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Description

TECHNICAL FIELD

�[0001] The present invention relates to a field effect
transistor which uses liquid electrolyte as a gate and a
hydrogen-�terminated surface of diamond as a channel.

BACKGROUND ART

�[0002] An undoped hydrogen-�terminated diamond thin
film formed by a microwave plasma CVD method has
been known to have a p- �type conductive layer formed on
its surface, regardless of whether the diamond thin film
is monocrystalline or polycrystalline. Thus far, the
present inventors have fabricated a field effect transistor
(FET) in which deposition of metal or insulating sub-
stance on the gate portion is avoided through utilization
of such a surface conductive layer and have tested the
operation of the FET within an electrolytic aqueous so-
lution (Ken-�ichi Kitatani, et al., Proceedings of the 46th
Applied Physics Joint Lecture Meeting, 30a-�P7-22
(1999) pp. 628).
�[0003] Further, an electric double layer is considered
to be formed at the interface between a surface conduc-
tive layer of a diamond in an electrolytic solution and the
electrolyte (Takeshi Hosomi, et al., Abstracts of the 13th
Diamond Symposium Lecture Meeting, 115 (1999) pp.
36).

DISCLOSURE OF THE INVENTION

�[0004] The present inventors have tackled develop-
ment of an ISFET biosensor in which an ion sensitive
field effect transistor (ISFET) is used as a transducer,
and an enzyme is used as a molecular recognizing sub-
stance, and have found that such an ISFET biosensor
can be used as a micro- �sensor for clinical test, industrial
measurement, and environmental measurement, with
possible future application to a body-�embedable sensor.
�[0005] However, at present, such an ISFET biosensor
has a practical problem in that even when the molecular
recognizing substance functions properly and an intend-
ed molecule is selected, operation of the ISFET itself
becomes unstable due to a substance invading from out-
side the sensor. This unstable condition is caused by a
great variation in threshold voltage attributable to gener-
ation of an interface level, or presence of ions at the oxide
film/Si interface, which is the most delicate portion within
an Si MOSFET. When a sensor is used, its surface is
unavoidably exposed to the atmosphere. In the case of
an ion sensor or biosensor, even when a protective layer
is used, a considerably large number of undesired mol-
ecules or ions invade the oxide film/Si interface as com-
pared with the case of LSIs. Therefore, creation of a
chemically strong semiconductor surface is indispensa-
ble for development of ISFET biosensors.
�[0006] Incidentally, a hydrogen-�adsorbed surface (hy-

drogen-�terminated surface) of diamond is stable up to
700°C in vacuum, and up to 300°C in the atmosphere;
is chemically inert even in liquid; and, near room temper-
ature, does not cause structure change even when ex-
posed to strong acid or strong alkali. In addition, a p-�type
layer is formed in the vicinity of the hydrogen-�terminated
diamond surface.
�[0007] On the basis of the above-�described research,
the present inventors have developed an FET in which
a liquid electrolyte is used as a gate.
�[0008] The present invention seeks to provide an im-
proved field effect transistor.
�[0009] According to the present invention, there is pro-
vided a field effect transistor comprising:�

(a) a diamond substrate;
(b) a channel formed by a portion of a hydrogen-
terminated surface on the diamond substrate com-
prising a hydrogen-�terminated, undoped diamond
layer, the portion being exposed to the outside be-
tween a source electrode and a drain electrode, the
channel being formed on the diamond substrate;
(c) a protective film coating top and side surfaces of
the source electrode and the drain electrode; and
(d) a gate formed of a liquid electrolyte in contact
with the exposed portion, excluding the portion coat-
ed by the protective film, of the hydrogen-�terminated
surface of the diamond substrate.

