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MOSFET STRUCTURE HAVING REDUCED GATE CAPACITANCE
AND METHOD OF FORMING SAME

_FIELD OF THE INVENTION

5 This invention relates to metal-oxide-
semiconductor field effect transistors (MOSFETs) and, in
particular, to an improved structure of a MOSFET having
reduced gate capacitance and increased switching speed.

BACKGROUND OF THE INVENTION

10 It is generally desirable to construct
electricallcircuits capable of high speed operation. 1In
an electrical circuit containing MOSFETs, this requires
the MOSFETs themselves to have rapid response to input
signals. A significant barrier to achieving higher

15 operating speeds of MOSFETs has been overcoming the
parasitic gate capacitance of the MOSFET, where a
significanﬁ amount of delay is incurred while charging and
discharging the gate of the MOSFET to a certain voltage in
order to amplify a signal or to fully switch the MOSFET on

20 and off.

' Fig. la shows a representative vertical MOSFET
with the gate-source parasitic capacitance (CGS) and the
gate-drain parasitic capacitance (cGD) shown. Also shown
in Fig. l1a is the drain-source parasitic capacitance

25 (Cpg) -

' To operate the N channel MOSFET of Fig. la, a
positive voltage Vop is applied to drain terminal 20,
while a low voltage (e.g., ground) is applied to source
regions 30 and body regions 34. Source regions 30 and

30 body regions 34, which constitute the emitter and base of
a parasitic NPN bipolar transistor, are imperfectly
shorted together by contacts 36 to prevent these regions
from being forward biased. Conductive gate 38 is _'
insulated from source regions 30 and body regions 34 by a
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gate oxide. When a gate-source voltage Veg is applied to
gate 38 which exceeds the threshold voltage Vp of the
MOSFET, an ohmic channel forms in body regions 34 under
gate 38 so as to ohmically couple N-type source regions 30
to N-type drain 40. Current is then conducted between _
source contacts 36 and drain terminal 20. When the MOSFET
is in its off state, a depletion region, represented by
dashed outline 44, is created within drain 4o0.

A basic equivalent circuit for the MOSFET of
Fig. la is shown in Fig. 1b. As shown in Fig. 1b, for the
gate 50 to have a voltage VG necessary to fully turn on
MOSFET 52, both C and C must be fully charged.

GS GD
will be considered herein to approximate

Capacitance ch
zero. Also shown in Fig. 1b is input gate current I and
GD* Note that source
region 30 GBody region 34, and drain 40 form a parasitic
NPN bipolar transistor within the MOSFET, as shown in

Fig. 1b.

current I charglng capacitor C

A vertical MOSFET, such as shown in Fig. 1a, is
typically a polysilicon gate device, where the gate 38 is
used as a diffusion mask to self-align source regions 30
and body regions 34. |

Fig. 2 illustrates the voltage conditions during-
a dynamic switching operation for a representative MOSFET
showing the effects of the charging of capacitances ch |
and CGD with a constant current I, applied at £t = 0. 1In
region 1 of the graph of Fig. 2, the MOSFET is off, with
VGS below the threshold voltage VT' Input gate current I
is shared between CGD and ch according to their
capacitance ratio. Within region 2, the threshold voltage
VT is reached and the MOSFET begins to turn on, lowerlng

the drain-to-source voltage \'4

G

DS* This changing VDS sets

up a condition where the voltage is changing more rapidly
across cGD than CGS‘ Current increases in CGD and

decreases in CGS' thus reducing the rate at which VGS
increasing. As VGs becomes larger, the dv/dt of the:

drain-to-source voltage Vps increases until the current

is



N WO 91/11826 PCT/US91/00396

10

15

20

25

30

35

-3 -

Ia charging Cep
noG?onger increases. This condition results in the flat
portion of the Ves
During this time, the depletion region under the
gate, generally shown as depletion region 44 in Fig. 1a,
decreases since the potential of drain 40 under gate 38 is
lowered due to this region being pulled down by the
increasing chmic channel between N-type source region 30
and N-type drain 40. During the entire turn-on period of
the MOSFET, capacitance Cap is increasing due to this
narrowing of the effective insulation between the plates

of the equivalent capacitor Cep® As this capacitance

reaches a magnitude equal to Ig, and VGs

curve in region 3 of Fig. 2.

increases, a decreasing dv/dt of the drain-to-source
' is

voltage V results. This increase in capacitance CGD

reflectednin the curved lower portion of VDS shown in
Fig. 2.

Once capacitance cGD has stabilized, the MOSFET
is essentially fully on, and C

further switching delay.

eD does not cause any

As seen by the gate charge characteristics of
Fig. 2, the delay in switching of the MOSFET is
significantly affected by capacitance Cgpr Where
capacitance cGD is more commonly referred to as the
reverse transfer capacitance (crss)' Since, as shown in
Fig. 2, capacitance CGD is affected by voltage changes at
the drain, it becomes understandable how the effective
total gate capacitance.(cin) of the MOSFET under dynamic
conditions is calculated using the following equation:

.cin = Cgs *+ Cep (1 - ay), (eq. 1)

where Av = dVbs/dVGs.
For an N channel MOSFET, dVDS will be a negative value,
and for a P channel MOSFET, AV, will be a negative
value. Thus, in either case, (1-AV) is equal to (1 +
voltage gain).

It is also to be noted that essentially the same
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gate charge characteristics are encountered with the
discharging of the gate, which causes the turn-off speed
of the MOSFET to be delayed. In linear applications, such
as radio frequency (RF) power amplification, input
capacitance largely determines the upper frequency limit
of the MOSFET.

Typically, the value cGD (1-Av) is at least
three times greater than Cas’ and thus any reduction of
capacitance CGD will significantly lower the switching
time of the MOSFET, or significantly raise the usable
operating frequency. :

Capacitance is calculated using the equation:

C = AKe,/t, where o (eq. 2)

C is the capacitance;

e, is the permittivity of empty space (8.85 x 10"
coulzlnewtonz-mz); .

K is the dieléctric constant (3.9 for sio2 and 11.7
for si);

A is the plate area; and

t is the dielectric thickness.

Thus, capacitance may be reduced by decreasing
the plate area or increasing the dielectric thickness.

- The prior art has attempted to reduce the
parasitic gate capacitance of a MOSFET by reducing the
area of the gate and/or increasing the effective
dielectric thickness between the gate and the drain.

Two types of approaches which have been
previously used to reduce CGD are shown in Figs. 3 and 4
where, in Fig. 3, an increased thickness of dielectric 60
is formed over drain 62 to provide an increased dielectric
thickness between gate 64 and drain 62. The gate-source
capacitance ch is essentially unchanged, since the
thickness of the dielectric separating gate 64 from source
region 66 is =ssentially unchanged. '

Prior art Fig. 4 illustrates an approach where

2
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an N channel vertical MOSFET uses two separate gates 70
and 72 commonly connected to a gate voltage VG. Since the
effective area of the gate over drain 76 is decreased, the .
Cgp is also decreased. ' '

One drawback of the MOSFET of prior art Fig. 3
is that gate 64 may be misaligned with respect to raised
dielectric portion 60, causing part of the device to have
low gain. In Fig. 4, a center portion of the gate oxide
70 over drain 76 must be masked and protected while body
regions 78 and source regions 74 are formed self-aligned
with the gate. Also in Fig. 4, the width of gate
elements 72 is subject to mask and photoresist variations,
which cause variations in CGD across a wafer and from lot
to lot. The critical masking steps required to form
raised dielectric portion 60 in Fig. 3 and to perform the
precise etching of the gate inIFig. 4 require a relatively
precise alignment of the mask, or relatively precise
process and mask control, thus inevitably resulting in
lower yields and variable performance devices.

Another drawback to the MOSFET in Fig. 3 is the
imperfect short across the emitter-base of the parasitic
bipolar transistor. Under certain adverse conditions, the
bipolar transistor may be turned on to the extent of
causing secondary breakdown and device failure.
Manufacturers have addressed this problem by: 1) reducing
the depth of the N+ source diffusion to lower beta;

2) moving the P+ body contact region closer to the channel
region to reduce resistance between the emitter and base;
and 3) reducing the lateral dimension of the N+ source
region to lower the resistance between the emitter and
base.

What is needed in the art is a MOSFET structure
having a relatively low Cgp 2nd an inoperative parasitic
bipolar transistor which may be formed with self-aligned
source, body, and body contact regions and which may be
formed without requiring numerous and difficult process
steps.
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The above-described disadvantages of the prior
art MOSFETS have been overcome by the invention described
herein. In accordance with one embodiment of the
invention, a vertical MOSFET is formed having a lower gate
portion overlying the channel region of the MOSFET and

separated from the channel region by a thin gate oxide -

layer. An upper gate portion is formed overlying the
drain of the MOSFET and separated from the drain by a
relatively thick self-aligned oxide layer. 1In this
particular embodiment, since the dielectric thickness
between the upper gate portion and the drain is relatively
large, the MOSFET exhibits a lower gate-drain capacitahce
(CGD) value, while the threshold voltage of the MOSFET
remains relatively unchanged. The upper gate portion may
be electrically connected to the lower gate portion or may
be electrically isolated from the lower gate portion. 1If
the upper gate portion is electrically isolated from the
lower gate portion, a separate gate voltage may be
connected to the upper gate portion to allow the upper
gate portion to either act as a field plate or act to
augment the fields generated by the lower gate portion to
enhance the current handling capabilities of the MOSFET.

A preferred method of forming the resulting MOSFET having
this lowered Cep allows the source and body regions to be
precisely aligned with the drain edge of the lower gate
portion, and allows an ion implant damaged body contact
region to be formed directly under, and self-aligned to,
the source region, which ensures the parasitic bipolar
transistor remains inoperative.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1a illustrates a prior art vertical MOSFET. .
Fig. 1b is a schematic diagram illustrating an
equivalent circuit for the MOSFET of Fig. 1la.
Fig. 2 is a graph showing representative gate
charge characteristics of a MOSFET.
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Fig. 3 illustrates a first prior art MOSFET
having reduced gate-drain capacitance. '

Fig. 4 illustrates a second prior art MOSFET
having reduced gate-drain capacitance.

Fig. 5 illustrates an embodiment of the
invention wherein a MOSFET for very high frequency (VHF)
operation is made to have a relatively low CGD‘

Figs. 6-12 illustrate various process steps used
in one-embodiment'of a method for forming the VHF MOSFET
of Fig. 5. .

Fig. 13 illustrates an alternative embodiment of
a MOSFET capable of ultra high frequency (UHF) operation
having a low Cgp in accordance with the present invention
where upper and lower gates are formed.

' Fig. 14 illustrates the MOSFET of Fig. 13 with
an upper gate coupled to source voltage.

Fig. 15 illustrates an alternative embodiment of
a MOSFET having a low Cep in accordance with the present
invention where an upper gate is removed.

Fig. 16a illustrates an alternative embodiment
of a MOSFET capable of UHF to super high frequency'(SHF)
operation having a very low Cep in accordance with the
present invention where a lower gate and an upper gate
terminate over a portion of the channel region.

Fig. 16b illustrates with dashed lines the
improved gate charge characteristics of the MOSFET of
Fig. 1s6a. '

Figs. 17 and 18 illustrate process steps used to
form the MOSFET of Fig. 16. _

Fig. 19 illustrates an alternative embodiment of
a MOSFET having a very low C., in accordance with the
present invention which utilizes an overhanging upper gate
to eliminate etching of a vertical portion of the gate.

Fig. 20 illustrates a process step used to form

the MOSFET of Fig. 19.

Fig. 21 illustrates an alternative embodiment of
a MOSFET having a low Cep in accordance with the present
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invention which utilizes a split upper gate.

Fig. 22 illustrates an altérnative embodiment of
a MOSFET having a low Cep in accordance with the present
invention which utilizes separate gates overlying an oxide
layer of a single thickness. _ _

Fig. 23 shows a schematic representation of a
MOSFET having an upper gate and a lower gate.

Fig. 24 illustrates an embodiment of a lateral
MOSFET having a low Cep ip accordance with the presen%
invention. '

D CR ION PREFERRED ODIM S

. Fig. 5 shows an embodiment of the invention
capable of VHF operation, where conductive gate 80, formed
of either Al, Al containing Si, or Al containing Cu and
Si, or any. other compatible gate material, is feérmed over
drain 82 with a first thickness of oxide 86 therebetween.
In one embodiment, oxide 86 is 10,000 A thick. Gate 80 is
also formed over P body regions 88 with a second
thickness of oxide 90 therebetween. In one embodiment,
oxide 90 is 900 A thick. Also shown in Fig. 5 is N+
source region 92 and P+ body contact region 94, with
conductive source contact 96 shorting together N+ source
region 92 and P+ body contact region 94. N+ drain contact
95 is shown contacting a bottom surface of drain 82.

Since oxide layer 86 is significantly thicker
than oxide layer 90, the capacitance between gate 80 and
drain 82 will be relatively low due to this increased
dielectric thickness, while the capacitance between gate
80 and source region 92 will not significantly change.

The thickness of gate oxide layer 90 is dictated by design
considerations to provide a desired threshold voltage V
and dielectric breakdown voltage.

T

Lateral dimensions of the various above-
described regions for one embodiment of the invention are
shown in Fig. 5.

Thus, in the embodiment of Fig. 5, a gate-to-
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source voltage Ves will cause the field created between
gate 80 and N+ source region 92 and between gate 80 and P~
body region 88 to invert the channel region within P- body
region 88, causing an ohmic channel to be created between
N+ source region 92 and N= drain 82. This inversion of P-
body region 88 is primarily due to the field created by
the portion of gate 80 located above thin oxide layer 90.
The portion of gate 80 overlying thick oxide layer 86 has
a reduced effect on the conductance of the MOSFET and
provides shielding over drain 82.

Figs. 6-12 illustrate a method to form the
structure of Fig. 5.

In Fig. 6, an epitaxial layer 98 of N-type
conductivity, having an impurity concentration of _
approximately 3 x 10E15 atoms/cm3 to achieve a breakdown
voltage of between 80 to 100 V is deposited on an N+
substrate and has formed over it silicon dioxide layer 100
having a thickness of preferably 10,000 i.

Oxide layer 100 would be formed to have a
thickness of 7,000 A for embodiments using two metal
layers (a gate layer and a source layer). This two metal
layer embodiment is illustrated on the right hand side of
Flg. 5.

Oxide layer 100 may be formed by wet oxidation
at approximately 1,000°C for 3-5 hours. Over oxide layer
100 is then formed silicon nitride layer 102 by a chemical
vapor deposition (CVD) process at approximately 790°C to
achieve a thickness of approximately 1,000 A.

In Fig. 7, oxide layer 100 and silicon nitride
layer 102 are etched by using a conventional positive
photoresist, contact masking technique and an anisotropic
etch to expose portion 104 of substrate 98. 1In a
preferred embodiment, a Lam™ dry etcher is used. The
exposed portion 104 of substrate 98 is to coincide with
the desired location of the body-source diffusion.

In Fig. 8, boron is implanted into substrate 98
through exposed portion 104 and diffused to form P body
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region 106. 1In the preferred embodiment, boron ions are
implanted at an energy of 70KeV with a dosage of
6 x 10E13/cm2. The exposed silicon is then oxidized for
30 minutes at 900°C in a dry O2 atmosphere to form oxide
§ layer 107 in order to prevent damage to the substrate
during a subsequent diffusing process conducted in an N2
atmosphere. The implanted ions are diffused by a ramp up
and dwell diffusing process, where the temperature of the
wafer is ramped from 900°C to 1,100°C at a rate of
10 approximately 8°C/minute and held for approximately 2.5
hours and then ramped down to 900°C for one hour
(including ramping time) in an N, atmosphere, to form P
body region 106 having a depth of approximately two
microns. The required characteristics of P body region
15 106 will deﬁend on the desired breakdown voltage of the
device and will be readily apparent to one of ordinary
skill in the art. : .
In Fig. 9, an additional boron implant is
conducted to form P+ contact region 108 within P body
20 region 106. In the preferred embodiment, boron ions are
implanted at an energy of approximately 100KeV with a
dosage of 10E15 to 10316/cm2. The implant energy is
calculated to form P+ region 108 at a depth below the
surface of substrate 98 where’it is desired to have P+
25 region 108 interface with a subsequently formed source
region. Next, the wafer is dipped in a 10:1, Hzo:HF
solution for approximately 45 seconds to remove oxide
layer 107, and arsenic is implanted to form N+ source
region 110 at the surface of substrate 98. 1In the
30 preferred embodiment, arsenic ions are implanted at an
energy of approximately 40KeV with a dosage of 10E16/cm2.
In Fig. 10, silicon dioxide layer 112 is
deposited at 400°C over the surface of the wafer to a’
thickness of approximately 500 & to prevent any out-
35 diffusing of arsenic ions forming source region 110. The
impurities within N+ source region 110 and P+ body contact
region 108 are then driven-in for approximately 30 minutes
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at approximately 1,000°C so that N+ source region 110
extends approximately 0.3 microns beneath the surface of
substrate 98. During this drive-in period, P+ body
contact region 108 and P body region 106 also diffuse.

" In Fig. 11, an oxide etchant is used to remove
oxide layer 112 and a portion of oxide layer 100 so as to
leave overhanging silicon nitride portion 114. 1In the
preferred embodiment to conduct this etching, the wafer is
immersed. in any oxide etch solution with a known and
controlled etch rate. For example, six parts H2
part ammonium fluoride may be used at 25°C for a period
calculated to create the desired overhanging of nitride
portion 114 relative to P body 106. For the diffusion
process previously described, a 1.4 micron overhang of
nitride portion 114 is satisfactory.

