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Abstract--A model for the phosphorus dose loss effect is 
developed and incorporated into the process simulator 
PROPHET. The dose loss model is applied consistently 
with the Transient Enhanced Diffusion and the segrega- 
tion models in PROPHET to provide doping profiles 
used by device simulator PADRE in simulations of 
NMOS, PMOS, and isolation structures for actual VLSI 
technologies. Comparison of the simulated and mea- 
sured device characteristics and their dependence on 
substrate bias and structure geometry shows good agree- 
ment, and furthermore highlights the importance of the 
dose loss phenomenon in these structures. 

I. INTRODUCTION 
Recent experimental works have shown that the 

Si02 to Si interface can act as a sink for phosphorus [ 1- 
41. In particular, Griffin et al. [l] showed that the phos- 
phorus dose loss could be magnified by the Transient 
Enhanced Diffusion (TED) effect to be as much as 
50% of the initial implant dose. In this study, we have 
developed and incorporated a new model for the phos- 
phorus dose loss at the Si02 interface into the process 
simulator PROPHET [5,6]. Simulations of various 
CMOS devices and isolation structures were per- 
formed subsequently using device simulator PADRE 
[5] in conjunction with PROPHET, and the results 
compared with experimental data to gauge the effect of 
the phosphorus dose loss phenomenon on these devic- 
es. 

11. PHOSPHORUS DOSE LOSS MODEL 
To model the phosphorus dose loss at the Si02 

interface, it is assumed that there is a maximum of 
Qsites trap sites at the interface. During both inert and 
oxidizing anneals, some of the phosphorus dopants in 
silicon become trapped at these sites and become elec- 
trically inactive. These trapped dopants are assumed to 
make up an interfacial dose rather than contributing to 
the dopant concentration in the bulk oxide. The flux of 
the dopants arriving from bulk silicon to the trap sites, 
denoted as Fmp, is assumed to be described by (1) : 

Fmp = r~ C'P ( 1 - Qtrapped Qsites (1) 

where rp in cms-' is the phosphorus loss rate, CIP in 
cm-3 is the active phosphorus concentration in silicon 
at the interface, QWap d is the areal concentration of 
the trapped interfaciapdose in cm-2. Ftrap is thus zero 
when all the trap sites are filled. The form of FWa for 
phosphorus is similar to that of arsenic and BF2 w\ich 
had been incorporated previously into PROPHET [7]. 
Qsites is set at 3 ~ 1 0 ' ~  cm-2, which is the maximum 
dose loss observed in [ 13. The value of rp was obtained 
from optimizing the agreement for our device results, 

Equation (1) was added to the set of Partial Differential 
Equations (PDEs) in PROPHET which solved for the 
dopant distribution at each time step. The PDEs also 
include the segregation flux responsible for the phos- 
phorus pile-up at the Si02 interface during oxidation 
(with segregation coefficient of lo), as well as equa- 
tions describing the coupled fluxes of the point defects 
and dopants to simulate TED (the "+1" model [SI was 
used for the initial net excess interstitial distribution). 
The TED effect, in addition to enhancing overall diffu- 
sion, causes pile-up of the affected dopants even dur- 
ing inert anneal [6]. Thus, for phosphorus both 
segregation and TED effects contribute to pile-up and 
so enhance the dose loss effect, unlike the situation for 
boron in which segregation decreases the interfacial 
concentration in silicon, and unlike arsenic which ex- 
hibits small TED effect. Therefore it is crucial that all 
three effects are simulated consistently and simulta- 
neously for phosphorus. 

rp = 1.43 x lo2 x exp( - 1.75 / kT) cms" (2) 

111. DEVICE RESULTS 

A. NMOS DEVICES 
A variety of structures in actual CMOS technol- 

ogies were simulated for which the phosphorus doping 
was important. The most striking effect of the phos- 
phorus dose loss was observed for a counter-doped 
NMOS device with a shallow phosphorus implant. 
Fig. 1 shows the drastic reduction in the simulated 
phosphorus concentration in silicon when the phos- 
phorus dose loss model is applied. The difference in 
the simulated profiles with and without the dose loss is 
caused mainly at the gate oxidation step which imme- 
diately follows the shallow phosphorus implant. At the 
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85OoC gate oxidation, TED, Oxidation Enhanced Dif- 
fusion (OED), segregation, and the new dose loss ef- 
fects all play significant parts. Fig. 2 shows the 
comparison of the simulated NMOS threshold voltage 
(Vth) versus the measured data from actual devices: 
both the magnitude of Vth and its dependence on the 
substrate bias Vbs (the body effect) are in good agree- 
ment. In contrast, simulations performed without the 
dose loss model underestimated Vth considerably, by 
0.31V at zero Vbs and 0.51V at -5V Vbs. 
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Figure 1: Simulated channel profile of a counter-doped NMOS device. 
The solid curve is the boron tub-implant. The dash and stipple curves are 
the phosphorus threshold adjust doping, simulated with and without the 
new interface dose loss model. The two P curves show a large difference 
for this process. 

