G144 Journal of The Electrochemical Socigtys1 (2) G144-G148(2004)
0013-4651/2004/152)/G144/5/$7.00 © The Electrochemical Society, Inc.
Effects of Process and Gate Doping Species on Negative-
Bias-Temperature Instability of p-Channel MOSFETs
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The effects of poly-Si gate doping type and species as well as thermal treatments on negative-bias-temperature(KB@bility

of p-channel metal-oxide-semiconductor field effect transistM®SFETs)were investigated. We found that devices with
n*-poly-Si gate depict a smaller threshold voltage shift after bias-temperature stressing, compared t6-plodyrSi-gated
counterparts. By carefully controlling the thermal budget to suppress boron penetration, NBTI can be reduced by fluorine
incorporation in P-poly-Si-gated devices. Finally, NBTI is found to be aggravated in devices subjected fmostmetal-
annealing, highlighting the important role of hydrogen bonds.
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For aggressively scaled deep submicrometer complementary ox- Details of the structural parameters and process conditions for
ide semiconductofCMOS) ultra large scale integrateét/LSI) tech- devices characterized in this study are summarized in Table I. In this
nologies, an ultrathin gate oxide is essential for achieving high cur-work, we focus our attention on the NBTI characteristics of devices
rent drive under low power operation. The integrity and reliability of with different gate-doping types and species as well as post-metal
such gate oxides are therefore crucial for ULSI manufacturing. Re-annealing treatments. To evaluate degradations due to the bias-
cently, negative-bias-temperature instabiliNBTI) has been iden- temperature stress, devices were subjected to stress conditions with
tified as a major reliability concern for deep sub-micrometer negative gate bias-3.5-—4.5 V)at 150°C. During stressing, drain/
p-channel metal-oxide-semiconducttvlOS) transistors:* Large source and substrate were all grounded, as shown in Fig. 1. To
numbers of interface states and positive fixed charges are generate&yaluate the role of hydrogen atoms in the NBTI, the post-metal
during bias-temperature stressif@TS), and cause an unwanted anneallPMA) performed in a forming gas was intentionally skipped
negative threshold shift in device characteristics, which could potenfor some samples. Device parameters, including threshold voltage,
tially lead to circuit failure. This phenomenon becomes even moresubthreshold swingSS), transconductance, and gate leakage cur-
pronounced as the oxide is thinned down, and may become theent, were measured using an HP4156A parameter analyzer both
limiting factor for the device lifetime. It has also been shown that before and after the BT stressing.

NBTI could be further aggravated by process-induced damages such ) )

as plasma chargint® and boron penetration* Special attention Results and Discussion

should therefore be paid to exploring and understanding the influ-
ence of different processing steps and treatments on device charaﬁ]n
teristics. ; - .

In this paper, we characterized the NBTI of devices with differ- IS shov;/nvég Fig. 2. It can be seen théth degradation obeys the
ent process treatments. Dependences of gate-doping types, gate, angier'a
source/drain(S/D) doping species, and postmetal annealing treat- AVth(t) = At® [1]
ments were investigated. Some interesting findings were obtained,
which could help clarify the role of different species incorporated in
the device.

Effects of poly-Si gate doping typeThreshold voltage shift as a
ction of bias temperatur®T) stressing time for samples 1 and 2

