
Improved Prediction of Length/Temperature-Dependent Impact Ionization Induced
Body Current Based on an Accurate Saturation Drain Voltage Model

S. H. L. Seah, K. S. Yeo, J. G. Ma and M. A. Do

Division of Circuits & Systems,
School of Electrical and Electronic Engineering,

Nanyang Technological University,
Nanyang Avenue, Singapore 639798, eksyeo@ntu.edu.sg

ABSTRACT

The length/temperature-dependent body current IB  in
deep submicron LDD pMOSFETs is investigated, based on
an improved saturation drain voltage (VSDsat) extraction
algorithm and model. The accuracy of VSDsat is shown to
have a direct influence on the extraction of the impact
ionization parameters (Ai, B i, lc) and prediction of IB.
Approximations of impact ionization constants (Ai, Bi) and
their linear dependency on temperature have been verified,
for the first time, to be inadequate as the device length
scales to deep submicron regimes. With a new proposed IB

model, an improved prediction of IB for a wide range of
biases, temperatures and channel lengths is also presented.

Keywords: impact ionization, body current, length-
dependent, temperature-dependent, saturation drain
voltage.

1 INTRODUCTION

The body current IB  is an important parameter in
measuring and investigating the impact ionization
phenomenon in scaled MOSFETs. Its accurate prediction
provides vital information in both ensuring reliable devices
and analyzing circuit level reliability in VLSI/ULSI design.
The impact ionization rate for pMOSFETs can be modeled
as
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The impact ionization parameters Ai, Bi and lc have been
widely assumed as bias-independent coefficients [1]-[3],
which are used to fit the measurement data. The
relationships of Ai, Bi, lc with temperature have also been
approximated as linear functions [4]. On the other hand, the
temperature influence on saturation drain voltage VSDsat in
Eq. (1) has been regarded as negligible [4] and somewhat
ignored [5]-[8]. In this paper, these assumptions mentioned
are found to be inadequate for scaled devices. The
investigations have shown that VSDsat(T) is an important
parameter affecting the accuracy in the extraction of Ai, Bi,
lc  and  subsequent  prediction  of  IB  over  a  wide  range of

temperatures, biases  and  channel  lengths. Experimentally,
IB is investigated at temperatures ranging from 223 K to
398 K, a range of importance in integrated circuit operation
for commercial products. Taking into account VSDsat(T) and
short-channel effects such as DIBL and BIBL [9], bias-
dependent channel length reduction and source and drain
series resistance [10], a more accurate IB  model is
presented. The predictability power of the proposed IB

model is also illustrated.

2 RESULTS AND DISCUSSIONS

The devices used in this study are silicon p-type LDD
MOSFETs with a gate oxide thickness tox of 5 nm. The
channel width W for all devices is 20 µm. N-well
implantation was formed using phosphorus dosage of 2 x
1013 cm-2 and an energy level of 600 keV. The drain/source
implantation was carried out using boron with a dose of 3 x
1015 cm-2 and an energy level of 30 keV. The drain/source
junction depth Xj is approximated to be 0.15 µm. The p-
LDD implant was established with a dose of 2 x 1014 cm-2

and an energy level of 20 keV.
From the I-V measurement, VSDsat is determined by

differentiating a G function [11] with respect to source-to-
drain (VSD) bias. The crossover point at the VSD axis is
identified as VSDsat. The G function is defined as
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However in this experimental extraction technique, the G
versus VSD plots are prone to several peaks or abrupt
changes, especially at high source-to-gate (VSG) and VS D

biases [11]. This flaw causes multiple crossover points,
which result in ambiguity in VSDsat determination.
Identifying the first crossover point as the correct VSDsat,
suggested in [4], [11], [12], is not accurate as shown in
Figure 1(a). A simple yet effective "3-points averaging"
technique is proposed here to smoothen the G function
directly prior to taking its differential to determine VSDsat.
For each VSD bias, a new G value is obtained by averaging
the three G data corresponding to the previous, actual and
next VSD bias steps. This procedure is repeated for all VSD

biases. Though this method alters the values of the original



G function, the location of the peak in the G curves for each
gate bias is not affected. Furthermore, fluctuations in the G
versus VSD plots are greatly reduced as indicated in Figure
1(b). Thus, this technique greatly improves the accuracy of
VSDsat extraction, even at high VSG and VSD biases. Figure 2
illustrates that the effect of temperature on the resultant
VSDsat [4] is not negligible, particularly at high VSG biases.
Hence, over a wide range of V S G, the influence of
temperature cannot be ignored.

