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Description

[0001] The present invention relates to an E/D inte-
grated circuit obtained by connecting a depletion field
effect transistor serving as a load and an enhancement
field effect transistor serving as a switching transistor in
series with each other and, more particularly, to an
improvement of the performance of the E/D integrated
circuit when it is formed in a compound semiconductor
substrate.
[0002] As an E/D circuit obtained by connecting a
depletion field effect transistor (to be referred to as a D-
type FET or a D-type MESFET hereinafter) serving as a
load and an enhancement field effect transistor (to be
referred to as an E-type FET or an E-type MESFET
hereinafter) serving as a switching transistor in series
with each other, an E/D inverter is widely known.
[0003] In a conventional method, in order to add a
parasitic capacitance to an E/D inverter or the like, a
gate length and a gate width generally have minimum
dimensions. This is a condition which is necessarily
required for an E-type FET serving as a switching tran-
sistor requiring a high-speed operation. In a D-type FET
serving as a load, this condition is satisfied. Therefore,
the gate lengths of the D-type FET serving as a load
and the E-type FET serving as a switching transistor are
equal to each other.
[0004] However, in minimum dimensions, i.e., in a
range of a gate length obtained by the most advanced
process, a threshold voltage on an FET largely varies.
This case is shown in Fig. 1. Fig. 1 is a view schemati-
cally showing a relationship between the gate length
and threshold voltage of a transistor. As shown in Fig. 1,
in a range r of a gate length obtained by the most
advanced process, a threshold value largely varies due
to small process fluctuations. Especially in an E/D
inverter, when the threshold voltage of a D-type FET
serving as a load varies, a current supplied to an E-type
FET serving as a switching transistor connected in
series with the D-type FET varies. When a current sup-
plied to the E-type FET varies, a variation in output volt-
age or the like is cause, and the performance serving as
the switching circuit is degraded. Since a process tech-
nique is not sufficiently established especially in a GaAs
IC/LSI, a variation in threshold value of the GaAs IC/LSI
due to process fluctuations is larger than that of a silicon
IC/LSI. For this reason, in the GaAs IC/LSI, a circuit
design capable of absorbing the process fluctuation is
desired.
[0005] EP-A-0 371 686, which claims an older prior-
ity than the present application but was not prepub-
lished, discloses a semiconductor device comprising an
enhancement-mode field-effect transistor and a deple-
tion mode field effect transistor, where both transistors
are high electron mobility transistors. The enhancement
mode HEMT is used at a drive side and the depletion
mode HEMT at the load side. The enhancement mode
transistor has a different threshold voltage than the

depletion mode transistor. To increase the operation
speed of the circuit, the gate length of the enhancement
mode HEMT is shortened to 1 µm or less. EP-A-0 371
686, however, nowhere mentions the problem of proc-
ess fluctuations.

[0006] JP-A-60176277 discloses a GaAs integrated
circuit in which an inverter circuit having an enhance-
ment/depletion constitution is formed. The gate length
of the enhancement type transistor is larger than that of
the depletion type transistor. This document also does
not mention the problem of process fluctuations.
[0007] In "Introduction to VLSI Systems" by C.
Mead, published by Addison-Wesley 1980, pages 6-7,
the use of a depletion mode pull-up transistor and an
enhancement mode pull-down transistor as an inverter
is described. The depletion mode transistor is several
times longer than the enhancement mode transistor, in
order to achieve the proper inverter logic threshold. It is
mentioned that the different lengths lead to different
threshold voltages.
[0008] The present invention has as its object to
provide an E/D integrated circuit for obtaining a circuit
design capable of absorbing process fluctuations and of
obtaining excellent performance even when the E/D
integrated circuit is formed in a compound semiconduc-
tor substrate.
[0009] The above object can be achieved by an
arrangement having the features described in claim 1.
[0010] In the above integrated circuit, the gate
length of the D-type FET serving as a load is set to be
larger than the gate length of the F-type FET serving as
a switching transistor. For example, the gate length of
the E-type FET is formed to have a minimum dimension
obtained by the most advanced process, the gate length
of the D-type FET is larger than the gate length having
the minimum dimension of the E-type FET. Therefore,
even when process fluctuations occur, the gate length is
formed to have a dimension falling within a range
wherein a threshold value is stable. Therefore, a varia-
tion in threshold voltage of the D-type FET serving as a
load is prevented, a stable current can be constantly
supplied to the E-type FET serving as a switching tran-
sistor, and an output from the circuit is stabilized.
[0011] Furthermore, the gate width of the E-type
transistor is smaller than the gate width of the D-type
transistor.
[0012] This invention can be more fully understood
from the following detailed description when taken in
conjunction with the accompanying drawings, in which:

Fig. 1 is a graph showing a relationship between a
gate length and a threshold value;
Fig. 2 is a plan view showing a pattern of an inte-
grated circuit that explains an aspect not forming
part of the claimed invention;
Fig. 3 is a sectional view showing the integrated cir-
cuit along a line 3 - 3 in Fig. 2;
Fig. 4 is an equivalent circuit diagram showing the
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integrated circuit shown in Figs. 2 and 3;

Fig. 5 is a plan view showing a pattern of an inte-
grated circuit according to an embodiment of the
present invention;
Fig. 6 is a sectional view showing the integrated cir-
cuit along a line 6 - 6 in Fig. 5;
Fig. 7 is a plan view showing a pattern of another
integrated circuit;
Fig. 8 is a sectional view showing the integrated cir-
cuit along a line 8 - 8 in Fig. 7;
Fig. 9 is an equivalent circuit diagram showing the
integrated circuit shown in Figs. 7 and 8;
Fig. 10 is a plan view showing a pattern of another
integrated circuit;
Fig. 11 is a sectional view showing the integrated
circuit along a line 11 - 11 in Fig. 10;
Fig. 12 is a sectional view showing the integrated
circuit along a line 12 - 12 in Fig. 11; and
Fig. 13 is an equivalent circuit diagram showing the
integrated circuit shown in Figs. 10 to 12.

[0013] Embodiments of the present invention will be
described below with reference to the accompanying
drawings.
[0014] Fig. 2 is a plan view showing a pattern of an
integrated circuit that explains an aspect not forming
part of the invention. This view illustrates an E/D
inverter of a DCFL (Direct Coupled FET Logic) circuit as
an example. Fig. 3 is a sectional view showing the E/D
inverter along a line 3 - 3 in Fig. 2, and Fig. 4 is an equiv-
alent circuit diagram of the E/D inverter.
[0015] As shown in Figs. 2 to 4, an active region 12
for constituting a source/drain or a channel is formed in
a surface region of a GaAs substrate 10. A gate elec-
trode 14 of a D-type MESFET Q1 and a gate electrode
16 of an E-type MESFET Q2 are formed in the active
region 12. A drain 18 of the D-type MESFET Q1 is con-
nected to a high-potential power source VDD. A source
20 of the D-type MESFET Q1 is integrated with a drain
22 of the E-type MESFET Q2. A source 24 of the E-type
MESFET Q2 is connected to a low-potential power
source, e.g, ground. An input terminal IN is connected
to the gate electrode 16 of the E-type MESFET Q2 serv-
ing as a switching transistor. An output terminal OUT is
connected to the source region 22 of the the E-type
MESFET Q1 and to the drain region 22 of the E-type
MESFET Q2 and connected to the gate electrode 14 of
the D-type MESFET Q1.
[0016] The DCFL circuit with the above arrange-
ment is operated as an inverter, as is apparent from an
equivalent circuit diagram in Fig. 4.
[0017] According to the present invention, a gate
length Lg1 of the D-type MESFET Q1 serving as a load
is set to be larger than a gate length Lg2 of the E-type
MESFET Q2 serving as a switching transistor. In the
above DCFL circuit, in order to maximize high-speed
performance, the gates of the D-type MESFET Q1 and
of the E-type MESFET Q2 are formed by the most

advanced process. The formation using the most
advanced process means that the gate length of the
gate electrode is set to be a minimum dimension
obtained by a state-of-the art technique. In this case, an
influence of the threshold voltage of the MESFET for the
gate length is schematically shown in Fig. 1. In Fig. 1,
the gate length obtained by the most advanced process
is plotted in a hatched portion where the threshold volt-
age begins to fall from a constant value, i.e., a region r
in Fig. 1.

