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1. Introduction

The na noscale MOSFET devices f abricated within the SQWIRE pr oject require a dvanced
physical and electrical ¢ haracterization. Then, a specific task for nanometrology is needed in
order to clearly know the size of the nanowire junctionless transistors (J LT). The c oncept of
nanometrology defined in this work is mainly based on the following techniques:

e Ellipsometry for the silicon thickness measurement

e SEM ( Scanning E lectron M icroscopy) f or the na nowire width a nd g ate | ength
measurement, etc.

e TEM ( Transmission Electron M icroscopy) f or t he n anowire w idth and gate 1 ength
measurement, etc.
Its importance is highlighted through the necessity to measure key elements with dimensions in
the range 1t o about 100 nm (with precision reaching 0.1 nm nowadays) and to correlate the
measured sizes with electrical properties of J LT t ransistors. Here w e are i nterested to have
precise m easurement of s izesinthe nanometre r ange from t he ch aracterization techniques
previously c ited. This r eport pr ovides ac omprehensive r eview o f the di fferent s amples
characterized du ring t he process as well as critical dimensions such as width, t hickness and

length.

2. Junctionless Nanowire Transistor
2.1. Process description

[110]-Tri-gate junctionless NWFETs (NMOS and PMOS) wi th high-k/metal g ate s tack were
fabricated on ( 100) SOI wafers with BOX thickness of 145nm following the process shown in
Fig. 2.1.1. T he silicon film thi ckness is around 10nm . The c hannel i mplant f or j unctionless
behaviour was performed on non-patterned wafers with Boron for P-MOSFETs and Phosphorus
for N -MOSFETs. Thet argeted channel conc entrations w ere 10 Ycm™, 2 x10"”cm™ and 4 -
5x10"cm™ for both N- and P-MOSFETs. The silicon layer is patterned to create the nanowires
by using a mesa isolation technique. NW pattern is defined by optical (DUV) lithography and
followed by a resist trimming process. It is performed to achieve nanowire structures as small as

10nm in width using HB1/O, plasma. The gate stack consists in 2.3nm CVD HfSiON, 5nm ALD



TiN and Poly-Silicon (50nm) layers (EOT~1.2nm). The gate is wrapped around the channel in a
Tri-gate configuration. As for the active p atterning, the s ame phot o-resist trimming is used to
address gate lengths down to 20nm. A fterwards, a nitride spacer thickness of around 15nmis
formed on the silicon source-drain (S/D). Then, low access resistances are realized by epitaxial
silicon growth on S/D (ATg;=18nm).

The objective of the next section is to show the measurement results of gate length, nanowire
width and thicknesses of different junctionless d evices which will be electrically characterized

during the project.
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Figure 2.1.1: Simplified process flow for the fabrication of JLT transistors

2.2. Metrology and characterization

2.2.1. Ellipsometry

Ellipsometry is an optical t echnique, w hich enables m easurements of t hickness a nd opt ical
properties of thin films. During the fabrication process of JLT transistors, it can be commonly
used to evaluate thickness of silicon dioxide, silicon, photoresist, etc. An idea of ellipsometry is
based on reflection polarised light from the sample under study. It can be shown that polarised
light changes its polarisation state upon reflection and that this change is determined by thickness
and optical properties of the measured film. After the measurement, calculations of the thickness

should be performed.



During the process, ellipsometric thickness measurements are used at different steps to verify the
deposited thicknesses or after etching process to verify its selectivity to other material.

In order to know the thickness of the doped channel, we have extracted on the SOI wafers the
silicon thickness before the gate stack deposition.

The results are summarized in the table 1 (see below. Unity is in Angstrom). The measurement is

performed using 25 points.

Wafer(01 Mean (A) Min (A) Max (A)