�[0010] Preferred embodiments of the present inven-
tion provide a field effect transistor which uses a liquid
electrolyte as a gate and which operates stably in the
liquid electrolyte.
�[0011] Preferably diamond is formed of an undoped,
hydrogen-�terminated, monocrystalline or polycrystalline
diamond thin film.
�[0012] In one embodiment the channel is a p channel.
�[0013] Preferably the drain current is controlled by gate
voltage, and the p channel can be pinched off when the
gate voltage is OV.
�[0014] Conveniently the p channel is of a normally off
type.
�[0015] Advantageously the hydrogen-�terminated sur-
face of the diamond has a wide potential window, and
the field effect transistor operates accurately within the
range of the potential window.
�[0016] In another embodiment the liquid electrolyte is
an alkaline solution.
�[0017] Preferably the liquid electrolyte is a KOH aque-
ous solution.
�[0018] In a further embodiment the liquid electrolyte is
an acidic solution.
�[0019] Preferably the field effect transistor has a
threshold voltage which exhibits low dependence on the
pH of the liquid electrolyte.
�[0020] Conveniently the field effect transistor has a
threshold voltage which is not affected by the environ-
ment.
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BRIEF DESCRIPTION OF THE DRAWINGS

�[0021]

FIG. 1 is a cross- �sectional view of a liquid-�electrolyte-
gate diamond FET (p-�channel FET) according to the
present invention;
FIG. 2 is a plan view of the liquid-�electrolyte-�gate
diamond FET (p- �channel FET) according to the
present invention;
FIG. 3 shows steps of a method for fabricating a liq-
uid- �electrolyte-�gate diamond FET according to a first
embodiment of the present invention;
FIG. 4 shows steps of a method for fabricating a liq-
uid- �electrolyte-�gate diamond FET according to a
second embodiment of the present invention;
FIG. 5 is a graph showing static characteristics of
the liquid-�electrolyte-�gate diamond FET fabricated
by the second embodiment of the present invention
(KOH aqueous solution; pH: 11);
FIG. 6 is a graph showing static characteristics of
the liquid-�electrolyte-�gate diamond FET fabricated
by the second embodiment of the present invention
(KOH aqueous solution; pH: 9);
FIG. 7 is a graph showing static characteristics of
the liquid-�electrolyte-�gate diamond FET fabricated
by the second embodiment of the present invention
(KOH aqueous solution; pH: 8);
FIG. 8 is a graph showing the Vg- �Ids characteristics
of the liquid-�electrolyte-�gate diamond FET according
to the present invention for the case of use of pH 11
KOH aqueous solution, along with its logarithmic rep-
resentation;
FIG. 9 is a graph showing the Vg- �Ids characteristics
of the liquid-�electrolyte-�gate diamond FET according
to the present invention for the case of use of pH 8
KOH aqueous solution, along with its logarithmic rep-
resentation; and
FIG. 10 is a graph showing the relationship between
threshold voltage and pH measured for respective
samples of the liquid- �electrolyte- �gate diamond FET
according to the present invention.

BEST MODE FOR CARRYING OUT THE INVENTION

�[0022] Embodiments of the present invention will next
be described in detail.
�[0023] FIG. 1 is a cross- �sectional view of a liquid-�elec-
trolyte-�gate diamond FET (p- �channel FET) according to
the present invention, and FIG. 2 is a plan view of the FET.
�[0024] In these drawings, reference numeral 1 denotes
a polycrystalline diamond serving as a substrate; 2 de-
notes a channel (terminated surface of the polycrystalline
diamond: p-�type surface conductive layer); 3 denotes a
source electrode (Au electrode);�4 denotes a gate (liquid
electrolyte: e.g., KOH aqueous solution); 5 denotes a
gate electrode; 6 denotes a drain electrode (Au elec-
trode); 7 denotes a protective film; and 8 denotes a liquid

vessel (insulator).
�[0025] Drain current is controlled by gate voltage and
can be pinched off completely. The threshold voltage of
the FET varies within the range of �0.2 V when pH of
the liquid electrolyte varies from 1 to 14, does not show
Nernst response, and exhibits almost no pH dependency.
The operation voltage range of the FET corresponds to
the range of an electric potential window in the case
where diamond is used as an electrochemical electrode.
The diamond is monocrystalline or polycrystalline, and
the surface of the diamond is covered with hydrogen at-
oms.
�[0026] A method of fabricating the above- �described
liquid-�electrolyte-�gate diamond FET will be described.
�[0027] FIG. 3 shows steps of a method for fabricating
the liquid-�electrolyte-�gate diamond FET according to a
first embodiment of the present invention, wherein FIG.
3 �[A] shows top views of the diamond FET in the respec-
tive steps; and FIG. 3�[B] shows cross- �sectional views of
the diamond FET in the respective steps.
�[0028] Metal is vapor-�deposited all over the surface to
form a metal film, and a portion of the metal film corre-
sponding to a gate portion is removed by means of pho-
tolithography. Gold, which forms ohmic contact with a
diamond thin film, is used as the metal. The metal film
forms pads, a source electrode, and a drain electrode.
In this connection, the gate length is set to 1 mm.
�[0029] The fabrication method according to the first
embodiment will be described in detail with reference to
FIG. 3.

