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FIELD EFFECT TRANSISTOR

ABSTRACT OF THE DISCLOSURE

A heterostructure insulated-gate field effect transistor
comprises a channel layer, barrier layer and a contact layer.
The barrier layer 1s made of a material having an electron

affinity smaller than that of the channel layer and equal to that

of the contact laver. Due to the single heterostructure, the
serlies resistance between the channel layer and the source
(drain) electrode can be decreased without employing complicated

selective 1on implanting or selective epitaxial growing method.
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FIELD EFFECT TRANSISTOR

BACKGROUND OF THE INVENTION
1. Field of the Invention

The present 1nvention relates to a field effect transistor,

and more particularly to a heterostructure insulated-gate field

effect transistor.

2. Description of the Related Art
There has been 1ncreasing 1n recent years a demand for

field effect transistors of high performances. In order to
improve the performance of a field effect transistor, it 1is
generally required that a channel layer of a filield effect

transistor be thinner and have a higher carrier concentration.

However, 1n the case where a channel layer 1s made thinner with

a higher carrier concentration in a conventional field effect

transistor having a structure 1n which a channel layer 1is
disposed immediately under a gate electrode, the gate breakdown
voltage becomes lower due to the higher carrier concentration,

thereby restricting an 1improvement 1in the performance of the

transistor.

In order to overcome the above drawback, a heterostructure

insulated-gate field effect transistor 1 (HIGFET) shown 1in Fig.
7 has been proposed. The fleld effect transistor 1 has a stacked
structure formed by an epiltaxial growing method. More
specifically, in the field effect transistor 1, a high-resistance
semiconductor buffer layer 3 1s formed on a GaAs semi-insulating
substrate 2. An n-GaAs low-resistance channel layer 4 1s formed
on the buffer layer 3, and a high-resistance barrier layer 5 made
from an undoped high-bandgap material, for example, 1-AlGaAs, 1s
disposed on the channel layer 4. Moreover, an n-GaAs low-
resistance contact layer 6 1s formed on the barrier layer 5.

A source electrode 7 and a drain electrode 8, both of which

are formed of ohmic electrodes, are disposed on the surface of
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the contact layer 6, thereby forming a source region and a drain
region, respectively. Moreover, the contact layer 6 is partially
removed to expose the barrier layer 5. A gate electrode 9 made
of a Schottky electrode 1s disposed on the surface of the barrier
layer 5, thereby forming a gate region.

According to the structure, the barrier layer 5 is disposed
on the channel layer 4. Thus, the channel layer 4 can further be
made thinner with high carrier concentration without seriously
impairing a reduction 1n the gate breakdown voltage, which has
been discussed above, thereby enhancing the performance of the
field effect transistor 1.

In the field effect transistor 1 shown in Fig. 7, however,
the barrier 1layer 5, which 1s made from a high-resistance and
high-bandgap material, 1s provided between the contact layer 6
and the channel layer 4. This disadvantageously increases the
access reslistance from each of the source and drain regions to
the channel layer 4 (the series resistance between the
source/gate or the drain/gate).

As the method for overcoming the above drawbacks, the
following methods for reducing the series resistance components
of the source and drain regions have been proposed: (1) the
method for selectively implanting i1ons 1nto the source and drain
electrodes (DMT: Doped channel hetero Mis-FET); and (2) the
method for regrowing a low-resistance crystal in the source and
draln regions (DC—HIGFET:' Doped Channel Heterostructure
Insulated-Gate FET).

Fig. 8 1llustrates an 1insulated-gate field effect
transistor 10 obtained by wusing the above selective ion-
implanting method (1l). A low-resistance Si-doped ion-implanted
layer 11 i1s formed 1n each of the source region and the drain
region. Although the series resistance components of the source
and draln reglion can be reduced 1n the 1nsulated-gate field

effect transistor 10, the selective lon-implanting method shown

in Fig. 8 requires complicated and time-consuming process steps,
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such as ion implantation, the formation of a protective film
(plasma process at approximately 300°C), heat treatment
(approximately 800°C) for activating the implanted ions, and the
removal of the protective film, after completing the epitaxially
growing step. This 1ncreases the manufacturing cost and also
deteriorates the characteristics of the field effect transistor
10, such as reproducibillity and uniformity.

Moreover, during the high-temperature heat treatment
process step, the impurity distribution which is precontrolled by
the epitaxial growing may be disordered. Additionally, since the
plasma process 1s performed to form the protective film, the GaAs
substrate 2 and the semiconductor layers 3 through 5 may be
seriously damaged.

Fig. 9 shows an 1nsulated-gate field effect transistor 12
obtained by using the above selective regrowing method (2). A
low-resistance n-GaAs regrown layer 13 obtained by regrowing a
low-resistance crystal region 1s disposed in each of the source
region and the drain region.

The selective regrowing method illustrated in Fig. 9 also
requires a complicated process. More specifically, after the
semiconductor layers 3 through 5 are epitaxially grown on the
GaAs substrate 2, a pattern of, for example, a protective film,
1s made. Then, portions of the semiconductor layers 3 through 5
are etched by using the protective film as a mask, and the n-GalAs
regrown layer 13 1s epitaxially grown. Accordingly, 1in this
regrowing method, as well as 1n the foregoing ion implanting

method, the process 1s complicated and time-consuming. This

increases the manufacturing cost and also deteriorates the
characteristics of the field effect transistor 12, such as
reproducibility and uniformity.