Figure 1(a): Function G obtained before the proposed "3-
points averaging" technique is used. VSDsat corresponds to

the VSD value where the peak of the G function occurs.
Multiple crossovers at the x-axis (see inset) cause the

determination of VSDsat to be ambiguous and inconsistent.

Figure 1(b): Resultant function G after repetitions of "3-
points averaging". A single crossover point at the VSD axis
is obtained (see inset), thus avoiding any ambiguity when

determining VSDsat.

Figure 2: Greater influence of temperature on VSDsat

found as VSG increases. Increase in VSDsat with temperature
found to be relatively consistent for all channel lengths

considered at VSG = 1 V.

Based on the accurate V S D s a t results, the impact
ionization parameters are analyzed. Figure 3 depicts the
plot used to extract Ai and lc, with Bi fixed at 2 x 106 V/cm.
For longer channel (L = 1 µm) device, all the data points for
different VSG biases generally fall on a straight line.
Therefore, Ai and lc can be assumed to be independent of
VSG.  However as L reduces, this general assumption is no
longer valid. Ai and lc have been empirically modeled here
as functions of VSG, with the effect of gate bias becoming
more dominant with scaling down of the channel length.
For each temperature T , the experimental extraction
indicates that VSDsat data points for various L converge at
approximately VSG = 1 V. Therefore, the influence of
temperature on Ai and lc (for a fixed Bi) for various L is
assumed to be a constant at this gate bias. The validity of
this assumption is justified by modeling lc(T) and Ai(T) at
this gate bias for a long device (L = 1 µm) and applying
them to predict the temperature-dependent IB for the shorter
L. Experimentally, lc(T)/lc(300K) has been found to
decrease linearly as temperature increases, whereas
Ai(T)/Ai(300K) shows an inverse exponential relationship
with temperature. The new semi-empirical IB  model is
expressed as
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where Vteff is the effective threshold voltage [10] taking into
account threshold voltage reduction due to DIBL effect,
temperature and length scaling. Ec is the critical field and
Leff and RTOText are the effective channel length and external
series resistance [10]. The parameters α1, α2, β1 and β2 are
used as technology-dependent coefficients. Figure 4 shows
that the measured IB can be accurately predicted for a wide
range of biases, T and L. It can be seen that the accuracy of
IB(T) is greatly influenced by the temperature dependence
of VSDsat. Hence, for a wide range of VSG, VSDsat(T) should
not be ignored.

3 CONCLUSIONS

Extensive experimental results have been analyzed for
device characteristics for various biases and at temperatures
ranging from 223 K to 398 K. With an improved VSDsat

extraction algorithm, it has been shown that over a wide
range of gate biases, the effect of temperature on the VSDsat

cannot be ignored and should be modeled appropriately.
Considering VSDsat(T) and other short channel effects,
impact ionization parameters Ai and lc at room temperature
(with a fixed Bi) have been found to be dependent on the
gate bias, especially when the device length is scaled to
submicron regimes. Assumptions of the linear relationship
of Ai, Bi and lc with temperature used in the literature have
also been verified to be not entirely correct. Based on the
extracted VSDsat at various temperatures, a specific gate bias
has also been identified where the influence of temperature
to Ai and lc are universal to all channel lengths considered.
This finding is verified by applying the Ai(T) and lc(T)
determined for  L = 1 µm to predict the temperature-
dependent IB  characteristics of devices with other
submicron channel lengths. A great improvement in the
accuracy of the proposed semi-empirical IB model has been
achieved for a wide range of biases, temperatures and
channel lengths.

Figure 3: Influence of gate bias on plots used to compute Ai

and lc for a short channel device, in contrast to a long
channel device case (see inset for the same range of VSG

considered).

Figure 4: Inaccuracy of the IB model (dashed lines)
resulted when the influence of temperature on VSDsat is

disregarded. The proposed model is effective in predicting
the impact ionization IB (solid lines) based on accurate

VSDsat extraction and modeling. The data markers ■, ◆, p,
●, o, ¯, r and ¡ represent the measured IB data at 223
K, 248 K, 273 K, 300 K, 323 K, 348 K, 373 K and 398 K,

respectively.
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