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ABSTRACT: The advent of high s&%—tﬁwolume ratio devices has necessitated a revised

approach to parameter extra@cess evaluation in field-effect transistor (FET)

technologies. In this work active doping concentrations are extracted from electrical analysis

of Si nanowire deviees 'with high surface-to-volume ratios. Nanowire resistance and Si

resistivity ar<7<tr

(p) is sele as thebenchmark parameter to compare different doping processes with each

e‘ci by/ﬁrst extracting and subtracting out contact resistance. Resistivity

c
e impact of nanowire diameter scaling to 10 nm and nanowire spacing scaling to

£

extfacted for monolayer doping and beam-line ion implantation. Despite
_El ducin& significant crystal damage, P beam-line ion implantation beats
ally@henylphosphine (ADP) P monolayer doping with an SiO2 cap in terms of lower Si
S resistivity and higher dopant activation, with dependencies on nanowire width greater than on

nanowire spacing. Limitations in ADP P monolayer doping with an SiO: cap are due to the
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Pu inshing difficulties of dopant incorporation, as it is based on in-diffusion and P atoms must overcome

a potential barrier at the Si surface.
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Publishi ng I. INTRODUCTION

With logic devices in the fin field effect transistor (FinFET) era,!>*# and heading

3:6.7 it is critical that novel material

towards the gate-all-around (GAA) nanowire architecture,
and process options consider high surface-to-volume thin-body struct(uys for the diagnosis of

their suitability for future technology applications. In these devices surfacesidominate, as

there are proportionately more atoms bound-to or located close to thegtrface.

Doping processes have historically been characteriséd a)plan Si substrates for a

——

number of reasons, typically because these substrates wiere relevant to the technology and
FET devices of the past, as well as being compatiblé-with 'many material analysis methods,
such as Secondary Ion Mass Spectrometry and igditiéaesistance Microscopy. Nowadays,
with FInFET fins widths in the sub-10 nm egl and dging towards 5 nm, fabrication
processes must now be evaluated with t

In these high surface-to- Vol o.structures, careful consideration must be made
of surface integrity, surface e chm r ughness or gentleness of a particular process.
Previously if some surface roughening occurred during processing this could practically be

absorbed without sigiificant pact on device or circuit performance. Times have changed,

gentleness of a ess‘ing technique is now a key metric for GAA technologies. For example
monolayer d@

to conventi Ddoping techniques, such as beam-line ion implantation and plasma doping,

8,9,10,11,12

has been proposed by several groups as a novel alternative

if one/examines the literature on MLD there is very little data or discussion referring

t urfac%integrity or surface etching. This should be highlighted in future publications in the
—

ﬁelds

S Doping related issues that potentially hinder performance in conventional thin-body
-

devices include the crystal damage introduced by ion implantation, lack of dopant

conformality, and dramatic dopant trapping at the oxide interface in plasma doped processes.
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Publishing The state-of-the-art in semiconductor doping is beam-line ion implantation.!>!%15 It is the

industry standard because it can generate a single ion species with a single energy in an
industrially friendly highly controlled fashion. Plasma doping!®!”!%1° (PLAD) has the
advantage of generating more conformal doping profiles than ion implantation but it causes
damage to the target as ions strike. PLAD also has issues surroundi the\&@ce quality
post-dopant activation that require understanding of surface science roperly optimise.
MLD is promising as it is surface-based, whereby organic ola);les covalently bonded to
“""\
the semiconductor surface at relatively low processing femperatuges.?®?! A thermal treatment
is then applied to diffuse dopant atoms into the semieon or.))ne of the main advantages
of MLD is that it is a low-temperature process, gﬂl}i‘_ ;})cessing is done at room
temperature or at temperatures in the orde OW °C. In comparison, in-situ doped
epitaxial growth?>?? has a significant thémnalbudget, with temperatures in the order of 400-
800 °C depending on what material i \e?g,gro n, while the temperature required to prevent
damage accumulation during,ion 1 tation is in the range of 400 °C.?*?> Furthermore
MLD is a surface reaction base%que so should resolve these line-of-sight issues other
doping approaches st glm"h. Irrespective of the nanowire or fin shape and dimension, the
molecules should®hind#o each surface. P is the most commonly applied dopant for n-type

0&% ith only a few of reports of As MLD in Si.3%3

}the MLD literature to date has been based on planar unpatterned substrates.

There fsnbw ay;ressing need to consider how suitable MLD can be for thin-body three-
-

d ensiot)al semiconductor devices with high surface-to-volume ratios. Furthermore a

—
systag'latlc benchmarking of MLD versus other processes such as ion implant is still lacking.

S Another motivation for the work undertaken here centres around the use of nanowire
-

resistors as a diagnostic tool for doping processes. One can extract active doping

concentrations from electrical data analysis in nanowire devices with proper mask and device
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design. Of course there are well known metrology techniques to profile chemical

36.37 or active concentrations in cross-section

concentrations such as Atom Probe Tomography
by Scanning Spreading Resistance Microscopy,*® however the approach presented here is an
alternative and complimentary methodology.

Here we explore the concept of pitch scaling in nanowire de iceNET and GAA

devices comprise of more than one parallel current channel, as there*aré multiple fins or

nanowires running in parallel from source to drain. The ne b@))us in device scaling will

—
incorporate pitch or spacing scaling, and thus process efalttationamust now also consider this

aspect. Literature reports of MLD, or even ion implaat, in noklires are available, but

typically on isolated lines. Having these feature&loxsir]e}ther (<20 nm spacing) brings

another set of physical and chemical challzw sidered before.

