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Abstract—Although direct tunneling gate oxide MOSFET's
are expected to be useful in high-performance applications of
future large-scale integrated circuits (LSI's), there are many
concerns related to their manufacture. The uniformity, reliability,
and dopant penetration of 1.5-nm direct-tunneling gate oxide
MOSFET’s were investigated for the first time. The variation
of oxide thickness in an entire 150-mm wafer was evaluated
by TEM and electrical measurements. Satisfactory values of

Ultrathin gate oxide
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standard deviations in the TEM measurements and threshold QX\:? R‘i';“‘f,',!‘,{,:' ;ﬁ?er§?§§°t§<3e'f°‘s an:):l nos:mform"y of mm\:
voltage measurements for MOSFET's with a gate area o pm s\ N \\fec\rlc\ rea owQ\\\\\Q
x 0.75 pm, were obtained. These values improved significantly \\g\\\ Si substrate \ N \ \\\ \\
in the case of MOS capacitors with larger gate areas. The =N NN

oxide breakdown field and the reliability with respect to charge

injection were evaluated for the 1.5-nm gate oxides and found to Fig. 1. Concerns related to the use of ultrathin gate oxides in the di-

be better than those of thicker gate oxides. Dopant penetration rect-tunneling region in future LSI's.

was not observed in i polysilicon gates subjected to RTA

at 1050°C for 20 s and furnace annealing at 850°C for 30 ) ) ) )

min. Although much more data will be required to judge the higher than those of today while consuming several times

manufacturing feasibility, these results suggest that 1.5-nm direct- |ess power. Besides the above works, the research of ultrathin

tunneling oxide MOSFET's are likely to have many practical gate oxides in the direct-tunneling regime became popular and

applications. popular in a recent couple of years [5]-[8].
Index Terms—Direct-tunneling, gate oxide, leakage current,  However, there are several major concerns regarding the use
MOSFET, reliability. of such ultrathin gate oxides in the direct-tunneling region in
LSI's. Some of the problems might intensify with reduction
[. INTRODUCTION of gate dielectrics. Items related to yield and reliability should

OR more than 25 years, the progress of MOS L%e investigated carefully. These include the direct tunneling

technology has been based on the downsizing of MO akage current, defects and nonuniformity of the film, dielec-

FET's. Along with the downsizing of MOSFET's, the gatetric breakdown, reliability with respect to charge injection, and
oxide thickness has continued to be reduced. Recently, dirQBPa”t penetra’Fion from the gate electrode tq the substrate (see
tunneling gate oxide MOSFET's have shown the potential §{9: 1)- These items should be checked using mass data for

enabling extremely high-speed digital circuit operation [1], [Zfiréct-tunneling gate MOSFET's designed for use in LSI's.
as well as high RF performance in analog applications [ specially, the direct-tunneling gate oxides are expected to

Excellent performance; including a current drive of more thatf used in ultrasmall geometry CMOS with the gate length of
1.0 mA/um, a transconductance of more than 1000 msS/m@:1 #m and below, and the wafer size for the CMOS LSI’s will
and a cutoff frequency of more than 150 GHz; was obtaind§come 300 mm [9]-[11] and even larger. Thus, the prediction
at a gate length of less than Oun. These MOSFET's are and prevention of the yield and reliability degradation due to
also suitable for low-voltage low-power operation with highhe variation of the oxide thickness and quality are expected
performance [4]. They operate at a low power and high spet&become critically important.

