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Reliability Improvement of Rapid Thermal Oxide
Using Gas Switching

Min Hung Lee, Cheng-Ya Yu, Fon Yuan, K.-F. Chen, Chang-Chi Lai, and Chee We&é&nior Member, IEEE

Abstract—The instantaneous switch-off of the gas precursors the final oxidation conditions are crucial for the Si/SiO
during the ramp-down cycle in a spike ramp process is demon- nterface quality. To avoid oxidation in the slow ramp-down
strated to be an effective method to enhance the reliability of rapid cycle, we have investigated the novel process to switch off the

thermal oxide. Due to the slow ramp-down rate (6(® C—90°C/s) of idati during th d fi d
a rapid thermal process, the oxidation during the slow ramp-down oxidation precursor (oxygen) during the ramp-down time an

cycle may produce the inferior oxide, especially for ultrathin oxide.  the reliability of the resulting oxide is enhanced.

To avoid the oxidation in the slow ramp-down cycle, the oxidation

precursor (oxygen) is switched off during the ramp-down cycle. II. EXPERIMENT

The reliability of resulting oxide without oxidation during the

ramp-down cycle is enhanced as compared with the conventional  In the RTO system, the 4-in p-type wafer was illuminated by

oxide, which is still oxidized during the ramp-down cycle. 12 tungsten halogen lamp tubes through a quartz window with
Index Terms—Gas switching, rapid thermal oxidation, relia- Stainless-steel chamber, was held by three quartz pins in order to
bility, spike ramp. reduce thermal stress and wafer slip. The wafer temperature was

monitored by pyrometry with a closed-loop control. The pre-
cursor gas, which is controlled by mass flow controller (MFC),
was injected horizontally across the wafer, and is exhausted by a
HE SCALING of nano-devices reaches the gate oxid@echanical pump. The advantages of MFC are the precise flow
thickness 1 nm for the 45-nm technology node [1]. Theate control and the abrupt switch of the gas precursor. With
precise control of the thickness and the quality of the oxidBe size of 270 crhin our chamber, and oxygen flow rate of
layer is a crucial factor for the performance of the MOS device$000 sccm at the pressure of 250 mba4,s is more enough to
Recently, the spike ramp process in a rapid thermal procesggslace the gas species completely. The pressure in chamber was
(RTP) is reported to effectively reduce the thermal budget asintained by mechanical pump and was regulated by a throttle
compared with the conventional furnace process [2]-[6]. Thalve. The gate oxide thickness was measured by ellipsometry.
dopant out-diffusion during thermal activation annealing w&phe resistivity of the wafers is 1-X0-cm. NMOS diodes have
minimized in shallow junction formation [3]. The ramp-up rat\l gate electrodes with circular area ®fx 10~° cn? defined
of a rapid thermal process is around 8/s—400°C/s [6], and by photolithography. The constant voltage stress (CVS) mea-
is controlled by the lamp power, the number of the lamps, agdrements were carried out using an HP 4156A semiconductor
the reflector configuration [7]. For the cooling stage, the gamrameter analyzer.
flows, chamber geometry, and physical characteristics of wafersBefore oxidation, the wafer was cleaned by a HF dip. An
all are important factors to determine the cooling rate. The situ hydrogen prebake at 100@ for 2 min at the pressure
nature and unforced ramp-down rate is about 605-90°C/s  of 250 mbar was performed before the growth of the ultrathin
[8]. This slow ramp-down rate increases the thermal budgstide. After the growth of ultrathin oxide, the sample was
and deteriorates the merit of the spike ramp process. Tinesitu annealed subsequently in hydrogen and in nitrogen
extra dopant diffusion in RTA and the inferior oxide formatiorfor 10 min each at 900C at the pressure of 250 mbar. The
in RTO occur during the ramp-down cycle. The additionalltrathin gate oxide of the NMOS diode was grown by RTO
growth of oxide during the ramp-down time for spike oxidatiomt the reduced pressure of 250 mbar with 1000 sccm nitrogen
process becomes significant, especially for ultrathin oxidthd 1000 sccm oxygen flows. The temperature ramp and
due to the fast diffusion through the ultrathin oxide. It hasxygen flow rate profile were shown in Fig. 1. The flow rate
been reported that the spike oxidation process results in d®nh switch much faster than the temperature. The oxidation
increase of interface state density [9]. Since the interface stétfe is determined by gas switching. For “overall oxidation,”
density increases with the decreasing oxidation temperattiie oxygen continuously flows in the entire thermal cycle, as
[10], the growth of low-temperature oxide near the Si/SiOshown in Fig. 1. For “ramp-up oxidation,” the oxygen flows
interface during the ramp-down time may be responsible fonly during the temperature rising cycle and is switched off
the increase of interface state density. The final formation @firing the ramp-down cycle.
SiO, layer locates at Si/SiQinterface [11] and, therefore,

