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1. Introduction 
Performance degradation of a MOSFET caused by 

the depletion of a gate poly-silicon(po1y-Si) is recognized 
as a serious problem as the gate oxide becomes thin. To 
accurately model the depletion of the gate poly-Si, i t  is 
very important to take the quantization effects into ac- 
count not only in the inversion region but also in the ac- 
cuinulation region. In this paper, Schrodinger equations 
for both electrons and holes both in the gate poly-Si and 
silicon substrate were solved to  reproduce full C-V char- 
acteristics of the poly-Si gate MOS structure. By the 
inverse modeling of several C-V characteristics discussed 
in recent studies has shown that there is a thin (10 to 15 
[-,&I) and low-concentration (about 1 x lo1’ [ c ~ n - ~ ] )  gap 
layer between the gate poly-Si and the gate oxide. 

2. Simulation Models 
The Schrodinger equations for electrons (Eqs. 1 and 

2 )  and holes (Eqs. 3 and 4) were solved together with 
the Poisson equation (Eqs. 5 ancl 6). The Poisson equa- 
tion was linearized by Pacelli’s niethocl.[l] To facilitate a 
continuous calculation from the inversion region to the ac- 
cumulation region, both the quantized ( 2 D )  and the free 
(3D) carriers were taken into account as shown in Eqs. 7 - 
10. The transition energies from the 2D tto the 3D carriers 
(E,,,,ax and E,,,,) were set up by a procedure proposed 
by Bowen et al..[2] To model the degeneration effect in 
the highly doped poly-Si region correctly, tlie modified 
Fermi-integrals (Eqs. 9 ancl 10) were numerically inte- 
grated and the banclgap narrowing effect (Eq. 11)[3] was 
also included. The sub-bands considered were the two- 
and the four-fold sub-bands for electroils and the heavy, 
tlie light and the split sub-bands for holes. The two lowest 
energy levels were taken into account in each sub-band. 

[lop { 1 + exp ( 
E F ) }  
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AE, ( N D , ~ ( : ) )  = 41% [ log {l+(!%p)o} 
- log { 1 + (11) 

Examples of the calculated carrier distribution of an 
nMOSFET in the strong inversion and accumulation con- 
ditions are shown in Figs. 1 and 2, respectively. Note that 
there is no quantization in the poly-Si accumulation layer 
in Fig. 2, because the potential clip is too narrow and 
shallow to confine the ground state. 

3. Inverse Modeling 
The C-V characteristics of nMOSFETs and pMOS- 

FETs measured by Hu et a1.[4] and Lee et al.[5] are com- 
pared with the simulation in Figs. 3 - G .  The oxide tliick- 
iiesses and the doping concentrations in tlie silicon sub- 
strate were extracted so that the simulated results agree 
with the experiments respectively in the strong accumu- 
lation region and in the depletion region. The extracted 
values are summarized in Table I. It has been found that 
the oxide thicknesses electrically extracted in the strong 
accumulation condition are 5 - G [A] thicker than the 
physical values. This is due to the quantizatioii effect in 
the Si substrate region and also clue to the degeneration 
(Fermi statistics) effect both in the Si substrate and poly- 
Si gate regions. In the figures, the dotted lines show the 
siiiiulatioii results using the dopant concentrations in the 
poly-Si gate estimated in the respective studies. It has 
been found that all of the dotted lines overestimate the 
capacitances in the strong inversion regions although the 
gradients of the C-V curves there are almost the same as 
those in the experiments. This result suggests that the 
active dopant concentration around the poly-Si - Si02 
interface is smaller than the concentration in the bulk 
poly-Si. The solid lines in Figs. 3 - G show the simulation 
results when a thin (10 - 15 [A]) and low-concentration 
(about 1 x lo1’ [cvL-~])  gap layer is inserted between the 
gate poly-Si and the gate oxide as shown in Fig. 7 so that 
the C-V curves in the strong inversion region should agree 
with the experiments. The extracted gap layer thickness 
are also summarized in Table I. Note that the solution 
obtained by the inverse modeling is hy no means unique 
and there are other possible coinbinations of thicknesses 
and the doping concentrations of the gap layer that can 
account for tlie experimental results. The electron dis- 
tributions of the nMOSFET in [4] with and without a 
gap layer are compared in Fig. 8. In this case, the gap 
layer pushes out the depletion layer in the poly-Si gate by 
about 8 [A]. 

, 

dominaiit as the doping level of the gate poly-Si becomes 
high. Therefore, for further improvement of the perfor- 
mance of the poly-Si gate MOSFET, the removal or the 
activation of the gap layer is necessary. 

