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Device Design Considerations for lon Implanted
n-Channel MOSFETs

Abstract: Device design considerations are presented for ion implanted, n-channel, polysilicon gate, enhancement-mode MOSFETs
for dynamic switching applications. A shallow channel implant is used to raise the magnitude of the gate threshold voltage while also
maintaining a low substrate sensitivity (i.e., without substantially increasing the dependence of the threshold voltage on the source-to-
substrate ‘‘backgate” bias). Design trade-offs between channel implantation energy and dose and substrate bias were examined using
both computer analyses and experimental devices. The design objective was to identify the combination of these three parameter val-
ues that gives both a low substrate sensitivity and a steep subthreshold conduction characteristic under the conditions of a gate thresh-
old voltage of 1 V and a substrate bias range of 0 to —1 V. One-dimensional and two-dimensional computer analyses were performed
to predict the effect of the device parameters on the electrical characteristics. MOSFETs were then fabricated to investigate the ex-
tremes of the design parameter range, and the experimental and predicted device characteristics were compared. An enclosed device

structure proved particularly useful in evaluating the subthreshold characteristic at very low values of drain current.

Introduction
In this paper we consider some aspects of device design
for ion implanted enhancement-mode MOSFET switch-
ing devices. This work is part of a research program to
develop a very high density FET technology for digital
integrated circuits. A cross section of the n-channel poly-
silicon gate MOSFET chosen for this study is shown
in Fig. 1(a). The physical feature of the design that we
are primarily concerned with is the vertical doping pro-
file of the silicon in the region beneath the gate. This
doping profile can be altered by an implanted surface
layer which extends below the shallow inversion layer
that forms the conducting channel between source and
drain. For convenience we will refer to this implantation
as the channel implant. The reason for using a channel
implant in these enhancement-mode devices is to raise
the gate threshold voltage, ¥y, while also maintaining a
low substrate sensitivity. By a low substrate sensitivity
we mean that V; should be relatively insensitive to
changes in the source-to-substrate (backgate) bias, V¢ ;.
as illustrated in Fig. 1(b). Another device character-
istic of concern is the subthreshold conduction or “turn-
on” characteristic shown in Fig. 1(c). The subthreshold
conduction characteristic must be as steep as possible so
that the gate voltage excursion, AV, between the device
“off” condition and the device “on” condition will be
minimized [ see Fig. 1(c)].

The device design parameters available for manipula-
tion include the gate oxide thickness, the channel doping
profile (i.e., the channel implantation energy and dose),
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the substrate doping, and the substrate bias. The p-type
doping concentration of the silicon in the region beneath
the gate was increased by using low energy (20 to 40
keV), low dose (2 to 8 x 10" cm ) B" ions implanted
through the gate oxide. The shallow n* source and drain
regions were high energy (100 keV), high dose (4 x
10® ecm™®) As™ implants which are self-aligned with
respect to the polysilicon gate. The choice of a 2000-A
source and drain junction depth, 350-A gate oxide thick-
ness, and 2 ohm-cm (7.5 X 10" cm™) substrate resistivi-
ty were dictated by short channel considerations de-
scribed elsewhere [1]. When the channel length of an
FET becomes comparable to the source and drain deple-
tion layer widths, smaller gate voltages are required to
form a conducting channel under normal operating con-
ditions, and the threshold voltage becomes dependent on
both channel length and drain voltage [2]. In the ex-
treme these detrimental short channel effects cause the
FET to become a depletion-mode (normally-on) type of
device. The channel lengths of the FETs investigated in
our device design study (2 to 10 um) are long enough,
that short channel effects such as source-to-drain deple-
tion layer punchthrough can be neglected for drain volt-
ages as highas 4V,

The device parameters that remain at our disposal are
the channel implantation energy and dose (i.e., the verti-
cal doping profile under the gate oxide), and the sub-
strate bias. The design objective was to identify the
combination of these three device parameter values that
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Figure 1 (a) Cross section of an n-channel polysilicon gate MOSFET. (b) Typical substrate sensitivity characteristic. (¢) Typical

subthreshold conduction characteristic.

yields both a low substrate sensitivity and a steep
subthreshold conduction characteristic. In other words,
we designed for a threshold voltage that is relatively in-
sensitive to source voltage variations and for a small
gate voltage swing during turn-on [cf. Figs. 1(a) and
1(b)].

