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Results are described for a gate level technology module developed to produce metal-oxide—
semiconductor transistors with physical gate lengths of 70 nm and below. Lithography is performed
by direct write e-beam lithography (EBL) using a thermal tield-cimission EBL system in SAL 601
resist. Critical dimension (CD) control, as measured by several methods, is found to depend not only
on dose control but also on writing parameters such as pixel spacing. The pattern transfer using a
silicon dioxide hard mask is shown to cxhibit a trade-off between anisotropy and selectivity.
Transmission electron microscopy cross scctions reveal that two atomic layers are removed even
when the gate oxide stopping layer is completely intact. We report results for gate lengths down to
60 nm with edge roughness on the order of 5 nm, within the acceptable limits for threshold
requirements. while stopping the etch process on oxides as thin as 1.2 nm. € 1997 American

- Vacuum Society. [S0734-211X(97)07306-X]

. INTRODUCTION

For the last 30 years. one of the principal means for im-
proving integrated circuit performance has been miniaturiza-
tion of the transistors and wires that comprise it. For this
trend to continue, severyl vexing problems have vet to be
resolved.  however.  For  cxample.  metal-oxide-
semiconductor (MOS) transistor technology currently under
development uses 0.25 uam design rules with @ 6 nm thick
gate oxide and & 3.3 V power supply. Employing a constant
ficld scaling scenario to predict the characteristics of smaller
metal~oxide-semiconductor ficld-effect transistors (MOS-
FETs) well into the future, we anticipate that & 70 nm chan-
nel length transistor will require an ultrathin gate oxide less
than 1.7 nm thick and a power supply of less than 1 V.
Simulations vsing PROPHET! and PADRE" indicate that dimen-
sional control for critical level lithography will be severe.
and interfaces smooth to nearly atomic precision will be re-
quired to produce these transistors. For example, at a supply
voltage of 1 V, 7 nm varations in the channel lithography
would give rise to a 0.1 V change in the threshold voltage
and, hence, a 50% increase in the delay of un inverter, while
0.2 nm variations in the oxide thickness would increasc the
gate tunneling current by a factor of 10. Therefore, the
tighter the control on features, the more aggressive a given
high-performance circuit design can be.

A key element in the design of a 70 nm gate length MOS-
FET is. therefore, definition of the gate stack. All aspects of
the preparation of the active channel region of the transistor
have important consequences for the expected performance.
For example, the cleaning method used on the improved cpi-
wafers can drastically effect surface roughness and. thus. the
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quality of the Si/S$i0), interface.” In this article. we will em-
phasize the lithographic and pattern transfer results relating
10 this scaled silicon initiative but will also raise other issues
and findings, which are related 1o the expected performance
of the transistors being developed.

There are two candidate 72-channel metal-oxide semicon-
ductor (INMOS) device testers that are used to implement this
gate technology module. The first is a single level tester
MOSFET. which is designed with one lithographic level and,
therefore. can more rapidly provide de charactenistics to both
verify device simulation models and to provide engineering
feedback for critical process steps. The second 1s an end-to-
end NMOS test lot, which will provide ac electrical charac-
teristics and circuit performance data.

il. FABRICATION

We have been exploring the utility of a gate stack consist-
ing of 100 nm of a silicon dioxide hard mask over 80 nm of
WSi, on 100 am of polycrystalline silicon on gate oxides
ranging in thickness from 4 to 1.2 nim. The epitaxial silicon
wafers are prepared in-house and have a rms surface rough-
ness measurcd by atomic force microscopy (AFM) of less
than 0.08 nm. For the tester MOSFETs, the wafers arc re-
ceived unpatterned prior to gate level lithography. The end-
to-end wafers have had several lithography and process steps
prior to application of the gate stack, among these. a deep
dry etch step in which e-beam alignment marks are formed.
In either wafer scries, the gate stack process is the same.
although the full NMQOS process restricts the thin gate oxide
growth to selected areas in order to achieve isolation.

There are at least three processing steps that can adversely
affect the gate oxide interface quality: (1) the suacrificial ox-
ide growth; (2) the cleaning prior to oxidation; and (3) the
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6. 1. Uniformuty of the uluathin gate oxide grown on a 150 mm wafer.
The mean thickness i1s 1.545 nm with a standard deviation of 0.024 nm. The
contour hine are in steps of 0.01 nm. The mimimom thickness is 1.499 nm
and the maximum is 1.592 nm. The measurement are made using a scanning
ellipsometer.

gate oxide growth. The key issues in each case are to protect
the silicon substrate from roughening while removing met-
als, particles. and other surface contaminates. and to produce
a uniform oxide of a specificd thickness.

