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The pressing trend towards downscaling of microelectronic devices constantly requires updated technologies
capable of precise control of dopant atom dose in semiconductive substrates. An emerging approach based on the
grafting reaction of functionalized dopant polymers, named Polymeric Precision Doping (PPD), has proven to be
a promising candidate in this direction. Precisely, the molecular weight of the dopant polymers was demon-
strated to be an effective key for the precise control of doping process. In this review, the overall PPD process is
described paying particular focus on the physico-chemical mechanism underlying the grafting reaction of dopant

polymers. Furthermore, all the already reported dopant polymers are described, moving from first generation
systems characterized by narrow distributions of molecular weights to the most recent developments of totally
monodisperse bioinspired polymers.

1. Introduction

The introduction of substitutional impurities into the semiconductor
lattice, generally referred to as doping, provides the control of the
conductive properties of silicon and represents the basis of the entire
semiconductor industry [1]. By properly controlling the local doping of
semiconductors, junctions are formed and combined to create micro-
electronic devices. An inexorable trend towards the dimensional
reduction of microelectronic devices has been assessed for several de-
cades and empirically described by the well-known Moore’s law [2].
Enhanced performances associated with low power consumption have
made such miniaturization ever desirable over the years until, in 2012,
the physical limit of the process was reached for planar transistors
(MOSFET) [3,4]. Three-dimensional devices, such as FinFET transistors,
were therefore rapidly implemented in order to take another step in path
of miniaturization [6], achieving the extraordinary results of 5 nm
transistors. A further size reduction to 3 nm transistors is currently being
attempted by using new types of 3D designs [6]. Furthermore, this trend
towards nanostructured devices is not limited to the transistor industry,
but is also relevant, for example, in the solar cell field. In fact, solar cells
designed with nanostructured surfaces are more efficient in collecting
light [7].

An inevitable drawback of microelectronic devices featuring
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characteristic dimensions of few nanometers is that the assumption of
homogeneously distributed dopant atoms becomes no longer valid
[8,9,10,11,12]. In fact, in such small volume of silicon only a few dopant
atoms are contained and statistical fluctuations in concentration could
generate unreproducible performances in replicas of the same device.
Technologies that allow to locate single dopant atoms in well-defined
positions are currently available but they are still extremely time
consuming. Processes such as Single Ion Implantation (SII) [8] or Scanning
Tunneling Microscopy (STM) [13] provides the total control of dopant
atoms required by frontier researches, such as solid-state quantum
computers [14], but they are too slow for large scale applications. On the
other hand, doping processes classically used in microelectronic in-
dustry lack necessary characteristics to still be valid in the new era of
nano-devices. In Table 1, the most commonly used doping technologies
are summarized with their respective technical specifications [7].

Ion Implantation, for example, which is based on accelerated dopant
ions collimated and directly injected in silicon, allows excellent control
of both position and quantity of dopant atoms. In a very recent paper,
ultra-low energy ion implantation has been combined with mesoporous
polymer templates obtained by block copolymer self-assembly to
generate periodic arrays of p-n junctions at the nanoscale [15]. Unfor-
tunately, ion implantation is not compatible with 3D structures due to its
directionality. Furthermore, energetic ions are responsible for defect
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Table 1

Main silicon doping techniques with specified if annealing-driven diffusion step
and vacuum are required. The obtainable depths of dopant atoms are also re-
ported [7].

Doping Annealing at high Vacuum Achievable
technology temperatures required for required diffusion depth
dopant atoms diffusion (nm)

Ion Implantation ~ No Yes < 1000

Atmospheric Yes No 100-3000
Pressure CVD

Plasma Yes Yes 100-3000
Enhanced CVD

Solid Source Yes No 100-3000
Dotation

Spin-On Dopant Yes No 10-3000

Monolayer Yes No < 100
Doping

formation in the silicon crystal lattice, making necessary high temper-
ature thermal treatments to remove such defects and activate dopant
atoms [1,7,16].

On the contrary, milder doping techniques, such as Chemical Vapor
Deposition (CVD), definitely lack dose control and homogeneity of
dopant atoms. Different types of CVD technique are currently available,
such as atmospheric pressure CVD [17,18] or plasma-enhanced CVD [19],
and all of these produce dopant oxide layers over silicon with a subse-
quent drive-in carried out at temperatures higher than 1000 °C. Such
high temperature processes allow the dopant atoms to diffuse in silicon
at depths ranging from 100 to 3000 nm as a function of the diffusion
time [7]. Similarly, in Solid Source Dotation processes, dopant layers are
grown on silicon by evaporating dopant species from solid sources, such
as boron nitride wafers for boron doping [20], and subsequently injected
into the silicon substrate by high temperature annealing.

Alternatively, dopant containing layers are provided by Spin-On
Dopant (SOD) technology [21]. Such layers are obtained by spin-coating
solutions generally containing silica or inorganic polymers and dopant
atoms, typically boron (B) or phosphorus (P). After a short thermal
annealing step conducted at low temperatures to evaporate the solvent
and vitrify the dopant layer, the temperature is increased up to 1000 °C
to promote the diffusion of dopant atoms. Finally, the glassy layer is
generally removed by hydrofluoric acid treatment. The main advantage
of SOD technology is that the spin-coating step leading to the dopant
layer is accomplished in less than 30 s with no vacuum requirement.
Interestingly, ultra-shallow junctions are obtained by diffusing dopant
atoms just 10-15 nm deep in silicon by Rapid Thermal Annealing (RTA)
process [22].

Recently, organic polymers with dopant containing moieties were
introduced in SOD technology as a viable alternative to classical sys-
tems, significantly improving the control over the dopant dose and the
homogeneity of the dopant atoms distribution over the substrate. In this
specific system, the dopant layer is burnt away during the high tem-
perature annealing step required to promote the injection of dopant
atoms. For example, poly(vinylboronic acid pinacol ester) and poly
(diethyl vinylphosphonate) polymers have been proposed and tested as
the sources of B and P, respectively [23,24]. B and P concentrations
about ~ 10'° atoms/cm® were obtained, with depth distributions that
are functions of both time and temperature of the anneling step. Addi-
tionally, several authors also reported that block-copolymer self-assem-
bly can be exploited as an alternative to conventional lithography to
localize dopant atoms by using copolymers having one block that con-
tains dopant moieties [25,26]. The main drawback of SOD technology
based on organic polymers is the possible silicon contamination by un-
wanted impurities, such as carbon, which are responsible for partial
deactivation of dopant atoms [27].

