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Abstract

Thin films of Ta,05 have been fabricated by the direct electron beam

gun evaporation technique, in an oxygen atmosphere. The capacitance

of Ta,05 MIM structure of thickness 666nm was determined. Ta,O5

thin film capacitors were studied at the temperature range (303-503K)
and in the frequency range (100Hz-100kHz). Both of the measured

capacitance C,, and dissipation factor tan 6 showed a pronounced

dependence at the higher temperatures and lower frequencies.
Goswami and Goswami (G-G) model was used to interpret the
predicted characterization features of the measured capacitors and
the dissipation factor as a function of temperature and frequency.
The frequency dependence of the dissipation factor tand at different
temperatures shows a relaxation process. The results of the relative
capacitance Cy/Cpr suggested the temperature and frequency
dependencies. MIM of Ta,Os is a good candidate for the dielectric

capacitors for DRAM applications.

1. Introduction

The dielectric constant of dielectric thin films limits the degree of
miniaturisation of capacitive components, which form the basis of many
memory devices, such as DRAMs. All DRAM chips manufactured to date
use capacitors containing dielectric films of SiO, and/or silicon nitride [1].
Capacitors dielectrics thinner than those now being used will suffer leakage
due to Fowler-Nordheim tunnelling (around below 100A). Many compounds
with high dielectric constant are being widely investigated, including
tantalum pentoxide (Ta,Os), which is already accepted in manufacturing
facilities due to its compatibility with current microelectronics fabrication
procedures. Metal-insulator-metal (MIM) capacitors are widely used in
integrated circuits such as decoupling or fitter applications [2]. The Ta,Os5
thin films as a dielectric layer have an exceptionally high dielectric constant
and capacitors meeting the requirements for the new generation of memory
devices and are also envisaged as a gate oxide in MOSFETs [3].
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Thin films of Ta,Os5 have been widely investigated as a potential
dielectric material for use in DRAM capacitors due to the high dielectric
constant and chemical stability. Ta,O5 is now in the closest position to
practical application among a number of metal oxides and it might be utilized
in high density DRAM with oxide equivalent thickness of about 5nm. (The
equivalent oxide thickness refers to the thickness of any dielectric scaled by
the ratio of its dielectric constant to that of SiO,.) Usually, during the
formation of Ta,Os, a silicon oxide layer is inevitably observed at the
interface with Si. Its growth is favored by an oxidizing ambient at the
beginning or during the fabrication step and by post-formation treatments
performed in an oxygen atmosphere to repair the oxygen vacancies. The
integration of Ta,O5 in the complete device fabrication process is still the

subject of ongoing investigations [4].

On-chip integration of MIM capacitors is a key issue for high-
performance technologies. MIM capacitor structures possess great
importance as components of passive electronic devices in microprocessors
and memories. Several single metal oxides have been commonly studied for
the application in MIM structures, such as Al,O3, HfO,, ZrO,, Nb,Os,

TiO, and Ta,0s5 [5]. The integration of metal electrodes guarantees

the accuracy and thermal stability of the capacitance value, its voltage
independent behavior, and reduces the electrical resistance, making MIM
capacitors fit the requirements of radio-frequency circuits, analog or mixed
integrated circuits (ICs), and decoupling or memory applications [6, 7]. MIM
capacitors using high dielectrics must be used in order to shrink the area for

storage capacitor in dynamic random access memories [8].

In this work, the dielectric properties of Ta,Os thin film capacitors
were studied in details under the effect of frequency (100Hz-100kHz) and
temperature (303-503K). The results are discussed according to Goswami
and Goswami (G-G) model. The relaxation time and the relative capacitance

are also calculated and interpreted.
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2. Experimental

Tantalum pentoxide (Ta;Os) was supplied from Umicore Materials AG
with purity 99.99%. Aluminum bottom electrodes were deposited onto very
fine polishing and cleaning BK7 glass substrate as a coplanar geometry. Thin
film of ditantalum pentoxide Ta,O5 was deposited onto pre-deposited BK7

substrate using electron beam gun system attached to high vacuum chamber

type A700QE-Leybold Optics, Germany, at a pressure 8 x 10~ mbar [9].
The glass substrate was held at room temperature RT. The adjusted
evaporation rate was 0.5nm/s. The rate and final layer thickness were
controlled by quartz crystal deposition monitor (model type IC/5). During the

evaporation of the materials, the reactive process with oxygen O, was

carried out at pressure 2.5 x 10~ mbar [9].