Further, 1n the selectilive regrowing method, growing
selectivity requires a protective film pattern, and a large

amount of 1mpurity remains on the regrowing interface, which
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adversely influences the reliability and characteristics of the

field effect transistor 12.

As 1s seen from the foregoing description, the field effect
transistors 10 and 12 having the structures shown in Figs. 8 and
9, respectively, present .the problems o©of a complicated
manufacturing process, poor reproducilibility and reliability,

which further deteriorates the characteristics of the transistor.

Both the field effect transistors 10 and 12 also need the

patterning spaces between the gate electrode and the source or
draln electrode so as to allow a photolithographic process to be
performed. Thilis means that a longer distance between the gate
electrode and the source or drain electrode 1s reqguired, which
results in an 1ncrease of serles resistance adversely. That is,
the series reslistance cannot be reduced 1n spite of requiring a
complicated process.

For the reasons explained above, a heterostructure
insulated-gate field effect transistor having an excellent
performance has not been realized commercially, and there is a
need for a field effect tJ-fansistor which has a low series

resistance and can be produced by a simple production process.

SUMMARY OF THE INVENTION

The present 1nvention 1s directed to a field effect
transistor that satisfies this need. In accordance with one
aspect of the invention, the field effect transistor comprises a
substrate, a channel layer over the substrate, at least a first
barrier layer over the channel layer, and a contact layer over
the first barrier layer. The channel layer is made of a material
having an electron affinity greater than that of the first
barrier layer and the contact layer is made of a material having
the same electron affinity as that of the first barrier layer.
The gate electrode is 1n contact with the first barrier layer and

source and drain electrodes are 1n contact with the contact

layer.
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In accordance with another aspect of the invention, the
field effect transistor comprises a semiconductor structure
disposed on a substrate. The semiconductor structure includes,
in order, from bottom to top, a channel layer, a barrier
structure and a contact layer and has a recess on a top surface

thereof so as to expose a portion of the barrier structure. The

barrier structure has a first barrier layer. The channel lavyer
1s made of a material having an electron affinity greater than
that of the first barrier layér, and the contact layer is made of
a material having the same electron affinity as that of the first
barrier layer.

A gate electrode 1s disposed on the exposed portion of the
barrier structure so as to be 1n Schottky contact with the
barrier structure. Further, a source electrode and a drain
electrode are respectively provided on the top surface of the
semiconductor structure to be 1n Ohmic contact with the contact
lavyer.

The first barrier layer preferably has a higher resistance

than that of the channel layer, and a thickness of about from 5

nm to 15 nm.
In one embodiment, the channel layer is an n-type InGaAs
layer, the first barrier layer is an undoped GaAs layer, and the

contact layer 1is an n-type GaAs layer.

The semiconductor structure may further include a buffer

layer between the channel layer and the substrate such that the

buffer layer 1s in contact with the channel layer, and the buffer
layer 1s made of an undoped material having the same electron
affinity as that of the channel layer.

The barrier structure may have more than one barrier layer.
The semiconductor structure also has more than one channel layer.

According to the preferred embodiments of the invention,
the channel layer 1s formed from a material having an electron
affinity greater than that of the barrier layer which contacts

the channel layer, and the low-resistance contact layer is made
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from a material having an electron affinity equal to that of the

barrier layer which contacts the contact layer. Thus, a field
effect transistor having a low access resistance (the series
resistance between the source and the gate or between the drain
and the gate) and accordingly having a high transconductance and
a high cut-off frequency can be achieved merely by performing a
simple process with a comblination of epitaxial growing and recess
etching.

For the purpose of 1llustrating the invention, there 1is
shown 1n the drawings several forms which are presently
preferred, 1t being understood, however, that the invention 1is
not limited to the precise arrangements and instrumentalities

shown.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1A schematically illustrates the cross-sectional
structure of a field effect transistor according to a first
embodiment of the present invention.

Fig. 1B schematically 1llustrates the cross-sectional

structure of a fileld effect transistor 21 according to one
variation of the first embodiment of the present invention.

Fig. 2 1llustrates the conduction band diagram under the
source electrode (or the drain electrode) and under the gate
electrode of the field effect transistor shown in Fig. 1.

Fig. 3 1llustrates the conduction band diagram under the
source electrode (or the drain electrode) and under the gate
electrode of the conventionél field effect transistor shown in
Fig. 7.

Fig. 4 schematically 1llustrates the c¢ross-sectional
structure of a field effect transistor according to a second
embodiment of the present invention.

Fig. 5 schematically 1llustrates the cross-sectional
structure of a field effect transistor according to a third

—

embodiment of the present invention.
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Fig. 6 schematically 1llustrates the cross-sectional
structure of a field effect transistor according to a fourth
embodiment of the present invention.

Fig. 7 schematically illustrates the cross-sectional
structure of a conventional field effect transistor.