with a low supply voltage in the 0.5-V range. A simple AS a first step, some of the above concerns were investigated
estimate shows that the high current drive of these MOSFEBS the wafer level with 150-mm diameter. These include

may lead to MPU’s which operate at frequencies several timé controllability of gate oxide film thickness in terms of
gate leakage current, threshold voltage, and gate breakdown;
Manuscript received September 15, 1997; revised October 24, 1997. EF@ re“abmty Of the Oxides W|th respect to time_dependent
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experimental results for the above items for 1.5-nm gate oxides d
are reported, and the feasibility of manufacturing such ultrathin g
gate oxides is discussed. Although these are the results for the g .
150-mm wafer, they will become useful data for the prediction ; 400°C

of the cases of future 300 mm and above wafers.
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Il. SAMPLE FABRICATION oang g}'}’:}f;ding‘
Fig. 2 shows the fabrication process flow for direct- [ 4
tunneling gate oxide n-MOSFET samples with a wafer size 10s10s ~60s
of 150 mm (6 in) [3]. After LOCOS isolation, thin sacrifice Process time
oxide was grown on silicon substrate, and the channel area (b)

was doped by boron implantation at 50 ke¥x 10'3/cm?.  Fig. 3. Equipment and heating sequence for rapid thermal oxidation (RTO).

Then, the sacrifice oxide was removed. The native oxide w@&$ Cross-sectional diagram of the RTO equipment (LAW-613-A) made by

removed just immediately before the gate oxidation usirﬁg%'\gt‘i)gr?n Screen MFG. Co., Ltd. (b) Heating sequence for 1.5-nm gate

conventional HF treatment and rinsing was performed with '

water. Following this, a 1.5-nm gate oxide film was formed

by rapid thermal oxidation (RTO) at 808C for 10 s (the Some of the experiments. Thus, a buried-type channel was

detailed oxidation conditions are given in the last paragraped. The channel area was doped by phosphorus (200 keV,

in this section). Next, phosphorus-doped polysilicon film wagx 10** /cr), arsenic (140 keVl x 10** /cnv), and Bh

deposited for the n-type gate electrode. The thickness of & keV, 2 x 10'* /cn?) implantations. After 1.5-nm gate

film was 250 nm. After the formation of the phosphorugxidation, phosphorus-doped polysilicon film was deposited

polysilicon gate electrode by excimer stepper lithography afffef the n-type gate electrode. The source/drain extensions were

RIE etching, PSG gate sidewall was formed. The phosphorftidde by BE ion implantation at 15 keV2 x 10%*/cn?.

concentration in the PSG film was< 102! /cm?. Then, arsenic After SiO; gate sidewall was formed, BRwas also implanted

was implanted to form a deeper source and drain regionst@tform a deeper source and drain regions at 30 keV with

30 keV with 3 x 103 /e, The solid-phase diffusion of the 3 x 10'° /cn?. Annealing condition was same as the n-

phosphorus from the PSG sidewall to form the source/drdffOSFET case. Co salicide technique was also applied.

extension regions was accomplished by RTA in nitrogen Fig. 3(a) shows the RTO equipment used in this experiment.

atmosphere at 1000C for 10 s. The junction depth of the The conventional RTO process with equipment (LAW-613-

diffusion layer was 30 nm. A low sheet resistance of X$q A) made by DaiNippon Screen MFG. Co., Ltd., was used

was achieved for the extensions. At the same time, arsenic {@s the growth of the direct-tunneling gate oxide. Fig. 3(b)

activated to form a good deeper source/drain junctions. ThBOws the heating sequence used for 1.5-nm gate oxidation.

Co salicide technique [12], [13] was then applied to the 1.3he temperature was raised from 480G to 800 °C in an

nm gate oxide MOSFET's in order to reduce the source/drf¥ygen atmosphere in 10 s, and was maintained at*80fbr

and gate resistance. The Co and TiN films were deposité@S- Samples with 3-nm and above gate oxides were fabricated

by sputter and annealed by RTA in nitrogen atmosphere & @ control. The oxides are grown by conventional furnace

500°C for 60 s. The TiN film was used for the preventiorPXidation in dry Q atmosphere at 806C.

of the oxidation of the Co films during the annealing. After

removing nonreactive Co and TiN films, Co silicide was Ill. RESULTS AND DISCUSSION

changed from CoSi to CoSby RTA in nitrogen atmosphere . . ) ) )