The structural characterization of Ta,Os thin film was investigated

using X-ray diffraction pattern. Philips X-ray diffractometer (model X’-Pert)
was used for the measurement of utilized monochromatic CuKa. a radiation
operated at 40kV and 25mA. The absence of any sharp diffraction peaks and
the presence of hump emphasize the amorphous nature of the as-deposited
film [9].

A programmable automatic RLC bridge (PM 6304 Fluke and Philips)
was used to measure directly the impedance Z, the capacitance C and the loss

tangent (tan 8). All the investigated samples are represented on the screen of

the bridge by a resistance R connected in parallel with a capacitance C. These
measurements were achieved in the temperature range from (303-503K) and
in the frequency range (100Hz-100kHz). The specimen was placed in a
special designed holder to minimize the stray capacitance. Special designed
holder was used for these measurements made from copper brass and the two
electrodes are isolated from the base of the holder using two ceramic rings

with screws.
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3. Results and Discussion

3.1. Goswami and Goswami (G-G) model

The behavior of both the measured capacitance C,, and the dissipation

factor tan 6 can be interpreted according to Goswami and Goswami (G-G)
model [10]. In G-G model, each capacitor system is assumed to be comprised
of a capacitance element C, which is unaffected by the frequency and
temperature and a discrete resistance element R due to the dielectric film in
parallel with C. Both C and R are in series with a resistance (bulk resistance)
1y, due to lead lengths (will be a constant during the measurements), ..., etc

as shown in Figure 1.

In the G-G model, it is assumed that R(T') is a temperature-dependent
according to the following equation [10-12]:

R(T) =Ry exp( _]fTR ) )]

where R( is a constant, kg is the Boltzmann’s constant and AE is an

activation energy, T is the absolute temperature. But a simple decrease of R is
actually sufficient to explain the changed of the capacitance and loss tangent
results under the effect of temperature and frequency. According to the G-G
model, the measured capacitance C,, and the dissipation factor tan d can be

expressed as [10-12]:

1

C,=Crin +—————, (2a)
m min (DZRZlen
1

Cow = Conin + —— (2b)

o Rt

and
(1 + %j

tan 8 ~———= + o7 Cpin» 3)

oR Cmin

where R is the interior resistance of the dielectric film, t is the relaxation
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time, o is the angular frequency and r; is the bulk resistance. Equation (2)
predicts that with increasing frequency, C,, should decrease and at high
frequency, C,, should fall to a constant value C,,;, (the frequency

independent capacitive element) which is very small. Also, for any

frequency, C,, will increase with the increase of temperature because of the

decreasing of interior resistance R (the dielectric film resistance). In equation
(3), the expression for the dissipation factor predicts that at high frequency,

the o term is dominant while at low frequency, the term in o ! is dominant.
So, equation (3) predicts a decrease in dissipation factor with increasing
frequency at low frequency followed by a dissipation minimum at [10-12]:

1
= 4
C R @

®Omin

and an increase in dissipation factor with increasing frequency at a certain
high value of the frequency. But due to limitations of the RLC bridge, the
minimum value could not be reached [12].

3.2. Frequency and temperature dependencies of the measured
capacitance C,, of Ta,O5 thin films

To study the dielectric properties of Ta,Os thin films, a coplanar
(surface) device Al/Ta,Os5/Al [metal/insulator/metal] MIM was used.
Figure 2(a) represents the measured capacitance C,, as a function of

frequency in the range (100Hz-100kHz) and temperature in the range
(303-503K). For temperatures approximately less than 393K, the capacitance
is almost constant. After 393K, the measured capacitance C,, increases with

the increase of temperature at lower frequency range [13-15]. The values

of the minimum capacitance C,,;, at the higher frequency (100kHz) are
shown in Figure 2(b). The values of C,;, are increased with the increase of

temperature.

The increase of the measured capacitance C,, in the high temperature-

low frequency is probably due to space charge polarization induced by the
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increase of the number of free carriers as a result of increasing temperature
[16, 17]. The observed increase of capacitance with temperature may be
qualitatively explained by the equivalent circuit model developed by

Goswami and Goswami [10] of bulk resistance 7; in series with parallel
R — C as shown in the stoichiometric circuit for the investigated Ta,O5 thin

films as shown in Figure 1.