The International Technology Ri Semiconductors (ITRS) * projections for

FinFET and GAA devices are shown' t is interesting to note that the fin or nanowire

diameter doesn’t scale dram: icM oing from 8 to 5 nm over 5 technology nodes. On
the other hand fin or nanowire pitch scales from 42 to 10 nm in the same timeframe. Densely
packed Si nanowires is the next big trend in device scaling, putting pressure on processing
technologies w @? between features may cause issues and limitations.

In thiz we electrically characterise Si nanowires with widths ranging from 10 to
300 nmya ch spacings ranging from 20 to 1000 nm. Nanowires are doped by ADP P
MLD wit an}i » cap and benchmarked against beam-line P ion implantation. Through

_—
e ensive&ilectrical characterisation, total device resistance is extracted, and sub-components

_—

\J

of togll resistance are also determined, namely contact resistance (Rcontact) in order to
assess nanowire resistance (Rnanowirg). Resistivity (p) is then determined, followed by active
.y

doping concentration based on well-established values for electron mobility in Si, which are

used to benchmark competing processes against each other in this work, and also against
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Publishin g values in literature. In conclusion the difficulties of doping thin-body Si devices, and

problems associated with in-diffusion-based processes, will be analysed and discussed.

40

30 -

Fin/nanowire pitch < 5\

20|;

Dimension (nm)

[
Channel length

10 |

Fin/nanowire diameter
0 : £~

N14 N10 Nk ‘W N3
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Figure 1 : ITRS 2.0 projections for multigate devices equsistingyof Si fins or nanowires. Pitch, channel length,
and diameter are predicted to scale, with pitch scaﬁw) ted to undergo the largest change.
II. NANOWIRE DEVICE DE IG&\

The devices under st dw terise the doping processes consist of a multi
parallel nanowires to form a resistor structure shown in Fig. 2. This is a simple two pad test

structure where curgentwersusvoltage characteristics are measured. The Si nanowire features

are visible in 7 nfing}lectron Microscopy (SEM) image of Fig. 2(a). Either side are
metal cont tqsad >avhich overlap the wider Si regions underneath. In this case the metals

consist0f a%Q nm Ti adhesion layer with a thicker 150 nm Au layer on top. In Fig 2(b) is a

v,
of

schema tpé Si portion of the test structure highlighting the variables in the device design

onthe me§k layout. The nanowire width (W), length (L) and spacing (S) are all varied. In this

-

way ye can generate data required to extract Rcontact, Rnanowirg, and ultimately p.

NI
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Figure 2 : (a) An SEM image zoomed into the Si nanowites,
drawing of the 4-finger Si nanowire test structure, highlig

(s).

'@conmcted by metal pads. (b) A schematic
ing théyariables width (W), length (L), and spacing

\

the current flows uniformly throug “'S s-section of a nanowire, say like that of a

Figure 3 helps explain the extra tionx;gho ogy in more detail. Let us assume that
N

.
metal track. From theory*® we tha
\ L
i 1
t.W M

us /altage in the two pad test structure yields total resistance (RroraL),

Measuring cu?nt
and the tot Jsswpath through the test structure is

R = 2R + L 2)
/ / TOTAL = «IKconTacTt TP W
ﬁ
Se by ploStin RroraL versus 1/W, 2Rcontact can be determined by the y-axis intercept at
ﬁ

x=0§n us removed from the equation, leaving behind just the resistance of the nanowires.

where, A is cross-s @, t is thickness, with R, p, L, and W as defined previously.
QV

S of course when considering the cross-sectional area here, we must remember we have 4
.

nanowires in parallel. With everything else known, p can be extracted.
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RContact R

A VAVAVAVA RV VS
Figure 3 : A schematic of a conductive track of length L, width ¢kness t, along with the resistance

components in the 2 contact pad test structure investigated igi this work
Moreover, once p is known we can use Wwell €s atb-l; ed Si theory to extract a value
for average active doping concentration in. w s. Most Si technology textbooks have

a plot of p versus active carrier concent ich is partially reproduced in Fig. 4, for n-

type Si.*! The inset of Fig. 4 shows t }@e@ ce of electron mobility (u) versus n-type
). di

N

= 3
) p g N 3)
there is a strong penﬂen p on p and N. In summary once p is extracted experimentally,
egr

then we can (

throughout the nanowires, as a function of W, and S.

%?to familiarise ourselves with expected trends in R versus doping and W we
.ﬁ

carried 013 drift-diffusion based device simulations of nanowire resistors similar to those in

ﬁ
% perimental sections. The simulations have been carried out in the same way of the
e

w ectrical measurement, using the same dimensions and applied voltages. This is useful here

active doping concentration to

’1{1 Fig. 4 to determine an average active doping concentration, N,

-~
because allows to have a preliminary idea of how the nanowire test structure should behave.

Figure 5 shows the simulated data for R versus W and active doping concentration. In these
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Publishing idealised simulations non-idealities such as dopant trapping, quantisation effects, interface
states, and Si bandgap variations versus W are not considered, as these would be the subject
of a more detailed future modelling study. In Fig 5 it is clear R increases with decreased

active doping concentration, and with decreased width due to the sma? current-carrying

cross-sectional area. _)\
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Nanowire width(nm) )

Figure 5 : Modelling results showing idealised trends of nanowire resistance (R) versus nanowire width. R
increases with decreased active doping concentration, and with_decr

carrying cross-sectional area. g ')

III. EXPERIMENTAL ‘\\

\

There are two experimental esges ted in this work. In the first set we worked on
.

short fat nanowire devices, fabrieated from 30 nm thick Si-on-insulator (SOI) wafers, see Fig.

d width due to the smaller current-

6 for the process flow. In tha Wariables under study are the use of an RCA clean prior

to MLD functionalisati

u:ﬁ%the presence or absence of a capping SiO2 layer during the

drive-in rapid-the al)an al ARTA). In the second set of experiments tall nanowires were
fabricated frozr{ 66 n hie‘f SOI wafers, see Fig. 11 for the process flow. There, pitch scaling
is particu rl@%'ﬂg at the tall features form a “Manhattan skyline” type array, where it
is en saggi that the narrow spaces combined with the tall features will make conformal

déping di lf{ ADP P MLD with an SiOz cap is benchmarked against a standard beam-line

“ion la}t for P doping in that section.

