change in film capacitance for crystalline thin 
films. The change in the film capacitance was found to be 
I .41% for crystalline Ta,O, thin films, annealed at 750 “C, at 
an applied electric field of 1 MV/cm. The loss factor also 
showed good bias stability, as shown in Fig. 8, and was less 
than 1% up to 1 MV/cm. 

A DRAM cell needs a film with high charge storage 
density and low leakage current density. The charge storage 
density, defined by Q,= q,erE, was calculated based on the 
information from C-V measurements on MIM capacitors. 
Here, E is the applied electric field. Figure 9 shows the rela- 
tion between the charge storage density and the applied elec- 
tric field for a 0.15pm-thick film. The charge storage den- 
sity was 22.3 fC/pm2 at an applied electric field of 0.5 MV/ 
cm. At this bias the leakage current density was lower than 
lo-* A/cm’. The high charge storage density compared to 
conventional dielectrics and low leakage current density sug- 
gest the suitability of present TaZ05 thin films for integrated 
capticitor applications. 

. 
D. Leakage current characteristics 

Leakage current is one of the limiting factors for the 
suitability of a dielectric material for DRAM applications. In 
a DRAM cell, the stored charge on a capacitor leaks off with 
time through various leakage mechanisms, and a periodic 
refreshing is required to maintain the charge above a thresh- 
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FIG. 9. Charge storage density of Ta,Os thin films as a function of applied 
electric field. 

old for reliable operation. Thus, the leakage current charac- 
teristics of the storage capacitor dielectric are very important 
in a DRAM cell. The leakage current characteristics of 
Ta20s thin films were measured using MIM capacitors by 
applying dc voltages with a step delay time of 30 s. A delay 
of 30 s after applying the voltage gave current readings close 
to the ones measured after much longer waiting times. Figure 
10 shows the leakage current density versus electric field 
characteristics of 0.15-pm-thick films as a function of an- 
nealing temperature. The leakage current density showed a 
strong dependence on the postdeposition annealing tempera- 
ture and was considerably higher for crystalline thin films as 
compared to amorphous thin films. The resistivity of amor- 
phous thin films was found to be of the order of 10”R cm, 
as shown in Table III, while that of crystalline thin films was 
of the order of 1O’20 cm at an applied electric field of 1 
MV/cm. The high resistivity observCd in the present films 

lo-" ' ' I I I I I I 
0.0 0.2 0.4 0.6 0.8 1.0 
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FIG. 10. J-E characteristics of Ta,Os thin films annealed in the tempera- 
ture range 500-750 “C. 
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TABLE III. Effect of postdeposition annealing temperature on the resistiv- 
ity, high frequency dielectric permittivity c, , and parameter P of 0.15-pm- 
thick PUa,OS/Pt capacitors. 

T,,(“C) 

500 
600 
7&l 
750 

Resistivity (Cl cm) 
(at 1 MV/cm) 

6X 1ol4 
9x lOI 
3 x 1o12 
2x 10’2 

%“pticd ( %.l,nCd~ %opued 

3.92 I .20 
4.04 1.22 
4.24 2.00 
4.33 2.00 

shows the completeness of phase formation and oxidation of 
TalOs thin films prepared by MOSD technique. In the amor- 
phous phase the leakage current density was found to de- 
crease with the increase in temperature, while crystalline thin 
films showed an increase in leakage current with annealing 
temperature. Several reports exist in literature showing an 
increase in leakage current density of TazOs thin films as a 
result of crystallization. 10*23~25*28 Most of these reports focus 
on the properties of Ta20, thin films deposited on Si sub- 
strates. The increase in leakage current density has been at- 
tributed to various factors such as oxygen vacancy, impurity 
(carbon/hydrocarbon) content, presence of incompletely oxi- 
dized silicon at the grain boundaries near film/substrate in- 
terface. In this study the leakage current characteristics of 
Ta,Os thin films were analyzed in MIM configuration, so no 
interfacial effects were expected in the annealing tempera- 
ture range of 500-750 “C to contribute to the observed leak- 
age current behavior. The leakage current of thin film 
strongly depends on the various material related parameters 
such as composition, structure, impurities, homogeneity, 
stress, and local effects (compositional variations, dopant 
segregation, grain boundaries, pores, high defect density, 
etc.). The structural imperfections and stress strongly influ- 
ence the electrical properties of amorphous thin films. The 
decrease in the leakage current density of amorphous Ta205 
thin films can be attributed to the decrease in defect density, 
compressive stress, and increase in oxidation with increasing 
annealing temperature. The coordination number of oxygen 
atoms to Ta atoms has been reported to increase with in- 
crease in annealing temperature for LPCVD deposited Ta,O, 
thin films.” The reduction in stress and defect density, which 
are found to be annealing temperature dependent, will lead to 
an improvement in leakage current characteristics. The com- 
pressive stress of dc magnetron sputtered Ta20s thin films 
was found to decrease with increase in annealing temperature 
which is due to decrease in amount of disorder.4s The higher 
annealing temperatures are also expected to decrease the de- 
fect density in amorphous thin films. So the observed im- 
provement in the leakage current of amorphous Ta;Os thin 
films with increasing annealing temperature may be attrib- 
uted to decrease in film stress and defect density, and im- 
proved oxidation. The crystalline thin film exhibited much 
higher leakage current than the amorphous thin films, This 
can be explained in terms of the formation of grain bound- 
aries in crystalline thin films as observed in AFM studies. 
These grain boundaries serve as a new leakage current path, 
resulting in poor leakage current characteristics. At high 
fields, the grain boundary conduction may be larger than the 
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grain conductivity setting large tunneling currents through 
these grain boundary layers. Even though the film density 
was found to increase with increase in annealing tempera- 
ture, as observed by optical studies, the leakage current den- 
sity can increase due to introduction of a number of defects, 
especially at the grain boundaries, due to large internal stress 
resulting from the phase transformation. 