Fig. 8 schematically 1llustrates the c¢ross-sectional
structure of another conventional field effect transistor.

Fig. 9 schematically i1llustrates the cross-sectional

structure of a still another conventional field effect

transistor.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Hereinafter, the preferred embodiments of the present
invention are explained 1in detail with reference to the drawings.
In the drawings, the same elements or the corresponding elements
explained 1n the respective embodiment are designated by 1like
reference numerals. It 1s also noted that each figure
i1llustrates a schematic structure and does not show the actual

thickness ratio of each semiconductor layer.

First Embodiment

Fig. 1A schematically 1llustrates the cross-sectional
structure of a field effect transistor 21 according to a first
embodiment of the present invention. The field effect transistor
21 1s a heterostructure insulated gate FET. As shown in Fig. 1,
the field effect transistor 21 has a GaAs substrate 22 and a
semiconductor structure 51 disposed on the GaAs substrate 22.

The semiconductor structure 51 1includes a buffer layer 23,
a channel layer 24 formed on the buffer layer 23, a barrier layer
25 formed on the channel layer 24 and a contact layer 26 formed
on the barrier layer 26. The buffer layer 23 has a high
resistance and 1s generally made of undoped GaAs. The buffer
layer 23 1s formed so as to suppress the influence of lattice

defects of the GaAs substrate and provide an excellent surface on
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which a device structure of the field effect transistor 21 is
formed. The channel layer 24 has a low resistance and is made of
n-InGaAs. Since the InGaAs has a lattice constant larger than
that of GaAs, the channel layer 24 i1s a strained layer. The
thickness and the composition ratio of the channel layer 24 is
controlled so that the channel layer 24 can exist stably on the
buffer layer 23. |

The barrier layer 25 employed as a barrier structure has a
high resistance, 1.e., a resistance higher than that of the

p—

channel layer 24 and 1s made of 1-GaAs. It is noted that the

GaAs 1s selected so that the material of the channel layer 24 has
an electron affinity greater than that of the barrier layer 25
with which the channel layer 24 1s in contact. The contact layer
26 has a low resistance to realize a good Ohmic contact with a
source electrode 27 and a drain electrode 28 which will be
explained in detail later. 1In this case, the contact layer 26 is
made of n-GaAs, and GaAs 1s selected so that the material of the
contact layer 26 has the same electron affinity as that of the
barrier layer 25 with which the contact layer 26 is in contact.

The semiconductor structure 51 has a recess 50 on a top
surface of the semiconductor étructure 51. The recess 50 extends
1in a first direction and divides the contact layer into two
regilons. A portion of the barrier layer 25 is exposed by the
recess 50.

The source electrode 27 and The drain electrode 28 are
formed on the divided regions of the contact layer 26, and a gate
electrode 29 1s disposed on the exposed barrier layer 25. The
source electrode 27 and the drain electrode 28 are in Ohmic
contact with the contact layer 26 while the gate electrode is in
Schottky contact with the barrier layer 25.

The field effect transistor 21 can be produced by the
following method. Specifically, a semiconductor buffer layer 23
having a carrier concentration of 1 x 10'® cm™ or less is first

eplitaxially grown on a GaAs substrate 22 through an epitaxial
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growlng method. A Si-doped n-InGaAs channel layer 24, an undoped
1-GaAs barrier layer 25 having a residual carrier concentration
of 10'® cm™ or less and a Si-doped n-GaAs contact layer 26 are
further epitaxial grown on the buffer layer 23, thereby forming
a semiconductor structure 51 on the GaAs substrate 22.
Thereafter, the semiconductor structure 51 is isolated to

each device reglon by a mesa etching or ion implanting method.

After an AuGe/Ni/Au multilayered pattern is formed on the

surface of the contact layer 26 by deposition and 1lift-off
methods, the pattern 1s alloyed to form a source electrode 27 and
a draln electrode which are 1n Ohmic contact with the contact
layer 26.

The gate pattern 1s formed by using a photolithographic
method again where the contact layer 26 1s removed by etching by
an amount at least equal to the thickness of the layer 26.
Alternatively, a portion of the barrier layer 25 may be etched as
long as the surface of the barrier layer 25 1s exposed. A gate
electrode 29 made of, for example, a Ti/Pt/Au multilayered
electrode, 1s formed on the exposed surface of the barrier layer
25 by the deposition and 1lift-off methods, thereby forming
Schottky contact between the gate electrode 29 and the barrier

layer 25.

Hereinafter, the operation of the field effect transistor
21 will be explalned 1n detail.

Fig. 2 illustrates the conduction band diagram under the
source electrode 27 (or the drain electrode 28) and under the
gate electrode 29 of the field effect transistor 21 having the
above-described structure. Fig. 3 1llustrates the conduction
band diagram under the source electrode 7 (or the drain electrode
8) and the gate electrode 9 of the conventional field effect
transistor shown in Fig. 7. In Figs. 2 and 3, the horizontal
axls represents an energy level, and the vertical axis represents
a position along the depth direction of the field effect

transistor shown at the center portion of the figures. The line
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denoted as E,. indicates the Fermi level in the semiconductor
structure. As shown in Fig. 3, 1n the conventional field effect
transistor 1, the conduction band of the barrier layer 5 1is
positioned at a level higher than that of the contact layer 6 or
the channel layer 4. Therefore, +the resistance (access
resistance) from the source electrode 7 (the drain electrode 8)
to the channel layer 4 becomes very large.

