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Abstract 
Effects of forming gas (FG) annealing on HfO2 MOSFET 

performance have been studied. High-temperature (500- 
600°C) FG annealing has been shown to significantly 
improve carrier mobility and subthreshold slopes for both N 
and PMOSFET’s. The improvement has been correlated to 
the reduction in interfacial state density. The effectiveness of 
FG annealing has also been examined on samples that 
underwent surface preparations with NH3 or NO annealing 
prior to HfOz deposition. It was found that FG annealing did 
not degrade PMOS negative bias temperature instability 
characteristics. 

Introduction 
HfOZ is considered as one of the most promising high-k 

gate dielectrics to replace SiOz, due to its reasonably high 
dielectric constant, large band offset to Si, and thermal 
stability in contact with Si. MOSFET’s have already been 
demonstrated using both TaN metal and dual-gate polysilicon 
gate electrodes [ l ,  21. The performance of the MOSFET’s, 
however, was generally found to be inadequate in terms of 
channel carrier mobility [3], and therefore further process 
optimization is necessary before it is introduced into the 
production. The degraded mobility was often observed along 
with poor subthreshold slopes [3] ,  indicating high interfacial 
state density (Dit). In this paper, for the first time we have 
studied the effects of high-temperature FG annealing for 
improving Hf02 transistor characteristics on both N and 
PMOS. The annealing was done at higher than typical FG 
annealing temperature (i.e. 2500°C) prior to metal deposition. 

Experiments 
Table 1 summarizes device fabrication flow of HfOz 

MOSFET’s. Prior to HfOz deposition, some selected wafers 
were annealed in NH3 or NO ambient, in order to examine 
their effects on the MOSFET performance. HfOz was 
deposited using reactive dc magnetron sputtering, followed 
by post-deposition annealing at 500°C for 5 min in N2. 
Detailed description regarding MOSFET fabrication can be 
found in [ 2 ] .  Then high-temperature FG annealing of 4 % H2 
concentration was performed with the temperature range of 
400 to 6OO0C, prior to A1 interconnect deposition. After the 
interconnect patterning and A1 deposition on backside, 
another FG annealing was employed to lower down the 
contact resistance at a lower temperature (400-450°C). 
Equivalent oxide thickness (EOT) was calculated from 
measured C-V curves using a simulator to deduct the 
quantum mechanical effect. 

Results and Discussions 
Id-v, characteristics in Fig. 1 revealed that both drive 

current and subthreshold slope improved significantly at the 
higher temperature FG annealing. The drive current 
enhancement was also observed in the saturation region (Fig. 
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2). Using 600°C FG 
annealing, the subthreshold slope is reduced down to -64 
mV/dec, which is close to the Di,-free ideal value (i.e. 60 
mV/dec). The steeper C-V curves at the higher temperatures 
confirmed the reduction in Di, (Fig. 4). Channel electron 
mobility was evaluated using the standard split C-V method 
(Fig. 5 ) .  As was expected from I-V characteristics, the 
mobility were enhanced with higher FG annealing 
temperatures. Since the surface morphology cannot be 
changed at such temperatures (16OO0C), the enhancement is 
attributed to the reduction of Di, rather than the mechanism 
related to surface roughness. Fig. 6 shows that gate leakage 
characteristics were not changed, except that slightly lower 
breakdown voltages were observed for the higher 
temperatures. In Fig, 7, mobility values at a fixed field of 1 
MV/cm were compared between control, NH3, and NO 
annealed samples, which have EOT’s of 13, 10, and 15 A, 
respectively. NO yielded the highest mobility, whereas NH3 
degraded the mobility although it is useful in reducing EOT 
[4]. Similar improvements of Id-v, characteristics (Fig. 8) 
and channel hole mobility (Fig. 9) were observed on 
PMOSFET’s also, while the improvements were not as 
pronounced as those of NMOSFET’s. Charge trapping and 
resulting instability in MOSFET performance are among the 
most serious concerns regarding hydrogen related treatments. 
Hysteresis on NMOS capacitors remained at -20 mV, despite 
the very slight increase at the higher temperatures (Fig. 10). 
Hydrogen related defects are generally believed to cause 
NBTI. Thus, NBTI on PMOSFET’s was examined. It was 
found that FG annealing at 600°C caused no significant 
degradation in V, instability (Fig. 11). 

Conclusion 
High-temperature FG annealing improved channel carrier 

mobility as well as subthreshold slopes in both N and 
PMOSFET with Hf02  gate dielectrics. These features are 
advantageous in achieving large on current while suppressing 
off current, and give more flexibility in V, adjustment. The 
mobility enhancement was achieved along with Dit reduction. 
The effectiveness of the F G  annealing on the NMOS electron 
mobility is similar for various different surface preparation 
techniques, whereas the highest mobility was obtained with 
NO surface preparation. The FG annealing did not degrade 
hysteresis characteristics and PMOS NBTI. 
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The trend is summarized in Fig. 3. 
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Fig. 1 .  Drain current and subthreshold slope were 
improved by high-temperature FG annealing. 

Fig. 2. Id-Vd curves show improved I,,,, for 6 0 0 T  
FG annealing. 
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Table 1. Process flow of polysilicon gate 
HfO, MOSFET's. 
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Fig. 3. Subthreshold slope of 64 mV/dec was 
achieved at 600°C FG annealing. 

Fig. 4. Steeper C-V curves at higher FG annealing 
temperatures indicate reduction in D,,. 

Fig. 5.  Channel electron mobility in 
NMOSFET's was improved by high-temperature 
FG annealing. 
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Fig. 6. Gate leakage was not changed by FG 
annealing, except the slightly lower breakdown 
voltages for higher temperatures. 
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Fig. 7. Channel electron mobility comparison between 
different surface preparations. EOT's are -13, 10, 15 
A for control, NH,, and NO annealing, respectively. 

Fig. 8. Id-Vg characteristics of HfO, PMOSFET's 
were also improved by high-temperature FG 
annealing. 

150 

n 

b 
"? 100 

Y E 
h 

-3 50 
0 
I 

c .- 

0 

I 1 O'O 
0 
al 
U) - I O 8  > 
E 
5: IO6 

5 
e, io4  

(i I O 2  
al c 
4 

1 oo 

50 I 1 ' NMOS Capacitors - Area = 5 x cm2 
EOT - 13 A 

I -0- FG 450°C 
+ FG 500°C F 40 

E 
';;; 30 
U) 
al 

U) * 

.- 
ti 20 

= 10 

c 

* FG 600°C 

PMOS W/L= 150/10 prn 
EOT - 14 A vg = -2 to 2 v  

I 1 I 
0.2 0.4 0.6 0.8 1 

Effective Field (MV/cm) 
400 500 600 

FG Anneal Temperature ("C) Gate Voltage (V) 
Fig. 9. Channel hole mobility in HfOz PMOSFET's 
was improved by high-temperature FG annealing. 

Fig. IO. Hysteresis remained at -20 mV, despite 
the very slight increase at the higher FG annealing 
temperatures. high-temperature FG annealing. 

Fig. 11. Effect of FG annealingon PMOS NBTI. 
The lifetime was not significantly altered by the 

2002 Symposium On VLSl Technology Digest of Technical Papers 23 

Authorized licensed use limited to: UMC. Downloaded on March 12,2025 at 02:48:04 UTC from IEEE Xplore.  Restrictions apply. UMC 1107
UMC v. AICP