A decisive advance in the search of a precision-doping technique that
can be implemented on an industrial scale was carried out in 2008 with
the introduction of the so-called Monolayer Doping (MLD) technology
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[28]. This approach is based on the chemical reaction of molecules
containing a dopant atom with the silicon surface in order to obtain a
self-assembled monolayer. In this way, the processable number of
dopant atoms is both numerically controlled by the steric hindrance of
the molecule and homogeneously distributed over the silicon surface.
Furthermore, homogeneous coverages are obtained even in the case of
patterned surfaces with 3D devices. A schematic picture of the MLD
process as well as the chemical structures of some of the employed
molecules are reported in Fig. 1 (a). Such self-assembled monolayer is
consequently covered by a ~ 50 nm thick capping layer of silicon oxide
(SiO32) and dopant atoms are diffused in silicon by conventional RTA
processes conducted for different annealing times and temperatures.
Secondary-Ion Mass Spectrometry (SIMS) measurements were carried out
to characterize the dopant atom concentration in silicon as a function of
the depth from the Si/SiO; interface. In Fig. 1 (b) the boron doping
profiles for the samples annealed for 5 s at 950 and 1000 °C are reported
as a typical example. Both samples are characterized by boron distri-
butions that are fully compatible with a finite source model: concen-
trations of ~ 5 x 102° atoms/cm?® are found close to the interface then
decreasing to ~ 10!7 atoms/cm? at the depths of 18 and 43 nm for the
samples annealed at 950 and 1000 °C, respectively. Highly doped re-
gions with very reduced depths can then be obtained by opportunely
tuning the annealing temperature and the time. Interestingly, the
number of active B atoms was estimated by sheet resistance measure-
ments around 1.7 x 10 atoms/cm? (1.7 atoms/nm?) whereas the
complete coverage of the surface by the monolayer was calculated to
carry about 4.9 x 10'* atoms/cm?. Accordingly, only 34 % of B atoms
were then correctly diffused in silicon and this fact was attributed to a B
loss occurring in the upper SiO; layer. Conversely in the case of P doping
experiments, ~ 95 % of the P atoms contained in the monolayer, i.e. ~
7.9 x 10 atoms/cm? results diffused in the silicon substrate and acti-
vated during the thermal treatment. This result was explained by
considering that P diffusivity in SiO; is two orders of magnitude lower
compared to the one of B atoms(3.2 x 1018 cm?/s vs 1.4 x 10716 cm?/s)
[29], making phosphorus less likely to diffuse in the upper oxide layer.

The suitability of the MLD technique for producing ultra-shallow
junctions was then demonstrated by diffusing P atoms at a depth of ~
2 nm by spike-annealing at temperatures higher than 900 °C [30]. In this
case, an activation efficiency (n) of ~ 70 % was obtained for the P atoms,
meaning that only this percentage of the diffused atoms is electrically
active. The inactivity of the remaining 30 % was attributed to the
interstitial nature of these impurities, which are not included in the
silicon crystal lattice and then remain excluded from the possibility of
acting as electron donors. The presence of such interstitial atoms seems
to be promoted by the spike-annealing treatment. A more precise control
of the dopant dose in the self-assembled monolayer was then obtained
through self-assembled monolayer containing both dopant and neutral
molecules [28]. Accordingly, Ye et al. reported a considerable control
over the P dose by changing the molar ratio between diethyl vinyl-
phosphonate, which is the dopant molecule, and 1-undecene, the neutral
species [31]. The drawback of this approach is clearly the loss of ho-
mogeneity in the monolayer due to the random location of dopant and
neutral species. Interestingly a localized doping process was instead
implemented by combining the MLD technique with the use of litho-
graphic masks [32]. This approach allows to combine the accurate
control of dopant dose provided by MLD with the possibility to locate
dopant atoms in well-defined regions of the substrate by conventional
lithography. Finally, MLD technique was also extended to semi-
conductive materials other than silicon such as germanium by proper
design of the dopant containing molecules [33].

Some comments regarding the chemistry underlying the MLD tech-
nique are now needed. A large number of the described dopant mole-
cules are bonded to the silicon substrate through the reaction between a
vinyl group and the SiH groups present on the silicon surface [28,31,34].
Such reaction is generally named as hydrosilylation [35] and is repre-
sented in Fig. 2 (a) in case the reactive molecule is allylboronic acid
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Fig. 1. (a) Monolayer doping (MLD) technique representation. The chemical structures of the dopant molecules are also included [28]. (b) Calibrated depth profiles
showing B concentration [B] as a function of the depth from the interface Si/SiO, for the samples annealed at 950 and 1000 °C for 5 s.
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Fig. 2. Some reaction classically used in MLD processes.

pinacol ester. Another class of molecules that are particulary used for P
doping processes are phosphonic acids [28,30], for which the reaction
with the silicon surface was initially not well understood. A peculiar
mechanism, which results in the production of Hy molecules as by-
products, was proposed by Longo et al. [36] on the basis of several
studies previously conducted on the reaction between alcohols and
hydrogen-terminated silicon surfaces [35,37,38,39,40]. Such reaction is
represented in Fig. 2 (b) in the case the reactive molecule is a generic
phosphonic acid. Furthermore, the authors demonstrated that P-C bonds
are less thermally stable than P-O bonds. Therefore, while the organic
part of the dopant molecules is fully degraded at temperatures higher
than 500 °C, the resulting P-containing species are stabilized by inclu-
sion within the silicon lattice. In this perspective, the SiO, capping layer
results unnecessary.

Finally, since oxide-free silicon surfaces requires dangerous treat-
ments with hydrofluoric acid (HF), MLD processes on native silicon
oxide were introduced. The main way to produce self-assembled
monolayers of P-containing molecules on SiO; is the condensation re-
action occurring between phosphonic acids and silanols (see Fig. 2 (c)).
In particular, dry adsorbed films of such molecules are generally ob-
tained through the so-called tethering by aggregation and growth (T-BAG)
method and the condensation is then promoted by thermal annealing at

~150°C[41,42,43].In 2018, Longo et al. reported that such monolayer
can be used to introduce dopant phosphorus in silicon without pre-
liminary removal of the native oxide [44]. In particular, TOF-SIMS an-
alyses demonstrated that the diffused P atoms are about the same
amount present in the monolayer. Furthermore, temperatures above
700 °C completely degrade the organic part of the molecules by driving
the diffusion of P atoms into silicon. As in the case previously described,
the SiO; capping layer results unnecessary.