Two analytical tools were utilized in this study. The
first is a one-dimensional analysis based on Poisson’s
equation that predicts the effect of the three design pa-
rameters on the substrate sensitivity. The second is a
two-dimensional computer model for current transport
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that predicts the effect of the design parameters on the
subthreshold conduction characteristic. The predictions
of these analyses were used to establish the useful range
of device parameters. Then MOSFETSs were fabricated
to investigate the extremes of the design parameter
range, and the experimental and predicted device char-
acteristics were compared.

Vertical doping profile
The vertical doping profile of the implanted region be-
neath the gate oxide is shown in Figs. 2(a) and 2(b) for
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Figure 2 Vertical doping profile of implanted region beneath
the gate for 20 keV (a) and 40 keV (b) implantation energies.
Idealized step functions of width D have the same active dose
as the actual implantation profiles. Values used in the profile
calculations were (a) R, = 700 A, AR, =300 A, and Jox =350
A, and (b) R,= 1300 A, AR, = 500 A, and 7, =350 A.

implantation energies of 20 and 40 KeV respectively. A
computer program developed by F. F. Morehead of our
laboratory was used to predict the shape of the implanta-
tion profiles after their subjection to the heat treatments
used in device processing. The heat treatments were 34
minutes at 870 °C, 20 minutes at 900 °C, and 11 minutes
at 1000 °C. Before heat treatment the shapes of the pro-
files are Gaussian, but during thermal processing the pro-
files become distinctly non-Gaussian because of the re-
flection at the oxide-silicon interface of boron atoms dif-
fusing primarily during the I1-minute 1000 °C step.
Doping tails on the implanted Gaussian distributions
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resulting from channeling were neglected because the
implants were performed 7 degrees off axis from the
vertical.

The 20 to 40 keV range of channel implantation ener-
gy was established as follows. In order to minimize ther-
mal spreading of the implanted profile, we implanted
through the gate oxide. The active dose fractions that
penetrate the 350-A-thick gate oxide were calculated to
be 88 and 97 percent for the 20 and 40 keV cases,
respectively. For implantation energies below 20 keV
the oxide begins to absorb an intolerably large fraction
of the implanted ions, whereas above 40 keV the profile
becomes so deep that high substrate sensitivity results.

To first order, a step function of depth D having the
same active dose can be used to approximate the actual
implantation profile. For example, after heat treatment,
step depths of 1000 and 2000 A correspond quite well to
implants with a range and straggle of 700 and 300 A (20
keV) and 1300 and 500 A (40 keV), respectively [see
Figs. 2(a) and 2(b)]. In the analytical work that follows
we use a step profile because its effects on the device
characteristics are easy to model and understand, and
also because we find that the calculated results using the
step profile and the actual profile are very close in value.

Substrate bias

The MOSFET is a four terminal device (source, gate,
drain, and substrate), and the magnitude of the substrate
bias is an important and useful parameter that must be
considered in device design. The one-dimensional
threshold voltage analysis based on Poisson’s equation
is described in detail in the Appendix. In the simple case
of uniform substrate doping, the gate threshold voltage,
V., is proportional to [ (Vg ., + V) Nb] [3] where V
is the source-to-substrate (back gate) bias, ¥ the total
band bending in the silicon at the onset of strong in-
version [2] (i.e., the surface potential), and N, the
bulk semiconductor doping concentration. A similar
form of dependence of threshold voltage on source-to-
substrate bias and doping concentration occurs when a
nonuniform (i.e., implanted) doping profile is used (see
Appendix). The V; versus Vg, relationship (i.e., the
substrate sensitivity characteristic) is of particular
importance in source-follower applications. Examples
include the FET switch in a one-device memory cell,
and other memory and logic circuits in which an FET is
used as a load device. In the source-follower mode of
operation the drain voltage is held constant and the
source voltage swings or follows the gate voltage varia-
tion. As a result the source voltage also varies with re-
spect to the fixed substrate bias (i.e., ¥, also varies).
Consequently, the threshold voltage increases as the
FET is turned on, and if the substrate sensitivity is too
large the device turn-on can be impaired.
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Threshold equations
The one-dimensional threshold voltage equations used in
this analysis are derived in the Appendix using the basic
threshold equation {3];

Ve= Ve + Y5 + Vi, (1)

