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Abstract 

The influence of amorphous high-k interlayers, such as Al2O3, (Ta/Nb)Ox (TN), 

and (Ta/Nb)Ox-Al2O3 (TNA), on the leakage current (J) and dielectric constant (k) for 

metal-insulator-metal capacitors with ZrO2/high-k/ZrO2 nanolaminate insulating films 

and TiN electrodes was investigated. The insulating films were prepared by atomic layer 

deposition followed by post-deposition annealing at 600°C. The capacitance equivalent 

thickness (CET) of the capacitors increased in the order ZrO2/(Ta/Nb)Ox/ZrO2 (ZTNZ) < 

ZrO2/(Ta/Nb)Ox-Al2O3/ZrO2 (ZTNAZ) < ZrO2/Al2O3/ZrO2 (ZAZ), owing to the k values 

for Al2O3 (~6), TNA (~9), and TN (~11). The J values at 0.6 V for capacitors with a CET 

of 1.1 nm increased in the order ZTNAZ < ZAZ << ZTNZ. The effect of a high-k 

interlayer on the J characteristics appeared above a thickness of 0.4 nm in the case of 

Al2O3 and TNA, while a 0.8-nm-thick TN maintained high J values. Based on these 

results, there are three important factors as a high-k interlayer to reduce J value, such as a 

band gap larger than that for TN (4.4 eV), a thickness of  0.4 nm, and an amorphous 

structure. Therefore, to achieve the low J and CET, TNA is a promising candidate 

material for a high-k interlayer for future dynamic random access memory. 
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1. Introduction 

High-dielectric-constant (high-k) materials have been widely investigated as a 

gate insulator for metal-oxide-semiconductor field effective transistors (MOSFETs), a 

storage cell for flash memory, an active layer for resistive random access memory 

(ReRAM) and memristors, a channel layer for oxide thin film transistors (oxide-TFTs), 

and an insulator for dynamic random access memory (DRAM) [1-11]. Among the high-k 

materials investigated, HfO2 [12-14], Ta2O5 [15-17], Nb2O5 [17], SrTiO3 [18-20], TiO2 

[20-23], and ZrO2 [18, 24-33] have recently attracted much interest for use in metal-

insulator-metal (MIM) capacitors, in an attempt to achieve a large cell capacitance (~10 

fF/cell), a low leakage current density (J ≤ 1×10
−7

 A/cm
2
) at the operating voltage (0.6 

V), and a maximum processing temperature of less than 650°C beyond sub 20 nm 

technology node [18, 22, 23]. These properties are beneficial for DRAM applications. 

Atomic layer deposition (ALD) has typically been used to fabricate conformal films on 

three-dimensional structures, such as cylindrical devices with aspect ratios of greater than 

30 [22, 23]. ZrO2 dielectric-based MIM capacitors have been studied extensively because 

ZrO2 has a high k value (20-40) and a large band gap (Eg ≈ 5.8 eV) [18, 24-35]. To obtain 

large k values, ZrO2 samples with tetragonal, orthorhombic, and cubic phases have been 

fabricated at high growth temperatures, followed by post-deposition annealing (PDA). 

Crystalline ZrO2 exhibit a high leakage current (J) along its grain boundaries [24, 29]. To 

reduce J, a high-k interlayer can be inserted into the center of the ZrO2 film, forming a 

ZrO2/high-k/ZrO2 nanolaminate insulating film. Al2O3 is typically employed as the high-k 

interlayer because of its amorphous structure and large Eg of 8.8 eV [8, 11, 27-30, 33-38]. 

However, the low k value of amorphous Al2O3 (6-9) increases the capacitance equivalent 
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thickness (CET) of the overall insulating film [8, 24]. Moreover, it remains unclear how 

the amorphous structure and Eg of the high-k interlayer affect the J characteristics of 

ZrO2/high-k/ZrO2. 

The present study investigates several high-k materials for use as interlayers. 

(Ta/Nb)Ox (TN) has a high k value of ~29, an amorphous structure at high process 

temperatures (~600°C), and a low Eg (4.4 eV) [8, 34, 35]. A (Ta/Nb)Ox-Al2O3 (TNA) 

nanolaminate is expected to exhibit an increased Eg compared to that for the TN 

interlayer and a reduced CET compared to that of Al2O3. 