|I. INTRODUCTION

I1l. RESULTS AND DISCUSSION

Manuscript received January 9, 2002; revised July 11, 2003. The ultrathin gate oxide of the NMOS diode was grown by
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Taiwan University, Taipei, Taiwan, R.O.C. (e-mail: chee@cc.ee.ntu.edu.tw). with the spike ramp oxidation process at various pea
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Fig. 1. The temperature and oxygen flow rate profiles of overall oxidation
and ramp-up OXIdatIO!'l processes. Th? solid line llndl_cates that the OXy9el 3. The gate current versus stress time plot of the both NMOS diodes for
qont!nu_ous to flow during overa}ll the_ spike ramp oxidation process. The_ dat \%rall oxidation and ramp-up oxidation at the peak temperature of 1300
line indicates that the oxygen is switched off instantaneous at the beginnin

fh the oxide thickness of1.2 nm under CVS &, = —1, —2, and—3 V
- - i 1 . g ) ]
of the ramp-down cyclz_e(ramp up oxidation). Note that both process have o? 1000 s. The insets are tieV characteristics of the devices before and after
same temperature profile.

stress at-1 V. (left: ramp-up oxidation; right: overall oxidation.)

2 0 r 1 T T ¥ 1

— - -

£ | —m—overall oxidation 10° [§ 10’ T ess "5 10! g B

5 —e—ramp-up oxidation o . 5%10" ramp-up oxidation %w" overall oxidation

w 15F E 10*fi™ 1

3 i g E 2 10° tzm‘s

c :, 103 !310' gw‘ +

f) 1.0 /} g 3 Gate vo‘lltage1(V) 27 Gate vo‘itage‘(v] ; 3

= i____———; = 102 = e s e .-._._._._._.;Hq

i 3 E cVS @ -3V~

o 05 pt 101 e -r:--m-" ------------- \._.:V:

S = ramp-up oxidation CVS @ -2V 3

3 O 10°F - overall oxidation CcvVs @ -1V .

O 0.0 , , , , , o e —————— Py """‘E""" ]
800 850 900 950 1000 h v

-1 L 1 N 1 N 1 M
Peak Temprature (°C) 107, 200 400 600 800 1000

Stress Time (sec)
Fig. 2. The statistic average thickness of the oxide prepared by overall

oxidation and ramp-up oxidation. The extra oxidation time during thEig 4. The CVS measurement undég = —1, —2, —3 V for 1000 s

ramp-down cycle leads to the thicker oxide thickness of overall oxidatiql " erq) oxidation and ramp-up oxidation at the peak temperature of
as compared with ramp-up oxidation. As the peak temperature increa °C grown oxide. The oxide thickness 4s1 nm. The insets are theV

the significant average thickness difference is observed due to the increa%ﬂgracteristics of the devices before and after stresslav. (left: ramp-up
thermal budget of the extra ramp-down cycle. oxidation: right: overall oxidation).

average thickness of the oxide prepared by overall oxidatition and overall oxidation devices except the overall oxidation
and ramp-up oxidation. In the overall oxidation process, thievices under CVS at1 V in Fig. 3. This indicates that the
extra oxidation time during the ramp-down cycle leads to tlramp-up oxidation devices have superior oxide reliability char-
thicker oxide thickness as compared with the ramp-up oxidaeteristics as compared with the overall oxidation devices. It is
tion process. As the peak temperature increases, the signifidanind that the SILC at higher voltage-8 V) for the ramp-up
average thickness difference is observed due to the increasimglation devices is high as compared with overall devices due
thermal budget of the extra ramp-down cycle. The reliabilitio the slightly lower oxide thickness in the ramp-up oxidation
measurement is performed by CVS, since the wear-out apebcess. After 1000 s CVS atl V, the current-voltagel{V)
breakdown are mainly controlled by the gate voltage, whiaturves of both devices are almost identical to the fresh one, as
determines the injected electron energy [12]. shown in the insets of Fig. 3. Note that there is a kinkatl V