The flat-band voltage, Vg, for an n* polysilicon gate is
given by

VFB = —Eg/z - \IIS/Z —4q Nox/ Cox’ (2)

where E, is the energy gap, N,, the equivalent oxide
charge per unit area at the oxide-silicon interface, C,y
the oxide capacitance per unit area, and g the electronic
charge. With an n” polysilicon gate and uniform sub-
strate doping concentration, the band bending in the sili-
con at the onset of strong inversion is given by [4]

s = (2kT/q) 1n (Ny/ny), (3)

where k is Boltzmann’s constant, T the absolute temper-
ature, N, the bulk doping concentration, and #; the in-
trinsic carrier concentration. The bulk voltage term,
Viux, from Poisson’s equation is given by

Vbulk - (q/Cox) f ‘ Na(x) dX, (4)

where w, is the depletion layer width in the silicon sub-
strate beneath the gate oxide, and N,(x) the concentra-
tion profile of ionized acceptors in the depletion region.

The one-dimensional threshold voltage expression,
Eq. (1), and the flat-band voltage expression, Eq. (2),
can be obtained from consideration of the energy-band
diagram at the oxide-silicon interface. Modification of
the magnitude of the threshold volitage occurs primarily
through the term V4, (which depends strongly on both
the silicon doping profile and on the source-to-substrate
bias), although minor changes also arise from the loga-
rithmic dependence of the silicon band bending on the
doping concentration. Equation (3) represents the
strong inversion criterion originated by Brown [4],
which defines the magnitude of the band bending at the
silicon surface relative to the bulk (i.e., the surface
potential) when the concentration of minority carriers at
the surface equals the concentration of majority carriers
in the bulk [2]. In this study we have chosen not to in-
corporate the effect of a nonuniform doping profile into
Brown’s criterion in order to facilitate comparison be-
tween the threshold voltage equations for different dop-
ing profiles. As derived in the Appendix, the threshold
equations of interest are

Uniform doping profile (nonimplanted) [ 3]
V=V + s + [(2q Ny e/ Coxz) (Vssun + dls)]%- (5)

Impulse doping profile (step depth D = 0, active im-
planted dose = DOSE)
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Figure 3 Calculated substrate sensitivity characteristics for
various doping profiles; uniform (nonimplanted) low substrate
doping -+ , uniform (nonimplanted) high substrate doping
-+-+-+=-, impulse doping ------ , and step doping ———— The
impulse and step profiles have equal active doses of 6.5 X 10"
cm %, Shifting up the uniform low doping characteristic by AV,
= ¢q(DOSE) /C,, yields the impulse profile characteristic. The
uniform high doping and impulse cases yield asymptotes for the
step profile. For wq > D, the step profile characteristic is ob-
tained by shifting the uniform low doping profile up by AV,
= q(DOSE)/C,, and to the right by AV, , = q(DOSE)
/ (2e5,/ D) (see text); N,, the bulk doping concentration, is
equal to 7.5 X 10" cm™ in all cases.

Vo=V +¥,+q (DOSE)/C,,

+ 1024 N, €/ Co) Vo + ) 1% 6)
Step doping profile (w, = D)
Vo=V 0.+ [(2g N, €5/ C,°) (Vo + ¥ 15 ()
Step doping profile (w, Z D)
Ve=Vig+ i+ g (Ng— Np)D/Cox

+ {(2q Ny €5,/ Co’)

X [V T — a(N, = N)D(D/2 €)1} (8)
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Figure 4 Correlation of experimental and calculated substrate
sensitivity characteristics. The lower curves are for nonimplant-
ed 2 ohm-cm (7.5 x 10" cm™®) substrates. The upper curves
are for 20 and 40 keV B'' channel implantation energies with
the same substrate doping. During implantation, half of the
wafer was masked by a metal foil so that implanted and nonim-
planted MOSFETs could be fabricated on the same wafer.

In the threshold equations above, eg is the dielectric
constant for silicon, and N, the step doping concentra-
tion.

Figure 3 shows the substrate sensitivity characteris-
tics for various doping profiles calculated using Egs. (5)
through (8). Let us first examine the characteristics for
the light and heavy uniform doping cases shown in Fig.
3. Notice that a light uniform substrate doping concen-
tration of 7.5 X 10" cm™® (2 ohm-cm resistivity) yields a
low substrate sensitivity, but the threshold voltage is
also low; so low, in fact, that the FET is almost a deple-
tion mode device. A heavier uniform doping of 4 x 10
em™ (4 ohm-cm resistivity) raises the threshold voltage
as shown, but only at the expense of a greatly increased
substrate sensitivity. The obvious solution is to use a
lightly doped substrate and a shallow channel implant to
increase the substrate doping in the region beneath the
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gate oxide, thereby raising the threshold voltage while
still maintaining a low substrate sensitivity over the op-
erating source-to-substrate bias range.