BOX 1458 1457 1459

silicon 89.6 84.1 94.8
Wafer(02

BOX 1460 1459 1461

silicon 90.2 84.2 92.9
Wafer03

BOX 1462 1461 1463

silicon 89.4 84.0 92.1
Wafer04

BOX 1464 1463 1466

silicon 85.9 79.7 88.6
Wafer05

BOX 1464.5 1463.9 1465.4

silicon 85.1 78.5 88.2
Wafer06

BOX 1468 1465.7 1469

silicon 87.8 85.4 89.7
Wafer(7

BOX 1467.8 1465.2 1469.9

silicon 923 89.8 94.0
Wafer08

BOX 1459 1457 1460.9

silicon 97.6 91.1 100.3
Wafer09

BOX 1459.6 1458 1460.5




silicon 95.1 90.3 98.5
Wafer10

BOX 1459.3 1457.7 1460.8

silicon 96.2 91.3 100.9
Waferll

BOX 1459.8 1458.6 1460.8

silicon 96.5 92.8 102
Wafer12

BOX 1459.2 1457.5 1461.4

silicon 98.8 93.4 102.8

Table 1: Si channel and buried oxide thicknesses

Low access resistances be ing realized by epitaxial s ilicon growth on S ource/Drain (target:
ATg=18nm) the thickness measurement of raised S/D has been performed on all the wafers using

the same technique. The result is given below.

Wafer 1 16.8nm Wafer 5 17.1nm Wafer 9 16.7nm
Wafer 2 16.7nm Wafer 6 17.2nm Wafer 10 16.5nm
Wafer 3 17.9nm Wafer 7 16.8nm Wafer 11 16.6nm
Wafer 4 16.8nm Wafer 8 16.4nm Wafer 12 16.6nm

The channel thickness of nanowire JLT transistors being known, we have to measure the width

and gate length of the devices.

2.2.2. Scanning Electron microscopy (SEM)

Scanning Electron Microscopy (SEM) uses a focused electron beam across to scan the surface of
a sample, providing hi gh-resolution a nd 1 ong-depth-of-field images of the s ample s urface. In
conventional SEM an electron beam with energy in the range 10 — 30 kV hits the sample surface
exciting a range of signals which are recorded as the beam scans the surface of the sample. The
combination of hi gher magnification, 1 arger d epth of f ocus, gr eater r esolution, a nd e ase of
sample observation makes the SEM one of the most used instruments in research areas today.
Some scribes ofthe mask set used at CEA-LETI have been identified for characterization. A's

illustrated in Figure 2.2.1, different patterns dedicated to the fabrication of JLT transistors exist:



isolated or multi-channel patterns. Each of them is then measured at the following steps: active
lithography, active etching, gate lithography, gate etching, spacerl and spacer2 etching in order

to know the nanowire size which will be later electrically characterized.
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Figure 2.2.1: SEM pictures of the devices observed on various dies of the 300mm wafers
after the photo-lithography. Long and short isolated devices with long and short arrays of
devices (x100 fingers)

In this document, the dimension of only two patterns is reported -small isolated devices to extract
I-V curves on short gate length and long array of devices to extract gate capacitance and carrier
mobility. An example of devices observed after etching is shown in Fig 2.2.2.

A nanowire width down to &nm is observed.



Devices dedicated for investigating short channel performances (short gaie length Lg=20nm)

)
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Figure 2.2.2: SEM pictures of the devices observed on various chips of the 300mm after active etching

The s ame obs ervations on s mall isolated and s hort array of nanowires a fter gate e tching are

shown in Figure 2.2.3. Gate lengths down to 20nm are typically observed.

| | <

b Lg~22nm

Figure 2.2.3: SEM pictures of the devices observed on various chips of the 300mm after gate etching

A summary of dimensions (width and gate length) related to different wafers (batch AAC422P)
is given in Table 2. The values are averaged on 9 dies.



ScribeN1T: In order to extract lonfloff plots, Subthreshold slope, DIBL, threshold voltage, etc.
Scribe N1W3: In order gate capacitance and carrier mobility, etc.

[WiT- [ NiT2 | N1T-8 | NIT-4 | N1T-5 | N1T-6 | NIT-7 | N1W3-1] N1W3-2] N1W33]| NTW3-4] N1W3-5] NTW3 5]

W Min (nm) 0,022 0,022 0,022 0,022 0,022 0,022 0022 0,009 0,029 0,179 0279 0429 0,929
PO1 W Mean (im) | 0,025 0,023 0,025 0025 0,023 0,025 0025 0012 0,032 0182 02582 0432 0,932
W hlax (nm) 0,028 0,028 0,028 0,028 0,028 0,028 0028 0,014 0,034 0,184 0,284 0,434 0,934

Lg (Hm) 0,018 0,028 0,035 0,045 0,058 0,065 0088 10 10 10 10 10 10

Wy Min (nm) 0,007 | 0,007 0,007 | 0,007 | 0,007 0,007 | 0,007 |too smaﬁl 0,018 | 0,168 0268 | 0418 | 0918
PO2 W Mean (Jm) | 0,01 0,01 001 0,01 0,01 0,01 001 |Jtoo Sma_Hl
Wy Max (hmy | 0,015 | 0,015 0,015 | 6015 | 0015 0,015 J 0015 |too small