\ Throughout this work nominally undoped (100) SOI substrates were used, with a Si
S

thickness of 30 or 66 nm, and SiOz thickness of 145 nm. For nanowire processing the SOI

substrates were patterned using the Raith VOY AGER electron beam lithography (EBL)

10
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Publishin g system with a beam energy of 50 keV, and the high resolution EBL resist hydrogen

silsesquioxane (HSQ, XR1541, 2%) from Dow Corning. The substrates were firstly
degreased by ultra sonicating them in acetone and isopropyl alcohol (IPA) solvents. After
drying the substrates HSQ resist has been spun at 4000 rpm to achieve 1§ nm resist thickness.

In another set, 6 nm thick layers have been prepared by diluting the resist\l%. Spin

coating has been performed at 4500 rpm. The EBL exposure W@KR—step process, namely

a low current set-up pattern the high resolution nanowires (‘:?)res, d in the second step,

—
in a high current set-up, the contact pads were exposed/ This wasidone to decrease the total

exposure time while keeping the high resolution require thé nanowires. After the EBL
exposures, the substrates were developed in Na€] (4% E-I'l‘_) NaOH (1%) solutions for 4 min
followed by 15 s rinse in de-ionised (DI) @ cond 15 s rinse in DI water in a

second beaker. i\

The samples were etchegin ford Instruments System 100 ICP etcher operating

in Reactive Ion Etch (RIE) @h chemistry was a Cl2/N2 gas mixture at flows of 20

and 40 sccm respectively with a process pressure of 10 mTorr and RF power of 80 W

yielding a DC bias fg@mple temperature was controlled at 20 °C with Helium gas
%
p

backside coo?g }ample mounted on a Si carrier wafer using Krytox® vacuum oil.
Real time dBdN

LEP500 laseraeflection system.
£

~ Th QLD process was then implemented on selected samples. To remove any

onitoring of the SOI film layer was achieved using an Intellemetrics

“physisorbed contaminants present on the samples a degreasing step was carried out. Thus, the
m()es were placed in acetone and ultra-sonicated for 2 minutes followed by an isopropyl
alcohol dip and subsequent drying using a stream of nitrogen gas. A commonly used cleaning
step in the semiconductor industry is the RCA clean. This involves immersion of a silicon

sample in a solution containing a 5:1:1 ratio of DI water, ammonium hydroxide, and

11
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Publishing hydrogen peroxide at a temperature of 80 °C. This optional step was used in some studies to

categorise whether it had a positive effect on MLD and to determine its usefulness for
nanoscale nanowires. Removal of the native oxide layer from Si often requires quite harsh
treatments involving hydrofluoric (HF) acid, which can etch away this layer to produce a
hydrogen terminated surface. Native oxide removal occurred after reNr after an
RCA clean in cases where it was applied. This hydrogen-terminated sutface is prone to re-

oxidation and was promptly placed into conditions where this was notpossible, under N2 on a
—

—
A solution containing the chosen dopant n@ule and'solvent was then degassed

using multiple freeze-pump-thaw cycles. N-t pe\q%g.:y)as carried out using

allydiphenylphosphine (ADP) which prov@ dopant molecule. Mesitylene was used

as the solvent when carrying out MLD on m?ee Si. The degassed solution was

Schlenk line.

cannulated into a round bottom flask c}iﬁtng the Si samples and set to reflux at 180 °C for
n

3 hours to enable functional%?mles were then removed from the round bottom flask,

ultra-sonicated in IPA for 1 minute*and dried under a stream of nitrogen. In order to minimise

oxidation of the no &@ised samples they were placed in gel-boxes and stored in a N2
e<51<

environment, ej V;fbox or a sample preserver, awaiting thermal treatment. Once

functionali ed)s%pgs required a thermal treatment to diffuse the target dopant atom into the
crysta ngakdprovide it with energy to activate through substitutional doping. A 50 nm
s ﬁgﬁ%ﬁ:apping layer was deposited on selected samples prior to RTA to prevent

Yo tilisat})n of the dopant molecule. Samples were then treated with a 1050 °C 5 s RTA in

No. (yap removal was initially carried out using a 5:1 Buffered Oxide Etch (BOE) solution, in

S which samples were immersed for 30 s.

12
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As a benchmark, some devices received a P 4x10'° cm™ 3 keV 45° beam-line ion
implant. This was done at room temperature, with half the dose from the left side of the

nanowires, and half of the dose from the right side in the standard way.

A UV lithography based process was used to pattern the Ti/A%etal contact pads,
based on a lift off technique. The steps are as follows; bake sampl 11T‘Ij$tqhyldisilizane
(HMDS) primer vapour oven atl 15 °C. spin on Micro Chem LK_Off resist at 3000
rpm for 50 s, hot-plate bake at 150 °C for 3 mins, spin on ]‘3} ggﬂ) rpm, spin on Micro
Chem S1805 imaging resist at 3000 rpm, hot-plate bak a?i 155O or 2 min, align and expose
in Karl Suss MA1006 aligner for 4.5 s, exposure @= 45 m¥/cm?, develop for 1 min in
Microposit 319 developer, rinse in DI water forﬁ\%aﬂd}ﬂow dry with N2, immerse in
dilute HF (25:1) for 5 s and rinse in DI Wa@ dry with N2, load in Temescal
FC2000 e-beam evaporator and pump sys mx 10”7 Torr, expose to Ar plasma for 20 s
to improve metal to metal adhesion, e})ﬁte Ti:Au (10:150 nm), lift-off resist and excess
metal in Microposit R1165 = SQ& at 90 °C for 1 hour, and finally rinse in DI water

and blow dry with No.

