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Abstract 

Various kinds of high-k metal oxide materials such 

as, Gd2O3, Ta2O5, HfO2, Er2O3, and Yb2O3 have been 

reported in electrolyte insulator semiconductor (EIS) 

devices because of their good sensing performance. 

However, this structure is not stable after long-term 

measurement because generate interface layer 

between high-k metal oxide and silicon during high-

temperature process. Therefore, the high-k metal 

oxides with post rapid thermal annealing exhibited a 

thinner interfacial layer, higher capacitance value and 

lower leakage current for performance improvements. 

 In the paper, the high-k ZrO2 was used as sensing 

membrane of electrolyte-insulator-semiconductor 

(EIS) structure for sensor applications. According to 

the result, this sensor device with RTA 900ºC 

annealing can get the best sensor characteristics such 

as sensitivity of 51.84 mV/pH and hysteresis voltage 

of 6.56 mV and 4.82 mV/hr drift rate among all 

conditions. 
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1. Introduction 

Various kinds of high-k metal oxide materials such 

as, Gd2O3, Ta2O5, HfO2, Er2O3, and Yb2O3 [1-9] have 

been reported in electrolyte insulator semiconductor 

(EIS) devices because of their good sensing 

performance. However, this structure is not stable after 

long-term measurement because generate interface 

layer between high-k metal oxide and silicon during 

high-temperature process. Therefore, the high-k metal 

oxides with post rapid thermal annealing exhibited a 

thinner interfacial layer, higher capacitance value and 

lower leakage current for performance improvements. 

[11-14] 

  In the paper, the high-k ZrO2 was used as sensing 

membrane of EIS structure for pH sensor applications. 

It can be found that the sensor device with RTA 900ºC 

annealing can get the best sensor characteristics such 

as sensitivity of 51.84 mV/pH and hysteresis voltage 

of 6.56 mV and 4.82 mV/hr drift rate among all 

conditions. 

2. Experiment 

The EIS structures of a high-k ZrO2 sensing 

membrane were fabricated on 4-in n-type (100) Si 

wafers. Before the deposition of ZrO2 film, the wafers 

were cleaned using a standard RCA process and then 

they were treated with 1% HF to remove the native 

oxide. A 30 nm ZrO2 film was deposited on the Si 

substrate by means of sputtering from a zirconium 

dioxide target in the ratio of Ar/O2 =15/10. 

Subsequently, samples were annealed in O2 ambient 

for 30 s by rapid thermal annealing (RTA) at various 

temperatures from 600, 700, 800, 900 ºC. The RTA 
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was heated at a rate of 30oC/sec before reaching the 

target temperature. The backside contact (a 300-nm-

thick Al film) of the Si wafer was deposited using a 

thermal coater. The sensing membrane size was 

defined through photolithographic processing under a 

photosensitive epoxy (SU8-2005, MicroChem) that 

behaved as an anti-acid polymer. EIS devices were 

then fabricated on the Cu lines of a printed circuit 

board by using a Ag gel to form conductive lines. A 

handmade epoxy package was employed to 

encapsulate the EIS structure and the Cu line. The 

detail EIS structure was illustrated in Fig.2 

 

Fig.1 The ZrO2 EIS structure 

3. Results and Discussion 

Fig. 2 show the XRD spectra of ZrO2 samples under 

various annealing conditions in O2 ambient. The peak 

intensity was increasing as the temperature raises and 

the sample with highest RTA temperature of 900oC 

clearly exhibited a stronger peak of (120) was shown 

in the spectra. To research the crystalline structural and 

chemical formation of ZrO2 film due to annealing in 

O2 ambient effects, Fig. 3 (a) and (b) illustrate the Zr 

3d, O 1s XPS spectra for the as-deposited and annealed 

films at various temperatures. [15-17] 

 

Fig.2 XRD of the ZrO2 film after RTA annealing at 

various temperatures. 

 

 

Fig.3 XPS results of (a)Zr 3d, (b)O 1s in ZrO2 film 

after annealing at various temperatures in O2 ambient 

To investigate the effect of RTA annealing 

temperature to ZrO2 sensing film, the AFM was used 

to analysis. Fig.4(a)-(e) showed the atomic force 

microscopy (AFM) images of the ZrO2 films. The root 

mean square (rms) values of the above five samples 

for as-dep and RTA annealing from 600oC to 900oC 

were 3.08nm, 3.56nm, 4.04nm, 4.46nm, 5.48nm. The 

PZT films annealed at 900°C distinctly had the highest root 

mean square surface roughness (Rms) 31.9nm. These results 

of AFM also echo the measurement results of XRD and XPS. 