B. PMOS DEVICES 
Our second set of simulations were for buried- 

channel PMOS devices in which phosphorus and ar- 
senic implants form the tub doping. The tub implants 
underwent several anneal sequences which exhibit a 
large TED effect, including the gate oxidation, LDD 
anneal, and Source/Drain anneal. A measure of the im- 
portance of TED effect in these devices is that simula- 
tions without TED showed 400 mV difference in Vth 
compared with simulations with TED. In addition, 
these buried-channel PMOS devices are very sensitive 
to small changes in individual dopant profiles because 
the net dopant profile results from highly compensated 
n-and p-type dopants (see Fig. 3). 
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Figure 2: Threshold Voltage Vth as a function of the substrate bias V b  
for the NMOS device in Figure 1. The measured data (squares) and thr 
data simulated with phosphorus dose loss (circles) agree well. In contrast 
simulations without the dose loss model (triangles) underestimate Vth bj  
0.31V or more. 
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Figure 3: Channel profile of the buried-channel PMOS. The net pro- 
file is highly sensitive to changes in each dopant profile. In addition, 
TED effect is very important in this device, increasing the magnitude 
of Vth by 0.4OV. 
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Fig. 4 compares the simulated to the measured Vth val- 
ues for a long-channel 1.5 pm and a short-channel 0.35 
pm PMOS device. For the simulated data, PROPHET, 
employed with phosphorus dose loss (circles in Fig. 4) 
and without dose loss (triangles), generated the 2D 
structure and dopant concentrations which are used in 
the device simulator PADRE to obtain Vth and other 
device characteristics. Both the magnitude and gate- 
length dependence of Vth were better simulated when 
the phosphorus dose loss was included. In particular, 
the Short Channel Effect (SCE), defined here as the 
difference in Vth (1.5 pm ) and Vth (0.35 pm ), is mea- 
sured to be 160 mV, and simulated to be I46 mV with 
the phosphorus dose loss included, and 129 mV with- 
out the phosphorus dose loss. Additional simulations 
without phosphorus dose loss and without TED effect 
gave almost no SCE (5 mV), showing that (a) TED 
acts to enhance SCE as previously reported in [7], and 
(b) both the phosphorus dose loss and TED models 
must be included in simulations to obtain accurate bur- 
ied-channel PMOS Vth and SCE. 
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Figure 4: Vth of the PMOS depicted in Figure 3, at 1.5um and 0.35um 
gate lengths (lines are guides for the eye only). Simulations with the 
dose loss model (circles) match measured data (squares) well in both 
magnitude and trend (i.e. SCE effect). Simulations without the dose 
loss (triangles) show significant error in Vth magnitude, and a weaker 
trend in the SCE. 

C .  ISOLATION STRUCTURES 
The third set of simulations concemed a group 

of P+NP+ isolation structures with varying lithograph- 
ic isolation gap. In these structures, High Energy phos- 
phorus implants through field oxide form the N-tub 
doping and BF2 implant forms the P+ doping for the 
source and drain areas. A typical isolation structure 
and its doping contour lines are shown in Fig. 5(a). 
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Figure 5a: Isolation structure with doping contours. The field oxide re- 
gion is shown centre top. Heavily-doped regions on each side of the field 
oxide are p+, and are separated by the phosphorus-doped tub region. 

Fig. 5(b) compares the phosphorus doping with and 
without the dose loss model for the cross-section 
through the center of the field oxide region, showing a 
significant difference in the top 0.1 pm . 
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Figure 5b: phosphorus doping profile at the center of the field 
oxide region, simulated with (solid curve) and without (dotted 
curve) the dose loss model 
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PADRE was used to generate device characteristics, the 
most important being the magnitude of the leakage cur- 
rent between the P+ regions, which is determined mainly 
by the distance between the N-P+ lateral junctions. Fig. 6 
gives plots of the leakage current Ids as a function of the 
voltage Vds applied across the P+ regions, for isolation 
gap of 0.4 pm, and phosphorus implant dose of 3 ~ 1 0 ' ~  
cm-2. The difference in the doping profiles shown in Fig. 
5(b) resulted in a 27% difference in Ids at Vds = 5V for . .  
this structure. 
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Figure 6 Leakage current Ids vs Vds for isolation structure with a 
0.40 um gap and 3E12 cm-2 phosphorus implant dose, simulated 
with (solid curve) and without (dash curve) the dose loss model. 

Using the phosphorus dose loss model, a series of isola- 
tion structures were simulated with the isolation gap vary- 
ing from 0.35 pm to 0.70 pm, for phosphorus implant 
dose of 1 ~ 1 0 ' ~  cm-2 and 3 ~ 1 0 ' ~  cm-2. Fig. 7 compares the 
leakage current at 5V Vds from these simulations with the 
measured values. Given the measurement lower limit for 
Ids of 1x10-" N p m  , the agreement is good. In particular, 
the critical values of the isolation gap, below which the 
leakage current rises exponentially with decreasing gap, is 
simulated (measured) to be 0.55 (0.60) Fm for phospho- 
rus im lant dose of 1 ~ 1 0 ' ~  cm-2 and 0.50 (0.45) pm for 
3x10' cm . The agreement is within 0.05 pm , which is 
the interval between measurements. Simulations without 
the dose loss model gave worse agreement with measured 
data (lower Ids) for all points, although the critical gap 
values were not changed. 

IV. CONCLUSION 
A new model for phosphorus dose loss at the SiO, inter- 
face is developed and incorporated into the process simu- 
lator PROPHET. The model is then used consistently with 
TED and segregation effects to simulate the processing 

f -2 

and device characteristics of NMOS, PMOS, and iso- 
lation structures, giving better fits not only to the ab- 
solute value of Vth and leakage current, but also to 
the Vth trends with respect to substrate bias and gate 
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Figure 7: Leakage current across the isolation structure in Figure 5, as a 
function of the lithographic isolation gap. The symbols for the experimen- 
tal data are open squares for phosphorus tub implant dose of 3e12 cm-2, 
and filled squares for le12 cm-2. Simulated data, using PROPHET with the 
P dose loss model and PADRE device simulator, are shown as circles. The 
agreement is reasonable, given the measurement lower limit of le-I 1 A/ 
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