A. Gate stack formation

We have found that using an in site vapor phase UV/Cl,
cleaning strategy in conjunction with rapid thermal oxida-
tion. the interface roughness of the starting substrates can be
maintained throughout the process flow. This process was
found to be substantially improved over conventional wet
chemical cleans with similar bulk substrates.’ Vapor-phase
processing was carried out at 100 °C in 10 Torr of chlorine
gas. activated by ultraviolet radiation for an interval ranging
from 7 to 60 s. Prior 10 the in situ treatment, the pative oxide
was stripped by immersion into a 15:1 H,O:HF solution for
5.

After cleaning. the wafers enter the rapid thermal oxida-
tion reactor of an IntegraOne cluster tool. The wafers sub-
Jected to UV/Cly treatment enter the reactor without expo-
sure to the ambient in a vacuum of 1077 Torr, while the
elapsed ime between the termination of a wet clean and
introduction into the reactor was held to less than 5 min. For
oxide growth, the wafers are initially ramped 10 1000 °C in a
partially oxidizing atmosphere over a 30 s interval. After
stabilizing the temperature at 1000 °C, oxidation occurs in
pure oxygen in a pressure ranging from 1 to 500 Torr. Fol-
lowing oxidation, the wafer is annealed at 930 °C for 30 s in
99.999% argon. The entire oxidation/anneal cycle may be as
long as 2 min in duration. depending on the desired oxide
thickness. and the pressure during oxidation. Figure 1 is an
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example of the uniformity observed using a scanning Ther-
maWave Optiprobe ellipsometer to characterize the thick-
ness variation across a 150 mm wafer. In this example, the
maximum departure from the mean of 1.545 is less than 0.03
nm over the entire waler and within the 0.03 nm requirement
for our work if we limit devices 1o the central 100 mm re-
gion.

AFM was used to characterize the silicon surface rough-
ness, in tapping mode with sharpened silicon tips, following
a previously reported procedure.” Roughness measurements
were obtained for Si substrates directly after cleaning with
no sample preparation. For oxidized wafers, the roughness of
the oxide surface was obtained directly, and then the inter-
face roughness was measured after ctching the oxide layer in
a 1:1 solution of HF:H,0.

The UV/CI; cleaning has been associated with roughening
of the Si surface. Ma and Green® indicated that roughening
might be minimized with very short UV/Cl, exposure time.
without compromising rchiability. In our experience, the in-
terface did. in fact. retain much of the character of the sub-
strate and was measured to be smoother (0.08 nm rms) than
those obtained with standard wet cleaning (0.13-0.16 nm
rms).

The UV/CI; processing consistently results in a capacitor
with lower leakage than wet chemical cleans as discussed by
Sapjeta e al.’ However, we cannot unambiguously discrimi-
nate between the various cleans and the corresponding
roughness based on these characteristics alone. because of
subnanometer scale nonuniformities in the oxide thickness
found across the wafer, and because of vur inability o accu-
rately and precisely assess the thickness with ellipsometry
and wansmission electron microscopy (TEM) to better than
(.13 nm. However, a factor of 3 improvement in Jgp. 2
measure of charge to hreakdown (used 1o evaluate reliabil-
ity). was observed with the UV/CI, cleaning strategy, which
we attribute to a smoother Si/Si0; interface. No metal con-
tamination was detected with total x ray reflection fluores-
cence (TXRF) and secondary-ton-mass spectroscopy (SIMS)
analysis on any of these wafers (e.g.. Fe<<0.8X10'%¢m™ 7).
We generally observe silicon band tunneling at low voltages.
and the leakage current is generally lower, for the same el-
lipsometric and TEM! thickness. than that reported by Schue-
eraff et al.® and Momose et al.’

The remaining gate stack is next deposited using standard
methods. The 100 nm layer of polysilicon is deposited by
chemical vapor deposition (CVD) at 550 °C using silanc and
is in sine doped with phosphorus using PH;. The as-
deposited film is amorphous but is annealed to form poly-
crystalline material. The 80 nm WSi, (x~2.7) is dc magne-
tron sputter deposited from a single target. The final layer of
the gate stack is the 100 nm hard mask, which is a confor-
mal, low-temperature low-pressure CVD oxide deposited us-
ing a TEOS (tetracthoxysilane) decomposition process.

