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ABSTRACT

MOSFETs with heavily doped regions at one or both ends
of the channel exhibit qualitative differences in electrica
behavior compared to devices with laterally uniform channel
doping. These differences include a distinct peakiness in the
transconductance near threshold, asymmetries in capacitances,
and a surprising decrease in the statistical variation of the peak
gain factor as channel length decreases. Historically, accurate
modeling of such devices is best done with sectional MOSFET
models. Here we present an analytic model of the behavior of
the current and transconductance of a (unilaterally or
bilaterally) halo implanted MOSFET and show that it predicts
the decrease in variation of gain factor with channel length.

Keywords: MOSFET modeling; SPICE modeling; statistical
modeling; halo implant.

1. INTRODUCTION

Low voltage MOSFETs historicaly have uniform lateral
doping. Halo (pocket) implants [1] were introduced to improve
performance and suppress some short-channel effects, and are
now standard. Specific heavily doped regions were introduced
at the ends of the channel in GCMOS technologies [2] to boost
performance, and these could be done selectively at source
and/or drain ends, leading to so-caled unilateral and bilateral
devices, having one or both ends doped heavily, respectively.

These laterally non-uniformly doped devices exhibit
qualitatively different behavior compared to laterally uniformly
doped devices. Firgt, as the gate voltage increases from below
to above threshold, the lightly doped centra region “turns on”
at a lower gate voltage than the more heavily doped end
region(s), and therefore when the end regions start to turn on
the channel length is effectively the length of these heavily
doped region(s). As the gate voltage further increases and the
level of inversion becomes more uniform in the device, the
channel length becomes more the length of both the heavily and
lightly doped regions. The (DC electrical) effective channel
length Lt istherefore shorter near threshold than for V well
above threshold, and this gives gy (Vy) a distinct peaked
behavior near threshold (we assume V¢ =V, =0 here).

A very interesting anaysis of halo implanted MOSFETs
was presented in [3]. This work provided a physical threshold
voltage model for bilaterally doped devices, and unequivocally
showed that a 3-section MOS model is needed to capture fine
details of halo implanted MOS behavior; merely modeling
threshold voltage for a 1-section moded is insufficient.
Although the peaked g,, behavior is not explicitly noted in [3]
it is apparent in Figs. 10 and 11 in [3]. But a model explaining
this behavior and its statistical variation was not provided.
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Fig.1 MOSFET composed of 3 separately doped regions.

For a unilaterally doped device (assuming the heavy doping
is on the source side of the device), as the device turns on the
drain end inverts before the source end, hence there is a distinct
peak in Cgyq near threshold, and the device is highly
asymmetric and Cgs #Cyq, even a Vg =0. Again, this
behavior cannot be captured by a 1-section MOSFET model,
especialy with the emphasis of the past decade in improving
the symmetry of MOSFET models.

For MOSFETs with constant lateral doping, the statistical
variation in the pesk transconductance gy, < oCoW/L
changes with channel length; for short devicesiit is greater than
for long devices. Variation in the oxide thickness T, and the
low field mobility g contribute equally to the variations in
gy for both long and short devices, but variations in Lgk
affect a short device more than a long device, so the overal
variation in g,y increases as length decreases.

This behavior is not observed in devices with nonuniform
lateral doping. In unilateral GCMOS devices the measured
variation in g, is less for short devices than for long devices.
We present an analysis that explains this counterintuitive
behavior. The basic model underlying the analysis is simple,
and is not intended to provide a highly accurate description of
al aspects of device behavior. But it is amenable to analysis
that elucidates the underlying cause of the unexpected decrease
in g, aschannel length decreases.

Note that LDMOS transistors also have laterally non-
uniform doping, but this is because their body region is formed
by out-diffusion and not because of a separate heavy doping
region at the source or drain. The analysis here is not directly
applicable to LDMOS devices, but does capture some of the
qualitative behavior they exhibit, because a unilaterally doped
GCMOS deviceis qualitatively similar to an LDMOS device.

2. NUMERICAL BILATERAL HALO M ODEL

Consider a MOSFET segmented into 3 regions, see Fig. 1.
Adjacent to the source is a region of length L; and threshold
voltage Vg, in the middle is a region of length Ls and
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threshold voltage V¢, and adjacent to the drain is a region of
length L and threshold voltage V. The source and bulk are
assumed to be at zero Volts and voltages Vg and Vy are
applied to the gate and drain.

For operation in strong inversion non-saturation, at small
Vq, the currents (normalized to uoCyW ) in each of the 3
sections, which must be equal, are approximately
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where V| and Vi are the voltages between the left (source)
and center sections, and between the center and right (drain)
sections, respectively, and B and By are the body effect
factors for the central and right region, respectively. The terms
involving the last two parameters are required because the
effective backgate bias for the center and right sections (taking
the source as the reference) is not zero.