The extractedA andb values for the measured data as well as the
initial gate current under the stress conditions, are summarized in
Table 1. The extracted values are around 0.25-0.30 for all devices.
) These results are consistent with previous repairtslying that the
Experimental incorporated A$ ion in the poly-Si gate would not effectively
Complementary MOS(CMOS) transistors used in this study change the mechanisms of NBTI. Note that the initial stress current
were fabricated on 6 in. silicon wafers with a resistivity of 1025  for sample 1 (fi-gated)is about an order of magnitude higher than
cm. After local oxidation of silicorfLOCOS)isolation and threshold  that of sample 2 (p-gated). From Fig. 2, it can be seen that the
voltage (/th) adjustment implantation, the gate oxide was ther- n*-gated device shows a much smaN&h shift under BTS than its
mally grown in a diluted @ ambient at 900°C. Oxide thickness p*-gated counterpart, albeit with a similbrvalue. Figure 3 com-
measured by a n&k analyzéand also confirmed by capacitance- pares the pre-BTS gate leakage current for fresh samples 1 and 2.
voltage, C-V measurements that took into account the poly-for a given gate voltageVi), sample 1(.e., n"-gated)exhibits a
depletion effectjon the monitor wafers before poly-Si deposition higher leakage current. This could be explained by the band dia-
was around 3.0 nm. Undoped poly-Si layer was then deposited byjrams shown in Fig. 4. For sample 1, the leakage current is domi-
low-pressure chemical vapor depositidtPCVD). For p-MOS de-  nated by the electron Fowler-Nordheiffi-N) tunneling from the
vices with n'-poly-Si gate, AS ions (5x 10'°cm™?) were im-  n*_gate(Fig. 4b), which has a much higher probability than either
planted immediately after poly-Si gate deposition. While for the the gate valence-band electron direct-tunneling or the substrate hole-
p"-gated p-MOS devices, gate and source/d(8iid) implants were  tunneling process for sample(Eig. 4a)? Though the higher elec-
performed simultaneously by either BFor B* (both with a dose of  tron injection flux from the A-gate would result in almost the same
2.5 10" cm™2) implantation. The post-S/D implant thermal treat- time dependencéTable 1), theVth shift is much smaller than that of
ments were carefully co_ntrolled to ensure that boron penetration waghe p"-gated device, indicating that the electron tunneling current
effectively suppressed in our samples. plays only a minor role in the NBTI degradation. Also note in Fig. 4,
the oxide field is stronger for the'pyated device. This also supports
the argument that the oxide field plays a key role in NBTI
2 E-mail: helin@ndl.gov.tw degradatiort®
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Table I. Major structural parameters and process conditions for Table Il. Fitting parameters for Eq. 1 and the initial stress gate
the test samples. leakage for all samples.
Sample no. 1 2 3 4 5 Sample splits and Vth of fresh J
BTS condition devices(V) A Exponentb (Alcm?)
L gate 0.8 um
Woate 10 pm Sample 1,4V 1.629 1.32 0.28 369nm
ox 2.9-3.1 nm Sample 1,45V 1.622 3.05 0.30 3.3lum
Gate doping type nt p+ p+ p+ p+ Sample 24V 0.615 5.56 0.27 46.8 nm
Deep S/D implant BE," BE,* B* B* BE,* Sample 2,-45V 0.616 9.89 0.28 876nm
(2.5 % 10 cm?) 2 2 2 Sample 3,—4 V 0.636 12.32 0.24 40.3 nm
" ; Sample 4-4V 0.623 11.84 0.25 42.6 nm
S/D extension BF," BF," BF,* B* BFR" '
(5 x 10“ cm™2) Sample 5-4 V 0.639 4.87 0.26 43.2 nm
PMA Yes Yes Yes Yes No |nitial gate current under BT stressing.
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Figure 3. Gate leakage currens. gate bias for samples 1 and 2.

Figure 1. Configuration for NBTI stressing.
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Figure 2. Threshold voltage shift as a function of BT stressing time for
devices with different gate doping typésolid line for n"-gated sample 1 ~ Figure 4. Band diagrams of(a) p*-gated (sample 2)and (b) n*-gated
and dashed line for pgated sample )2 (sample 1)p-MOSFETs with n-substrate, biased\d = —4 V.
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Figure 5. Cumulative probability of the threshold voltageéth) for sample
2 (with highest fluorine incorporatiorl), sample 3with intermediate fluo-
rine incorporation[J), and sample 4without any deliberate fluorine incor-
poration,®).

1.4
Area = 10x10 mm’

1.2

e
(]

e
%

—l— sample 2
 —— sample 3
—o— sample 4

Capacitance (pF/cmz)

=
N

0.4 r 2 s 2 Il e Y ry ' 'l e Iy Iy ry
2 -1 0 1 2

Vg (V)
Figure 6. High frequency C-V characteristics for sample(\&ith highest

fluorine incorporation®), sample 3(with intermediate fluorine incorpora-
tion, OJ), and sample 4without any deliberate fluorine incorporatio®,).
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Figure 7. Vth shift as a function of stress time, stressed at 1507G,
= —4V.
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Figure 8. (a) Fresh andb) post-BTS charge-pumping currents for sample 2
(with highest fluorine incorporatiol), sample Jwith intermediate fluorine
incorporation,[J), and sample 4without any deliberate fluorine incorpora-
tion, @).

Effects of fluorine incorporatiapr—In this study, fluorine was in-
corporated during the deep and/or S/D extension implant steps
(Table I). Various amounts of fluorine incorporation could thus be
obtained, and the resultant effects on the device performance were
explored. Figure 5 shows the cumulative probability of the threshold
voltages {/th) for the fabricated devices. The tigtth distribution
in Fig. 5 indicates that there is no noticeable boron penetration effect
induced in these devices. Figure 6 shows the pres@e¥scurves.
Equivalent oxide thicknes&€OT) of the samples is extracted using
a simulator that takes quantum mechanical and poly-depletion ef-
fects into consideration. An EOT of around 2.9 nm is obtained for
the devices without or with only a small amoutie., through a
medium dose Bfextension implantpf fluorine incorporation. EOT