B. E-beam lithography

The gates with lengths in the range 70-250 nm are pal-
terned via e-beam lithography with a JEOL JBX 6000FS
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Fti. 2. Lanewidih dependence on area dose for 50 kV electron-beam lithog-
raphy for different doded linewidths. This data 1s used to optinmze the gate
doses. The inset tlustrates why we expect the developed profile to be wider
than the coded hnewidth. Under the exposure conditions typically used. we
abserve about a 20 nm increase over the coded size.

thermal ficld-emission (TFE) system. This step is not only
challenging because of the 70 nin linewidths in the minimuin
gate length devices but because of the concurrent require-
ments to: (1) produce high-resolution lithography with gate
length variations along the gate width of less than 5 nm; (2)
provide a process that minimizes artifacts related to circuit
topography: (3) provide sufficient throughput during direct
write lo allow for both systematic evaluation of gale length
dependent performance and permit splitting ot waler lots 1o
bracket critical process parameters (e.g.. low-cnergy implan-
tation parameters): and (4) produce gate-to-gate, chip-to-chip
and wafer-to-wafer CD control in order to properly interpret
causal performance effects.

To develop a process o meet the outlined requirements
we sclected Shipley SAL 601. a negative. chemically ampli-
tied resist for its low sensitivity but high resolution. Figure 2
plots the linewidth variation as a function of dose for various
size coded lines for a standard prebake condition of 85 °C
and postexposure bake {PEB) of 105 °C. All bakes were per-
formed on vacuum hot plates. The data in Fig. 2 is used to
assign optimum doses to various size critical features (e.g..
gates) as a simple dose-modulation proximity effect correc-
ton. As illustrated in the insct. the expected linewidth is
typically larger (by about 20 nm) than the coded linewidth
since the writing method places the beam on the perimeter of
the coded figure. The expected broadening is one beamwidth
(15 nm) plus the fast-secondury electron rangc.s Typical
linewidth variations are obscrved by scanning clectron mi-
croscopy (SEM) such as those shown in Fig. 3. More quan-
titative measurements were obtained from a KILA 8100 CD
measurement system. For linewidths greater than 70 nm,
typical maximum variations were found to be 5 nm.

Other factors were explored such as beam current effects
and minimum address size in the coded linewidths, Surpris-
inghy. the use of a 25 nm address 1o fill the area was found to
signticantiv reduce the linewidth of a 150 nm feature at a
given dose over that of the same feature exposed with a 50
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Fi6. 3. SEM of the gate region of a 0.05 pm coded discrete n-channcl
MOSFET in 0.28 gm thick SAL60T ER4 resist patterned on the gate stack
and prior to pattern transfer. The enlarged photograph demonstrates the
simooth edges nesded 10 control threshold variations.

nm address. even at the same beam diameter. current, focus,
PEB. and development conditions. Moreover, the linewidth
was rather insensitive to the beam current (and, theretore. the
beam diameter) over the range from 350 pA to [.4 nA. One
would like to take advantage of these observations and reap
the throughput benefit with no penalty tn hnewidth by using
the higher current at the smaller address. However, the de-
flector speed in our e-beam system limited the current to
about 300 pA for the 25 nm pixel size. Clearly. higher de-
flection speeds are needed to fully utilize the high current
density available from TFE sources.

Figure 4 15 an atomic force micrograph of the gate lithog-
raphy obtained from the resist profile wntten in 350 nm of
SAL-601 R4 resist using an exposure base dose (i.e.. the
dose given to the large pud region} of 13 uClem’®. with prox-
imity corrected features receiving an elevated dose. This im-
age serves 1o illustrate the demands that topography adds to

Fi6. 4. Atomic force micrograph of a 0.07 um gate parern in 0.35 um of
SAL 601 ERY resist, The color image illustrates the demanding topography
required in the transition regions between the polvbuffered LOCOS (PBLY
regien and the active thin oxide rezion. The in-=t shows a top-down siew of
the same image whr h revealed s systematic narrosing of the gates n the
tegion of the thick oxide This was cured by increasing the dose in that area
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TasnLe 1. Etching parameters for hard-mask RIE in Applied Materials AM]
5000 magnetically enhanced etcher.

Exch Pressure Power  Field CHF, SF, CF, Ar
step (mT) (W) (G). (scem) (sccm) (scem)  (scom)
Main 15 625 60 65 3

Over- 85 625 60 20 se- 4 60
etch

the task of defining a 70 nm feature in the gate level lithog-
raphy. A careful study of these and similar data revealed a
slight narrowing in the gate in the region near the pad, which
is written on the local oxidation of silicon (LOCOS) region.
In subsequent exposures, a dose adjustment to this area was
made 10 correct this. After various trials. a nominal resist
thickness of 200 nin of SAL 60I-ER2 was determined 1o
provide a good compromise between resolution and ctch re-

“stance, thus, limiting the maximum aspect ratio in the resist
to 3.

