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Design of Ion-Implanted MOSFET’s with
Very Small Physical Dimensions
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Abstract—This paper considers the design, fabrication, and
characterization of very small MOSFET switching devices suitable
for digital integrated circuits using dimensions of the order of 1 u.
Scaling relationships are presented which show how a conventional
MOSFET can be reduced in size. An improved small device struc-
ture is presented that uses ion implantation to provide shallow
source and drain regions and a nonuniform substrate doping pro-
file. One-dimensional models are used to predict the substrate
doping profile and the corresponding threshold voltage versus
source voltage characteristic. A two-dimensional current transport
model is used to predict the relative degree of short-channel effects
for different device parameter combinations. Polysilicon-gate
MOSFET’s with channel lengths as short as 0.5 y were fabricated,
and the device characteristics measured and compared with pre-
dicted values. The performance improvement expected from using
these very small devices in highly miniaturized integrated circuits
is projected.
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List or SymBoLS

a Inverse semilogarithmic slope of sub-
threshold characteristic.
D Width of idealized step function pro-

file for channel implant.

AW, Work function difference between gate
and substrate.

€51y €ox Dielectric constants for silicon and
silicon dioxide.

1; Drain current.

k Boltzmann’s constant.

K Unitless scaling constant.

L MOSFET channel length.

Mot Effective surface mobility.

n, Intrinsic carrier concentration.

N, Substrate acceptor concentration.

v, Band bending in silicon at the onset of
strong inversion for zero substrate
voltage.
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¥, Built-in junction potential.

q Charge on the electron.

Qs Effective oxide charge.

box Gate oxide thickness.

T Absolute temperature.

Va, V., V, V,u Drain, source, gate and substrate volt-
ages.

Vs Drain voltage relative to source.

Vel Source voltage relative to substrate.

v, Gate threshold voltage.

Wy, Wy Source and drain depletion layer
widths.

w MOSFET channel width.
InTRODUCTION

E I EW HIGH resolution lithographic techniques for
forming semiconductor integrated circuit patterns
offer a decrease in linewidth of five to ten times

over the optical contact masking approach which is com-

monly used in the semiconductor industry today. Of the
new techniques, electron beam pattern writing has been

widely used for experimental device fabrication [1]-[4]

while X-ray lithography [5] and optical projection print-

ing [6] have also exhibited high-resolution capability.

Full realization of the benefits of these new high-resolu-

tion lithographic techniques requires the development of

new device designs, technologies, and structures which
can be optimized for very small dimensions.

This paper concerns the design, fabrication, and char-
acterization of very small MOSFET switching devices
suitable for digital integrated circuits using dimensions
of the order of 1 u. It is known that reducing the source-
to-drain spacing (i.e., the channel length) of an FET
leads to undesirable changes in the device characteristics.
These changes become significant when the depletion
regions surrounding the source and drain extend over a
large portion of the region in the silicon substrate under
the gate clectrode. For switching applications, the most
undesirable “short-channel” effect is a reduction in the
gate threshold voltage at which the device turns on, which
is aggravated by high drain voltages. It has been shown
that these short-channel effects can be avoided by scaling
down the vertical dimensions (e.g., gate insulator thick-
ness, junction depth, ete.) along with the horizontal
dimensions, while also proportionately decreasing the
applied voltages and increasing the substrate doping con-
centration [7], [8]. Applying this scaling approach to a
properly designed conventional-size MOSFET shows that
a 200-A gate insulator is required if the channel length
is to be reduced to 1 p.

A major consideration of this paper is to show how
the use of ion implantation leads to an improved design
for very small scaled-down MOSFET’s. First, the ability
of ion implantation to accurately introduce a low con-
centration of doping atoms allows the substrate doping
profile in the channel region under the gate to be in-
creased in a controlled manner. When combined with a
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Fig. 1. Illustration of device scaling principles with x = 5. (a)
Conventional commercially available deviee structure. (b)
Scaled-down device structure.

relatively lightly doped starting substrate, this channel
implant reduces the sensitivity of the threshold voltage
to changes in the source-to-substrate (“backgate”) bias.
This reduced “substrate sensitivity” can then be traded
off for a thicker gate insulator of 350-A thickness which
tends to be easier to fabricate reproducibly and reliably.
Second, ion implantation allows the formation of very
shallow source and drain regions which are more favor-
able with respect to short-channel effects, while main-
taining an acceptable sheet resistance. The combination
of these features in an all-implanted design gives a
switching device which can be fabricated with a thicker
gate insulator if desired, which has well-controlled thresh-
old characteristics, and which has significantly reduced
interelectrode capacitances (e.g., drain-to-gate or drain-
to-substrate capacitances).