The steady state field dependent dc conductivity was ex- 
amined by the measurement of I-V characteristics in MIM 
capacitors. Several electrical processes allow electrical 
charges to move in insulators, leading to sizeable current 
densities, especially when the insulating film is thin (typi- 
cally less than 1 pm). For thin insulating films of the order of 
1 pm, if an appreciable voltage can be sustained (of the order 
of few volts), the field strength is of the order of 10’ V/cm 
and greater. The low field properties are usually ohmic in 
nature, that is, current I is linear with voltage V. At high 
fields these films exhibit nonlinear I-V relationship. Gener- 
ally, the high field characteristics cannot be adequately de- 
scribed by a single conduction process; usually the different 
field strength ranges manifest different electrical phenomena. 
An understanding of the mechanisms of nonlinear conductiv- 
ity in thin insulators is pertinent to the development of thin 
film devices for microelectronics. In general, the leakage cur- 
rent in an insulator is either controlled by the film-electrode 
interface or bulk of the insulator. The I- V characteristics of 
the present TazOs thin films were found to be ohmic at low 
fields and highly nonlinear, as shown in Fig. 10, at high 
fields. The leakage current characteristics showed thickness 
dependence even at low applied voltages indicating bulk lim- 
ited current conduction.46 There was no change in the mag- 
nitude of conductivity with change in the polarity of the 
applied voltage, which also indicated the conduction process 
to be bulk limited and not electrode limited. These films 
exhibited high resistivities in the range lo’*- 10” R cm. In 
this range of resistivities, the possible dominant conduction 
mechanisms may be (a) tunneling, (b) Poole-Frenkel effect, 
and/or (c) space-charge-limited conduction. As the thickness 
of the films was well above 50 nm, the tunneling process was 
ruled out. Poole-Frenkel effect is the flow of trapped charge 
carriers in insulator through lowering of potential barrier in 
the bulk of the insulator due to applied electric field. The 
barrier arises due to the Coulombic potentials surrounding 
ionized sites in the film. The electrons having enough energy 
to transit over the energy barrier contribute to the current. 
The current density-electric field (J-E) relation for Poole- 
Frenkel flow is given by the equation47 

.I=AEexp( -$$)exp($Ei’), 

with 

PPF= 

where A is a constant, do is the metal-insulator barrier 
height, ks is the Boltzmann constant, T is the absolute tem- 
perature, (Y is a parameter, 1 s(~c2, which takes into account 
the trapping sites in insulator, ppr is the Poole-Frenkel con- 
stant, q is the electronic charge, l o is the permittivity of free 
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FIG. 11. J-E characteristics plotted as ln(J/,?) vs Eln. The linearity at high 
fields indicates the presence of Poole-Frenkel effect. 

space, and E, is the high frequency dielectric constant. The 
parameter LL is equal to 1 for a trap free insulator, while the 
value is between 1 and 2, indicating a trap-modulated con- 
duction process, depending on the location of the Fermi 
level. Figure 11 shows the ln(J/E) versus E’” plot for Ta*Os 
thin film. The straight line behavior of this plot at high fields 
indicated the Poole-Frenkel flow to be the dominant conduc- 
tion mechanism. Similar straight line behavior was observed 
in the high field regime of In(JE’) versus E’” plots for both 
amorphous and crystalline thin films annealed in the tem- 
perature range 500-75O“C indicating that the nonohmic 
conduction in TazOs thin films was due to Poole-Frenkel 
flow. However, the onset of this high field regime was found 
to be shifted to lower fields, from 1.4 to 0.6 MV/cm, with 
increase in annealing temperature from 500 to 700°C. The 
slope of the straight line region in ln(J/.E) versus Eln plots at 
high fields is given by the expression 

d ln(JIE) PPF slope= dEI,2 = - 
ak,T’ 