According to this model [10, 11], the measured capacitance C,, is
interpreted according to equation (2). Accordingly, the increase of
capacitance C,, with temperature may be due to the decrease of the interior

resistance value of R with temperature [15] as given by equation (1).

From equation (1), an increase in the value of 7 implies a decrease of R
and hence, an increase in the value of C,, from equation (2). This prediction
is clearly illustrated at Figure 3. Furthermore, equation (2) also predicts that
the measured capacitance should decrease with increasing the applied

frequency reaching the minimum value of C,;, at the higher studied
frequency [11]. This effect can be illustrated by the plotting of C,, versus
In® as shown in Figure 4 for Ta,Oj5 thin film. This behavior may be due to

the effect of charge redistribution by carrier hopping on defects [18, 19]. At
the lower frequency, the charge on the defects can be rapidly redistributed, so
that defects closer to the positive side of the applied field become negatively
charged, while defects closer to the negative side of the applied field become
positively charged. This leads to a screening of the field and an overall
reduction in the electrical field because capacitance is inversely proportional
to the field [20]. This leads to increase the capacitance. At the higher
frequency, the defects have no longer enough time to rearrange inversions to
the applied field; and hence, the capacitance decreases to the minimum value

Cinin s shown in Figure 4. It is observed that the high temperature is more

effective on the carrier hopping because of the increase in the thermal

emission of charges [20].
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With the help of equations 2(a and b), the temperature and frequency
dependencies of the dipole relaxation time Tt can be determined. The
temperature dependence of the dipole relaxation time t at different frequency
ranges (100Hz-2kHz) and (2kHz-20kHz) is shown in Figures 5(a and b),
respectively. It is clear from these figures that relaxation time t is
approximately constant at low temperature and showed a pronounced
increased at higher temperature while it decreased with the increase of the
applied frequency. This behavior of T is consistent with the temperature and
frequency variations of the measured capacitance, i.e., at low frequencies and
high temperatures, the mechanism of long relaxation time is dominant so

capacity increases and vice versa, according to equation 2(a) [21].

The increase of the measured capacitance C,, with temperature, i.e., the
increase of &'(®) with temperature can be attributed to the fact that the
dipoles in polar materials cannot be oriented at low temperatures (remain
frozen), while at high temperature, they can rotate freely as suggested
by Srivastava et al. [22] and thus, increase the value of orientational

polarization, and in turn increase &'(w). The decrease of &'(w) with

frequency can be explained as follows [12]:

1. At low frequencies, the dielectric constant &'(®) for polar material
is due to the contribution of multicomponent of polarizability,
deformational polarization (electronic and ionic polarization) and

relaxation polarization (orientational and interfacial polarization)
[23].

2. When the frequency is increased, the dipoles will no longer be able
to rotate sufficiently rapidly, so that their oscillations begin to lag
behind those of the field.

3. As the frequency is further increased, the dipoles will be completely
unable to follow the field and the orientation polarization stopped, so

¢'(w) decreases at higher frequencies approaching a constant value

due to the interfacial or space charge polarization only.
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3.3. Dissipation factor tand as a function of frequency and temperature
for Ta,O5 thin films

For an ideal parallel plate capacitor, no energy losses occur and the
current leads the applied voltage by exactly 90°. In reality, the total current

transversing such a capacitor is inclined by a power factor angle 0 < 90°
against the applied voltage V. The main reason causing this type of behavior
is the existence of internal capacitor resistance R in which, for an ideal
capacitive element resistance equal to 0 Q2 and this leads to the dissipation of
power. Under these circumstances, the phase angle between current and
voltage will be less than 90° and the loss factor tand can be defined by
[10-12]:

tan & = m (5)
or
G
tan o = oC,, ’ (6)

where G = 1/R is the conductance of the device. Figures 6(a and b) illustrate
the effect of temperature and frequency of the loss tangent tand for Ta,Os5
MIM device. It is clear from this figure that tan 6 increases with the increase
of the applied frequency until it reaches its maximum approaches 13kHz
and then it decreases with increasing the temperatures. This illustrates the
relaxation process with a maximum curves peak of Ta,Os thin film. Such

behavior can be explained by G-G model [10]. According to this model
[10, 11], the loss tangent tan d is interrupted by equation (3) as follows: at

the lower frequency, tan d will decrease with increasing the frequency (0)_1

dominant term) followed by a minimum loss and then, an increase in the high
frequency range (o dominant term). As shown in Figures 6(a and b), the
decrease of tan & with frequency is evident as predicted from equation (3)

for the lower frequency and no indication of a minimum is observed over the
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investigated frequency range which may be due to the limitations of the
frequency range of RLC bridge. However, further work is aimed to be
extended for the measurements to the higher frequencies and temperatures
employed in an attempt to observe the well-defined minima in tand as
predicted by the model of Goswami and Goswami. It is also hoped to
investigate dielectric losses at very low frequencies for the investigated

sample. Another prediction of equation (5) is the increase of tand with

. . -1 .
increasing temperature as the ® = term becomes dominant term because of

the decreasing value of R with temperatures [12].
3.4. The relative capacitance Cr/Cpr