(1) An Au layer 13 is vapor-�deposited on the entire
surface of a sample (terminated surface of a poly-
crystalline diamond) 11, and then photoresist AZ is
applied to the entire surface. Application conditions
are such that a spinner is rotated at 1,500 rpm for 5
sec and then at 5,000 rpm for 15 sec. Subsequently,
the sample is masked such that the Au layer 13 re-
mains at the central portion of the sample, and is
then exposed to light, followed by development.
Then, a p-�type surface conductive layer 12 is formed
on the surface of the sample 11. A portion of the Au
layer 13 which is not protected by the resist is re-
moved through etching performed by use of potas-
sium iodide. Subsequently, the resist is removed,
and Ar ions 14 are implanted into the exposed hy-
drogen-�terminated surface of the diamond by use of
a medium current ion implanter in order to destroy
the p-�type surface conductive layer 12 to thereby
form an element separation region 15. The element
separation 15 prevents leakage of current from the
periphery. The dose is 2�1023/cm2 (see (a) of FIG.
3 �[A] and (a) of FIG. 3�[B]).
(2) Photoresist is again applied to the entire surface;
and the sample is covered with a mask 16 such that
a portion of the Au layer 13 corresponding to the gate
is exposed. Subsequently, the sample is exposed to
light and developed (see (b) of FIG. 3�[A] and (b) of
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FIG. 3�[B]).
(3) Subsequently, after removal of the exposed por-
tion of the Au layer 13 through etching performed by
use of potassium iodide (see (c) of FIG. 3�[A] and (c)
of FIG. 3�[B]),� the mask 16 is removed. Thus, a source
electrode 13A and a drain electrode 13B are formed.
(4) Subsequently, the substrate is bonded to a slide;
and lead wires 17 are connected to the electrodes.
Subsequently, epoxy resin (protective layer) 18 is
applied to the substrate for waterproofing (see (d) of
FIG. 3�[A] and (d) of FIG. 3�[B]).
(5) Finally, a liquid electrolyte 19 of an alkali aqueous
solution is charged into the exposed gate portion;
and a gate electrode 20 is formed. Reference nu-
meral 18A denotes a liquid vessel made of an insu-
lating material.

�[0030] FIG. 4 shows steps of a method for fabricating
a liquid- �electrolyte-�gate diamond FET according to a sec-
ond embodiment of the present invention, wherein FIG.
4 �[A] shows top views of the diamond FET in the respec-
tive steps; and FIG. 4�[B] shows cross- �sectional views of
the diamond FET in the respective steps.
�[0031] The above described fabrication method ac-
cording to the first embodiment involves troublesome
work of applying resist twice, resulting in a long fabrica-
tion time. In order to simplify the process, in the fabrica-
tion method according to the second embodiment, a met-
al mask is fabricated in order to eliminate necessity of
etching of the gate portion. A molybdenum plate is used
for the metal mask such that only source and drain por-
tions are formed from the beginning. In addition, the gate
length is reduced from 1 mm to 0.5 mm.
�[0032] The fabrication method according to the second
embodiment will be described in detail with reference to
FIG. 4.