In this study, we investigated the effect of high-k interlayers of Al2O3, TN, and 

TNA on the CET and J properties of DRAM capacitors with TiN electrodes. We discuss 

how the amorphous structure and the conduction band energy (Ec) for the high-k 

interlayer affect the final electrical properties. 

 

2. Experimental 

The MIM capacitors with ZrO2/high-k/ZrO2 nanolaminate insulating films 

consisted of a TiN top electrode (BE-TiN), a 1st ZrO2 layer, a high-k interlayer, a 2nd 

ZrO2 layer, and TiN top electrodes (TE-TiN), as shown in Fig. 1. The 15-nm-thick BE-

TiN was deposited on a SiO2/p-Si substrate by DC sputtering. The 3.8-nm-thick 1st ZrO2 

layer was deposited on the BE-TiN by ALD at 300°C using (C5H5)Zr[N(CH3)2]3 as the 

precursor and H2O as the gas. Three different high-k interlayers, viz., Al2O3, TN, and 

TNA, were prepared. Al2O3 and TN layers were deposited by ALD at 200°C by using 

Al(CH3)3 and a (Ta/Nb = 1/1) (NtAm)(NMe2)3 cocktail precursor, respectively, and H2O 

as the gas. The TNA nanolaminate layers were fabricated by alternate deposition cycles 
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of TN and Al2O3. The thickness of the high-k interlayer was varied from 0.1 to 1.1 nm by 

changing the number of ALD cycles. The 3.8-nm-thick 2nd ZrO2 layer was then 

deposited under the same ALD conditions as the 1st ZrO2 layer. The thicknesses of all 

ZrO2/high-k/ZrO2 insulating layers are tabulated in Table I. PDA was carried out at 

600°C for 30 s in an O2 atmosphere. A 100-nm-thick TE-TiN film was then fabricated on 

the insulating film by photolithography, DC sputtering, and a liftoff process. The area of 

each square TE-TiN was approximately 4.0×10
−6

 cm
2
. TiN/ZrO2/TiN capacitors with a 

ZrO2 thickness of 7.6-12.6 nm were also prepared as a reference. 

The thicknesses of the ZrO2, Al2O3, TN, and TNA layers were measured using 

spectroscopic ellipsometry. The film roughness was evaluated by atomic force 

microscopy (AFM). The crystal structure of the ZrO2 films was analyzed by X-ray 

diffraction (XRD). Capacitance-voltage (C-V) and current-voltage (I-V) measurements 

were carried out at room temperature under ambient conditions using an Agilent B1500A 

semiconductor device analyzer and a Keithley 4200-SCS semiconductor characterization 

system, respectively. C-V measurements were performed in the range of 1.0 to 1.0 V at 

a frequency of 100 kHz. The CET was calculated as 3.9ɛ0A/C, where 3.9, ɛ0, A, and C are 

the k value for SiO2, the vacuum permittivity, the capacitor area, and the capacitance of 

the insulating films, respectively, the latter of which was determined from the C-V 

characteristics at a voltage of 0 V. 

 

3. Results and discussion 

3.1 Characteristics of ZrO2/high-k/ZrO2 nanolaminate films 
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Figure 2 shows the dependence of the film thickness on the number of ALD 

cycles for as-grown and PDA-treated (a) ZrO2 films and (b) Al2O3, TN, and TNA films 

employed as high-k interlayers. An almost ideal linear relationship between the numbers 

of ALD cycles and the thickness of the as-grown ZrO2 film and high-k interlayers was 

achieved even for extremely thin films, which is indicative of a highly controlled 

deposition process. The growth rates for the as-grown ZrO2, Al2O3, TN, and TNA films, 

obtained from the slopes of the linear fits, were 0.043, 0.114, 0.074, and 0.094 nm/cycle, 

respectively. For the PDA-treated films, the corresponding growth rates were 0.042, 

0.106, 0.066, and 0.087 nm/cycle, which are 2-12% lower than those for the as-grown 

films. This is due to the densification of the films during the PDA process [39, 40]. 