Although promising results towards precision doping were obtained
through the MLD technique, some drawbacks are nevertheless present.
First of all, the reactions between dopant molecules and surfaces are
generally conducted in solution, thus providing for the management of
considerable quantities of organic solvents with the consequent prob-
lems of disposal and purification. Furthermore, reaction kinetics are
typically slow and long times are required to guarantee the formation of
a complete monolayer. Second, carbon impurities are generally intro-
duced in silicon due to the organic parts of the dopant molecules
[45,46]. Such defects were demonstrated to be responsible for the
electrical deactivation of more than 20 % of the included P atoms [47].
Finally, since the footprint of the used dopant molecules is difficult to
vary drastically so that recurring areal density of ~ 10'* molecules/cm?
(1 molecule/nm?) are generally obtained, a wide modulation of the



R. Chiarcos et al.

dopant dose is prevented, unless using complex molecular architectures
[48].

The emerging technology of polymeric precision doping (PPD), which
is presented in this review, has been developed with the aim of over-
coming the difficulties of the classical MLD method. Small dopant
molecules of MLD are replaced with polymeric carriers with tunable
molecular weights which are chemically bonded onto silicon through
the well-known grafting to process. The theory underlying grafting to
reactions will be discussed in chapter 2. The workflow of the PPD pro-
cess and the first generation of dopant polymers described in literature
will be presented in chapters 3 and 4, respectively. The effect of mo-
lecular weight dispersity in PPD processes will be discussed in chapter 5,
whereas the opportunities offered by precision polymers, such as poly-
peptides and polypeptoids, will be explained in chapter 6. Finally, future
perspectives will be contained in chapter 7.

2. Grafting to reaction: A general introduction

The grafting to reaction consists in the chemical anchoring of an end-
functional polymer onto a substrate [49], such as silicon or silicon oxide,
as schematized in Fig. 3 (a). Thin films of polymers chemically bonded
to the surface by one chain-terminal are generally referred as polymer
brushes. The capability to drastically modify the underlying surface
currently gives polymer brushes a privilege role in various research
fields, from biomedical sciences [50] to electronics [51,52]. For
example, polymer brushes consisting of poly(styrene-st-methyl meth-
acrylate) P(S-st-MMA) statistical copolymers were used to neutralize
SiO, surfaces in order to vertically align molecular patterns obtained by
self-assembling block-copolymers in nanolithography applications
[53,54,55,56,57].

The main advantage of the grafting to reaction is its self-limiting nature
[49], meaning that the number of polymer chains contained in a brush
cannot exceed a maximum value which is reached when the brush
thickness (H) approaches or overcomes two times the radius of gyration
(Rg) of the employed polymer [58]. In Fig. 3 (b) the grafting kinetics of a
hydroxy-terminated P(S-st-MMA) and a diethyl phosphate-terminated
polystyrene (PS) on SiO, substrates are reported as a typical example

(a)

reactive end-groups
grafting to reaction
© 0 00 000,

surface reactive
groups

polymer brush

~2Rg

H (nm)
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[59]. Both systems are characterized by a fast increase of the brush
thickness during the shortest reaction time, until the rate of the growth
slows down and finally stops for sufficiently long times, where H ap-
proaches the typical value of 2R,. Consequently, polymer chains in
brushes obtained by grafting to reactions are in random coil or weakly
stretched configurations.

The physical mechanism underlying the self-limiting nature of
grafting to reactions is widely debated in literature and not fully under-
stood yet. Several authors, such as Luzinov [60] and Iyer [61], argued
that the grafting reaction proceeds if the thickness of the formed brush is
low enough to allow additional polymers to reach the surface without
requiring excessive stretching of the polymer chains. For H ~ 2R, the
chain stretching becomes relevant and the diffusion of new reactants to
the surface is prevented. On the contrary, an alternative vision assumes
that the brush thickness approaches a plateau value when the reaction
reaches a thermodynamic equilibrium [62,63,64,65,66,67]. At this
point, grafting and degrafting reactions proceed with the same rate and
thus the brush does not grow anymore. In the recently published review
on grafting to reaction mechanism [68], Chiarcos et al. examined a
relevant number of experimental systems in which thermodynamic
equilibrium seems to be the best hypothesis to explain the nature of such
processes.

Besides being a question of purely theoretical nature, the self-
limiting behavior of grafting to reactions also has fundamental implica-
tions from a technological point of view. This is due to the quantitative
relation between H and the grafting density (X) of the brush, which is the
number of grafted chains for unit of area. Such relation is reported in
Equation (1),

_ HdN,
M,

z (€8]

where d is the polymer density, Ny is the Avogadro’s number and M; is
the number average molecular weight of the grafted polymer. Since
d and M, are defined parameters and, for long enough times, H was
observed experimentally to converge to the plateau value of 2Rg, the
grafting density of the brush is expected to scale according to the

(b)

9
8}

" Br
7k
=
5}
4+

L o\/\OH
3L

X P(S-r-MMA)
21 Mn = 5400 g/mol
1}

200 400 60 800.1000

Grafting time (s)

0

Fig. 3. (a) Grafting to reaction representation. (b) Brush thicknesses (H) as a function of the grafting time for a hydroxy-terminated P(S-st-MMA) with M,, = 5400 g/
mol [58] and a diethyl phosphate-terminated PS with M,, = 14200 g/mol [59]. In the first case the grafting reaction occurs through the condensation between the
hydroxyl group and silanols present over a SiO, surface, whereas in the second case the reaction is a trans-esterification of the diethyl phosphate group also with

silanols on SiO,. Both reactions were conducted at 250 °C.



R. Chiarcos et al.

following equation

1

2’\’Mo.s

(2)

which is obtained considering that, for a random coil, Ry is proportional
to M35, It is important to underline that the above relationship between
% and M, refers only to brushes obtained by grafting to reactions.
Equation (2) suggests that ¥ can be properly tuned by simply changing
the molecular weight of the polymer, consistently with data available in
the literature [68].

In the perspective of precision doping of silicon, polymers with a
reactive terminal-group containing a dopant atom, as in the case of the
phosphate-terminated polystyrene, can be grafted on silicon/silicon
oxide as an alternative to the small molecules used in MLD approaches.
In this way, the number of grafted molecules (X) and, consequently, the
number of dopant atoms, can be tuned simply by changing the molecular
weight of the polymeric part of the molecule. Areal P dose differences of
more than one order of magnitude can then be reached with the PPD
approach, overcoming one of the more pressing problems previously
highlighted for the MLD. The entire workflow of the PPD technology,
which develops around the fundamental grafting to reaction, will be
described in the next chapter.

