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 I. INTRODUCTION 
   Conventional polysilicon gates (PG) suffer from carrier 
depletion which limits the effective scaling of the gate 
insulator stack.  As a result, metal gates (MG) are 
currently of great interest as a means to continue device 
scaling through reduced effective gate insulator thickness 
[1-6].  Their competitiveness relative to PG, however, 
depends strongly on the MG work function as well as the 
off-state leakage target (Isoff) of the application desired 
[7,8].  If a near-midgap gate is used for a high-
performance application, the required reduction in channel 
doping to attain the same Isoff leads to a buried channel 
device due to the weak confining field at the surface [7-9].  
On the other hand, the intrinsically high Vt of near-midgap 
gates makes them well-suited for low-power applications 
[8].  Fig. 1 illustrates this basic concept by showing how a 
low-power application (Isoff =300 pA/µm) with near-
midgap MG requires channel doping comparable to that of 
a high-performance one (Isoff =300 nA/µm) with PG, 
thereby restoring the confinement needed to avoid a 
buried-channel device. 
   The purpose of this work is to study the competitiveness 
of a near-midgap metal/high-κ gate stack for a low-power 
application using mixed-mode simulations of inverter 
delay chains.  We address key design issues including (1) 
choice of gate stack based on leakage requirements; (2) 
matching of rolloff characteristics between PG and MG;  
(3) effect of potential mobility degradation due the high-κ 
gate stack; and (4) junction leakage for ultralow power 
requirements. 

 
II. SIMULATION RESULTS 

  Table 1 shows the three gate stacks on bulk Si studied in 
this work.  We consider a low-power technology with an 
off-state leakage target of Isoff=300 pA/µm for both nFET 
and pFET, at Vdd=1 V and 27C. The gate stacks have been 
chosen to each have a gate leakage of ~12% of Isoff, or 
~0.1 A/cm2 based on Ref. [6]. Cases M1,M2 have 
workfunctions shifted 0.2 eV from midgap towards the 
conduction (valence) band edge for nFET (pFET).  The 
gate lengths of cases P (Lnom=47 nm) and M1 (Lnom=42 
nm) were chosen using the method in Ref. [8]; the 5 nm 
difference reflects the thinner effective gate insulator of 
case M1. Case M2 is intended to study the effect of 
increasing the gate length to match the rolloff of case P.   
   To compare performance, 5-stage inverter delay chains 
(β-ratio of 2) were simulated using mixed-mode 
FIELDAY with quantum-mechanical corrections [10] to 
accurately model carrier confinement.  Fig. 2 shows the 
 

 

main result of this work, plotting quiescent leakage 
current (Iddq) as a function of unloaded delay per stage, for 
the three cases. Case M1 offers a delay reduction of about 
25% for gate lengths between -3σ and nominal.   
    Although case M1 offers substantial speedup compared 
to case P, it does so with markedly poorer rolloff which 
arises from the lower halo doping.  Case M2 offers one 
possible solution, in which the gate length is increased by 
13 nm, until its rolloff in Iddq matches that of case P.  
Somewhat surprisingly, there is only a slight (~1%) 
performance penalty for this increase in gate length.   
   Table 2 shows the effective inverter capacitance (Ceff) 
and effective inverter drive current (Ieff) extracted from 
unloaded vs. loaded delay.  The speedup is primarily due 
to the high increase in drive current.  Case M1 has a Ceff 
only slightly higher than case P because of its higher Vt as 
well as its lower junction capacitance which offsets the 
gate capacitance increase [8].  The transfer curves of the 
nFET shown in Fig. 3, with key parameters in Table 2, 
confirm the drive current gains seen for MG.  
Furthermore, the reduced DIBL of case M2 compared to 
M1 leads to a higher FET on-current (Idsat), consistent with 
the load capacitance analysis which finds higher Ieff (offset 
by higher Ceff) for case M2. 
    Mobility degradation is a possible concern for high-κ 
gate stacks [11].  Fig. 4 shows the effect of mobility 
degradation for cases P and M2 (both phonon mobility 
and saturation velocity are reduced).  Mobility reductions 
of 10% and 20% result in delay increases of 8% and 19%, 
respectively. However, significant speedup relative to case 
P is still observed.   
    A final consideration for ultralow power applications is 
the junction leakage current (Ij).  To understand its impact, 
we repeated our study using Isoff=10 pA/µm (and 0.1 nm 
thicker oxide).  The lower doping level of the MG cases 
results acceptably in Ij<4 pA/µm while case P has a 
junction leakage of 22 pA/µm, exceeding the Isoff  target.   
 

