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Abstract. The effect of various top electrodes (Au, Ag, Cu and Al) on the hysteresis loop behavior of 

1-mm thick PZT has been investigated. The PZT films and PT bottom electrode were prepared by 

MOCVD, and various top electrodes were deposited by evaporation. Using an Ag and Cu top 

electrode, an improvement in the polarization hysteresis loops of PZT films was observed compared 

to the other electrodes (Au and Al). A well-saturated P-V hysteresis loop was obtained when Ag and 

Cu top electrodes were applied. By applying an Au electrode, a decrease in polarization was 

observed, and the Al top electrode produced P-V hysteresis loops with para-electric behavior. The 

improvement in the polarization hysteresis loops was affected by the electrical conductivity of the top 

metal electrode. Namely, a faster supply of compensation charges, which are required to bind 

polarization charges located near the interface in PZT films, was obtained as the conductivity of the 

top electrode increased. The electrical conductivity of the metals displayed the following trend: 

(Ag>Cu>Au>Al).  

Introduction 

Top and bottom electrodes have a strong effect on the ferroelectric properties of a material. In 

particular, the bottom electrode plays a critical role in determining the texture and quality of 

ferroelectric films, which are closely related to the remnant polarization (Pr). For ferroelectric 

materials, perovskite compounds such as lead zirconate titanate (PZT) are widely used. Recently, 

many studies have been performed to obtain high quality PZT films. For electrode materials based on 

PZT thin films in ferroelectric random access memory (FeRAMs), various materials such as platinum 

(Pt) [1], strontium oxide (SrO) [2], ruthenium [Ru] [3, 4], ruthenium oxide (RuO2) [5], Iridium (Ir) 

[6], and Iridium oxide (IrO2) [7] have been studied. Among the aforementioned materials, Pt thin 

films are widely used as bottom electrodes for PZT capacitors due to the low electrical resistivity, 

large work function, high melting point, high stability in high temperature oxidizing atmospheres and 

high catalytic activity of Pt [1].  

Pt is also usually used as a top electrode [8]; however, when Pt is employed, the ferroelectric 

properties of the PZT film may become damaged due to the annealing of hydrogen in ambient air 

[11]. Therefore, other materials must be investigated for the top electrode. Conducting metal 

electrodes such as noble metals have been the most popular choice for top electrodes because of their 

ease of deposition. However, less published data are available on conducting metal top electrode 

materials. Au [9] and Ag alloys [10] have been used as top electrodes on PZT thin films for 

ferroelectric capacitors via PLD and dc sputtering, respectively. Gold is used as an electrical contact 

in top electrodes due to its resistance to corrosion, electrical conductivity, and lack of toxicity. 

However, the cost of gold is relatively high. Moreover, Ag has several advantages such as no catalytic 

activity to hydrogen, oxidation resistance, high electrical conductivity and low cost. Moreover, 
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Lucian et al. [12] reported the effects of both top-contact metals (Cu, Au, Al, Cr, Ni, Pd and Ag) 

deposited by thermal evaporation and Pt and Ta deposited by radio-frequency magnetron sputtering 

on the ferroelectric properties of epitaxial PZT/SRO/STO structure. The relationship between the 

electrical conductivity, work function, electronegativity and current density of PZT films was 

determined. In the present study, we developed various top metal electrodes including Au, Ag, Cu 

and Al on PZT thin films with a Pt bottom electrode for ferroelectric capacitors using vacuum 

evaporation. Hence, the aim of the present study was to deposit various metal electrodes such as Au, 

Al, Ag and Cu on PZT films and to use the resulting materials as top electrodes. Moreover, vacuum 

evaporation is a simple and low-cost fabrication method for the production of top electrodes. 

Furthermore, the influence of the top electrode on the ferroelectric properties of PZT films was 

investigated.  

Experiments  

Preparation of films 

The substrates used in this work were 8-inch silicon wafers with a platinum bottom electrode layer 

and an TiN adhesion layer. The generate substrate structure was Pt/TiN/SiO2/Si(100). The PZT films 

were grown on the Pt/TiN/SiO2/Si(100) substrate using a liquid delivery metal organic chemical 

vapor deposition (MOCVD) method system named ²Doctor T² developed by WACOM R&D 

Corporation. This MOCVD system features a novel instantaneous vaporizer and has excellent 

stability for depositing homogeneous films for large wafers. A 1-mm- thick film was deposited on the 

Pt bottom electrode.  In the growth of the PZT films, the source precursors used were Pb(DMAMP)2: 

0.025 CCM, Zr(MMP)4: 0.025 CCM, and T(MMP)4: 0.025 CCM, and the total pressure was 1067 Pa. 

Oxygen (O2) and argon (Ar) were used as the oxidizing gas and carrier gas, respectively. The sources 

materials used in this study and typical deposition conditions are summarized in Table 1. 