In Fig. 12, the wafer is immersed in hot
phosphoric acid (or an equivalent thereof) at a
temperature of approximately 160°C for one hour to remove
silicon nitride portion 114 and the remainder of silicon
nitride layer 102 over oxide layer 100. As a precaution

O to one

against arsenic outgassing, the wafer is gradually ramped

‘up to a temperature of 920° in a tube furnace for

approximately 15 minutes in a dry O, atmosphere to form a
thin layer of oxide 50-100 & thick. Silicon dioxide
layer 116 is then grown over the surface of the wafer at
approximately 920°C for approximately 25 minutes in an

, to a thickness of 2500-3000 A over N+
source region 110. An increased thickness of oxide layer
116 is inherently formed over N+ source region 110. The
portion of oxide layer 116 over P body region 106, forming
the gate oxide, will be approximately 900 & at this stage.

atmosphere of wet O

Next, as shown in Fig. 5, a portion of oxide
layer 116 over source region 110 is etched to expose a
portion of source region 110. In an alternative
embodiment, an additional etch is conducted to etch source
region 110 through to expose P+ body contact region 108.
A conductive metal layer is then formed over the surface
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of the wafer by the deposition of either Al, Al containing
Si, Al containing Cu and Si, or any other conventional

- metal layer to a thickness of approximately one micron.
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In the VHF embodiment of the invention, aluminum, copper,
and silicon are sputtered over the surface of the wafer.
A metal layer containing Si is preferred to minimize
mi&ration of the metal atoms into the silicon substrate.
For higher frequency embodiments, metal source contact 96
preferably comprises a WIi barrier layer in contact with
the source region overlaid by approximately 1 micron

of Au.

The resulting metal layer is then masked and
etched to form source contact 96 and gate 80 as shown in
Fig. 5. Source contact 96 contacts N+ source region 92
and also contacts P+ contact region 94 through N+ source
region 92, due to source region 92 and P+ contact region
94 being so highly doped as to be in ohmic contact with
each other. Ohmic contact is further enhanced by implant
damagé to the crystalline substrate.

In an alternative embodiment, source region 92
is anisotropically etched completely through in the
contact area so that source contact 96 directly contacts
both P+ body contact region 94 and N+ source region 92.

Any embodiment herein may be formed with a
tungsten (W) or refractory metal silicide layer deposited
prior to the formation of source contact 96 to prevent
migration of atoms and/or to reduce contact resistance.

In practice, it is desirable to form source
contact 96 close to the channel region to minimize on-

‘resistance.

The method described in Figs. 6-12 and Fig. 5
forms a MOSFET having a low gate-drain capacitance CGD'
wherein source region 92, body contact region 94, and body
region 88 are formed self-aligned with the drain edge
portion of gate 80. In this method to form a VHF MOSFET,
there are no critical alignment tolerances, which makes
this above described process one that will inherently
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result in a high yield of MOSFETs on a wafer.

' In the structure of Fig. 5, the portion of gate
80 formed over thick oxide portion 86 is connected to the
portion of gate 80 formed over thin oxide portion 90 by a
vertical gate portion. 1In an alternative embodiment of
the MOSFET structure of Fig. 5, the metal layer is formed
by a method which will intentionally provide poor step
coverage, such as by an evaporation process, so that the
vertical portion of gate 80 will be relatively thin
compared to the horizontal portions of gate 80. Such a
resulting structure, having relatively thin vertical
portions of gate 80 is then isotropically etched using a
commercially available wet aluminum etch containing '
phosphoric acid, assuming gate 80 is composed of Al, so as
to isolate the portion of gate 80 formed above thick oxide
portion 86 from the portion of gate 80 formed above thin
oxide portion 90. This embodiment is shown in Fig. 13,
where upper gate 120 and lower gates 124 result. The
remaining elements in the MOSFET of Fig. 13 are similar to
those in Fig. 5 and are formed using a process similar to
that described with respect to Fig. 5.

In all the embodiments described herein, for
higher frequency operation, the source contact is
preferably an overlay metal (such as shown on the right
hand side of Fig. 5). This allows P body region 88 to be
relatively narrow (~10 microns) for low drain-to-source
capacitance ch. The various figures do not incorporate a
two metal layer for simplicity. : :

In the MOSFET structure of Fig. 13, gate voltage
is applied to lower gates 124, while a sepafate voltage is
applied to upper gate 120. A positive voltage applied to
upper gate 120 will make upper gate 120 effective in
creating additional carriers in the N- drain 82 and
increasing the current handling capability of the MOSFET.
A negative voltage on upper gate 120 will increase the
breakdown voltage of the MOSFET.

In Fig. 14, a structure identical to Fig. 13 is
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shown except that upper gate 120 is . connected to the
source voltage instead of to an upper gate voltage. Thus,
in this configuration, upper gate 120 acts as a field
plate for increasing the depletion region in drain 82 when

‘the MOSFET is in its off state. This serves to enhance

the breakdown voltage of the MOSFET.

In an alternative embodiment, shown in Fig. 15,
upper metal gate 120 of Fig. 13 is removed using a wet
etch process. As shown in Fig. 15, mask 125, shown in.
dashed outline, is first formed to expose a center portion
of the gate metal over oxide 86. The wet etch process
removes the exposed metal and also removes the gate metal
adjacent the exposed portion. Gate voltage is applied to
gates 124 to invert the channel regions in P body
regions 88. ' _

In the highest speed embodiment of the
invention, shown in Fig. 16a, lower gate 140 is formed so
as to only overlap a portion of the channel region in P
body region 88, while upper gate 144 overlaps the
remaining portion of the channel region in P body region
88. This configuration further reduces the Cgp ©f the
MOSFET, since lower gate 140 is relatively physically
distant from drain 82. In this configuration, the field
generated by upper gate 144 in conjunction with the field
created by lower gate 140 is used to invert the channel
region in P body region 88 to form an ohmic channel
between N+ source region 92 and N- drain 82.

The structure of Fig. 16a is formed using a
method similar to that described with respect to Fig. 5,
except that after drive-in of N+ source region 92 and P+
contact region 94, the oxide etch, previously discussed
with respect to Fig. 11, is conducted for less time so as
to etch away less of oxide layer 100 under silicon nitride
layer 102. This is shown in Fig. 17. The terminating
portion of oxide layer 100 is located above an exposed
portion of P body region 88 where it is desired for lower
gate 140 and upper gate 144 to interface. Lateral
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dimensions of one embodiment are shown in Fig. 17.

In the step illustrated in Fig. 18, silicon
nitride layer 102 is removed, and oxide layer 116 is
grown. '

_ As shown in Fig. 16a, oxide 116 is etched, and
source region 92 and body contact region 94 are optionally
etched in order to short these regions together by a metal
source contact. A metal conductive layer is then

: deposited, preferably by evaporation, so as to provide a
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metal layer having poor step coverage. This metal layer
is then masked and isotropically etched so as to form
upper gate 144, lower gate 140, and, optionally, source
contact 148. Source contact 148 may also be formed later
through an opening in a subsequently deposited oxide layer
and oxide portion 116, resulting in a two layer metal
embodiment, preferable for high frequency and high density
devices. :

In the structure of Fig. 16a, CGD'has been
virtually eliminated. Upper gate 144 may be connected to
source region 92 through an alte:nating current (AC) short
circuit, and the resulting drain-to-upper gate
capacitance, which constitutes CGD (or crss) in the prior
art MOSFETs of Figs. 1, 3 and 4, now appears in this
invention as a part of C,g . The dramatically improved
switching characteristics of the new structure are shown
by the broken lines in Fig. 16a superimposed on the gate
charge characteristics graph of Fig. 2.

Fig. 19 illustrates another embodiment of the
invention which is a variation of the structure of Fig.
l16a. In Fig. 19, upper gate 144 overhangs oxide portion
86. This structure has the advantage in that the channel
region between N+ source 52 and drain 82 is completely
overlapped by the combination of upper gate 144 and lower
gate 140 so as to insure the inversion of the channel
region. Further, the structure may be formed without
any requirement for an isotropic etch to etch away a
vertical portion of the metal layer initially connecting
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upper gate 144 to lower gate 140.

The method for forming the structure of Fig. 19
is similar to that for forming the structure of Fig. 5,
except, in the process steps illustrated in Figs. 11 and
12 for forming the MOSFET of Fig. 5, nitride layer 102 is
partially etched to 40-50% of its original thickness.
This completely removes overhanging nitride portion 114.
The sidewalls of oxide portion 100, shown in Fig. 20, is
then re-etched 1,000-2,000 A to create a new small
overhanging nitride portion 114A. A metal layer is then
deposited by, for example, evaporation, and a vertical
portion is not formed on a sidewall of oxide layer 100.
The resulting structure is masked and etched to form the
structure of Fig. 19.

'Fig. 21 shows a higher frequency embodiment of
the invention which is a variation of the MOSFETs having a
sepérate upper gate. In Fig. 21 upper gates 160 and 162
are shéﬁﬁggeparated by a gap. This structure results in a

lower drain-to-upper-gate capacitance C due to less

upper gate area over drain 82. High cuggent capability is
retained by the field created by upper gates 160 and 162.
This split upper gate configuration may be used in any of
the above-described embodiments including Fig. 5, where
gate 80 overlying oxide 86 may be opened up to further
reduce CGD'

In the high frequency MOSFET of Fig. 21, source
contact 96 is preferably comprised of a 2,000 & wri
barrier layer under a 9,000 & Au layer in an overlay (two
layer metal) configuration. In an embodiment wherein a
metal source contact is to directly contact both the P+
body contact region and the N+ source region, as shown in
Fig. 19, platinum silicide is preferably used as a contact
layer under the WTi to improve ohmic contact.

In one embodiment of the MOSFET of Fig. 21, the
starting material is an N+ (antimony) <1-0-0> silicon
substrate with an 8 micron epitaxial layer formed therein

having a resistivity of 1.5 Qcm.
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Oxide layer 86 has a thickness of 7,000 A. Gate
oxide 90 has a thickness of 800 A. The body opening mask
through .which body region 88 impurities are implanted is
8.5 microns wide. The space between gates 124 is

5 approximately 25 microns. The source contact mask opening
is 2 microns. The gate 124, 160, 162 length is
approximately 2.5 microns.

~ The implant doses are as follows:
For P body region 88: 5 x 10E13/cm® at 70KeV
10 using boron ions;
' For P+ body contact region 94: 1 x 10E15/cm2 at
100 KeV using boron ions; and,
For source region 92: 1 x loEls/cm2 at 40KeV
using arsenic ions.
15 The channel length is approximately 1 micron,
and the channel width is approximately 1100 microns.

The resulting structure has the following
electrical properties: '

VTH @ 25uA: 1.0-1.5V

20 i BVDSS @ 250uA: 80V
gm @ 25mA, V., = 10V: 0.025 mhos

D
RDON e VG = 10V: 32 ohms

At Vg, = OV, V = 28V:
. Cigg ~ 1.25 pf (Cgs *+ Cgp)
25 Cgg ~ 0.0425 pf (Cep)
Cogg ~ 0-625 PE | (Cpg + Cgp)

When overlay metal is used, a Faraday shield is
preferably connected to the source contact and placed
between the gate bonding pad and the drain to prevent pad

30 capacitance from becoming part of CGD‘

In additional embodiments, the upper gate
described with respect to Figs. 13, 14, 16a, 19, and 21 is
deposited on the same thickness of oxide as the lower gate
and separated from the lower gate by a masking and etch

35 process. A representative embodiment is shown in Fig. 22,

where gates 152 and 154 are formed over a same thickness
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of oxide 156. Further, both gates 152 and 154 may or may
not overlie a portion of the channel region. The
femaining elements in Fig. 22 are identical to those shown
in Fig. 5. '

Fig. 23 shows a new schematic representation of
the resulting structures described herein which utilize a
separate upper gate and lower gate.

Fig. 24 shows a lateral MOSFET in accordance
with another embodiment of the invention, where géte
portion 160 is formed over thick oxide 86, and gate
portion 162 is formed over thin oxide 90. Gate portions
160 and 162 may be separated as described with respect to
Fig. 13. The MOSFET of Fig. 24 is formed using steps
similar to those used to form the vertical MOSFET of
Fig. 5, except, in Fig. 23, N+ drain contact region 168 is
formed in a top surface of substrate 82. Substrate 82 may
be of an N or P type. If substrate 82 is of a P type, P
body region 88 may be deleted.

Thus, an improved MOSFET has been described

which exhibits a lower gate-to-drain capacitance CGD'

- wherein source and body regions are precisely aligned with

25

30

respect to a gate without the use of any critical masking
steps, and wherein a parasitic bipolar transistor has been
rendered inoperative. While particular embodiments of the
present invention have been shown and described, it will
be obvious to those skilled in the art that changes and
modifications may be made without departing from this
invention in its broader aspects. For example, all
conductivity types may be made opposite to those
specifically mentioned, and the various dimensions may be
modified as necessary. Accordingly, the appended claims
are to encompass within their écope all such changes and
modifications that fall within the true spirit and scope
of this invention.
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What is claimed is: '
1. -~ A MOSFET structure comprising:
a substrate of a first conductivity type having
a top surface; ' '
a drain of said first conductivity type;
a body region of a second conductivity type

formed in said top surface of said substrate;

a source region of said first conductivity type
formed in said top surface of said substrate and - |
formed within said body region; '

a conductive gate having an upper portion and a
lower portion, said lower portion being insulated
from a channel region within said body region located
between said source region and said drain by an
insulation layer of a first thickness, said upper
portion being insulated from said drain by an
insulation layer of a second thickness, wherein said
second thickness is greater than said first
'thicknéss.

2. The MOSFET structure of Claim 1 wherein
said draln includes a drain contact region of a first
conductivity type formed in said top surface of said
substrate. |

3. The MOSFET structure of Claim 1 wherein
said drain includes a drain contact portion of said
substrate formed on a bottom surface of said substrate.

4. The MOSFET structure of Claim 1 wherein
said upper portion and said lower portion of said gate are
connected by a vertical gate portion.

. 5. The MOSFET structure of Claim 1 wherein
said upper portion and said lower portion of said gate are
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6. The MOSFET structure of Claim 5 wherein
said lower portion of said gate overlaps a first portion
of said channel region and said upper portion of said gate

5 overlaps a second'portion of said channel region.

-

7. The MOSFET structure of Claim 5 wherein
said upper portion of said gate overhangs said insulation
layer of said second thickness.

8. The MOSFET structure of Claim 1 further
10 comprising a body contact region of said second
conductivity type formed within said body region for being
electrically shorted to said source region.

9. A MOSFET structure comprising:
a substrate of a first conductivity type having
15 a top surface;

a drain of said first conductivity type;

a body reéion'of a second conductivity type
formed in said top surface of said substrate; _

a source region of said first conductivity type

20 formed in said top surface of said substrate and
formed within said body region; '

a conductive gate having a first portion
separated from a secbnd portion, said first portion
being insulated from a channel region within said

25 body region located between said source region and
said drain by a first insulation layer portion, said
second portion being insulated from said drain by a
second insulation layer portion, wherein said first
and second insulation layer portions have identical
30 thicknesses. .

10. The MOSFET structure of Claim 9 wherein
said first portion and said second portion each overlie a
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pertion of said channel region.

11. The MOSFET structure of Claim 9 wherein

said drain includes a drain contact region of a first
conductivity type formed in said top surface of said
substrate.:

.12. The MOSFET structure of Claim 9 wherein

said drain includes a drain contact portion of said
substrate formed on a bottom surface of said substrate.

13. A MOSFET structure pair comprising:

a substrate of a first conductivity type having
a first surface, a bottom surface of said substrate
acting as a drain contact region for said MOSFET
structure;

a first and second body region of a second
conductivity type formed in said top surface of said
substrate and separated from one another by a first
area of said top surface of said substrate;

first and second source regions of said first
conductivity type formed in said top surface of said
substrate and within respective ones of said body
regions;

a conductive gate having an upper portion and a
lower portion, said lower portion being insulated
from a channel region within said first body region
between said first source region and a terminal
portion of said first area by an insulation layer of
a first thickness, said second lower portion being
insulated from a channel region within said second
body region between said second source region and a
terminal portion of said first area by an insulation
layer of said first thickness, said upper portion
being insulated from said first area of said top _
surface of said substrate by an insulation layer of a
second thickness, wherein said second thickness is

-
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greater than said first thickness.

- 14. The MOSFET pair structure of Claim 13
wherein said upper portion and lower portion of said gate
are connected by vertical gate portions.

S 15. The MOSFET pair structure of Claim 13
wherein said upper portion and said lower portion of said
gate are not connected by vertical gate portions. '

16. The MOSFET pair structure of Claim 15
‘Wwherein said upper portion of said gate is éplit into a
10 first upper portion and a second upper portion, wherein
neither said first upper portion nor said second upper
portion overlies a central portion of said first area.

17. A MOSFET structure comprising: _
. a substrate of a first conductivity type having
1s a top surface;
‘a drain of a second conductivity type formed in
said top surface of said substrate;
a source region of said second conductivity type
formed in said top surface of said substrate;

20 a conductive gate having a first portion
separated from a second portion, said first portion
being insulated from a channel region between said
source region and said drain by a first insulation
layer portion, said second portion being insulated

25 from said channel region by a second insulation layer
portion.