For any given active implantation dose, the maximum
attainable increase in the threshold voltage and the mini-
mum substrate sensitivity occur when the dose is com-
pletely concentrated at the oxide-silicon interface, as
exemplified by the impulse profile. In comparing Egs.
(5) and (6) it is apparent that an impulse of negative
charge (e.g., ionized boron acceptors) localized at the
interface simply shifts the nonimplanted characteristic
up by AVy = q(DOSE) /C, [5, 6]. Thus the impulse
doping profile increases the threshold voltage without
changing the substrate sensitivity associated with the
bulk doping (see Fig. 3).

In a reality a true impulse doping profile is impossible
to obtain with ion implantation and thus the profile has
some finite shape. Figure 3 also shows the substrate
sensitivity for a step profile of width D = 0.2 um having
the same active dose as the impulse profile. As shown in
Fig. 3, the uniform high doping profile and the impulse
profile represent the two extremes of the step profile,
and thus they yield asymptotes for the substrate sensi-
tivity curve of the step profile. As V.. 1S increased, the
depletion layer width, wy, exceeds the step depth, D, and
the character of the substrate sensitivity curve for the
step profile changes from high uniform doping behavior
[Eq. (5)] to impulse doping behavior [ Eq. (6)]. For the
step profile the active implanted dose is DOSE = (N —
Ny) D. In comparing Egs. (5) and (8) we see that for
wq > D the effect of the step is to shift the characteristic
of the unimplanted profile up by AV, = g (DOSE) /Cy
as in the impulse case, and to the right by AV =g¢q
(DOSE) (D/2eg). The term D/ 2e, represents the ca-
pacitance per unit area of half of the step width. Thus
AV, is determined by the magnitude of the implanted
dose, and AV, . by the moment of the dose, i.e., the
dose multiplied by one half of its width. Aithough some-
what idealized, the step function profile offers a simple
and direct first-order understanding of the influence of
channel implantation step height and width (i.e., implan-
tation dose and energy) on substrate sensitivity.

The rationale for performing the channel implant after
growing the gate oxide should now be clear. By minimiz-
ing the thermal spreading of the implanted profile we
keep the implant bunched and as close as possibie to the
oxide-silicon interface so that it more nearly resembles
the preferred impulse profile. This helps to minimize the
degradation of substrate sensitivity as we raise the
threshold voltage with a channel implantation.

Substrate sensitivity

We now consider the degree of correlation between
experimental results and the predictions of the one-
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dimensional threshold analysis using the step profile. The
experimental threshold voltage was determined by ex-
trapolating the linear (below pinchoff) I3 verses V; charl-
acteristic to zero current [3]. As a check, the (Ipg)?
versus V, characteristic of the above-pinchoff region was
also extrapolated to zero current and was found to give
the same threshold value, Figure 4 shows the results for
device runs with an experimental dose of 6 x 10" ¢cm™
B" for implantation energies of 20 and 40 keV. In each
case half of the wafer was masked so that some devices
would not receive a channel implant, The experimental
results for both 20 and 40 keV cases are matched very
well by a calculated dose of 8 x 10" cm™. This discrep-
ancy between the calculated and experimental doses is
believed to be caused by an inaccuracy in the dose cali-
bration of the particular implantation machine used. We
have consistently observed that the calculated dose ex-
ceeds the experimental dose by about 30 percent.

In Fig. 4 the slight deviation of the calculated and
experimental curves near Vg, = 0 V occurs because
we ignore the effect of the implanted doping layer on the
silicon band bending [5, 6] (see Appendix). For the
same dose, the deviation is larger for deeper implants
because wyq = D occurs at a larger value of Vg gy The
nonimplanted (i.e., uniform doping) characteristic can,
of course, be fitted more precisely because the band
bending can be more accurately defined.