Electroche ical@tance Voltage (ECV) profiling was also performed to
£
carrieg c

determine ac‘i/ qﬂcentration using dilute ammonium bifluoride as electrolyte. ECV
profilers tra)hr with every data point in the curve. For the data presented here the
error don}t exceed 20 %. As doping concentration axes are plotted in log-scale, these errors
are relatively Small and do not affect the overall conclusions of this work. Cross-sectional
“Fransmission Electron Microscopy (XTEM) was carried out using the JEOL 2100 HRTEM

erged at 200 kV. Cross-section samples were prepared by focused ion beam etching using
a FEI's Dual Beam Helios Nanolab system. For current versus voltage measurements the

KEITHLEY 37100 and KEITHLEY 2602 were used.

13
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IV. RESULTS AND DISCUSSION
A. 30 NM TALL NANOWIRES; USE OF S102 CAP AND RCA CLEAN

As stated previously the first set of experiments were performed on 30 nm tall
nanowires. In this section, only ADP P MLD was evaluated in order.to optimise the process

before comparing it to beam-line ion implantation. The variables u ?study are the RCA

clean step and the SiO:2 capping layer used during RTA. A s€hematic'ef the process flow is in
d

~—
MLD.
)

+ E-beam litho, 6 nm HSQ
+ Reactive lon Etch, Cl, ba&\t__
+ Phosphorus MLD
— Degrease, IPA M @\ /@
P

Fig. 6, along with a representation of the ADP moleculg use

-

» Starting wafer, 30 nm SOI

— RCACclean

Figure 6 : Schematic repres ntatio;t%\ADP P MLD process flow on 30 nm tall devices. On the right hand

side is a schematic of the

o ——

Figure 7 : Representative cross-sectional TEM images of the 30 nm tall Si nanowires after reactive ion etch.
The four fingers within a single test structure are shown to demonstrate there is no significant difference
between outer and inner nanowires in terms of cross-sectional shape.

14
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Figure 7 shows representative cross-sectional TEM images of the 30 nm tall
nanowires fabricated from the 30 nm thick SOI substrates. In this case 6 nm HSQ resist was
used to pattern the structures by e-beam lithography. Post RIE the four XTEM images in Fig.
7 show four nanowires from a single test structure, approximately 25 wide, where the

nanowires were 1 um apart. The sidewalls of the etched nanowire ar??uite smooth, with a

slight taper, and the size and shape are quite reproducible withir‘l\% tructure. In other
words there is no significant difference in shape and size d% whether we have an
outer or inner wire in the set of four. Note there is a ve t-l;n nstiv oxide around the outside
G

\SKD

In Fig. 8 are representative current versus voltage data from Si nanowire devices that

er device variables L and S were

of the nanowire due to exposure to the ambient.

=

a straight line through the origin. this data RroraL was extracted.

were P MLD doped, as a function of n OK
constant at 3000 nm and 1000 nm r%\CuHent scales with W as expected, and forms

Nanowire Length = 3000 nm
‘) ‘ Nanowire Width : o
100nm )
x1 - (
/ L ® 80nm )
r 60nm
/ 3 ® 40nm
S 2x10-5 ©® 30nm b
g 20nm o
o ®10nm '
/ 1x105 |
~ V.
) o
T~ 0 0.2 0.4 0.6 0.8 1

Voltage (V)

; ur>8 : Representative current versus voltage data from Si nanowire devices that were ADP P MLD doped,
as a function of nanowire width. Length and spacing were constant at 3000 nm and 1000 nm respectively.
rent scales with width as expected. From this data set, resistance was extracted.

Figure 9 shows the distribution of the number of devices within a RroraL range. In

Fig. 9(a) are the devices that had a SiO2 cap during the RTA. Figure 9(b) shows the same

15
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Publishin g type of plot but for the devices without the SiO2 cap during the RTA, and it is observed that

in that data there is a high count of devices in the RroraL = 10°-107 Ohm range. The RCA
clean has little effect, if anything, it pushes the average RroraL value higher. This was also

noted in Fig. 9(a), and thus the RCA clean was dropped from future e?riments.

Comparing the data with cap versus without cap gave an i 1@1’% purpose of
the SiOz2 cap. In Fig. 9(a) there is a bimodal RroraL distribution& ower Rrorar values
in the 10°-10° Ohm range look very promising, much bett h;l)@ chieved without the
SiO:2 cap. As a result it was concluded that capping is i-r;;porgm tep to include for follow-
on experiments. Furthermore in Fig. 9 we observéd some very high Rrorar values (>10'3
Ohm) corresponding to open circuits arising fro okenhanowire devices. It was concluded
that our original HF dip step for cap ox1de or to contact metal deposition was too
harsh and was causing failure of some de n optimisation of this SiO2 cap removal was

undertaken and it will be seen i e n oﬁhd of experiments to reduce the number of

device failures seen here.
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Figure 9 : Count (n be:/f es) versus total nanowire resistance in ADP P MLD nanowire devices. (a)
ng RT;

Devices were cap
clean is also sho

. (b) Devices were not capped during RTA. The (lack of) effect of the RCA

Of'th U%@arios in this section the sample set that didn’t have an RCA clean but
did have 29 S10g cap looked the most promising, thus we examined that data more closely.
Plotted in Fi /1 0 is RroraL versus W for a fixed S (1 pm), and RroraL versus S for a fixed W

“(©60 ' gote, due to the device loss, as shown in Fig. 9 it wasn’t possible here to extract
cobeCT for this sample set, thus we’re working with Rrorar, and not p, but this will be

S shown in the next section. From Fig. 10 we can conclude that Rrorar increases rapidly for

W<50 nm, while remains relatively constant for S down to 20 nm. This independence of R
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Publishing relative to S may be due to the short nature of these devices. S scaling will be more difficult

with taller features.