18. The MOSFET structure of Claim 17, wherein
said first and second insulation layer portions have
identical thicknesses.

30 19. A method of forming a MOSFET structure with
a source region and a body region self-aligned with a
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gate, said method comprising the steps of:
forming a first layer of insulation over a top
surface of a substrate, said substrate being of a
first conductivity type and acting as a drain;
5 removing a portion of said insulation layer to
expoée a portion of said top surface of said

substrate;
- introducing impurities of a second conductivity
type into said exposed portion of said substrate;

10 introducing impurities of said first
conductivity type into said exposed portion of said
substrate; '

diffusing said introduced impurities to form a
body region of said second conductivity type and a

15 - source region of said first conductivity type formed

within said body region; ' '
removing portions of said insulation layer to

expose said body region after diffusion of said

impurities of said second conductivity type;

20 '-forming a first insulation layer portion over a
channel region in said exposed portions of said body
region while forming a second insulation layer
portion over said drain adjacent to said channel
region;

25 depositing a conductive gate layer over said
first insulation layer portion and said second
insulation portion.

20. The method of Claim 19 wherein said second
insulation layer portion is thicker than said first
30 insulation layer portion.

21. The method of Claim 19 wherein said second
insulation layer portion is of the same thickness as said

first insulation layer portion.

22. The method of Claim 19 further comprising
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the step of depositing a layer of silicon nitride over

PCT/US91/00396

said first insulation layer after said step of depositing

said first insulation layer.

23. The method of Claim 19 further comprising
the step of etching vertical portions of said gate layer
to isolate an upper portion of said gate from a lower
portion of said gate.

24. The method of Claim 23 wherein said lower
portion and said upper portion of said gate both overlie
portion of said channel region within said body regioh.

25. The method of Claim 24 wherein said upper
portion of said gate overhangs said second insulation
layer portion over a portion of said channel region of
said body region. :

) 26. The method of Claim 23 wherein a central
portion of said upper gate portion of said gate is

removed. . .
| \\\\\\\\\\\\\\\\\1\\\\\}\\\\
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claims 1-3, 4 ard 5; claims 20-23 and 25 remumbered
as claims 6-9 and 10; claim 26 amended and renmumbered
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What is claimed is:
1. A MOSFET structure comprising:
a substrate of a first conductivity type having
5 a top surface;
a drain of said first conductivity type being
more highly doped than said substrate;
a body region of a second conductivity type
formed in said top surface of said substrate;

10 | a source region of said first conductivity type
formed in said top surface of said substrate and
formed within said body region;

' a conductive gate having a, first portion
separated from a second portion, said first portion

15 being insulated from a channel region within said

: body region located between said source region and a
periphery of said body region by a first insulation
layer portion, said second portion being insulated
from said top surface of said substrate by a second

20 insulation layer portion, wherein said first and
second insulation layer portions have substantially
identical thicknesses,

wherein said first portion and said second
portion each overlie a portion of said channel region

25 within said body region.

2. The MOSFET structure of Claim 1 wherein said
drain is formed in said top surface of said substrate.

3. The MOSFET structure of Claim 1 wherein said
drain is formed on a bottom surface of said substrate.

30 4. A MOSFET pair structure comprising:
a substrate of a first conductivity type having
a first surface, a bottom surface of said substrate
acting as a drain contact region for said MOSFET pair
structure;
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a first and second body region of a second
conductivity type formed in said top surface of said
substrate and separated from one another by a first
area of said top surface of said substrate;

5 first and second source regions of said first
conductivity type formed in said top surface of said
substrate and within respective ones of said body

regions;
a conductive gate having an upper portion, a
10 first lower portion, and a second lower portion, said

first lower portion being insulated from a channel
region within said first body region between said
first source region and a periphery of said first
body region by an insulation layer of a first
"~ 15 thickness, said second lower portion being insulated
from a channel region within said second body region
between said second source region and a periphery of
'said second body region by an insulation layer of
said first thickness, said upper portion being
20 insulated from said first area of said top surface of
.said substrate by an insulation layer of a second
thickness, wherein said second thickness is greater
than said first thickness,
wherein said upper portion of said gate is split
25 into a first upper portion and a second upper
portion, wherein neither said first upper portién nor
said second upper portion overlies a central portion
of said first area.

5. A method of forming a MOSFET structure with a
30 source region and a body region self-aligned with a gate,
said method comprising the steps of:
forming a first layer of insulation over a top
surface of a substrate, said substrate being of a
first conductivity type and acting as a drain;
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removing a portion of said insulation layer to
expose a portion of said top surface of said
substrate;

introducing impurities of a second conductivity
type into said exposed portion of said substrate;

introducing impgrities of said first
conductivity type into said exposed portion of said
substrate;

diffusing said introduced impurities to form a
body region of said second conductivity type and a
source region of said first conductivity type formed
within said body region;

removing portions of said insulation layer to
expose said body region after diffusion of said
impurities of said second conductivity type;

forming a first insulation layer portion over a
channel region in said exposed portions of said body
region while forming a second insulation layer '
portion over said drain adjacent to said channel
region;

depositing a conductive gate layer over said
first insulation layer portion and said second
insulation portion; and

etching said conductive gate layer to separate
said gate layer into first and second portions,
wherein said first and second portions each overlie a
portion of said channel region within said body
region.

6. The method of Claim 5 wherein said second
insulation layer portion is thicker than said first
insulation layer portion.

7. The method of Claim 5 wherein said second
insulation layer portion is of the same thickness as said
first insulaticn layer portion.



WO 91/11826

10

15

20

25

30

PCT/US91/00396
- 28 -

8. The method Claim $ further comprising the step
of depositing a layer of silicon nitride over said first
insulation layer after said step of depositing said first
insulation layer. '

9. The method of Claim 5 wherein the step of
etching comprises etching vertical portions of said gate
layer to isoclate an upper portion of said gate from a
lower portion of said gate. |

10. The method of Claim 9 wherein said upper portion
of said gate overhangs said second insulation layer
portion over a portion os said channel region of said body
region.

11. A method of forming a MOSFET structure with a
source reéion and a body region self-aligned with a gate,
said method comprising the steps of:

' forming a first layer of insulation over a top
surface of a substrate, said substrate being of a
first conductivity type and actiné'aS'a drain;

removing a portion of said insulation layer to
expose a portion of said top surface of said
substrate;

introducing impurities of a second conductivity
type into said exposed portion of said substrate;

introducing impurities of said first
conductivity type into said exposed portion of said
substrate;

diffusing said introduced impurities to form a

body region of said second conductivity type and a

source region of said first conductivity type formed

within said body region;

removing portions of said insulation layer to
expose said body region after diffusion of said
impurities of said second conductivity type;
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forming a first insulation layer portion over a
channel region in said exposed portions of said body
region while forming a second insulation layer
portion over said drain adjacent to said channel

5 region; )
depositing a conductive gate layer over said
first insulation layer portion and said second
insulation portion, |
wherein a central portion.of said upper gate
10 '~ portion of said gate is removed. '

12. A MOSFET structure comprising:
' a substrate of a first conductivity type having
a top surface; '
a drain of said first conductivity type being
15 more highly doped than said substrate;
' a body region of a second conductivity type
formed in said top surface of said substrate;

a source region of said first conductivity type

formed in said top surface of said substrate and
20 formed within said body region;

a conductive gate having an upper gate portion
electrically separated from a lower gate portion,
said lower gate portion overlapping and being
insulated from a first portion of a channel region

25 within said body region located between said source
region and a periphery of said body region by an
insulation layer of a first thickhess, said upper
gate portion overlapping and being insulated from a
second portion of said channel region by an

30 insulation layer of a second thickness, said upper
gate portion also extending over said top surface of
-said substrate of said first conduétivity_type,
wherein said second thickness is greater than said
first thickness.
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13. The MOSFET structure of Claim 12 wherein said
upper gate portion is connected to receive an upper gate
voltage for inverting said second portion of said channel
region, and said lower gate portion is connected to
receive a separate lower gate voltage for inverting said
first portion of said channel region.

14. The MOSFET structure of Claim 12 wherein said
upper gate portion is connected to said source region
through an AC short circuit.

15. The MOSFET structure of Claim 12 wherein said
upper gate portion overhangs said insulation layer of said
second thickness.

16. A MOSFET structure comprising:

a substrate of a first conductivity type having
a top surface,

a drain of said first conduct1v1ty type belng
more highly doped than said substrate;

a body region of a second conductivity type
formed in said top surface of said substrate;

a body contact region of said second
conductivity type formed within said body region and
being more highly doped than said body region;

a source region of said first conductivity type,
being more heavily doped than said substrate, formed
within said body region so as to completely overlie
said body contact region; and

a conductive gate insulated from and formed over
a channel region within said body region located
between said source reglon and a perlphery of said
body region.- '

17. The MOSFET structure of Claim 16 further
comprising a conductive electrode directly contacting said
source region and not directly contacting said body
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contact region, whereby electrical contact with said body
contact region is made through said source region, doping
of said source region and said body contact region being
of such a level as to cause said source region and said

5 body contact to be essentially in ohmic contact with each
other.

18. The MOSFET structure of Claim 16 further
comprising a conductive electrode penetrating said source
region so as to be in direct contact with source region

10 and said body contact region, thereby shorting said source
region to said body contact region. '

19. The MOSFET structure of Claim 16 wherein said
drain is formed in said top surface of said substrate.

20. The MOSFET structure of Claim 16 wherein said
15 drain is formed on a bottom surface of said substrate.

21. The MOSFET structure of Claim 4 wherein said
upper portion is shorted to said first and second lower
portions.

22. The MOSFET structure of Claim 4 wherein said
20 upper portion is not shorted to said first and second
lower portions.
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FIELD OF THE INVENTION DATE OF RucErT S8R

This; invention relates to metal-oxide-

semiconductor f}eld effect transistors (MOSFETs) and, in
particular, to an improved structure of a MOSFET having
reduced gate capacitance and increased switching speed.

BACKGROUND OF THE ~INVENTION

It is genérally desirable to construct
electrical circuits capable of high épeed operation. 1In
an electrical circuit containing MOSFETs, this requires
the MOSFETs themselves to have rapid response to input
signals. A significant barrier to achieving higher
operating speeds of MOSFETs has been overcoming the
parasitic gate capacitance of the MOSFET, where a

‘significant amount of delay is incurred while charging and

discharging the gate of the MOSFET to a certain voltage in
order to amplify a signal or to fully switch the MOSFET on
and off,

Fig. la shows a representative vertical MOSFET
with the gate-source parasitic capacitance (CGS) and the
gate-drain parasitic capacitance (CéD) shown. Also shown
in Fig. la is the drain-source parasitic capacitance
(Cpg) - .
To operate the N channel MOSFET of Fig. l1la, a
positive voltage Vob is applied to drain terminal 20,

while a low voltage (e.g., ground) is applied to source

regions 30 and body regions 34. Souﬂ;g regions 30 and
body regions 34, which constitute the emitter and base of
a parasitic NPN bipolar transistor, are imperfectly
shorted together by contacts 36 to prevent these regions
from being forward biased. Conductive gate o
g MENT SHEET
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- showing the effects of the charging of capacitances C
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gate oxide. When a gate-source voltage Vas is applied to
gate 38 which exceeds the threshold voltage V., of the
MOSFET, an ohmic channel forms in body regions 34 under
gate 38 so as to ohmically couple N-type source regions 30
to N-type drain 40. Current is then conducted between
source contacts 36 and drain terminal 20. When the MOSFET
is in its off state, a depletion region, represented by
dashed outline 44, is created within drain 40.

A basic equivalent circuit for the MOSFET of
Fig. la is shown in Fig. 1b. As shown in Fig. 1b, for the
gate 50 to have a voltage VG‘necessary to fully turn on
MOSFET 52, both CGS and CGD must be fully charged.

Capacitance C will be considered herein to approximate

DS
zero. Also shown in Fig. 1b is input gate current IG and

current I charging capacitor C Note that source

region 30c gody region 34, and drggn 40 form a parasitic
NPN bipolar transistor within the MOSFET, as shown in
Fig. 1b.

A vertical MOSFET, such as shown in :Fig. 1a, is
typlcally a polysilicon gate device, where the gate 38 is
used as a diffusion mask to self-align source regions 30
and body regions 34.

Fig. 2 illustrates the voltage conditions during
a dynamic switching operation for a representative MOSFET
GS
and Cep with a constant current I, applied at t = 0. 1In
region 1 of the graph of Fig. 2, the MOSFET is off, with
VGS below the threshold voltage V Input gate current I
is shared between CGD and CGs accordlng to thelr
capacitance ratio. Within region 2, the threshold voltage
Vyp is reached and the MOSFET begins to turn on, lowering

the drain-to-source voltage V

G

DS* This changing VDS sets

up a condition where the voltage is changing moreé rapidly

across c GD than CGS Current increases in CGD and

decreases in CGS' thus reducing the rate at which V
increasing. As VGS becomes larger, the dv/dt o

drain-to-source voltage V increases until the

DS
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Ic charging Cqp reaches a magnitude equal to I, and Vs
noGgonger increases. This condition results in the flat
portion of the Vgg Curve in region 3 of Fig. 2.

During this time, the depletion region under the
gate, generally shown as depletion region 44 in Fig. 1a,
decreases since the potential of drain 40 under gate 38 is
lowered due to this region being pulled down by the

increasing ohmic channel between N-type source region 30

and N-type drain 40. During the entire turn-on period of

the MOSFET, capacitance Cep is increasing due to this
narrowing of the effective insulation between the plates
of the equivalent capacitor Cop: RAs this capacitance
increases, a decreasing dv/dt of the drain-to-source

voltage VDS results. This increase in capacitance Cep is
reflected in the curved lower portion of VDS shown in
Fig. 2.

Once capacitance Cep has stabilized, the MOSFET

is essentially fully on, and C D does not cause any

further switching delay. ¢
As seen by the gate charge characteristics of

Fig. 2, the delay in switching of the MOSFET is

significantly affected by capacitance Cep’ where

capacitance C is more commonly referred to as the

GD

reverse transfer capacitance (C Since, as shown in

).
rss
Fig. 2, capacitance Cep is affected by voltage changes at
the drain, it becomes understandable how the effective
total gate capacitance (cin) of the MOSFET under dynamic

conditions is calculated using the following equation:

Cin = CGS + CGD (1 -~ AV), (eq. 1)

where AV = dVDS/dVGs.
For an N channel MOSFET, dvDS will be a negative value,
and for a P channel MOSFET, dVGS will be a negative
value. Thus, in either case, (1-Av) is equal to (1 +
voltage gain).

It is also to he noted that essentialfggéﬁgﬁgﬁ%g;ggggy
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gate charge characteristics are encountered with the
discharging of the gate, which causes the turn-off speed
of the MOSFET to be delayed. In linear applicationé, such
as radio frequency (RF) power amplification, input
capacitance largely determines the upper frequency limit
of the MOSFET.

Typically, the value C
three times greater than C

eD (l-Av) is at least
Gs’ and thus any reduction of

will significantly lower the switching
GD

time of the MOSFET, or significantly raise the usable

capacitance C

operating frequency.
Capacitance is calculated using the equation:

C = AKeo/t, where (eqg. 2)

C is the capacitance;'
e, is the permittivity of empty space (8.85 x 1072
coul /newtonz-m )s
K is the dielectric constant (3.9 for SlO and 11.7
for si);
A is the plate area; and
t is the dielectric thickness.

Thus, capacitance may be reduced by decreasing
the plate area or increasing the dielectric thickness.

The prior art has attempted to reduce the
parasitic gate capacitance of a MOSFET by reducing the
area of the gate and/or increasing the effective
dielectric thickness between the gate and the drain.

Two types of approaches which have been
previously used to reduce CGD are shown in Figs. 3 and 4
where, in Fig. 3, an increased thickness of dielectric 60
is formed over drain 62 to provide an increased dielectric
thickness between gate 64 and drain-62. The gate-source
capacitance Cas is essentially unchanged, since the
thickness of the dielectric separating gate 64 from source
region 66 is =ssentially unchanged.

Prior art Fig. 4 111ustrates an approagﬁ E@E hﬁ‘%ﬂ?g?
2 8 FEB 1997
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an N channel vertical MOSFET uses_two'separate gates 70
and 72 commonly connected to a gate voltage VG' Since the
effective area of the gate over drain 76 is decreased, the
Cep is also decreased. '

One drawback of the MOSFET of prior art Fig. 3
is that gate 64 may be misaligned with respect to raised
dielectric portion 60, causing part of the device to have
low gain. In Fig. 4, a center portion of the gate oxide
70 over drain 76 must be masked and protected while body
regions 78 and source regions 74 are formed self-aligned
with the gate. Also in Fig. 4, the width of gate
elements 72 is subject to mask and photoresist variations,

which cause variations in C,. across a wafer and from lot

to lot. The critical maskigg steps required to form
raised dielectric portion 60 in Fig. .3 and to perform the
precise etching of the gate in Fig. 4 regquire a relatively
precise alignment of the mask, or relatively precise
process and mask control, thus _inevitably resulting in
lower yields and variable performance devices.’

