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Enhanced Negative Substrate Bias Degradation in
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Abstract—The degradation induced by substrate hot electron paper, we report, for the first time, that by subjecting the device
(SHE) injection in 0.13-um nMOSFETSs with ultrathin (~2.0 —  to substrate hot electron stress [9], NMOSFETSs with ultrathin
nm) plasma nitrided gate dielectric was studied. Compared to the plasma-nitrided gate oxide~2.0 nm) suffer an enhanced reli-

conventional thermal oxide, the ultrathin nitrided gate dielectric is . . . . .
found to be more vulnerable to SHE stress, resulting in enhanced ability degradation, compared to the device with conventional

threshold voltage (V;) shift and transconductance(G,y) reduc- thermal oxide in terms o¥; shift andG,, reduction. The en-
tion. The severity of the enhanced degradation increases with in- hanced degradation under negative substrate bias is believed to
creasing nitrogen content in gate dielectric with prolonged nitri-  pe due to a higher level of paramagnetic electron trap precursors

dation time. While the SHE-induced degradation is found to be ;) the gate dielectric created by the plasma nitridation process
strongly related to the injected electron energy for both conven-

tional oxide [1], [2] and plasma-nitrided oxide, dramatic degrada- [3]-

tion in threshold voltage shift for nitrided oxide is found to occur at

a lower substrate bias magnitudg ~ —1 V), compared to thermal Il. EXPERIMENT

oxide (~ —1.5 V). This enhanced degradation by negative sub- '

strate bias in NMOSFETs with plasma-nitrided gate dielectric is Deep submicron (0.12m) nMOSFETs with ultrathin gate

attributed to a higher concentration of paramagnetic electrontrap  djelectrics were used in this study. After active device area def-
precursors introduced during plasma nitridation [3]. inition, conventional thermal oxides were grown at 9@ In
_Index Terms—Paramagnetic electron trap, plasma nitrided gate  grder to achieve a final equivalent oxide thickness (EOT) of ap-
dielectric, substrate hot electron. proximately 2.0 nm for all splits, thermal oxides with various
starting thickness were subjected to various plasma nitridation
|. INTRODUCTION times. After deposition and patterning of a 150-nm thick un-

. . . doped poly-Si film, arsenic dopants were implanted with an en-
OR MOSFETs employing ultrathin gate oxide, the OIraStICr y of 5 keV to dope the gate electrode and also to form the

increase in standby power consumption as a result of t i h .
shiallow source—drain junction. For activation, all samples were

direct tunneling leakage current in the dielectric is a challengin ) . . . i
issue, especially as device scaling leads to higher device den%?gnealed using rapid thermal annealing (RTA) in @és am

in a chip. In addition, the dopant impurity penetration throug iant for 30 s. Subsequently, cobalt salicide, borophosphosili-

the ultrathin gate dielectric represents another major concfrar;[e glass (BPSG), and metallization processes were performed

on the oxide scaling. In the past, nitrogen incorporation in 0 complete the device fabrication. For reliability testing, con-

the ultrathin gate oxide to form oxynitride and/or nitride/oxidé%ant positive V(_)Itage of 2.2 V was apphed_ to th_e gate W'th the
urce and drain grounded and the negative bias ranging from

stacks have been successfully demonstrated to alleviate Z li.e., constant voltage stress (CVS)] 42 V was applied

above shortcomings [4]. Among the available nitridatio . :
. e . . 0 the substrate terminal at room temperature. Device charac-
technigues, plasma nitridation is particularly viable and pop- . T ;
. . . . . _Teristics were recorded at certain time interval for stress time up
ular for preparing reliable ultrathin gate dielectric due to it

t 10 s. The indicators of reliability degradation are transcon-

uniformity, relatively high nitrogen concentration, Iow-procesguctanceGm reduction and threshold voltagé shift. G, is

temperature, and the ability to preserve high-quality oxide/ tfined as the peak value of the transconductance of a device in

interface [5]-[7]. : ) : . X i
Nonetheless, the introduction of nitrogen into the gate dielellcr—]e"’\r region, while threshold voltage is defined at the intercep
_ L . ion extrapolated from the peak value.
tric is known to cause enhanced degradation in negative bias
temperature instability (NBTI) for pMOSFETSs [2]. For nMOS-

