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ABSTRACT ARTICLE HISTORY

In this paper, we prepared the Al,03/ZrO,/SiO,/ZrO,/Al,03 (AZSZA) Received 8 November 2020
metal-insulator-metal (MIM) capacitors by atomic-layer-deposition Accepted 15 February 2021
technique. By increasing the thickness of SiO, from Onm to 3 nm,
the quadratic capacitance voltage coefficients improved significantly
from 2130 ppm/V? to —121 ppm/V? because of the offsetting effects
of ZrO, and SiO, dielectric. Meanwhile, for our interested SiO,=3nm
sample, the capacitance density is 7.40fF/um? and the leakage cur-
rent density is 3.08 x 1078 A/cm? at 5V. We also studied the leakage
current conduction mechanism of AZSZA dielectric MIM capacitors
and found that at high field the conduction mechanism was domi-
nated by Poole Frenkel emission.
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1. Introduction

Metal-insulator-metal (MIM) capacitors are essential to integrated circuits (ICs). They
can be used in many ways, such as decoupling and filtering. High capacitance density,
low leakage current and small quadratic voltage coefficient of capacitance («) are signals
of good electrical performances of MIM capacitors. In order to get high capacitance
density, high dielectric constant (k) materials such as Ta,Os, HfO,, Al,Os, TiO, and
ZrO, [1-4] can be used. ZrO, thin film is considered to be a strong candidate among
these high k materials to replace traditional dielectric materials SiO, and Si;N, because
it has many advantages, for instance, high breakdown electric field, high dielectric con-
stant and large energy gap width [4].

Someone has studied a single ZrO, dielectric MIM capacitors and high capacitance
density is obtained, but the leakage current and o value are poor [5]. Here, we intro-
duced the AlL,O; and SiO, layers to improve the foregoing two parameters because
ALO;5 has a large band gap of ~8.8eV and SiO, has a negative a value, so the Al,Os/
Zr0,/Si0,/Zr0,/Al,05 (AZSZA) structure MIM capacitors were designed. What needs
to be emphasized is that the AZSZA structure was prepared in the same Atomic Layer
Deposition (ALD) system. This not only decreases the complexity and cost of the
experiment, but also decreases the probability of contamination and introduction of
impurities. Therefore, it is a better method to grow all the dielectric materials in the
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Figure 1. Typical capacitance-voltage (C-V) characteristics of the AZSZA MIM capacitors at 100 kHz.

same chamber. The reason for using ALD technology is that it has many advantages
[6], such as low temperature process, precise thickness control and large area deposition
uniformity .

2. Experimental

Firstly, the ~150nm TaN thin films were sputtered as a bottom electrode on Si sub-
strate coated with ~500 nm oxide film. Secondly, the Si substrate coated with TaN bot-
tom electrode was placed into the ALD chamber to deposit Al,O3/ZrO,/SiO,/ZrO,/
AL O; (AZSZA) nanolaminates. In order to research the effects of the thickness of SiO,
film on the performance of AZSZA MIM capacitors, the thicknesses of SiO, varies from
0 to 3nm, increase 1 nm every time. Meanwhile the individual thickness of Al,O; and
ZrO, layers were optimized at 1 nm and 7 nm, respectively. After assembly of the above
stacked insulator, the sputtered ~150nm TaN top electrodes were formed and defined
by photolithography and dry etching. Capacitance-voltage (C-V) characteristic were
measured by Agilent 4294 A at 100kHz and the current-voltage (I-V) measurement was
performed by Agilent B1500A equipment.

3. Results and Discussion

Figure 1 is the C-V characteristics of the AZSZA MIM capacitors. The four samples
were labeled as SiO,=0nm, SiO,=1nm, SiO,=2nm, and SiO,=3nm. It can be seen
from the graph, with the increase of SiO, thickness, the capacitance density decreased
gradually. The corresponding capacitance density is 14.06, 10.60, 8.64 and 7.40 fF/um®
at 0V for SiO, =0, 1, 2, 3nm samples, and the calculated k values are 25.4, 204, 17.6
and 15.9 respectively. The occurrence of high k value is due to the appearance of ZrO,
crystal layer [7]. The decrease of capacitance density is due to the increase of SiO, and
the small k value of SiO,, which only 3.9. Therefore, even if the increase of SiO, is only
1 nm, the change of capacitance density is also obvious.

Small « is vital for the application of MIM capacitors, for it denotes the variation of
capacitance with applied voltage. It can be described by C(V)=Cy(aV>*+BV + 1).Here,
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Figure 2. The curves of normalized capacitance and voltage for the MIM capacitors of four samples.
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Figure 3. The current density-voltage (J-V) characteristics at room temperature of the four samples.