Another drawback to the MOSFET in Fig. 3 is the
imperfect short across the emitter-base of the parasitic
bipolar transistor. Under certain adverse conditions, the
bipolar transistor ma& be turned on to the extent of
causing secondary breakdown and device failure.
Manufacturers have addressed this problem by: 1) reducing’
the depth of the N+ source diffusion to lower beta;

2) moving the P+ body contact region closer to the channel
region to reduce resistance between the emitter and base;
and 3) reducing the lateral dimension of the N+ source
region to lower the resistance between the emitter and
base.

What is needed in the art is a MOSFET structure
having a relatively low CGD and an inoperative parasitic
bipolar transistor which may be formed with self-aligned

- source, body, and body contact regions and which may be

formed without requiring numerous and difficulf

£ proce: —
steps. REPLACEMENT Sfﬂiﬁl
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SUMMARY OF THE INVENTION

The above-described disadvantages of the-prior

art MOSFETS have been overcome by the invention described

herein. In accordance with one embodiment of the

invention, a vertical MOSFET is formed having a lower gate

portion overlying the channel region of the MOSFET and
separated from the channel region by a thin gate oxide

layer. An upper gate portion is formed overlying the
drain of the MOSFET and separated from the drain by a
relatively thick self-aligned oxide layer. In this
particular embodiment, since the dielectric thickness

between the upper gate portion and the drain is relatively
large, the MOSFET exhibits a lower gate-drain capacitance

(Cep) value, while the threshold voltage of the MOSFET

remains relatively unchanged. The upper gate portion may

be electrically connected to the lower gate portion or may
be electrically isolated from the lower gate portion.
the upper gate portion is electrically isolated from the
lower gate portion, a separate gate voltage may be

connected to the upper gate portion to allow the upper

gate portion to either act as a field plate or act to
augment the fields generated by the lower gate portion to
enhance the current handling capabilities of the MOSFET.
A preferred method of forming the resulting MOSFET having
this lowered cGD allows the source and body regions to be
precisely aligned with the drain edge of the lower gate
portion, and allows an ion implant damaged body contact
region to be formed directly under, and self-aligned to,

the source region, which ensures the parasitic bipolar

transistor remains inoperative.

BRIEF DESCRIPTION OF THE DRAWINGS

If

Fig. la illustrates a prior art vertical MOSFET. .

Fig. 1b is a schematic diagram illustrating an

equivalent circuit for the MOSFET of Fig. 1a.

charge characteristics of a MOSFET.
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Fig. 3 illustrates a first prior art MOSFET
having reduced gate-drain capacitance. .

Fig. 4 illustrates a second prior art MOSFET
having reduced gate-drain capacitance.

Fig. 5 illustrates an embodiment of the
invention wherein a MOSFET for very high fregquency (VHF)
operation is made to have a relatively low Cep*

Figs. 6-12 illustrate various process steps used
in one embodiment of a method for forming the VHF MOSFET
of Fig. 5.

Fig. 13 illustrates an alternative embodiment of
a MOSFET capable of ultra high fregquency (UHF) operation
having a low Cep in accordance with the present invention
where upper and lower gates are formed.

Fig. 14 illustrates the MOSFET of Fig. 13 with
an upper gate coupled to source voltage.

Fig. 15 illustrates an alternative embodiment of
a MOSFET having a low Cep in accordance with the present
invention where an upper gate is removed.

Fig. 16a illustrates an alternative embodiment
of a MOSFET capable of UHF to super high frequency (SHF)
operation having a very low Cep in accordance with the
present invention where a lower gate and an upper gate
terminate over a portion of the channel region.

Fig. 16b illustrates with dashed lines the
improved gate charge characteristics of the MOSFET of
Fig. 16a.

Figs. 17 and 18 illustrate process steps used to
form the MOSFET of Fig. 16.

Fig. 19 illustrates an alternative embodiment of
a MOSFET having a very low C., in accordance with the
present invention which utilizes an overhanging upper gate
to eliminate etching of a vertical portion of the gate.

Fig. 20 illustrates a process step used to form
. the MOSFET of Fig. 19.

Fig. 21 illustrates an alternative embodimept of. ... .
a MOSFET having a low Cgp in accordance with |REE AGTMENT SHEET
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- invention which utilizes a split upper gate.
' Fig. 22 illustrates an alternative embodiment of
a MOSFET having a low Cep
invention which utilizes separate gates overlying an oxide
layer of a single thickness.
'Fig. 23 shows a schematic representation of a

in accordance with the present

MOSFET having an upper gate and a lower gate.

Fig. 24 illustrates an embodiment of a lateral
MOSFET having a low Cep in accordance with the present
invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Fig. 5 shows an embodiment of the invention
capable of VHF operation, where conductive gate 80, formed
of either Al, Al containing Si, or Al containing Cu and
Si, or any other compatible gate material, is formed over
drain 82 with a first thickness of oxide 86 therebetween.
In one embodiment, oxide 86 is 10,000 & thick. Gate 80 is
also formed over P body regions 88 with a second
thickness of oxide 90 therebetween. In one embodiment,
oxide 90 is 900 & thick. Also shown in Fig. 5 is N+
source region 92 and P+ body contact region 94, with
conductive source contact 96 shorting together N+ source
region 92 and P+ body contact region 94. N+ drain contact
95 is shown contacting a bottom surface of drain 82.

Since oxide layer 86 is significantly thicker
than oxide layer 90, the capacitance between gate 80 and
drain 82 will be relatively low due to this increased
dielectric thickness, while the capacitance between gate
80 and source region 92 will not significantly change.

- The thickness of gate oxide layer 90 is dictated by design
considerations to provide a desired threshold voltage Vo
and dielectric breakdown voltage.

Lateral dimensions of the various above-

described regions for one embodiment of the invention are
shown in Fig. 5.

Thus, in the embodiment of Fig. 5,/ REPEACEMENT SHEET
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source voltage Vas will'cause the field”created.between

gate 80 and N+ source region 92 and betWeen gate 80 and P-
body region 88 to invert the channel region within P- body
region 88, causing an ohmic channel to be created between
N+ source region 92 and N= drain 82. This inversion of P-

body region 88 is primarily due to the field created by

. the portion of gate 80 located above thin oxide layer 90.

The portion of gate 80 overlying thick oxide layer 86 has
a reduced effect on the conductance of the MOSFET and
provides shielding over drain 82.

Figs. 6-12 illustrate a method to form the
structure of Fig. 5. '

In Fig. 6, an epitaxial layer 98 of N-type
conductivity, having an impurity concentration of
approximately 3 x 10E15 atoms/cm3 to achieve a breakdown
voltage of between 80 to 100 V is deposited on an N+
substrate and has formed over it silicon dioxide layer 100
having a thickness of preferably 10,000 A.

Oxide layer 100 would be formed to have a

* thickness of 7,000 & for embodiments using two metal

layers (a gate layer and a source layer). This two metal
layer embodiment is illustrated on the right hand side of
Fig. S.

' Oxide layer 100 may be formed by wet oxidation
at approximately 1,000°C for 3-~5 hours. Over oxide layer
100 is then formed silicon nitride layer 102 by a chemical
vapor deposition (CVD) process at approximately 790°C to
achieve a thickness of approximately 1,000 A.

In Fig. 7, oxide layer 100 and silicon nitride
layer 102 are etched by using a conventional positive

‘photoresist, contact masking technique and an anisotropic

etch to expose portion 104 of substrate 98. 1In a
preferred embodiment, a Lam™ dry etcher is used. The
exposed portion 104 of substrate 98 is to coincide with
the desired location of the body-source diffusion.
In Fig. 8, boron is implanted into substrate 98
through exposed portion 104 and diffused to fcREPEA@ENEmﬂ‘SHEET
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region 106. 1In the preferred embodiment, boron ions are
implanted at an energy of 70KeV with a dosage of -

6 X 10E13/cm2. The exposed silicon is then oxidized for
30 minutes at 900°C in a 4ry O, atmosphere to form oxide
layer 107 in order to prevent damage to the substrate
during a subsequent diffusing process conducted in an N2
atmosphere. The implanted ions are diffused by a ramp up
and dwell diffusing process, where the temperature of the
wafer is ramped from 900°C ‘to 1,100°C at a rate of
approximately 8°C/minute and held for approximately 2.5
hours and then ramped down to 900°C for one hour

2 atmosphere, to form P
body region 106 having a depth of approximately two

(including ramping time) in an N

microns. The required characteristics of P body region
106 will depend on the desired breakdown voltage of the
device and will be readily apparent to one of ordinary
skill in the art.

In Fig. 9, an additional boron implant is
conducted to form P+ contact region 108 within P body
region 106. In the preferred embodiment, boron ions are
implanted at an energy of approximately 100KeV with a
dosage of 10E15 to 10E16/cm2. The implant energy is
calculated to form P+ region 108 at a depth below the
surface of substrate 98 where it is desired to have P+
region 108 interface with a subsequently formed source
region. Next, the wafer is dipped in a 10:1, H,O:HF
solution for approximately 45 seconds to remove oxide
layer 107, and arsenic is implanted to form N+ source
region 110 at the surface of substrate 98. In the
preferred embodiment, arsenic ions are implanted at an
energy of approximately 40KeV with a dosage of 10E16/cm2.

In Fig. 10, silicon dioxide layer 112 is
deposited at 400°C over the surface -of the wafer to a
thickness of approximately.500 A to prevent any out-
diffusing of arsenic ions forming source region 110. The
impurities within N+ source region 110 and P+ body contact

region 108 are then driven-in for approximatﬁ&ﬁiagpwﬁ%ﬁ;gﬁggy
. : warlAVALALY A WL
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at approximately 1,000°C so that N+ source region 110
extends approximately 0.3 microns beneath the surface of
substrate 98. During this drive-in period, P+ body
contact region 108 and P body region 106 also diffuse.

In Fig. 11, an oxide etchant is used to remove
oxide layer 112 and a portion of oxide layer 100 so as to
leave overhanging silicon nitride portion 114. 1In the
preferred embodiment to conduct this etching, the wafer is
immersed in any oxide etch solution with a known and
controlled etch rate. For example, six parts H2
part ammonium fluoride may be used at 25°C for a period

O to one

calculated to create the desired overhanging of nitride
portion 114 relative to P body 106. For the diffusion

process previously described, a 1.4 micron overhang of

nitride portion 114 is satisfactory.

In Fig. 12, the wafer is immersed in hot
phosphoric acid (or an equivalent thereof) at a
temperature of approximately 160°C for one hour to remove
silicon nitride portion 114 and the remainder of silicon
nitride layer 102 over oxide layer 100. As a precaution
against arsenic outgassing, the wafer is gradually ramped
up to a temperature of 920° in a tube furnace for
approximately 15 minutes in a dry O2 atmosphere to form a
thin layer of oxide 50-100 & thick. Silicon dioxide
layer 116 is then grown over the surface of the wafer at
approximately 920°C for approximately 25 minutes in an
atmosphere of wet O, to a thickness of 2500-3000 A over N+
source region 110. An increased thickness of oxide layer
116 is inherently formed over N+ source region 110. The
portion of oxide layer 116 over P body region 106, forming
the gate oxide, will be approximately 900 & at this stage.

Next, as shown in Fig. 5, a portion of oxide
layer 116 over source region 110 is etched to expose a
portion of source region 110. In an alternative
embodiment, an additional etch is conducted to etch source
region 110 through to expose P+ body contact region 108.

A conductive metal layer is then formed over LAGENANS SHEET

Y
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of the wafer by the deposition of either Al, Al containing
gi, Al containing Cu and Si, or any other conventional
metal layer to a thickness of approximately one micron. _
In the VHF embodiment of the invention, aluminum, copper,
and silicon are sputtered over the surface of the wafer.
A metal layer containing Si is preferred to minimize
migration of the metal atoms into the silicon substrate.
For higher frequency embodiments, metal source contact 96
preferably comprises a WTPi barrier layer in contact with
the source region overlaid by approximately 1 micron

of Au.

The resulting metal layer is then masked and
etched to form source contact 96 and gate 80 as shown in
Fig. 5. Source contact 96 contacts N+ source region 92
and also contacts P+ contact region 94 through N+ source
region 92, due to source region 92 and P+ contact region
94 being so highly doped as to be in ohmic contact with
each other. Ohmic contact is further enhanced by implant
damage to the crystalline substrate.

In an alternative embodiment, source region 92
is anisotropically etched completely through in the
contact area so that source contact 96 directly contacts
both P+ body contact region 94 and N+ source region 92.

Any embodiment herein may be formed with a
tungsten (W) or refractory metal silicide layer deposited
prior to the formation of source contact 96 to prevent
migration of atoms ahd/or to reduce contact resistance.

In practice, it is desirable to form source
contact 96 close to the channel region to minimize on-
resistance.

The method described in Figs. 6-12 and Fig. §
forms a MOSFET having a low gate-drain. capacitance CGD'
wherein source region 92, body contact region 94, and body
region 88 are formed self-aligned with the drain edge
portion of gate 80. 1In this method to form a VHF MOSFET,
there are no critical alignment tolerances, which makeg———
"this above described process one that will inhBEEE&ﬁE@%Eﬂ;§§EET
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result in a high yield of MOSFETs on a wafer.

In the structure of Fig. 5, the portion of gate
go formed over thick oxide portion 86 is connected to the
portion of gate 80 formed over thin oxide portion 90 by a
vertical gate portion. In an alternative embodiment of
the MOSFET structure of Fig. 5, the metal layer is formed
py a method which will intentionally provide poor step
coverage, such as by an evaporation process, so that the
vertical portion of gate 80 will be relatively thin
compared to the horizontal portions of gate 80. Such a
resulting structure, having relatively thin vertical
portions of gate 80 is then isotropically etched using a
commercially available wet aluminum etch containing
phosphoric acid, assuming gate 80 is composed of Al, so as
to isolate the portion of gate 80 formed above thick oxide
portion 86 from the portion of gate 80 formed above thin
oxide portion 90. This embodiment is shown in Fig. 13,

- where upper gate 120 and lower gates 124 result. The
remaining elements in the MOSFET of Fig. 13 are similar to
those in Fig. 5 and are formed using a process similar to
that described with respect to Fig. 5.

' In all the embodiments described herein, for
higher freguency operation, the source contact is
preferably an overlay metal (such as shown on the right
hand side of Fig. 5). This allows P body region 88 to be
relatively narrow (~10 microns) for low drain-to-source

capacitance C The various figures do not incorporate a

two metal lay2§ for simplicity.

In the MOSFET structure of Fig. 13, gate voltage
' is applied to lower gates 124, while a separate voltage is
applied to upper gate 120. A positive voltage applied to
upper gate 120 will make upper gate 120 effective in
creating additional carriers in the N- drain 82 and
increasing the current handling capability of the MOSFET.
A negative voltage on upper gate 120 will increase the
breakdown voltage of the MOSFET.

In Fig. 14, a structure identical t REHQ&}E@H{ESHEET
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shown except that upper gate 120 is connected to the
source voltage instead of to an uppér gate voltage. Thus,
in this configuration, upper gate 120 acts as a field
plate for increasing the depletion region- in drain 82 when
the MOSFET is in its off state. This serves to enhance
the breakdown voltage of the MOSFET. '

' In an alternative embodiment, shown in Fig. 15,
upper metal gate 120 of Fig. 13 is removed using a wet
etch process. As shown in Fig. 15, mask 125, shown in
dashed outline, is first formed to expose a center portion
of the gate metal over oxide 86. The wet etch process
removes the exposed metal and also removes the gate metal
adjacent the exposed portion. Gate voltage is applied to
gates 124 to invert the channel regions in P body
- regions 88.

In the highest speed embodiment of the
invention; shown in Fig. 16a, lower gate 140 is formed so
as to only overlap a portion of the channel region in P
body region 88, while upper gate 144 overlaps ‘the
* remaining portion of the channel region in P body region
88. This configuration further reduces the Cep ©f the
MOSFET, since lower gate 140 is relatively physically
distant from drain 82. 1In this configuration, the field
generated by upper gate 144 in conjunction with the field
created by lower gate 140 is used to invert the channel
region in P body region 88 to form an ochmic channel
between N+ source region 92 and N- drain 82.

The structure of Fig. 16a is formed using a
method similar to that described with respect to Fig. 5
except that after drive-in of N+ source region 92 and P+
contact region 94, the oxide etch, previously discussed .
with respect to Fig. 11, is conducted for less time so as
to etch away less of oxide layer 100 under silicon nitride
layer 102. This is shown in Fig. 17. The terminating
portion of oxide layer 100 is located above an exposed
portion of P body region 88 where it is desired for lower
gate 140 and upper gate 144 to interface. Late

REPLACEMENT SHEET
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dimensions of one embodiment are shown in Fig. 17.

In the step illustrated in Fig. 18, silicon
nitride layer 102 is removed, and oxide layer 116 is
grown. '

_ As shown in Fig. 16a, oxide 116 is etched, and
source region 92 and body contact region 94 are optionally
etched in order to short these regions together by a metal
source contact. A metal conductive layer is then
deposited, preferably by evaporation, so as to provide a
metal layer having poor step coverage. This metal layer
is then masked and isotropically etched so as to form
upper gate 144, lower gate 140, and, optionally, source
contact 148. Source contact 148 may also be formed later
through an opening in a subsequently deposited oxide layer
and oxide portion 116, resulting in a two layer metal
embodiment, preferable for high frequency and high density
devices.