In contrast, in the field effect transistor 21 according to
the first embodiment of the present invention, the contact layer
26 and the barrier layer 25 are composed of a material having the
same level of electron affinity. Thus, the semiconductor
structure of the fileld effect transistor 21 has a single
heterostructure to form only a spike as an energy barrier at the
interface between the barrier layer 25 and the channel layer 24,
as illustrated in Fig. 2.  Since the potential barrier is
approximately represented by a triangle shape, as shown in Fig.
2, the effective barrier thickness can be reduced to increase the
electron tunneling rate.

In this field effect transistor 21, the barrier layer 25 is
preferably formed of an undoped layer having a thickness ranging
from about 5 nm to 15 nm so as to allow the heterojunction field
effect transistor 21 to correctly exhibit performance as a field
effect transistor. More speciflcally, the barrier layer 25
having a thickness of about 5 nm or greater sufficiently serves
to interrupt electrons from flowing under the gate electrode 29.
The barrier layer 25 having a thickness of about 15 nm or less
serves to facilitate electrons to flow from the contact layer 26
to the channel layer 24 via the barrier layer 25.

Moreover, since the contact layer 26 and the barrier layer
25 are made from a material having the same level of electron
affinity, conduction band discontinuity (AE.) 1is not formed
therebetween. As a result, the effective barrier height viewed
from the contact layer 26 decreases by an amount equal to AE_,

thereby increasing the thermally 1onized current component which
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flows intdo the channel layer 24 over the barrier. Because of the
foregoing reason, the access resistance from the source electrode
27 or the drain electrode 28 to the channel layer 24 can be
decreased.

In the field effect transistor 21 explained in the first
embodiment, the materials for the contact layer 26, the barrier
layer 25, the channel layer 24, and the substrate 22 are Gals,
GaAs, InGaAs, and GaAs, respectively. The materials are not,
however, limited to the above combination, and other combinations

shown in Table 1 may be possible.

Table 1

A A ———————— ———v———— A —. L ———————— ey = = bbb s . = g A AL e A S—————————————— A et —~3 TN ar el s 18 T = = P " ———————————— —— . ————— ———————

R — T —— T
N e e B
TACE [GAGE W

Variation of First Embodiment

Fig. 1B shows one of the optimal structures according to
the first embodiment. As shown 1in Fig. 1B, a field effect
transistor 61 hés a semiconductor structure 62 on a GaAs
substrate 22. The semiconductor structure 62 is different from
the semiconductor structure 51 shown in Fig. 1A in that a buffer
layer of the semiconductor structure 62 includes first and second
buffer layers having different electron affinities.
Specifically, in the semiconductor structure 62, a buffer layer
65 includes a first sub-buffer layer 63 formed of u-GaAs and a
second sub-buffer layer 64 formed of j -InGaAs. The second sub-
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buffer layer 64 is in contact with the channel layer 24 and has
the same electron affinity as that of the channel layer 24. The
first sub-buffer layer 63 1is provided between the first sub-
buffer layer 64 and the GaAs substrate 22 and has an electron
affinity smaller than that of the second sub-buffer layer 64.

The film thickness and carrier concentration of each layer are
shown in Table 2.

Table 2

Layer Composition Thickness Carrier

(nm) concentration (cm™)

100 6X101'°8
15 <1013

10 5x101'®
<10Q**

Contact layer 26
Barrier layer 25
Channel lavyer 24

Second buffer
layer 64

First buffer 500 <1018
laver 63

According to the structure of Fig. 1B, the second sub-buffer

n-GaAs
1-GaAs
- n-InGaAs

;i =InGaAs

layer 64 which has the same composition of the channel layer 24 but
less carrier concentration is provided between the channel layer 63 and
the first buffer layer 63. This prevents the channel layer 24 from
being depleted due to the heterojunction between the channel layer 24
and the first sub-buffer layer 63 and prevents the carriers 1n the

channel layer 24 from decreasing. Thus, the field effect transistor

61 exhibits excellent performances.

Second Embodiment

Fig. 4 schematically illustrates the cross-sectional structure
of a field effect transistor 31 according to a second embodiment of the
present invention. |

The field effect transistor 31 has a semiconductor structure 53
on a GaAs substrate 22. The semiconductor structure 53 1s different
from the semiconductor structure 51 shown in Fig. 1 1n that the
semiconductor structure 53 includes a barrier structure 58 having two
barrier layers, i.e., a first barrier layer 25a and a second barrier

layer 32, between a channel layer 24 and a contact layer 26.
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The second barrier layer 32 1s disposed on the channel lavyer 24
made of n-InGaAs and 1s formed of 1-GaAs. The GaAs 1is selected as a
material having an electron affinity smaller than the material for the
channel layer 24. The first barrier 25a 1is formed of i-InGaP and
disposed between the second barrier layer 32 and the contact layer 26.
The InGaP is selected as a material having an electron affinity smaller
than the materials for the second barrier layer 32 and the channel
layer 24 and equal to the material for the contact layer 26. The
contact layer 26 1s made of n-InGaP having a low resistance.

