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lon-Sensitive Field-Effect Transistors with Inorganic
Gate Oxide for pH Sensing

TATSUO AKIYAMA, MEMBER, IEEE, YUSUKE UJIHIRA, YOICHI OKABE, MEMBER, IEEE,
TAKUO SUGANO, SENIOR MEMBER, IEEE, AND EIJI NIKI

Abstract —lon-sensitive field-effect transistors (ISFET’s) have been
fabricated by using silicon films on sapphire substrates (SOS). Using
this structure Si0,, ZrO,, and Ta;0; films are examined as hydrogen-
ion-sensitive materials, and Ta; 05 film has been found to have the high-
est pH sensitivity (56 mV/pH) among them. The measured pH sensi-
tivity of this SOS-ISFET’s is compared with the theoretical sensitivity
based on the site-binding model of proton dissociation reaction on the
metal oxide film and good agreement between them is obtained.

I. INTRODUCTION

ON-SENSITIVE FIELD-EFFECT TRANSISTORS (ISFET’s),

[1]-[10] have a capability of MISFET’s combined with an
ion-selective electrode. The ISFET’s do not have metal-gate
electrodes, hence, the electrolyte, in which the ISFET’s are
immersed, and the reference electrode in the electrolyte, work
as the gate electrode. The gate insulator plays the essential
role on ion sensing.

Here pH sensitivity of Si0,, ZrO,, and Ta, 05 are studied as
the gate insulator of ISFET’s. So far the pH response charac-
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teristics of various materials have been investigated, but the
physical and chemical mechanisms of the different pH re-
sponse characteristics among these materials have not been
known. In this paper it is reported that the difference of pH
response characteristics is due to the difference between the
density of hydroxyl sites on the gate insulator surface and of
the proton dissociation reaction.

Furthermore, in order to avoid the technological difficulty
in isolating the side walls and the back surface of the ISFET,
for preventing the leakage current flowing to the substrate,
ISFET’s were fabricated with silicon films on the sapphire
wafers.

Then the pH sensitivity of these silicon films on sapphire
substrates (SOS)-ISFET’s was compared with the calculated
results based on the site-binding model of proton dissociation
reaction on the metal oxide film and a good agreement of pH
sensitivity was achieved between them.

II. THEORY OF pH SENSITIVITY OF OXIDE FiLMS

Two mechanisms for the operation of ISFET’s were pro-
posed previously. One is that a space-charge layer is formed at
the electrolyte-oxide interface and the surface potential of the
semiconductor is determined by the space charge. The other
is that some species diffuse from the electrolyte to the semi-
conductor-oxide interface and give influences to change the
threshold voltage [11]-[13]. Although the diffusion of
chemical species must occur to some extent in ISFET’s, it is

0018-9383/82/1200-1936300.75 © 1982 IEEE
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Fig. 1. Charge distribution, capacitance model, and potential profiles of
an electrolyte, oxide, and silicon system. (a) Charge distribution. Di-
pole layer is formed at the interface between the oxide surface and
the electrolyte system, where gy is the charge per unit area in the
Gouy~Chapman space charge region, og is the oxide surface charge
per unit area, and oy is the semiconductor surface charge per unit
area. (b) Capacitance model. The charge distribution can be repre-
sentated with two capacitors Cy and Cy connected in series, where
Cy is egldy, Co is eg/dg, epy is the dielectric constant of the electric
double layer, eq is the dielectric constant of the insulator, dgy is the
thickness of the electric double layer, and do is the thickness of
the insulator layer. (c) Potential distribution, resulted from the
charge distribution (a).

still questionable whether this process is considered the pri-
mary response mechanism or not [14], because rapid response
of ISFET’s has been observed although the diffusion of
chemical species through the oxide must be a slow process.
Furthermore, the response of ISFET’s should depend on the
diffusion constant of chemical species and the oxide thickness,
although very small differences in the response time for
ISFET’s with various oxides have been observed. In fact, Abe
et al., have fabricated ISFET’s using silicon nitride, silicon
dioxide, and silicon oxynitride as the hydrogen-ion-sensitive
film [15] and found that silicon nitride ISFET’s had the
highest pH sensitivity. If the diffusion of protons through the
film is the primary mechanism, silicon nitride ISFET’s should
have a lower sensitivity for pH, because the diffusion constant
of proton in silicon nitride is smaller than in silicon dioxide
and silicon oxynitride.