In the structure of Fig. 16a, Cep has been
virtually eliminated. Upper gate 144 may be connected to
source region 92 through an alternating current (AC) short
circuit, and the resulting drain-to-upper gate
capacitance, which constitutes CGD (or crss) in the prior
art MOSFETs of Figs. 1, 3 and 4, now appears in this
invention as a part of CDS' The dramatically improved
switching characteristics of the new structure are shown
by the broken lines in Fig. 16a superimposed on the gate
charge characteristics graph of Fig. 2.

' Fig. 19 illustrates another embodiment of the
invention which is a variation of the structure of Fig.

- 16a. In Fig. 19, upper gate 144 overhangs oxide portion
86. This structure has the advantage in that the channel
region between N+ source 92 and drain 82 is completely
overlapped by the combination of upper gate 144 and lower
gate 140 so as to insure the inversion of the channel
region. Further, the structure may be formed without

any requirement for an isotropic etch to etch awa:ébggﬁﬁﬁjngEX\

vertical portion of the metal layer initially
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upper gate 144 to lower gate 140.
| The method for forming the structure of Fig. 19

is similar to that for forming the structure of Fig. 5,
except, in the process steps illustrated in Figs. 11 and
12 for forming the MOSFET of Fig. 5, nitride layer 102 is
partially etched to 40-50% of its original thickness.
This completely removes overhanging nitride portion 114.
The sidewalls of oxide portion 100, shown in Fig. 20, is
then re-etched 1,000-2,000 A to create a new small
* overhanging nitride portion 114A. A metal layer is then
deposited by,'for example, evaporation, and a vertical
portion is not formed on a sidewall of oxide layer 100.
The resulting structure is masked and etched to form the
structure of Fig. 19. '

Fig. 21 shows a higher frequency embodiment of
the invention which is a variation of the MOSFETs having a
separate upper gate. 1In Fig. 21 upper gates 160 and 162
are shown separated by a gap. This structure results in a
lower drain-to-upper gate capacitance Cgp Gue to less
upper gate area over drain 82. High current capability is
retained by the field created by upper gates 160 and 162.
This split upper gate configuration may be used in any of
the above-described embodiments including Fig. 5, where
gate 80 overlying oxide 86 may be opened up to further
reduce Cep* .
In the high frequency MOSFET of Fig. 21, source
contact 96 is preferably comprised of a 2,000 & WTi
barrier layer under a 9,000 & au layer in an overlay (two
layer metal) configuration. In an embodiment wherein a
metal source contact is to directly contact both the P+
body contact region and the N+ source region, as shown in
Fig. 19, platinum silicide is preferably used as a contact
layer under the WTi to improve ohmic contact.

In one embodiment of the MOSFET of Fig. 21, the
starting material is an N+ (antimony) <1~-0-0> silicon
substrate with an 8 micron epitaxial layer formed therein

having a resistivity of 1.5 fQcm. REPLACEN&%HTSHEEE
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_ Oxide layer 86 has a thickness of 7,000 A. Gate
oxide 90 has a thickness of 800 A. -The body opening mask
through which body region 88 impurities are implantea is
8.5 microns wide. The space between gates 124 is
approximately 25 microns. The source contact mask opening
is 2 microns. The gate 124, 160, 162 length is
approximately 2.5 microns.
The implant doses are as follows:
For P body region 88: 5 x 10E13/cm2 at 70KeV
using boron ions;
For P+ body contact region 94: 1 x 10E15/cm2'at
100 KeV using boron ions; and,
For source region 92: 1 x 10E16/cm2 at 40KeVv
using arsenic ions.
The channel length is approximately 1 micron,
and the channel width is approximately 1100 microns.
The resulting structure has the following
electrical properties: )
VTH @ 25uA: 1.0-1.5V
BVDSS @ 250uA: 80V
gm @ 25mA, VD = .10V: 0.025 mhos
RDON e Vg = 10V: 32 ohms

At Vo = OV, V, = 28V:
Cigg - 1-25 PE (Cgg + Cgp)
C.gg ~ 0.0425 pf (Cgp)
Cogs ~ 0-625 Pf (Cps + Cgp)

When overlay metal is used, a Faraday shield is
.preferably connected to the source contact and placed
between the gate bonding pad and the dfain to prevent pad
capacitance from becoming part of CGD'

In additional embodiments, the upper gate
described with respect to Figs. 13, 14, l16a, 19, and 21 is
deposited on the same thickness of oxide as the lower gate
and separated from the lower gate by a masking and etch

process. A representative embodiment is shown in Fig. 22,

where gates 152 and 154 are formed over a samdbPRUR i

:”‘éﬁjgﬁEbT
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of oxide 156. Further, both gates 152 and 154 may or may
not overlie a portion of the channel"region. The _
remaining elements in Fig. 22 are identical to those shown
in Fig. 5. '

Fig. 23 shows a new schematic representation of
the resulting structures described herein which utilize a
separate upper gate and lower gate.

Fig. 24 shows a lateral MOSFET in accordance
with another embodiment of the invention, where gate
portion 160 is formed over thick oxide 86, and gate
portion 162 is formed over thin oxide 90. Gate portions
160 and 162 may be separated as described with respect to
Fig. 13. The MOSFET of Fig. 24 is formed using steps
similar to those used to form the vertical MOSFET of
Fig. 5, except, in Fig. 23, N+ drain contact region 168 is
formed in a top surface of substrate 82. Substrate 82 may
be of an N or P type. If substrate 82 is of a P type, P
body region 88 may be deleted. )

Thus, an improved MOSFET has been described
which exhibits a lower gate-to-drain capacitance Cep’
wherein source and body regions are precisely aligned with
respect to a gate without the use of any critical masking
steps, and wherein a parasitic bipolar transistor has been
rendered inoperative. While particular embodiments of the
present invention have been shown and described, it will
be obvious to those skilled in the art that changes and
modifications may be made without departing from this
invention in its broader aspects. For example, all
conductivity types may be made opposite to those
specifically mentioned, and the various dimensions may be
modified as necessary. Accordingly, the appended claims
are to encompass within their scope all such changes and
modifications that fall within the true spirit and scope
of this invention.

REPLACEMENT SHEE
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What is claimed is:

1. A MOSFET structure comprising:

a substrate of a first conductivity type having
a top surface;

a drain of said first conductivity type;

a body region of a second conductivity type
formed in said top surface of said substrate;

a source region of said first conductivity type
formed in said top surface of said substrate and
formed within said body region;

a conductive gate having an upper portion and a
lower portion, said lower portion being insulated
from a channel region within said body region located
between said source region and said drain by an
insulation layer of a first thickness, said upper
portion being insulated from said drain by an
insulation layer of a second thickness, wherein said
second thickness is greater than said first
thickness. |

2. The MOSFET structure of Claim 1 wherein
said drain includes a drain contact region of a first
conductivity type formed in said top surface of said
substrate.

3. The MOSFET structure of Claim 1 wherein
said drain includes a drain contact portion of said
substrate formed on a bottom surface of said substrate.

4, The MOSFET structure of Claim 1 wherein
said upper portion and said lower portion of said gate are

connected by a vertical gate portion.

5. The MOSFET structure of Claim 1 whereln

said upper portlon and said lower portlon of sajf
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not connected by a vertical gate portion.
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6. The MOSFET structure of Claim 5 wherein
said lower portion of said gate overlaps a first portion
of said channel region and said upper portion of said gate
overlaps a second portion of said channel region.

7. The MOSFET structure of Claim 5 wherein
said upper portion of said gate overhangs said insulation
" layer of said second thickness.

8. The MOSFET structure of Claim 1 further
comprising a body contact region of said second
conductivity type formed within said body region for being
electrically shorted to said source region.

9. A MOSFET structure comprising:

a substrate of a first conductivity type having
a top surface; ’

a drain of said first conductivity type;

a body region of a second conductivity type
formed in said top surface of said substrate;

a source region of said first conductivity type
formed in said top surface of said substrate and
formed within said body region;

a conductive gate having a first portion
separated from a second portion, said first portion
being insulated from a channel region within said
body region located between said source region and
said drain by a first insulation layer portion, saiad
second portion being insulated from said drain by a
second insulation layer portion, wherein said first

and second insulation layer portions have identical
thicknesses.

10. The MOSFET structure of Claim 9 wherein...—
- LYY &
said first portion and said second portion each |{REBEAGEY s
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portion of said channel region.

11. The MOSFET structure of Claim 9 wherein
said drain includes a drain contact region of a first
conductivity type formed in said top surface of said
substrate.

12. The MOSFET structure of Claim 9 wherein
said drain includes a drain contact portion of said
substrate formed on a bottom surface of said substrate.

13. A MOSFET structure pair comprising:

a substrate of a first conductivity type having
a first surface, a bottom surface of said substrate
acting as a drain contact region for said MOSFET
structure;

a first and second body region of a second
conductivity type formed in said top surface of said
substrate and separated from one another by a first
area of said top surface of said substrate;

first and second source regions of said first
conductivity type formed in said top surface of said
substrate and within respective ones of said body
regions; _

a conductive gate having an upper portion and a
lower portion, said lower portion being insulated
from a channel region within said first body region
between said first source region and a terminal
portion of said first area by an insulation layer of
a first thickness, said second lower portion being
insulated from a channel region within said second
body region between said second source region and a
terminal portion of said first area by an insulation
layer of said first thickness, said upper portion
being insulated from said first area of said top
surface of said substrate by an inéulation layer of a
second thickness, wherein said second thiqﬁgﬁjfgﬁ
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greater than said first thickness.

14. The MOSFET pair structure of Claim 13
wherein said upper portion and lower portion of said gate
are connected by vertical gate portions.

15. The MOSFET pair structure of Claim 13
wherein said upper portion and said lower portion of said
gate are not connected by vertical gate portions.

16. The MOSFET pair structure of Claim 15
wherein said upper.portion of said gate is split into a
first upper portion and a second upper portion, wherein
neither said first?upper portion nor said second upper
portion overlies a?central portion of said first area.

i7. A MﬁSFET structure comprising:

a substrate of a first conductivity type having
a top surface,

a drain of a second conductivity type formed in
said top surface of said substrate;

a source?region of said second conductivity type
formed in said top surface of said substrate;

a conduc@ive gate having a first portion
separated froﬁ a second portion, said first portion
being insulated from a channel region between said
source reglon and said drain by a first insulation
layer portlon, said second portlon being insulated
from said channel region by a second insulation layer
portion. ’

18. The MOSFET structure of Claim 17, wherein
~said first and second insulation layer portions have
identical thicknesses.

19. A method of forming a MOSFET structure with-——-—

a source reglon and a body region self-aligned w:REP]ACEMENT Si{Eﬂ
—_—
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.gate, said method comprising the steps of:
| forming a first layer of insulation over a top

surface of a substrate, said substrate being of a
first conductivity type and acting as a drain;

removing a portion of said insulation layer to
expose a portion of said top surface of said
substrate;

introducing impurities of a second conductivity
type into said exposed portion of said substrate;

introducing impurities of said first
conductivity type into said exposed portion of said
substrate;

diffusing said introduced impurities to form a
body region of said second conductivity type and a
source region of said first conductivity type formed
within said body region;

removing portions of said insulation layer to
expose said body region after diffusion of said-
impurities of said second conductivity type;

forming a first insulation layer portion over a
channel region in said exposed portions of said body
region while forming a second insulation layer
portion over said drain adjacent to said channel
region; _

depositing a conductive gate layer over said
first insulation layer portion and said second
insulation portion.

20. The method of Claim 19 wherein said second
insulation layer portion is thicker than said first
insulation layer portion.

21. The method of Claim 19 wherein said second

insulation layer portion is of the same thickness as said
first insulation layer portion.

—22. The method of Claim 19 further c
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the step of depositing a'layer of silicon nitride over
said first insulation layer after said step of depositing
said first insulation layer.

23. The method of Claim 19 further comprising
the step of etching vertical portions of said gate layer
to isolate an upper portion of said gate from a lower
portion of said gate. |

24. The method of Claim 23 wherein said lower
portion and said upper portion of said gate both overlie a
portion of said channel region within said body region.

25. The method of Claim 24 wherein said upper
portion of said gate overhangs said second insulation
layer portion over a portion of said channel region of
said body region.

26. The method of Claim 23 wherein a central
portion of said upper gate portion of said gate is
removed.
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AMENDED CLATMS
[received by the International Bureau
on 1 July 1991 (01.07.91);

original claims 1-9,13-15,17;18 and 24 cancelled;

claims 10-12, ISaMISaMﬂedarﬂmnmberedas
claims 1-3, 4 and 5; claims 20-23 and 25 remumbered
asclaimsG—Qanle;claimZSamxﬂedandremmbered

as claim 11; new claims 12-22 added (7 pages)]
What is claimed is:

1. A MOSFET structure comprising:

a substrate of a first conductivity type having
a top surface;

a drain of said first conductivity type being
more highly doped than said substrate;

a body region of a second conductivity type
formed in said top surface of said substrate;

_ a source region of said first conductivity type
formed in said top surface of said substrate and
formed within said body region;

a conductive gate having a, first portion
separated from a second portion, said first portion
being insulated from a channel region within said
body region located between said source région and a
periphery of said body region by a first insulation
layer portion, said second portion being insulated
from said top surface of said substrate by a second
insulation layer portion, wherein said first and
second insulation layer portions have substantially
identical thicknesses,

wherein said first portion and said second
portion each overlie a portion of said channel region
within said body region.

2. The MOSFET structure of Claim 1 wherein said
drain is formed in said top surface of said substrate.

3. The MOSFET structure of Claim 1 wherein said
drain is formed on a bottom surface of said substrate.

4. A MOSFET pair structure comprising:
a substrate of a first conductivity type having
a first surface, a bottom surface of said substrate

acting as a drain contact region for said M?ﬁﬁﬁfﬁiﬁﬁﬁﬂﬁi SHFFT

structure; i
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a first and second body region of a second
conductivity type formed in said top surface of said
substrate and separated from one another by a first
area of said top surface of said substrate;

first and second source regions of said first
'conductivity type formed in said top surface of said
_substrate and within respective ones of said body
regions;

a conductive gate having an upper portion, a
first lower portion, and a second lower portion, said
first lower portion being insulated from a channel
region within said first body region between said
first source region and a periphery of said first
body region by an insulation layer of a first
thickness, said second lower portion being insulated
from a channel region within said second body region
between said second source region and a periphery of
said second body region by an insulation iayer of
said first thickness, said upper portion being
insulated from said first area of said top surface of
said substrate by an insulation layer of a second
thickness, wherein said second thickness is greater
than said first thickness,

.wherein said upper portion of said gate is split
into a first upper portion and a second upper
portion, wherein neither said first upper portion nor
said second upper portion overlies a central portion
of said first area.

5. A method of forming a MOSFET structure with a

. source region and a body region self-aligned with a gate,
said method comprising the steps of:

forming a first layer of insulation over a top
surface of a substrate, said substrate being of a

A ru——

tirst conductivity type and acting as a ArfEpl ACRVENT SHERT]

R ——

eet Has Been Replaced

T | z8ree w7




_ THIS SHEET HAS BEEN
- 27 - REPLACED

L2

removing a: portion of said insulation layer to
expose a portion of said top surfﬁce of said
substrate; :

introducin§ impurities of a second conductivity
type into said éxposed portion of said substrate;

introducin§ impurities of said first
conductivity ty?e into said exposed portion of said
-substrate;

diffusing Eaid introduced impurities to form a
body region of sa1d second conduct1v1ty type and a
source region of said first conductivity type formed
within said body region;

removing p?rtions of said insulation layer to
expose said body region after diffusion of said
impurities of said second conductivity type;

forming a iirst insulation layer portion over a
channel region %n said exposed portions of said body
region while foiming a second insulation'iayer
portion over said drain adjacent to said channel
region; ’

depositing a conductive gate layer over said
first insulatioh layer portion and said second
insulation portion; and

etching said conductive gate layer to separate
said gate layer into first and second portions,
wherein said first and second portions each overlie a
portion of said channel region within said body
region.

6. The method of Claim 5 wherein said second
insulation layer portion is thicker than said first
insulation layer portion.

7. The method of Claim 5 wherein said second

insulation layer portion is of the same thicknefs—as;said“wmmm".
first insulaticen layer portion. REPLACENH%H‘SHEET
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8. The method Claim 5 further comprising the step
of depositing a layer of silicon nitride over said first
insulation layer after said step of depositing said first
insulation layer. ‘
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9. The method of Claim 5 wherein the step of
etching comprises etching vertical portions of said gate
layer to isolate an upper portion of said gate from a
lower portion of said gate.

10. The method of Claim 9 wherein said upper portion
of said gate overhangs said second insulation layer
portion over a portion os said channel region of said body
region.

11. A method of forming a MOSFET structure with a
source region and a body region self-aligned with a gate,
said method comprising the steps of: ’

forming a first layer of insulation over a top
surface of a substrate, said substrate being of a -
first conductivity type and acting as a drain;

removing a portion of said insulation layer to
expose a portion of said top surface of said
substrate; '

introducing impurities of a second conductivity
type into said exposed portion of said substrate;

introducing impurities of said first
conductivity type into said exposed portion of said
substrate;

.diffusing said introduced impurities to form a

body region of said second conductivity type and a

source region of said first conductivity type formed

within said body region;
removing portions of said insulation 1ayér to
expose said body region after diffusion ofjrsajar

impurities of said second conductivity t
T =

N
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forming a first insulation layer portion over a
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channel region in said exposed portions of said body
region while forming a second insulation layer
portion over said drain adjacent to said channel
region;

depositing a conductlve gate layer over said
first insulation layer portion and said second
insulation portion,

wherein a central portion of said upper gate
portion of said gate is removed.