1010
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Figure 10 : Total resistance in the P MLD dop. r finger nanowire test structure, 30 nm tall, as a function of

Sfour.
W, with S fixed, and as a function of S with W%«(evices had a SiO; cap during RTA and had no RCA
clean.

=

B. 66 NM TALL TIGHT-PIT) Hm ES; MLD VERSUS ION IMPLANT
In this part ADP P MLm Si0Oz2 cap and P ion implant are directly compared in

terms of crystal dam

,%stivity, W scaling, S scaling, and dopant activation. A

schematic of the, process flowsis shown in Fig. 11. The lithography and patterning process
was applied @hl Si SOI in order to produce tall nanowire structures, suitable for
evaluating Qher MLD and ion implant can dope tall tight-pitch features with little inter-

{paci)ag. With the device trends towards tighter spacing and vertically stacked

n owireﬁ)for GAA applications, doping processes must be tested on this type of test
ﬁ

strucSure. In order to etch 66 nm tall nanowires, a thicker HSQ resist was used (15 nm). The
S RCA clean was dropped, and all devices had an SiOz cap during RTA. Due to the previous

S

data showing device loss using a 5:1 BOE solution for cap removal, this part of the process

was redesigned. The original 5:1 BOE solution was diluted further in a 5:1 ratio with DI,
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Publishin g meaning we had a 25:1 strength BOE solution. A test piece of unpatterned Si with the SiO2
cap was annealed side-by-side with the nanowire samples, and this was first subjected to the
BOE based cap removal treatment. The sample was dipped into the solution and repeatedly
checked for hydrophobicity, which is a sign the SiO2 had been removed4The time was noted
and this process was then repeated on the nanowire samples. Typicall Nm SiO: that

had been annealed at 1050 °C, the 25:1 BOE solution was applied min.

The rest of the process was unchanged. As a benchfark,/a set of devices were doped

—
using a P 4x10'5 cm 3 keV 45° beam-line implant. This was %)n at room temperature, with

half the dose from the left side of the nanowires, a@lalf 0 dose from the right side in

the standard way. \ ! -
- Sta ingi\h;i: m SOl
« E-beam litho, nm HSQ
. eepg/e Etch, Cl, based
P a&}
— DegreasesIPA and — 4x10"% cm2,
aceto 45°, 3 keV

[}

1

1

1

1

|

3% dip i

— ADP functionalisation |

Q —“Cap with SiO, i
/ - 1050 °C RTA i + 1050 °C RTA

+.Cap removal !

5\ Ti/Au contact pad i

1

metalisation

* P lon Implant

» Ti/Au contact pad
metalisation

“In Fig; (a) is an isolated Si nanowire which has smooth sidewalls that are slightly tapered.
S right region surrounding the Si is native oxide, seen before, due to ambient exposure.
~

The underlying SiOz2 is slightly bloated on either side of the Si nanowire, but this is an XTEM

imaging artefact, regularly seen in XTEM of SOI samples. This is also apparent in Fig 12(b)
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where the outer Si nanowires are leaning in towards the centre slightly. A wide view of Fig.

12(b) showed, under prolonged imaging than shown here, that the oxide on either side of the
nanowires continued to bloat and expand upwards. This is possibly due to differences in self-
heating of the different materials (e.g. SiO2 versus Si) under electron i?diation. Regardless,

in Fig 12(b) the closest features on the mask are shown, where the awhp&ing on the mask

is 20 nm, but in practice, due to the tapered nature of the sidewxqspacing is <20 nm,

approximately 12 nm at the foot of the nanowires. Note alsg'thatieach'individual nanowire in
Fig. 12(b) looks like the others in that array, showing afgood le :Eeproducibility. The
outer and inner nanowires have practically the sa s-ize sk)ape. Finally, in Fig. 12(c) is
the smallest resolved nanowire in this experimént w 1clg 0 nm wide across the middle.
Considering that the longest nanowires hel\ 000 nm in length, the highest L:W aspect

ratio in our nanowire devices is 300:1. ‘i\

Figure 13 shows correspgndin ag?s to Fig. 12(b) but now after doping. Fig 13(a)
shows tightly-packed tall nado & ion implant, and Fig. 13(b) shows tightly-packed
tall nanowires after MLD In both es a 1050 °C RTA was applied to activate and/or drive-
in the dopant. Not ugh e XTEM image in the figure is zoomed into the inner

structures for 1 all fo )rr nanowires within each test structure showed the same trends.
£

Q

-

20
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remaining
post-etch

Publishing Les

(b) '\\F'Qlekt spacing”™ zom

/Repr sentative cross-sectional TEM images directly after etch, of the 66 nm tall So nanowire
he dsolated structures show smooth slightly tapered sidewalls. There is a small amount of HSQ
on the top of the nanowire and an approximately 1 nm thick native oxide on the sidewalls.
bﬂnowires with a drawn spacing of 20 nm, resolved at the top of the features, which is 12 nm at the
tructures. (c) The smallest feature resolved from the mask are 10 nm lines.
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Figure 13 : Representative cross-sectional
effect of P ion implantation performed at roem tempgerature at 45° tilts left and right. The implant is partially

amorphising, and the crystal has rec llised\during the RTA, but many crystal defects are evident. Note the
tops of the nanowires are rounded due t&% osion during the ion implant. (b) On the other hand the ADP
10 Yisi

P MLD process is gentle, and the twin boundary type defects visible in the nanowires.

