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1. Introduction

Ion sensitive field-effect transistor (ISFET) with SiO,
gate as sensing material for applications on bio-medical
was invented by P. Bergveld in 1970. [1] To have higher
sensitivity and better stability, various kinds of sensing in-
sulators, such as Si;N,, Al,Os, Ta,O5 and TiO, have been
investigated extensively in past years. Hafnium oxide
(HfO,) which owns thermal stability, low leakage current
and compatible process with CMOS technology was pro-
posed as the promising gate dielectric for future shrinking
generation. [2,3] In our initial study, the pH sensing proper-
ties, such as pH response, drift coefficient and hysteresis
effect of HfO, thin film as sensing membrane based on
electrolyte-insulator-silicon (EIS) structure were presented.
[4] With proper annealing treatment, the pH sensing per-
formance of HfO, membrane could be improved. In this
work, the pH sensing and electrical properties of HfO,/SiO,
ISFET and HfO, ISFET were systematically studied. The
conventional SizN,/SiO, ISFET with similar FET process
was also used for reference. Transconductance, off current
and body effect of MOSFET and sensitivity, drift coeffi-
cient and linearity of ISFET were detail discussed.

2. Experiment

To investigate pH sensing properties of HfO, membrane,
three types of ISFET were fabricated at Institute of Electron
Technology, Poland, such as HfO, gate ISFET, HfO,/SiO,
gate ISFET and SizN,/SiO, gate ISFET. Figure 1 shows the
simplified process flows of these three devices. P-well was
formed to obtain the immunity on crosstalk between chips.
Extended source/drain areas were designed for easy encap-
sulation, but with a drawback of high series resistance.
Thermally grown SiO, layer was deposited to a thickness of
650 A after RCA cleaning. In the sensing membrane depo-
sition, HfO, layer fabricated by reactive RF sputtering and
SizNy layer fabricated by standard low pressure chemical
vapor deposition (LPCVD) was chosen. The thickness of
HfO, and Si;N, layers are 660 A and 500 A. Then the rapid
thermal annealing (RTA) at 700°C was processed on HfO,
devices for process optimization. [5] The schematic
HfO,/Si0, gate ISFET profile was shown in Fig. 2.

The drain current-gate voltage (Ips-Vgs) curves of
MOSFET and ISFET devices with Ag/AgCl reference
electrode were measured by Keithley 4200 semiconductor
characterization system. To calculate the pH sensitivity, the
Ips-Vgs curves of ISFET were measured in standard buffer
solutions from pH 2 to pH 12. In the long term stability
measurement, response voltages (Vi) were extracted by
constant voltage-constant current (CVCC) circuit per min-
ute in pH 7 buffer solution. The drift coefficient was calcu-
lated by linearly fitting on Vg in the range of 3 to 8 h im-
mersion. All measurement setup were put in dark box to
keep from light interference.

3. Results and Discussions
Figure 3 shows the XRD spectra of HfO, layer without
and with 700°C annealing. The crystalline peak of (111)
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was observed of 700°C annealing HfO,. The Ips-Vps curves
of HfO, gate ISFET show the normal operation as shown in
Fig. 4. Figure 5(a) and (b) show the Ips-Vgs and Gy, curves
of all three types MOSFET. Off current of all samples is
acceptable. The G,, of HfO, gate MOSFET is the highest of
all. Ips-Vgs curves shift parallel due to various dielectric
thickness and trapped charges. Compared to HfO, gate
IOSFET, smaller swing and higher G,, of HfO, gate
MOSEFET was obtained as shown in Fig. 6. Various Ips-Vgg
curves were measured in various standard buffer solutions
from pH 2 to pH 12. As shown in Fig. 7, Vg is the Vgs in
linear region calculated according to a same Ipg level in
each curve. pH sensitivity could be obtained by linearity
fitting of Vg corresponding pH. pH sensitivity calculated in
different Ipg and Vpg conditions were shown in Fig. 8(a)
and (b), respectively. There is no obvious difference of fit-
ting sensitivity with various extraction conditions. For the
highest linearity concern, the operation point of HfO,/SiO,
and HfO, gate ISFET was chosen at Ipg equals to 100 and
10 pA, respectively. The pH response of these two devices
was shown in Fig. 9(a) and (b). Figure 10(a), (b) and (c)
show the body effect of three types MOSFET. The body
effect is the effect that the threshold voltage varies with
substrate bias. This substrate sensitivity was defined as
equation (1) :
ﬂ: é‘Sina/Z(Zl//B +Vbs) (])
dVbs Cox