3. Polymeric precision Doping: Workflow of the process

The workflow of PPD is essentially developed in six steps which are
schematically depicted in Fig. 4. Clean wafers exposing silanols (step 1)
are coated by thin films of dopant polymer with thicknesses that are
sufficiently high (>20 nm) to avoid thermal induced dewetting phe-
nomena [57] (step 2). The grafting to reaction is then promoted by
thermal annealing until polymer brushes with H ~ 2R, are obtained
(step 3). Although it was demonstrated that residual traces of solvent
remain trapped in the polymer film [69,70,71], the subsequent grafting
reaction can be considered as effectively carried out in dry conditions.
This fact has essentially three considerable technological advantages.
Firstly, since in polymer melt excluded volume interactions are screened
out allowing the chains to interpenetrate, higher grafting densities are
generally obtained with respect to grafting to reaction conducted in so-
lution, in which polymer coils are mutually exclusive [72]. Secondly,
grafting reactions are considerably faster than the classical reactions
reported for MLD technologies due to higher reactant concentrations.
The thermal annealing step is generally conducted by Rapid Thermal
Annealing (RTA) processes and it was demonstrated that polymer
brushes at the plateau thicknesses are obtained in less than 900 s, which

(1)

spin-coating .& ?(] g |~ - graftiAng to
Sy 77 o

native Si0,— -
silicon

(4)

wash 0, plasma

3355553

silicon
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is a time considerably lower compared to the many hours of MLD
[58,73]. Finally, the use of organic solvents is confined to the spin-
coating process and then remarkably reduced compared to MLD pro-
cedures. Subsequently, unreacted chains are removed by several sample
washes (step 4), typically carried out in toluene, and the organic part of
the grafted molecules is then removed by oxygen plasma treatment (step
5). Etch rates of 0.03 and 0.06 nm/s were reported for PS and PMMA,
respectively [59]. The complete removal of the organic part of the brush
avoids carbon contaminations which are often observed in MLD
processes.

Finally, a protective SiOy layer is deposited on the samples by
electron-beam evaporation (step 6), resulting in a confined dopant atom
§-layer, on which dopant atom quantification can be performed by TOF-
SIMS analyses [45]. Dopant atom diffusion in silicon is then promoted
by RTA processes at temperatures higher than 1000 °C, as in the stan-
dard MLD procedures.

In conclusion, the PPD process is presented as an improvement of the
classical MLD method, with the further benefit of being based on pro-
cedures and technologies already implemented in microelectronic
industry.

4. Polymeric precision Doping: A review of the first generation
of dopant polymers

The PPD procedure was for the first time described in a seminal
paper by Perego et al. in 2018[59]. Diethyl phosphate-terminated PS
and PMMA polymers, conveniently defined as PSn-P and PMMAn-P,
with molecular weights ranging from 2.3 to 25.4 kg/mol, were used as
dopant molecules (see Fig. 5 (a) for the complete chemical structures).
Such samples were obtained starting from the corresponding hydroxy-
terminated polymers, synthesized by Atom Transfer Radical Polymeriza-
tion (ATRP), subsequently reacted with diethyl chlorophosphate to
perform the phosphorylation of the hydroxyl-terminal group.

The grafting to reaction of PSn-P and PMMAn-P polymers was carried
out on silicon wafers covered by ~ 10 nm thick layers of SiO,, similar to
the reaction reported in Fig. 2 (¢). The process was performed at 250 °C
by RTA process and H ~ 2R were obtained for all polymers in 900 s. In
Fig. 5 (a) the plateau H values are reported as a function of M;,. The data
are in remarkable agreement with the H ~ M3 law, which is expected
considering Rg ~ M2 in random coils. Furthermore, H can be intro-
duced in Equation (1) to calculate the grafting density (£) of each
sample.

The removal of the organic part of the brushes was performed by
plasma etching and a ~ 10 nm thick capping layer of SiO, was deposited

(2) (3)

unreacted

brush
silicon silicon
(5) (6)
dopant atom ‘o . sio,
1, capping oo eenee TOFSIMS
0000000
analyses
silicon 1111111 4
diffusion

Fig. 4. Workflow of the polymeric precision doping (PPD) process.
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(b)

L slope = 0.83 e
7k Intercept=0.74 -+

P dose (x 10" atoms/cm?)

" 1 n 1 n 1 " 1 n 1 n 1 n

2
2 3 4 5 6 7 8 9

2 (x 10" chains/cmz)

Fig. 5. (a) Plateau thickness (H) as a function of the M,, of the grafted PSn-P (black squares) and PMMAn-P (red circles) polymers. Chemical structures are also
included. (b) P dose, measured by TOF-SIMS analyses, as a function of the calculated X. Linear fit of the data are included (dashed blue lines).

over the samples. Phosphorus atoms then result trapped in a &-layer
included in a ~ 20 nm thick matrix of SiOs. P dose quantification was
performed by TOF-SIMS analyses. In Fig. 5 (b) the measured P dose is
reported as a function of the calculated X for each sample. A one-to-one
correspondence between the P dose and X is observed, confirming that
each chain in the brush contributes to carry a single P atom onto the
substrate. Furthermore, Fig. 5 (b) clearly demonstrates that the P dose
can be finely tuned by changing the molecular weight of the dopant
polymer, making accessible areal dopant concentrations ranging from 2
to 9 x 102 atoms/cm? (from 0.2 to 0.9 atoms/nm?) thus expanding the
range of accessible P dosages in comparison to the classical MLD tech-
nology. Unfortunately, it is difficult to obtain areal dopant concentra-
tions higher than 10'* atoms/cm? due to the extremely low molecular
weight required for the dopant polymers. However, it is possible to
overcome this drawback by repeating the grafting/etching cycles. A
stepwise regular increase in the P amount is observed after each cycle. In
this perspective, the upper limit of the P dose is provided by the number
of available silanols present on the surface.