Two important circuit requirements that our device
design must meet are the threshold voltage of approxi-
mately 1 V and a substrate bias range of 0 to—1 V. Dur-
ing a source-follower switching operation, the source
voltage swing is from ground potential up to +4 V;
hence the operational range of Vg oy, is at least 0 to +4 V
and at most +1 to +5 V. Note from Fig. 4 that the sub-
strate sensitivity is higher for the 40 keV case than for
the 20 keV case, especially near Vg, = 0. This means
that if the 40 keV implant is used, some substrate bias
must be employed to reduce the substrate sensitivity.

We now examine substrate sensitivity with respect to
the three design parameters of channel implantation en-
ergy and dose, and substrate bias. Figure 5 shows calcu-
lated substrate sensitivity curves for three different step
profiles of interest, identified as cases A, B, and C in the
figure. Case A is a step of 0.1 um intended for use at a
substrate bias of zero volts. Cases B and C are step
depths of 0.1 and 0.2 wm intended for use at —1 V sub-
strate bias. All three cases give the required threshold of
approximately 1 V for zero source voltage, but they use
three different surface dopings and three different chan-
nel doses. Note that the two 0.1 um cases exhibit less
substrate sensitivity than the 0.2 um case, which reiter-
ates our earlier conclusion that one must use some sub-
strate bias for deeper implants in order to maintain low
substrate sensitivity.
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Figure 5 Calculated substrate sensitivity characteristics for
the uniform low doping case and for three different step implan-
tation profiles of interest. Case A is a 0.1 um step intended for
use with zero applied substrate bias. Cases B and C have step
depths of 0.1 and 0.2 um, respectively, and are intended for use
with —1 V applied substrate bias. All three cases give the re-
quired gate threshold voltage, Vr, of approximately 1 V for zero
source voltage, but they use three different surface dopings and
three different active channel doses; N, is equal to 7.5 X
10" cm™® in all cases.

Subthreshold conduction

A test chip containing enclosed and the conventional
open MOSFET structures with various channel lengths
was designed and fabricated using polysilicon gate tech-
nology. Figure 6 is a scanning electron microscope pho-
tograph of an enclosed FET structure. In this enclosed
device the polysilicon gate surrounds the central source
region, and the drain in turn surrounds the gate. When
the source is completely surrounded by the gate, source-
to-drain leakage currents resulting from parasitic chan-
nels or sneak paths are eliminated. In a conventional
open structure, adjacent devices are isolated from each
other by a field oxide that also contacts the edges of the
source, channel and drain regions of each FET. In n-
channel devices in particular, unless very effective field
shields or parasitic channel stoppers are provided,
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Figure 6 Scanning electron microscope photograph of an en-
closed FET. The aluminum pads measure 4 mils by 4 mils
(100 wm X 100 wm) [2] and the channel length is 2.4 wm. Clock-
wise from the bottom the pads connect to the substrate, source,
gate, and drain regions.
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Figure 7 Calculated subthreshold conduction characteristics
for the three different step implantation profiles used earlier in
the substrate sensitivity analysis (see Fig. 5). The subthreshold
characteristics for cases B and C have a steeper slope (i.e.,
smaller o) than that of case A because of both a larger sub-
strate bias and a smaller active channel dose [see Eqgs. (9) and
(10)]: Ny is equal to 7.5 X 10" ¢cm™ in all cases.

source-to-drain leakage current paths can occur along
the surfaces of the field oxide. For experimental purpos-
es, the enclosed structure is useful in determining the
subthreshold conduction characteristic at very low drain
currents. The subthreshold or turn-on characteristic
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[7, 8] is of particular importance to dynamic memory
and logic circuits because those circuits require very low
leakage currents when the FET switch is turned off [6].

The step doping profile was incorporated [9] into the
two-dimensional FET computer model of Kennedy and
Murley [10] and the logarithmic I,g versus V; charac-
teristics were generated. Figure 7 shows the calculated
subthreshold behavior for the three step profiles used
earlier in analyzing the subthreshold behavior (see Fig.
5). To obtain the data of Fig. 7 we have assumed a 10
pm channel length and a width to length ratio of one to
one. The two-dimensional current transport model was
used to confirm that channel lengths as short as 2 um
cause no significant perturbation of these characteristics,
and that replacing the step doping profile with the actual
profile also has little effect on the predicted results.