Lg (im) 0,022 | 0,052 0,042 | 0,052 | 0,062 0,072 | 0092 10 10 10 10 10 10

W Min (nm) 0,026 0,026 0,026 0,026 0,026 0,026 0026 0015 0,035 0,185 0285 0435 0,935
P03 W Mean (im) | 0,029 0,029 0,029 0029 0,029 0,029 0029 0017 0,037 0187 0287 0437 0937
W e (nm) 0,032 0,032 0,032 0,032 0,032 0,032 0032 0,018 0,038 0,188 0288 0438 0,938

Lg (Hm) 0,02 0,03 0,04 0,05 0,06 0,07 0,09 10 10 10 10 10 10

Wy Min (nm ) 0,008 | 0,008 0,008 | 0,008 | 0,008 0,008 | 0,008 [too Smaﬁl 0,02 0,17 0,27 042 0,92
P04 W Mean (pm) | 0013 | 0,013 0,013 | 0013 | 0013 0,013 § 0013 tuusma_Hl 0,022 | 0172 0272 ) 0422 | 0922
Wy Max (nm) | 0,018 | 0,019 0,019 | 0,019 | 0,018 0,019 | 0018 |toosmall| 0024 | 0,174 0274 | 0424 | 05924

Lg (Hm) 0,02 0,03 0,04 0,05 0,06 0,07 0,09 10 10 10 10 10 10

W Min (nm) 0,021 0,021 0,021 0,021 0,021 0,021 0021 0,01 0,03 0,18 0,28 043 0,93
POS W Mean (im) | 0,025 0,025 0,025 0025 0,025 0,025 0025 0013 0,033 0183 0283 0433 0933
WY Max (nm) 0,029 0,029 0,029 0,029 0,029 0,029 0028 0016 0,036 0,186 0286 0436 0,936

Lg (Hm) 0,02 0,03 0,04 0,05 0,06 0,07 0,09 10 10 10 10 10 10

WY Min (nm ) 0,008 | 0,009 0,009 0,009 | 0,008 0,009 0,009 |too smaﬁl 0,018 0,168 0,268 0418 | 0,918
POG W Mean (um) | 0013 ] 0013 0,013 0013 ) 0,013 0,013 0013 |too Sma_Hl 0,021 0171 0271 0421 0,921
WY MEx (nm ) 0,015 | 0,015 0,015 0015 ) 0,015 0,015 0,015 |toosmalll 0,023 0,173 0273 0423 | 0,923

Lg (Um) 0,02 0,03 0,04 0,05 0,06 0,07 0,09 10 10 10 10 10 10

W Min (nm) 0,021 0,021 0,021 0,021 0,021 0,021 0021 0,011 0,031 0,181 0,281 0431 0,931
PO7 W Mean (im) | 0,026 0,026 0,026 0026 0,026 0,026 0026 0014 0,034 0,184 0284 0434 0934

WY Ma (nm) 0,028 0,028 0,028 0,028 0,023 0,028 0028 0016 0,036 0,186 0286 0436 0,936

Lg (Hm) 0,02 0,03 0,04 0,05 0,06 0,07 0,09 10 10 10 10 10 10

WY N (nm) 0,009 0,009 0,009 0,009 0,008 0,009 0008 |too smaﬁl 0,021 0,171 0271 0421 0,921
POB W Mean (im) | 0,013 0013 0013 0013 0013 0013 o013 tDDSI’na_Hl 0023 0173 0273 0423 0923
WY Wk (nm) 0,017 0,017 0,017 0017 0,017 0,017 0017 |too small

Lg (Hm]) 0,02 0,03 0,04 0,05 0,06 0,07 0,09 10 10 10 10 10 10

WY Min (e 0,024 | 0,024 0,024 0024 ) 0,024 0,024 0,024 0,008 ) 0,028 0,178 0278 0425 | 0,928
P09 W Mean (um) | 0025 | 0,035 0,026 0026 | 0028 0,026 0026 0014 ) 0034 0,184 0284 0434 | 0934
WY Max (nm) 0,028 | 0,028 0,028 0028 | 0,023 0,028 0028 0017 | 0,037 0,187 0287 0437 | 0,937