P diffusion in silicon was carried out by RTA processes at tempera-
tures ranging from 1000 to 1250 °C for 5 s and P profiles were then
monitored by TOF-SIMS analyses. Significant P drive-in was observed
only for temperatures higher than 1100 °C due to the low-diffusion
barrier formed by the SiO; layer. The total amount of injected phos-
phorus was estimated by TOF-SIMS profile integration and only 50 % of
the P atoms present in the &-layer result effectively diffused in silicon,
while the remaining 50 % are trapped in SiO. Such number is consid-
erably increased when the grafting to reaction is performed on ~ 2 nm
thick native SiO; layer, thus reducing the oxide diffusion barrier. In this
case, Perego at al. [74] reported activation efficiencies () of ~ 80 % by
Hall measurements. This fact is theoretically explained by the Altermatt
model, which asses that, for P concentrations higher than 10'7 atoms/
cm?, only a fraction of the substitutional P atoms are effectively ionized,
even at room temperature [75]. Surprisingly, complete ionization (n =
100 %) was observed by the same author in samples prepared by
grafting PSn-P and PMMAnN-P polymers directly on deglazed silicon,
with a reaction similar to that reported in Fig. 2 (b) [76,77]In these
cases, the Altermatt model seems to be no longer valid, whereas more
accurate predictions are provided by the alternative model proposed by
Lietal. [78], in which n ~ 95 % is calculated. Such differences in dopant
activation for samples prepared by using either deglazed silicon or on
silicon oxide indicate an at least incomplete understanding of the drive-

in process of P atoms. In any case, the n values obtained by PPD process
are higher than the MLD ones, which are assessed around 70 %[30], and
comparable with the ones currently obtained through ion implantation
technology, confirming the actual potential of this new method in silicon
doping processes. These data indicate that the this first generation of P-
terminated polymers represents a valuable tool to properly modulate
conductivity of the silicon substrate by a gentle doping approach.

Later on, a one-pot synthetic strategy for the preparation of dopant
polymers was proposed by Chiarcos et al. [79]. In this approach, N-tert-
butyl-N-[1-diethylphosphono(2,2-dimethylpropyl)] nitroxide (SG1) was
employed both as P source and free radical controller in the Nitroxide
Mediated Polymerization (NMP) of styrene as illustrated in Fig. 6 (a)).
These polymers were marked as PSn-SG1. Remarkably, this synthetic
procedure does not include metal catalysts which can severely limit the
use of dopant polymers in microelectronic industry due to their highly
contaminating nature and which are indeed present in ATRP [80].

Grafting to reactions were conducted using PSn-SG1 samples with M,
ranging from 2.5 to 52 kg/mol at 250 °C in a RTA apparatus. For each
polymer, the plateau value of H is reached in ~ 200 s and, surprisingly,
thicknesses significantly lower than the expected 2R, value were ob-
tained. In Fig. 6 (a), H values obtained at 900 s for PSn-P and PSn-SG1
samples are compared. On one hand, values of H systematically lower
were obtained when PSn-SG1 polymers were used. For example, if a
brush ~ 7.8 nm thick was obtained for the PSn-P sample with M;, = 14.2
kg/mol, only 2.85 nm of polymer was observed when the PSn-SG1
sample with M, = 12.3 kg/mol was used. Furthermore, in the PSn-
SG1 case, H plateau values converge to ~ 3.2 nm for M, higher than
12.3 kg/mol and do not follow the expected H ~ M2 law, which well
represents the data of PSn-P polymers. These data clearly indicate that
PSn-SG1 polymers follow a grafting mechanism that is fundamentally
different from what is normally reported in literature.

On the other hand, the P doses, measured by TOF-SIMS analyses after
plasma etching and SiO2 capping, perfectly fit the grafting densities
estimated with Equation (1), as it is represented in Fig. 6 (b). This
means that, despite a different grafting mechanism, PSn-SG1 and PSn-P
polymers act as dopant molecules in an identical fashion, carrying on the
substrate a single P atom for each grafted chain. Furthermore, this new
system makes accessible X values lower than 3 x 10'® chains/nm? which
are generally forbidden for PSn-P systems due to the critical issues
associated with the use of very large polymers, widening the range of
PPD possibilities.
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Fig. 6. (a) Plateau thickness (H) as a function of the M, of the grafted PSn-P (black squares) and PSn-SG1 (red circles) polymer. Chemical structures are also
included. (b) P dose, measured by TOF-SIMS analyses, as a function of the calculated X. Linear fit of the data are included (dashed blue lines).

An in-depth investigation of the grafting mechanism of PSn-SG1
polymers was carried out by using Direct Exposure Probe (DEP) ana-
lyses [81]. In this technique, thin polymer films are deposited on a
peculiar filament which allows the samples to be heated with thermal
treatment similar to the RTA one. Degradation products are then
collected and directly analyzed by mass spectrometry, thus providing a
time-map of the polymer degradation. Interestingly, at 250 °C the mo-
lecular fragment related to the degradation of the SG1 moiety
completely evolves from the polymer film in 200 s, which is exactly the
time observed for the formation of brushes at the plateau thicknesses.
This data suggests that two competing events occur during the grafting to
process: the thermal degradation of the reactive terminal-group of the
PSn-SG1 polymers, probably triggered by the thermolable C-O-N bond
that links the SG1 group to the main chain, and the effective grafting of
the undegraded chains. A schematic picture of the process is provided in
Fig. 7. It was estimated that about 10 % of the polymers contained in the
initial layer is grafted onto the substrate, whereas the other 90 % de-
grades after 200 s of thermal treatment.

Finally, an increase of the grafting temperature was demonstrated to
further decrease the percentage of undegraded-grafted chains, thus
reducing the amount of P atoms carried on the substrate. Temperature
and polymer molecular weight are thus experimental variables that can
both be modulated in order to finely control the dopant dose.

In conclusion of this chapter, the effectiveness of PPD technology can

. thermolabile bond
spin-coated

film \Y
NC 7 o/N\)<
~30nm <o 'E’,io/

be argued, in particular by observing that all the criticism underlying the
classical MLD approach, from the slow reaction kinetics to the narrow
range of accessible dopant doses, are effectively overcome. However, a
finer control issue seems to be intrinsically realted with this innovative
doping system, which could be defined as the molecular weight dis-
persity effect. Such problem will be discussed in detail in the next
chapter.

5. Molecular weight dispersity effect

Molecular weight dispersity indicates the coexistence of a broad
range of oligomers with different molecular weights within the same
sample and it is an ubiquitous phenomenon in all synthetic polymers.
When Equation (1) is used to estimate the grafting density of a polymer
brush, the M, of the polymer in the brush is assumed to be equal to the
M, of the initial polymer. In other words, it is generally assumed that the
polymer molecular wight distributions are conserved during grafting to
processes. Although this may be considered as a good approximation for
polymers with small molecular weight dispersity, such as samples ob-
tained by controlled radical polymerizations, slight but unequivocal
shifts have been recently reported in literature. For example, Michalek
et al. recently demonstrated the preferential inclusion of shortest chains
in polymer brushes obtained by grafting to reactions conducted in solu-
tion between functionalized PMMA and silica particles [82,83].
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Fig. 7. Representation of the grafting and degradation mechanisms observed for PSn-SG1 samples.
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Molecular weight distributions and M, values shifted toward lower
weights were then registered for the grafted polymers with respect to the
initial samples.