750°C for 30 s. The resulting sheet resistance of the silicide Uniformity of Gate Oxide Film Thickness

layers was about £/sq After the metallization, sintering was 1) TEM MeasurementsThe uniformity of the gate oxide

carried out in forming gas atmosphere at £8Dfor 15 min. film thickness was evaluated by TEM and electrical measure-
N7 polysilicon gate p-MOSFET's [3] were also made foments. Fig. 4 shows the TEM cross sections of the tunneling
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Fig. 4. TEM cross sections of the tunneling gate oxide at 13 points on a 150-mm wafer. The value written on each figure is the typical gate oxide
thickness over the 12-nm width corresponding to the figure.

gate oxide at 13 different points of the 150-mm wafer. Theeviation of the threshold voltage was 4.7%. If we assume
lateral width of each TEM photograph corresponds to abatliat threshold voltage variation is caused only by gate oxide
12 nm. The value written on each figure is the typical gathickness variation, the standard deviation of the gate oxide
oxide thickness over the 12-nm width corresponding to thkickness is 4.7%, which corresponds to 0.07 nm. Thus, the
figure. The oxide film thickness values range from 1.3 n8v value is 0.21 nm. This value is better than the results
to 1.7 nm, and the average thickness for the 13 points dbtained by TEM in an entire wafer. This could be due to
1.53 nm. The standard deviatigia) is 0.13 nm, which is the averaging effect of variation over a wider area or due to
8.7% of the oxide thickness. Ther¥alue is 0.39 nm. Fig. 5 the relatively large value of the electron wavelength, which
shows TEM observations with a wider lateral width of 3% around 10 nm.
nm from several parts of the wafer. In these wider TEM 3) Gate Leakage Current of MOS Capacitorshe thick-
samples, it is relatively difficult to calculate the variationsess variation derived from measurements for larger gate areas
of the continuous films different from the previous case, iis now discussed. The measured variation of direct-tunneling
which the standard deviation of the typical values of 13 pointmate leakage current of MOS capacitors in a wafer is shown in
in a wafer was calculated. Thus, one half of the differendég. 9(a). Measurement was performed on 83 capacitors. The
between the maximum and minimum was taken as the measgate area of each MOS capacitor wi@) ;zm x 110 pm, and
of the variations. In this case, the variation value is usualtiie applied voltage was 1.5 V. The leakage current is defined in
regarded as to be corresponding to the@alue of the film Fig. 9(c). By estimation of the current taking into account the
thickness. The variation of the 35-nm range defined by thimte and well resistance, it was confirmed that the gate leakage
way is around 0.15 nm. Fig. 6 shows the TEM cross secti@urrent was not restricted by the resistance of the polysilicon
for an even wider range of 100 nm. Within this range alsgate electrode or the well area, but determined by the direct-
the thickness variation defined by same way is around O.fifneling current of the gate oxide. The standard deviation
nm. These results of the thickness variation obtained by TEM the direct-tunneling gate leakage current was 6.9%. From
measurements are relatively good values, and this level tbé relationship between the oxide thickness and the direct-
uniformity was observed by TEM even early in the oxidatiotunneling leakage current [7], [14], [15], the direct-tunneling
process, 2 s after the start of RTO. This is shown in Fig. @urrent standard deviation of 6.9% was found to correspond to
Here, the oxide film thickness was around 1.0 nm. a gate oxide thickness standard deviation of 0.008 nm. Thus,
2) Threshold Voltage Measuremerithe film thickness the 3 value is 0.024 nm. The variation of gate oxide thickness
variation was also evaluated by electrical measurements. Fign8s surprisingly low for thel00 pm x 110 xm capacitors,
shows the threshold voltage distribution in n-MOSFET’s in presumably due to the averaging effect. Thus, despite no
150-mm wafer. Measurement was performed for 41 transist@gecial care being taken to control film thickness during RTO,
with a gate area d¥ xmx 0.75 um. The threshold voltages of the uniformity of average gate oxide film thickness over a
all the transistors were within the normal range. The standdedge area was confirmed to be excellent.
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Fig. 9. Distributions of various characteristics in MOS capacitors in a
150-mm wafer. Gate areda00 pum x 110 pum. (a) Direct-tunneling gate
leakage current. (b) Gate breakdown voltage. (c) Dependence of gate leakage
current on gate voltage.