The value of the coefficient ppF was calculated from the 
slope of the straight line region. The high frequency dielec- 
tric constant E, was determined from the calculated values 
of &F for both amorphous and crystalline thin films. The 
high frequency dielectric constant value obtained from J-E 
characteristics was compared to that calculated using the re- 
fractive index value, e,=n2, determined from ellipsometry 
studies to establish the dominant conduction mechanism in 
present Ta20s thin films. The value of em calculated from the 
slope of ln(JIE) versus E ‘I2 plot, ~,=4.48, was in good 
agreement, for cu=2, to that calculated using the refractive 
index value, Ed= n2=4.33, for Ta20s thin film annealed at 
750°C verifying Poole-Frenkel flow to be the dominant 
conduction mechanism in the present films. For crystalline 
thin films the high frequency dielectric E, constant obtained 
from J-E characteristics was in good agreement, as shown 
in Table III, to that obtained from optical data for LY=~. 
However, for amorphous thin films the value of parameter (Y 
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was found to be less than 2 for a good agreement between E, 
values obtained from electrical and optical studies indicating 
that the trap concentration was lower in amorphous thin films 
as compared to crystalline thin films. 

IV. CONCLUSIONS 

Ta205 thin films exhibiting good structural, dielectric, 
and insulating properties were successfully deposited on Pt- 
coated Si, n+-Si, and poly-Si substrates by MOSD tech- 
nique. The effects of postdeposition annealing temperature 
on the structural, optical, and electrical properties of amor- 
phous and crystalline TazO, thin films were investigated. 
The films were amorphous up to 6OO”C, and a crystalline 
orthorhombic phase with strong u-axis orientation was ob- 
tained at 650°C. The surface morphology of the films was 
smooth with no cracks and defects while the grain size was 
found to increase with the increase in annealing temperature. 
The dielectric constant of amorphous thin films, annealed up 
to 6OO”C, was in the range 29.2-29.5 which matches well 
with the commonly reported value. However, crystalline thin 
films exhibited significantly enhanced dielectric constant in 
the range 45.6-51.7 for films annealed in the temperature 
range 650-750°C. The comparison of theoretical and ex- 
perimentally calculated values of dielectric constant establish 
the orientation dependence of dielectric permittivity to be the 
main reason for the observed high dielectric constant in 
present Ta205 thin films. The loss factor did not show any 
appreciable dependence on the annealing temperature and 
was in the range 0.006-0.009 for films annealed in the tem- 
perature range 500-750°C. The films deposited on n+-Si 
and poly-Si substrates exhibited good film/silicon interfacial 
characteristics. The growth of the oxide layer at the interface 
was calculated to be lower than 2.5 nm at an annealing tem- 
perature of 750°C indicating that the combination of spin 
etching and MOSD technique was effective in minimizing 
the film-substrate interface reaction and providing good in- 
terfacial characteristics. The electrical properties of amor- 
phous and crystalline Ta20s thin films were strongly influ- 
enced by the annealing temperature. The resistivity of 
amorphous thin films was found to increase with annealing 
temperature, while that of crystalline thin films was found to 
decrease. The decrease in leakage current of amorphous 
Ta20s thin films with increasing annealing temperature was 
attributed to the completeness of oxidation, and decrease in 
stress and defect density. The increase in leakage current 
density of crystalline thin films with annealing temperature 
was due to grain boundary contribution as the grain size was 
found to increase with annealing temperature and crystal in- 
duced defects as a result of stress arising due to phase trans- 
formation. Ta20s thm films exhibited high resistivity, mea- 
sured at an applied electric field of 1 MV/cm, in the range 
1012- 1015n cm for amorphous and crystalline thin films. 
The I-V characteristics were found to be ohmic at low fields 
and Poole-Frenkel effect was dominant at high fields. The 
value of the parameter (Y was found to increase with increase 
in annealing temperature indicating an increase in trap con- 
centration with annealing temperature. The films exhibited 
good temperature and bias stability of dielectric properties. 
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The temperature coefficient of capacitance was in the range 
52- 114 ppm/“C for films annealed in the temperature range 
500-750°C. It was not possible to measure any appreciable 
change in the capacitance of amorphous films up to an ap- 
plied electric field of 1 MV/cm indicating completeness of 
oxidation and low defect concentration. The bias stability of 
capacitance was 1.41% at an applied electric field of 1 MV/ 
cm. The high resistivity, low temperature coefficient of ca- 
pacitance, and good bias stability of dielectric properties es- 
tablish the reliability of Ta205 thin films for microelectronic 
applications. For a 0.15-pm-thick film, a unit area capaci- 
tance of 3.0 fF/prn’ and a charge storage density of 22.3 
fClpm* were obtained at an applied electric field of 0.5 MVI 
cm. The high dielectric constant, low dielectric loss, low 
leakage current density, and good temperature and bias sta- 
bility suggest the suitability of Ta,O, thin films as capacitor 
dielectric layer for DRAMS and integrated electronic appli- 
cations. 
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