Therefore, it is suggested that the response of ISFET’s is due
to the space-change formation at the electrolyte-oxide inter-
face rather than due to the diffusion through the film.

At the interface, the interface potential is generated by the
process of ion or electron exchange between the electrolyte
and the oxide. The charge distribution is illustrated in Fig. 1.
Assuming the total charge neutrality, we obtain

0d+00+os=0 (1)

where

g4 charge per unit area in the Gouy-Chapman space-charge
region,
0o oxide surface charge per unit area, and
os semiconductor surface charge per unit area.
Given the capacitance model, the following equation results:
o=@, - *

={og - Co(Vs - V*)H(Cy + Co) 2
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where

V* =Vy- Vies+ E® + (RT/nF)Ina; [16],
Ve  biased gate potential,

potential of the oxide surface,
reference electrode potential,

V¢ potential of the silicon substrate,
standard electrolyte potential,

= ey/dy, Co = €o/dy, €y dielectric constant of the elec-
tronic double layer,

F Faraday constant,

T absolute temperature,

n valency of ions,

R gas constant,

thickness of the electronic dipole layer,
€y  dielectric constant of the insulator, and
thickness of the insulator layer.

Now let us consider the oxide surface charge g,. When the
oxide surface is in contact with an aqueous solution, the sur-
face layer is hydrated to form hydroxyl group [17], [18].
This surface hydroxyl group may be positively charged,
negatively charged, or neutral, depending on the pH of the
electrolyte. The total charge that can be accommodated on
the oxide surface varies by the physico-chemical nature of the
surface. Important factors are the surface composition, struc-
ture, crystallographic orientation, stoichiometry, and the de-
gree of hydration. Actually, immersing the oxide into the
electrolyte, the oxide is often dissolved into the electrolyte.
But, neglecting the dissolution of the oxide into the electro-
lyte, only the surface hydroxyl group is assumed to react with
the species of the electrolyte. This Site-Binding Model of the
proton dissociation reaction on the metal oxide film can be
characterized as follows:

M—Oxide
H,0
MO & &=M—0OH = M—OH;.
H* H*

The corresponding electrochemical equations are given by
the following equations:

0
Myon t kT In YMOH

= pdo- Y + kT Invyo- + KT Inay+ - ey 3)
Hhont + KT Invyoys + ev
= upon tUy+ T AT In vy oy + kT Inay+ 4)
where
uY standard chemical potential of 4’s species,

vy equilibrium number per unit are of the A’s species,

ay+ the hydrogen-ion activity,

k Boltzmann’s constant,

e  electronic charge (-1.6 X 107'% C), and

¢  interface potential between the electrolyte and the

oxide.

Then, pH and interface potential are explained as
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Fig. 2. The calculated pH response based on the Site-Binding Model of
the proton dissociation on the metal oxide, where the acid dissocia-
tion constant pKa is assumed 9 and the alkaline dissociation constant
pKb is assumed 10. The hydrogen dissociation site density Ns is
taken as parameter. The equivalent gate voltage difference is a func-
tion of Ns and is linear to pH when Ns is increased.
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Fig. 3. Top and cross-sectional views of ISFET fabricated with silicon
films on sapphire wafers. SOS structure is useful to prevent the
electrical leakage between the side wall of the device and the electro-
lyte. The long source and drain regions are required to isolate the
source and drain terminals from the electrolyte.

pH = {log f(6,) - log 6,}/2
+ (FNse/RTCy In 10){f(6,) - 6,}

+ (pKa + pKw - pKb) (5)

= Nse {8, - f(8.)}/(Cg) + Cy (6)

where 6., f(6,), and C; are referred to in (A-1), (A-11), and
(A-17) of the Appendix. Ns is the total number of hydroxyl
groups on the oxide surface.

Then, Fig. 2 shows the calculated result by using (5) and (6),
where pKa =9, pKb =10, and Ns is changed as a parameter.
It can be seen that the interface potential dependence upon
pH becomes linear with an increase of Ns. The slope ap-
proaches to the Nernst response (60 mV/pH at 25°C) with
increasing Vs.