For the ion implantation casg there is evidence of crystal damage. The tops of the

nanowires have bee ‘i%roded or sputtered by the implant. Also the characteristic
%

amorphisatio? ylisation type defects, such as {111} twin boundaries, are clearly

visible. Th _iSiu the well-known problems of thin-body Si recrystallisation, where the
gﬁ\

and SiO2-Si interfaces inhibit clean Si crystal recovery after

many sur
/ 43,4445 By : : :
a o_r*ph thIl/z’ %% Evidently the P room temperature implant partially amorphised these

structures It is interesting to see the regions where twin boundaries exist in these structures.
,ﬁ

The)ﬁappear well below half-way down the nanowires, despite the neighbouring nanowire
S s@dowing the 45° beam-line implant to some degree. In fact it appears as if a significant

amount of the 3 keV P implant has passed through the nanowire into the neighbouring

nanowire. The projected range of a 3 keV P implant into Si is 6.7 nm.*6
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For the MLD case in Fig. 13(b) there is no erosion and the body of the Si nanowire is
free from visible crystal damage like {111} twin boundaries. The sidewalls of the nanowires

look as smooth as before, indicating the gentleness of the ADP P MLD with an SiOz cap

process here. /
In this part of the experiment, with the improved SiO2 cap m’oquess, we had

better device yield and thus were able to proceed with Rconract extraction. Figure 14 shows

;D m the y-axis intercept at

a representative plot of RroraL vs 1/W used to extract Rco

x=0. This example shows data for different L, to whichlinear fst es were applied. From

. - . . . .
these Rcontact was determined from the average ‘—ams intercept, in this case for P ion

implant, to be 155 Ohm. From this data RnanowirBand jpvere calculated according to

Equation 2. ‘\\

\
Another electrical set of dat a%er at this stage was the impact of S scaling.

.
Figure 15 shows representative x{ rsus voltage data from devices that were P ion

implant doped, as a function ; awn in the mask. L and W were constant at 1000 nm
and 60 nm respectively! ent scales with spacing, due to shadowing effects during the

implant. The current starts«o saturate at the higher voltages here, this is thought to be related
£
iti

to the high 0121/ nt de
areas. 3\

/
)

e{ (>1 mA) through these devices, due to the small cross-sectional

=~
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Figure 14 : Total nanowire resistance versus 1/W, which is d to extract contact resistance. This is a
representative plot showing data grouped according to nan(n-iL. is Case process is P ion implant and the
g’

Rcontacris 155 Ohm.
g\
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ar&@l‘ﬂ = 1000 nm

1.5x103 =1000nm
A iNg=460nm
< Spaeing=80nm AA
= Nﬁl =40nm AA A
G 1.0410 Spaeing=20nm A AAA
2 @‘ﬁ\ ARARE )
S AA
o A
AA
0.5%x403
/ P implant
reference

0.2 0.4 0.6 0.8 1
Voltage (V)

M
/
N

. Representative current versus voltage data from Si nanowire devices that were P ion implant doped,
as a fi ctioyof nanQwire spacing (as drawn in the mask). Length and width were constant at 1000 nm and 60
nm respeetively. ?ﬂ’rent scales with spacing, presumably due to shadowing effects.

ter Rconracr is subtracted out,

L
=p—- 4
S - Ryanowire P 4
and p is calculated based on L, W, and t=66 nm. This data is shown in Fig. 16 for both ADP
P MLD and P ion implant, versus W scaling and versus S scaling. Furthermore active
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Publishin g concentration was calculated from p according to Equation 3, and is plotted in Fig. 16 as
horizontal lines of constant active concentration (N). Once again this assumes a constant
active doping concentration within the nanowire, or could be thought of the “average” active

doping concentration. /

107 T Wi - ] e \
Width scaling

Active Spacing scaling

spacing=1000 nm) concentration (width=60 n
\ (n-type) :
106 ‘| 1%1017 em3
B i .MLD 3%10"7 crm®
c \with |cap
E- at 8 Py ‘ 1x1018
< = 3x1018
91057 ® “‘~“‘—x 19
Y .\\ ‘0 %10
3x1079
\\\. x
107 &
My .
Pimplant " <~ Pimplant

108 reference [ reference
\JH 00 10 100 1000
i nm)

anowire spacing (nm)

Figure 16 : Resistivity (p) in the ADP P M|
66 nm tall, as a function of W with S fixed, a
active concentration isolines associate P
uniformly doped nanowire. ADP P MLD wit
beats 2x10%° cm.

Firstly focussi the comparison of MLD versus ion implant it is clear that ADP P
MLD with an SiO cag\bﬂ beat the P ion implant reference in terms of p and N. For ion
implant N >1 9}6 cm’ /hi]!for MLD it is close to 10! cm™.