This paper begins by describing the scaling principles
which are applied to a conventional MOSFET to obtain
a very small device structure capable of improved per-
formance. Experimental verification of the scaling ap-
proach is then presentéd. Next, the fabrication process
for an improved scaled-down device structure using ion
implantation is deseribed. Design considerations for this
all-implanted structure are based on two analytical tools:
a simple one-dimensional model that predicts the sub-
strate sensitivity for long channel-length devices, and a
two-dimensional current-transport model that predicts
the device turn-on characteristics as a function of chan-
nel length, The predicted results from both analyses are
compared with experimental data. Using the two-di-
mensional simulation, the sensitivity of the design to
various parameters iz shown. Then, detailed attention is
given to an alternate design, intended for zero substrate
biag, which offers some advantages with respect to thresh-
old control. Finally, the paper concludes with a discus-
sion of the performance improvements to be expected
from integrated circuits that use these very small FET's.

Drvice ScaniNg

The prineiples of device sealing [7], [8] show in a
concise manner the general design trends to be followed
in decreasing the size and increasing the performance of
MOSFET switching devices. Fig. 1 compares a state-of-

the-art n-channel MOSFET [9] with a scaled-down
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device designed following the device scaling principles to
be described later. The larger structure shown in Fig.
1(a) is reasonably typical of commercially available de-
vices fabricated by using conventional diffusion tech-
niques. It uses a 1000-A gate insulator thickness with a
substrate doping and substrate bias chosen to give a
gate threshold voltage 7 of approximately 2 V relative
to the source potential. A substrate doping of 5 X 10
em™® is low enough to give an acceptable value of sub-
strate sensitivity. The substrate sensitivity is an impor-
tant criterion in digital switching ecircuits employing
source followers bhecause the design becomes difficult if
the threshold voltage increases by more than a factor of
two over the full range of variation of the source voltage.
Tor the device illustrated in Fig. 1(a), the design pa-
rameters limit the channel length L to about 5 u. This
restriction arises primarily from the penetration of the
depletion region surrounding the drain into the area
normally controlled by the gate electrode. For a maxi-
mum drain voltage of approximately 12-15 V this pene-
tration will modify the surface potential and significantly
lower the threshold voltage.

In order to desigﬁ a new device suitable for smaller
values of L, the device is scaled by a transformation in
three variables: dimension, voltage, and doping. First,
all linear dimensioﬁs arc reduced by a unitless scaling
factor «, e.g., tox’ = tox/x, where the primed parameters
refer to the new scaled-down device. This reduction
includes vertical dimensions such as gate insulator thick-
ness, junction depth, ete., as well as the horizontal di-
mensions of channel length and width. Second, the volt-
ages applied to the device are reduced by the same factor
(e.g., V! = Vay/x). Third, the substrate doping concen-
tration is increased, again using the same scaling factor
(ie., N,/ = «N,). The design shown in Fig. 1(b) was
obtained using « = 5 which corresponds to the desired
reduetion in channel length to 1 p.

The scaling relationships were developed by observing
that the depletion layer widths in the scaled-down device
are reduced in proportion to the device dimensions due to
the reduced potentials and the increased doping. For ex-
ample,

'U)s, = {[2€Sl<¢b/ + Vs—sub/K)]/gKNa}l/z Al QUS/K' (1)

The threshold voltage at turn-on [9] is also decreased
in direct proportion to the reduced device voltages so
that the device will function properly in a eircuit with
reduced voltage levels. This is shown by the threshold
voltage equation for the scaled-down device.

th = (to‘;/Keo‘(){_Qvff + [QGSLQKNa(¢s/ + Vs*sub/K)]l/z}
+ AW, + ¢.) >~V /k 2)
In (2) the reduction in V; 1s primarily due to the de-
creased insulator thickness, f.x/x, while the changes in
the voltage and doping terms tend to cancel out, In most

cases of interest (i.e., polysilicon gates of doping type
opposite to that of the substrate or aluminum gates on
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p-type substrates) the work function difference ATV, 1s
of opposite sign, and approximately cancels out ¢ )
1s the band bending in the silicon (i.e., the surface poten-
tial) at the onset of strong inversion for zero substrate
bias. It would appear that the y/ terms appearing m (1)
and (2) prevent exact scaling since they remain approxi-
mately constant, actually increasing elightly due to the
increased doping since ¢ ~ ¢’ = (2kT/q) In (N,//n,).
However, the fixed substrate bias supply normally used
with n-channel devices can be adjusted so that (v, +
V) = (s + Vem)/x Thug, by scaling down the ap-
plied substrate biag more than the other applied voltages,
the potential drop across the source or drain junctions,
or across the depletion region under the gate, can he re-
duced by «.

