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[57] ABSTRACT

A MODFET device has highly doped source and drain
regions separated by an undoped semiconductor alloy
in which the mole fraction is graded between the source
and the drain and with a conduction (and/or valence)
band discontinuity at the heterojunction between the
source and semiconductor alloy channel region of the
device. Due to the graded mole fraction, the bandgap of
the undoped semiconductor alloy decreases along the
channel from the source to the drain and creates a built-
in electric field. The higher bandgap in the source com-
pared to that in the channel permits high energy carrier
injection into the channel, with the built-in longitudinal
electric field increasing carrier drift velocity and reduc-
ing transit time between the source and drain. In a pre-
ferred embodiment, the MODFET device has a vertical
structure with the source and semiconductor alloy lay-
ers stacked on a drain substrate. The channel is defined
by selectively etching the stacked structure with the
exposed edge of the semiconductor alloy layer forming
the channel. An undoped semiconductor layer and a
modulation doped semiconductor layer are formed over
the exposed edge with the undoped layer forming a
spacer for the modulation doped layer. Carriers from
the modulation doped layer spill over into the undoped
channel and form a two-dimensional (or hole) electron
gas. The devices can be implemented as p-channel and
as n-channel devices fabricated in III-V compound and
in Column IV-based semiconductor materials.

12 Claims, 2 Drawing Sheets
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MODULATION DOPED FIELD EFFECT
TRANSISTOR HAVING BUILT-IN DRIFT FIELD

The U.S. Government has rights in the claimed in-
vention pursuant to National Science Foundation Con-
tract No. CHE-8920120 with the University of Texas at
Austin.

This invention was also made with Government sup-
port under contract No. N00014-87-K-0323 awared by
the Department of the Navy, Office of Naval Research.

This is a continuation of application Ser. No.
08/057,937, filed May 7, 1993, now abandoned.

BACKGROUND OF THE INVENTION

This invention relates generally to semiconductor
devices, and more particularly the invention relates to
modulation-doped field effect transistors and fabrica-
tion processes.

In the continuing quest for higher speeds and tran-
sconductances in field effect transistors, bandgap engi-
neering is being employed in device fabrication through
use of heterojunctions in Column IV (e.g., SiGe) and
III-V (e.g., AlGaAs) compound alloys. The Metal
Oxide Semiconductor Field Effect Transistor (MOS-
FET) has evolved into the Modulation-Doped Field
Effect Transistor (MODFET) by causing carriers to
spill over from a high bandgap doped region into a low
bandgap undoped region in a heterostructure. The car-
riers in the “modulation doped” channel have very high
carrier mobilities because they do not suffer from the
deleterious effects of ionized impurity scattering. This
results in lower transit times, higher switching speeds,
and increased drive currents and transconductances
than in conventional MOSFETs.

The present invention is directed to an improved
MODFET device which has hot carrier injection from
a high bandgap source into a lower bandgap channel,
with the carrier subjected to 2 built-in electric field
along the channel region of the device.

SUMMARY OF THE INVENTION

In accordance with the invention, 2 MODFET de-
vice has highly doped source and drain regions sepa-
rated by an undoped semiconductor alloy in which the
mole fraction is graded between the source and the
drain and with a conduction and/or valence band dis-
continuity at the heterojunction between the source and
semiconductor alloy channel region of the device. Due
to the graded mole fraction, the bandgap of the un-
doped semiconductor alloy decreases along the channel
from the source to the drain and creates a built-in elec-
tric field. The higher bandgap in the source compared
to that in the channel permits high energy carrier injec-
tion into the channel, with the built-in longitudinal elec-
tric field along the channel increasing carrier drift ve-
locity and reducing transit time between the source and
drain.

In a preferred embodiment, the MODFET device has
a vertical structure with the source and semiconductor
alloy layers stacked on a drain substrate. The channel is
defined by selectively etching the stacked structure
with the exposed edge of the semiconductor alloy layer
forming the channel. An undoped semiconductor alloy
layer and 2 modulation doped semiconductor layer are
formed over the exposed edge with the undoped layer
forming a spacer for the modulation doped layer. Carri-
ers from the modulation doped layer spill over into the
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undoped channel and form a two-dimensional electron
(or hole) gas.

The critical design parameter is to ensure that the
bandgap of the modulation-doped layer and the spacer
layer are higher than the highest bandgap in the channel
to ensure carrier spill-over. For AlGaAs-based devices,
it is necessary to use an alloy (Al,Ga;_yAs) rather than
pure AlAs because pure AlAs oxidizes in contact with
air. For SiGe-based devices, the modulation-doped
layer and the spacer layer can be pure Si instead of a
SiGe alloy because Si does not have the same oxidation
problems as pure AlAs.

The invention can be implemented in p-channel and
in n-channel devices fabricated in II-V compound
(e.g., AlGaAs) and in Column IV-based (e.g., SiGe)
semiconductor materials.

