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Matching Model for Planar Bulk Transistors With
Halo Implantation

Ulrich Schaper, Senior Member, IEEE, and Jan Einfeld

Abstract—Threshold voltage matching of long-channel planar
bulk transistors deteriorates strongly by halo implantations com-
pared to the matching of nonhalo devices which follow a gate area
dependence (Pelgrom’s model). A new compact matching model
explains the observations and extends Pelgrom’s model to halo
transistors using the Vt(L) behavior of the device. The new model
is generally valid for halo and nonhalo transistors. It has been
tested for several transistor types and technology nodes, showing
a significantly increased accuracy. A measure for the halo impact
on matching is given.

Index Terms—Doping density, halo implantation, matching
model, threshold voltage, threshold voltage mismatch, transistor
matching.

I. INTRODUCTION

T RANSISTOR matching is one of the key parameters
for the design of high-precision circuits since parameter

variations limit circuit performance in modern technologies.
Matching is characterized by the standard deviation σΔVt

of the
distribution of threshold voltage differences ΔVt derived from
closely spaced identical devices. Assuming that the devices of
a pair are independent from each other, the standard deviation
for single devices is σVt

= σΔVt
/
√

2.
Causes of the Vt matching are random dopant fluctuations,

fixed trapped charges, granularity of the gate electrode, and line
edge roughness [1]. Planar bulk devices of mainstream tech-
nologies are considered here to be used for digital (minimum-
gate-length) and mixed signal (medium- to long-gate-length)
applications. For these transistors, the main part of the Vt

matching originates from the random dopant fluctuations for
current technologies [1]. SOI devices or FinFETs [2] are not
taken into account.

Transistors with a homogeneously doped channel follow the
widely used Pelgrom matching model [3], [4] predicting better
matching for larger gate geometry

σ2
Vt

=
A2

Vt

W · L (1)

where W and L are the gate width and length, respectively, and
AVt

is the matching parameter.
For planar bulk transistors with strong halo implantations,

this model fails for long gate lengths. A warning has to be
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Fig. 1. Measured threshold voltage matching σVt versus 1/
√
WL. The

matching parameter increases strongly (2.9 → 10.3 mV · μm) with increasing
gate length [(•) 0.12 μm → (�) 2.0 μm] as indicated by the labels of the
regression lines. The error bars indicate a ±5% confidence interval for σVt .
Further symbols for gate lengths: (�) 0.06 μm, (∗) 0.30 μm, and (◦) 0.90 μm.

addressed to circuit designers since the matching can be worse
by factors than predicted by (1) for long-channel transistors.

II. EXPERIMENTAL OBSERVATIONS

The threshold voltage Vt of planar bulk transistors is con-
trolled by well implants and often additionally by halo im-
plants. Transistors with Vt almost independent of gate length
show a matching behavior according to (1). For transistors
with dominating halo implantations, this matching behavior
is superimposed by a gate length dependence which deterio-
rates the matching (Fig. 1). The 65-nm node measurements
are based on 1000 transistor pairs per transistor geometry.
Error bars indicate a ±5% uncertainty assuming a 95% prob-
ability. Similar observations were reported by NXP [5] and
Chartered [6].

A measure for the halo impact on matching is defined by
the Vt(L) behavior. The short-channel effect of nonhalo FETs
results in a Vt roll-off for short lengths; the halo implant
produces an opposite behavior (Fig. 2). The Vt swing from
long to short channel relative to the long-channel value gives
a measure for the halo impact on matching. For relative Vt

swings larger than 20%, a significant matching channel length
dependence is expected.

III. DERIVATION OF THE MATCHING MODEL

Some transistor models divide the channel into parts [7], [8].
However, threshold voltage Vt and matching σVt

characterize
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Fig. 2. Vt as a function of the gate length L normalized to the corresponding
long-channel value. For relative Vt swings larger than 20%, a length-dependent
matching is expected.

Fig. 3. Effective doping density Neff for different gate lengths L for nFETs in
65-nm technology. A (�) simple analytical model describes the (•) results of
a process and device simulation (TCAD) very well in the range considered. The
TCAD data are derived from mean values of net doping profiles. One example
for an nFET with L = 60 nm is shown in the inset. The model parameter a
abbreviates (NH −NC)L2

0 (4).

the whole device; therefore, a compact model approach has
been chosen. The physical Vt equation [9] is modified by an
effective doping density Neff(L) that is dependent on gate
length L

Vt = VFB + 2ψB +
tox
εox

√
2qεsi2ψBNeff(L) (2)

where VFB is the flatband voltage, ψB is the bulk potential, tox
is the electrical oxide thickness, εox is the permittivity of oxide,
q is the elementary charge, and εsi is the permittivity of silicon.