C. Pattern transfer

The resist pattern is transferred using reactive ion etching
(RIE) which, together with the hthography, determines the
physical device length which is crucial to the electrical char-
acteristics ot the transistor. Therefore, the cross-sectional
profile of the gate stack should be close to vertical and the
etch must have sufficient selectivity to stop on the ultrathin
gate oxide. To achieve this, the TEOS hard mask 1s etched in
CHF; /SF,, which provides excellent fidelity to the resist.
The etch into the hard mask is performed in an Applied
Materials AMI 3000 magnetically enhanced RIE system us-
ing the parameters found in Table 1. The main etch end point
detection 1s determined using an optical emission type signal.
Following the oxide etch, the resist is removed.

The remaining gate stack RIE is performed in a LAM

# pesearch TCP 9400SE  wansformer coupled etcher. The

tungsten silicide 1s etched using Cl, in a 20% He/O, back-
ground under the condinions found in Table 1. The gate
structure is completed by transferring the patiern into poly-
crystalhine silicon using HBr in Cl; followed by an overetch
in which the Cls is replaced with He and a He/O, mixture in
order to stop on the ultrathin gate oxide with very high se-
lectivity. Optical emission end-point detection is again used
to determine a consistent stopping point. The dc bias voltage
1s not monitored in these commercial high-density plasma
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Fi6. 5. Transmission electron micrograph of o cross-sectioncd 60 nm long
gate stack structure with a 1.2 nm gate oxide patterned by electron-beam
lithography und high-density plasma etching.

systems. however, at the tabulated powers we speculate that
the ion energies are below 100 ¢V and may be substantially
below this.

lll. ANALYSIS

Figure 5 shows a TEM of the 60 nm gate profile resulting
from this ctch. We note that the gate is nearly perfectly trans-
ferred, bul undersized by about 5 nm when compared with
the originul resist patiern {(as measured by the SEM-bused
CD instrument). Using the silicon lattice as a self-calibration.
the gate oxide thickness can be determined. The oxide in this
device is 1.2 nm=0.12 nm, as seen in the inset of Fig. 5.

While atomic force microscopy and transmission electron
microscopy confirm that the gate oxide resists the elch, we
consistently noted two phenomena, which can be observed in
Fig. 6. First, the oxide appears to thicken in the regions un-
protected by the gate stack. The increase appears to be in the
range 1.2-3.3 nm added to the top of the gate oxide. sug-

TaBLE 1. Etching parameters for gate stack RIE in a LAM Research TCP 9400SE transfermer coupled cicher.

Pressure TCP Chuck ChL HBr He HelO, (5:1)
Etch step ('l power (W) power (W) {scem) (scem) (sccm) (scm)
Break- S 250 200 80
through
Tungsten 2 250 200 S0 10
silicide
Polysilicon 2 250 180 20 i%0
Overetch 60 300 200 100 200 10
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FiG. 6. TEM of the “'toot” region of the eiched gate structure in Fig. 5. A thickening of the oxide laver is observed in the region expesed to the etch plasma

’ bout two atomic layers of silicon appear consumed during the etch process.

gesting that it may be due in part to a redeposition process.
More study is needed to confirm this, however. Second, there
is some evidence beyond the edge of the gate mask of minute
consumption of the underlying silicon in the overetch. The
high-resolution TEEM 1n Fig. 6 allows us to estimate the con-
sumption in this region to be about two stlicon monolayers.
Etch results on shightly thicker oxides (2.5 nm) were nearly
perfect showing no such penetration. In addition, when the
main poly-Si etch was stopped sooner and the etch com-
pleted using the overetch recipe. o similar intact silicon fayer
was observed. Under these “‘less aggressive’” conditions.
however. a small foot was observed to develop at the base of
the gate stack slightly lengthening the physical gate.