The body effect could be much improved on HfO,
MOSEFET because of smaller C,, value. Electrical proper-
ties and pH sensing performance of all three type devices
were listed in Table I. Compared to SizN,/SiO, ISFET,
highest pH sensitivity, 58.95 mV/pH, was obtained in
HfO,/SiO, gate ISFET. Its corresponding drift coefficient is
also very low, 0.36 mV/h. All pH sensing and electrical
performance of HfO,/SiO, gate ISFET are superior to the
commercial product.

4. Conclusions

HfO,/SiO, gate ISFET shows the excellent pH sensing
performance with sensitivity 58.95 mV/pH, and drift coef-
ficient 0.36 mV/h, which is a candidate for commercial
product. Minor body effect of HfO, gate ISFET was ob-
served, which is suitable for circuit compensation design. A
quite promising device process and platform was built and
verified for pH sensing application.

Acknowledgement
This work was supported by the National Science
Council under the contract of NSC 95-2221-E-182-060.

References

[1] P. Bergveld, IEEE Trans. Bio. Eng., BME-17 (1970) 70.

[2] Laegu Kang, et al., IEEE Electron Device Lett., 21 (2000) 181.
[3] Byoung Hun Lee, et al., Appl. Phy. Letter, 76 (2000) 1926.

[4] C. S. Lai, et al., Jpn. J. Appl. Phys., 45 (2006) 221.

[5] C. S. Lai, et al., Electrochem. Soc. Letter, 9 (2006) G90.



1) P-well implantation

2) S/D implantation

3) Dry oxidation 650 A

4) RF sputtering t;or
HfO, with 300 A

5) LPCVD for Si3N4
with 660 A

6) RTA in N, at 700°C
(1min)

7) Al gate evaporation

8) Metalisation sintering
in N, at 450°C (10min)

9) PCB attached, Wire
bonding and Epoxy
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Fig. 1 The process flow of (a)

HfO,/SiO, gate ISFET, (b) HfO, gate
ISFET, and (c) SisN./SiO, gate ISFET.
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Fig. 2 The schematic of the structure of
HfO,/Si0, gate ISFET.
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Fig. 5 The (a) Ips-Vgs and (b) G, curves of
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Fig. 3 XRD spectra of as-deposition HfO,
and HfO, with 700°C annealing.
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Fig. 6 The Ips-Vgs and Gy, curves of HfO2
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Fig. 7 The typical Ips-Vgg curves of
HfO,/Si0, gate ISFET device in differ-
ent pH buffer solution.

Fig. 8 The sensitivity distribution with
different (a) Vps working point and (b)
extracted Ipg current of HfO,/SiO, gate
ISFET and HfO, gate ISFET. The sensitiv-
ity was similar in all conditions.

Fig. 9 The pH response and linearity of (a)
HfO,/Si0, gate ISFET and (b) HfO, gate
ISFET at Vpg=0.5 V.

Table I Electrical properties and pH sensing per-
formance of HfO,/SiO, gate ISFET, HfO, gate
ISFET and Si;N4/SiO, gate ISFET.

Devices
HfO,/Si0, HfO, SisNy/SiO,
Properties
Sensitivity
58.95 5292 2.7
(mV/pH)
Linearity (%) 99.87 99.91 99.53
Drift (mV/hr) 0.362 0.578 0.65
L current (A) 1.6x10"° 9.0x10™" 3.6x10™"2
Gn 8.2x10* 1.1x10° 5.6x10"
Fig. 10 The body effect of (a) HfO,/SiO, gate MOSFET, (b) HfO, gate Body effect Large Small Large

MOSFET and (c) Si3N,4/SiO, gate MOSFET..
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