12. A MOSFET structure comprising:

a substrate of a first conductivity type having
a top surface;

a drain of said first conductivity type being
more highly doped than said substrate;

a body region of a second conductivity type'
formed in said top surface of said substraté;

a source region of said first conductivity type
formed in said top surface of said substrate and
formed within said body iegion;

a conductive gate having an upper gate portion
electrically separated from a lower gate portion,
said lower gate portion overlapping and being
insulated from a first portion of a channel region
within said body region located between said source
region and a periphery of said body region by an
insulation layer of a first thickness, said upper
gate portion overlapping and being insulated from a
second portion of said channel region by an
insulation layer of a second thickness, said upper
gate portion also extending over said top surface of
said substrate of said first conductivity type,
wherein said second thickness is greater than said
first thickness.
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13. The MOSFET structure of Claim 12 wherein said
upper gate portion is connected to receive an upper ggte

voltage for inverting said second portion of said channel
region, and said lower gate portion is connected to
receive a separate lower gate voltage for inverting said
first portion of said channel region.

14. The MOSFET structure of Claim 12 wherein said
upper gate portion is connected to said source region
“through an AC short circuit.

15. The MOSFET structure of Claim 12 wherein said
upper gate portion overhangs said insulation layer of said
second thickness.

16. A MOSFET structure comprising:

a substrate of a first conductivity type having
a top surface; .

a drain of said first conductivity type being
more highly doped than said substrate;

a body region of a second conductivity type
formed in said top surface of said substrate;

a body contact region of said second
conductivity type formed within said body region and
being more highly doped than said body region;

a source region of said first conductivity type,
being more heavily doped than said substrate, formed
within said body region so as to completely overlie
said body contact region; and

a conductive gate insulated from and formed over
a channel region within said body region located
between said source region and a periphery of sald
body region.

17. The MOSFET structure of Claim 16 further
comprising a conductive electrode directly cont ?E&E 3
3]

> 4

y 4
source region and not directly contacting said 3 "'E‘I‘&HEET
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contact region, whereby electrical contact with said body
contact region is made through said source region, doping
of said source region and said body contact region being
of such a level as to cause said source region and said
body contact to be essentially in ohmic contact with each
other.

18. The MOSFET structure of Claim 16 further
comprising a conductive electrode penetrating said source
region so as to be in direct contact with source region
and said body contact region, thereby shorting said source
region to said body contact region.

19. The MOSFET structure of Claim 16 wherein said
drain is formed in said top surface of said substrate.

- 20. The MOSFET structure of Claim 16 wherein said
drain is formed on a bottom surface of said substrate.

21. The MOSFET structure of Claim 4 wherein said

upper portion is shorted to said first and second lower
portions.

22. The MOSFET structure of Claim 4 wherein said
upper portion is not shorted to said first and second
lower portions.
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MOSFET STRUCTURE HAVING REDUCED GATE CAPACITANCE AND
METHOD OF FORMING SAME

ABSTRACT OF THE DISCLOSURE

In one embodiment, a wvertical MOSFET is formed
having a lower gate portion (124) overlying the
channel region of the MOSFET and separated from the_
channel region by a thin gate oxide layer (90). An
upper gate portion (120) is formed overlying the drain
of the MOSFET and separated from the drain by a
relatively thick oxide layer (86). In the particular
embodiment, since the dielectric thickness between the
upper gate portion (120) and the drain (82) is
relatively large, the MOSFET exhibits a lower gate-
drain capacitance (Cg) valpe, while the threshold
voltage of the MOSFET remains releatively unchanged.
The upper gate portion (120) may be electrically
connected to the lower gate portion (124) or may be
electrically isolated from _the lower gate portion'
{124). A preferred method of forming the resulting
MOSFET having this lowered Cy allows the source (92)
and body regions (88) to be ﬁ;‘ecisely aligned with the

drain edge of the lower gate portion (124).

FIGURE 21 | |REPLACEMENT SHEET:
2 8 FEB 1997




-

| 1 This Sheet Has B\e\ii\liﬁ“ird
SOURCE GATVEG SOURCE ““\\\““ \\
3 .
Cas G 38| 36
LQ-Q n+ TJ \:_ r‘ QQ N+ l
} p+ /J34-.. §4£‘-x p+
S \. ............. C -
) """"""" =-Cps- 44 40 St D155 S |
- N+
FIG. 1a 20 5+Vpp
(PRIOR ART) DRAIN
DRAINO
- [jib -
ICGDT -9
| Cap\w Cn 1
L] UpswW
FIG.1b  lg — 50| | S¥ Vps
(PRIOR ART) O .':3'\ NPN
GATE,, 4 55
VGS \JCGS
! . 2
SOURCE©O
- —
5 3 3 10
o o o / 8
Vbs |
Y
o bs Y Vas 6 Vas
FIG. 2 - Vr ../ 4
(PRIOR ART) ,
Vps

0 51015202530
t



~—~—

2
SOURCE GATE SOURCE
vVa
| 64
V777 7 %
66 n+ ~ 66 n+ )
p+ 80 p+
? 62 n-
n+
SA LSS LSS S LSS A S S AL LSS LSS LS LSS LSS S AL S S L ALLS SIS LS LSS LSS S LSS S LSS S LS AL S SIS S LS LSS ST
FIG. 3 |

(PRIOR ART) DRAIN

SOURCE GATE SOURCE
. ® VG ®

Z‘.’r.n+)7’o |:|14.n+l'p+ ‘
p78 78p

) 3 76 n-
| N+
ULSLSSSLLL LSS LS LSS LS SSLLS LSS LSS SIS S LS LSS AL SSL S LS AL ST LA S LSS S S LS S LS LSS S AL S LSS SS SIS LSS, )
FIG.a |
PRIOR ART
( ) DRAIN

|RELACEMENT SHERT

28 FEB 1597




SigN, 102
SiO2 100
Si o8
FIG. 6
- 102\
104 | 100
98
FIG. 7
102 \
<107 | 100
P 106 / g8 |
FIG. 8 '
102
108
B j107§ 100
N+ X P 6/ 98
P+
FIG. 9
e 102




This Sheet Has Been Replaced

» )
114 114 102
_____L 7 .
1105 100
—)
N:?P 106 __“1 od 98
P+
FIG. 11
116
Si 02\ 110 2 |00
l;',&P 106 \108/ o8
FIG. 12
124 7120 124
9% 77777777 (<7 %8
' 86 v 92
92 E@ —_— X =l
~88 88~
N- 82
N+ ' ,\
FIG. 13 9
VSOURCE® = ¢Vat
n .4
) 51201 124| g6
777 /////g/g///// ' g o
92‘ ‘ - — ZE/ '
o4 90 95& _P+N+3,
~88 88~
N- 82
N+ 1 e
. . ST
FIG. 14 95 ENT SHEE]

I - }
I/

| 28FEB 1997 l;

..... 4

f

}




i _

125 -".,_.,
12 D o

L. 192g :__. .__1' .(124 96
77 72-R), é% 7B, é_@gz
| : 4

|/
92 {  m— 4 * t
94 N+ P+ P 90 gﬁ& ot F’+\N+\94
~88 88~
N- 82
N+ ‘\
FIG. 15 9
VSOURCE
¢ VG-UPPER j T VG-LOWER
14ir»5// 77 A | 144
FIG. 16a
& 3, B
w [17] LL}
i o] « / 8
VDS \‘ '
']
/os I\ Ves 6 Vas
! .
y
FIG. 16b VT"_:/ 4
J11
i
2
1| \Vps
O L

05 1015202530
t




e
heet Has Been- Replaced

\\||\|\\ UL

. 6
b 10n ]
—r 8.5u - _ _1/02 .
FIG. 17 P-k 92 9

@P 88 ‘o4 ng

11
SIOZ\ 923 67

MN+P§§\94Jé2

VSOURCE :
?VG-UPPER ¢ Va-LOWER

144

102I

FIG. 19

144
102

FIG. 20 =
\ P_88 \94 P+ 82

Va2
162
] (1 24 op
86 Y 92
/E& =z
TR A
S0 P ' P+ N+ o4
88~
82
~95 RE NT SHEET]

28 FEB 1997




Rld

||II|I|| |I|I|| 1R

154 152 |
96 {154 96

-
EN», P+ i 156 156 15'/Q= _\p+ﬁ“

~88
N- . 82

co/\

1
95

9 .
2
Z
°

) 28FEB1997 :




This Sheet Has Been Replaced

CLAIMS:

s e v — e~
THIS SHEET HAS BEEN |
REPLACED

ram

19

1. A MOSFET pair structure (figure 21) comprising:

a substrate (82) of a first conductivity type
having a first surface, a bottom suface of said substrate acting as a
drain contact region (95) for said MOSFET pair structure;

a first and second body region (88) of a second
conductivity type formed in said top surface of said substrate and
separated from one another by a first area of said top surface of said

substrate;
first and second source regions (92) of said first

conductivity type formed in said top surface of said substrate and
within respective ones of said body regions;

a conductive gate having an upper portion (160,
162) electrically separated from a first lower portion (124) and a
second Tower portion (124), said first lower portion being insulated
from a first channel region within said first body region between said
first source region and a periphery of said first body region by an
insulation layer (90) of a first thickness, said second Tlower port1on -
being insulated from a second channel region within said second

. body region between said second source region and a periphery of

said second body region by an insulation layer’ (90) of said first

- thickness, said upper portion being insulated from said first area of

said top surface of said substrate by an insulation layer (86) of a

_second thickness, wherein said second thickness is greater than said

first thickness,
wherein said upper portion of said gate is split

into a first upper portion (160) and a second upper portion (162),
wherein neither said first upper portion nor said second upper port1on
overlies a central portion of said first area.
2. The MOSFET structure (figure 19) of claim 1

wherein said first lower portion (140) overlaps a
first portion of said first channel region, and said first upper
portion (144) overlaps a second portion of said first channel region,

and
wherein said second lower portion (140) overlaps a

first port1on of said second channel region, and sa1d second upper
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portion- (144) overlaps a second portion of sai5—second-channe+—regitn.

3. The MOSFET structure of claim 2 wherein said upper
portion (144, 160, 162) is connected to receive an upper gate voltage
(VG-UPPER) for inverting said second portion of said first and second
channel regions, and said first and second lower portions (124, 140)
are connected to receive a separate lower gate voltage (VGAQWER) for
inverting said first portion of said first and second channel regions.
4, The MOSFET structure of claim 1 or 2 wherein said
upper portion (144, 160, 162) is connected to said source reg1on

through an AC short circuit.
5. The MOSFET structure of claim 1, 2, 3, or 4 wherein

said upper portion (144) overhangs said insulation Tayer (100) of said
second thickness.
6. A method of forming a MOSFET pair structure (figure
21) comprising the steps of:

forming a first and second body region (88) of a

~second conductivity type in a top surface of a substrate (82) of a

first conductivity type and separating said first and second body
regions from one another by a first area of said top surface of said
substrate, a bottom surface of said substrate act1ng as a drain
contact region (95) for said MOSFET pair structure;

forming 7irst and second source regions (92) of
said first conductivity type in said top surface of said substrate and

': within respective ones of said body regions; and

forming a conductive gate having an upper portion

'(160 162) electrically separated from a first Tower portion (124) and

a second lower portion (124),
said first lower portion being insulated from a

first channel region within said first body region between said first
source region and a periphery of said first body reg1on by an
insulation layer (90) of a first thickness, .

said second lower portion being insulated from a

second channe1 region within said second body region between said

- second source region and a periphery of said second body region by an

insulation layer (90) of said first thickness,

said upper portion being insulated from said first
area of said top surface of said substrate by an insulation layer (86)
of a second thickness, wherein said second thickness is grgater than

A
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said first thickness, R,

wherein said upper portion of sa1d gate is split
into a first upper portion (160) and a second upper portion (162) such
that neither said first upper portion nor said second upper portion
overlies a central portion of said first area.

7. The method of claim 6 wherein said step of forming
said conductive gate (figure 19) comprises the steps of:

_ forming said conductive gate so that said first
lower portion (140) overlaps a first portion of said first channel
region, and said first upper portion (144) overlaps a second po}tion
of said second channel region, and |

wherein said second Tower portion (140) overlaps a
first portion of said second channel region, and said second upper
portion (144) overlaps a second portion of said second channel region.
8. The method of claim 6 or 7 further comprising the

steps of:

AN — e ava o
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connecting said upper port1on (144, 160, 162) to

receive an upper gate voltage (VGLPPER) for inverting said second
portion of said first and second channel regions; and

: | . connecting said first and second lower portions -
(124, 140) to receive a separate lower gate vo]tage (VGIJMER) for
lnvertlng said first portion of said channel regions.
9. The method of claim 6 or 7 further comprising the
' step of connecting said upper portion (144,160, 162) to said source
region (92) through an AC short circuit.
-10. The method of claim 6, 7, 8, or 9 further
comprising the step of forhing said upper portion (144) so as to
overhang said insulation layer (100) of said second thickness.

11. The MOSFET structure of claim 1, 2,'4, 5, or 6
wherein said upper portion (144,.160, 162) is connected to a fixed
potential. _

12. The method of claim 6, 7, 9, or 10 further

comprising the step of connecting said upper portion (144, 160, 162)

-to a fixed potential. —_—
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MOSFET STRUCTURE HAVING REDUCED GATE
CAPACITANCE AND METHOD OF FORMING SAME

Descripticn

FIELD OF THE INVENTION

This inventicn relates to metal-oxide-semicenduc-
tor field effect transistors (MOSFETs) and, in particular,
to an improved structure of 2 MOSFET having recuced
gate capacitance and increased switching speed.

BACKGFOUND OF THE INVENTION

It is generally desirable to construct electrical cir-
cuits cagable cf high speed operzaticn. In an electrical
circuit containing MOSFETS, this requires the MOSFETs
themseives to have rapid response to input signals. A
significant barrier to achieving higher ogerating speeds
of MOSFETs has been overcoming the parasitic gate
capacitance of the MOSFET, where a significant amount
of delay is incurred while charging and discharging the
gate of the MOSFET to a certain voitage in order to am-
plify a signal or to fully switch the MOSFET on and off.

Fig. 1a shows a representative vertical MOSFET
with the gate-source parasitic capacitance (Cqg) and
the gate-drain parasitic capacitance (Cgp) shown. Also
shown in Fig. 1a is the drain-source parasitic capaci-
tance (Cpsg).

To operate the N channel MOSFET of Fig. 12, a pos-
itive voltage Vg is applied to drain terminal 20, while a
fow voltage (e.g., ground) is applied to source regions
30 and body regions 34. Source regions 30 and body
fegions 34, which constitute the emitter and base of a
parasitic NPN bipolar transistor, are imperfectly shorted
together by contacts 36 to prevent these regions from

{REPLACEMENT SHEET |
2 5 MAY 1998




being forward biased. Canductive gate 38 is insulated
from source regions 30 and bedy regions 34 by § cate
oxide. When a gate-scurce voitage Veg is acclisc to
cate 38 which exceeds the threshald voitzge V; of the
MQOSFET, an chmic channel forms in body regions 34
under gate 38 so 25 to chmiczlly ccugle N-type squrce
regicns 30 tc N-type drain 40. Currant is then conductec
tetween sourcs contacts 36 and drain terminal 29.
When the MOSFET is in its aff state, 2 degleticn region,
represanted By dashed cutline 44, is creatzd within
drain 40. _

A basic equivalent circuit for the MOSFET cf Fig.
" 1als shown in Fig. 1b. As shewn in Fig. [&, fcr the cats
50 to hiave z voltage Vg necessary to fully tum cn MOS-
FET 52, tcth Cog and Cgp must be fully charged. Ca--
pacitance Cpg will be considered herein tc approximate
zero. Also shown in Fig. 1b is ingut gate current Ig and
currant I, charging capacitor Cep. Note that source
regicn 30, bedy regicn 34, and drain 40 form a parasitic
NFN bipolar transistor within the MOSFET, as shown in
Fig.1b.

A vertical MOSFET, such as shown in Fig. 12, is
typically a polysilicon gate device, where the gate 38 is
used as a diffusion mask to self-align source regions 30
and body regions 34,

Fig. 2 illustratas the voltage conditions during 2 dy-
namic switching operation for a representatve MOS-
FET showing the effects of the charging of capacitances
Cgs and Cgg with a constant current ig applied at t = 0.
In region 1 of the graph of Fig. 2. the MOSFET is of,
with V55 below the threshold voltage Vy. Input gate cur-
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rent g is shared between Cgq and Cgg according to
their capacitance ratio. Within region 2, the threshold
voltage Vy is reached and the MOSFET tegins tc turn
cn, lowering the drain-to-scurce voitage Vpg. This
changing Vg sets up a conditicn where the veltage is
changing more ‘rapidly across Cqp than Cgg. Current
increases in Cgp and decreases in Cgg, thus recucing
the rate at which Vgg is increasing. As Vgg beccmes
larger, the cv/ct of the drain-to-source voitage Vpg in- -
creasas until the current Ig, charging Cqp reaches a
magnitude equal to lg, and Vgg no longer increzses.
This cendition results in the flat cortion of the Vgg curve
in region 3 of Fig. 2.