A cross-sectional TEM image of a PDA-treated MIM capacitor with a 

ZrO2/(Ta/Nb)Ox-Al2O3/ZrO2 (ZTNAZ) multilayer structure is shown in Fig. 3(a). The 

thicknesses of the 1st ZrO2, TNA, and 2nd ZrO2 layers were 3.8, 0.9, and 3.8 nm, 

respectively. The polycrystalline nature of the ZrO2 layers is evident from the lattice 

fringes with different orientations. It can be seen that all of the layers appear uniformly 

thick and the interfaces are sharp. Therefore, we confirmed that the 0.9-nm-thick TNA 

interlayer with an amorphous structure was well deposited between 1st and 2nd ZrO2 

layers, clearly separating them. 

ZrO2 typically forms four phases, such as monoclinic (m-ZrO2), tetragonal (t-

ZrO2), orthorhombic (o-ZrO2), and cubic phases (c-ZrO2) [41, 42]. According to the 

Clausius-Mossotti relation, the k value for ZrO2 increases with its density. Therefore, t-, 

o-, and c-ZrO2 are preferable to m-ZrO2 for use as the insulating layer in DRAM 
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capacitors. The static k values for m-, t-, and c-ZrO2 have been reported to be 19.7, 46.6, 

and 36.8, respectively [43, 44]. 

The crystal structure of the ZrO2 and ZTNAZ films was investigated using XRD. 

Figure 3(b) shows XRD patterns for PDA-treated MIM capacitors with ZrO2 (7.6-nm 

thick) and ZTNAZ insulating films. In the latter case, the thickness of the 1st and 2nd 

ZrO2 layers was 3.8 nm, and the thickness of the TNA layer was 0.9 nm. A strong peak is 

observed at about 2θ = 30.5° for the ZrO2 film, which can be assigned to t-, o-, or c-ZrO2. 

The exact crystal structure is difficult to identify because the peak positions are too 

similar [25, 32]. The ZTNAZ film exhibits an XRD pattern similar to that for the ZrO2 

film. This indicates that both ZrO2 layers in this multilayer film are also predominantly t-, 

o-, or c-ZrO2, which have a higher k value than m-ZrO2 (2θ = 28.2° and 31.5°). 

Figure 4 shows AFM images and root-mean-square (RMS) roughness values for a 

15-nm-thick BE-TiN film, and for ZrO2, ZrO2/Al2O3/ZrO2 (ZAZ), ZrO2/(Ta/Nb)Ox/ZrO2 

(ZTNZ), and ZTNAZ films. The multilayer films all had a CET of 1.1 nm following 

PDA. The RMS roughness value for the ZrO2 film is comparable to that for the BE-TiN 

because very smooth surfaces were obtained even for crystalline ZrO2 samples [45]. 

Therefore, the small RMS values of about 1.0 nm are remained even after fabrication of 

the ZAZ, ZTNZ, and ZTNAZ multilayer films. 

3.2 Electrical properties of ZrO2/high-k/ZrO2 nanolaminate films 

Figure 5(a) shows the k and CET values for the ZrO2, ZAZ, ZTNZ, and ZTNAZ 

films used in the MIM capacitors. The k value for the 7.6-nm-thick ZrO2 single layer is 

approximately 28. This high k value is thought to be associated with t-, o-, and c-ZrO2, 

rather than m-ZrO2, as is evident from Fig. 3(b). A k value of approximately 27-28 is 
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observed for ZAZ when the thickness of the Al2O3 interlayer is < 0.4 nm. For Al2O3 

interlayers with a thickness of 0.4 nm or more, the k value for ZAZ decreases linearly 

with increasing Al2O3 thickness. The k value for ZTNZ and ZTNAZ remains above 26, 

even for thick TN (0.8 nm) and TNA (0.7 nm) layers. For any given interlayer thickness, 

the CET increases in the order ZTNZ < ZTNAZ < ZAZ. This indicates that the CET for 

the multilayer film can be improved by using TN and TNA interlayers rather than Al2O3. 