Detailed studies on the molecular weight dispersity effect in grafting
to reactions conducted in dry conditions was recently published by
Chiarcos et al. [84,85,86]. To exacerbate the effect, equimolar blends
containing two hydroxy-terminated P(S-st-MMA) polymers with
different molecular weights were used. In particular, half of the mole-
cules consists in a partially deuterated polymer with My gqi1.2 = 11.2
kg/mol and the other half of fully hydrogenated polymers with My, rn
ranging from 3.6 to 38.6 kg/mol. Chemical structures and molecular
weights are reported in Fig. 8 (a).

The blends were grafted on SiO, substrates for times ranging from 10
to 1800 s and at temperatures ranging from 190 to 250 °C. Unreacted
chains were removed by toluene washes and the obtained brushes were
characterized by ellipsometry and a thermogravimetric analysis-gas
chromatography-mass spectrometry (TGA-GC-MS) apparatus. Such hy-
phenated system allows to quantify the mass fractions of deuterated and
hydrogenated species in the brush, thus making possible to calculate the
partial grafting denisties of deuterated (Xgrq11.2) and hydrogenated (Xgp)
polymers. In Fig. 8 (b) the brush fraction of hydrogenated chains,
indicated as g, / (Zrn + Zrdi1.2), are reported as a function of the
grafting time for the experiments carried out at 250 °C. Considering that
the fraction of hydrogenated chains is 0.5 in the initial equimolar blend,
a systematic enrichment of the component with lower molecular weight
is observed. In fact, for My rn < My, rd11.2, brush fraction of hydroge-
nated chains equal to 0.64, 0.60 and 0.52 were registered when the
hydrogenated polymers had M, r, equal to 3.6, 5.4 and 8.7 kg/mol,
respectively. On the contrary, in the My, rn > My, rd11.2 cases, the brush
fractions were 0.40 and 0.34 when M, g, Were 19.9 and 38.6, respec-
tively. Interestingly, the degree of enrichment seems to depend only
from the molecular weights of the two components of the blend and does
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not change with the grafting time. Furthermore, the authors demon-
strated that also the grafting temperature does not play a significant role
in the phenomenon.

Remarkably, the short chain enrichment can be quantitatively
related with the molecular weights of the polymers by the empirical
Equation (3), as showed in Fig. 8 (c).

Zpe ( M, ra )70‘55 (3)

ZRain2 M, rar12

Equation (3) was recently justified considering the relation occurring in
grafting to reactions between the kinetic constant (k) and the molecular
weight of the polymer [68], which was proposed by Kim et al. [65]. The
reported relation k ~ M;>>® considers the entropy penalty needed to
confine a terminal group close to the surface, as required in grafting
reactions, and directly provides the explanation of the lower grafting
kinetics observed for polymers with higher molecular weights. A
generalized version of Equation (3) was also provided by Chiarcos et al.
for grafting to reactions of binary polymer blends with arbitrary initial
composition [68]. The preferential grafting of short chains was
confirmed in all cases.

Unfortunately, the study of the molecular weight dispersity problem
for dopant polymers is at a more backward level than that of hydroxy-
terminated systems. Furthermore, the available data seem to indicate
a more complex scenario. Some speculation concerning the effect of
molecular weight dispersity in the grafting to reaction of dopant poly-
mers is contained in the recent work of Perego et al. [87]. Here, diethyl
phosphate-terminated poly(methyl methacrylate) polymers, of the same
type of the PMMAN-P samples reported in Fig. 5 (a), were grafted onto
SiO5 at 250 °C, unreacted chains are removed and P dose was measured
by TOF-SIMS analyses after plasma etching and SiO, capping, as
described in chapter 4. The grafting density, calculated by Equation (1),
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Fig. 8. (a) Chemical structures and molecular weights of the hydroxy-terminated polymers making up the blends. (b) Molar fraction of fully hydrogenated polymers
in the grafted brushes as a function of the grafting time. The experiments were carried out at 250 °C. The fraction average values are also included. (¢) Molar ratio
between the number of hydrogenated and deuterated chains in the brushes as a function of the ratio between their molecular weights. The best fit line is

also included.
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and the measured P dose for a PMMAnR-P sample with M, = 7.5 kg/mol
are reported in Fig. 9 (a) as a function of the grafting time. Firstly, the X
value and the P amount at 900 s are different, in contrast to what is
generally observed for similar systems (see Fig. 5 (b)). In particular, a P
dose of 3.8 x 103 atoms/cm? (0.38 atoms/nm?) corresponds to a much
higher £ of 5.51 x 10*2 chains/cm?. Moreover, a decreasing trend of the
P dose was observed with increasing time of grafting, in the opposite
direction of the temporal increase of H and, consequently, of X. A similar
discrepancy between X and the P dose was also observed in samples
prepared at different temperatures, ranging from 190 to 270 °C, for 900
s, as reported in Fig. 9 (b). From one hand, H and X increases with
temperature, as expected. On the contrary, the P dose follows an inverse
trend, with values decreasing from 4.4 to 2.6 x 10'% atoms/cm? for the
samples obtained at 190 and 270 °C, respectively.

Since thermal degradation phenomena were excluded by MALDI-
TOF analyses, which were performed on the unreacted chains
removed after the grafting process, the differences between X and P were
attributed to the fact that each polymer contains oligomers with
different molecular weights, in other words to an effect of molecular
weight dispersity. The authors suggest that during the first times of re-
action the shortest chains constituting the sample react preferentially,
thus producing thin layer (small H) containing a large number of small
grafted chains and, consequently, a large number of dopant atoms. As
the reaction proceeds, a dynamic exchange would lead to the grafting of
longer chains, with consequent increase of H and decrease of P. In this
perspective, the same polymer sample produces grafted brushes with M,
that is function of time, low for short times and then higher, making the
use of Equation (1) infeasible. Since the X values reported in Fig. 9 are
obtained by using such equation and considering the M,, of the polymer
in the brush equal to the one of the initial sample, they result system-
atically under/overestimated. A similar mechanism could come in to
play in the experiments carried out by changing the grafting
temperature.