The oxygen can effectively combine with zirconium atoms 

to form larger grains. 
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Fig.4 AFM of high-k ZrO2 surface on single 

crystalline silicon after RTA at different temperatures 

in O2 ambient for 30s. 

Fig.5 showed the C-V curves of control and 600 oC 

to 900oC RTA annealed ZrO2 film immersed in buffer 

solution with various pH values. The threshold voltage 

shift of the ZrO2 membrane annealed at 900ºC versus 

pH value of the solution reveals that the sensitivity of 

the device was as high as 51.84mV/pH.  
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Fig.5 The normalized C-V curve of the ZrO2 sample 

without and with RTA600 to 900℃ annealing in O2. 

The inset figure represents the sensitivity and linearity 

Compare of the as-deposited sample and the sample 

annealed at 600 and 900ºC of the sensitivity were 

41.83, 45.24, 45.69, 47.26 and 51.84mV/pH, 

respectively. The sample annealed in the temperature 

of 900ºC possessed the highest sensitivity and linearity 

shown in Fig. 6. 

 

Fig.6 The sample with different RTA temperature in O2 

ambient. 

Besides, Fig.7 shows that the hysteresis voltage 

of the as-deposited sample and the RTA annealed 

samples from 600, 700, 800 and 900ºC is 19.64, 13.79, 

11.24, 8.04, and 6.56mV. The sample annealed at 

900ºC had the lowest hysteresis deviation. Since the 

dangling bonds and defects of the membrane might 

cause attachments of ions, which suppressed diffusion 

of reacting ions and delayed the reference voltage 

response [10].  

 

Fig.7 The hysteresis of ZrO2 sensing membrane at various 

RTA temperatures. 

Furthermore, Fig.8 shows the drift rate of the as-

deposited sample and the sample annealed at 600, 700, 

800, and 900ºC were 13.11, 11.79, 9.41, 7.32 and 

4.82mV/hr, respectively. It can be seen the ZrO2 

sensing membrane with 900oC annealing has lower 

hysteresis voltage and drift rate than other samples in 

Fig.9.  

 

Fig.8 The drift voltage of ZrO2 sensing membrane at various 

RTA temperatures. 
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Fig.9 The hysteresis and drift rate at various RTA 

temperatures. 

The comparison of ZrO2 sensing membranes 

annealed with various RTA temperatures in O2 ambient 

for sensitivity, linearity, hysteresis voltage, and drift 

rate was shown in Table-1. 

 

Table-1 the sensing performance of ZrO2 sensing 

membrane annealed with various RTA temperatures in 

O2 ambient  

Otherwise, we also prepared the sodium and 

potassium ions solution, the concentration was 

controlled in a range between 10-5M and 10-1M. The 

calculated pNa and pK sensitivity of ZrO2 sensing 

membrane annealed in O2 were shown in Fig.8. The 

pNa and pK sensitivity of ZrO2 sensing membrane 

with post-RTA are 7.07mV/pNa and 5.58mV/pK, 

respectively. It is evident that the ZrO2 sensing 

membrane in EIS has more sensitive to H+ relative to 

Na+ and K+. 

 

Fig.8 The different ion sensitivity of ZrO2 sensing membrane 

annealed 900oC in O2 ambient. 

4. Conclusions 

In this study, the ZrO2 sensing membrane annealed 

at 900oC in O2 ambient shows a higher sensitivity, 

higher linearity, higher H+, Na+, K+ selectivity, lower 

hysteresis voltage and lower drift rate than other 

conditions. It can be confirmed, the ZrO2 sensing 

membrane with RTA treatment in O2 ambient, not only 

improved the bonding intensity and stabilized 

crystalline structure but also formed a stronger lattice 

to enhance the peak intensity. The ZrO2 sensing film 

annealed at 900ºC in O2 ambient applied in sodium and 

potassium ions solution (K+ and Na+) biosensor shows 

higher sensitivity and linearity. This result 

demonstrated that the ZrO2 sensing membrane on the 

EIS structure is ideal for biomedical device 

applications.  
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