Lg (Hm) 0,02 0,03 0,04 0,05 0,06 0,07 0,09 10 10 10 10 10 10

WY in {nm) 0,008 0,008 0,005 0,008 0,008 0,008 0008 |too smaﬁl 0,021 0,171 0271 0421 0,921
P10 W Mean (im) | 0,013 0013 0013 0013 0013 0013 0013 Jtoo Sma_Hl 0,023 0173 0273 0423 0923
WY Wik (nm) 0,016 0,016 0,016 0016 0,016 0,016 0016 |toosmal) 0,025 0,178 0275 0425 0,925

Lg (Hm]) 0,02 0,03 0,04 0,05 0,06 0,07 0,09 10 10 10 10 10 10

Wy Min () 0,025 | 0,023 0,023 | 0,023 | 0,023 0,023 | 0023 0,011 0,031 0,181 0,281 0431 0,931
P11 W Mean (um) | 0028 | 0,028 0028 | 0028 | 0028 0,025 J 0028 0015 ) 0035 | 0185 0285 | 0435 | 0935
WY MEx (him ) 0.03 0,03 0,03 0,03 0,03 0,03 0,03 0,019 ) 0038 | 0,189 0289 | 0433 | 0939

Lg (Hm) 0,02 0,03 0,04 0,05 0,06 0,07 0,09 10 10 10 10 10 10

WY in (nm) 0,009 0,009 0,009 0,002 0,009 0,002 0002 |too Smaﬁl 0,021 0,171 0271 0421 0,921
P12 W Mean (im) | 0,014 0014 0014 0014 0014 0,014 0014 tDDsma_Hl 0,024 0174 0274 0424 0924
Il

W Wlax (nm) 0,017 0,017 0,017 0017 0,017 0,017 0017 |toosmall 0,026 0176 0276 0426 0,926

Lg (Hm) 0,02 0,03 0,04 0,05 0,06 0,07 0,09 10 10 10 10 10 10




Electrical ch aracterization of 't hese de vices i s n ow unde r i nvestigation. TEM r elated to the
devices s howing t he be st el ectrical cha racteristics w ill be done 1ater. However, preliminary
results on j unctionless NW transistors fabricated at T yndall institute are presented below. The

TEM have been done by Intel (IPLS).

2.2.3. Transmission Electron microscopy (TEM)

Transmission E lectron M icroscopy (TEM) and H igh R esolution Transmission E lectron
Microscopy (HRTEM) are related techniques that use an electron beam to image a sample. High
energy electrons, incident on ultra-thin samples allow for image resolutions that are on the order
of 1 -2 A ngstroms. C omparedt o S EM, T EM ha s a be tter s patial r esolution, i s ¢ apable o f
additional ana lytical m easurements but requires s ignificantly m ore s ample pr eparation.
Therefore, this technique cannot be used to morphologically characterize all the JLT transistors
which will be electrically me asured but c an be e mployed to identify accurately the s ize of
devices which are representative of the population.

TEM a nd hi gh r esolution T EM ( HRTEM) a re ve ry us eful t ools f or t he ¢ haracterisation of
nanostructures s uch as nanowire transistors after com plete p rocessing. This technique is very
useful to measure the following dimensions: the silicon thickness, the nanowire width, the gate
length, etc.

In the following, TEM cross sections are illustrated to characterize the critical dimensions of the
junctionless nanowire transistors fabricated at Tyndall institute.

The pr ototype s amples delivered t o IPLS c onsist of a half4 -inch S Ol w afer w ith 7 { ields
containing 198 de vices each. These devices are junctionless transistors with single or multiple
fingers and di fferent gate | engths a nd na nowire di mensions. T he gate oxideis 10 nm thick,

covered by a 50 nm polysilicon gate (schematic view in Figure 2.2.4).

gate
< Lg=gate length (nm)

\L W=finger width (hm)
T drain

source
<>
Fl=finger length (nm)

Figure 2.2.4. Top-down of the devices with critical dimensions.
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For the analysis of nanowires with TEM the sample preparation is very critical in order to obtain
excellent analysis results. This is done using an in-situ lift out technique on a dual-beam FEI
Strata 400 f ocused i on-beam ( FIB). The I ift-out pr ocedure c onsists on | ocating t he area o f
interest using the FIB microscope capabilities. Then a layer of FIB-deposited Pt is placed over
the ar ea of interest to prevent milling or surface damaging. Using a large be am current, two
trenches are created on either side of the Pt strap. A smaller beam current is used to thin the
central part be tween the trenches and three cuts are made to frame the ar ea of interest. The
omniprobe is inserted and positioned on the membrane and is pasted to it by depositing Pt. Then,
the m embrane is lifted and brought to a premounted grid w here 1s pasted. At this point, the
omniprobe c an be cut from the sample. F inally, onc e the sample is seated ont he grid,itis
thinned to a thickness of approx 100nm suitable for TEM imaging.