FETs, however, the less significant impact of plasma nitrida- lll. RESULTS AND DISCUSSIONS

transconductancéG,,,) as a function of effective gate drive
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Fig. 1. Drain curren{Ip) and transconductancg~,,) characteristics as
a function of effective gate driveV'; — V) for devices with thermal oxide Fig. 3. Threshold voltagél) shift of the devices with thermal oxide and
(control) and plasma nitrided oxides (with plasma treatment time of 25 apthsma nitrided oxides as a function of substrate bias aftérsiof SHE

50 s, respectively). stressing.
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() Fig. 4. Relative gate leakage current change as a function of SHE stress time

for different samples.

picts only slight degradations in bot,, andV;. In contrast,
significant&,,, reduction and/; shift are observed for the ni-
trided devices. The extent of damage increases for samples with
longer nitridation time (i.e., 50 s compared to 25 s). Fig. 3 de-
picts threshold voltage shifts as a function of substrate bias for
different splits. Under low substrate bias, only a slightly larger
threshold voltage shift is observed for the splits with plasma-ni-
trided oxides. This trend remains unchanged until the magnitude
of the substrate bias reaches V, where a dramatic increase in

Threshold Voltage Shift (V)

105 . threshold voltage shift occurs for nitrided samples, independent
100 10° 102 103 104 10° of the incorporated nitrogen content. In contrast, the magnitude
Stress Time (sec) of the threshold substrate bias needed for inducing significant
() shift for the sample with thermal oxide is 0.5 V larger (i.e., at a

Fio.2 Substrate hot electron (SHE) stress fime d g (2 retat substrate bias of 1.5 V). Fig. 4 shows the relative gate current
detradation and () threshold valadé ) Shif for devices wih thermal oide. CHANGeS for different samples over stress time with a substrate
(control) and plasma nitrided oxides (with plasma treatment time of 25 and 5d¥as of—2 V. A larger electron trapping density can be seen for
respectively). Substrate biases are 0 ar&lV, respectively. samples with plasma nitridation and increases with increased
plasma treatment time.

plasma nitridation. The relative transconductance reduction andA plausible cause of the observed exacerbated degradation
threshold voltage shift as a function of stress time are shownigplasma-induced damage during nitridation. But, it is ruled
Fig. 2(a) and (b), respectively. Two substrate biases, i.e., 0 anat because only insignificant and bias-insensitive degradation
—2 V, were employed for comparison. For zero substrate bidms been found at low substrate bias regime, which obviously
e.g., CVS, only negligible degradations were observed for albntradicts with the fact that plasma-induced “latent” defects
splits, irrespective of the gate dielectric preparation processean be easily retriggered even under traditional constant voltage
When the magnitude of the substrate bias is raised2¥, the stress, i.e.Vgs = 0 V [11]. As is well known, trap filling
device with conventional thermal oxide remains stable and da- the as-fabricated defects in plasma-nitrided oxide, which
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were speculated to be located near valence band [12], coulgp]
account for the slightly largéelr; shift in the low substrate bias
range. However, the trap-filling rate should not increase with
the increasing energy of the transport carriers. Therefore, wgs3]
hypothesize that nitrogen incorporation in the thermal oxide
by plasma nitridation could introduce more precursors of 4]
paramagnetic electron traps into oxide bulk. These precursors
(e.g.,.= SiNH or = Si;N-NSk, =) can be more easily broken, 5]
compared to the dominant precurs@es Si—-O-O-Si =) in
thermal oxide, and become paramagnetic electron trap centers
after hot electron stress. This explains the substrate-bias-deperf!
dent threshold voltage shift, since energy is needed to activate
the bond breaking reaction [3].

[71

IV. CONCLUSION

We report, for the first time, an enhanced degradation under
negative substrate bias in NMOSFETSs with ultrathin plasma-ni-|g]
trided gate dielectric. The enhanced degradation is attributed to
the introduction of paramagnetic electron trap precursors duringlgl
plasma nitridation. Similar to NBTIlin pMOSFETS, our findings
are important for nMOSFETSs from the reliability point of view.
Even though the incorporation of nitrogen into thermal oxide is}lo
advantageous in many respects, our findings suggest that careful
attention needs to be paid to ensure that plasma-nitrided gate
dielectric meets the reliability requirements for the sub—lOO—nrrhl]
device technology node.
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