V, and Vi in (1) through (3) vary with gate bias.
Iteratively solving for these, as a function of gate bias and
overall gate length L=L, +Lc +Lg, then computing the
current and g, (and normalizing with respect to the g, a Vg
just above threshold), gives the results shown in Fig. 2.
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Fig.2 Normalized g, vs. Vg for variouslengths.

For the simulations used to generate Fig. 2,
L, =Lg =0.08um (the simulations here were based on the
technology of [2], which is a 0.4um CMOS technology with a
minimum Lg of 0.25um from the GCMOS structure),
Vi =Vir =04V and Vqc =0.1V. Note that for the
simulations series resistance is ignored and mobility reduction
due to both vertical and lateral fields is not included, so surface
roughness scattering and velocity saturation are ignored; thisis
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done to specifically elucidate the effects of the non-uniform
lateral doping and to not have them confounded with other
physical phenomena.

As observed in experimental data, the g, exhibits a
“peaked” characteristic (again, thisis not from series resistance
or vertical field mobility degradation, which increase the
peakiness, the latter uniformly over length and the former more
for short than for long devices; it is purely from the intrinsic
nature of the laterally non-uniform doping —for a laterally
uniformly doped device g (V) would be independent of bias
in Fig. 2). Note that the “peakiness’ is non-monotonic in
length. Asymptotically as Lc — 0 the device appears, for
N_ =Ng, to be lateraly uniformly doped, and as Lg — oo
the relative effect of the end regions becomes vanishingly
small, therefore the g, / Ommax Curve should be flat for both
of these cases. Fig. 3 shows the peakiness (the ratio of the peak
gm to its value for large V) as a function of (reciprocal)
channel length.
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Fig. 3 gy, peakinessvs. reciproca channel length.

Starting from short devices (rightmost abscissa values in
Fig. 3), as the channel length increases (moving to the left), the
peakiness increases, as is observed in practice. For very large
lengths the peakiness again decreases, as is expected from the
qualitative analysis above.

3. ANALYTICAL BILATERAL HALO M ODEL

Instead of numerically solving (1) through (3), analytically
differentiating with respect to Vg, and dropping negligible
terms (Vy, V., and Vg aresmall), gives
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g mR = LR
(detailed calculations that keep the omitted terms for now and
eliminate them later are extremely tedious and lead to the same
results given below).

Because the current through each section must be the same,
the change in each current with V; must the same, so equating
(4) and (6) gives
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Equating (5) and (6) and using (7) gives

LL (Vg ~ViR)VR ~VL) + (Vg —V; Vg ~VR))
oV, —Lc (Vg =VTrIVL —Lr(Vg —V1c VL

@ Mg L (Vg ~Vrc)Vg —Vrr) + Le (Vg —Vo ) (Vg —Vig)

+Lr(Vg —VrL)(Vg —V1c)

Substituting (8) into (4) and rearranging,
normalized to uoCo W)

gives (again
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Note the inherent symmetry and consistency of (9); setting any
of region length to zero (noting that if L, =0 then V| =0, if
LR =0 then VR ZVd , and if LC =0 then V|_ ZVR) reduces
the expression to an obviously similar form; as does setting the
parameters of one region to those of an adjacent region.
Assuming a symmetric halo implant, Ly =L, =Lg and
VTH :VTL ZVTR, then for small Vd , equatl ng (1) and (2), and
noting that at low Vg for asymmetric device Vg =Vy -V,

Ln /(Vg =VH) v
Lc (Vg —Vrc) +2Ly /(Vg —Vay) ¢

(which is clearly the expected result for Vg =Vqc). The
current in the transistor is then, normalized to 1oCq, W ,

Im _
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This indicates that modeling the device as the series connection
of separate region channel resistances, as in [3], is reasonable.
However, our explicit solution for the internal node voltages
verifies this approach.

Calculation of the transconductance gives

LC/(Vg ~Vrc)?+2Ly /(Vg ~Vry)?
(LC/(Vg ~Vrc)+2Ly /(Vg —Vru )P

This is simpler than the form (9) yet amost as accurate.
However, it is still not intuitive how this varies with geometry
and statistical fluctuations.

Again for left and right end regions with the same physical
characteristics (length, doping, threshold voltage), for a long
device from (9)

Im
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V VR
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Vd Vd Vd Vg _VTC
Le+2ly 2 ¢
Vg —VH

Because Vg >Vqc, this approximation predicts that g,
increases as V,, increases, which is qualitatively different from
the behavior in Fig. 2. This is because it does not take into
account the better approximation (10). A tighter upper bound is

1
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For a short device
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(As Lc — 0, because the central region has a lower doping
and hence lower threshold than the end regions, it is “turned
on” more than the ends, and has a lower resistance; V| thus
approaches VR ).
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Fig.4 Normalized g, from analytic approximations.
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Fig. 4 compares the simple approximations (14) and (15)
with values calculated from numerical simulations based on
iterative solution of (1) through (3) (results from (12) are not
included; they are aimost identical to those from the numerical
simulations; results from (15) are aso not included for the
20um long device as this approximation is only applicable to
short devices). The long channel simple approximation (14) is
clearly somewhat inaccurate. However, the agreement of the
very simple analytic model (15) with the more detailed
numerical model from the iterative solution of (1) through (3) is
quite reasonable.