Figure 5(b) shows the dependence of the CET for ZAZ, ZTNZ, and ZTNAZ on the 

interlayer thickness in the range 0.3-1.1 nm. The k values for Al2O3, TNA, and TN, 

which were estimated from the inverse of the slope of the linear fits, are approximately 6, 

9, and 11, respectively. These values are lower than those for the bulk material because 

the high-k interlayers are only one or two unit cells thick. 

Figure 6 shows the J-V characteristics of MIM capacitors with ZAZ, ZTNZ, and 

ZTNAZ insulating films. The J properties of ZTNZ did not improve upon inserting a 0.8-

nm-thick TN interlayer compared to the others. However, the J values for ZTNAZ with a 

0.4-nm-thick TNA interlayer were lower by up to two orders of magnitude than those for 

ZAZ and ZTNZ with the same CET of 1.1 nm. Increasing the CET from 1.1 to 1.2 nm 

drastically improved the J characteristics of ZAZ, indicating that the useful thickness of 

the Al2O3 interlayer at low J was more than 0.4 nm. 

Figure 7 shows the relationship between CET and J at 0.6 V for MIM capacitors 

with ZrO2, ZAZ, ZTNZ, and ZTNAZ insulating films. The ZTNZ capacitors exhibit high 

J values (> 10
−5

 A/cm
2
). The J value for ZAZ decreases as the thickness of the Al2O3 

interlayer increases beyond 0.4 nm (CET > 1.15 nm), which becomes lower than that for 

ZrO2. The thickness of an Al2O3 monolayer is about 0.4 nm. Therefore, when the 
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thickness of the Al2O3 interlayer is less than 0.4 nm, the Al2O3 interlayer could exhibit 

island formation, which results in the high J values. Thus, the J-V characteristics for ZAZ 

improve by inserting an Al2O3 monolayer between the ZrO2 layers. Low J values (10
−8

-

10
−7

 A/cm
2
) are obtained for ZTNAZ, with a 0.4-nm-thick TNA layer exhibiting the 

lowest value of 6.9×10
−8

 A/cm
2
 for a CET of 1.1 nm. To obtain a similar J value, the 

CET for the ZrO2 and ZAZ capacitors would have to be 1.7 and 1.2 nm, respectively. 

Furthermore, the J characteristics for ZTNAZ were better than those for ZAZ in the low-

CET region because of the large thickness of the TNA interlayer relative to that of the 

Al2O3 interlayer. Thus, TNA is promising as a high-k interlayer material for future 

DRAM capacitors. 

Here, we propose two reasons for the difference in the J-V characteristics of the 

different samples. One is the large value of the Ec for the high-k interlayer, which plays 

an important role in suppressing the J value. It has been reported that Ec increases by 

about 0.5 eV upon insertion of a 0.5-nm-thick Al2O3 layer between two ZrO2 layers [33]. 

This means that the Ec for the high-k material is influenced by the insertion of a high-k 

interlayer with a thickness of less than 1 nm. Thus, the high J values for ZTNZ are due to 

a reduction in Ec for the overall film, which incorporates a TN layer whose Ec is lower 

than that for ZrO2. On the other hand, the Eg for TNA is expected to increase relative to 

that for TN because the Eg values for layer-by-layer-deposited (HfO2)x(Al2O3)1–x films 

reportedly increased linearly with the number of Al2O3 layers, which have a larger Eg 

than that for HfO2 [46]. Moreover, we assume that the TNA layer has a more stable 

amorphous structure than TN because Al2O3 remains amorphous even after annealing at 

temperatures of up to 900°C, while TN remains amorphous only up to 600°C. Thus, 
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Al2O3 and TNA interlayers increase the Ec for the overall insulating film and reduce the J 

value relative to that for a single layer of ZrO2. The other criterion is the thickness of the 

high-k interlayer. The ZAZ insulating film incorporating an Al2O3 layer with a thickness 

of more than 0.4 nm exhibits lower J values than a single layer of ZrO2. The J value for 

the ZTNAZ insulating film with a 0.4-nm-thick TNA layer is significantly reduced, 

whereas ZTNZ insulating films exhibit high J values regardless of the TN thickness. 