Table 1 Summary of PZT deposition conditions 

Sources materials  

Pb  sources (ccm) 0.025

Ti sources (ccm) 0.025

Zr sources (ccm) 0.025

Substrate Pt/TiN/SiO2 

Thickness of Pt (mm) 100 

Thickness of TiN (nm) 20

Thickness of SiO2 (nm) 100

Thickness of PZT (nm) 90

Carrier gas (Ar) flow rate(SLM) 0.3

Oxygen gas flow rate (SLM) 5

Suceptor temperature (C ) 525

Total pressure (Pa) 1067

Deposition time (min) 35

Electrical measurements 

For electrical characterization of the thin films, various top electrodes including Au, Ag, Cu and Al 

were applied to the film surfaces using a shadow masking evaporation method. The top electrode 

structures were patterned with circles using a shadow mask with a diameter of 500mm. The films were 

annealed by an RTA process at temperatures of 750C for 60 sec in an O2 atmosphere in order to 

crystallize the PZT films in the ferroelectric phase. The polarization as a function of voltage (P-V) 

was measured after performing a rapid thermal annealing (RTA) process. A ferroelectric test system 

(Precision LC Radiant Technology) was used to measure their electrical properties. A ferroelectric 
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test system (Precision LC, Radiant Technology) was employed to measure the electrical properties by 

the drive terminal bottom electrode (Pt) that was connected to the drive of the precision LC. The 

illustration model for connections between drive terminal and top or bottom electrode have been 

reported in previous paper [13]. 

Result and Discussion 

Polarization as a function of the electric field (P-V curves) was measured on PZT samples with 

different top electrodes, and the hysteresis was determined. All of the P-V hysteresis loops were 

measured at a frequency of 100 Hz for 1-mm thick PZTs with an area of 1.96 x 10
-3

 cm
2
. Figure 1 

shows the P-V curves of PZT/Pt samples with different top electrodes, which provided different P-V 

hysteresis loops. All of the Ag top electrodes (Fig. 1-a) exhibited the best hysteresis P-V loops and the 

greatest remnant polarizations. The Cu top electrode and Au top electrode provided intermediate 

results (Fig. 1-b and 1-c), while the poorest hysteresis loops were obtained for the Al top electrode 

(Fig. 1-d). The observed improvement in the hysteresis loops may be related to the electrical 

conductivity of the top electrode. For instance, Ag displayed the highest electrical conductivity and 

provided the best hysteresis loops. Higher conductivity in the top electrode may lead to a faster 

compensation charges, which are required to bind polarization charges located near the interface. 

Moreover, the coercive field increased due to strong interactions between dipoles.  

On the other hand, the poorest hysteresis loop as obtained for the Al electrode may be due to the 

tester of precision LC can not supply as many charges to sample as needed to arrive at the equilibrium 

state. Moreover, the actual voltage can not reach to and be staying at the targeted voltage, therefore 

the actually applied Vmax of hysteresis can not reach to the expected (planned) Vmax, so the P-V 

hysteresis seems to be a leaky sample.  

 The relationship between the electrical conductivity of top metals and remnant polarization (2Pr) 

is shown in Table 2. The values were obtained from the literature [15], and the electrical 

conductivities displayed the following trend: Ag>Cu>Au>Al. Ag and Cu presented the highest 

electrical conductivity and provided the best hysteresis loops, while Au and Al, which possess lower 

electrical conductivity, were comparable. However, the hysteresis loop gap of the Au top electrode 

was smaller than those of the Cu and Ag top electrodes. The observed gaps in the hysteresis loops in 

opposite directions are related to the asymmetry of the electrode (different work functions of the 

bottom and top electrode, as reported in a previous paper [14]. The work function of Au was higher 

than those of Cu, Ag and Al, as shown in Table 3. The work function increased according to the 

following trend: fAu < f Cu< fAg < f Al. Thus, the work function of Ag is lower than that of Au (for 

example, (fAg < f Pt) is lower than (fAu < f Pt)). As a result, an electron from Ag electrode is unlikely 

to move to the Pt electrode, and it is more difficult for the system to switch from the final negative 

polarization to the initial positive polarization. Thus, a large gap occurs between the final and initial 

polarization states. Because the work function of Au is more similar to that of Pt than that of Ag, an 

electron from Au can easily move to the Pt electrode. As a result, the gap between the initial and final 

polarizations was small (as shown in Figure 1).   
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Fig 1. P-V Hysteresis of PZT films at Vmax 5 V using various top electrodes; namely 1-a Ag 

electrode, 1-b Cu electrode, 1-c Au electrode and 1-d Al electrode. 

Table 2  2Pr of each top electrodes used in this study 

 

 

 

 

 

 

 

Table 3 Conductivity and work function of metal used as top electrodes 

Metal Conductivity(10
-6

 Ohm-cm-1) Work function (eV) 

Ag 0.6410 4.64

Cu 0.5988 5.1

Au 0.4255 5.47

Al 0.3906 4.2

Summary 

The effect of various top electrodes (Au, Ag, Cu and Al) deposited by evaporation on the hysteresis 

loops of 1-mm thick PZT films prepared by MOCVD was investigated. The ability of the metal 

electrodes to supply compensation charges required by bound polarization charges located near the 

Top electrode Pr (mC/cm
2
)  -Pr (mC/cm

2
) 2Pr (mC/cm

2
) 

Ag 71.3591 84.8363 156.1956 

Cu 72.37119 82,1756 154.5486 

Au 38.7598 38.8158 77.5756 

Al - - - 
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interface of PZT films had a significant effect on the ferroelectric behavior. PZT films with an Ag top 

electrode presented a high value of polarization. Among the four electrodes examined, the hysteresis 

loops obtained from the Al top electrode exhibited the poorest performance. 
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