[0018] In an individual unit process or a silicon
device made of a stable substrate material, since the
gate length obtained by the most advanced process can
be controlled with good reproducibility and high accu-
racy, variations in threshold voltage of MESFETs are
small. However, in a compound semiconductor device
represented by a GaAs device, an unit process is tech-
nically inferior to that of a silicon device, and the sub-
strate made of two types of materials is not stable
compared with a substrate made of silicon or the like.
Therefore, the gate length cannot be controlled by the
most advanced process with good reproducibility and
high accuracy. As a result, the MESFETs have large
variations in threshold voltage. In the compound semi-
conductor device, since the unit process and the sub-
strate are less stable than the silicon device, the gate
length is difficult to be controlled by the most advanced
process.
[0019] In the E/D inverter shown in the equivalent
circuit diagram of Fig. 4, a maximum operating speed of
an E-type MESFET Q2 serving as a switching transistor
must be obtained. For this reason, the E-type MESFET
Q2 must have a gate length having a minimum dimen-
sion obtained by the most advanced process, i.e., a
gate length falling within a range r in Fig. 1.
[0020] The D-type MESFET Q1 is used for supply-
ing a current i to the E-type MESFET Q2. The present
invention is made in consideration of stably supplying
the current i to the E-type MESFET Q2, and a gate
length larger than the gate length having a minimum
dimension falling within the range r in Fig. 1 is employed
to the D-type MESFET Q1 serving as a load. That is,
the gate length falls outside the range r in Fig. 1, and the
threshold voltage of the MESFET is to be stable even
when process fluctuations occur. Therefore, the D-type
MESFET Q1 can always supply the constant current i to
the E-type MESFET Q2 serving as a switching transis-
tor.
[0021] In a GaAs digital IC/LSI, in order to stably
obtain the above effect, assuming that the gate length
Lg2 of the E-type MESFET serving as a switching tran-
sistor has a minimum dimension obtained by the most
advanced process, the gate length Lg1 of the D-type
MESFET Q1 serving as a load desirably satisfies the
following condition.

(1)Lg1 . 1.5 × Lg2

3 4

5

10

15

20

25

30

35

40

45

50

55



EP 0 442 413 B1

4

[0022] As shown in equation (1), when the gate
length Lg1 of the D-type MESFET Q1 serving as a load
is set to be 1.5 times or more the gate length Lg2 of the
E-type MESFET Q2 serving as a switching transistor,
the threshold voltage of the MESFET is sufficiently sta-
ble even when process fluctuations occur.

[0023] In an E/D inverter according to the above
arrangement, the length Lg1 of the D-type MESFET Q1
serving as a load is set to be a length which allows the
threshold voltage to be stable even when process fluc-
tuations occur. Therefore, a stable current can be sup-
plied to the D-type MESFET Q2 serving as a switching
transistor, and a voltage output from the output terminal
OUT can be stabilized. In addition, since the gate length
Lg2 of the E-type MESFET Q2 is set to be a minimum
gate length obtained by the most advanced process, a
parasitic capacitance is decreased to increase a switch-
ing speed.
[0024] In a MESFET having a large gate length, a
drain current tends to be decreased. In the integrated
circuit according to the above arrangement, the D-type
MESFET Q1 has this tendency. In order to keep a cur-
rent which can be supplied from the E-type MESFET Q2
having a gate length of a minimum dimension to be
equal to a current which can be supplied from the D-
type MESFET Q1 serving as a load at the same value,
the gate width of the E-type MESFET Q2 is set to be
smaller than the gate width of the D-type MESFET Q1.
[0025] Fig. 5 is a plan view showing a pattern of an
inverter designed on the basis of the above idea, and
Fig. 6 is a sectional view showing the inverter along a
line 6 - 6 in Fig. 5. The same reference numerals as in
Figs. 2 and 3 denote the same parts in Figs. 5 and 6.
[0026] As shown in Fig. 5, a gate width Wg2 of the
E-type MESFET Q2 is set to be smaller than a gate
width Wg1 of the D-type MESFET Q1. In this case, a
current which can be supplied from the D-type MESFET
Q1 can be equal to a current which can be supplied
from the E-type MESFET Q2, and the performance of
the E-type MESFET Q2 can be maximized.
[0027] To make a current which can be supplied
from the D-type MESFET Q1, equal to a current which
can be supplied from the E-type MESFET Q2, as
described above, it is desirable that the gate widths
Wg1 and Wg2 satisfy the following condition.
[0028] A drain current ID of an FET is schematically
expressed by:

(2)

where µ: carrier mobility, VGS: gate-source voltage,
C: capacitance, VDS: drain-source voltage, Vth:
threshold voltage of FET

Therefore, a drain current ID1 of the MESFET Q1 can be
expressed by the following equation:

(3)

Similarly, a drain current ID2 of the MESFET Q2 is
expressed by the following equation:

(4)

Since the MESFET Q1 and the MESFET Q2 are formed
and integrated in the same substrate, it can be assumed
that terms of  of
equations (3) and (4) have substantiality equal values.
Therefore, the currents ID1 and ID2 can be expressed by
the following equation:

(5)

According to equation (5), in order to make the currents
ID1 and ID2 to have the same value, the gate widths Wg1
and Wg2 satisfy the following equation:

(6)

[0029] In designing the circuit, the gate widths Wg1
and Wg2 are set to the optimal values which are deter-
mined by other various design and structural factors.
Therefore, the optimal values are not necessarily be
those values shown in Fig. 5, or need not satisfy equa-
tion (6).
[0030] According to another embodiment, the
present invention is applied to an E/D NAND circuit of a
DCFL circuit. Fig. 7 is a plan view showing a pattern of
the E/D NAND, Fig. 8 is a sectional view showing the
E/D NAND circuit along a line 8 - 8 in Fig. 7, and Fig. 9
is an equivalent circuit diagram thereof.
[0031] As shown in Figs. 7 to 9, a drain 18 of a D-
type MESFET Q3 serving as a load is connected to a
high-potential power source VDD, and a source 20 of
the D-type MESFET Q3 is connected to a gate elec-
trode 14 and an output terminal OUT. E-type MESFETs
Q4 and Q5 serving as switching transistors are con-
nected between the source 20 of the D-type MESFET
Q3 and a low-potential power source, e.g., ground, in
series with each other. A drain 22A of the E-type MES-
FET Q4 is formed integrally with the source 20 of the D-
type MESFET Q5, and the source 24A of the E-type
MESFET Q4 is formed integrally with a drain 22B of the
E-type MESFET Q5. A source 24B of the E-type MES-
FET Q5 is connected to, e.g., ground. Input terminals
IN1 and IN2 are connected to the gates of the E-type
MESFETs Q4 and Q5, respectively.

I D = W
L
-----gµgC{(V GS - V th)V DS - 1

2
---V DS

2}

I D1 = Wg1
Lg1
------------gµgC{(V GS - V th)V DS - 1

2
---V DS

2}

I D2 = Wg2
Lg2
------------gµgC{(V GS - V th)V DS - 1

2
---V DS

2}

µgC{(V GS - V th)V DS - (1/2)V DS
2}

Wg1
Lg1
------------ = Wg2

Lg2
------------

Wg2 = Lg2
Lg1
----------gWg1

5 6

5

10

15

20

25

30

35

40

45

50

55



EP 0 442 413 B1

5

[0032] In the E/D NAND circuit with the above
arrangement, as in the previous embodiment, a gate
length larger than a gate length obtained by the most
advanced process is employed as the gate length Lg1
of the D-type MESFET serving as a load such that the
threshold voltage is stable even when process fluctua-
tions occur.