The transmission electron microscopy (TEM) analysis was pe rformed on a F EI T echnai G20

LaB6 operating at an accelerating voltage of 200 kV.

)

WD | HFW | det |
50mm |21.2 ym|TLD

Figure 2.2.5. Top down SEM overview with Pt location and section direction.

The first TEM analysis was done on a wide single nanowire transistor along the nanowire length
in order to check the silicon thickness, the effective gate length and quantify the gate undercut

(see Figure 2.2.6).
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X-section axis
s

Figure 2.2.6 Schematic of the nanowire transistor structure used for the first TEM analysis and the cross
section axis.

In Fig. 2.2.7 it can be seen that the gate hasn’t been fully etched, still remaining around 8nm of

poly-silicon. Tyndall is c urrently running a few te stto optimise the gate e tching sequence

(breakthrough and softlanding times).

Oxide

Poly Si Gate ox Buried oxide

Substrate Si

IAL1115048
Device 57

iz 'lll :l _ M.Brennan & R.Dunne

Fig. 2.2.7: TEM cross section along the nanowire showing the incomplete etching of the poly-silicon gate.

The nominal gate length for the 2 de vices analysed was 50 and 200nm. The resulting gates as
shown in Fig. 2.2.8 have a length at the base of 80 and 223nm respectively, which corresponds to
30 and 23 nm differences between the layout and the printed length, respectively. The poly gate

12



is also not s howing a s traight ve rtical pr ofile, with a s ignificant s idewall inc lination, which

would suggest an excessive polymerizing gas flow during the dry etch.

223 nm

= IAL1115048 IAL1115048
S Device 57 s Device 133
M.Brennan & R.Dunne — M.Brennan & R.Dunne|

Figure 2.2.8: HRTEM of the polysilicon gate showing the effective gate length measurements.
The second TEM analysis was done on a multiple finger transistor and cutting along the gate to

measure t he na nowire d imensions ( Fig. 2.2.9). T he s tructure a nalysed consists of 20 f ingers

which are 50nm wide with an expected Si thickness between 5 and 10 nm.

. P
X-section axis "'~

Figure 2.2.9: Schematic of the nanowire transistor structure used for the second TEM analysis and the

Cross section axis.

Fig 2.2.10 shows the TEM cross section of 3 consecutive fingers. They have a dog bone type of
shape (thinner in the middle), a width of 40nm and a Sithickness between 4.8 and 6.5 nm
(Fig. 2.2.11). The width of the rest of nanowires in the structure hasn’t been measured but it was

consistently uniform across the structure.
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_ »— 0
J.f Nir. \";55\ s 40 nm
\’;:’:\"’ ‘ ".: 40 nm
40 nm

IAL1115048
Device 158
M.Brennan & R.Dunne

100 nm

Figure 2.2.10: TEM cross section along the gate showing 3 adjacent nanowires.

_IAL1115048 IAL1115048
§ : ; Device 138 s Device 158
S— THea's . 'M.Brennan & R.Dunne ——— M.Brennan & R.Dunne

Figure 2.2.11: HRTEM image showing the nanowire Si thickness for 2 adjacent fingers.

The poly-silicon gate thickness is around 48 nm and the gate oxide thickness varies from 5.7 nm

(at the edge, where is thinner) to 10.5 nm (at the centre, where is thicker) as seen in Fig 2.2.12.
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Brennan & R.Dunne

Figure 2.2.12: HRTEM image showing the gate oxide thickness measurements.

3. Conclusion

In ¢ onclusion, v arious m orphological ¢ haracterizationt echniques usedi nt hisw ork
(ellipsometry, SEM, TEM) allow us to accurately measure the thickness, the width and the gate
length of the fabricated nanowires to assess t he influence of the processing on t he n anowire
geometry and quality.

Additional morphological characterization (TEM) will be done after electrical characterization of

the junctionles nanowire transistors fabricated at CEA-LETI (batch AAC422P).
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