The changes in the capacitance depend upon the area of the device, film
thickness and dielectric properties of the investigated materials. In general
form, the relationship between the relative dielectric constant, charge carrier
concentration and polarizability of the material is determined by Clausius-
Mosotti relation [24, 25]:

epr =1 _ NRrogr )
ERT +2 380 ’

where epy is relative permittivity or dielectric constant under room
temperature condition, g, is permittivity of free space and Npp is

concentration of charge carriers at room temperature. From the above

relation, we can derive:

o _ (L+ 2Nprogr/3¢0)) ®)
BT =1 = (Ngrogr /39))

Similar expression can be written for dielectric constant under different
temperatures:

~ (14 (2No/3gg))
7 = 0= (Nof3e0) ©)

The value of No depends upon temperature. Relative capacitance-
temperature relationship showed a logarithmic like behavior as shown in
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Figure 7. The equation for No can be written as:

No = NRT(XRT[I + 10g(1 + k])], (10)

where k is thermo-capacitive factor, J is the temperature factor. By

substitution using the value of Na in equation (9), we get

_ (L+ (2Ngrogr[l + log(l + £J)]/3¢9))
(1= (Ngrogr[l +log(l + kJ)]/3g¢))

(11)

From equations (8) and (11), we can derive the expression:

ey _ ((1 + (2Ngrogr[l + log(l + k’)]ﬁ%))j/((l + (ZNRTO‘RT/:)’SO)))

err \ (1= (Ngrogr[l +log(l + &/7)]/35)) (I - (Nrrogr/3e0))
(12)
At lower temperature, we may consider that:
(3¢9 — Ngrogr[l +log(l + &J)]) = 3¢9 — Nprogr- (13)

Now equation (12) can be written as:

((380 + 2Ngropr[l + log(l + kJ)])j (14)
8RT (3eg + 2Ngrogr)

The relation between dielectric constant and capacitance can be
described by [26]:

Cr _ (Stemp. jn. (15)

Crr ERT

The factor # is related to dielectric (morphology). So, equation (14) can be
modified as:

Cr :((1 (2NRT0°RT[1+10g(1+k~])]/380))) (16)

Crr (1+ (2Ngrogr/3gp))

According to equation (16), the relative capacitance Cr/Cpr is directly

proportional with J (the temperature factor). The temperature dependence
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of the relative capacitance Cp/Cgy at different frequencies in the range
(100Hz-100kHz) is shown in Figure 7. It is clear from this figure that the
relative capacitance approximately increases exponentially with the increase
of the temperature which agrees with equation (16). The increase of the
capacitance with temperature can be attributed to the fact that the
orientational polarization is connected with the thermal motion of molecules,
so dipoles cannot orient themselves at low temperatures. When the
temperature is increased, the orientation of dipoles is facilitated and this
increases the value of orientational polarization and this increases the
capacitance (i.e., dielectric constant) with increasing temperature [27].

4. Conclusions

MIM capacitors were prepared by the electron beam gun technique. The
capacitance and the dissipation factor were interpreted using the equivalent
circuit developed by Goswami and Goswami of bulk resistance 7, in series
with parallel R — C for the high dielectric Ta,Og5 thin film. The dissipation
factor showed a relaxation process. It is found that the relative capacitance is
increased with increasing the temperature and decreased with increasing the
applied frequency. It is suggested to use Ta,Os thin film on various
capacitance electronic devices instead of SiO,. Ta,05 film as a dielectric

layer shows the high capacitance meeting the requirements for the new

generation of memory devices.

C

's VAV

Figure 1. Schematic diagram of G-G model.
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Figures 2(a and b). (a) Temperature dependence of the measured
capacitance C,, at different frequencies of Ta,O5 MIM device. (b)
Temperature dependence of the minimum values of the capacitance Cp,;, at
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