[0033] As the gate lengths Lg2 of the E-type MES-
FETs Q4 and Q5 serving as switching transistors, gate
lengths obtained by the most advanced process are
employed to increase a switching speed.
[0034] According to the invention, although not
shown, the gate widths of the E-type MESFETs Q4 and
Q5 may be smaller than the gate width of the D-type
MESFET Q3, and currents which can be supplied from
the S-type MESFETs Q4 and Q5 may be equal to a cur-
rent which can supplied from the D-type MESFET Q3.
[0035] Fig. 10 is a plan view showing a pattern of
the E/D NOR circuit of a DCFL circuit not forming part of
the claimed invention, Fig. 11 is a sectional view show-
ing the E/D NOR circuit along a line 11 - 11 in Fig. 10,
Fig. 12 is a sectional view showing the E/D NOR circuit
along a line 12 - 12 in Fig. 10, and Fig. 13 is an equiva-
lent circuit diagram thereof.
[0036] As shown in Figs. 10 to 13, a drain 18 of a D-
type MESFET Q6 serving as a load is connected to a
high-potential power source VDD, and a source 20 of
the D-type MESFET Q6 is connected to a gate elec-
trode 14 and an output terminal OUT. E-type MESFETs
Q7 and Q8 are parallelly connected between a source
20 of the D-type MESFET Q6 and a low-potential power
source such as ground. Drains 22C and 22D of the E-
type MESFETs Q7 and Q8 are formed integrally with
the source 20 of the D-type MESFET Q6. Sources 24C
and 24D of the E-type MESFETs Q7 and Q8 are formed
integrally with each other and connected to, e.g.,
ground. Input terminals IN1 and IN2 are connected to
the gates of the E-type MESFETs Q7 and Q8, respec-
tively.
[0037] In the E/D NOR circuit with the above
arrangement, as in the previous embodiment, the gate
length Lg1 of the D-type MESFET Q6 serving as a load
is a gate length which is stable even when process fluc-
tuations occur.
[0038] Gate lengths Lg2 of the E-type MESFETs
Q7 and Q8 serving as switching transistors are mini-
mum gate lengths obtained by the most advanced proc-
ess.
[0039] According to the invention, the gate lengths
of the E-type MESFETs Q7 and Q8 may be smaller than
the gate width of the D-type MESFET Q6, and currents
which are supplied from the D-type and E-type MES-
FETs may be equal to each other.
[0040] The DCFL circuits explained in the above
embodiments have a high speed operation and can pro-
vide a stable output. Since the threshold voltage of the
D-type MESFET serving as a load slightly varies even
when process fluctuations occur in the production, vari-

ations and fluctuations in output value of the circuit are
hard to occur.

[0041] An increase in parasitic capacitance due to
increases in gate length and gate width of the D-type
MESFET serving as a load rarely influences the switch-
ing speed of the circuit because the D-type MESFET
connected to a gate and source supplies a current up to
a current saturation region in advance.
[0042] The present invention is preferably applied to
a compound semiconductor device (compound semi-
conductor digital IC/LSI) manufactured by a developing
process technique. However, the present invention is
not limited to the compound semiconductor device.
When it can be applied to a semiconductor device such
as a silicon device consisting of a one-element material,
the same effect as described above can be obtained.

Claims

1. An integrated circuit comprising an enhancement
transistor (Q2) serving as a switching transistor and
a depletion transistor (Q1) serving as a load and
connected in series with said enhancement transis-
tor (Q2), wherein the gate length (Lg1) of said
depletion transistor (Q1) serving as a load is larger
than the gate length (Lg2) of said enhancement
transistor (Q2),
characterized in that
the gate width (Wg2) of said enhancement transis-
tor (Q2) is smaller than the gate width (Wg1) of said
depletion transistor (Q1) serving as a load.

2. An integrated circuit according to claims 1,
characterized in that
the gate length (Lg1) of said depletion transistor
(Q1) is not less than 1.5 times the gate length (Lg2)
of said enhancement transistor (Q2).