IV. EVALUATION DEVICES: DISCUSSION AND
SIMULATIONS

In order to more rapidly evaluate the validity of our pro-
cess and electrical performance simulation parameters and
madels. the simplificd single level FET structure shown in
Fig. 7 was designed. The figure shows a SEM image of the
SAL 601 resist pattern on silicon. which is representative of
40 device quality 150 mm wafers direct written on the gate
stack materials and, subsequently. processed. The outside di-
mensions ol the gate pad region are 320 umX320 um.
While the large gate pad area prevents meaningtul high-

FiG. 7. SEM of a reduced mask level transistor being fabricated to more rapudly evalvate the design of the gate formation process. The laree difference in W/L
between the short channel FET and the large-area transistor causes the short channel device to dominate the conductance.
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70nm
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FiG. 8 FROFHET process simulation of the device ~hown m Fig. 7. The red
color denctes p tvpe and the blue denotes 7 type, In the n-type repion the
three yellow contours delincate the regions with diiferent decades of doping
levels starting at 10™ cm * In the p-type region, the siigle contour casily
visible m the plot you have delineates a contour of 108 em™*
near the channel is spproximately 1007 em ™" The simulation estimates the
ettective channzlength 1o be about 27 5 am and the LDD junction depihs 10
be about 30 nm. This device 1s expected to extibat 2 ¢, of 1.85 Shimm

The doping

trequency measurements, the structure can be very vselul in
providing estimates of de electrical performance. contact
characternistics. etc.

The pattern was ¢-beam written using a simple sleeving
method of proximity correction in which various sections of
a severul micremeter wide outline of the pattern are assigned
doscs independently from the intertor large areas. This al-
lowed for well-defined edges and corners over the entire

= Structure as well as the short gate. The design of this struc-

ture allows for multiple conduction paths. but has been mod-
cled to ensure that owing to the large differences in the
W, L, (width-to-length) ratio, the conduction through the
short gate area swamps any paraile]l conduction path.

While a tull description of the device process beyond the
gate module is deferred to future reports. PROPHET simula-
tons were performed for this device using nominal target
implunt and anneal schedules. The resulting structure is
shown in Fig. 8. The simulation includes models for transient
enhanced diffusion. ulira-low-energy nplants (<=4 kV), the
ultrathin (<22 nm) gate oxides. recessed LOCOS and poly-
buffered LOCOS (PBL.) device isolation, and an 80 nm di-
electric sidewall deposition for the deep implani. The results
reveal an effective channel length of 30 nm and a junction
depth in the fow doped drain {(LDD) region of 20 nm. The
L.DD region is found to extend beneath the physical gate by
about 15 nm. This suggests that the two monolayer step ob-
served after the RIE pattern transfer of the gate should not
have an observable cffect on the electrical performance of
these devices.

The electrical performance of this structure was then
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simulated using PADRE und included models for drift diffu-
sion. encrgy balance. ficld-dependent mobility. tunneling,
and Lentz/Klassen mobility models to describe the effects of
surface phonon scattering and surface roughness. The pre-
dicted transconductance, g,,. 1s 1.83 S/mm, the subthreshoid
slope.  S=92mV/dec. The cstimated  value  of
I,=1.7mA/um at a drain voltage of 1.0 V. and
=095 pA/um at a gate voltage=0 V. While these per-
formunce goals are an exciting prospect, they are only simu-
lations and we look forward 10 having completed devices in
the near future.

V. CONCLUSIONS

We report a 70 nm gate technology module. which mects
the nitial R&D requirements of CD, gate vanation, ultrathin
oxide growih, and pattern transfer Ndelity and selectivity.
We have applied this technology in a two tiered approach to
making NMOS FETs. To more rapidly gain experience with
the modeling validity in this regime. we have designed a
structure, which exploits widih/length ratio ditferences be-
tween a short gate region and other conduction paths. Best
efforts to date for gate lithography have realized 65 nm gate
lengths with edge roughness in the e-beam written gates on
the order of 3 nm. within acceptable limits for threshold
requireiments.

Pattern transfer was nearly perfectly verticai but an over-
all narrowing by an estimated 53 nm was observed, resulting
in a 60 nm gate formation. The most cntical component of
the eich is stopping on gite oxides as thin as 1.2 nm. TEM
analysis of the etched gate stacks reveal that for all cases the
unprotected areas beside the gates grow in thickness in ex-
cess of 1.2 nm. When an aggressive ctch recipe is used to
optimize the fidelity of the patterming. we find for oxides
thinper than 2 nm that about 2 atomic layers of the silicon
arc consumed below the surface of the oxide i the region
not protected by the gate mask. For thicker oxides (e.g.. 2.5
nm! this is not observed. When a less aggressive etch recipe
is used on the ultrathin oxide wafers, we observe stoppage
with no measurable consumption of the sihcon below the
oxide. This tmprovement comes at the price of degraded an-
isotropy. however.

We have implemented this gate process in devices, which
have been simulated to exhibit transconductances in the
range of 1 -2 S/mm. We hope 10 have confirming electneal
measureinents in the near future.
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