All of the equations that describe the MOSFET device
characteristics may be scaled as demonstrated above. For
example, the MOSFET current equation [9] given by

I/ = Mesr€ox (W/K><VU _ 17: —_ -[fri/z
Ttk \Ljk K

is seen to be reduced by a factor of «, for any given set
of applied voltages, assuming no change in mobility.
Actually, the mobility is reduced slightly due to increased
impurity scattering in the heavier doped substrate.

It 1s possible to generalize the scaling approach to in-
clude clectric field patterns and current density. The
electric field distribution is maintained in the scaled-
down device except for a change in scale for the spatial
coordinates. Furthermore, the electric field strength at
any corresponding point is unchanged because V/r =
V’/x’. Thus, the carrier velocity at any point is also un-
changed due to scaling and, hence, any saturation ve-
locity effects will be similar in both devices, neglecting
microscopic differences due to the fixed crystal lattice
dimensions. From (3), since the device current is reduced
by &, the channel current per unit of channel width W
is unchanged by secaling. This is consistent with the same
sheet density of earriers (i.e., electrons per unit gate area)
moving at the same velocity. In the vieinity of the drain,
the carriers will move away from the surface to a lesser
extent in the new device, due to the shallower diffusions.
Thus, the density of mobile carriers per unit volume will
be higher in the space-charge region around the drain,
complementing the higher density of immobile charge
due to the heavier doped substrate. Other scaling rela-
tionships for power density, delay time, ete., are given
in Table I and will be discussed in a subsequent section
on circuit performance.

>(Vd/’<) = Id/K (3)

In order to verify the scaling relationships, two sets of
experimental devices were fabricated with gate insulators
of 1000 and 200 A (i.e., x = 5). The measured drain voltage
characteristics of these devices, normalized to W/L = 1,
are shown in Fig. 2. The two sets of characteristics are
quite similar when plotted with voltage and current scales
of the smaller device reduced by a factor of five, which
confirms the scaling predictions. In Fig. 2, the exact
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Fig. 2. Expcrimental drain voltage characteristics for (a) con-
ventional, and (b) scaled-down structures shown in Fig. 1 nor-

malized to W/L = 1.
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Fig. 3. Experimental turn-on characteristics for conventional
and scaled-down devices shown in Fig. 1 normalized to W/L
= 1.

match on the current scale is thought to be fortuitous
since there is some experimental uncertainty in the magni-
tude of the channel length used to normalize the character-
isties (see Appendix). More accurate data from devices
with larger width and length dimensions on the same chip
shows an approximate reduction of ten percent in mobility
for devices with the heavier doped substrate. That the
threshold voltage also scales correctly by a factor of
five is verified in Fig. 3, which shows the expcrimental
V1, versus V, turn-on characteristics for the original
and the scaled-down devices. For the cases shown, the

drain voltage is large enough to cause pinchoff and the
characteristics exhibit the cxpeeted linear relationship.
When projected to intereept the gate voltage axis this
lincar relationship defines a threshold voltage useful for
most logic circuit design purposes.

One arca in which the device characteristics fail to scale
is in the subthreshold or weak inversion region of the
turn-on characteristic. Below threshold, I, is exponentially
dependent on V, with an inverse scmilogarithmic slope,
a, [10], [11] which for the scaled-down device is given by

(o) vy
“\decade/ ~ d logy, 1.

= (kT /q loguo e)(l + e—ﬂ“—‘f/f) @

€oxlla /K
which is the same as for the original larger device. The
parameter o is important to dynamic memory cireuits
beeause it determines the gate voltage excursion required
to go from the low current “off” state to the high current
“on” state [11]. In an attempt to also extend the linear
scaling relationships to « one could reduce the operating
temperature in (4) (ie., 77 = T/«), put this would cause
a significant increase in the effective surface mobility
[12] and thereby invalidate the current scaling relation-
ship of (3). In order to design devices for operation at
room temperature and above, one must accept the fact
that the subthreshold behavior does not scale as desired.
This nonscaling property of the subthreshold character-
istic is of particular concern to miniature dynamic mem-
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