In the field effect transistor 31, a recess 54 formed on an

—

upper surface of the semiconductor structure 53 exposes the second

barrier layer 32 and a gate electrode 29 1is disposed on the second
barrier layer 32. According to the structure, the recess 54 is easily
formed on the semiconductor structure 53 by a wet etching method as the

etching speeds of the second barrier layer 32 and the first barrier

layer 25a are different due to the different materials thereof.
However, the gate electrode 29 may be formed on the first barrier layer
25a as long as the gate electrode 29 1s disposed on a portion of the
barrier structure 58.

The principle of the reduced access resistance of the second
embodiment 1s fundamentally similar to that of the first embodiment,
and the second embodiment exhibits the advantages of this invention
although the barrier layer 1s formed of the two-layered structure,
1.e., the first and second barrier layers 25a and 32.

Referring to Fig. 4, 1in order to obtain the field effect
transistor 31, a high-resistance semiconductor buffer layer 23 having

a carrier concentration of 1 x 10! cm™

or less, a Si-doped n-InGaAs
low-resistance channel layer 24, and an undoped 1i-GaAs second high-

resistance barrier layer 32 having a residual carrier concentration of

10'* cm™ or less are sequentially formed on a semi-insulating GaAs
substrate 22 1n a manner substantially similar to the first embodiment.
As 1n the first embodiment, the material for forming the channel layer
24 has an electron affinity greater than the material for the second
barrier layer 32 which contacts the channel layer 24, i.e., which is
placed immediately on the channel layer 24.

Further, 1n the second embodiment, an undoped i-InGaP first

high-resistance Dbarrier 1layer 25a having a residual  <carrier
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concentration of 10'® cm™ or less is formed on the second barrier layer
32 according to an epitaxial growling method.

A Si-doped n-InGaP low—-resistance contact layer 26 1s then
formed on the first barrier lafér 25a by an epitaxial growing method.
The material for formling the low-resistance contact layer 26 has an
electron affinity equal to the material for the first barrier layer 25a
which contacts the contact layer 26, 1.e., which is placed immediately
under the contact layer 26.

In this manner, the high-resistance buffer layer 23, the channel
layer 24, the second barrier layer 32, the first barrier lavyer 25a, and
the low-resistance contact layer 26 are sequentially stacked on the
GaAs substrate 22 so as to obtain a semiconductor structure 53. Then,
the semiconductor structure 53 1s 1solated 1into each device by mesa
etching or 1on i1mplantation.

Thereafter, a source electrode 27 and a dralin electrode 28 are
disposed on the surface of the low-resistance contact layer 26 by the
same materials and methods similar to those of the first embodiment,
thereby forming a source region and a drain region, respectively.

Moreover, a gate pattern-ls opened by using a photolithographic
method again where the low-resistance contact layer 26 and the second
barrier layer 32 are removed by etching by an amount at least equal to
the thickness of the layers 26 and 32. Formed on the second barrier

gubun

layer 32 which 1s exposed by the removal of the layers 26 and 25a as

described above 1is a gate electrode 29 by using the method and
constituent materials similar to those of the first embodiment, thereby
forming a gate region. The field effect transistor 31 1is thus

completed.

In the field effect transistor 31 of the second embodiment, the
constituent materials for the low-resistance contact layer 26, the
first barrier layer 25a, the second barrier layer 32, the channel layer
24, and the substrate 22 are InGaP, InGaP, GaAs, InGaAs, and GaAs,
respectively. The materials are not, however, restricted to the above

combination, and other combinations shown in Table 3 may be possible.
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Table 3

Contact Flrst Second Channel Substrate

—
AT TR [ [ToaRs |

L LA Lo LR L

Further, a buffer layer having two sub-buffer layers may be
applied to the device according to this embodiment, as explained

in the variation of the First Embodiment.

Third Embodiment

Fig. 5 schematically 1i1llustrates the c¢ross-sectional
structure of a field effect transistor 41 according to a third
embodiment of the present invention.

- The field effect transistor 41 has a semiconductor
structure 55 on a GaAs substrate 22. The semiconductor structure
55 1s different from the semiconductor structure 51 shown in Fig.
1 1in that the semiconductor structure 55 includes a barrier
structure 59 having three barrier lavyers, i1.e., a first barrier
layer 25a, a second barrier layer 32 and a third barrier layer
42, between a channel layer 24 and a contact layer 26.

The second barrier layer 32 1s disposed on a channel layer
24 made of n-InGaAs and 1s formed of i-GaAs. The GaAs 1is
selected as a material having an electron affinity smaller than
the material for the channel layer 24. The third barrier 42 is
formed of 1-InGaAs and disposed on the second barrier layer 32.
The InGaAs 1s selected as a material having an electron affinity

greater than the material for the second barrier laver 32. The

first barrier layer 25a is formed of i-InGaP and disposed between
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the third barrier layer 32 and the contact layer 26. The InGaP

is selected as a material having an electron affinity smaller
than the materials for the second barrier layer 32 and the
channel layer 24 and equal to the material for the contact laver
26 . The contact layer 26 1s made of n-InGaP having a low
resistance.