E% the trends of p versus S, it seems neither doping method has a strong
depefidencé of S'scaling down to 20 nm. Note in the XTEM shown earlier S is practically
<@1;i§e /the tapered sidewall on the nanowires, but for the sake of consistency we refer

“to thg ensions on the mask in Fig. 16 and in the discussion here. There is 0.5% reduction

\ rage carrier concentration going from S = 1000 nm to S = 20 nm. In comparison
S

P ion implanted doped four finger nanowire test structures,
S hmction of S with W fixed. The horizontal lines represent
calculated using the Si mobility values in Fig. 4, assuming a
i0; cap reaches approximately 10"’ cm, while ion implant

average carrier concentration drops orders of magnitude with similar W scaling.
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The S dependence of p is a consequence to two different effects for the two doping
techniques. For the ion implant, shadowing will become a bigger problem for 45° tilt
implants when the features are brought closer together. Even though there is some evidence
that the 3 keV implant is partially passing through these structures, a 0.5% reduction in
average carrier concentration is significant, but not an insurmountable M For MLD,
the wet chemistry based technique may encounter surface coverage isslies related to
wettability in tight spaces. Conventional MLD is a wet-che 1s® process, essentially where a
liquid comes in contact with the semiconductor surfacef As‘nanowire dev1ce pitches are
scaled, the issue becomes whether the liquids i 1nvo ed candnvade such tight spaces between
fins and nanowires. There comes a point where“pitches Er?spaces are just too small for wet

chemistry.

The W dependence of p in Fii\% re significant. In the ADP P MLD with an

SiO2 cap case p and average cargier co nt”d'tlon stay relatively constant until W= 20 nm
then degrade. The first part i§ due t th entle nature of MLD, avoiding crystal damage
which would be strongly 1nﬂuence y W, and the second part is possibly due to the
increased surface-to¢volume ratio, which will be discussed further later in terms of an energy

barrier at the?ﬁ)z- I

carrier co rationdegrade consistently versus W, which is linked to worsening crystal

1nter;ace limiting P in-diffusion. In the ion implant case, p and average

quality/as a function of W with partially amorphising implants.*’ It is noteworthy to see the
£
differen verslis W trends for MLD and ion implant highlighting the resulting difference in

al qu)lity.

5 At this point it’s important to compare these values of p against those reported for
Si'P epi layers with and without a laser anneal treatment. Rosseel et al. reported p in the
range of 0.6 mOhm.cm (=6x103 Ohm.nm) for Si:P epi, and p in the range of 0.3 mOhm.cm
(=3x10* Ohm.nm) for Si:P epi with laser anneal.?? It is difficult to compare directly with our

26


http://dx.doi.org/10.1063/1.5019470

! I | This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

Publi shing data in Fig. 16, as we don’t know the W in those Si:P epi structures, but the ion implanted

data here is in the same order of that Si:P epi data.

To verify the extraction of average carrier concentration via analysis of nanowire
electrical characterisation, control unpatterned bulk Si samples were doped in the same way
as the nanowire devices, and Electrochemical Capacitance Voltag ES)\%QQer profiling
was used to extract carrier concentration versus depth. Figure hows,indicative active
concentration versus depth plots in bulk Si. For the P implant ‘tawk f the profile is
approximately 3x10?° cm™ while for ADP P MLD it is >:? 0" Sm , comparable with the

extracted values for N in the wide nanowires, Veri@g the trical analysis.

O
1021 4

-—
o
N
o

tive concentration (at/cm3)

\A}

P-MLD |
with cap =
£ Em

17 . ‘ ‘
/ /0 0 50 100 150 200
Depth (nm)
Figure 17 %once tration profiles versus depth into the Si determined by ECV analysis on bulk Si for
ADP P MLD ion implant. These samples were processed in conjunction with the nanowire devices.
£
w
DIFF TIES FOR PHOSPHORUS IN-DIFFUSION

-

3 The problems of doping Si by MLD, or by ion implant, are manifold. The first
\ problem occurs ever before we can consider activation issues or producing substitutional
impurities in the Si lattice. The issues with doping semiconductors can usually be simplified

into two sub-problems, namely (a) how to incorporate the dopant into the target, and (b) how
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Publishin g to activate the incorporated dopant? The first big problem for MLD is related to how do we

get the dopant impurity into the target to begin with. This is easier, but not trivial, for ion

implant,*®

as we can relatively easily fire ions into a fin or nanowire target with a well-
controlled energy, dose, and position. MLD on the other hand is basec?n placing organic
molecules containing dopant atoms on the surface, covalently bound; and\‘lw{after in-

diffusing the dopant into the target. The apparent problem is that there is an energy barrier at

the Si02-Si interface for P incorporation, shown schematic y‘h) Fig.48(a). P atoms sitting

T~
at that interface have to climb over a barrier to enter th¢'Si,“fro ere they can diffuse
around during the RTA. The evidence of this potential barrigr ecomes from the relatively low

P incorporation (~10' ¢cm™) when the equilibrifun solid L{aubility of P in Si at 1050 °C is

>102° cm3.4%%0 Something must be preve&d\lf\ﬁ orporation. It should be noted that

several groups worldwide who have wo‘k\
%

LD on Si have also reported sub

equilibrium solid solubility concentr. of incorporated P>

So what’s wrong? W@?\g this energy barrier at the surface? One possibility

is the P supply is not sufficient, as one monolayer of ADP molecule, based on its footprint

and expected packing Qhould yield a P dose of 2x10'* cm™, but we are incorporating
only approxin?(el X 1013/crn‘2 so that is unlikely to be the root of the problem. If we create
multilayer doping, rather than monolayer doping, that could increase the P supply of course.
On the/therhand, we could consider the SiO2-Si interface to be a trapping site for dopant
£
and, th

atoms us'] produce an energy barrier for dopant release into the Si substrate. It’s quite

co eivab\e for trap sites to have a lower energy level to other energy levels surrounding

—
%@ as depicted in Fig. 18(a). Conversely a P atom already within the Si substrate could be

S trapped at the interface while diffusing around, such as is the case of uphill diffusion shown

schematically in Fig. 18(b). Uphill diffusion was reported for P in Si,>!*2 as well as for B and