The effective doping density Neff is calculated with process
and device simulations for different channel lengths L. These
simulations result in 2-D transistor cross sections with contours
of net doping density. The net doping profile (inset of Fig. 3) is
determined from a cut along the channel from source to drain.
These profiles are used to calculate the effective doping density
as a mean value by integration over the channel length

Neff(L) =
1
L

L∫
0

NetDoping(x)dx. (3)

For different transistor types and different oxide thicknesses,
Neff(L) follows a simple relation

Neff(L) = NC +
(NH −NC) · L2

0

(L− L0)2
(4)

with a good accuracy (Fig. 3) in the range considered, where
NC denotes the long-channel concentration, NH denotes the
halo concentration, and L0 is the halo length (≈10 nm). In the
case of nonhalo transistors, an equivalent relation was derived
for the short-channel effect using the voltage doping transfor-
mation [10]. Inserting (4) into (2) with V0 = VFB + 2ψB and
V1 = 2qεsi2ψB results in

Vt=V0+
tox
εox

√
V1

√
NC

[
1− L2

0

(L−L0)2

]
+NH

L2
0

(L−L0)2
.

(5)

The concentrations NH and NC contribute to the
variance σ2

Vt

σ2
Vt

=

(
tox
εox

)2
V1

4Neff

{[
1 − L2

0

(L− L0)2

]2
σ2
NC

+
L4
0

(L− L0)4
σ2
NH

}
. (6)

Using the Poisson distributions for the dopant variances σ2
NC

and σ2
NH as done in [4], a compact model for the matching

variance σ2
Vt

results

σ2
Vt

= A2

W ·L · 1
Vt(L)−V0

· C(L) (7)

with

A2 =

(
tox
εox

)3
qV1NC

4
(8)

C(L)=

[
1− L2

0

(L−L0)2

]2 1
1−2L0/L

+
L4
0

(L−L0)4
NH

NC

1
2L0/L

.

(9)

The compact matching model (7) is an extension of the
Pelgrom model (1) which is recovered for constant threshold
voltage (Vt = const.) and no halo (L0 = 0 nm). There is still a
matching decrease with increasing gate area; matching also de-
creases with oxide thickness. The additional length dependence
for long channels is described by Vt(L) in a very compact way,
thereby extending published models [11], [12]. The explicit
form of Neff(L) (3) is not needed. One additional parameter V0

is needed to describe the spread in the matching with respect to
the gate length; the parameter A describes the overall scaling as
in the Pelgrom model. The correction function C(L) has values
in the range of 1.0–1.3 and contains the process parameters halo
length L0 and doping ratio NH/NC of the halo-to-channel im-
plantations; C(L) is effective only for minimum gate lengths.
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Fig. 4. Transistor matching σVt normalized with
√
W versus gate length

L. For standard-Vt nFETs of 65-nm node having strong halo implants, (thin
line) the Pelgrom model and (thick line) the compact Vt(L) matching model
are compared with measurements. The compact Vt(L) model describes the
matching of long gate channels very well.

Fig. 5. Transistor matching σVt normalized with
√
W versus gate length

L. For thick oxide nFETs of 130-nm node having no halo implants, (thin
line) the Pelgrom model and (thick line) the compact Vt(L) matching model
are compared with measurements. The compact Vt(L) model improves the
matching description of long-channel FETs.

IV. RESULTS

The compact matching model (7) is applied to measured data
of several transistor types of 65-, 90-, and 130-nm nodes. In the
cases with medium to strong halo, a considerable improvement
is achieved. For weak or no halo, the new model still shows
an improved accuracy. Two examples are given (Figs. 4 and
5) for a thin oxide nFET in 65 nm with a strong halo implant
(parameters: A = 43 mV · μm, V0 = 240 mV, L0 = 8 nm, and
NH/NC = 10) and for a thick oxide nFET in 130 nm having no
halo implant (parameters: A = 42.7 mV · μm, V0 = 433 mV,
L0 = 0 nm, and NH/NC = 0). The matching σVt

scaled by√
W is shown versus the gate length. The Pelgrom model and

the new compact model are compared with the measured data.
A clear improvement is achieved, particularly for large gate
lengths.

V. CONCLUSION

A compact matching model has been derived and success-
fully applied to measured data for several transistor types and
different technology nodes. The new model is an extension of
the Pelgrom model and utilizes the Vt(L) behavior to describe
the matching deterioration for long-channel halo devices. Only
two model parameters are needed to cover the matching over
the whole geometry range since the detailed length dependence
is already contained in Vt(L) and the correction function C(L)
which uses only fixed technology parameters. Showing a sig-
nificantly increased accuracy, the compact matching model is
particularly suitable for high-precision circuit designs where
also long-channel devices are frequently used.
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