Since no deeper explanations are reported in literature, we speculate
about a tentative model explaining how this time/temperature depen-
dence of the grafted chain dimension could occur. Firstly, it is necessary
to consider the reaction environment. Polymers terminated with highly
polar phosphate groups are deposited on a polar surface, that is SiOy
exposing surface silanols. It is possible to assume that, during the spin-
coating process, a preferential absorption of short chains occurs at the
SiOy/polymer interface. Such adsorption could provide a reduction of
the surface tension and, in this perspective, short chains are preferred
due to the higher packing which thus produces better surface screening.
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As the system is heated to promote the grafting reaction, the high con-
centration of short chains at the surface will produce a brush containing
predominantly polymer with low molecular weights. Since grafting to
reactions are conducted at high temperatures, the energetic gain of the
adsorption results quickly less relevant, where the weight distribution at
the interface becomes more homogenous due to entropic reasons. As the
reaction environment at the interface is changed, also the brush
composition will be dynamically driven to a more homogenous
composition, including both short and long chains and resulting in
higher H and lower effective X. This loss of adsorption results faster and
cleaner at higher temperatures, thus producing the results reported in
Fig. 9 (b). A schematic representation of this highly speculative scenario
is shown in Fig. 10.

This vision also seems to be compatible with some results recently
published on the grafting of a PSn-P polymer, with M, = 2.3 kg/mol, on
both deglazed and not-deglazed (i.e. covered by native SiO) silicon
[76]. On the one hand, thicker brushes were obtained for grafting pro-
cess performed on deglazed silicon. In fact, H values of 3.2 and 2.4 nm
were obtained respectively on deglazed and not-deglazed silicon after
900 s. On the other hand, a higher amount of P was observed onto the
not-deglazed sample, resulting in a P dose of 6.01 x 10' atoms/cm?,
which is more than two times the 2.81 x 10' atoms/cm? value
measured for the deglazed sample. In the perspective discussed before,
the SiO; polar layer which cover not-deglazed silicon should promote
the adsorption of the shortest chains contained in the PSn-P sample, thus
providing thin brushes and high P doses. On the contrary, the apolar
surface of deglazed silicon should promote a depletion of polar groups
and short chains at the interface, thus favouring the grafting reaction of
the longest chains. Further data are undoubtedly necessary to fully
define the role of molecular weight dispersity in PPD processes. For
example, blends of short and long dopant polymers could be used as
done in the case of hydroxy-terminated P(S-st-MMA) described above.
Furthermore, recently published synthesis techniques [88-93] pave the
way for the production of polymers with molecular weight distributions
that are controlled in both width and skewness thus providing a whole
new set of tools that can be implemented in the study of such complex
systems.

Regardless of the validity of the suggested model, it is clear that
grafting to reactions are intrinsically not trivial in the case of disperse
polymers, in particular in presence of highly polar terminal groups such
as in dopant polymers. Fine control of dopant dose then requires an
accurate control of the grafting parameters, such as temperature and
time, and no general equation, such as Equation (1), can be used with
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Fig. 9. (a) Grafting density and P dose of the grafted PMMAn-P sample with M, = 7.5 kg/mol as a function of the grafting time. The experiments were carried out at
250 °C. (b) Grafting density and P dose of the same polymer after 900 s as a function of the grafting temperature.



R. Chiarcos et al.
| (1)

MK

1
M

s
SFEFRS T

silicon

low M high M

native Si0,—> layer

adsorbed

European Polymer Journal 208 (2024) 112849

(2) (3)

short times long times
graftingto &% & & &
A
é&?ﬂ brush g g
silicon silicon

Fig. 10. Speculate mechanism underlying the grafting to reaction of PMMAnR-P polymers: (1) surface adsorption of short chains, (2) grafting of short chains occurring
at short times and (3) dynamical exchange between short and long chains until equilibrium is reached.

complete confidence. An overall solution to all these problems has
recently been identified in the use of truly monodisperse dopant poly-
mers, which will be discussed in detail in the next chapter.

6. Bioinspired polymers: The final stage of PPD

Unlike their synthetic counterparts, some natural polymers, such as
polypeptides and polynucleotides, are characterized by perfect control
over the number and the structure of monomeric units making up the
molecule. In 1984 Robert Merrifield was awarded the Nobel Prize in
Chemistry for a synthetic protocol that emulates the natural process of
perfectly controlled synthesis of polypeptides [94]. This method is
generally called Solid-Phase Synthesis (SPS) and consists in growing
polymers starting from solid particles of functionalized resin by adding
one monomer at a time. In 1992, SPS approach was extended by Zuck-
ermann et al. to the synthesis of polypeptoids [95], which are macro-
molecules similar to polypeptides but with side groups bonded to
nitrogen instead of a-carbon. The chemical structure of a generic poly-
petoid is reported in Fig. 11 (a). The lack of hydrogen bond donors
makes such molecules generally soluble in standard organic solvents,
thus increasing their processability. A schematic representation of SPS
method applied to polypeptoid synthesis is reported in Fig. 11 (b) [96].
Resin particles exposing amine groups (1) are reacted with bromoacetic
acid solution containing N, N-Diisopropylcarbodiimide (DIC) as a
catalyst to produce the corresponding amide (2). Unreacted molecules
are removed and the resin is washed several times by fresh solvent. The
resin is then immersed in an amine solution where the substitution of the
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Fig. 11. (a) Chemical structure of a generic polypeptoid. (b) Schematic rep-
resentation of SPS approach applied to polypetoid synthesis.
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amine for the bromine group take places (3). The solid phase is again
washed with fresh solvent. This cycle is then iterated many times to
obtain the final polypeptoid. Remarkably, both the number of units and
the nature of the side groups (R) can be controlled by selecting the
number of cycles and the nature of the amines, respectively.

The revolutionary opportunity to synthesize molecules with discrete
molecular weights and including a large plethora of functional groups
was recently exploited for PPD applications by Ospina et al. [97]. Pol-
ypeptoids with 5, 10, 14 and 19 repeating units, of which the terminal
one contains a dopant phosphonate group, and thus with molecular
weights (M) ranging from 0.84 to 3.11 kg/mol were synthesized by SPS
protocol implemented on an automatic polypeptide synthesizer. Mo-
lecular structures and MALDI-TOF spectra are reported in Fig. 12 (a) and
(b), respectively.