III. EXPERIMENTAL PROCEDURE
A. Fabrication of the ISFET

The fabrication step is similar to the process of the p-channel
metal gate MOSFET’s. As shown in Fig. 3, ISFET’s are made
by SOS’s. The n-type Si film is 1 um in thickness and the re-
sistivity is 1 & - cm. The chip size is 0.5 mm in width, 6 mm
in length, and 0.32 mm in thickness. The SOS-ISFET is a p-
channel enhancement mode device, whose channel is 50 um
long and 1400 um wide. The gate SiO, film is thermally

TABLE 1
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DETAILS OF BUFFER SOLUTION FOR pH MEASUREMENTS

! pH (25°C) Buffer solution
;i
2.15 Tartrate
4.01 Phthalate
Standard 6.86 Phosphate
9.18 Borate
10.02 Alkaline Phosphate
Mixture 1.0-10.0 Clark-Lubs
TABLE II

THE VALUE OF ACID DissocIATION CONSTANT, ALKALINE DISSOCIATION
CoONSTANT, HYDRATED CONSTANT, AND SURFACE SITE DENSITY

ke 0K5 | (pha-pKwpKB)2 | oxor | Ne(eml) |

A+ 3 a3 & T8 4,8 1 4 B
TS0: o —1l 8 — g g g 0" | 3P|
70 1188 ‘g 128, 9 10 12 -85 -1 . ot | el
T20: ] 96 9 13 0y 53 ¢ 85 | — | o~ | 10°;

A ¢ necretical vawe or measured voae
8 ‘thing value

grown on the surface of the substrate at 1000°C for 30 min.
The Si0, thickness is about 530 A. The silicon nitride film is
grown on the SiO, film by plasma enhanced chemical vapor
deposition (PCVD) at 400°C for 5 min and the SiH, (4 per-
cent N, base) gas pressure of 0.2 torr. The power is 0.4 W/
cm?, the electrode separation is 38 mm, and the frequency is
13.56 MHz. The silicon nitride film thickness is about 500 A.
An ion-sensing film (ISF) is grown on the silicon nitride film
as follows:

1) SiO,: SiO, films are made by the plasma anodic oxida-
tion [19] of silicon nitride at the substrate temperature of
450°C and oxygen pressure of 0.1 torr. The thickness is ap-
proximately 20 nm.

2) ZrO,: Zr films are evaporated by electron beam at the
pressure of 5X 10°7-10~% torr. The purity of Zr source is
99.9 percent. Then a ZrQ, film is made by the plasma oxida-
tion of this Zr film at the substrate temperature of 100°C and
oxygen pressure of 0.2 torr. The power is 0.4 W/cm?, the
electrode separation is 38 mm, and the frequency is 13.56
MHz. The thickness is approximately 40 nm.

3) Ta,0s5: Ta,0;s films are made by sputtering the Ta,0s
target (purity of 99.99 percent) at the substrate temperature
of 20°C and argon pressure of 0.1 torr. The thickness is
approximately 100 nm.

B. Measurement of the Response

In order to measure the electrochemical response of the ISF,
all measurements were done in the dark at the constant
temperature. A feedback circuit was used to keep the drain
voltage V4 and the drain current /; constant by varying the
gate voltage to compensate the interface potential change.
The gate voltage was applied through a double junction type
calomel electrode (Orion double junction type 90-02) im-
mersed in the following buffer solution (Table I).
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Fig. 4. Interface potential versus pH relationship of the SiO,-gate
ISFET’s. Solid lines indicate the results of the calculation based on
the Site-Binding Model of the proton dissociation reaction on the
SiO, surface. The experimental pH response is shown with circles
(pKa =10, pKb = parameter, Ns = 1013-2/cm?). The experimental
results are in good agreement with the calculated result for pKb = 6.
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Fig. 5. Interface potential versus pH relationship of the ZrO,-gate
ISFET’s. The solid line indicates the results of the calculation based
on the site-binding model of the proton dissociation reaction on the
Zr0, surface. The experimental pH response is shown with circles.
The experimental results are in good agreement with the calculated
result for pKa = 19, pKb = 9, and Ns = 1016/cm?2.
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Fig. 6. Interface potential versus pH relationship of the Ta,Os-gate
ISFET’s. Solid line indicates the results of the calculation based on
the Site-Binding Model of the proton dissociation reaction on the
Ta,yO; surface. The experimental pH response is shown with triangles.
The experimental results are in good agreement with the calculated
result for pKa = 9, pKb = 10, and Ns = 1015/cm?.

Standard buffer solution shown in Table II were used to-
gether with mixed buffer solution of Clark-Lubs. The values
of pH were measured by pH meter (Orion Ion Analyzer 901),
which was calibrated by standard buffer solution.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The pH sensitivities of various ISFET’s are shown in Figs. 4,
S,and 6.