Thus, the high-k interlayer material needs to have a larger Ec than TN and a thickness of 

over 0.4 nm. 

 

4. Conclusion 

The characteristics of MIM capacitors with ZrO2, ZAZ, ZTNZ, and ZTNAZ 

insulating films, which were fabricated by ALD and PDA, were studied systematically. 

The CET for the MIM capacitors increased in the order ZTNZ < ZTNAZ < ZAZ as a 

result of the k values of the Al2O3 (~6), TNA (~9) and TN (~11) high-k interlayers. 

ZTNAZ exhibited a lower J value (6.9×10
−8

 A/cm
2
 at 0.6 V) than ZrO2, ZAZ, and ZTNZ, 

all of which had a CET of 1.1 nm. These results indicated that the Ec, thickness, and 

amorphous structure of the high-k interlayer are important factors determining the J 

values of ZrO2/high-k/ZrO2 insulating films. The TNA nanolaminate layer is a promising 

high-k interlayer material for use in future DRAM capacitors. 
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Table Captions 

Table 1. Specifications of MIM capacitors with ZrO2/high-k/ZrO2 insulating films. 

 

ZrO2/high-k/ZrO2 

insulating film 

1st ZrO2 

layer (nm) 
High-k interlayer (nm) 

2nd ZrO2 

layer (nm) 

ZAZ 3.8 0.1‒1.1 3.8 

ZTNZ 3.8 0.4, 0.8 3.8 

ZTNAZ 3.8 0.4‒0.9 3.8 
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Figure Captions 

Fig. 1. Schematic of MIM capacitor with ZrO2/high-k/ZrO2 nanolaminate insulating film 

and TiN electrodes. 

 

Fig. 2. Dependence of film thickness on number of ALD cycles for as-grown and PDA-

treated (a) ZrO2 film and (b) Al2O3, TN, and TNA films, which were used as high-k 

interlayers. 

 

Fig. 3. (a) Cross-sectional TEM image of PDA-treated MIM capacitor with ZTNAZ 

insulating film. (b) XRD patterns of PDA-treated MIM capacitors with ZrO2 (7.6 nm) 

and ZTNAZ insulating films. The thicknesses of the 1st ZrO2, TNA, and 2nd ZrO2 layers 

were 3.8, 0.9, and 3.8 nm, respectively. 

 

Fig. 4. AFM images and RMS roughness values for PDA-treated (a) 15-nm-thick BE-

TiN, (b) ZrO2 (CET = 1.1 nm), (c) ZAZ (CET = 1.2 nm), (d) ZTNZ (CET = 1.1 nm), and 

(e) ZTNAZ (CET = 1.1 nm). 

 

Fig. 5. (a) k and CET values for ZrO2, ZAZ, ZTNZ, and ZTNAZ insulating films used in 

MIM capacitors. (b) CET values for ZAZ, ZTNZ, and ZTNAZ insulating films in MIM 

capacitors as a function of the high-k interlayer thickness in the thickness range of 0.3-1.1 

nm. The k values for the interlayers were estimated from the inverse of the slope of the 

linear fits. 
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Fig. 6. J-V characteristics of MIM capacitors with ZAZ, ZTNZ, and ZTNAZ insulating 

films. 

 

Fig. 7. Relationship between CET and J at 0.6 V for MIM capacitors with ZrO2, ZAZ, 

ZTNZ, and ZTNAZ insulating films. 
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Fig. 2 (b) 
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Fig. 3 (b) 
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Fig. 7 
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Highlights  

 

 We investigated characteristics of ZrO2/high-k/ZrO2 nanolaminate insulating films. 

 Al2O3, (Ta/Nb)Ox (TN), and TN-Al2O3 (TNA) layers were prepared as high-k 

interlayers. 

 The CET value of the MIM capacitors increased in the order ZTNZ < ZTNAZ < ZAZ. 

 The J value at 0.6 V with a CET of 1.1 nm increased in the order ZTNAZ < ZAZ < 

ZTNZ. 

 TNA is a promising high-k interlayer material for use in future DRAM capacitors. 
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