(1) First, through use of a metal mask (not shown),
Au is vapor-�deposited on a sample (terminated sur-
face of the polycrystalline diamond) 21 to thereby
form a source electrode 23A and a drain electrode
23B (see (a) of FIG. 4�[A] and (a) FIG. 4�[B]). Refer-
ence numeral 22 denotes a p-�type surface conduc-
tive layer.
(2) Subsequently, resist 24 (OEBR2000) is applied
to the gate portion (see (b) of FIG. 4 �[A] and (b) FIG.
4 �[B]).
(3) Subsequently, by use of a medium current ion
implanter, the p- �type surface conductive layer 22
other than portions corresponding to the gate portion
and the electrodes is destroyed by means of Ar ions
25, so that an element separation region 26 is
formed. The dose is 2�1013/cm2 (see (c) of FIG. 4
[A] and (c) FIG. 4�[B]).
(4) After removal of the resist 24, the substrate is
bonded to a slide; and lead wires 27 are connected
to the electrodes. Subsequently, epoxy resin (a pro-
tective layer) 28 is applied to the substrate for wa-

terproofing (see (d) of FIG. 4�[A] and (d) of FIG. 4�[B]).
(5) Finally, a liquid electrolyte 29 of an alkali aqueous
solution is charged into the exposed gate portion;
and a gate electrode 30 is formed (see (e) of FIG. 4
[A] and (e) of FIG. 4�[B]). Reference numeral 28A
denotes a liquid vessel made of an insulating mate-
rial.

�[0033] The fabrication method of the present embod-
iment greatly simplifies the fabrication steps as compared
with the case of the first fabrication method, so that the
time required for fabricating an FET can be reduced to
half.
�[0034] FIGS. 5 to 7 are graphs showing static charac-
teristics of a liquid-�electrolyte-�gate diamond FET fabri-
cated according to the second embodiment of the present
invention.
�[0035] As described above, the exposed gate portion
was filled with an alkali aqueous solution (KOH aqueous
solution); and the diamond FET was operated to obtain
the static characteristics shown in FIGS. 5 to 7.
�[0036] FIG. 5 is a graph showing measurement results
for the case where a pH 11 KOH aqueous solution is
used; FIG. 6 is a graph showing measurement results
for the case where a pH 9 KOH aqueous solution is used;
and FIG. 7 is a graph showing measurement results for
the case where a pH 8 KOH aqueous solution is used.
�[0037] From these graphs as well, it can be confirmed
that the drain current is controlled by means of a gate
bias, which shows that the FET actually operates. This
FET operates in a normally- �off mode. In a region where
the absolute value of the gate bias is small, the drain
current is infinitesimal, and the absolute value of the drain
current is seen to increase with a decrease in the absolute
value of the gate bias. Within such a region, the FET is
considered to be in an off mode. Static characteristics
involving pinch off can be observed.
�[0038] When the gate bias and the source- �drain volt-
age were varied within the electric potential window, the
FET was pinched off completely; i.e., the FET exhibited
static characteristics such that saturation clearly oc-
curred. Further, the FET was confirmed to have a con-
stant threshold voltage of about -0.2V for the case where
a pH 8 KOH was used, and was confirmed to be of a
normally off type.
�[0039] Next, measurement of the threshold voltage of
the liquid-�electrolyte- �gate diamond FET of the present
invention and its dependency on pH of liquid electrolyte
will be described.
�[0040] FIG. 8 is a graph showing the Vg-�Ids charac-
teristics of the FET for the case where a pH 11 KOH
aqueous solution is used, along with its logarithmic rep-
resentation. FIG. 9 is a graph showing the Vg-�Ids char-
acteristics for the case where a pH 8 KOH aqueous so-
lution is used, along with its logarithmic representation.
In FIG. 8, the threshold voltage of the FET is -0.12V, and
in FIG. 9, the threshold voltage of the FET is -0.16V.
These threshold voltages are minus indicating a normally
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off type p-�channel FET. Further, the same measurement
was performed on various samples and at various pH
values; and the threshold voltages of the samples were
calculated. Thus, the characteristics as shown in FIG. 10
were obtained. FIG. 10 shows the relation between
threshold voltage and pH in the samples (NIS03, NIS04,
NIS05).
�[0041] From the Log|Ids|-�Vgs characteristics shown in
FIG. 8, the ratio of on-�state current to off-�state current of
the FET was found to be slightly less than 10,000. Con-
sidering that the employed polycrystalline diamond had
an uneven surface, which had not been flattened after
growth, this current ratio is very high.
�[0042] Furthermore, it is shown that a polycrystalline
diamond FET having a high current ratio can be used as
an FET of low power consumption.
�[0043] Further, since a hydrogen- �terminated diamond
surface is chemically stable, use of the hydrogen-�termi-
nated diamond as an electrochemical electrode having
a wide electric potential window to be built in a secondary
battery or biosensor has attracted a great deal of atten-
tion.
�[0044] The present invention is expected to provide a
biosensor in which the FET operates stably within a liquid
electrolyte, such that a higher sensitivity can be realized
by surface modification of an ion selective functional
group on a channel which has no pH dependency.
�[0045] In the embodiments, a KOH aqueous solution
is used as a liquid electrolyte. However, the liquid elec-
trolyte is not limited thereto. FET characteristics were
observed for the case where other standard solutions
were used, such as oxalate salt (pH 1.68), phthalate salt
(pH 4), neutral phosphate salt (pH 7), borate salt (pH
9.18), and carbonate salt (pH 10.01).
�[0046] In above-�described embodiments, although a
liquid vessel (insulator) is provided for each FET device,
provision of a liquid vessel for each FET device is not
necessarily required. A liquid electrolyte may be placed
to fill the gate portions of several devices obtained at the
fabrication step (d) of FIG. 3 or 4, and a common gate
electrode may be disposed at an appropriate position.
�[0047] The present invention is not limited to the em-
bodiments described above. Numerous modifications
and variations of the present invention are possible within
the scope of the appended claims.
�[0048] As described above in detail, the present inven-
tion provides the following effects.�

(A) There can be obtained a liquid-�electrolyte-�gate
diamond FET which uses a liquid electrolyte as a
gate, operates stably in the liquid electrolyte, and
has a higher sensitivity realized through surface
modification of an ion selective functional group on
a channel which has no pH dependency.
(B) Since the threshold voltage has almost no pH
dependency, the diamond FET can be used in an
ion- �sensitive FET measurement circuit as a refer-
ence FET for determining a reference potential.

INDUSTRIAL APPLICABILITY

�[0049] The field effect transistor according to the
present invention can effect selective detection of ions,
and therefore can be applied to clinical testing, industrial
measurement, and environmental measurement, with
possible future application to a body-�embedable sensor.

Claims

1. A Field effect transistor comprising: �

(a) a diamond substrate (1);
(b) a channel (2) formed by a portion of a hydro-
gen-�terminated surface on the diamond sub-
strate (1) comprising a hydrogen-�terminated,
undoped diamond layer, the portion being ex-
posed to the outside between a source electrode
(3) and a drain electrode (6), the channel (2)
being formed on the diamond substrate (1);
(c) a protective film coating top and side surfaces
of the source electrode (18) and the drain elec-
trode (18); and
(d) a gate formed of a liquid electrolyte (4) in
contact with the exposed portion, excluding the
portion coated by the protective film (18), of the
hydrogen-�terminated surface of the diamond
substrate (1).

2. A field effect transistor according to Claim 1, char-
acterised in that the diamond (1) is formed of an
undoped hydrogen-�terminated, monocrystalline or
polycrystalline diamond thin film.

3. A field effect transistor according to Claim 1 of Claim
2, characterised in that the channel (2) is a p chan-
nel.

4. A field effect transistor according to Claim 3 char-
acterised in that the drain current is controlled by
gate voltage, and the p channel (2) which can be
pinched off when the gate voltage is 0V.

5. A field effect transistor according to Claim 3 or Claim
4 characterised in that the p channel (2) is of a
normally off type.

6. A field effect transistor according to any of the pre-
ceding Claims characterised in that the liquid elec-
trolyte (4) is an alkaline solution.

7. A field effect transistor according to Claim 6 char-
acterised in that the liquid electrolyte (4) is a KOH
aqueous solution.

8. A field effect transistor according to any one of Claim
1 to 5 characterised in that the liquid electrolyte (4)
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is an acidic solution.