In the field effect transistor 41, a recess 56 formed on an
upper surface of the semiconductor structure 53 exposes the
second barrier layer 32 and a gate electrode 29 is disposed on
the second barrier layer 32. According to the structure, the
recess 56 1is easlly formed on the semiconductor structure 55 by
a wet etching method as the etching speeds of the second barrier
layer 32 and the third barrier layer 42 are different due to the
different materials thereof. However, the gate electrode 29 may
be formed on either the first barrier layer 25a, the second layer
32 or the third layer 42 as long as the gate electrode 29 is
disposed on a portion of the barrier structure 59.

The principle of the reduced access resistance of the third
embodiment 1s fundamentally similar to that of the first and
second embodiments, and the third embodiment exhibits the
advantages of the invention although the barrier layer is formed
of the multi-layered structure, 1.e., the first, second and third
barrier layers 25a, 32 and 42, as discussed above.

Referring to Fi1g. 5, 1in order to obtain a field effect

transistor 41, a high-resistance semiconductor buffer layer 23
having a carrier concentration of 1 x 10!® cm™ or less, a Si-doped
n-InGaAs low-resistance channel layer 24, an undoped i-GaAs
second high-resistance barrier layer 32 having a residual carrier
concentration of 10' cm™, and an undoped i-GaAs third high-
resistance Dbarrier layer 42 having a residual <carrier

concentration of 10!'® cm™

or less are sequentially formed on a
seml-insulating GaAs substrate 22 1in a manner substantially
simlilar to the second embodiment. As in the first and second
embodiments, the constituent material for forming the channel

layer 24 has an electron affinity greater than the material for
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the second barrier layer 32 which contacts the channel layer 24,

i.e., which is placed immediately on the channel layer 24.
Further, 1n the third embodiment, an undoped i-InGaP first

high-resistance barrier layer 25a having a residual carrier

3 or less is formed on the third barrier

concentration of 10'® cm
layer 42 by the epitaxial growing method.

A Si-doped n-InGaP low-resistance contact layer 26 1is
formed on the first barrier layer 25a by an epitaxial growing
method. The constituent material for the low-resistance contact
layer 26 has an electron affinity equal to the material for the
first barrier layer 25a which contacts the contact layer 26,
i1.e., which 1s located i1mmediately under the contact layer 26.

In this manner, the hiligh-resistance buffer layer 23, the
channel layer 24, the second barrier layer 32, the third barrier
layer 42, the first barrier layer 25a, and the low-resistance
contact layer 26 are sequentially stacked on the GaAs substrate
22 so as to obtain a stacked structure 55. Then, the stacked
structure 55 1is 1solated into each device by mesa etching or ion
implantation.

Thereafter, a source electrode 27 and a drain electrode 28
are disposed on the surface of the low-resistance contact laver
26 by the same materials and methods similar to those of the
first embodiment, thereby forming a source region and a drain
region, respectively.

Moreover, a gate pattern 1S opened by using a
photolithographic method again where the low-resistance contact
layer 26 and the first and third barrier layers 25a and 42 are
removed by etching by an amount at least equal to the thickness
of the layers 26, 25a and 42. Formed on the second barrier layer
32 which 1s exposed by the removal of the layers 26, 25a and 42
as described above 1is a gate electrode 29 by using the methods
and constituent materials similar to those of the first and
second embodiments, thereby forming a gate region. The field

effect transistor 41 1s thus completed.
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n the field effect transistor 41 of the third embodiment,

the constituent materials for the low-resistance contact layer
20, the first barrier layer 25a, the third barrier layer 42, the
second barrier layer 32, the channel layer 24, and the substrate
22 are InGaP, InGaP, InGaAs, GaAs, InGaAs, and GaAs,
respectively. The materials are not, however, restricted to the
above combinatlion, and other combinations shown in Table 4 may be

possible.

Table 4

M L L L A
GaAs

yaAs
AlGaAs AlGaAs InGaP InGaAs GaAs

InGaP GaAs InGaP GaAs

AlGaAs | AlGaAs InGaA AlGaAs GaAs

2
sl el g) Bl sl 5] 8 I

5
=
C)
>

7
=
)
z

nGa? nGads | Gahs
G L
(GaAs

AlGaAs GaAs AlGaAs
InGaP jaAs AlGaAs

-
-
wn

A W
InAlAs InAlAs InP InGaAs
InAlAs InAlAs InGaAs InAlAs InGaAs
B e T
. L s

Further, a buffer layer having two sub-buffer layers may be
applied to the device according to this embodiment, as explained

1n the variation of the First Embodiment.
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Fourth Embodiment .

Fig. 6 schematically illustrates the c¢ross-sectional
structure of a field effect transistor 51 according to a fourth
embodiment of the present invention.

The field effect transistor 51 has a semiconductor
structure 57 on a GaAs substrate 22. The semiconductor structure
57 1s different from the semiconductor structure 51 shown in Fig.
1 1in that the semiconductor structure 57 includes two channel
layers, 1.e., a first channel layer 24a and a second channel
layer 52, between a buffer layer 23 and a barrier layer 25.