All samples were then spin-coated on silicon substrates covered by ~
10 nm thick SiO, layers and grafting to reactions at different tempera-
tures were performed. A broad range of temperatures from 120 to 250 °C
was evaluated and in each case degradation phenomena were observed
after a specific time. This fact was attributed to the low thermal stability
of polypeptoids for which TGA measurements showed weight losses at
approximately 200 °C. Fortunately, high temperature experiments
confirmed that polymer brushes at the plateau thickness can be obtained
before polymer degradation occurs. In particular, 190 °C and 40 s were
identified as the ideal condition to obtain intact brushes at the plateau
thickness. In Fig. 12 (¢) H values obtained in such conditions are re-
ported as a function of the molecular weight of the polypeptoid. H and M
values can be related by the law H ~ M%7, in which the exponent is
slightly higher compared to the classical 0.5 value. This fact could be
related to chain rigidity which becomes not neglectable in polymers
with low molecular weights such as those considered here. Finally, P
doses were evaluated by TOF-SIMS analyses after the routine solvent
washes and plasma etching. The data are reported in Fig. 12 (d) as a
function of M and indicate a marked decrease of P as M increases. More
precisely, P dose is 9.8 x 103 atoms/cm?> (0.98 atorns/nmz) for the 5
unit polypeptoid and decreases to 4.3 9.8 x 10'3 atoms/cm? when the
unit number increases to 19. It therefore appears clear that polypeptoids
can be successfully implemented in PPD processes, with the advantages
of being perfectly determined and synthesized in an automatic and
totally reproducible way.

7. Future perspectives of PPD

From the digression in the PPD field carried out in this short review,
it is evident that extremely promisingly results have already been ob-
tained, highlighting the possibility to implement the proposed meth-
odology at laboratory scale as a reliable and low-cost alternative to
conventional doping approaches. The proposed approach offers the
possibility to develop simple protocols for the fabrication of junctions or
more complex semiconductor devices even in research structures where
no ion implanters are available. Nevertheless, some unsolved issues still
remain and need to be addressed before PPD can be consider solid
enough to be implemented at industrial level.
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Fig. 12. (a) Chemical structure of the dopant polypeptoid consisting of 10 units. (b) MALDI-TOF spectra of dopant polypeptoids with 5, 10, 14 and 19 units. (¢) H
values collected at 190 °C after 40 s as a function of M. Best linear fit is also included. (d) P dose measured by TOF-SIMS analyses as a function of M.

First of all, the physico-chemical mechanisms underneath the grafting
to reaction of dopant polymers and driving the formation of the of the
brush layer have still to be fully understood. In particular, the effect of
molecular weight dispersity on the final composition of the brush layer
requires new specific and dedicated experiments to draw a coherent
picture of the system. Although we can speculate that the presence of
polar terminal-groups plays a key role in producing the observed devi-
ation from the well-assessed mechanism describing the grafting of
hydroxy-terminated polymers, a complete comprehension of such a role
is still missing. A better understanding of these mechanisms could also
shed light on the significant differences observed by modifying the
grafting surface like in the case of deglazed and not-deglazed silicon
surfaces. It is worth to point out that different substrates could also be
characterized by different mechanism of dopant injection into the sili-
con substrate due to different bonding configuration of P atoms in the
dopant source. Accordingly release of the P impurities from the dopant
source could determine significant differences in the amount of dopants
incorporated into the substrate during the drive-in process. Addition-
ally, different activation efficiencies were observed for dopant atoms
diffused from dopant sources formed by grafting the P-terminated
polymers on deglazed and not-deglazed surfaces. These results suggest
that the initial bonding configuration of the P atoms in the source could
play arole in the final bonding configuration of the P atoms within the Si
crystal lattice, significantly affecting their activation. In particular, the
role of oxygen, nitrogen or carbon contaminants incorporated in the
dopant source during the PPD process and diffusing into the silicon
substrate during the drive-in process has to be fully elucidated A unified
model to explain all the experimental data is currently lacking.

In this respect, by using dopant carriers consisting of monodisperse
polypeptoids, part of these problems can be avoided as discussed in the
previous chapter. The capability to control in a deterministic way the
degree of polymerization of the molecules used as dopant carriers rep-
resents a significant breakthrough for this doping technology, moving a
step forward in the direction of deterministic doping. However, the
research in this direction is only just beginning. Quantitative control
over the polymer structure is guaranteed up to 30-40 units, after which
the accumulation of small errors during the synthesis becomes no longer
negligible implying the loss of control of the effective degree of poly-
merization of the dopant containing molecules. Consequently, high
molecular weights are precluded, limiting the capability to reduce the
dose of P atoms into the dopant source below a minimum threshold. In
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this respect it is worth to note that in the case of high molecular weight
polymers the experimental data indicate limited dependence of the
grafting density and consequently of the phosphorus dose in the dopant
source. Anyway, alternative strategies can be envisioned to control the
dopant dose carried onto the substrate by the use of sterically hindered
units, but the field is today totally unexplored.

From a more general point of view, the exploitation of the PPD
process can be considered officially completed when the technology will
be demonstrated to be fully compatible with a process flow for the
production of structured microelectronic devices. Recently, PPD method
was successfully used to produced doped thin silicon layer in the so
called silicon-on-insulator (SOI) morphology. The experimental results
demonstrate the effective possibility to control the doping of layers of
silicon with thickness H > 5 nm. Considering that the next generation of
gate all around transistors (GAA-FET) are expected to use as channels
thin layers (H ~ 5 nm), these results suggest that the proposed tech-
nology could play a role in the production of the new generations of
ultra-scaled transistors [77]. Nevertheless, the upscaling of the proposed
PPD approach at the industrial level will require the capability to pro-
vide large amounts of phosphorus containing polymers with no vari-
ability among the different batches of polymers in order to prevent
variability in the performances of the devices due to fluctuations in
depth concentration and distribution of dopants. The effective capability
to guarantee such a level of reproducibility in the quality of the material
represents an extremely demanding challenge from the point of view of
the synthesis. On one side conventional polymerization techniques
cannot guarantee the required level of control on the molecular weight
dispersity of the dopant containing molecule to assure deterministic
control on their weight distribution. On the other side the upscaling of
the protocols for the synthesis of polypeptoids seems feasible. However,
the industrial production of large amounts of polypeptoids on the scale
required to fulfil the request of a huge industry like the one of semi-
conductor devices is anything but trivial. Accordingly, we hope that the
reported results will stimulate more work in the field targeting a deeper
understanding of the grafting process and the development of advanced
synthesis approaches compatible with the upscaling at industrial level.
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