As,>>3%35 where there was an apparent shift of dopant profiles towards the surface during
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Publishin g certain thermal treatments, leading to dopants moving towards regions of high concentration.
The very concept of diffusion that something should move from a region of high
concentration to a region of low concentration is a fairly fundamental principle, and the

observation of the opposite trend is rather counter-intuitive. Neverthele there have been

many reports of uphill diffusion, or diffusion against the concentration gra nt The
%g at the Si02-Si

commonly-held physical explanation of that was linked to imp
interface.>%%7 \\

Dopant

mcorpora on

from the

surfa lff ion

Energy

S
F 4 -

\ Lattice position from Si surface
Interface Trapping

(c.f. Uphill diffusion)

‘\ Diffusion
A/—\ /\A

y n w1 mz ma
<\ \

Lattice position from Si surface

tic of the energy barriers for interface trapping of P, already in the Si substrate, which is
e uphill diffusion phenomenon.

- T\)o further interesting points to note at this stage, firstly that in the area of gas-phase
opibg, in general P incorporation from phosphine has produced lower dopant
S concentrations, in the 10" cm™ range’®5%60 compared to the equivalent experiments on As
3

incorporation from arsine, which has produced dopant concentrations in the 10?° cm

range.%%2 Secondly, Perego et al. have explored P in-situ doped Si nanocrystals with
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Publishin g diameters in the order of 4 nm, ¢ and have shown that P tends to be confined within Si at

these dimensions, rather than go into SiO2. The surface-to-volume ratios of 4 nm diameter
nanocrystals will be extremely high, much greater than in the devices tested here.
Furthermore, the ex-situ doping problem in our system, we have a siggcant amount of

surface C present as a by-product of the ADP MLD process. It is @ is this surface C

is also playing a significant role here.

In essence any proposed ex-situ in-diffusion based o;as&vﬂl ave to overcome a
surface barrier. Physically what is generating this, or cvgng’i}te ace traps, is open to
debate. For sure the Si lattice is imperfect in that @mono er before the surface, and is
full of irregular coordinations and bonds of unus ang].ﬁ“s) and length.%* Add to that the
presence of C from the organic molecules &sﬂ 1D, which is a by-product of the process,
may contribute to the inhibition of P, upN ¢ Si. It is clear there is some distance for
ADP P MLD with an SiO2 cap nc&oﬁs to reach 10?° cm™, although work is underway

2~

exploring alternative MLD nie ogies at present. There are many potential ways to

optimise the MLD procedure, ranging from molecule design, surface preparation methods,
choice of capping layers;alteration of the thermal treatment strategy. For example gas-phase
monolayer dopi g<Q/IPD),65 monolayer contact doping (MLCD),¢%7 and remote-

monolayer Q%MLD) % are just a few alternatives routes to potentially improve the P

retentigh ratewyithin Si nanostructures. The very fact that new and novel approaches are

£

regularl eing/ reported in the literature in this field proves that the area is dynamic, and that

new,and i)ventive approaches are constantly being demonstrated.
—

)

\ <

D. DIFFICULTIES DOPING SUB-10 NM SILICON

While MLD faces specific problems, all forms of doping technologies face similar

challenges as we head towards GAA devices with 5 nm Si dimensions. At these scales other
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Publishin g issues kick in which will need innovative solutions if conventional doping is to continue to be

based on substitutional impurities in the Si crystal.

Firstly the bandgap of Si increases with scaled dimensions® and the ionisation energy
for common dopants increases,’” effectively decreasing doping efﬁciez(y,” even if the
dopant atoms are substitutional. Hiller and Konig et al. have experi erjally onstrated
72,73,74

difficulties doping Si nanocrystals with diameters in the order of*§_ nm"and below.

Furthermore, dopant trapping’® at surfaces will increase wi

t@e&i creasing surface-to-

volume ratios, as proportionately more atoms in the target will ge rface atoms, or bound to

. . . — . . .
surface atoms. Next, nearby dielectric further 1ncr@s iont n energy due to screening’®

while electrically active interface states’” will deplete ahigher percentage of the Si structure,

again due to the higher surface-to-volume}b&'&\
\
Innovative thinking will be a@t ounteract these issues.

\ h
V. CONCLUSIONS Y

Regardless of pmg%foces , electrical characterisation of nanowire devices is

essential for proper’diagnesis of any process proposed for GAA nanowire technologies. We

£
have gone be%ld theera dof planar FET devices, and thus characterisation must also go
beyond p ne?’)e%es and embrace non-planar type analysis. With the move towards
dense/pitches tight spaced features, this aspect must also be incorporated into future

works of thi énd. When we are working on 5 nm Si structures, any surface etching will be

“amph edsoy the high surface-to-volume ratios, which would be a killer for devices.

S In terms of evaluating ADP P MLD with an SiOz cap in Si against other doping
-
techniques we must be realistic in terms of where it can or cannot offer solutions. It is

challenging for ADP MLD with an SiOz2 cap to compete with ion implant or plasma doping,
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78,79 can

generate above-equilibrium levels of dopant activation.®? As an in-diffusion based technique
MLD needs to overcome the equilibrium solubility limit in the target material, and work is
progressing in the field in this regard. On the other hand MLD has be?hown to be an
extremely gentle process maintaining Si integrity both in terms of the internal crystal quality

as well as external surface smoothness making it suitable for high surface-to-volume ratio

type devices. Furthermore it is compatible with tight-pitcth’ it doesn’t rely on the
—~—

deposition of a thin-film layer, showing a relatively IO\Qgra tion with scaled spacings in

this work. C 5
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