III. CONCLUSION 
   We have shown that a near-midgap metal/high-κ gate 
stack demonstrates strong advantages for low-power 
applications.  Moreover, the poorer rolloff arising from 
lower halo doping in the metal gate case can be overcome 
by increasing the gate length with only minor performance 
penalty. The advantage is sustained even when mobility 
degradation is accounted for.   Lowering the channel 
doping also benefits junction leakage, which should 
become a more severe limitation with increased scaling as 
band-to-band tunneling begins to dominate.  
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Table 1: Gate dielectric stacks used in 
this work.  The stacks are chosen to 
have gate leakage ~0.1 A/cm

2
, about 

12% of the off-current leakage target.  
Also shown are the gate lengths 
simulated for each stack, chosen 
using method in Ref. [8] for P and M1.  
Gate length for case M2 is chosen to 
match rolloff of case P.

case Gate  
electrode

Gate
 dielectric

Equiv. SiO2 
thickness 

(nm)

L(-6σ) 
(nm)

L(-3σ) 
(nm)

L(nom) 
(nm)

 L(+3σ) 
(nm)

P poly 2.3nm SiON 1.6 37 42 47 52

M1 metal 0.6 nm SiO2/2.5 nm HfO2 1.1 32 37 42 47

M2 metal 0.6 nm SiO2/2.5 nm HfO2 1.1 36 50 55 60

Fig. 1: Comparison of channel doping  for polysilicon and near-midgap metal 
gates required to meet high-performance and low-power off-state leakage 
targets.  Note that the doping for a metal gate for a low-power application is 
comparable to that for polysilicon gate for a high-performance application so that 
the confinement is restored at the lower off-current target.
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case Eff. cap. 
Ceff 

(fF/µm)

Eff. 
drive 

current 
Ieff 

(µA/µm)

nFET 
Vtlin
 (V)

nFET 
DIBL 

(mV/V)

nFET 
SSsat

(mV/dec)

nFET 
Gmlin

(µS/µm)

nFET 
Gmsat

(µS/µm)

nFET 
Idsat

(µA/µm)

P 1.71 146 0.538 142 89 248 841 417

M1 1.78 207 0.561 144 92 374 1240 568

M2 1.98 220 0.490 113 85 531 1230 598

Fig. 2: Comparsion of quiescent leakage current vs. delay 
characteristic, showing significant advantage for metal 
gate cases.  When the metal gate length is increased, 
only minor degradation in performance is observed.

Table 2:  5-stage inverter delay chains with nFET 
and pFET widths of 45 nm and 90 nm, 
respectively, were simulated.  Delay chains are 
either unloaded (τU)  or loaded (τL) with 
capacitance CL=1.2  fF/µm.  Effective inverter 
capacitance is obtained from Ceff=CLτU/(τL-τU) and 
effective inverter drive current is Ieff=CeffVdd/τU. 
Basic device properties of the nFETs at gate 
length L-3σ are also compared.

Fig. 3: Effect of mobility degradation on quiescent 
leakage current vs. delay characteristic.  Even with 
mobility degradation, near-midgap metal gate is seen to 
outperform polysilicon gate.

Fig. 4: Comparison of nFET transfer characteristics using 
devices with gate length L-3σ.  Key parameters are 
summarized in Table 2.
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