4. ANALYSIS

Because the halo region is more heavily doped than the
center of the channdl Vy >Vqc, and the ratio of the halo to
central region gate overdrives in the denominator of (15) isless
than 1. The effect of this ratio on the overall device
transconductance decreases as V; decreases, hence the smaller
the Vg the shorter the effective channel length in the
denominator of (15), and the higher the g,,. This is the root
cause of the peakiness of the g, (Vy) characteristic, and this
simple and intuitive theoretical analysis agrees both with the
qualitative description in the Introduction and with
experimental observation that gy, (Vg) is more “peaked” for
short than for long devices.

More interestingly, consider what happenswhen Ly , Vg ,
Lc, or V¢ in (15) vary. Increasing any of these parameters
would normally, as a first response, be expected to lead to a
reduction in current, and hence g,,. Thisis seen to be the case
for the parameters Ly , Lc, and Vqc, but is unexpectedly not
true if Vpy increases. Increasing Vry causes Vg —Vqy to
decrease (at a fixed gate voltage), which reduces the overall
denominator in (15) and therefore increases g, . An aternative
viewpoint is that if Vqy increases compared to V¢, the
central region is turned on “harder” when the halo regions
invert, this makes the effective channel length appear shorter,
and hence enhances g,. Numerical simulations confirm this
counter-intuitive behavior.

Statistical variations in the gain factors come from statistical
variationsin T, and uq, which (ignoring the uncorrelated, or
mismatch, component) are the same for short and long devices,
and from statistical variationsin Ly, Vg, Lc, and V¢ . For
illustrative and comparison purposes we ignore the effect of the
variations in Ty, and xg and consider only the variations in
the length and threshold parameters. Propagation of variance
(PoV) analysis[4] of (15) therefore gives

2
2 LoV =V
O"% 40_2 C( g TH ) 0_2
Am Ay 6/ V. )2 Mc
Im _ g~ vTC
40 2~ 2 2
Le Vg =Vt 2 C 2
o v | Cac AR
Vg —Vic (Vg _VTC)

where Le = 2LH + LC (Vg _VTH )/(Vg _VTC) .
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Applying this PoV analysis to the 1.5um and 0.4um
channel length devices, for which Fig. 4 shows that the
approximation (15) is reasonable, gives the results shown in
Fig. 5and Fig. 6. The contribution of the variations in each of
the parameters, at the 1-c level, is shown in these figures. The
counter-intuitive conclusion from this anaysis agrees with
experimental observations: the statistical variation in the peak
O for halo devices is greater for longer devices than for
shorter devices.
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Fig.5 Statistical variationsin gy, for the L=1.5um device.
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Fig. 6 Statistical variationsin g, for the L=0.4um device

Most strikingly, it is the decrease of the influence of
variation in Vqy as length decreases on the gain factor that
stands out. Analytically, the 4™ term in the right-hand side of
(16) should decrease as L decreases, and this is observed in
numerical simulations and data. However, overall contributions
in practice are more difficult to compartmentalize.

The empirical conclusion from Fig. 5 and Fig. 6 is that
statistical variations in peak g,, decrease as channel length
decreases, for lengths in a certain range. This conclusion is
supported by experimental data, which show that the peak g,
variation for GCMOS type devices decreases as L decreases.
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5. UNILATERAL HALO ANALYSIS

For a device with an implant only at the source end of the
channel, which in some ways is analogous to an LDMOS
device,

17) 9m _ Vg =V + (VL Vg Vi —Vie)
Va o LiVg—Vre)+ Le (Vg — Vi)

and for long devices V| /Vqg -0 and for short devices
VL Vg =1, hence (13) and (15) il apply, with Ly
substituted for 2L ; qualitatively the behavior isidentical.

The analyses here have been targeted to bilateral halo
implanted devices, but the origina analysis we developed was
based on unilateral devices, to try to understand physically why
the observed statistical variation in the pesk g, was smaller
for shorter devices than for moderate length devices.

(

6. CONCLUSIONS

We have provided an analysis of the drain current of halo
implanted MOSFETS, at low Vyg, based on equality of the
currents flowing in different regions of the device. This enabled
expressions for the gain factor g, /Vgs to be derived.

The analysis elucidates the reason for the qualitative change
in the shape of gm(Vgs) plots, and also for the observed
decrease in statistical variation as channel length decreases.

Our analyses support the conclusion of [3], that there are
qualitative features of the characteristics of halo implanted
devices that cannot be modeled using a single MOSFET mode!;
a multi-section model (two or three sections, depending on the
structure of the device) is needed. However, rather than
analyzing a device from the channel resistance perspective, as
noted in [3], we found it advantageous to consider equality of
currents in different regions of the device. This led to the
physical understanding of why the peak g,, variation for short
devices is unexpectedly less than for moderate length devices,
and what physical parameter variations underlie this behavior.
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