The invention and objects and features thereof will be
more readily apparent from the following detailed de-
scription and appended claims when taken with the
drawing. '

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a side view in section illustrating a MOD-
FET device in accordance with one embodiment of the
invention.

FIG. 1B is a plan view of the device of FIG. 1A.

FIG. 1C is bandgap diagram for the device of FIG. 1.

FIG. 2A is a side view in section of a MODFET
device in accordance with another embodiment of the
invention.

FIG. 2B is a plan view of the device of FIG. 2A.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

FIG. 1A is a side view in section of an n-channel
MODFET device formed in compound semiconductor
material in accordance with one embodiment of the
invention. The device comprises an N+GaAs substrate
10 which forms the drain of the device, an undoped
AlyGA1_xAs alloy layer 12 formed on the substrate 10,
an N+AlAs layer 14 formed on layer 12, and an
N+GaAs layer 16 formed on layer 14. The substrate 10
forms the drain of the device, the undoped Al,.
GAj-xAs layer 12 forms the channel region, and the
N+AlAs layer 14 forms the source region. The
N+GaAs layer 16 protects the AlAs layer from oxidiz-
ing in contact with air.

The drain 10 has a dopant concentration on the order
of 1017-10!8 atoms per cubic centimeter, and the un-
doped AlxGA ). xAs alloy is formed by molecular beam
epitaxy (MBE) or organometallic chemical vapor depo-
sition (OMCVD), for example, with the mole fraction
“x” graded to increase towards the source. The
N+AlAs source 14 and N+GaAs layer 16 are formed
by molecular beam epitaxy (MBE) or organometallic
chemical vapor deposition (OMCVD) with each layer
having a dopant concentration on the order of
1017—10!8 atoms per cubic centimeter.

The mole fraction “x” is graded so that there is an
appropriate conduction band discontinuity between the
AlAs and the Al;Gaj._xAs alloy at the source/channel
heterojunction for high energy injection of carriers into
the channel. Further, the bandgap of the Al,Gaj_xAs
alloy decreases along the channel from the source to the
drain to create a built-in drift electric field to aid the
“drift” of carriers along the channel.

After the layers 10, 12, 14, 16 are grown, a crystallo-
graphically dependent V-groove wet chemical etch is
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performed to expose the channel in the edge of the
undoped AlxGaj_xAs. This is followed by growth of
an undoped spacer Al,Ga;_yAs layer 18 and a “modu-
lation doped” N+Al,Gaj—_;As layer 20 thereon having
a dopant concentration on the order of 1015 atoms per
cubic centimeter. ‘A Schottky gate contact 22 is then
formed on the modulation doped layer by depositing a
refractory metal such as tungsten thereon.

The carriers from the N+A1,Ga;_yAs layer 20 spill
over into the undoped channel and form a two-dimen-
sional electron gas as in a conventional MODFET. In
order to achieve this, the mole fraction “y” of the un-
doped spacer layer and the modulation doped layer is
chosen such that it is higher than the highest “x” in the
channel layer 12. This ensures that the bandgap of the
doped N+Al,Gaj - As layer is higher than the highest
AlyGa).-xAs bandgap in the channel. The regrown
layers are photolithographically patterned and etched
to complete the device. Source and drain ohmic
contacts 24, 26 are formed. Device isolation is achieved
by mesa etching or by proton bombardment.

FIG. 1B is a plan view of the device of FIG. 1A, and
FIG. 1C is a bandgap diagram along the channel from
source to drain illustrating the conduction band discon-
tinuity at the source/channel heterojunction for high
energy injection of carriers into the channel and with
the bandgap of the undoped Al;Ga;_xAs alloy decreas-
ing along the channel from the source to the drain to
create a built-in electric field. It is especially important
to create a longitudinal electric field near the source

because under normal operating conditions a high volt-

age is applied to the drain so that there is a high electric
field and hence high carrier drift velocity along the
channel near the drain. The channel near the source is
generally not pinched off and has a lower longitudinal
electric field and hence lower carrier drift velocity
along the channel. In this part of the channel high en-
ergy carrier injection and the built-in electric field sig-
nificantly increase the carrier drift velocity and reduce
transit time.

FIG. 2A and 2B are a side view in section and plan
view, respectively, of a MODFET device in accor-
dance with another embodiment of the invention. In
this embodiment, a p-channel device is formed using
Column IV-based materials. Again, the drain of the
device is formed in a supporting substrate 30 of P+
silicon having a dopant concentration on the order of
5 1019 atoms per cubic centimeter. An undoped Siy.
Ge) —xalloy is then grown on substrate 30 with the mole
fraction “x” again graded from the source to the drain.
The source is formed by P+ silicon layer 34 having a
dopant concentration on the order of 5:x 1019 atoms per
cubic centimeter.