Table Ill. Extracted pre- and post-BTS interface state density
(Dit) for samples with different D implant conditions.
Dit (pre-BTS)

Sample splits ADit (post-BTS)

Sample 2 4.03x 10 (1/eVenf)  9.34% 10% (1/eV cn?)
Sample 3 8.35x 10 (1/eV cnf)  1.56 X 10 (1/eV cnf)
Sample 4 9.16 X 10 (1/eV cnf)  1.76 X 10 (1/eV cnf)
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Figure 9. Pre- and post-BTS subthreshold characteristics for samfweti2

PMA) and sample Gwithout PMA). Figure 10. Vthshift vs.BT stress time for sample @ith PMA) and sample

5 (without PMA).

increases to 3.1 nm when a high-dose, Biimplant is performed.
The apparent oxide thickness increase with high fluorine incorporastressing. The released hydrogen atoms could diffuse into the oxide
tion is consistent with previous repot$* bulk, and cause a threshold voltage shifio understand the effects

In Fig. 7, theVth shift as a function of stress time is shown for of passivated Si-H bonds at Si@/Si interface during BT stress,
devices with different S/D implant conditiofise., samples 2, 3, and  NBTI immunity of devices both withi.e., sample 2jand without
4, respectively, see Tablg As can be seen in this figure, the NBTI (i.e., sample 5PMA treatments were measured and compared. Fig-
could be reduced effectively by increasing fluorine incorporation, ure 9 shows the subthreshold characteristics of the test samples. The
although the slope is almost identical among all splits. To gain in-pre- and poststress subthreshold swings for both devices are sum-
sight into the effect of fluorine incorporation at the Si/Sifiter- ~ marized in Table IV. Although the device without PMA shows
face, a charge-pumping technique was also performed for detaipoorer initial subthreshold characteristics, it depicts a smaller sub-
analysis. Figure 8a shows the results for fresh devices. All transisthreshold swing degradaticiabout 1.66%)during BTS, compared
tors are with a width-length of fm/0.8 pm. The results indicate  to the device with PMA treatmeri2.75%). This is ascribed to more
that the addition of fluorine reduces the interface states. Figure 8l5i—H bond breaking during BTS for the PMA-treated device. Fig-
shows charge-pumping current increments after BT stressing. There 10 shows th&'th shift as a function of BTS stress time. Indeed
interface state density extracted from the results shown in Fig. 8ahe device with PMA shows more severe NBTI degradation. These
and 8b is summarized in Table Ill. Again, charge-pumping currentresults unambiguously highlight the important role of hydrogen in
decreases with increasing fluorine incorporation, and the sampleéhe NBTI degradation process.
with the highest fluorine incorporatioie., sample 2 that received
fluorine incorporation both from BF S/D extension and deep S/D Conclusions
BF,* implants)indeed shows the best performance. The ratios of
the increase®it among the splits are close to those of Y shift.
This result indicates that the incorporated F atoms, which could
replace hydrogen-related sites at the Si/SiQerface, tend to pas-

The effects of gate doping species and thermal treatments on
negative-bias-temperature instabilitNBTI) of p-MOSFETs were
conducted. Devices withapoly-Si gate exhibit less NBTI degra-

: . . . . . dation, compared to their'pgated counterparts. Our analysis indi-
sivate the interface dangling bonds. Since the-Eibonding energy cates that the electron FN tunneling current during stressing plays

o hi ; 12
(5'73 e\_/) IS hlgher than that _Of ,S*'H bond (3.18 'eV), proper only a minor role in the NBTI degradation. By contrast, the oxide
fluorine incorporation at the Si/SiQnterface could improve NBTI  fie|q strength is critical for the NBTI degradation process. Our re-

immunity. P P : ;
. . ) sults also indicate that fluorine incorporation by a S/D implant ste
It should be noted that fluorine incorporation has been previously: P y b P

reported to cause enhanced boron penetration, which in turn coulI beneficial for improving the NBTI immunity. The incorporated
enhance the NBTH’ Since the thermal budget is carefully con- uorine could replace hydrogen-related sites at the, 88Dinter-

trolled t t th b trati fl face, which could act as precursors for the generation of interface
rolled to prevent the occurrence of boron penetration, proper fluoy o resnonsible for NBTI degradation.

rine incorporation actually strengthens the interfdcd and thus The effects of PMA on device characteristics were also investi-
improves the NBTI immunity in our study. gated. We found that, although the incorporated hydrogen atoms

Effects of PMA.—PMA in a forming gas was widely used for could reduce the pre-BTS interface states, the passivated hydrogen
passivation of the interface dangling bonds. However, the passivatef§Puld be released during BTS, causing aggravated NBTI degrada-
Si—H bonds tend to break more easily during subsequent NBTI 1on.
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