Co represents the capacitance density at zero bias, o and f are the quadratic and linear
capacitance voltage coefficients, which can be obtained by fitting the curve of normalized
capacitance-voltage according to the quadratic equation. Figure 2 is the curve of normal-
ized capacitance and voltage for the MIM capacitors of the four samples. A strong posi-
tive parabolic curve can be seen for the SiO,=0nm sample. With the increase of SiO,
thickness, the capacitance voltage coefficient has been improved because of the negative a
of SiO,, which can neutralize with the positive o of ZrO,. When SiO,=3nm, we can see a
parabola going downwards and relatively flat, indicating that o value becomes negative
and the value is small. It should be emphasized that if the thickness of SiO, is adjusted at
2 ~3nm, the o value will continue to decrease until it gets to zero [8].

The current density-voltage (J-V) characteristics of the four samples are shown in
Figure 3. It is obviously that the current density gradually decreases with the increase of
SiO, thickness. For the sample of the SiO, = 3nm, the leakage current density is
1.57 x 10°% A/cm? at —2V, which is lower than that of TiO2/SiO, [9], SiO,/ZrO,
[10]and HfO, [11] MIM capacitors. Even at 5V for the SiO2 =3nm sample, the leakage
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Figure 4. The current density—voltage (J-V) characteristics at different temperatures of the
four samples.

current density is only 3.08 x 10~ A/cm®. If the components of AZSZA MIM capacitor
are continuously adjusted, its current density can be further optimized, as proposed by
Kukli et al. [12].

Although some groups have observed the ZrO,-based dielectric MIM capacitors [4, 5, 13],
few researchers have explored their leakage current mechanisms. Figure 4 illustrates the cur-
rent density-voltage characteristics for the four samples AZSZA MIM capacitors, which were
measured at 22, 50, 75, 100 and 125°C in order to observe the leakage current mechanism.
It can be seen that for the four samples, the influence of temperature on the current at low
field is not significant, because in low field the current is mostly trap assisted tunneling cur-
rent [14, 15].While at high field, the current is obviously increased with the increase of tem-
perature, so we will mainly study the leakage current density at high field.

Poole-Frenkel (PF) emission often occurs in high temperature and high field [16],
which can be expressed by Eq(1).

_q((bt— 1/qE/m:osr)] @

] = AEexp l T

Where A is a constant, q, E, T and k denote the electronic charge, the electric field,
the absolute temperature, and the Boltzmann constant, respectively. ¢, and ¢, represent
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E"? in the high field range according to the PF emission.

Figure 5. Typical plotting of In (J/E) vs
the dynamic dielectric constant of the dielectric layer and the permittivity of free space.
¢, signifies the energy barrier separating the traps from the conduction band.

If the leakage mechanism is PF emission, it should meet two conditions. One is that
In(J/E) and EV?, as well as InJ and 1/T will satisfy the linear relationship. The other is the
dynamic dielectric constant of the dielectric layer &, should close to square of the refractive
index(e,~n?). Since our structure is symmetrical, the leakage mechanism should be the
same. According to the above idea, the top injection temperature curve of the four samples
was calculated and fitted to verify the mechanism. Figure 5 is the relationship plot of In(J/
E) and E"? in the high field region. It is evident that linear relationships are obtained at
different temperatures. From the slope of the fitted straight line of the four samples at 22,
50, 75, 100 and 125°C, We extracted ¢, values and they are shown in the figure, which are
very close to square of the refractive index(e, ~ n?). Furthermore, the relationship plots
between In(J) and 1/T of our samples were displayed in Figure 6. Based on the slope of the
fitted straight line, the ¢, are also calculated by introducing ¢, = 2.29, 3.31, 4.60 and4.95
for the four samples, as shown in Figure 6. All these results indicate that in the high field
region the leakage current mechanism for AZSZA MIM capacitors is PF emission.

4. Conclusion

To summarize, AZSZA dielectric MIM capacitors were prepared by full ALD technique.
The SiO, thickness has great impacts on the electrical performance of AZSZA MIM
capacitors. For the SiO, =3nm sample we are interested in, it has shown large capaci-
tance density, small « value and extremely low leakage current density. And through
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Figure 6. Plotting of In(J) vs 1/T of the four samples, and the corresponding ¢ are also extracted.

discussion we found that at high field region the leakage conduction mechanism of
AZSZA structure is PF emission.
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