5. Conclusion 
The inverse modeling of the gate poly-Si using quan- 

tum mechanical models both in the gate poly-Si and the 
substrate shows that there is a thin and low-coacentration 
gap layer between the gate poly-Si and the gate oxide. 
For further improvement of the performance of the poly- 
Si gate MOSFET, the removal or the activation of the 
gap layer is required. 
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4. Discussion 
Since the gap layers exist both in the nMOSFETs and 

the pNiOSFETs, this phenonienon seems to be related 
with the deactivation of the dopants occurred specifically 
at  the poly-Si - Si02 interface. The contribution of the 
gap layer to the total depletion layer widt,li will become 
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Fig. 1 : Example of the calculated carrier distribution of 
nMOS in the strong inversion condition (a Vg = 3 [VI). The 
gate oxide thickness, substrate doping and poly-Si doping are 
27.5 [A], 3 x lo1’ [ c ~ I - ~ ]  and 2 x 10” [ c ~ I - ~ ] ,  respectively. 
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Fig. 3 : Simulated C-V curves and the experimental result 
of nMOS in [4], The extracted oxide thickness and substrate 
doping are respectively 27.5 [A] (= electrically 33 [A] 0 Vg = 
-3 [VI) and 3 x lo1’ [ c ~ z - ~ ] .  The dotted line shows a simu- 
lation result using uniform poly-Si doping (2  x IOzo [ ~ m - ~ ] )  
as evaluated in [4]. The solid line shows a simulation result 
assuming a gap layer (10 [A], 1 x 1019 [ ~ m - ~ ] )  between the 
poly-Si and the gate oxide. 

Fig. 2 : Example of the calculated carrier distribution of 
nMOS in the strong accumulation condition (IC? Vg = -3 [VI). 
The gate oxide thickness, substrate doping and poly-Si doping 
are 27.5 [A], 3 x  lo1’ [ c ~ I - ~ ]  and 2 x  10’O [ c ~ I - ~ ] ,  respectively. 
There is no quantization in the poly-Si accumulation layer 
because the potential clip is too narrow and shallow t o  confine 
the ground state. 
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Fig. 4 : Simulated C.V curves and the experimental result 
of PMOS in [4], The extracted oxide thickness and substrate 
doping are respectively 27.5 [A] (= electrically 33 [A] 0 Vg = 
+3 [VI) and 3 x 10” I C ~ - ~ ] .  The dotted line shows a simu- 
lation result using unirorm poly-Si doping (8 x ioi9 [cvz-~])  
as evaluated in [4]. The solid line shows a simulation result 
assuming a gap layer 1:15 [A], 1 x 1019 [ c ~ I - ~ ] )  between the 
poly-Si and the gate o:tide. 
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Fig. 5 : Simulated C-V curves and the experimental result 
of nMOS in [5], The extracted oxide thickness and substrate 
doping are respectively 45.5 [A] (originally 47 [A]) and 5 x 
10I7 [ c T J - ~ ] .  The dotted line shows a simulation result using 
uniform poly-Si doping (2.7 x 1019 [cmW3]) as  evaluated in [ 5 ] .  
The solid line shows a simulation result assuming a gap layer 
(15 [A],  1 X l O l 9  [ c i ~ i - ~ ] )  between the poly-Si and the gate 
oxide. 
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Fig. 7 : Schematic of the gap layer inserted between the gate 
poly-Si and the oxide. The  doping concentration in the gap 
layer is assumed t o  be 1 x 101gccm-3 [cvx-~]  and its thickness 
is varied t o  reproduce the C-V characteristics in the strong 
inversion condition. 
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Fig. 6 : Simulated C-V curves and the experimental result 
of PMOS in 1.51, The extracf,ed oxide thickness and substrate 
doping are respectively 48.5 [A] (originally 47 [A]) and 4 x 
lo1' [ ~ m - ~ ] .  The dotted line shows a simulation result using 
uniform poly-Si doping (G x 10'' [ ~ m - ~ ] )  as  evaluated in [5]. 
The  solid line shows a simulation result assuming a gap layer 
(15 [A], 1 x lo1$ [ ~ m - ~ ] )  between the poly-Si and the gate 
oxide. 

Distance 

Fig. 8 : Electron distribution of the nMOS in [4] with (solid 
line) and without (dotted line) a gap layer. The applied gate 
voltage is 3 [VI (strong inversion). The gap layer pushes out 
the depletion layer in the pody-Si gate by about 8 [A]. 
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