Patentansprüche

1. Feldeffekttransistor, mit:�

(a) einem Diamantsubstrat (1);
(b) einen Kanal (2), der durch einen Bereich ei-
ner wasserstoffterminierten Oberfläche auf dem
Diamantsubstrat (1) gebildet ist, welches eine
wasserstoffterminierte undotierte Diamant-
schicht aufweist, wobei der Bereich nach außen
zwischen einer Quellenelektrode (3) und einer
Senkenelektrode (6) freiliegt, wobei der Kanal
(2) auf dem Diamantsubstrat (1) gebildet ist;
(c) einem Schutzfilm, welche obere und seitli-
chen Flächen der Quellenelektrode (18) und der
Senkenelektrode (18) abdeckt; und
(d) einem Gatter, das aus einem flüssigen Elek-
trolyten (4) in Kontakt mit dem freiliegenden Be-
reich, ausschließlich des Bereiches, der mit dem
Schutzfilm (18) beschichtet ist, der wasserstoff-
terminierten Oberfläche des Diamantsubstrats
(1) gebildet ist.

2. Feldeffekttransistor nach Anspruch 1, dadurch ge-
kennzeichnet, daß  der Diamant (1) aus einem un-
dotierten, wasserstoffierminierten monokristallinen
oder polykristallinen Diamant-�Dünnfilm gebildet ist.

3. Feldeffekttransistor nach Anspruch 1 oder Anspruch
2, dadurch gekennzeichnet, daß  der Kanal (2) ein
p-�Kanal ist.

4. Feldeffekttransistor nach Anspruch 3, dadurch ge-
kennzeichnet, daß  der Senkenstrom durch die Gat-
terspannung gesteuert wird und der p- �Kanal (2) ab-
geklemmt werden kann, wenn die Gatterspannung
0V beträgt.

5. Feldeffekttransistor nach Anspruch 3 oder Anspruch
4, dadurch gekennzeichnet, daß  der p-�Kanal (2)
vom Typ ist, der normalerweise ausgeschaltet ist.

6. Feldeffekttransistor nach einem der vorangehenden
Ansprüche, dadurch gekennzeichnet, daß  der
flüssige Elektrolyt (4) eine alkalische Lösung ist.

7. Feldeffekttransistor nach Anspruch 6, dadurch ge-
kennzeichnet, daß  der flüssige Elektrolyt (4) eine
wäßrige Lösung von KOH ist.

8. Feldeffekttransistor nach einem der Ansprüche 1 bis
5, dadurch gekennzeichnet, daß  der flüssige Elek-
trolyt (4) eine saure Lösung ist.

Revendications

1. Transistor à effet de champ comprenant :�

(a) un substrat en diamant (1) ;
(b) un canal (2) formé par une partie d’une sur-
face à terminaison hydrogène sur le substrat en
diamant (1) comprenant une couche en diamant
non dopée, à terminaison hydrogène, la partie
étant exposée à l’extérieur entre une électrode
source (3) et une électrode de drain (6), le canal
(2) étant formé sur le substrat en diamant (1) ;
(c) un film protecteur enrobant des surfaces su-
périeures et latérales de l’électrode source (18)
et de l’électrode de drain (18) ; et
(d) une grille formée d’un électrolyte liquide (4)
en contact avec la partie exposée, excluant la
partie enrobée par le film protecteur (18), de la
surface à terminaison hydrogène du substrat en
diamant (1).

2. Transistor à effet de champ selon la revendication 1,
caractérisé en ce que  le diamant (1) est formé d’un
film mince de diamant monocristallin ou polycristal-
lin, à terminaison hydrogène non dopé.

3. Transistor à effet de champ selon la revendication 1
ou la revendication 2,
caractérisé en ce que  le canal (2) est un canal p.

4. Transistor à effet de champ selon la revendication 3,
caractérisé en ce que  le courant de drain est com-
mandé par une tension de grille, et le canal p (2) qui
peut être réduit quand la tension de grille est à OV.

5. Transistor à effet de champ selon la revendication 3
ou la revendication 4,
caractérisé en ce que  le canal p (2) est d’un type
normalement fermé.

6. Transistor à effet de champ selon une quelconque
des revendications précédentes,�
caractérisé en ce que  l’électrolyte liquide (4) est
une solution alcaline.

7. Transistor à effet de champ selon la revendication 6,
caractérisé en ce que  l’électrolyte liquide (4) est
une solution aqueuse KOH.

8. Transistor à effet de champ selon une quelconque
des revendications 1 à 5,
caractérisé en ce que  l’électrolyte liquide (4) est
une solution acide.
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