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Abstract 
This paper reports a new model and characterization of the reverse 

short channel effect (RSCE) as a result of the lateral nonuniform 
channel doping profile in submicron MOSFETs. The anomalous 
increase in the charge pumping current with decreasing channel 
length has been observed experimentally for the first time by using a 
charge pumping measurement. This is attributed to the enhanced 
nonuniform channel doping profile with the decreasing channel 
length as a result of the interstitial imperfections caused by OED or 
S/D implant. A simple and accurate model is proposed to determine 
the effective lateral nonuniform doping profile along the channel. 
The effective channel doping profile calculated from the new 
approach presents an obvious doping enhancement near the drain 
region of submicron devices by comparing with that of long channel 
devices. The simulated threshold voltages and I-V characteristics 
based on this profile show excellent agreement with the experi- 
mental data. 

Introduction 
An increase in the threshold voltage for short channel MOS 

devices (known as reverse short channel effect or RSCE) has been 
commonly attributed to the lateral nonuniform channel profile of the 
MOSFETs. Poly gate reoxidation [l], sourceldrain (S/D) implant 
damage [2], and silicidation [3] in submicron MOS device process 
have been identified as the cause for the localized enhanced dopant 
diffusion. However, there is still no direct evidence to show the 
existence of such a nonuniform lateral channel doping profile. In 
this work, we will show for the first time a new characterization and 
modeling method to explain the RSCE and directly determine the 
effective nonuniform lateral channel doping profile from an 
anomalous charge pumping measurement data. 

Experimental 
The devices used in this work were n-channel MOSFETs with 

14nm gate oxide. The substrate doping of n-MOSFETs is uniform 
and has a S / D  implanted with Arsenic (5x1015 80kev). The 
basic experimental setup for a fixed base level charge pumping 
measurement is shown in Fig. 1 where the frequency of lMHz is 
used. Shown in figure is also the local threshold voltage along the 
channel for devices with RSCE occurred. The charge pumping 
currents ( I c p )  were measured for n-MOSFETs with various gate 
lengths from 0.5pm to 1.2pm and the same gate width of 5". 

Results and Discussion 
Fig.2 shows the measured charge pumping current I, along 

with the threshold voltage characteristics for the tested Jevices. 
According to the charge pumping (CP) theory, CP current should be 
proportional to the device channel length. One interesting result 
from Fig. 2 reveals that an anomalous I ,  is measured in which lcp 
decreases with decreasing channel length &om L= 1.2pm to 0.8pm) 
while becomes increasing for devices down to 0.5pm. This can be 

supported by the following arguments. In Fig.1, if the local 
threshold voltage V ~ x )  behaves like curve B, from the beginning of 
CP measurement, the measured current is monotonically increasing 
from P I  toward the point P2. After that. if the high level of gate 
pulse Vgh is higher than P2. then the CP current rkes rapidly and 
even higher than the case of curve A of a long channel device. In 
other words, the characterized local VT(X) such as curve B with a 
hump at  Pz corresponds to a nonuniform doping along the channel 
as is obvious from the relationship between doping concentration 
and the threshold voltage formula. If for a set of devices without 
reverse short channel effect, its C P  currents will steadily decrease 
with reducing channel length (Fig.3). Moreover, from the maxima 
of Icp's, the difference between short channel effect and RSCE can 
be seen from the comparison in Fig.4. We  observe that the I C p m  
increases with the decreasing of metallurgical length ( L e f ) .  the 
I,p,max of the RSCE begin to deviate from the straight l n e  at 
length of 0.8pm. The calculated local threshold voltages for different 
channel length devices are shown in F ig3  which is as expected as 
shown in Fig.1. Using the charge pumping measured data in Fig.3 
and by assuming a nonuniform channel doping profile which is 
characterized as a negative interface charge density qj l ,  the qiI  
distribution can be obtained using our previous method for interface 
state characterization[4]. These interface charge distributions are 
plotted in Fig.6(a), in which the nonuniform distribution is probed 
further into the channel by comparing with that of devices with 
lower IQ's. This result is different from some people predicted that 
there is a so-called characteristic length for the distribution which is 
a constant for the same set of devices such as the model in [5]. 
Fig.6(b) shows the calculated nonuniform channel doping profile 
along the channel for different devices. These doping profiles can be 
considered as the efleciive values distributed at the interface. It gives 
us stTong evidence that the lateral nonuniform channel doping profile 
in a submicron device exists undoubtedly due to the OED or S / D  
implant damages. As such, for the simulation of the RSCE, these 
doping profiles can be easily implemented in the threshold voltage 
or drain current simulation. A threshold voltage model for RSCE 
can be achieved by considering Q i ,  as an extra charges on the 
interface (eq.3 in Tablel). The simulated results of the threshold 
voltage shift for different channel lengths and the comparison with 
experimental data are shown in Fig.7(a), while the simulated I-V 
characteristics are compared in Fig.7(b). Very good agreements can 
be achieved which shows the validity of the present model. 

Conclusion 
In summary, by using the charge pumping method to charaeter- 

ize the RSCE, for thefirst time our studies show that (1) the direct 
observation of the nonunifrom doping profile along the channel is a 
result of the measured anomalous C P  currents, (2) the observed 
nonuniform doping distribution can be regarded as a monitQr for the 
process design, (3) the threshold voltage increaqes with the reducing 
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channel length (or the RSCE) can be charac- 
terized as an interface charge quantitatively , (4) 
the same methodology is not limited to the 
study of conventional MOS(sing1e drain) devices 
, it can be applied to any other device structures 
with channel implants and (4) to simulate the 
device VT or drain current, the developed profile 
provides an easy way for device simulation 
applications. 
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Fig. 1 Schematic of the fixed level charge pumping 
measurement. The hump (curve B) in the local 
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Fig.2 The measured CP  current^ for 
the tested devices. 
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Fig.3 The normal CP currents for devices 
without the RSCE. 
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threshold voltage curve Vdx) shows the reverse 
short channel effea (RSCE). Figd Values of Icpm versus &ff in which Fig.'l(a) The comparison of threshold voltage shift 

RSCE shows anomalous characteristics. betweem the simulation and experiment. 
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Table 1 Formulae used in the present new model W-,,-AL) V G S  (v) 
Fig.5 The calculated local threshold voltages Fig.7(b) The comparison of I-V curves betwueen 

simulation and experiment for different channel length devices. 
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