During this time, the depletion regicn uncer the
gate, generally shown as depleticn region 44 in Fig. 1a,
decreases since the potential of drain 40 under gate 3&
is lowered due to this regicn being pulled down by the
increasing ohmic channel between N-type 'source re-
gion 30 and N-type drain 40. During the entire turn-on
pericd of the MOSFET, capacitance Cgp is increasing
due to this narrowing of the effective insulation between
the plates of the equivalent capacitor Cgp. As this ca-
pacitance increases, a decreasing dv/dt of the drain-to-
source voltage Vg results. This increase in capacitance
Cap is reflected in the curved lower portion of Vpg
shown in Fig. 2.

Once capacitance Cgp has stabilized, the MOSFET
is essentially fully on, and Cgg does not cause any fur-
ther switching delay. .

As seen by the gate charge characteristics of Fig.
2, the delay in switching of the MOSFET is significantly
affected by capacitance Cgp. where capacitance Cgp
is more commonly referred to as the reverse transfer
capacitance (C¢). Since, as shown in Fig. 2, capaci-
tance Cgqp is affected by voltage changes at the drain,
it becomes understandable how the effective total gate
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capacitance (C;,) of the MOSFET under dynamic ccn-
diticns is calculatec using the Iclicwing equaltion:

Whefe Av = dVos/chs
For an N channel MOSFET, dVpg willbe 2 negative val-
ue, and for 2 P channel MOSFET, dVgg will be a nega-
tive value. Thnus, in either case, (1-Ay) is equal to (1 +
voltage gain).

It is also to be ncted that essantizlly the same gate
charge characteristics are encountered with the dis-
charging of the gate, which causes the turn-cif speed of
the MOSFET to be delayed. In linear apglications. such

‘as radio frequency (HF) power amplification, input ca-
pacitance largely cetermines the upper frequency limit
of the MOSFET.

Typically, the value Cgp (1-Ay) is at least three
times greater than Cgg, and thus any reduction of ca-
pacitance Cgp will significantly lower the sw:tchmg time
of the MOSFET, or sngmﬁcanlly raise the usable operat~ ;
ing frequency.

Capacitance is calculated usmg the equatlon

C= AKéoIt. where (eq. 2)

C is the capacitance;
g is the permittivity of empty space (8 85 x 102
coul¥/newton2-m?) ;

K is the dielectric constant (3.9 for SiOp and 11.7
for Si);

A is the plate area; and

t is the dielectric thickness.

2 5 MAY 1998

REPLACEMENT SHEE:

i
:
1
i




Thus. capacitance may b reduced by cecreasing
the glate area or incraasing the dielectric thickness.

The grior ant has attempted to reduce the parasitic
gate cagacitance of a MOSFET by reducing the arez of
the gate and/ar increasing the eifective dielectric thick-
ness betwesn the gate and the drain.

Two types of approachas which have teen pravi-
ously usad to reduce Cqg are shcwn in Figs. 3 and ¢4
where, in Fig. 3, an increased thickness cf dielectric €0
is fcrmed cverdrain €2 to grovide an increased cielectric
thickness tetween gate €4 and drain €2. Tne cate-
scurce capacitance Cqg is essantially unchanged. since
the thickness cf the dielectric segarating gate 64 frcm
scurce regicn €8 is essantizlly unchanged.

Frior ant Fig. 4 illustrates an approzch where an N
charnel verticzl MOSFET uses two sagarate gates 70
and 72 commenly connected to 2 gate voltage Vig. Since
the efiective area cf the gate overdrain 7’6 is decreasad,
the Cgp is also decrezsed.

One drawtack of the MOSFET of pnor art Fig. 8is -

that gate 84 may be misaligned with respect to raxsed_:

dielectric porticn €0, causing part of the device to have
low gain. In Fig. 4, a center portion of the gate oxide 70
over drain 76 must be masked and protected while body
regions 78 and source regions 74 are formed seif-
aligned with the gate. Also in Fig. 4, the width of gate
elements 72 is subject to mask and photoresist varia-
tions, which cause variations in Cg, across a waferand
trom lot to lot. The critical masking steps required to form
raised dielectric portion 60 in Fig. 3 and to perform the
precise etching of the gate in Fig. 4 require a relatively
precise allgnment of the mask, or relatively pracxse proc-
ess and mask control, thus inevitably resulting in lower
yields and variable performance devices.

Ancther drawback to the MOSFET in Fig. 3 is the
imperfect short across the emitter-base of the parasitic
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Bigolar transistar. Under certain acverse conditians. the
Bigqlar transistar may be turned on to the extent of caus-
INg secandary treakdawn anc device fallure Manufac-
turers have acdressec this gretlem by: 1) racucing the
depth of the N+ source diffusion to lcwer beta; 2) mcving
the F+ baocy cantact region cleser tc the channel regicn
lo raduce resistance between the emittér and tase; and
3) reducing the lateral dimension of the N+ scurce re-
gicn to Icwer the resisiance between the emutter and
basa.

What is neeced in the art is a MOSFET structure
having a relatively low Cqq 2nd 2n incgerative parasitic
Eigalar transister which may te formed with salf-aligned
source, body, and bedy contact regicns and which may
Ee fermec without raquiring numerous and difficult pree-
ess stegs.

US-A-4 455 S65 discicsas a vertical MOSFET in-
clucing sourcs and gate electredss cn a major semicen-
cuctor suriace, and a drain electrede cn an cpposing
semiconductor surface, and 2 shield electrede is dis-
posed in proximity to the gate electrede so as to mini-

. mize feedback capacitance between the gate electrode
and drain region.

EP-A-0 050 773 discloses a MOSFET havmg a
drain of a first conductivity type formed in contact with
a substrate of said first conductivity type, a P type body
regton formed in a surface region of the substrate and-
a source region formed in thé bedy region such that the
‘peripheral portion of the bedy region forms a channel
region above which an Insulated gate electrode is
formed. In this prior art MOSFET the input capacitance

. Isreduced in that the gate electrode over the drain area

has a larger distance from the surface of the semicon-
ductor body than over the channel area or is completely
Interrupted at that location.
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SUMMARY OF THE INVENTION

The above-descrbed disadvantages of the prior art
MOSFETS have been overcome ty the invention de-
fined in the attached claims. In accardance with one em-
Bodiment of the inventicn, a venical MOSFET is formed
having a lower gate portion overlying the channel region
of the MOSFET and separated from the channel regicn
by a thin gate cxide layer. An ugper. gale perticn is
formed averlying the drain cf the MOSFET and secarat-
ed from the crain by a relatively thick salf-aligned cxide
layer. In this particular embediment, since the dielectric
thickness between the upger gate portion and the crain
is relatively large, the MOSFET exhibits 2 lower gate-
cdrain cagacitance (Cgg) value, while the threshold volt-
age of the MOSFET remains ralatively unchanged. The
upper gate peorticn is electrically isslated frem the lower
gate portion. A separate gate vcltage may te connected
to the upper gate porticn to allow the upper gate portion
ta either act as a field plate or act to augment the fields
generated by the lower gate portion to enhance the cur-
rent handling capabilities of the MOSFET. A preferred
methcd of forming the resulting MOSFET having this
lowered Cqq allows the source and body regions to be
precisely aligned with the drain edge of the lower gate
portion, and allows an icn implant damaged body con-
tact regicn to be formed directly under, and self-aligned
to, the source region, which ensures the parasitic bipolar
transistor remains inoperative.

BRIEF DESCFHP'FION Of THE DRAWINGS

Fig. 1a illustrates a prior arnt vertical MOSFET.

Fig. 1bis a schematic diagram illustrating an equiv-
alent circuit for the MOSFET of Fig. 1a.

Fig. 2 is a graph showing representative gate
charge characteristics of 2a MOSFET.



Fig. 3 illustrates a first prior art MOSFET having re-
duced gate-drain capacitance.

Fig. 4 illustrates a second prior art MOSFET having
" reduced gate-drain capacitance.

Fig. S illustrates an example wherein a MOSFET for
very high frequency (VHF) operation is made to have a
relatively low Cgp.

Figs. 6-12 illustrate various process steps used for
forming the VHF MOSFET of Fig. 5.

Fig: 13 illustrates ancther example of a MOSFET
capable of ultra high frequency (UHF) operation having
a low Cgp where upper and lower gates are formed.

Fig. 14 illustrates the MOSFET of Fig. 13 with an
upper gate coupled to source voitage. '

Fig. 15 illustrates a MOSFET having a low Cgp
where an upper gate is removed.

Fig. 16a illustrates a MOSFET capable of UHF to
'super high frequency (SHF) operation having a very low
Cep Where a’lower gate and an upper gate terminate
over a portion of the channel region.

Fig. 16b illustrates with dashed lines the improved -
gate charge characteristics of the MOSFET of Fig. 16a. -

Figs. 17 and 18 illustrate process steps used to form
the MOSFET of Fig. 16.

Fig. 19 illustrates a MOSFET having a very low Cgp
which utilizes an overhanging upper gate to eliminate

* etching of a vertical portion of the gate.

Fig. 20 illustrates a process step used to form the
MOSFET of Fig. 19.

Fig. 21 illustrates an embodiment of a MOSFET
having a low Cgp in accordance with the present inven-.
tion which utilizes a split upper gate. '

Fig. 22 illustrates a MOSFET having a low Cgp
which utilizes separate gates overlying an oxide layer of
a single thickness.
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Fig. 23 shows a schematic representation of a
MOSFET having an upper gate and a lower gate.
Fig. 24 illustrates a lateral MOSFET having a low

CGD-

DETAILED DESCRIPTION OF PREFERRED.
EMBODIMENTS

Fig. § shows an example of 8 MOSFET capabie of
VHF operaticn, where conductive gate £0, formed of ei-
ther Al, Al containing Si, or Al containing Cu and Si, or
any cther compatible gate material, is formed over drain
g2 with a first thickness ¢f oxide £6 therebetween. In
one example, oxide £6 is 1 pm (10,000 A) thick. Gate
€0 is also formed over P bedy regicns £€ with a second
thickness of oxide €0 therebetween. In one embodi-
ment, oxide SO is S0 nm (SQ0 A) thick. Also shown in
Fig. 5§ is N+ source region £2 and P+ bedy contact region
94, with conductive source contact 86 shorting together
N+ source region 92 and P+ body contact region $4. N+
drain contact 95 is shown contacting a bottom surface
of drain 82. .

Since oxide layer €6 is significantly thicker than ox-
ide layer 90, the capacitance between gate 80 and drain
82 will be relatively low due to this increased dielectric
thickness, while the capacitance between gate 80 and
source region 92 will not significantly change. The thick-
ness of gate oxide layer 90 is dictated by design con-
siderations to provide a desired threshold voltage Vy
and dielectric breakdown voitage.

. Lateral dimensions of the various above-described
regions for one embodiment are shown in Fig. 5.
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Thus, in the embadiment cf Fig. 5, a gate-tc-source
voltage Vgg will cause the field created between gate
€0 anc N+ scurce ragion €2 and tetween gate £0 and
P- bedy regicn 88 to invert the channei ragicn within P-
becy regicn 88, causing an chmic channel tc be created
between N+ source region €2 anc N- drain 82. This in-
versicn of P- body region &€ is primarily due to the field
created by the perticn of gate 20 Iccated atcve thin ox-
ide layer 90. The gerticn cf gate &0 overlying thick oxide
layer E€ has a recuced effect cn the cenductance of the
MOSFET and prevides shielding over crain £2.

Figs. 8-12'illustrate a methed to form the structure
of Fig. 5.

In Fig. 6, an epitaxial layer $8 of N-type conductivity,
having an impurity concentraticn cf approximately 3 x
10E15 atoms/cm? to achieve a breakdown voltage of
between €0 to 100 V is depcsited cn an N+ substrate
and has formed over it siliccn cicxide layer 100 having
a thickness of preferably 1 um (10,000 A). '

Oxide layer 100 would be fermed to have a thick-
ness cf 700 nm (7,000 A) for emiccciments using two
metal layers (a gate layer and a scurce layer). This two
metal layer embediment is illustrated on the right hand
side of Fig. 5.

Oxide layer 100 may be formed by wet oxidation at
approximately 1,000°C for 3-5 hours. Over oxide layer
100 is then formed silicon nitride layer 102 by a chemical
vapor deposition (CVD) process at approximately
790°C to achieve a thickness of approximately 100 nm :
(1,000 A).

In Fig. 7, oxide layer 100 and silicon nitride layer

102 are etched by using a conventional positive pho-
toresist, contact masking technique and an anisotropic
etch to expose portion 104 of substrate 98. in a preferred
embodiment, a Lam™ dry elcher is used. The exposed
portion 104 of substrate 98 is to coincide with the desired
lecation of the body-source diffusion.
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In Fig. & boren is imglanted into substrate 98
through expcsed perticn 104 and diffused to fom P
becdy regicn 10€. In the preferred emkcdiment, toren
ions are imglanted at an energy cf 70K eV with a desage
of € x 10E1¥cmg2, The exgosed silicen is then oxidized
for 30 minutes at S00°C in a dry O, atmcsphere to form
oxide Iayer 107 in order to prevent damage to the sub-

strate during a subsaquent diffusing precass cancucted
in an Ny atmosghere. The implantec icns are ciffused
by a ramg ug and dwell diffusing precess, where the
temperature cf the wafer is rampec from 800°C tc
1,1C0°C at a rats of approximately 8°C/minute and held
fer appreximately 2.5 hours and then ramgcec ccwn tC
€CQ°C feor cne hour (including ramping time) in an Ny
atmosphere, to form P kedy regicn 106 having a cecth
cf appreximately two micrens. The required character-
istics cf F becy regicn 1C€ will degend cn the cesired
brezkdewn vaoltage of the cevice and will be reacily ag-
parent to cne cf ordinary skill in the art.

In Fig. 8, an additicnal toren implant is conductac
to ferm F+ centact region 108 within P bedy regicn 1C6.
In the praferred embediment, beren icns are imglanted
at an energy of acgroximately 100KaV with a cesage of
10E15 to 10E16/cm?. The imglant energy is calculated
ta form P+ region 10€ at a depth below the surface cf °
substrate S€ where it is desired to have P+ region 108
interface with a subsequently formed source regicn.
Next, the wafer is dipped in a 10:1, HO:HF solution for
approximately 45 seconds to remove oxide layer 107,
and arsenic is implanted to form N+ source region 110
at the surface of substrate 98. In the preferred embodi- -
ment, arsenic ions are implanted at an energy of approx- -
imately 40KeV with 2 dosage of 10E16/cm?,

In Fig. 10, silicon dioxide layer 112 is deposited at
400°C over the suriace of the wafer to a thickness of
approximately 50 nrm (500 A) to prevent any out-diffus-
ing ot arsenic ions forming source region 110. The im-
purities within N+ source region 110 and P+ body con-
tact region 108 are then driven-in for approximately 30
minutes at approximately 1,000°C so that N+ source re-
gion 110 extends approximately 0.3 microns beneath
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the suriace of substrate 98. Curing this drive-in geriod,
P + tody contact region 108 and F tody regien 108 alsa
ciffuse.

In Fig. 11, an oxide atchant is usec (e ramove axice
layer 112 and a portion of oxide layer 1CQ so as to leave
cverhanging silicen nitrice perticn 114. In the preferrad
embcdiment to cenduct this etching, the wafer is im-
mersad in any oxice etch scluticn with 2 kncwn andcen-
trolled etch rate. Fer example, six parts HyQO to cne part
ammonium flucride may be usad at 25°C fcr & pericd
calculated to create the desired overhanging of nitrice -
portian 114 relative tc P body 106.Far the diffusicn proc-
ess crevigusly described. 2 1.4 micron overhang cf ni-
tnde portion 114 is satis{actory

In Fig. 12, the wafer is immersed in hot phosphoric
acid (cr an equivzlent thersof) at a temperature of ap-
proximately 16G°C fer ene hour tc remcve silicen nitnce
gerticn 114 and the remaincer ¢f silicen nitrice layer 102
cver oxice layer 100. As 2 precauticn agzinst arsanic
cutgassing, the wafer is gracually ramgec up to 2 tem-
perature of $20° in a tube fumace for approximately 15
minutes in 2 dry O, atmacsphere to form 2 thin layer of
oxicde 5-10 nam (50-100 A) thick. Silicen dioxice layer 118
is then grown over the surface of the wafer at apgroxi-
mately 8$20°C fer approximately 25 minutes in an atmos-
phere of wet O, to a thickness of 250-300 nm
(2500-3000 A) over N+ source ragion 110. An increased
thickness of oxide layer 116 is inherently formed over
N+ source region 110. The portion of oxide layer 116
over P bedy region 106, forming the gate oxide, will be
approximately 00 A at this stage. |

Next, as shown in Fig. 5, a portion of oxide layer
116 over source region 110 is etched to expose aportion -
of source region 110. In an altemative embediment, an
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additional etch is conducted to etch source region 110
through to expose P+ bedy contact regicn 108. A con-
ductive metal layer is then formed over the surface of
the watfer by the depositicn of either Al, Al containing Si,
Al containing Cu and Si, or any other conventional metal
layer to a thickness of approximately cne micron. In the
VHF application, aluminum, cogper, and silicon are
sputtered over the surface of the wafer. A metal layer
containing Si is preferred to minimize migration of the
metal atoms into the silicon substrate. For higher fre-
quency applicaticns, metal scurce contact 96 preferably
comprises a WTi barrier layer in contact with the source
region overlaid by approximately 1 micron of Au.