The inverse semilogarithmic slope, a, of the subthresh-
old characteristic for weak inversion is given by [6, 8]

mV dv, kT 1 €l ox
(522 - (-
decade/  dlog, [ q /\log,, e €, Wy

Cfstox
+ ——) 9)

eOX

where t,, is the thickness of the gate insulator, €, the
dielectric constant of the insulator, and C, the capaci-
tance per unit area due to fast surface states. In our de-
sign the only variable at our control in Eq. (9) is the
depletion layer width, which is a function of the source-
to-substrate bias, the silicon band bending, and the dop-
ing profile in the depletion region. Again ignoring the
effect of doping concentration on the band bending, we
are left with our original three design parameters; sub-
strate bias, and channel implantation depth and dose.
Then, because wyq > D for the three cases considered in
Fig. 7, we may utilize Eq. (A-10) of the Appendix:

Wd = {(2€Si/qNb) [VS-sub + l/js
—q(N,— N,)D(D/2¢5)1¥.  (10)

Note from Eqgs. (9) and (10) that an increase in the
magnitude of the substrate bias, or a decrease in the ac-
tive channel dose, (N, — N,) D, or step width, D,
causes w, to increase with a resultant reduction in «
(i.e., a steeper slope). In Fig. 7, the subthreshold charac-
teristics for cases B and C have a steeper slope than that
of case A because of both a larger substrate bias and a
smaller channel dose. In order to obtain the required
threshold voltage of approximately 1 V one can either
increase the dose or the substrate bias (see Fig. 5).
From the point of view of subthreshold behavior, the
largest allowable substrate bias magnitude (—1 V) and
the shallowest practical channel implant (20 keV) are
preferred because they yield the steepest turn-on charac-
teristic.
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Figure 8 Experimental subthreshold conduction characteris-
tics with V.. as parameter for a channel implantation energy
of 20 keV. The inset shows a cross section of the enclosed FET
structure used in these measurements. The enclosed device has
a channel length of 2.4 um and a width-to-length ratio of 65 to
1. The current scale has been reduced by a factor of 65, which
is equivalent to a channel width-to-length ratio of one to one, to
facilitate comparison with the computed results shown in Fig. 7.

Figures 8 and 9 show the effect of the substrate bias
on the slope of the experimental subthreshold character-
istic for 20 and 40 keV implants, respectively. (A cross
section of the enclosed FET used in these measure-
ments is shown in the inset of Fig. 8.) The enclosed de-
vices had a channel length of 2.4 um and a width to
length ratio of 65 to one. The magnitude of the current
in Figs. 8 and 9 was reduced by a factor of 65, which is
equivalent to a channel width to length ratio of one to
one, to facilitate comparison with the computed results
of Fig. 7. Both Figs. 8 and 9 confirm that increasing the
substrate bias decreases a (i.e., increases the slope) as
predicted in Fig. 7. From Eq. (10), because wq is pro-
portional to (V5. sub)Z the rate at which o decreases de-
cays as Vg increases. Figures 8 and 9 represent al-
most equal active doses (88 and 97 percent of 6 x 10"
cm ™ respectively) but their respective step depths are
approximately 1000 and 2000 A. As expected from Eqs.
(9) and (10), at any given value of Vg, the 20 keV
implant (which corresponds to the smaller step depth)
yields a steeper subthreshold characteristic than the 40
keV implant.

Summary

In this paper we have examined the design trade-offs
between three device design parameters for normally-off
n-channel FETs. The three parameters are channel im-
plantation energy and dose and substrate bias. A shallow
channel implant was used in these enhancement-mode
devices to raise the gate threshold voltage while still
maintaining a low substrate sensitivity. The design
objective was to identify a combination of device param-
eter values that gives both a low substrate sensitivity
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Figure 9 Experimental subthreshold conduction characteris-
tics with V4., as a parameter as in Fig. 8 but for a channel im-
plantation energy of 40 keV, The 40 keV implant does not yield
as steep a subthreshold characteristic as the 20 keV case [see

Egs. (9) and (10)].

and a steep subthreshold characteristic under the re-
quirements of a threshold voltage of 1 V and a substrate
bias range of 0 to —1 V. One-dimensional and two-di-
mensional analyses were performed to predict the effect
of the design parameters on the device characteristics
and reasonable agreement between calculated and ex-
perimental results was observed.