After growth of the undoped SiyGe|_x alloy 32 and
the silicon source layer 34, reactive ion etching is used
to form the side wall for the channel. An undoped sili-
con buffer layer 38 and a modulation doped silicon layer
40 are grown, patterned, and etched. A gate oxide 43 is
then grown on the modulation doped layer 40 and a
doped polysilicon or aluminum gate 42 is then deposited
over the oxide and etched by reactive ion etching to
leave a side wall filament as a self-aligned gate. Ohmic
contacts 44, 46 are again formed on the source and drain
regions. The device is then mesa etched for isolation or
oxide isolated.

There have been described embodiments of a MOD-
FET having increased speed and transconductance by
injecting high energy carriers into the channel near the
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source across a semiconductor heterojunction and with
the high kinetic energy carriers further speeded by
creating a built-in electric field along the channel near
the source by appropriately changing the mole fraction
of the semiconductor alloy in the channel. While the
invention has been described with reference to specific
embodiments, the description is illustrative of the inven-
tion and is not to be construed as limiting the invention.
Various modifications and applications may occur to
those skilled in the art without departing from the true
spirit and scope of the invention as defined by the ap-
pended claims.

What is claimed is:

1. A modulation doped field effect (MODFET) tran-
sistor comprising:

a first region of a doped semiconductor material of a

first conductivity type which functions as a drain,

a second region of an undoped semiconductor alloy
with constituent parts having a varying mole frac-
tion, x, and overlying said first region, said second
region having an exposed edge which functions as
a channel,

a third region of a doped semiconductor material of
said first conductivity type overlying the second
region which functions as a source, said source and
said channel being separated by a heterojunction
with said source having a higher energy band gap
than said channel at said heterojunction for high
energy carrier injection from said source into said
channel,

an undoped layer of said semiconductor alloy with
constituent parts having a mole fraction, v, overly-
ing said exposed edge and extending from said
source to said drain and which functions as a buffer
layer,

a doped layer of said semiconductor alloy of said first
conductivity type overlying said undoped layer
and functioning as a modulation doped layer,

said mole fraction, x, being graded in said second
region from said source to said drain to provide a
conduction band discontinuity at said heterojunc-
tion between said source and said channel for high
energy injection of carriers into said channel and
provide an electric field between said source and
said drain,

said mole fraction, y, being higher than said mole
fraction, x, whereby carriers from said doped layer
spill over into said channel.

2. The transistor as defined by claim 1 wherein said
semiconductor material is a compound semiconductor
material. ,

3. The transistor as defined by claim 2 wherein said
compound semiconductor material in said first region is
GaAs, said semiconductor alloy . is Al,Gaj_xAs, said
third region includes a layer of AlAs and a layer of
GaAs, and said undoped layer and said doped layer
comprise AlyGaj_.pAs.

4. The transistor as defined by claim 3 wherein said
one conductivity type is n-type.

5. The transistor as defined by claim 4 wherein said
first region and said third region have a dopant concen-
tration on the order of 1017-1018 atoms per cubic centi-
meter.

6. The transistor as defined by claim 5 and further
including ohmic contacts to said first region and to said
third region and a Schottky contact to said doped layer.

7.'A modulation doped field effect MODFET) tran-
sistor comprising
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a first region of a doped semiconductor material of a
first conductivity type which functions as a drain,

a second region of an undoped semiconductor alloy
with constituent parts having a mole fraction, x, s
and overlying said first region, said second region
having an exposed edge which functions as a chan-
nel,

a third region of a doped semiconductor material of 10
said first conductivity type overlying the second
region which functions as a source, said source and
said chamnel being separated by a heterojunction
with said source having a higher energy band gap

6

a doped layer of said semiconductor material of said
first conductivity type overlying said undoped
layer and functioning as a modulation doped layer,

said mole fraction, x, being graded in said second
region from said source to said drain to provide a
conduction band discontinuity at said heterojunc-
tion between said source and said channel for high
energy of carriers into said channel and provide an
electric field between said source and said drain.

8. The transistor as defined by claim 7 wherein said
semiconductor material includes a group IV material.

9. The transistor as defined by claim 8 wherein said
first region and said third region comprise silicon, said
second region comprises SixGej—x, and said undoped
layer and said doped layer comprise Si.

10. The transistor as defined by claim 9 wherein said
one conductivity type is p-type.

11. The transistor as defined by claim 10 wherein said
first and third regions have a dopant concentration on
the order of 5 1019 atoms per cubic centimeter.

12. The transistor as defined by claim 1 wherein the

thickness of said second region is approximately 0.5 wm.
* % x x x

55

15
than said channel at said heterojunction for high
energy carrier injection from said source into said
channel,

an undoped layer of said semiconductor material 20
overlying said exposed edge and extending from
said source to said drain and which functions as a
buffer layer,
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