the wafer. In this case, the breakdown voltage for a positive
gate bias was evaluated considering n-MOSFET applications.
Fig. 7. TEM cross section of oxide film early in the oxidation process (2Fhe breakdown voltage is defined in Fig. 9(c). When the gate
after the start of RTO at 806C). voltage was raised to around 4.4 V, the gate oxide broke down
and a large short circuit current started to flow. Due to the

Fig. 9(b) shows the gate breakdown voltage distributiotisnitations of the measurement system, the short circuit current
measured using the sarm@0 ;m x 110 um MOS capacitor in curve became flat after the breakdown. In Fig. 9(b), it should
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step by step until the transistor was destroyed. Gate argan x 1.0 pm.

After a 3.4 V stress

be noted that there is no A or B mode failure [16], [17] for
the breakdown.

To conclude this section, the gate oxide thickness variation
obtained by TEM, threshold voltage measurement, and capac-
itor leakage current measurement are summarized in Fig. 10.
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In this section, the gate oxide breakdown voltage of 1.5-nm
gate oxide MOSFET's is described. Fig. 11 shows the stress
application pattern in the experiment. The sample gate area
was5 um x 1.0 um. The stress gate voltage was raised step
by step until the transistor was destroyed. A constant stress
voltage was applied for 100 s at each step. Fig. 12(a)—(c)
shows typical test results. When the transistor was destroyed, ©
a significant leakage current was observed, as shown Fig- 12. Typical example off;—V; characteristics before and after the
Fig. 12(b). Further application of the gate voltage result st sss: (a) before application of sEress, (b) after application of a 3.4-V stress,

(c) after application of a 3.5-V stress.
in the MOSFET being completely destroyed, as shown in
Fig. 12(c). The voltage when the gate leakage current became ) )
more than 0.2 mAum during the stress was taken to be th@-0-nm gate oxide MOSFET's. Fig. 13(a) shows the depen-
gate breakdown V0|tage_ Thig—V, curve of the transistor at dence of the breakdown voltage of the MOSFET’s on oxide
this time shows the leakage component [see Fig. 12(b)]. thickness. The corresponding electric field is also plotted

The gate oxide breakdown characteristics of the ultrathin Fig. 13(b). In the calculation of the breakdown electric
gate oxide MOSFET's were compared with thicker 3.0- arfield, breakdown voltage divided by the oxide thickness was
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Fig. 13. Dependence of the breakdown characteristics of the MOSFET's '(:)l(g 1_5' _Long_ld_‘/z characteri’stics before .and after substrate ho_t-hole
the gate oxide thickness. The oxide film thickness was determined by TEECtion in ™ gate p-MOSFET's. Gate are&: um x 1.0 um. The drain

in all the three cases; 1.5 nm, 3.0 nm, and 5.0 nm. (a) Breakdown voltagg!tage was—0.05 V. (a) 1.5-nm gate oxide p-MOSFET. (b) 4.5-nm gate
(b) Breakdown field. xide p-MOSFET. (c) 5.8-nm gate oxide p-MOSFET.
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Tox (nm)
used considering that the source/drain and thus the invertggl 16. Dependence of the threshold voltage shift after carrier injection on
channel region was grounded in the stress test. Actual bregte oxide thickness. The oxide film thicknesses are determined by TEM for
down electric field across the oxide will be smaller than thfd 3ses