A. Si0,-Gate ISFET

The Si0,-gate ISFET gives relatively small pH sensitivity
(approximately 43 mV/pH) and it varies by the hydrogen-ion
activity of the electrolyte. Furthermore, the sensitivity is not
stable and a large long-term drift is observed in alkaline buffer
solution (8-20 mV/h). Therefore, the pH value measured after
30 min from the time of changing the hydrogen-ion activity
are indicated with circles. The lines in Fig. 4 indicate the
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results of calculation based on the site-binding model of the
proton dissociation reaction on the SiO, surface. (The value
of pKa =10 is adopted as the value of the silicic acid in the
water [20]. No data of pKb is available, so pKb is taken as a
parameter.)

The value of surface site concentration, Vs is calculated from
(A3), Ns =Koy X Nss, where Nss is the total number of the
surface site group. For example, in the case of SiO,, SiO, re-
acts with water to form the silanol site, SiOH. The silanol
site, SIOH becomes SiO~ or SiOH3 depending on the hydrogen
ion activity of the electrolyte. The surface density of Si on
Si0, is approximately 10'° ¢cm™ and the equilibrium con-
stant K oy is approximately 107'-®. Koyis given by

KOH = H28103/5102 X H20 (7)
So the hydrogen-dissociation-site density Vs is given by
Ns(Si0,) =10 X 10718
=10 cm™. (8)

Now, the acid dissociation constant (pKa = 10) and the
alkaline dissociation constant (pKb =2, 4, 6, 8, 10) are sub-
stituted into (5) and (6) to calculate the interface potential.
The good agreement between experimental data and theoreti-
cal data is obtained at pKb = 6.

Acid dissociation constant, alkaline dissociation constant,
and the hydrated constant which are used on the calculation
are shown in Table I.

B. ZrO,-Gate ISFET

The ZrO,-gate ISFET shown in Fig. 5 has a better pH sensi-
tivity than the SiO,-gate ISFET. Its sensitivity is approxi-
mately 50 mV/pH. But, ZrQ,-gate ISFET shows a very slow
response to a change of the hydrogen-ion activity and requires
almost 10 min to get 90-percent response. Because the value
of pKqgy is negative for ZrQ, [21], all the surface is hydrated
and becomes Zr(OH),, when ZrQ, is immersed into the water.
Zr0, is supposed to be hydrated by about ten atomic layers
from the surface and the actual hydrogen-ion-dissociation-site
density may be estimated about 10*¢ cm™2. Also included in
Fig. 5 is a theoretically computed pH response obtained using
the parameters pKa = 18, pKb = 11, and Nss = 10%¢ cm™2.

C. Ta,0s-Gate ISFET

The Ta,0s-gate ISFET shown in Fig. 6 has the highest pH
sensitivity of 56 mV/pH among the three. When the hydrogen-
ion activity of the electrolyte is changed, for example, from
pH 2 to pH 10 and from pH 10 to pH 2 abruptly, the 90-per-
cent response time is 2.4 and 0.7 s, respectively. Because there
are no data of pKqy for Ta,05, we assumed zero for pKqgy.
A theoretically computed pH response obtained using the
parameters pKa=9, pKa=11, and Nss=10' cm™ is also
included in Fig. 6.

From the results mentioned above, the most suitable ma-
terial for hydrogen-ion measuring (from pH=0 to pH = 10)
must have the value of (pKa + pKw - pKb)/2 which is around
5 and the value of Ns which is about 10'5 cm™2.
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V. CONCLUSION

SOS structures have been successfully used to fabricate
ISFET’s with SiO,, ZrO,, or Ta,0s as hydrogen-ion-sensing
film. The Si0,-gate ISFET gives relatively small pH sensitivity
of 43 mV/pH and has a long-term drift of 8 to 20 mV/h. The
ZrO,-gate ISFET gives the pH sensitivity of 50 mV/pH, but
shows a very slow response (90-percent response time is
10 min). The Ta,05-gate ISFET has the highest pH sensitivity
of 56 mV/pH and its 90-percent response time is a few sec-
onds. Therefore, Ta,Os film is concluded to be the most
suitable as the sensing material of ISFET’s for measuring the
hydrogen activity of the electrolyte. The results of calculation
based on the site-binding model of the proton dissociation
reaction on the metal oxide film are in good agreement with
the experimental data of pH sensitivity. This model will be
useful for searching the material that is sensitive to hydrogen
ions.

APPENDIX

Following the procedure given by Nakashima ez al. [22], the
hydrogen-ion activity can be represented in terms of the sur-
face coverage by charged groups, the surface electrostatic
potential, and the acid and alkaline dissociation constants.