For our dynamic source-follower applications the pre-
ferred design choice is a 20 keV channel implant with a
m™>, and a substrate bias of —1
V. Implantation energies as high as 40 keV can be used
if one is willing to pay the penalty of a slight increase in

dose of about 6 x 10"

substrate sensitivity.
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Appendix: Derivation of threshold equation

e Case I —uniform (nonimplanted) doping profile
The one-dimensional threshold equation for a uniformly

doped substrate is [ 3]
Vo=V + s + Viure

where the flat-band voltage, V

gate is given by

Vie=—E¢/2— ll’s/ 2—

q N()x/ ng,

for an n” polysilicon

(A-1)
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and the silicon band bending, i, is giveh by [4]
Y= (2kT/q) 1In (Nyn/n). (A-3)

To calculate the bulk voltage term, Vi, we need to
know the depletion layer width. Given Vg, and ) we
can obtain the expression for wy from Poisson’s equa-
tion,

wg Wq iy
VSAsub + 'bs = (q/ Esi) f |: Na(x) dx] dx. (A-4)
0 )
Again employing Poisson’s equation we obtain V' ,,,
wg
Voure = (a/Cy) N, (x)dx. (A-5)

0

For a uniform (nonimplanted) doping profile, Eqgs.

(A-4) and (A-5) yield
Viare = GNpwa/ Coy
= [(2qNb631/C0x2) (VS-sub + d"s)]% (A‘6)

» Case 2—impulse doping profile (step depth D = 0)
An_ impulse of negative charge (ionized boron
acceptors) localized at the oxide-silicon interface is
equivalent to decreasing the oxide charge in Eq. (A-2)
by the amount g (DOSE) where DOSE is the humber of
active implanted charges per unit area of the impulse.
Therefore, for the impulse profile,

VT = VFB + q (DOSE) /Cox + d’s + Vbulk- (A‘7)

The effect of the impulse is to simply increase the mag-
nitude of the threshold voltage predicted by Eq. (A-1)
by the amount g(DOSE)/C,, [5, 6]. The impulse is
assumed to have no effect on the magnitude of ..

s Case 3 —step doping profile (wq = D)
To adapt Eq. (A-1) to a step doping profile we must first
define ¢, (where ¥, many now be a function of w,) and
then use Eqs. (A-4) and (A-5) to obtain the bulk volt-
age term. For w, = D, Eq. (A-4) yields

wa=[(26,/aN,) (Vg o + ¥ T, (A-8)
and then Eq. (A-5) gives
Vi = GN W,/ C

= [(2qN,&,/ Co, ) Vi g + W) 12, (A-9)

Eq. (A-9) has the same form as Eq. (A-6) except that
now the step doping concentration N, replaces the bulk
doping concentration, N,,.

» Case 4 —step doping profile (w, = D)
For wy = D, Eq. (A-4) yields
wo = {265,/ qN) [V gu, + ¥
~q(N, = N,)D(D/2e,)1}:,  (A-10)
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and then Eq. (A-5) gives

Viae = (@/C (N, — N,)D + N w,1
= q(NS — Nb)D/Cox
+ {(2qN,e, / C,.2) [V + W,
—q(N,—N,)D(D/2¢)1F.  (A-11)

For wy = D, Eqgs. (A-8) and (A-10), and Egs. (A-9)
and (A-11) give identical results, as required.

We now consider the possible effect of the implanted
doping step on the band bending at the silicon surface.
For wq > D, ¢y, — (2kT/q) In(Ny/n,) and the sub-
strate sensitivity will begin to resemble that of the im-
pulse profile (see Fig. 3) [6, 7]. For w, < D, however,
¥, will become a function of both N, and D. For ex-
ample, for w, < D one could use [11] ¢ = (2kT/g) In
[No(x = wq)/n], but this would lead to a discontinuity
in the magnitude of V' at w, = D. Another approach is
to utilize some form of smoothing of ¥, as w, exceeds D,
eg., ¥, = (2kT/q) In (f,* N (x)dx/wsn,). In this
work, however, N, and N, differ by at most an order of
magnitude, and the inclusion of the effect of the step on
Y, causes a worst case perturbation (at V,, = 0) of
(2kT/q) In(N,/N,) = 60 mV in the predicted value of
V. (see Fig. 4). Consequently we have utilized y, =
(2kT/q) 1n (N,/n,) in all of the calculations presented
in this study. In using a singular value for ¢, for in all
cases, we ignore the small potential step in the band
structure that arises due to the electronic dipole at wyq =
D resulting from the doping transition. Thus we have
chosen to ignore the effect of the implanted ions on the
silicon band bending in exchange for analytical simplici-
ty and continuity of the substrate sensitivity characteris-
tic.
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