value because the depletion layer formation in the polysilicgfkide MOSEET’s in the region of gate oxide of more than 2.5
gate electrode and the channel deepening effect causednhy[22], [23]. It still appear to hold true for gate oxides down
a quantum effect [18]-{21] should be considered. From thg 1.5 nm. In the case of 1.5-nm gate oxide, the breakdown
application point of view, however, the value of gate voltaggeld is higher than that of thicker gate oxide samples. In the
divided by the gate oxide thickness is a realistic and practicédse of the 5-nm oxide, the breakdown field is 15 MV/cm,
value whatever the real electric field across the oxide is. While in the case of the 1.5-nm oxide it improves to 23 MV/cm.
this figure, the breakdown field increases with the decreaseTihe results show a 50% increase of the breakdown field for the
thickness of the gate oxide. There are reporteddhat in the 1.5-nm oxide relative to the 5-nm oxide. This result confirms
thinner gate oxide MOSFET is better than that of thicker gatke good breakdown resistance of the ultrathin gate oxide.
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Fig. 17. SIMS profiles of dopant penetration from gate electrode to substrate. The oxide film thicknesses are determined by TEM for all casesidjpg¢@oron-
ptpolysilicon gate electrode: The boron concentration ofithsitu boron-doped polysilicon film was x 1020 /cm?. After the doped polysilicon film was
deposited, the film was subjected to RTA heat treatment at 2@6br 20 s in a nitrogen atmosphere. (b) Phosphorus-dopegatysilicon gate electrode:
The phosphorus concentration of tiesitu phosphorus-doped polysilicon film was8 x 102° /cm?®. After the doped polysilicon film was deposited, the
film was subjected to RTA heat treatment at 100D for 20 s in a nitrogen atmosphere. (c) Phosphorus-dopgublysilicon gate electrode with various
annealing conditions: The phosphorus concentration of the film 2&s< 1020 /cm?.

C. Charge Injection TABLE |
. . . . . . . . SiMS MEASUREMENT CONDITIONS FOR THE
In this section, the reliability with respect to carrier injection EVALUATION OF GATE DOPANT PENETRATION
is explained. Substrate hot-carrier injection [24], [25] was
performed on 1.5-nm gate oxide MOSFET'st Molysilicon Boron Phosphorus
gate p-MOSFET’s were used in this experiment. Thus, a
buried-type channel was used. The sample gate area was Primary ion oz Cst

5 pm x 1.0 pm.

The injection conditions of substrate hot-hole injection are
shown in Fig. 14. Fig. 15(a), (b), and (c) show the lbgV, Sputter rate 0.15 nm/s 0.26 nm/s
curves before and after the carrier injection for MOSFET’s
with 1.5-, 4.0-, and 5.8-nm gate oxides, respectively. For the

4.5- and 5.8-nm gate oxides, a significant threshold voltage o
shift was observed as a result of charge trapping in the gate!n the case of M polysilicon gates, however, phosphorus

oxide films after hot-hole injection as shown in Fig. 15(b) anaenetratlon does not oceur a? all even with an Ox'd.e thl_ckness
(c). Compared with the 4.0- and 5.8-nm gate oxide cases, % 1.5 nm, as shown n F|g._17(b). In th's. case, situ
threshold voltage shift for the 1.5-nm case was extremely smBjlosphorus-doped polysilicon film was dep2%5|ted. The phos-
as can be seen in Fig. 15(a). Fig. 16 shows the dependencB¥irus concentration of the film wass x 10 atoms/cri.

the threshold voltage shift after carrier injection on the gatd'® film was subjected to RTA heat treatment at 10
oxide thickness. The 1.5-nm gate oxide was thus found to % 20 s in a nitrogen atmosphere. As shown in Fig. 17(c),
extremely reliable with respect to hot-carrier injection, becaugosphorus penetration was not observed for the 1.5-nm gate
charges trapped in the ultrathin gate oxide are simultaneouskjide even when the film was subjected to RTA heat treatment
detrapped by direct-tunneling [26]. Th&V;;, for the 1.5-nm at 1050°C for 20 s or to furnace annealing at 85C for 30
gate oxide MOSFET's was 0.21 V after hot-hole injectionmin. However, phosphorus penetration occurred for the 1.5-nm
This was not due to the fixed charge increase but due to tpgte oxide when the film was subjected to furnace annealing
increase of interface state density, which caused subthreshaid00°C for 30 min.