3. An integrated circuit according to claim 1,
characterized in that
when the gate length (Lg1) and the gate width
(Wg1) of said depletion transistor (Q1) are repre-
sented by Lg1 and Wg1 and the gate length (Lg2)
and the gate width (Wg2) of said enhancement
transistor (Q2) are represented by Lg2 and Wg2,
the following equation is satisfied:

4. An integrated circuit according to claim 1,
characterized in that
said depletion transistor (Q1) and said enhance-
ment transistor (Q2) are MESFETs.

Wg2 = Lg2
Lg1
----------gWg1
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Patentansprüche

1. Integrierte Schaltung, umfassend einen Anreiche-
rungstransistor (Q2), welcher als Schalttransistor
dient, und einen Verarmungstransistor (Q1), wel-
cher als eine Last dient und in Reihe geschaltet ist
mit dem Anreicherungstransistor (Q2), wobei die
Gatelänge (Lg1) des Verarmungstransistors (Q1),
welcher als Last dient, größer ist als die Gatelänge
(Lg2) des Anreicherungstransistors (Q2),
dadurch gekennzeichnet, daß
die Gatebreite (Wg2) des Anreicherungstransistors
(Q2) kleiner ist als die Gatebreite (Wg1) des Verar-
mungstransistors (Q1), welcher als Last dient.

2. Integrierte Schaltung nach Anspruch 1, dadurch
gekennzeichnet, daß die Gatelänge (Lg1) des
Verarmungstransistors (Q1) nicht geringer ist als
1.5 mal die Gatelänge (Lg2) des Anreicherungs-
transistors (Q2).

3. Integrierte Schaltung nach Anspruch 1, dadurch
gekennzeichnet, daß wenn die Gatelänge (Lg1)
und die Gatebreite (Wg1) des Verarmungstransi-
stors (Q1) dargestellt werden durch Lg1 und Wg1
und die Gatelänge (Lg2) und die Gatebreite (Wg2)
des Anreicherungstransistors (Q2) dargestellt wer-
den durch Lg2 und Wg2, die folgende Gleichung
erfüllt ist:

4. Integrierte Schaltung nach Anspruch 1, dadurch
gekennzeichnet, daß der Verarmungstransistor
(Q1) und der Anreicherungstransistor (Q2) MES-
FETs sind.

Revendications

1. Circuit intégré comprenant un transistor à enrichis-
sement (Q2) servant de transistor de commutation
et un transistor à appauvrissement (Q1) servant de
charge et connecté en série avec ledit transistor à
enrichissement (Q2), dans lequel la longueur de
grille (Lg1) dudit transistor à appauvrissement (Q1)
servant de charge est plus grande que la longueur
de grille (Lg2) dudit transistor à enrichissement
(Q2), caractérisé en ce que la largeur de grille
(Wg2) dudit transistor à enrichissement (Q2) est
plus petite que la largeur de grille (Wg1) dudit tran-
sistor à appauvrissement (Q1) servant de charge.

2. Circuit intégré selon la revendication 1, caractérisé
en ce que la longueur de grille (Lg1) dudit transistor
à appauvrissement (Q1) n'est pas inférieure à 1,5
fois la longueur de grille (Lg2) dudit transistor à

enrichissement (Q2).

3. Circuit intégré selon la revendication 1, caractérisé
en ce que, lorsque la longueur de grille (Lg1) et la
largeur de grille (Wg1) dudit transistor à appauvris-
sement (Q1) sont représentées par Lg1 et Wg1 et
la longueur de grille (Lg2) et la largeur de grille
(Wg2) dudit transistor à enrichissement (Q2) sont
représentées par Lg2 et Wg2, l'équation suivante
est satisfaite :

4. Circuit intégré selon la revendication 1, caractérisé
en ce que ledit transistor à appauvrissement (Q1)
et ledit transistor à enrichissement (Q2) sont des
transistors MESFET.

Wg 2=Lg2
Lg1
----------gWg 1

Wg2=Lg2
Lg1
----------.Wg1
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