The total number of hydroxyl groups on the oxide surface
Ns depends on the hydrated constant and the material charac-
teristics. Letting the percentage of the positively charged group
be 6, and negatively charged group be 8. we then obtain the
following equations:

0+ = vmou;/Ns (A])
8- =vpmo~/Ns (A2)
Ns =Koy Nss

=Vmon} t VYm0 * YMOH (A3)

where

Vg4 equilibrium number of 4’s species per unit area,
Ns  hydrogen-dissociation-site density,
Koy hydrated constant, and
Nss  total number of surface group which is OH group on
the surface of the metal oxide.
Total surface charge per unit area gy is given by
6o = Nse(6,-6_) (A4)

where e equals electronic charge (-1.6 X 107!° C).

Using the acid dissociation constant Ka and the alkaline dis-
sociation constant Kb, the electrochemical equations (3) and
(4) can be rewritten as

Ka= exp {(H](ZIIOH_ - IJR/IO— - :ujow*')/kT}
Kb/Kw = exp {(upyon *+ K+~ “1(\)40}{;' WET}

where

(A5)
(A6)

uS  standard chemical potential of A’s species,
k Boltzmann’s constant,

T absolute temperature, and

Kw = H*X OH"~ water constant,
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Combining (3), (4), (A1), (A2), (A3), (A4), (A5), and (A6)
yield

0,6_/(1 - 6,- 8.)* = KaKb/Kw (A7)
6,/6_ = (a};+Ka/KwKb)
X exp (-2e9/kT) (A8)

where ay;+ is the hydrogen-ion activity and ¢ is interface po-
tential between the electrolyte and the oxide.
Solving the equation (A8) for ai;+, we obtain
-log ag+ = (log 8- - log 8,)/2
- F/RTIn 10
+ (-log Ka - log Kw + log Kb)/2 (A9)

where R is gas constant and F is Faraday constant.
By substituting (2) into (A9)

-log ay+ = (log 6_ - log 6,)/2 + (F/RT 1n 10)
X {09+ Co(Vs = V*)H(Co + Cyp)
+ (~log Ka - log Kw + log Kb)/2 (A10)
is obtained. Then, in (A7), we are left with
0.=£(0.) ’
= (Kw/2KaKb - 1)X 6, + 1
- V(Kw8,/KaKb) X {(Kw/KaKb - 4)6, + 4}/2.

(AlD)
The substitution of (A11) to (A10) yields
pH = {log f(0.) - log 8.}/2
+ [FNse {f(8,)~ 6,}]/{RT In 10(Cy + C;)}
+ FCo(Vy- V¥Y/{RT In 10(C, + Cyy)}
+ (pKa + pKw - pKb)/2 (A12)

where

Co  capacitance per unit area of oxide film,

Cy capacitance per unit area of the electronic double
layer, and

Vet reference electrode potential.

The interface potential ¢ is given
o=@~ V¥

= Nse{0, - f(0.)}/(Cy + Co)

= Co(Vs- V*)/(Cq + Co) (A13)

where

d, potential of the oxide surface,

V* =V~ Vi +E°+ (RT/F) Inay,
Vg biased gate potential,

E® standard electrolyte potential, and
Ve potential of silicon substrate.

Substituting V' = V, = Viep + E° - RT(In 10) pH/F into (A12)
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and (A13), pH and are represented as functions of 8, as in-
dicated below

(G [logf.- logo,
pH(8.,) = <1 + CH) [ 3

FNse{f(6:)- 6.}  pKa+pKb- pKw ]

(Cy+Co)RTIn 10 2
Co F 0
t— ——— (V- Vot Vs - F
CH RT1n 10 ( K g ref ) (A14)
Nge{0, - f(6,)} = Co, RTIn10 pH(b,) .
eO@)=—F7" 7t
Cy +C Cy F
Co o
+Z‘;(Vs_ Vg + Vier ~ E°). (A15)
These equations can be simplified as follows:
¢(6,) = Nse{b, - f(8.)}/Cy + €, (Al6)
Ci=Co(Vs~ Vg + Vies = E®)/Chy. (A17)

By assuming -4.5 V as Vs, 0.24 V as Viep, 4.5 Vas £°,
1.0 V as Vg, taking in account that Cy is of the order of 10
uF/em? and C, is the order of 30 nF/cm?, pH and interface
potential are given by (5) and (6).
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