The resulting metal layer is then masked and
etched to form source contact 96 and gate 80 as shown
in Fig. 5. Source contact 86 contacts N+ source region
92 and also contacts P+ contact region 94 through N+
source region 92, due to source region 92 and P+ con-
tact region 94 being so highly doped as to be in ohmic
contact with each other. Ohmic contact is further en-
hanced by implant damage to the crystalline.substrate.

In an alternative example, source region 92 is ani-
sotropically etched completely through in the contact ar-
ea so that source contact 96 directly contacts both P+
body contact region 94 and N+ source region 92.

Any embodiment herein may be formed with a tung-
sten (W) or refractory metal silicide layer deposited prior
to the formation of source contact 96 to prevent migra-
tion of atoms and/or to reduce contact resistance.

In practics, it is desirable to form source contact 96
close to the channel region to minimize on-resistance.

The method described in Figs. 6-12 and Fig. Sforms
a MOSFET having a low gate-drain capacitance Cgp,
wherein source region 92, body contact region 94, and
body region 88 are formed self-aligned with the drain
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edge portion of gate 8Q. In this method to form a VHF
MOSFET, there are no critical alignment tolerances,
which makes this above described process one that will
inherently result in a high yield of MOSFETs on a walfer.

In the structure of Fig. 5. the portion of gate 80
formed over thick oxide portion 86 is connected to the
portion of gate 80 formed over thin oxide portion S0 by
a vertical gate portion. In a variation of the MOSFET
structure of Fig. 5, the metal layer is formed by a method
which will intentionally provide poor step coverage, such.
as by an evaporation process, so that the vertical portion
of gate 80 will be relatively thin compared to the hori-
zontal portions of gate 80. Such a resulting structure,
having relatively thin vertical portions of gate 80 is then
isotropically etched using a commercially available wet
aluminum etch containing phosphoric acid, assuming
gate 80 is composed of A1, so as to isolate the portion
of gate 80 formed above thick oxide portion 86 from the
portion of gate 80 formed above thin oxide portion €0.
This is shown in Fig. 13, where upper gate 120 and lower
gates 124 result. The remaining elements in the MOS-
FET of Fig. 13 are similar to those in Fig. 5 and are
formed using a process similar to that described with
respect to Fig. 5. \

In all the examples described herein, for higher fre-
quency operation, the source contact is preferably an
overlay metal (such as shown on the right hand side of
Fig. 5). This allows P body region 88 to be relatively nar-
row (~10 microns) for low drain-to-source capacitance
Cps. The various figures do not incorporate a two metal
layer for simplicity. |

In the MOSFET structure of Fig. 13, gate voltage is
applied to lower gates 124, while a separate voltage is
applied to upper gate 120. A positive voltage applied to
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upper gate 120 will make upper gate 120 effective in
creating additional carriers in the N- drain 82 and in-
creasing the current handling capability of the MOSFET.
A negative voltage on upper gate 120 will increase the
breakdown voitage of the MOSFET.

In Fig. 14, a structure identical to Fig. 13 is shown
except that upper gate 120 is connected to the source
voitage instead of to an upper gate voltage. Thus, in this
configuration, upper gate 120 acts as a field plate for
increasing the depletion region in drain §2 when the
MOSFET is in its off state. This serves to enhance the
breakdown voitage of the MOSFET.

In an alternative, shownin Fig. 15, upper metal gate
120 of Fig. 13 is removed using a wet etch precess. As
shown in Fig. 15, mask 125, shown in dashed outline,
is first formed to expose a center portion of the gate met-
al over oxide £6. The wet etch process removes the ex-
posed metal and also removes the gate metal adjacent
the exposed portion. Gate voitage is applied to gates
124 to invert the channel regions in P body regions B8.

In the highest speed application, shown in Fig. 16a,

-lower gate 140 is formed so as to only overlap a portion
of the channel region in P body region 88, while upper
gate 144 overlaps the remaining portion of the channel
region in P body region 88. This configuration further
reduces the Cgp of the MOSFET, since lower gate 140
is relatively physically distant from drain 82. In this con-
figuration, the field generated by upper gate 144 in con-
junction with the field created by lower gate 140 is used
to invert the channel region in P body region 88 to form
an ohmic channel between N+ source region 92 and N
drain 82. -
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The structure of Fig. 16a is formed using a method
similar to that described with respect to Fig. 5, except
that after drive-in of N+ source region 92 and P+ contact
region 94, the oxide etch, previously discussed with re-
spect to Fig. 11, is conducted for less time so as to etch
away less of oxide layer 100 under silicon nitride layer
102. This is shown in Fig. 17. The terminating portion of
oxide layer 100 is located above an exposed portion of
P body region 88 where it is desired for lower gate 140
and upper gate 144 to interface. Lateral dimensions of
one embodiment are shown in Fig. 17.

In the step illustrated in i-'ig. 18, silicon nitride layer
102 is remaved, and oxide layer 116 is grown.

As shown in Fig. 16a, oxide 116 is etched, and
source region 92 and body contact region 94 are option-
ally etched in order to short these regions together by a
metal source contact. A metal conductive layer is then
deposited, preferably by evaporation, so as to provide
a metal layer having poor step coverage. This metal lay-
er is then masked and isotropically etched so as to form
upper gate 144, lower gate 140, and, optionally, source
contact 148. Source contact 148 may also be formed
later through an opening in a subsequently deposited
oxide layer and oxide portion 1186, resulting in a two layer
metal embodiment, preferable for high frequency and
high density devices. |

In the structure of Fig. 16a, Cgp has been virtually
eliminated. Upper gate 144 may be connected to source
region 92 through an alternating current (AC) short cir-
cuit, and the resuiting drain-to-upper gate capacitance,
which constitutes Cgp (or C,g) in the prior art MOSFETs
of Figs. 1, 3 and 4, now appears in this invention as a
part of Cpg. The dramatically improved switching char-
acteristics of the new structure are shown by the broken
lines in Fig. 16a superimposed on the gate charge char-
acteristics graph of Fig. 2.
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Fig. 19 illustrates an example which is a variation
of the structure of Fig. 16a. In Fig. 19, upper gate 144
overhangs oxide portion €6. This structure has the ad-
vantage in that the channel region between N+ source
92 and drain §2 is completely overlapped by the combi-
nation of upper gate 144 and lower gate 140 so as 10
insure the inversion of the channel region. Further, the
structure may be formed without any requirement for an
isotropic etch to etch away a vertical portion of the metal
layer initially connecting upper gate 144 to lower gate
140. .

The method for forming the structure of Fig. 19 is
similar to that for forming the structure of Fig. 5, except,
in the process steps illustrated in Figs. 11 and 12 for
forming the MOSFET of Fig. 5. nitride layer 102 is par-
tially etched to 40-50% of its original thickness. This
completely removes overhanging nitride portion 114.
The sidewalls of oxide portion 100, shown in Fig. 20, is
then re-etched 100-200 nm (1,000-2,000 A) to create a
new small overhanging nitride portion 114A. Ametal lay-
er is then deposited by, for example, evaporation, and
" a vertical portion is not formed on a sidewall of oxide
layer 100. The resulting structure is masked and etched
to form the structure of Fig. 19.

Fig. 21 shows an embodiment of the invention for
higher frequencies. It is a variation of the MOSFETs hav-
ing a separate upper gate. In Fig. 21 upper gates 160
and 162 are shown separated by a gap. This structure
results in a lower drain-to-upper gate capacitance Cgp
due to less upper gate area over drain 82. High current
capability is retained by the field created by upper gates
160 and 162. This split upper gate configuration may be
used in any of the above-described embodiments in-
cluding Fig. 5, where gate 80 overlying oxide 86 may be
opened up to further reduce Cqgp.
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in the high frequency MOSFET of Fig. 21, source |
contact 96 is preferably comprised of a 200 nm (2,000
A) WTi barrier layer under a 900 nm (9,000 A) Au layer
in an overlay (two layer metal) configuration. in an em-
bodiment wherein a metal source contact is to directly
contact both the P+ body contact region and the N+
source region, as shown in Fig. 19, platinum silicide is
preferably used as a contact layer under the WTi to im-
prove ohmic contact.

In one embodiment of the MOSFET of Fig. 21, the
starting material is an N+ (antimony) <1-0-0> silicon
substrate with an 8 micron epitaxial layer formed therein
having a resistivity of 1.5-Qcm.

Oxide layer 86 has a thickness of 700 nm (7,000 A).
Gate oxide 90 has a thickness of 80 nm (800 A). The
body opening mask through which body region 88 im-
purities are implanted is 8.5 microns wide. The space
between gates 124 is approximately 25 microns. The
source contact mask opening is 2 microns. The gate
124, 160, 162 length is approximately 2.5 um.

The implant doses are as follows:

For P bedy region 88: 5 x 10E1%/cm? at 70KeV us-
ing toron icns;

For F+ body contact region 94: 1 x 10E15/cm? at
100 KaV using beren ions; and,

For source region 92: 1 x 10E16/cm? at 40KeV us-
ing arsenic ions. ' '

The channel length is aggreximately 1 micron, and
the channel width is approximately 1100 micrens.

The rasulting structure has the following electrical
properties:

Vo @ 25pA: 1.0-1.5V |
BVgss © 250pA: 8OV REPLACEMENT xgégﬁ

gm @ 25mA, Vg = 10V: 0.025 mhos o}
y o 25 MAY 19

ADgn @ Vg = 10V. 32 ahms
At Vg =0V, Vg = 25V
Ciss ~ 1.25 pt (Cas + Cap)
Crss~0.0425pf . (Cgg)
CQ“ ~ 0.625 pt (COS + Cgo)
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When overlay metal is used, a Faraday shield is
preferably ccnnected to the source contact and placed
between the gate toncing pad and the drain to prevent
pad capacitance frem becoming part of Cgp.

ln additional examples, the ugger gate cescribed
with respect to Figs. 13. 14, 182, 19, and 21 is cepasitec
cn the same thickness of oxide as the lcwer gate anc
separatad from the lcwer gate ty a masking anc efcn
prccess. A representative example is shown in Fig. 22,
where gaies 152 and 154 are formed over 2 same thick-
ness cf oxide 13¢. Further, beth gates 152 and 154 may
or may not overlie a porticn of the channel regicn. Tne
remaining elements in Fig. 22 are identical to thcsa
shown in Fig. &. :

Fig. 23 shows 2 new schematic regresentaticn cf
the resulting structures descriced herein which utilize a
separale upger gata and lower gzate.

Fig. 24 shows 2 lateral MOSFET, where gate gor-
tion 160 is formed cver thick cxide €6, and gate gerticn
162 is formed cver thin oxide 0. Gate perticns 160 and
162 may be separated as descriced with respect to Fig.
13. Tne MOSFET of Fig. 24 is formed using steps similar
to those used to fomn the vertical MOSFET of Fig. §.
except, in Fig. 23, N+ drain contzact region 1€& is formed
in 2 top surface of substrate 82. Substrate 82 may be of .
an N or P type. If substrate 82 is of a P type, P body
region €8 may be deleted. o

Thus, an improved MOSFET has been described
which exhibits a lower gate-to-drain capacitance Cgp,
wherein source and body regicns are precisely aligned
with respect tq a gate without the use of any critical
masking steps, and wherein a parasitic bipclar transistor
has been rendered inoperative. While particular embcd-
iments of the present inventicn have been shcwn and
described, it _\yill be obvious to those skilled i_n the art
that changes and medifications may be made without
departing from this invention in its broader aspects. For
example, all conductivity types may be made opposite
to those specifically mentioned, and the various dimen-
sions may be modified as necessary.
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Claims
1. AMOSFET pair structure comprising:

a substrate (82) cf a first concuctivity type hav-
ing a top surface and a bottom suface, the bot-
tom surface of said substrate acting as a drain
contact region (95) for said MOSFET pair struc-
ture; ' '
a first and second body region (88).of a second
conductivity type fermed in said top surface of
said substrate and separated from one another
by a first-area of said top surface of said sub-
strate; :
first and second scurce regions (22) of said first
concuctivity type formed in said tep surizce of
said substrate and within respective ones of
said body regions; _
a conductive gate having an ugper portion (160,
~ 162) electrically separated frem a first lower
portion (124) and from a second lower portion
(124), said first lower portion being insulated
from a first channel region within said first bedy
region between said first source region and a
periphery of said first body region by an insula-
tion layer (S0) of a first thickness, said second
lower portion being insulated from a second
channel regicn within said second body region
between said second source region and a pe-
riphery of said second body region by an insu-
lation layer (90) of said first thickness, said up-
per portion being insulated from said first area
of said top surface of said substrate by an in-
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sulation layer (86) of a second thickness,
wherein said second thickness is greater than
said first thickness,

wherein said upper portion of said gate is split
into a first upper portion (1680) and a second up-
per portion (162), wherein neither said first up-
per portion nor said second upper portion over-
lies a central portion of said first area.

2. The MOSFET structure (figure 19) of claim 1

wherein said first lower portion (140) overlaps
a first portion of said first channel region, and
said first upper portion {144) overlaps a second
portion of said first channel region, and

wherein said second lower pcrtion (140) over-

laps a first portion of said second channel re-

gion, and said second upper portion (144) over-
laps a second portion of said second channel
- region. '

3. The MOSFET structure of claim 2 wherein said up-
per portion (144, 160, 162) is connected to receive
an upper gate voltage (Vg.ypper) for inverting said
second portion of said first and second channel re-
gions, and said first and second lower portions (124,
140) are connected to receive a separate lower gate
voltage (Vg.Lower) for inverting said first portion of
said first and second channel regions.

4. The MOSFET structure of claim 1 or 2 wherein said
upper portion (144, 160, 162) is connected to said
source region through an AC short circuit.

5. The MOSFET structure of claim 1, 2, 3, or 4 wherair
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said upper porticn (144) overhangs said insulation
layer (100) of said secend thickness.

A method of forming a MOSFET pair structure com-
prising the steps cf:

forming a first and second bedy regicn (E8) of
a second cenductivity type in a top surface of a
substrate (82) of a first conductivity type and
separating said first and second body regions
from one another by a first area of said top sur-
face of said substrate, a bottom surface of said
substrate acting as a drain contact regicn (95)
for said MOSFET pair structure;

forming first and second source regions ($2) of
said first conductivity type in said top surface of
said substrate and within respective cnes of
said body regions; and

forming a conductive gate having an upper por-
tion (160, 162) electrically separated from a first
lower portion (124) and from a second lower
portion (124), :

. said first lower portion being insulated from a
first channel region within said first body region
between said first source region and a periph-
ery of said first body region by an insulation lay-
er (90) of a first thickness,
said second lower portion being insulated from
a second channel region within said second
body region between said second source re-
gion and a periphery of said second body re-
gion by an insulation layer (90) of said first
thickness,
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said upper portion being insulated from said
first area of said top surface of said substrate
by an insulaticn layer (€6) of a second thick-
ness, wherein said second thickness is greater
than said first thickness,

wherein said upper portion of said gate is split
into a first upper portion (160) and a secend up-
per portion (162) such that neither said first up-
per portion nor said second upper portion over-
lies a central portion of said first area.

7. The method of claim 6 wherein said step of forming
said conductive gate (figure 19) comprises the
steps of:

forming said conductive gate so that said first
lower portion (140) overlaps a first portion of
said first channel region, and said first upper
portion (144) overlaps a second portion of said
second channel region, and

wherein said second lower portion (140) over-
laps a first portion of said second channel re-
gion, and said second upper portion (144) over-
laps a second portion of said second channel
region.
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The method cf claim 6 or 7 further comprising the
steps of:

connecting said upper pcortion (144, 160, 162)
to receive an upper gate voltage (Vg.upper) fOf
inverting said second porticn of said first and
second channel regicns; and

connecting said first and second lower portions
(124, 140) lo receive a separate lower gate volt-
age (Vg._.owen) for inverting said first pcmcn of
said channel regicns.

The methed of claim 6 or 7 further comprising the
step of connecting said upper portion (144, 1€Q,
162) to said source regicn (22) through an AC short
circuit.

The methed of claim 6, 7, 8, or 9 further comprising
the step of forming said upper portion (144) so as
to overhang said insulation layer (100) of said sec-
ond thickness.

The MOSFET structure of claim 1, 2, 4, 5, or 6
wherein said upper portion {144, 160, 162)is con-
nected to a fixed potential.

The method ofclaim 6, 7, 8, or 10 further comprising
the step of connecting said upper portion (144, 180,
162) to a fixed potential.

25 NAY 1998
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MOSFET STRUCTURE HAVING REDUCED GATE
CAPACITANCE AND METHOD OF FORMING SAME

ABSTRACT
In one embodiment, a vertical MOSFET is formed having a lower gate pdrtion

(124) overlying the channel region of the MOSFET and separated from the channel region
by a thin gate oxide layer(90). An upper gate portion (120) is formed overlying the drain
of the MOSFET and separated from the drain by a relatively thick oxide layer (86). In this
particular embodiment, since the dielectric thickness between the upper gate portion (120)

and the drain (82) is relatively large, the MOSFET exhibits a lower gate-draiﬁ capacitance
(Cqp) value, while tﬁe threshold voltage of the MOSFET remains relatively unchanged. The
upper gate portion (120) may be electrically connecteci to the lower gate portion (124) or may
be electrically isolated from the lower gate portion (124). A preferred method of forming
the resulting MOSFET having this lowered Cgp allows the source (92) and body regions (88)

to be precisely aligned with the drain edge of the lower gate portion(124).

R APUTAP VR T
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