Figs. 3 and 4 show the gate current variation as a functiomthe I-V curves of the NMOS devices, indicating the transi-
of stress time of NMOS diodes with oxide grown at peak tention of two current-transport mechanisms. At the small negative
perature of 1000C and 900°C for both processes, respecgate voltage, the electrons can tunnel through the gate oxide
tively. Both devices are designed to have similar oxide thicknegs the interface traps at Si/SjOnterface [13]. At the larger
for each growth peak temperatufg,( ~1.2 nmin Fig. 3 and negative gate bias, the electrons tunnel directly into the conduc-
Tox ~ 1 nminFig. 4) and are stressed under the CVSht—2, tion band of Si. The overall oxidation devices grown at peak
and—3 V for stressing time of 1000 s. We have obtained similaemperature of 1000C show inferior and degradation of in-
trend of the stress-induced leakage current (SILC) results witrface state from Fig. 3, although it is difficult to obtain the
over 20 devices for reproducibility. There is no apparent fluctuaxact value of interface state dengily;; ) for the ultrathin oxide
tion in gate current during the stress for both the ramp-up oxiddde to the high gate leakage current through the NMOS diodes.
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without ramp-down oxidation processes. The temperature ramp profile is the
conventional RTO at the temperature of 10@with 70-s plateaus. The solid
Fig. 5. The CVS measurement undér = —0.5 and—1 V for 1000 s for line indicates that oxygen continuous to flow during overall oxidation process.
overall oxidation and ramp-up oxidation at peak temperature @@rown The dash line indicates that the oxygen is switched off instantaneous at the
oxide. The oxide thickness is0.8 nm. The insets are tHeV characteristics beginning of the ramp-down cycle called “without-ramp-down oxidation.”
of the devices before and after stress-dt V. (left: ramp-up oxidation; right:
overall oxidation).
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than the ramp-up oxidation oxide for ultrathin oxide. The large 3 102
Dy canyield larger electron current tunneling through the oxide [T
via interface states. This trap-assisted tunneling current ma ® 10
be responsible for the oxide degradation. The similar result 0*
are also obtained as the growth peak temperature of°@0 10° . .
as shown in Fig. 4. Since the lower temperature oxidation (90! 0 50 100 150 200
°C) forms inferior oxide and high;; [10], the ramp-up oxida- Stress Time (sec)
tion devices show gate current at about 700 s and 800 s under
Fig. 7. The CVS measurement undéy = —7.5V for 200 s for overall
CVS at—1 V with a little fluctuation as compared with Overa”omdatlon and without ramp-down oxidation processes at temperature
devices. There are apparent fluctuation in gate current for tte®o°C grown oxide. The oxide thickness is 5.2 nm. The insets ar¢-tie
overall oxidation devices with stress-afl and—2 V, and this characteristics of the devices before and after stress. (left: without-ramp-down
oxidation; right: overall oxidation).

indicates the inferior oxide reliability and;; of the overall ox-
idation process. The higher accumulation tunneling current of
overall oxidation devices indicates the devices degradation afeed2.6 x 10'2 eV—!. cm2 for without-ramp-down oxidation
the 1000-s CVS at 1 V (the right inset of Fig. 4). However, this and overall oxidation devices, respectively, extracted by Terman
gas switching effect is not apparent for peak growth temperatunethod [14]. This is corroborating with the results as discussed
of 800°C, to be discussed. in Figs. 3-5. Furthermore, theV curve of overall oxidation

Fig. 5 shows the CVS measurements for 1000\g,a¢- —0.5 before the stress (the right inset in Fig. 7) also exhibits serious
and —1 V of the devices with the oxide grown at peak temleakage current, as compared with the without-ramp-down oxi-
perature of 800C (T,x ~0.8 nm). The gas switching effectdation. Note that, there is apparent fluctuation in gate current be-
does not improve the reliability for both devices in the pealore hard breakdown for the overall oxidation devices in Fig. 7.
temperature of 800C oxidation process. Since both device3he currentfluctuation is related with an oxide trap-assisted tun-
show similar gate current fluctuation during the stress, and theling mechanism at the Fowler—-Nordheim (FN) bi&s (=
devices are degraded after the 1000 s CVS AtV (the insets —7 V), previously reported in [15]. The hard breakdown of
of Fig. 5). Besides, the gas switching effect was also studiedide occurs under CVS, which is identified by an abrupt and
for the thick oxide devices, which are grown by conventiodramatic increase of the leakage current, and the injection flu-
RTO at the temperature of 100G with 70-s plateaus oxi- ence(Qpp) values are similar (aboud~! coul/cn?) for both
dation. Fig. 6 shows the temperature ramp and oxygen flalevices. The value is consistent with the extrapolating of data
rate profiles of overall oxidation and without-ramp-down oxireported in [16]. Due to no statistic data xp can not be
dation processes. The both devices with similar oxide thicknessncluded. However, the hard breakdown does not occur in the
(Tox ~5.2 nm) are stressed under 200 s CV¥at= —7.5V ultrathin oxide devices, th§gp is not important in the modern
as shown in Fig. 7. The mid-bandglg, values ardl.7 x 10''  VLSI devices.

W|thout -ramp-down oxidation

overall oxidation CVS @ -7.5V
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We have demonstrated the reliability improvement by gq
switching, which controls oxidation time in spike ramp oxida
tion process. The oxygen is switched off instantaneously at t
beginning of the ramp-down cycle to avoid inferior oxide forma
tion. The gas switching can enhance the oxide reliability at t
spike ramp oxidation temperature of 1000 and 90C°C, and
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its effect is not apparent at 80C since the low-temperature ox- strained-Si, SiGe, and SiC MOSFET.
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