Accelation energy 3 kv 5kv

slope degradation as shown in Fig. 15(a). MOSFET electrical characteristics regarding to dopant
. penetration are shown in Fig. 18(a) and (b) for p- and n-
D. Dopant Penetration MOSFET's, respectively. Note that the gate oxide thicknesses

Fig. 17 shows SIMS profiles of gate dopant penetratioms the MOSFET’s are not exactly the same as those used
[27]-[30]. The SIMS measurement conditions are summarizéat the SIMS measurements and RTA heat treatment was
in Table I. The profile for the boron-dopedtpolysilicon at 1000 °C for 10 s in a nitrogen atmosphere for both
gate electrode is shown in Fig. 17(a). After gate oxidatiop; and n-MOSFET’s. From the electrical measurements of
in situ boron-doped polysilicon film was deposited. The borothe MOSFET characteristics, it was confirmed that boron
concentration of the film was x 102° atoms/cmi. The film penetration occurred for a gate oxide thickness of somewhere
was subjected to RTA heat treatment at 10@0for 20 s in a between 2.1 nm and 3.5 nm [Fig. 18(a)] and that phosphorus
nitrogen atmosphere. Boron penetration was observed for gpémetration did not occur even for a thickness of 1.5 nm
oxide thicknesses of 2.1 nm and below. [Fig. 18(b)].
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breakdown field for the 1.5-nm gate oxide was 1.5 times that
for the 5-nm gate oxide. The threshold voltage shift due to
charge injection was also extremely small in the 1.5-nm gate
oxide MOSFET's.

Although boron penetration was observed for gate oxide
thicknesses of 2.1 nm and below, dopant penetration was not
observed for t polysilicon gates even after RTA at 105G
for 20 s or furnace annealing at 85C for 30 min. Direct-
tunneling gate oxides thus have suitable dopant penetration
characteristics for incorporation into future advanced LSI
processes as long ag mpolysilicon gates are used.

These results suggest that the 1.5-nm direct-tunneling oxide
MOSFET's have a good potential for use in future LSI’s.
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Fig. 18. Logl;—V, characteristics for MOSFET's of various gate oxide 5
thicknesses. The RTA heat treatment was done at F@DCor 10 s in a 2
nitrogen atmosphere. (a) Boron-dopetigolysilicon gate p-MOSFET: The 3
boron concentration of the gate polysilicon film wasx 1029 /cnm?. (b) 3]
Phosphorus-dopedmpolysilicon n-MOSFET: The phosphorus concentration

of the gate polysilicon film wag.8 x 102°/cm?.

Thus, direct-tunneling gate oxides have suitable dopant per[14-]
etration characteristics for incorporation into future advanced
LSI processes as long a% mpolysilicon gates are used. On the 5]
other hand, if ¢ polysilicon gate is used for p-MOSFET’s, the
nitridation of oxides [31]-[33], a lower process temperature
after polysilicon doping, or a new gate electrode materi
without dopant will be necessary for 1.5-nm gate oxides in

order to suppress penetration. -
V. CONCLUSIONS

The uniformity, reliability, and dopant penetration char-
acteristics of 1.5-nm direct-tunneling gate oxide MOSFET’
were investigated and the feasibility of manufacturing such
ultrathin gate oxide was discussed. 0]

The variation of oxide thickness in a 150-mm wafer wag
evaluated by TEM and electrical measurements. The variation
of the typical thickness as observed by TEM over 12-ntll
widths on the wafer was evaluated. TBe value of the |17
typical thickness was 0.39 nm. TI$& value of the average
thickness in5 pum x 0.75 pm n-MOSFET’s was estimated
to be a maximum of 0.21 nm from the threshold voltaggis)
Evaluation of the leakage current 190 zm x 110 yzm MOS
capacitors indicated that the¥alue of the average thickness
was 0.024 nm. Although, these data was taken in a 150-mm
wafer, they are a good starting point to estimate the case [f]
300-mm wafers. [15

It was confirmed that the oxide breakdown field properties
and the reliability characteristics with respect to charge i 6]
jection were improved for the 1.5-nm gate oxide relative t
the those for the thicker gate oxides. In our experiment, the

Takagi for their useful discussions.
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