The second channel layer 52 1s disposed on the buffer laver
23 and made of the n-GaAs. The first channel layer 24a is
disposed between the first channel layer 52 and the barrier laver
25 and made of n-InGaAs. The material for the first channel
layer 24a and the material for the second channel layer 52 have
an electron affinity greater than that of the barrier layer 25.

The principle of the reduced access resistance of the
fourth embodiment i1s fundamentally similar to that of the first
embodiment, and the fourth embodiment exhibits the advantages of
the invention although the channel layer is formed of a double-
layered structure, 1.e., the first and second channel layers 24a
and 52, or formed of a multi-layered structure.

Referring to Fig. 6, 1n order to obtain the field effect

transistor 51, a high-resistance semiconductor buffer layer 23
having a carrier concentration of 1 x 10!'* cm™ or less is first

formed on a seml-1nsulating GaAs substrate 22 1in a manner
substantially similar to the first embodiment.

A Si-doped n-GaAs second low-resistance channel layer 52 is
then disposed on the high-resistance semiconductor buffer layer
23 according to an epitaxial growing method.

Subsequently, a Si-doped n-InGaAs first low-resistance
channel layer 24a, an undoped 1-GaAs high-resistance barrier
layer 25 having a residual carrier concentration of 10! cm™3 or
less, and a Si-doped n-GaAs low-resistance contact layer 26 are
sequentlially formed on the second channel layer 52 in a manner

substantially similar to the first embodiment. As in the first



CA 02225844 1997-12-23

20

embodiment, the material for forming the second channel layer 24a
has an electron affinity greater than the material for the
barrier layer 25 which contacts the first channel layer 24a,
l1.e., which is placed immediately on the first channel layer 24a,
and the material for the low-resistance contact layer 26 has an
electron affinity equal to the material for the barrier layer 25
which contacts the contact layer 26, 1i.e., which is located
immediately under the contact layer 26.

In this manner, the high-resistance buffer layer 23, the
first channel layer 52, the first channel layer 24a, the barrier
layer 25, and the low-resistance contact layer 26 are
sequentially stacked on the GaAs substrate 22 so as to obtain a
stacked structure. Then, the semiconductor structure 57 1is
1solated into each device by mesa etching or ion implantation.

Thereafter, a source electrode 27 and a drain electrode 28
are disposed on the surface of the low-resistance contact layer
26 by the same materilials and methods similar to those of the
first embodiment, thereby forming a source region and a drain
reglion, respectively.

Moreover, a gate pattern 1s opened by using a

photolithographic method again where the low-resistance contact

layer 26 1s removed by etching by an amount at least equal to the
thickness of the layer 26. Formed on the surface of the barrier
layer 25 which 1s exposed by the removal of the layer 26 as
described above 1s a gate electrode 29 by using the method and
constituent materials similar to those of the first embodiment,
thereby forming a gate region. The field effect transistor 51 is

thus completed.
In the field effect transistor 51 of the fourth embodiment,

the constituent materials for the low-resistance contact laver
- 26, the barrier layer 25, the first channel layer 24a, the second
channel layer 52, and the substrate 22 are GaAs, GaAs, InGaAs,

GaAs, and GaAs, respectively. The materials are not, however,
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restricted to the above combination, and other combinations shown

in Table 5 may be possible.

Table 5

Contact | Barcier | Firet chawel | Secona | Substeate_

AlGaAs AlGaAs GaAs - InGaAs GaAs
AlGaAs AlGaAs InGaAs GaAs GaAs

As InAlAs InP InGaAs InP

InP InP
InP InP

InGaAs InP
InP InP

1GaP InAlGaP InGaAs
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3

o

2
IIIiIII

i
i
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»
z

In the foregoing embodiments, the present invention is
explained as a heterostructure 1insulated-gate field effect
transistor in which a barrier layer has a high resistance as an
insulating layer. The present invention can be most suitably
applied to such a heterostructure insulated-gate field effect
transistor for solving problems associated with series resistance
between a gate electrode and:-a source/drain electrode.

The present 1invention may also be applied to other types of
field effect transistors, such as a high electron mobility
transistor (HEMT), or the 1like as long as the field effect
transistor to which the present invention is applied has a
heterostructure. In the case where the present invention is
applied to a high electron mobility transistor, the channel layer
and the barrier layer explalined above correspond to an undoped
layer in which a two dimensional electron gas is formed and a
donor layer which supplies electrons to the undoped laver,
respectively although the undoped layer has a high resistance and

the donor layer has a low resistance.
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While preferred embodiments of the invention have been
disclosed, various modes of carrying out the principles disclosed
herein are contemplated as being within the scope of the
following claims. Therefore, 1t 1s understood that the scope of
the invention 1s not to be limited except as otherwise set forth

in the claims.
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WE CLAIM

1. A field effect transistor comprising:

a substrate made of GaAs;

a channel layer over the substrate;

at least a first barrier layer over the channel
layer;

a contact layer over the first barrier layer, the
channel laver being made of a material having an electron
affinity greater than that of the first barrier layer,
the contact laver being made of a material having the
same electron affinity as that of the first barrier layer
and the first barrier having a higher resistance than
that of the channel layer;

a gate electrode in contact with the first barrier
layer; and,

a source electrode and a drain electrode 1in contact
with the contact layer, wherein the channel layer, the
first barrier layer and the contact layer are

lattice-matched to the substrate.

2. A field effect transistor according to claim 1,
wherein the first barrier layer is made of an undoped

material.

3. A field effect transistor comprising:

a substrate made of GaAs;

a semiconductor structure disposed on a substrate,
the semiconductor structure comprising, 1n order, from
bottom to top, a channel layer, a barrier structure and a
contact layer, the semiconductor structure having a
recess on a top surface thereof so as to expose a portion
of the barrier structure, the barrier structure having a
first barrier layer, the channel layer being made of a

material having an electron affinity greater than that of
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the first barrier layer, the contact layer being made of
a material having the same electron affinity as that of
the first barrier layer and the first barrier having a
higher resistance than that of the channel layer, wherein
the channel layer, the barrier structure and the contact
layer are lattice-matched to the substrate;

a gate electrode disposed on the exposed portion ot
the barrier structure, the gate electrode being 1in
Schottky contact with the barrier structure; and

a source electrode and a drain electrode
respectively provided on the top surface of the
semiconductor structure, the source electrode and the

drain electrode being in Ohmic contact with the contact

laver.

4 . A field effect transistor according to claim 3,
wherein the first barrier layer is made of an undoped

material.

5. A field effect transistor according to claim 3,
wherein the field effect transistor 1s a heterostructure

insulated-gate field effect transistor.

6 . A field effect transistor comprising:

a semiconductor structure disposed on a substrate,
the semiconductor structure comprising, in order, from
bottom to top, a channel layer, a barrier structure and a
contact layer, the semiconductor structure having a
recess on a top surface thereof so as to expose a portion
of the barrier structure, the barrier structure having a
first barrier layer having a higher resistance than that
of the channel layer, the channel layer being made of a
material having an electron affinity greater than that of
the first barrier layer, the contact layer being made of
a material having the same electron affinity as that of
the first barrier layer, said first barrier layer having

a thickness of about form 5 nm to 15 nm;
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a gate electrode disposed on the exposed portion ot
the barrier structure, the gate electrode being 1in
Schottky contact with the barrier structure; and

a source electrode and a drain electrode
respectively provided on the top surface of the
semiconductor structure, the source electrode and the
drain electrode being in Ohmic contact with the contact

layer.

7 . A field effect transistor comprising:

a semiconductor structure disposed on a substrate,
the semiconductor structure comprising, 1in order, from
bottom to top, a channel layer, a barrier structure and a
contact layer, the semiconductor structure having a
recess on a top surface thereof so as to expose a portion
of the barrier structure, the barrier structure having a
first barrier layer having a higher resistance than that
of the channel layer, the channel layer being made of a
material having a electron affinity greater than that of
the first barrier layer, the contact layer being made of
a material having the same electron affinity as that of
the first barrier layer, the channel layer 1is an n-type
InGaAs layer, the first barrier layer i1s a undoped GaAs
layer, and the contact layer is an n-type GaAs layer;

a gate electrode disposed on the exposed portion of
the barrier structure, the gate electrode being 1in
Schottky contact with the barrier structure; and

a source electrode and a drain electrode
respectively provided on the top surface of the
semiconductor structure, the source electrode and the
drain electrode being in Ohmic contact with the contact

laver.

8 . A field effect transistor according to claim 7,
wherein the semiconductor structure further includes a

buffer layer between the channel layer and the substrate
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such that the buffer layer is in contact with the channel
layer, the buffer layer being made of an undoped material

having the same electron affinity as that of the channel

layer.

9. A field effect transistor comprising:

a semiconductor structure disposed on a substrate,
the semiconductor structure comprising, in order, from
bottom to top, a channel layer, a barrier structure and a
contact layer, the semiconductor structure having a
recess on a too surface thereof so as to expose a portion
of the barrier structure, the barrier structure having a
first barrier layer, the channel layer being made of a
material having an electron affinity greater than that ot
the first barrier layer, the contact layer being made of
a material having the same electron affinity as that of
the first barrier layer, the barrier structure further
including a second barrier layer between the first
barrier layer and the channel layer, the second barrier
layer being made of a material having an electron
affinity smaller than the material of the channel layer
and greater than the material of the first barrier layer;

a gate electrode disposed on the exposed portion of
the barrier structure, the gate electrode being 1in
Schottky contact with the barrier structure; and

a source electrode and a drain electrode
respectively provided on the top surface of the
semiconductor structure, the source electrode and the
drain electrode being in Ohmic contact with the contact

layer.

10. A field effect transistor according to claim 9,
wherein the barrier structure further includes a third
barrier layer between the first barrier layer and the
second barrier layer, the third barrier layer being made
of a material having a electron affinity greater than the

material of the second barrier layer.
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11. A field effect transistor according to claim 9,
wherein the semiconductor structure further includes

another channel layer between the substrate and the first

channel lavyer.
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